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GENERAL INTRODUCTION



1. Lipin and lipid metabolism

Lipin proteins family

Lipin was first discovered in 1989 by Langner et al. when they report a mutation
which caused fatty liver dystrophy in mice [1]. This mutation related to the
down-regulated expression of lipoprotein lipase (LPL) and hepatic lipase (HL) in
newborn mice. Fld mice were found to have lipodystrophy, high blood
triacylglycerides (TAG) level, insulin resistance, fatty liver, and peripheral nerve
dysfunction. Peterfy et al. (2001) discovered this mutant gene and called it lipin1
[2]. In 2005, Peterfy et al. also found two lipin isoforms in mice, named as lipinla
and lipin1B, which possess complementary functions to each other but have
different expression patterns and localization in cells. These two lipinl isoforms
encode for proteins with sizes of 98 and 102 kb, respectively [3]. The before
functions in early stages of differentiation of adipocyte, while the latter express
mainly in mature adipocytes and regulate lipid-related genes and lipogenesis [4].
Lipinl are also found to be localized in either the cytoplasm or the nucleus of the
cells, which lead to a suggestion of dual roles of this protein. The gene for lipin 2
and lipin 3 were later identified with 49 and 46% similarity in amino acid
sequence. These three members of lipin express with different patterns in tissues,
per their respective roles [5]. Lipin 1 is mainly found in adipose tissue, skeletal
muscle, and testis, while presents but in low level in tissues such as the brain,
lungs, heart, kidney, and liver. Lipin 2 can be found primarily in the liver. In fld
mice, levels of lipin 2 in the liver are dramatically increased, hinting that lipin 2
may be up-regulated in compensation to the absence of lipin 1 [6]. Lipin 3,
however, is kept at a low level in most tissues, but it is reported to express highly
in pigs liver. In addition, all lipin proteins harbor two regions of high conserved
sequence in N- and C-terminal, duped as N-LIP and C-LIP domains, in most
organisms. However, only single lipin ortholog were found in invertebrates and

yeasts, while two of them were existed in plants [7].

There are two main functions of lipin. One is its role as a phosphatidate
phosphatase (PAP) enzyme, which converts phosphatidic acid (PA) to
diacylglycerol (DAG) during the formation of stored lipid. All three lipin proteins
demonstrate PAP activity with lipin 1 having the strongest magnitude. When



fatty acid levels in the cells raise, lipin will translocate from the cytosol into the
endoplasmic reticulum (ER) membrane. Here, they react with PA and catalyze its

conversion to DAG [8].
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Figure 1. Dual function of lipin [9]

The other function is presented by the capability of lipin to translocate into the
nuclear. Studies reported that lipin 1, which induced by phosphorylation can
localize in the nucleus of adipocytes and hepatocytes [4,10,11]. Here, lipin acts as
a transcriptional co-activator. Lipin 1 interacts with the nuclear receptor
peroxisome proliferator-activated receptor a (PPARa) and PPARy coactivator la
(PGC-1a) in a complex that modulates fatty acid oxidation gene
expression. Besides, recent studies showed that lipinl can also interact with
other nuclear receptors, such as PPARy, hepatocyte nuclear factor-4a (HNF-4a),
glucocorticoid receptor (GR), as well as two non-nuclear receptor transcription
factors, including nuclear factor of activated T-cells c4 (NFATc4) and myocyte
enhancer factor 2 (MEF2) [11-16]. Kim et al. demonstrated that lipin also works
as a transcription suppressor in some contexts. Lipin 1 regulates the recruitment
of histone deacetylases to target promoters, which in turn prevents the activity of
NFATc4 [15]. Moreover, several studies showed that lipin 3 acts as a
transcriptional factor for PPARa, while both lipin 2 and 3 are interact with

PPARy [17,18].



Lipin in Drosophila lipid metabolism

In Drosophila, lipid is mainly stored in the insects’ unique adipocytes called lipid
droplet, in the form of TAG. Lipid plays important roles in physiology and
pathophysiology of Drosophila such as energy storage, cell-cell signaling, and

contribute to the formation of cell membranes.
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Figure 2. Lipogenesis or the synthesis of stored lipid of Drosophila[19]

In the synthesis of TAG, fatty acids (FAs) are stimulated to FA-CoA by Acsl, and
are esterified to lysophosphatidic acid (LPA) and to phosphatidic acid (PA). Lipin
de-actives the phosphorylated PA to (DAG), which then esterified by
acyltransferases, Mdy, to TAG and stored in lipid droplets. Lipin’s ability to move
between the cytoplasm and the nucleus is regulated by the target of rapamycin
(Tor) kinase, which is under the mediation of insulin pathway regulation via
PI3K/Akt under feeding conditions. Lipin also works under the suppression
control of Torsin in ER. The transcription factor sterol regulatory element-binding
protein (SREBP) increases FA-CoA synthesis by up-regulating the expression of
Acetyl-CoA-carboxylase (ACC), the FA synthase complex (FASN) and Acs/.
SREBP activation is either elevated by Tor kinase or inhibited by the membrane
lipid PE or also inhibited by nuclear lipin [19].

Regulation of lipin



The lipin proteins activity is mediated by many factors. These factors activate or
inhibit lipin via both mRNA transcriptional, protein phosphorylation, and
subcellular localization. First, lipinl phosphorylation by insulin is dependent on
the insulin-dependent pathway, PI3SK/Akt/TOR signaling pathways [3]. Next,
lipinl expression is increased by synthetic glucocorticoids during adipocyte
differentiation. This effect is enhanced by glucagon or cyclic adenosine
monophosphate (cAMP) and demoted by insulin [14]. Zhang et al. also found a
response of lipin to glucocorticoid [20]. Glucocorticoid bind to the GR, in the lipin1
upstream sequence, allows for lipin activation by synthetic glucocorticoid and
dexamethasone. Insulin also a factor that induces the expression of Lipinl
Insulin-sensitizing compounds such as thiazolidinediones and harmine are found
to increase lipin levels [21-23]. Sterols also participate in modulating the
expression of lipinl via SREBP and nuclear factor Y (NF-Y). In contrast, lipinl
expression is induced by sterol depletion that controls TAG accumulation through
PAP1 activity in the cytosol [24]. In addition, ethanol also increases lipinl
expression in the liver, mainly via SREBP-1 and NF-Y [25].

Figure 3. Multiple regulators of lipin [9].



On the other hand, multiple negative regulators were found to suppress lipinl
expression. Studies showed that ER stress inducers (tunicamycin and
thapsigargin) inhibit lipinl expression in 3T3-L1 adipocytes, while activation of
PPAR-y relieves this effect [26]. Interestingly, ER stress induces lipin2 expression
in the liver, but hardly affects the adipocytes, indicating the tissue-dependent
mechanism [27]. Estrogen significantly reduces the expression of lipinl in the
uterus and liver hinting a potential role of lipinl in diabetes and reproduction
[28]. Additionally, lipopolysaccharide (LPS) and glucan compound, zymosan,
decrease lipinl expression in mouse adipocytes by activating the Toll-like
receptors. In 3T3-L1 adipocytes, as responses to pro-inflammatory cytokines such
as (TNF-a), interleukin-18 (IL-18), and IFN-y, Lipin1l expression is downregulated,

suggesting lipin potential roles in inflammation [29].
Non-lipid-related function of lipin

Some shreds of evidence suggest the additional function of lipin, besides the lipid
metabolism-related ones. As mentioned above, the roles of lipin related to insulin,
glucocorticoid, ER stress, diabetes, fertility, and inflammation is suggestive.
Additionally, in human, there are several lipinl mutations were identified:
Arg800X, ¢.297 + 2T>C, and ¢.1259 + 2T>C, and 2 kb deletion in exons 18 and 19.
These mutations cause a lot of phenotypes such as muscle pain, weakness,
rhabdomyolysis, and myoglobinuria in children, but interestingly, not
lipodystrophy [30,31]. Moreover, a study in HIV patients that exhibit
lipodystrophy shows significantly reduced expression of lipin [32]. Taken together,
the function of lipin outside lipid metabolism is poorly understood. This

statement leads to the investigation of a novel function of lipin in this thesis.

2. The Serotonergic system

Serotonin
The finding of Serotonin was first recorded in 1948 when a factor released from
platelets was isolated, purified, and identified as a monoamine by Rapport et al.
[33]. It is later becoming clear that serotonin as a neurotransmitter, in addition to
the first identified function as a factor in intestinal motility and platelet

aggregation. Later, several researchers proposed the relation of Serotonin to
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depression [34,35]. This hypothesis suggested that the possibility of affected with
depression or mania have a tight connection to the decreasing of serotonergic
activity. More specifically, less serotonin release or few serotonin receptors
activated or dysfunction in serotonin receptor signal transduction cause the
depression. Now, we can define Serotonin (5-hydroxytryptamine — 5-HT) as a
monoamine neurotransmitter, derived from tryptophan, mainly found in
enterochromaffin cells of the intestine, blood platelet and central nervous system
(CNS) [36,37], where it play a major role in the feeling of wellness and happiness.
The altered regulation of Serotonin in CNS has been recorded in not only a vast
range of behavior functions such as wake/sleep, eating mood, or sexual
trends...[38] but also some serious psychotic disorders like depression, bipolar,
schizophrenia [39].
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Figure 4. The synthesis and metabolism of Serotonin in human body [40]
Serotonin localizes in both peripheral and neuronal system, which synthesized by
different enzymes, Tryptophanhydroxylase-1 (TPH1) and TPH2 respectively [41],

and they produce different outcomes. While neuronal Serotonin act as a
10



neurotransmitter, their peripheral counterpart was considered as a hormonal

molecule, which suggests peripheral Serotonin involvement in metabolic
processes. The Serotonergic system mainly consists of serotonin, serotonin
receptors, and serotonin transporter.

Serotonin receptors

In human, most of the Serotonergic functions is accomplished by the release of
Serotonin in specific areas and its activity which mediated at least 14 different
receptors [42]. Serotonin receptors are divided base on their distribution,
molecular structure, cellular response, and specific function and into seven
groups from 5-HTR1 to 5-HTR7 [43]. All Serotonin receptors are
G-protein-coupled receptors, except for only 5-HTR3, which is ligand-gated ion
channels. Although Serotonin receptors are distributed widely in the CNS and
also in a lower level in peripheral organs, the main targets of Serotonergic
neurons are the prefrontal cortex and hippocampus, in which express most
Serotonin receptors [44,45]. The detailed subtype of Serotonin receptors are listed
in Table 1.

Table 1. Classification, distribution and function of Serotonin Receptors

Receptor | Subtype Distribution Mechanism Cellular
family response
5-HT1 A,B,D,E,F | CNS, blood vessels | Adenylate cyclase | Inhibitory
5-HT2 AB,C CNS, PNS, | Phospholipase C Excitatory
platelets, blood
vessels, smooth
muscle
5-HT3 AB CNS, PNS, GI | Ligand-gated ion | Excitatory
tract channel
5-HT4 CNS, PNS Adenylate cyclase | Excitatory
5-HT5 CNS Adenylate cyclase | Inhibitory
5-HT6 CNS Adenylate cyclase | Excitatory
5-HT7 CNS, GI tract, | Adenylate cyclase | Excitatory
blood vessels
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The work of different Serotonin receptors subtypes via the action of different
neuronal networks, even in the same region of the brain, or even in the same

synapse can produce opposite results [46].

Serotonin Transporter
Unlike Serotonin receptor, there is only one type of Serotonin transporter (SerT)
in the serotonergic system. (SerT) or 5-hydroxytryptamine transporter (5-HTT),
by its name, is a monoamine transporter protein in humans responsible for the
reuptake of 5-HT from post-synaptic cleft after transmission [47]. SerT protein in
humans, which coded by Solute carrier family 6 member 4 (SLC6A4) genes in
chromosome 17, consists of 630 amino acids [48]. SerT is a transmembrane
transporter; it was divided structurally and functionally into three domains:
extracellular domain with several ligand-binding site; transmembrane domain
with 12 regions and an intracellular domain with six phosphorylation sites, both
the N- and C-termini also are located within. 5-HT transportation depends on
extracellular Na+ and extracellular Cl-, these three molecules establish an initial
compound, which creates a conformational change in the transporter protein [49].
SerT, from facing outward began moves to an inward position where 5-HT and

ions are secreted into neurone cytoplasm [50].

Pre-synaptic
neuron

Post-synaptic
neuron

metabolism

repackaging

Figure 5. The signaling transmission of Serotonin which involved Serotonin
receptors and SerT [51].
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SerT functions specifically bind with the regulating of 5-HT, which exists in both
CNS and peripheral systems. CNS SerT associates with anxiety and
depression-related psychological condition; it is also a target for a large number of
antidepressant drugs called selective serotonin reuptake inhibitors (SSRIs) [52].
On the other hand, peripheral SerT has been reported to play a major role in
many processes, including heart pumping, appetite regulation, endocrinology and
reproduction [53-56]. Still, the research in the peripheral function of SerT
remains poorly understood. In chapter 2 of this thesis, we discuss a novel function

of SerT in eye development using Drosophila model.

3. Drosophila melanogaster as a model to study development
The advantages of Drosophila model

Drosophila is a species of fly, generally known as the common fruit fly or vinegar
fly. Drosophila was introduced in the laboratory by renowned biologist Thomas H.
Morgan in 1908, which then earned him a Nobel Prize for research of chromosome
in heredity. Since then, Drosophila continues to be widely used for biological
research as model organisms for many of its advantages. Firstly, Drosophila has
small size, thus, easy to culture in standard condition laboratory and low cost, but
still achieve high productivity. Also, it takes only ten days for Drosophila to
produce a new generation and their life cycle is about 70-80 days. Secondly,
Drosophila possesses only four pairs of chromosomes, but up to 756% of their
genome sequence is related to humans, including many genes responsible for
psychological, developmental, metabolism... disorders and even cancers. Thirdly,
since Drosophila is a low-grade organism, researchers can easily manipulate and
perform experiments on a large number of individuals without any barrier of
moral [57-59]. Last but not least is the emergence of the GAL4-UAS system, a
robust biochemical method, developed by Brand A.H. and Perrimon N. in 1993,
for studying gene expression, widely used in Drosophila [60]. The system contains
two parts. One is the Gal4 gene encodes an 881 amino acid protein, recognized as

a galactose-induced regulator, in Saccharomyces cerevisiae [61,62]. One downside
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of GAL4 is having almost to none effect on cells, thus, it requires another
necessary part of this system called upstream activation sequence (UAS), a
cis-acting regulatory sequence but possess a similar function to an enhancer than
a promoter, to where Gal4 will specifically bind and activate gene transcription.
Basically, GAL4-UAS system allows us to decide which cell or tissue we want to
express on with GAL4-driver and what we want to express with UAS region. For
example, to express green fluorescence gene (GFP) within fruit fly wing dorsal
area, I would take female flies whose genome contain wing dorsal-specific GAL4
driver (MS1096-GAL4) and cross with male flies whose genome have UAS region
next to a target gene. The f1 generation of that two fly strains, which get GAL4
and UAS traits from both parents will have GFP gene express on its wings.
Drosophila model and developmental study

Drosophila is one of the most popular models to study development. Ed Lewis,
Christiane Nusslein-Volhard, and Eric Wieschaus, who were awarded Nobel Prize
in 1995 for their work on Drosophila development based on the isolation and
characterization of mutants of multiple developmental genes. Thanks to their
research and many more in the past 25 years, we now have knowledge in a
massive database of development-related genes in Drosophila and among those
genes, 70% have homologous with humans. Still, there are a lot of genes involved
in development remains unknown. The development of Drosophila from the
embryo to the adult fly is called complete metamorphosis. Drosophila life cycle
passes through distinct egg, larvae, pupal, and adult stages, and the larva does
not resemble the adult. In the larvae stage, the wing and the eye tissue also do
not resemble which of the adult, but they exist in the form of imaginal discs.
Through the larvae-pupa-adult transition, the discs will transform in shape and
size according to the patterns that are strictly regulated by numerous genes.
Dysfunction of either one or several of these genes will result in defects in the
respective tissue. In the wing, the cells migrate in distinct pattern regarding of
their position and region in the disc. The force and the direction of cells migration

also responsible for normal wing development. Abnormal growth or dividing of
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cells in any region in the eye disc can produce defected phenotypes such as curly
wing, notched wing, or complete loss of wing... In the eye tissue, the core of
photoreceptor neurons is arrayed in a structure that is accurately repetitive in
healthy individuals, small abnormalities in the compound eyes can be easily
observed, which makes compound eye tissues ideal for examining cell fate via
signaling transduction pathways. To sum up, Drosophila is a formidable model to
study development. In this thesis, I present two genes, Lipin and SerT, with their
novel function in development in two different tissue, the wing, and the eye,

respectively.

4. The purpose of this thesis

Development is the key biological processes of life. Throughout an organism’s life
cycle, numerous genes participate in regulating accurate and stable development.
Until now, researchers can only investigate a fraction of these genes. In this
thesis, I described the function of two genes, Lipin and Ser7, which have not been
found directly related to development. The detail is discussed in two chapters of
this thesis as follows.

Chapter 1: Lipin is a crucial gene, responsible for lipogenesis or the synthesis of
stored lipid. However, in this chapter, I analyzed the vital function of Lipin in the
formation of Drosophila wing.

Chapter 2: SerT is a well-known gene that takes part in many psychological
processes. Although SerT expression in the peripheral system is confirmed, its
exact roles remain undiscovered. In this chapter, I unveiled SerT important

function in the progress of the developing eye.
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Chapter 1. The Function of Lipin in the Wing
Development of Drosophila melanogaster
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1. Introduction

The phospholipid components of biological membranes are pivotal for cellular
processes including growth, differentiation, and transport, as phospholipids
participate in important signaling cascades [1-3]. Phospholipid synthesis involves
phosphatidic acid (PA) and diacylglycerol (DAG), both of which have critical roles
in signaling cascades, energy storage, and lipid anabolism pathways [4]. Carman
et al. (2017) showed that PA is degraded by conversion into DAG, the direct
precursor for producing phosphatidylcholine and phosphatidylethanolamine [5].
Moreover, PA can be converted to cytidine diphosphate diacylglycerol (CDP-DAG),
the precursor for the production of PA, phosphatidylglycerol, cardiolipin, and
phosphatidylinositol [6]. They inhibit the reactions of DNA polymerases, which
are essential for DNA replication [7].

In the cytoplasm, lipins function as a type of phosphatidate phosphatases (PAP1
enzymes) that catalyze Mg2+-dependent dephosphorylation of PA to form DAG at
the endoplasmic reticulum (ER) membrane. Thus, lipins have an essential role in
coordinating the balance between PA and DAG [8] and are involved in the
formation of triacylglycerol (TAG) [9], which plays a central role in cellular lipid
storage [10]. In the nucleus, lipin works as a transcriptional co-activator in a
complex with peroxisome proliferator-activated receptor vy coactivator-la
(PGC-1a) and peroxisome proliferator-activated receptor a (PPARa) [11,12], which
are master regulators of genes related to mitochondrial biogenesis and fatty acid
oxidation [11,12]. The function of lipins is evolutionarily conserved from
eukaryotes to mammals [13]. In humans, the lipin protein family consists of three
members: lipin 1, 2, and 3 [14,15], which are localized within different tissues.
Lipin 1, the best characterized among the three, resides in the fat tissues and
cardiac and skeletal muscles, whereas lipin 2 and lipin 3 are detected in the liver
[16-18] and intestine [17], respectively. A previous study demonstrated that lipins
1 and 2 in mammalian cells are inhibited by phosphorylation during mitosis,

causing a reduction in the cellular PAP1 activity during cell division [13]. This
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study suggested the possibility that a decrease in PAP1 activity could contribute
to the inhibition of phospholipid accumulation prior to cell division. In yeast, lipin
can negatively control the synthesis of phosphatidylcholine and other
phospholipids by suppressing key phospholipid biosynthesis pathway genes [11].
The subsequent abnormalities of phospholipid synthesis may indirectly affect
DNA replication [19]. Moreover, loss of lipin induces the overgrowth of
intracellular membranes, affects the envelopes of nuclei and peripheral ER, and
leads to defective chromosome segregation [11,20]. Genetic knockdown of Zipin I
in mice induces lipodystrophy and insulin resistance and alters hepatic
metabolism [21], whereas transgenic mice overexpressing lipin 1 show an obese
phenotype [22]. In Drosophila, decreased expression of Drosophila lipin (dLipin)
was found to affect the normal development of the fat body, which is the major
tissue for TAG storage in invertebrates [23], and resulted in down-regulation of
the insulin-receptor-controlled PI3K-Akt pathway and increased hemolymph
sugar levels [24]. Schmitt et al. indicated that insulin and target of rapamycin
complex 1 (TORC-1) pathways independently regulate nuclear translocation of
dLipin [24]. In mammals, blocking TORC1 dephosphorylates lipin 1, leading to its
translocation from the cytoplasm into the nucleus, where it affects nuclear
protein levels, but not mRNA levels, of the transcription factor sterol regulatory
element-binding protein 1 (SREBP1), which is a main regulator of genes that are
related to the biosynthesis of fatty acid, cholesterol, TAG, and phospholipid [25].

The cell cycle consists of a series of events that lead to cell division and the
duplication of cellular DNA, which is then precisely separated into daughter cells.
There are two main regulators of cell cycle progression, cyclins and
cyclin-dependent kinases (CDKs) [26]. Cyclins are divided into four classes. G1/S
cyclins, S cyclins, and M cyclins are directly related to the control of cell cycle
events, whereas G1 cyclins control the entry into the cell cycle in response to
extracellular growth factors and mitosis [27]. CDKs contain a
serine/threonine-specific catalytic core and associates with cyclins to regulate

kinase activity and substrate specificity [28], promoting S phase progression,
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checkpoint, and mitosis [26,27,29,30]. For example, CDK2 is important for S
phase progression whereas CDK1 is essential for the G2 checkpoint and mitosis
[31-33]. The cell cycle contains several specific checkpoints to monitor and control
its progression and to allow verification of phase processes and repair of DNA
damage [34-36]. There are three specific checkpoints for damaged or incompletely
replicated DNA: G1/S, G2/M, and intra-S checkpoints [27]. The current study
aimed to reveal the role of lipins in development using Drosophila melanogaster.
Specifically, we investigated the role of dLipin in cell cycle progression during

wing formation in D. melanogaster.

2. Results

2.1. Localization of dLipin in Wing Imaginal Disc

It has been reported that dLipin resides on the wing imaginal disc of D.
melanogaster [23]. To determine a specific dLipin location on the wing imaginal
disc, we stained the wing imaginal discs from 3rd-instar larvae of the wild-type
yellow-white (yw) strain with an anti-dLipin antibody. We found that dLipin
signals are detected throughout the wing imaginal discs with relatively stronger
signals in the anterior part of the margin and notum, and slightly lesser signals
in the wing pouch and hinge (Figure la). In subsequent studies, we analyzed
dLipin in the margin of the wing disc, which later becomes the wing margin of the
adult wing blade. Lehmann’s group has reported that dLipin is translocated from
the cytoplasm to nucleus in fat tissue under starvation conditions [23,24]. We also
confirmed that dLipin is detected in both the cytoplasm and the nuclei of fat body
cells in starved conditions by immunostaining (Figure S1). In contrast,
immunostaining of wing imaginal discs from 3rd-instar larvae, in starved or fed
condition, showed that unlike in fat tissue, dLipin did not appear to translocate

into the nucleus of wing imaginal disc cells (Figure 1d—i).
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Posterior

Fed condition

Starved condition

Figure 1. Localization of Drosophila lipin (dLipin) protein on the wing imaginal
disc of the yw strain. Wing imaginal discs of 3rd-instar larvae were stained with
4’ 6-diamidino-2-phenylindole (DAPI) (b, e, h) to visualize DNA, and rabbit
anti-dLipin antibody (a, d, g) followed by anti-rabbit IgG Alexa Fluor™ 594
antibody. Merged images of DAPI and antibody staining (c, f, 1). Fed condition
(a—f), starved condition (g-1). The images are representative among images of
10-20 wing imaginal discs. dLipin protein was expressed in whole wing imaginal
disc, with particularly high expression in the anterior part of the margin (M), and
notum (N), albeit slightly lower expression in the wing pouch (P) and hinge (H)
(a—c). The dotted circle indicates the margin of the wing imaginal disc. The wing
pouch demarcated with the white line is shown in d, g. dLipin was not detected in

the nuclei of wing imaginal discs of 3rd-instar larvae either in the fed or starved
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state (d-1). Scale bar, 50 um.

2.2. Knockdown of dLipin Disrupts Normal Wing Pattern Formation

A previous study showed that lack of dLipin resulted in a lethal phenotype at late
larval and pupal stages of Drosophila [23]. To determine whether dLipin is
required for the development of specific tissues, two RNAi fly lines,
UAS-dLipin-IRz277-380 and dLipin-IRzes-272, were crossed with various GAL4 driver
lines that express GAL4 in selective tissues. Target sequences for these two RNAi
sequences were designed to have no off-target effects (Vienna Drosophila
Resource Center and online dsCheck software http://dscheck.rnai.jp). First, we
overexpressed GFP using Sd-GAL4 drivers to confirm the region in the wing
imaginal disc where GAL4 is expressed. Similar to previous reports [37-39],
stronger GFP signals were detected in the margin area and wing pouch of
3rd-instar larvae driven by Sd-GAL4, suggesting effective knockdown of dLipin in
this region of the knockdown fly (Figure S2). Furthermore, we checked the
expression levels of dLipin mRNA and protein in the wing disc of 3rd-instar
larvae by qRT-PCR and immunostaining, respectively. As shown in Figure S3,
dLipin mRNA and protein levels were significantly reduced in the wing discs of
knockdown fly lines, suggesting efficient knockdown of dLipin in wing imaginal
discs of both knockdown flies.

Having confirmed the efficient knockdown of dLipin in the margin area and wing
pouch of 3rd-instar larvae driven by Sad-GAL4, we next observed the phenotype of
wings of dLipinknockdown flies. The phenotypic observation demonstrated that
the two different lines with dLipinknockdown (dLipinkd; Sd > dLipin-IRses272
and Sd > dLipin-IR277-3%0) in the wing disc mediated by sd-GAL4 led to atrophied
wing formation, notched and down-curled wings, along with reduction in size
(Figure 2b,b’,c,c). Statistical analysis showed that the reduction of wing size by
dLipin’kd was significant as compared to that of the control fly (Figure 2e). In
contrast, the flies with dLipin-knockdown in the nervous system using the
elaveGAL4 driver, or in hemocytes using HAmIA-GAL4 or He-GAL4, showed no

detectable phenotype , suggesting that dLipin has no or minimal role in the
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development of these tissues. However, the possibility of low-level expression of
GAL4 protein leading to the insufficient dLipin-kd in these tissues could not be
excluded. Thus, we confirmed that the dLipin-kd phenotypes were caused by the
deficient expression of dLipin selectively in the margin area and wing pouch of
the wing disc.

To confirm whether dLipin-kd phenotypes, notching, and curly wing blades were
related to the deficient TAG level, we measured the TAG contents of whole-wing
imaginal discs of control and knockdown flies. It was found that the TAG level
was significantly reduced in dLipin-kd (Figure 2f), compared to that of the control.
These data suggested that the atrophied wing blade formation might be related to
the deficient TAG level in the wing imaginal disc. Then, to confirm this point, the
dLipinkd (Sd > dLipin-IR2e5272) eggs were hatched on high-fat diet food, the
hatched larvae were cultured on the same food, and then, the TAG levels of the
whole-wing imaginal disc of 3rd-instar larvae and adult wing blades were
analyzed. Notably, the dLipinkd phenotypes were not rescued by high-fat diet
food (Figure 2d,d’,e), even though TAG contents of wing discs of Sd >
dLipin-IRse5-272 flies were increased by high-fat diet. This demonstrated that the
abnormal wing formation in dLipin-knockdown flies might not be caused by

deficient TAG in the wing imaginal disc.
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Figure 2. dLipimkd selectively causes atrophied wing development in the wing
imaginal disc. Micrographs of adult flies (a—d) and wing blades (a’-d’) are shown.
The control flies were obtained by crossing the Sd-GAL4 drivers with the yw
strain (a, a’). Wings of dLipinkd flies (Sd > dLipin-IRs6s272 and Sd >
dLipinIR277-380) showed wing notching and curl (b, b’, ¢, ¢’). dLipin-kd phenotypes
were not recused by the administration of a high-fat diet (d, d’). The size of the
wing blade was analyzed using Imaged software. The relative size of the
dLipimkd fly wing to that of control fly are shown (n = 50 for each genotype) (e).
The relative triacylglycerol (TAG) level of the dLipimkd wing imaginal disc to
that of the control was analyzed using 100 imaginal discs (n = 4 for each
genotype) (f). Data are expressed as the means + S.D. The statistical significance
of the difference between control and dLipin-kd flies was evaluated using ttest
and one-way ANOVA. Scale bar, 0.5 mm; *, p=0.03, **, p<0.02, ***, p <0.01; n.s,

no significant; IR, inverted repeat, HFD, high-fat diet. Genotypes: Sd-GAL4/y; +;
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+ (a, a), SdGAL4ly; UAS-dLipindRarrsso/+; + (b, b), SdGAL4/y;
UAS -dLipin-Raes-272/+; + (¢, &, d, d).

2.8. Knockdown of dLipin Inhibits Cells from Entering M Phase

To reveal the mechanism underlying the aberrant wing formation in dLipin-kd
flies, we analyzed the effect of dLipin knockdown on the cell cycle progression in
wing imaginal discs. We first determined the number of cells in S phase by
5-Ethynyl-2'-deoxyuridine (EdU) pulse labeling [40], and found a significant
increase in the EdU-positive cell in the wing margin of dLipin-kd wing imaginal

discs (Figure 3d,g,j) as compared to that in the control flies (Figure 3a.j).
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Figure 3. Knockdown of dLipin induces accumulation of cells in S phase. Wing
imaginal discs from 3rd-instar larvae of control (Sd > yw) and dLipinkd flies (Sd
> dLipinIRze¢5272 and Sd > dLipin-IRz77-380) were stained with DAPI to visualize
the DNA (b, e, h) and click-iT 5-Ethynyl-2'-deoxyuridine (EdU) Alexa Fluor™ 594
(a, d, g@). Merged images of DAPI and EdU staining are shown (c, f, i). The number
of EdU-positive cells in S phase in the wing margin area of 3rd-instar larvae,
circled with a dotted line, were analyzed using MetaMorph software (n = 10 for
each genotype) (j). Dotted line indicates the margin of the wing imaginal disc.

Data are expressed as the means + S.D. The statistical significance of the
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difference between control and dLipimkd flies was evaluated using one-way
ANOVA. Scale bar, 50 pm. *** p < 0.01. IR, inverted repeat. Genotypes:
Sd-GAL4/+; +; + (a—c), Sd-GAL4/+; UAS-dLipiniRazrr-sso/+; + (d—f), SdGAL4/+;
UAS -dLipin-Rzes5-272/+; + (g—1).

We next analyzed the number of mitotic cells by immunostaining the wing
imaginal discs with an anti-PH3S10 antibody, which is a hallmark of initiation of
mitosis [41,42]. Compared to the control (Figure 4a), the wing imaginal disc of
dLipin-kd flies showed a significantly reduced number of PH3S10-positive cells in
the wing margin and wing pouch (Figure 4d,g,j). Taken together with the
increased cells in S phase, the reduced number of mitotic cells suggested that
dysfunction of dLipin suppresses cell cycle transition from S to M phase in the

wing imaginal disc, possibly owing to G2/M checkpoint activation.
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Figure 4. Knockdown of dLipin leads to a reduced number of mitotic cells in wing
pouch. The wing imaginal discs from 3rd-instar larvae of control (Sd > yw) and
dLipinkd flies (Sd > dLipin-IRees-272, Sd > dLipin-IR277-330) were stained with
DAPI to visualize the DNA (b, e, h) and anti-PH3S10 antibody followed by
anti-rabbit IgG Alexa Fluor™ 488 antibody (a, d, g). Merged images of DAPI and

PH3S10 antibody staining are shown (c, f, 1). PH3S10-positive cells (mitotic cells)
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in the wing pouch of 3rd-instar larvae were counted using MetaMorph software (n
= 10 for each genotype) (j). Dotted line indicates the wing pouch of the wing
imaginal disc. Data are expressed as the means + S.D. The statistical significance
of the difference between control and dLipinkd flies was evaluated using one-way
ANOVA. *** p < 0.01; Scale bar, 100 um; IR, inverted repeat. Genotypes:
Sd-GAL4/+; +; + (a—c), Sd-GAL4/+; UAS-dLipiniRzrr-sso/+; + (d—f), SdGAL4/+;
UAS -dLipin-TRzes-272/+; + (g—1).

2.4. Dysfunction of dLipin Leads to Down-Regulated Expression of Cyclin B
(CycB)

The CycB-CDK1 complex is necessary for the transition from G2 to M phase, and
cyclin B expression peaks during late G2 and early mitosis [43—45]. We
speculated that the G2/M checkpoint in dLipin-kd flies might be activated by
dysregulated expression of cyclin B. To test this hypothesis, we checked the
mRNA and protein levels of cyclin B in the wing imaginal discs of 3rd-instar
larvae of the dLipin-kd strain by qRT-PCR and immunostaining with an
anti-cyclin B antibody, respectively. As hypothesized, CycB mRNA was
significantly reduced in both the knockdown flies (Figure 5j). Additionally, cyclin
B protein level was decreased in the margin area of wing imaginal discs of
dLipimkd flies (Figure 5d,g), compared to that in the control flies (Figure 5a).
These results suggested that the dysfunction of dLipin may lead to reduced

expression of cyclin B and, subsequently, to activation of the G2/M checkpoint.
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Figure 5. Induction of dLipin RNAIi leads to reduced expression of the cyclin B in
the wing margin area of wing imaginal discs. The wing imaginal discs were
stained with DAPI to visualize the DNA (b, e, h) and mouse anti-cyclin B antibody
followed by anti-mouse IgG Alexa Fluor™ 488 antibody (a, d, g). Merged images
of DAPI and anti-cyclin B antibody (c, f, i). CycB mRNA levels in wing imaginal
discs of 3rd-instar larvae of control and dLipinkd flies were analyzed by
RT-qPCR (1 = 5 for each genotype). The relative dLipin mRNA level of dLipin-kd
flies to that of control flies is shown (j). Data are expressed as the means + S.D.
The statistical significance of the difference between control and dLipin-kd flies
was evaluated using one-way ANOVA. ** p < 0.02. The dotted lines indicate the
margins of wing imaginal discs. Scale bar, 50 pm; IR, inverted repeat. Genotypes:
Sd-GAL4/+; +; + (a—c), Sd-GAL4/+; UAS-dLipiniRzrr-sso/+; + (d—f), SdGAL4/+;
UAS -dLipin-Rags-272/+; + (g-1).

2.6. Knockdown of dLipin Causes DNA Damage-Induced Apoptotic Cell Death
Activation of the G2/M checkpoint is known to prevent the cells from initiating
mitosis when DNA damage occurs during G2, or when cells progress into G2 with
some unrepaired damage inflicted during the previous S phase [46]. Upon DNA
damage, both CycB transcription and protein level are down-regulated [47,48]. To
clarify whether the activation of the G2/M checkpoint in dLipin-kd flies was
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induced by DNA damage, we examined the expression of histone variant H2Av
phosphorylated at Ser137 (yH2Av), the homolog of mammalian histone variant
H2AX [49,50], which is a marker for an early signal of DNA damage induced by
replication stress [51,52]. As shown in Figure 6d,g,j, dLipin-kd flies showed a
markedly increased number of yH2Av-positive cells, indicating that the G2/M

checkpoint was activated by DNA damage.
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Figure 6. Knockdown of dLipin causes DNA damage in the wing pouch. Control
and dLipin-kd wing imaginal discs were stained with DAPI to visualize the DNA
(b, e, h) and mouse anti-yH2Av antibody followed by anti-mouse IgG Alexa
Fluor™ 488 antibody (a, d, g). Merged images of DAPI and anti-yH2Av antibody
staining (c, f, i). The number of yH2Av-positive cells in the wing pouch of imaginal
discs of 3rd-instar larvae from control and dLipinkd flies was analyzed using
MetaMorph software (n = 14 for each genotype) (j). Data are expressed as the
means + S.D. The statistical significance of the difference between control and
dLipin-kd flies was evaluated using one-way ANOVA. *** p <0.01. Scale bar, 50
pm; IR, inverted repeat. Genotypes: Sd-GAL4/+; +; + (a—c), SdGAL4/+;
UAS -dLipin-Rar-3s0/+; + (d—f), Sd-GAL4/+; UAS -dLipin-IRaes-272/+; + (g-1).
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Next, we examined whether knockdown of dLipin enhanced apoptotic cell death
following DNA damage. Upon immunostaining, dLipimkd flies showed
significantly increased cleaved caspase-3 signal in the wing pouch of wing

imaginal discs (Figure 7d,g,j) in comparison to that in the controls (Figure 7a,j).
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Figure 7. Knockdown of dLipin causes caspase-dependent cell death in wing
imaginal discs of Drosophila. Wing imaginal discs from 3rd-instar larvae of
control and dLipinkd flies were stained with DAPI to visualize the DNA (b, e, h),
and with rabbit anti-cleaved caspase-3 antibody followed by anti-rabbit IgG Alexa
Fluor™ 488 antibody (a, d, g). Merged images of DAPI and anti-cleaved caspase-3
antibody are shown (c, f, ). The fluorescence intensity in the wing pouch stained
with anti-cleaved caspase-3 antibody was analyzed using MetaMorph software (n
= 14 for each genotype) (j). Data are expressed as the means + S.D. The statistical
significance of the difference between control and dLipin-kd flies was evaluated
using one-way ANOVA. *** p < 0.01; Scale bar, 50 pm. IR, inverted repeat.
Genotypes: Sd-GAL4/+; +; + (a—c), SdGAL4/+; UAS-dLipin-IRse77-380/+; + (d—f),
Sd-GALA4/+; UAS -dLipinTRass-476/+; + (g—1).

We analyzed the expression of the pro-apoptotic gene reaper (rpr) by using

dLipin-kd flies that carry rprlacZ as a reporter. The results demonstrated that
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dLipin knockdown in the margin area and wing pouch of wing imaginal disc,
driven by Sd-GAL4, resulted in significantly up-regulated transcription of rpr
(Figure 8d,g). In addition, we established dLipinkd flies, in which
death-associated inhibitor of apoptosis 1 (DIAP1) was overexpressed by the
Sd-GAL4 driver, to examine whether the phenotype of dLipin-kd could be rescued.
The dLipin knockdown phenotypes were partially rescued by diapl
overexpression (Figure S4). The cleaved caspase-3 and anti-lacZ signals detected
outside of the expression domain of S-GAL4 in Figures 7d,g and 8d,g could be
explained by the non-cell autonomy. These results suggested that dysfunction of
dLipin causes DNA damage-induced apoptotic cell death in the wing imaginal

disc of Drosophila.
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Figure 8. Knockdown of dLipin activates the pro-apoptotic gene reaper. Wing
imaginal discs from the 3rd-instar larvae of control and dLipin-kd flies that carry
rpr-lacZ were stained with an anti-lacZ antibody (a, d, g) and with DAPI (b, e, h).
Both images were merged (c, f, ). The fluorescence intensities in the wing pouch
stained with anti-lacZ were analyzed using MetaMorph software (n = 14 for each
genotype) (j). Data are expressed as the means + S.D. The statistical significance

of the difference between control and dLipin-kd flies was evaluated using one-way
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ANOVA. *** p < 0.01; Scale bar, 100 um; IR, inverted repeat. Genotypes:
Sd-GAL4/+; +; rprlacZ/i+ (a—c), Sd-GAL4/+; UAS-dLipinIRsr7-3s0/+; rprlacZ/+
(d-f), Sd-GAL4/+; UAS-dLipin-IRses4-476/+; rprlacZ/+ (g—i).

3. Discussion

Lipin reportedly has three main functions: As an enzyme catalyzing the
production of DAG from PA, maintaining a balance between PA and DAG, and as
an inducible transcriptional coactivator in conjunction with PPARy to regulate
several lipid metabolism-related genes [9,12]. Previous studies demonstrated that
dLipin can be detected in wing imaginal discs [23], and is necessary for wing vein
formation via BMP signaling [53]. However, there have been no reports regarding
the functions of dLipin in wing blade formation. In the present study, we found
that dLipin could be detected in the wing imaginal disc with a higher level in the
margin of the wing pouch and the notum region, which become the wing margin
and thorax of adult flies, compared to that in other areas. Knockdown of dLipin
led to wing notching, down-curled wing, and significantly smaller wing size
(Figure 2), suggesting the important role of dLipin in the normal formation of the
wing blade. Furthermore, we showed that the abnormal formation of the wing in
dLipinkd flies is caused by the inhibition of the transition from S phase to M
phase during the cell cycle.

A previous study demonstrated that mutation of dLipin induces reduced levels of
TAG, which plays a central role in cellular lipid storage in invertebrates, in
whole-larvae of Drosophila [23]. We hypothesized that knockdown of dLipin in the
wing imaginal disc may affect the production of DAG from PA. Deficiency of DAG,
which is a precursor to TAG, leads to deficient TAG content, thereby affecting the
development of adult wing blades. However, our results of high-fat diet
administration demonstrated that the curly and notched wings are not likely to
be caused by the deficiency of TAG in wing imaginal discs of dLipimkd flies
(Figure 2). Dwyer et al. reported that PA and DAG are required for the

biosynthesis of phospholipids [4], which are mainly found in cell membranes and
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play pivotal roles in cell physiology [2,54]. Therefore, the deficiency of DAG may
affect the cell cycle process, thereby disrupting wing formation. Moreover, lipin is
a key regulator of nuclear membrane growth during the cell cycle in yeast [11].
Jackowski reported that phospholipids accumulated in the S phase [55],
suggesting that the decrease in DAG by dLipin dysfunction may affect the cell
cycle in S phase. Consistent with this, we found that dLipin-kd in the wing pouch
of 3rd-instar larvae induced the accumulation of cells in S phase (Figure 3).
Laskye et al. showed that the entire DNA content in the nucleus must be
completely and precisely replicated during the S phase of the cell cycle [56].
Earlier studies reported that phospholipids (.e., cardiolipin, PA,
phosphatidylglycerol, and phosphatidylinositol) inhibited DNA replication in
mitochondria and the nucleus through interaction with DNA polymerases [7,57].
Notably, lipin can regulate the syntheses of phosphatidylcholine and other
phospholipids by repressing key genes of the biosynthesis pathway in yeast [11].
It 1s; thus, possible that the increased PA in wing imaginal discs of dLipin-kd flies
may inhibit the interaction between DNA polymerases and phospholipids, thereby
causing DNA replication stress by generating incompletely replicated DNA.

The accumulation of cells in S phase in the wing margin of dLipimkd wing
imaginal discs might be associated with DNA damage induced by replication
stress [58]. Moreover, our results showed that the wing margin and wing pouch of
dLipimkd wing imaginal discs exhibited increased expression of the yH2Av
protein, a marker for DNA damage induced by replication stress (Figure 6). In
addition, Ugrankar et al. reported that loss of dLipin in the fat body caused nuclei
fragmentation [23]. Together, this evidence indicated that the accumulation of
cells in S phase in the wing margin of 3rd-instar larvae of dLipinm-kd strain was
due to DNA damage in the cell cycle process.

The accuracy of DNA replication and division is facilitated by cell cycle DNA
damage checkpoints [59,60], which are located at specific positions in the cell
cycle to detect damage and allow sufficient time for DNA repair [34-36]. Our

observations showed that the number of mitotic cells in M phase was significantly
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reduced in the wing pouch of dLipimkd flies (Figure 4). In addition, both
transcription and protein levels of cyclin B were reduced in the wing imaginal
disc of dLipimkd flies, indicating activation of the G2/M checkpoint in these flies
(Figure 5). We; therefore, concluded that the G2/M checkpoint was activated in
response to DNA damage in these flies. It was also found that the cyclin B
intensities of several cells located near the wing margin region of dLipin-kd flies
were higher than those of the control. It is possible that elevation of the cyclin B
level of neighboring cells may compensate for lack of cyclin B of cells in the wing
margin of knockdown flies, although currently the mechanism underlying this
response remains to be elucidated. There are four distinct pathways related to
DNA damage response: transcriptional induction, cell cycle arrest (also known as
DNA damage checkpoint), DNA repair, and apoptosis. These pathways work
independently under certain conditions, but frequently interact to repair the
damaged DNA or activate apoptosis [61-64]. We found increased signals of
anti-cleaved caspase-3 antibody (Figure 7) and elevated expression of reaper gene
(Figure 8) in the wing pouch of dLipimkd flies. Taken together, these results
implicated that dysfunction of dLipin might lead to apoptotic cell death induced
by DNA damage in the wing imaginal disc of Drosophila.

In a state of starvation, dLipin in the fat tissue is translocated from the
cytoplasm to the nucleus [23,24]. Lack of TORC1 leads to translocation of lipin-1
into the nucleus in mammalian cells [25]. In mouse, lipin-1 works as a
transcriptional co-regulator and directly controls the gene encoding nuclear
receptor PPARa, whereas lipin-1 overexpression causes the activation of genes
related to fatty acid transport, B-oxidation, the TCA cycle, and oxidative
phosphorylation, including many target PPARa genes [11,65]. This suggests that
lipin-1 directly regulates genes to overcome energy deficiency during starvation.
However, we could not detect dLipin signals in the nucleus of wing imaginal disc
cells in starvation conditions. In addition, it is as yet unclear what genes are
regulated by nuclear dLipin in Drosophila and the mechanism thereof. Further

studies are necessary to answer these questions. The translocation of mammalian
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lipin-1 into the nucleus may affect gene expression through an unknown
PAP-dependent mechanism that regulates nuclear levels of the transcription
factor SREBP-1, which regulates the expression of genes related to lipid
homeostasis [21]. Sethi et al. reported that SREBP-1 serves as a bridge between
lipogenesis and cell cycle progression of clear cell renal carcinoma [66]. Thus, we
could not exclude the possibility that dLipin-kd may indirectly inhibit SREBP-1
expression in the wing imaginal disc, thereby affecting cell cycle proliferation.

In conclusion, knockdown of dLipin in the wing imaginal disc of Drosophila
causes DNA damage. The DNA damage activates the G2/M DNA damage
checkpoint by regulating cyclin B expression, inhibiting the transition from S
phase to M phase. Furthermore, dLipin dysfunction may lead to apoptosis of cells
in the wing imaginal disc of D. melanogaster, leading to the formation of wing
notching and a significantly smaller wing. This is the first report regarding the

function of dLipin in wing development.

4. Materials and Methods

4.1. Fly Stocks

Fly stocks were maintained at 25 °C on standard food. Transgenic flies carrying
UAS-dLipin-IRess-272  and UAS-dLipin-IR277-330 were obtained from the
Bloomington Drosophila Stock Center (BDSC) and Vienna Drosophila Resource
Center (VDRC), respectively. These flies carry an inverted repeat (IR) of the /ipin
gene (targeting regions from amino acid 265 to 272 and from 277 to 380,
respectively) downstream of the UAS sequence, on the second chromosome.
Target sequences for these two RNAi sequences were designed to have no
off-target effects (VDRC and online dsCheck software http://dscheck.rnai.jp). All
other flies used in this study were obtained from BDSC. The yw flies were used as
the wild-type strain.

4.2. Staining

The wandering 3rd-instar larvae were dissected in PBS to collect wing imaginal

discs. Approximately 20 to 30 wing imaginal discs were fixed in 4% formaldehyde
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in PBS and reacted with antibodies as described previously [67]. Anti-dLipin
antibody [20], provided kindly by Prof. Dr. Michael Lehmann (University of
Arkansas, Arkansas, USA), was used at a 1:3000 dilution, and then anti-rabbit
IgG Alexa Fluor™ 594 (Molecular Probes, Invitrogen, Carlsbad, CA, USA) was
used at a dilution of 1:800. The wing imaginal discs were respectively treated
with anti-histone H3 (phospho S10), anti-cleaved caspase-3 IgG, anti-LacZ (Cell
Signaling Technology (CST), Tokyo, Japan), anti-cyclin B, and anti-yH2Av
antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) at a 1:600 dilution,
followed by incubation with Alexa Fluor™ 488-conjugated anti-mouse IgG at a
dilution of 1:800. For nuclei staining, 4’,6-diamidino-2-phenylindole (DAPI;
Molecular Probes, Eugene, OR, USA) was used.

Male and female transgenic fly were mated and kept for 1 day at 25 °C, then
transferred to a new standard food tube for 1 h to deposit eggs to obtain a
synchronized larval age. At the desired period of larval growth, wing imaginal
discs were collected for assays. 5-Ethynyl-2'-deoxyuridine (EdU) labeling was
performed according to the manufacturer’s instructions (Molecular Probes).

After reacting with antibody, DAPI, or EAU, wing imaginal discs were mounted
on a glass slide in Vectashield mounting medium (Vector Laboratories, Tokyo,
Japan), and then inspected using a fluorescence FV10i microscope (Olympus,
Tokyo, Japan). The fluorescence intensity in the wing pouch was analyzed using
MetaMorph software (version 7.7.7.0; Molecular Devices, Sunnyvale, CA, USA),
and the intensity in the wing pouch was subtracted from that of the area outside.

4.3. Starvation Assay

Pre-wandering 3rd-instar larvae of the yw strain were transferred to either
standard food (fed larvae) or cotton plugs soaked in PBS (starved larvae). After 4
h, the wing imaginal discs were dissected out and reacted with anti-dLipin
antibody as described above [24].

4.4. High-Fat Diet and Triglyceride Assays

The standard food supplement contained 0.8% agar (w/v), 9% cornmeal (w/v), 4%

dry yeast (w/v), 0.05% (w/v) ethyl p-hydroxybenzoate, and 0.5% propionic acid
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(v/v). For preparation of the high-fat diet, we added 20% (w/v) of food-grade
coconut oil [68]. Five male and female transgenic flies were mated and allowed to
lay eggs on the high-fat diet food for 2 days at 25 °C. The hatched larvae were
grown on the same diet.

TAG contents were measured using the infinity triglycerides assay kit (Thermo
Fisher Scientific, Waltham, MA, USA). Exactly 100 wing imaginal discs of
wandering 3rd-instar larvae of each sample were dissected out and placed into
tubes. The tubes were either placed on ice immediately for the assay, or stored at
—80 °C for later assessment. Wing imaginal discs were homogenized in 100 uL of
PBS containing 0.3 % Triton X-100. Homogenates were heated to 70 °C for 5 min,
and then centrifuged at 16,150X g for 1 min at room temperature. The
supernatant was transferred and centrifuged again at 30,050x g and 4 °C for 5
min. The final supernatant was assayed for TAG content. Briefly, 5 uL of
supernatant was added to 200 uL of triglyceride reagent in the assay kit, and the
mixture was incubated at 37 °C for 5 min. The optical density at 520 nm (ODsz20)
was measured, and TAG values were calculated according to the manufacturer’s
instructions by using glycerol standards for calibration.

4.5. Quantitative RT-PCR

Total RNA was extracted from 40 wing imaginal discs using standard Qiazol
reagent (Qiagen, Hilden, Germany) followed by purification with the Qiagen
RNeasy kit. cDNA was synthesized using the SimpliAmp™ Thermal Cycler (Life
Technologies, Singapore, Singapore) according to the instruction manual.
Quantitative polymerase chain reaction (PCR) was performed using the FastStart
Essential DNA Green Master Mix (Roche, Mannheim, Germany) and a

LightCycler 96 (Roche). rp49 was used as an internal control. The sequences of

gene-specific primers were as following: dLipin, forward:
5-ATCCCACGTCCCTGATATCG-3 and reverse:
5-TTCATCTTGGTTGGTTAGCAGG-3'; for CycB, forward:

5-GGATGCGGCACAGAAAGA-3' and reverse: 5-CTGTCCACCCGAGCTTTG-3";

for rp49, forward: 5-ACCAGCTTCAAGATGACCATCC-3' and reverse: 5'-
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CTTGTTCGATCCGTAACCGATG-3'.

4.6. Statistical Analysis

The experiments were repeated at least three times. The data are expressed as
means = S.D. The statistical significance of differences was evaluated using a

t-test and one-way ANOVA. The p-values of < 0.05 were considered significant.

5. Conclusions

Based on our results, we suggest that dLipin is necessary for the cell cycle
progression subsequent to normal DNA replication during wing development of .
melanogaster. Further studies are required to understand the role of dLipin in
the G2/M checkpoint and the expression of several genes implicated in DNA
damage and repair. Moreover, a previous study demonstrated that the
overexpression of dLipin in the Drosophila dullard, ddd hypomorphic mutant
background rescues the atrophic wing vein phenotypes of the ddd mutant,
indicating that the relationship between dLipin and Dullard is conserved in
Drosophila [53]. Taken together, these results suggest that the balance of Lipin
expression, which functions as an enzyme in the cytoplasm, is necessary for

normal development of D. melanogaster.
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Chapter 2. Role of Serotonin Transporter in Eye
Development of Drosophila melanogaster
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1. Introduction

The serotonergic system is conserved from insects to mammals, and it plays a
pivotal role in the mental health of organisms [1,2]. The serotonergic system
exists in both the brain and peripheral organs. In the brain, serotonin
(5-hydroxytryptamine, 5-HT), the core molecule of the system, acts as a
neurotransmitter and is associated with the feeling of wellness and happiness [3].
Altered regulation of serotonin concentration in the brain has been recorded not
only in a vast range of behavioral functions, such as wake/sleep states, appetite,
and sexual behavior, but also in the causation of multiple severe psychotic
disorders, such as depression, bipolar disorder, and schizophrenia [4,5]. Although
the roles of serotonin in the brain have been intensively investigated, the
serotonergic function in peripheral organs, where serotonin acts as a hormonal
molecule, is mostly uninvestigated, even though 95% of the serotonin in the whole
body is produced by the gastrointestinal tract [6]. One of the essential
components in the regulation of serotonin is serotonin transporter (SerT) or
5-hydroxytryptamine transporter (5-HTT), which is a monoamine transporter
protein responsible for the reuptake of serotonin into neurons after synaptic
transmission in mammals [7]. SerT is a transmembrane transporter that is
highly conserved in various organisms from insects to mammals. SerT in the
central nervous system 1s associated with anxiety and depression-related
psychological conditions, thereby making it a target for a large number of
antidepressant drugs called selective serotonin reuptake inhibitors (SSRIs) [8].
On the other hand, peripheral SerT has been reported to play significant roles in
cardiovascular processes, appetite regulation, endocrine mediation, and
reproduction [9-12]. Still, the function of SerT in developmental processes is
poorly understood.

Drosophila melanogaster is a versatile model organism for researching various
biological and physiological mechanisms [13]. The compound eye of an adult fly is

composed of approximately 750 unit eyes, known as ommatidia. Each
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ommatidium consists of a core of eight photoreceptor neurons, R1-R8. Drosophila
compound eyes are derived from the eye-antennal disc. In the eye disc of
Drosophila third-instar larva, the morphogenetic furrow (MF) represents the
mitotic wave of cells, which sweeps from posterior to anterior. The cells exiting
just ahead of MF in the anterior area and within the MF will undergo cell cycle
arrest in the synchronized G1 phase, waiting for their fate to be determined, and
form a progenitor cell pool. As MF propagates, the progenitor cells are recruited
into photoreceptor pre-clusters and specified as several types of photoreceptor
neurons (R8, R2, R5, R3, or R4). In cells just at the back of MF in the posterior
area, which have not started to differentiate, one more round of division called
the second mitotic wave (SMW) occurs to recruit cells into other types of
photoreceptor neurons (R1, R6, or R7) [14-16]. In the posterior region, after the
SMW passes, no additional cell cycles occur within the larval disc. Because there
are more cells than needed in the eye disc to form ~750 ommatidia,
undifferentiated cells will either later differentiate into photoreceptors or
accessory cells, or be removed via apoptosis during pupation [17]. Since the core
of photoreceptor neurons is arrayed in a structure that is accurately repetitive in
healthy individuals [18], small abnormalities in the compound eyes can be easily
observed, which make compound eye tissues ideal for examining cell fate via
signaling transduction pathways. Thus, we chose the Drosophila compound eye as
target tissues for investigating the role of SerT in the eye development.

Drosophila and mammals share a highly conserved phosphatidylinositol 3-kinase
(PIBK)/Akt signaling pathway, which plays a vital role in regulating cellular
growth and energy metabolism [19,20]. Moreover, multiple pieces of evidence
showed the relation between this pathway and the development of the Drosophila
compound eye. Palomero et al. (2007) showed the interaction of PTEN or Akt with
Notch results in abnormal eye growth and tumorigenesis [21]. The target of
rapamycin (TOR) is also involved in eye development, as TOR directly couples
with the adaptor protein Unk. Bateman, J.M. [22] showed that together, TOR and

Unk mediate the differentiation fate of photoreceptors R1, R6 and R7. Moreover,
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the activity of the TOR complexes are required for hyperplasia upon elevated
PI3K signaling in the compound eye [23]. Slade and Staveley (2015) showed that
numerous novel Aktl mutants exhibit fewer ommatidia with reduced size [24].
We hypothesized that the PISK/Akt pathway mediates the role of SerT in the

development of the compound eye in Drosophila melanogaster.

2. Results

2.1. SerT Knockdown Disrupts Healthy Eye Development

Despite multiple studies that explore SerT expression in the central nervous
system of Drosophila [25,26], there is no evidence of SerT expression in the
imaginal eye discs. In this research, SerT expression was visualized by a specific
antibody for Drosophila SerT. Anti-SerT signals were distributed outside of the

nucleus throughout the eye imaginal disc, showing high intensity (Figure 1B,B’).

Wild-type

Relative SerT mRNA expression

Figure 1. SerTknockdown induces a rough phenotype in the adult compound eye.

The eye imaginal discs of wild-type third instar larvae were stained with
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4' 6-diamidino-2-phenylindole (DAPI) to visualize the nucleus (A). The posterior
region in the box stained with rabbit anti-Drosophila SerT antibody followed by
anti-rabbit IgG Alexa Fluor™ 594 antibody was used for detecting SerT (B), and
the merged image is shown (B’). The images are representative of 10 eye imaginal
discs. Scanning electron micrographs of the compound eyes of flies carrying
GMR-Galdlyw; +; + (C), GMR-Gal4/Y; UAS-SerT* IR1/+; +, (D), GMR-Gal4/Y; and
UAS-SerT'IR2/+; + (E). Larger images of the boxed regions are also shown (C'-E’).
Phenotypes were observed independently in at least three individuals of each fly
lines, and no significant change was found in three individuals of the same line.
Relative mRNA expression of Ser7 gene in eye discs of flies contains GMR > yw,
GMR > SerTIR-1, and GMR > SerTIR-2, n = 5 (F). Scale bars indicate 100 pm
(ABB,C-E) and 30 um (C-E’). The triangles indicate MF. a, anterior; p,
posterior; **** p < (0.0001

Then, to determine the role of SerT in eye development, we investigated the effect
of the reduction of SerT protein in the compound eye by using a GAL4/Upstream
activation sequence (GAL4/UAS) system. Two UAS SerT RNAI strains that have
different inverted repeat sequences downstream of the UAS sequence with no
overlap were used to exclude the possibility of off-target knockdown. The
UAS SerT RNAI strains were crossed with the GMR-GAL4 driver that expresses
GAL4 in the eye under the control of glass enhancer; therefore, the offspring
strongly expressed Ser7 RNAI in all the cells behind the MF, causing its specific
knockdown in the eye. The knockdown strains, GMR > SerT*inverted repeat (IR)1
(Figure 1D,D’) and GMR > SerT'IR2 (Figure 1E,E’), showed a rough phenotype in
100% of the adult compound eyes, in which the ommatidia were oddly shaped,
and the bristles were lost. As the GMR > SerT' IR1 strain expressed a more severe
phenotype, we chose this strain for further experiments. These data suggested

that SerT played an important role in the development of the compound eye.
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2.2. SerT Knockdown Induces Cell Death Via a Caspase-Dependent Pathway

Previous reports suggested that the rough eye phenotype may be caused by
excessive cell death [27,28]. Thus, we stained the eye disc of third-instar larvae
with anti-caspase-3 antibody. The number of the caspase-3-positive signal was
significantly higher (4.4-fold) in knockdown flies (Ser7*kd) than in wild-type flies,
suggesting an increase in caspase-dependent cell death (Figure 2A,A’). This result
was further confirmed by introducing either the p35 or diapl gene, both of which
encoded apoptosis inhibitors, into knockdown flies. The flies carrying UAS-p35 or
UAS-diap1 in the background of Ser7 knockdown showed less a severe phenotype
(Figure 2D-D”,E-E”). The ommatidia structures slightly recovered, and the
bristles were partially regenerated. Although flies carrying UAS-gfp and SerT'IR,
which were generated as control, showed no significant rescue compared with the

knockdown flies (Figure 2C—C”).

GMR; SerT-IR

GMR >yw GMR > SerT-IR

150+

100

a

50

Caspase 3- positive count

Figure 2. SerTknockdown induces caspase-dependent cell death. Region posterior
to the morphogenetic furrow (MF) in the eye discs of third-instar larvae carrying
GMR > yw as a control (A) and GMR > SerT-IR as SerT'kd (A) were stained with
anti-caspase-3 antibody followed by secondary antibodies labeled with Alexa488.
Quantification of caspase-3 positive signal count in the posterior region

surrounded by dotted lines (B). Scanning electron micrograph of adult compound
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eyes of flies carrying GMR-Gal4/Y, SerT-IRUAS-gfp, + (C), GMR-Gald/Y,
SerT-IR/UAS -diapl, + (D), and GMR-Gal4/Y, SerT-IR/UAS-p35, + (E). Larger
images of the boxed regions with dotted white line and solid white line in (C-E)
are shown in (C’-E’,C”-E”), respectively. Scale bar indicates 100 (A,A’,C-E) and
30 um (C—E’,C”—E”). The triangles point to the MF. a, anterior; p, posterior; ****,
»<0.0001.

2.8. SerT Knockdown Increases the Number of Cells in S-Phase in the Eye
Imaginal Discs

Given the increased level of cell death, we hypothesized that Ser7*kd might cause
cell cycle defects in the eye imaginal discs. To prove this hypothesis, we utilized
the 5-ethynyl-2'deoxyuridine (EdU) incorporation assay, which can detect
proliferating S-phase cells. The result showed that there was a significant
increase (2.4-fold) in the number of EdU-positive cells in the posterior area of
SerT'kd flies than in that of control flies (the region surrounded by dotted lines in
Figure 3A,A’). Moreover, the inhibition of apoptosis by the expression of DIAP1
significantly decreased the number of S-phase cells (Figure 3A”), suggesting a
link between two phenomena. Moreover, we also detected the abnormal
organization of cone cell nuclei by DAPI staining, which might be a result of
excessive proliferation (Figure 3C,C’). On the other hand, we found that there was
no change in the number of cells in the M-phase, as determined by
anti-phosphorylated histone 3 antibody, between Ser7*kd and control flies (Figure
3D,D’,E). This suggests that only the number of cells in S-phase was affected,
whereas the process of cell proliferation was not. In addition, we eliminated the
possibility of DNA-damage causing excessive proliferation or cell death by
staining the posterior eye disc with anti-phosphorylated-gamma-histone 2A, a
known DNA-damage marker [29]. Low-signal intensity was observed in both the
control and SerT*kd (Figure 3F,F’,G), suggesting that DNA-damage did not cause

the phenotype.
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GMR> SerT-IR

GMR > yw

GMR > SerT-IR. GMR>SerT-IR/Diap1

-

N

™ TR

GMR > yw GMR > SerT-IR

Number of y-H2AV-positive cell

Figure 3. Knockdown of SerT induces a high accumulation of cells in the S-phase,
but not in the M-phase. The region posterior to the MF stained with EAU in third
instar larvae carrying GME > yw (A), GMR > SerT'IR (A), and GMR >
SerT'IR/diapl (A”). Quantification of EdU-positive cells in the posterior region
surrounded by dotted lines (B). DAPI staining of the nuclei of cone cells of
third-instar larvae carrying GMR > yw (C) and GMR > SerT'IR (C’). Arrows point
to the abnormal formation of the nuclei. Posterior region of third-instar larvae
carrying GMR > yw and GMR > SerT'IR, respectively, were stained with
anti-phosphorylated-histone 3 (Ser10) antibody conjugated with Alexa488 (D,D’)
and with anti-phosphorylated-gamma-Histone 2A antibody (F,F’). Quantification
of pH3S10-positive cells and vy -H2AV-positive cells in the region surrounded by
dotted lines, respectively (E,G). Scale bars indicate 100 uym (A-A”,D,D’,F,F’) and 5

*khk

pm (C,C’). The triangles indicate the MF. a, anterior; p, posterior. , b <
0.0001; *** p<0.001; n.s., not significant.
2.4. SerT Knockdown Induces a Rough Eye Phenotype via the PI3K/Akt Pathway

We suspected that the eye phenotype of the Ser7 knockdown fly might be
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influenced by the PI3k/Akt pathway. This pathway is well known to be involved
in the regulation of the cell cycle, and there is also evidence that suggests its
participation in the neurogenesis of the compound eye [22]. First, we visualized
the Akt activation level using specific Drosophila anti-phosphorylated Akt at
Ser505 (the equivalent of human Ser473). Figure 4A-D” shows a significant
decrease in the level of phosphorylated Akt in the posterior region (the region
affected by SerT'kd, Figure 4D-D”) of the eye disc of the Ser7'kd fly compared
with that in the control (Figure 4A—B”) and in the anterior region (the region
unaffected by Ser7'kd, Figure 4C—C”) of the same eye disc.

GMR; SerT-IR GMR

GMR > yw

Posterior

GMR > SerT-IR

Anterior Posterior

> UAS-PI3K

Anterior

pAkt

Figure 4. Knockdown of SerT reduces the levels of phosphorylated Akt protein.
The anterior and posterior region to the MF in the eye discs of third-instar larvae
carrying GMR > yw as a control (A—A”,B-B”, respectively) and GMR > Ser7*IR as
SerT'’kd (C—C”,D-D”, respectively) were stained with DAPI (blue) and
anti-phosphorylated-Akt antibody followed by secondary antibodies labeled with
Alexa594 (red). Merged images are also shown (A”,B”,C”D”). The images are
representative of 5 eye imaginal discs. Quantification of the phosphorylated Akt
average intensity (E). Scanning electron micrograph of the adult compound eyes
of flies carrying GMR-Gal4/Y, SerTIR/UAS-gfp, + ([F), GMR-Gal4/Y,
SerT'IR/UAS-PI3K, + (G), and GMR-Gal4/Y, UAS-PI3K, + (H). Larger images of

regions surrounded by box and dotted lines are shown (FP-H’,F”—H”, respectively).
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Scale bar indicates 15um (A-D”), 100 pm (F-H) and 30 pm (F°—H”). a, anterior; p,
posterior; **** p<0.0001.

Since Akt activation is regulated via PI3K, we tried to rescue the phenotype by
introducing PI3K in SerT'kd flies. The result showed the significant restoration
of ommatidia shape and bristle formation (Figure 4G—G”), compared with those in
the control flies carrying gfp (Figure 4F-F”). A representative image of the
compound eyes of flies with PI3K overexpression, but without Ser7"RNAI, is also
shown (Figure 4H-H”). Taken together, the results indicated that the levels of Akt
phosphorylation were reduced by Ser7 knockdown. The levels of phosphorylated
Akt are negatively regulated by the feedback of Akt itself, and it is often difficult
to interpret changes in Akt phosphorylation. This observation alone is not proof of

reduced PI3SK/Akt activity, but it is suggestive.

3. Discussion

SerT plays important roles in various processes in the peripheral system [30]. In
this study, we visualized the expression of SerT in Drosophila imaginal disc by
specific antibody (Figure 1B,B’), which led us to elucidate the function of SerT in
eye development. The effect of the knockdown of the Ser7 gene using a
GMR-GAL4 driver resulted in a noticeable rough eye phenotype, represented by
the abnormal organization of ommatidia and the complete loss of bristles (Figure
1D,D’,E,E’). Previous studies indicated that the rough eye phenotype was possibly
caused by the disruption of the cell cycle in the development of the compound eyes,
which may lead to the premature termination of cells via a caspase-dependent
pathway [27,31]. Our results indeed showed an increase in caspase-dependent
cell death in knockdown flies, which was effectively rescued by the caspase
inhibitor DIAP1 or p35 (Figure 2D-D”,E-E”). Figure 3A’ also showed that, under
SerT'kd, the number of cells in the S-phase accumulated in the posterior region
was significantly higher in knockdown flies than in the control, though the first
mitotic wave (indicated by MF) and the second wave had passed.

Although a large number of cells were in S-phase, pH3S10 staining showed no

59



change in the number of cells undergoing mitosis between Ser7'kd and the
controls. A previous study showed that rux mutation caused defects in the cell
cycle regulation that led to the premature entry into S phase (represented by
substantial increases in 5-bromo-2’-deoxyuridine staining), resulting in a similar
but more severe rough eye phenotype to that observed in the present study and in
the absence of changes in mitosis [32]. Moreover, our recent study of the
regulation of the developing wing suggested that the knockdown of dLipin by an
sd"GAL4 driver induces the accumulation of cells in S-phase while also
decreasing the number of mitotic cells [33]. These studies suggest that increases
in S- and M-phase cells can be regulated differently due to cell cycle defects;
however, the underlying mechanism needs to be investigated further. The result
shown in Figure 3F,F’, describing a lack of DNA damage, excludes the
involvement of the DNA-repair mechanism in the phenotype. An alternative
hypothesis might be that the excess numbers of S-phase cells might be induced by
compensatory mechanisms related to cell death. Although this is suggestive, key
evidence is missing, especially the cause of differential regulation of the mitotic
phase. The abnormal organization of cone cell nuclei (Figure 3C’) suggested that
excessive S-phase proliferation may cause the elevated recruitment of DNA in
this cell type, strengthening our claim in the link between S-phase proliferation
and rough eye phenotype. However, whether extra cone cells are formed or not is
unclear and requires further investigation.

Then, our results suggested that the excessive caspase-dependent cell death in
the posterior region of the eye disc was induced by the decreased level of the
PI3K/Akt pathway activation. Clinical and experimental data highlighted the
insulin-induced PI3K/Akt pathway, a universal pathway in yeast, insects, mice,
and mammals, as a common pathway in the stabilization of cell growth under the
control of nutrition [34]. The PISK/Akt pathway is widely known as a crucial
inhibitor of apoptotic effectors in the growth-signaling pathway. The activation of
this pathway can reduce apoptosis in various types of cells, including neuronal,

ischemia-inducing myocardial, and tumor cells [35-38]. In the rat hippocampus,
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the PI3K/Akt signaling pathway plays a pivotal role in neuronal apoptosis after
inducing subarachnoid hemorrhage [39]. Furthermore, the inhibition of the
PI3K/Akt pathway promotes the activation of caspase-3, subsequently increasing
apoptotic cell death in diabetic rats [40]. Moreover, the activation of PISK/Akt is
effectively controlled by the insulin network [41,42]. The inhibition of SerT via a
genetic or pharmacological mechanism results in insulin resistance prior to
adiposity [43—45]. Previous research revealed that in SerT-deficient mice, JNK
activity is exalted, and insulin-induced Akt activation is declined, whereas the
elevation of AKT signaling by PTEN deficiency rescues the glucose tolerance
phenotype. This study also claimed that SerT-deficiency downregulates insulin
action and is responsible for impaired PI3K/Akt signaling in the peripheral
system [43]. Consistent with these previous findings, our study also showed a link
between SerT and PI3K/Akt signaling.

SerT functions are tightly connected to serotonin. SerT knockdown will diminish
the clearance of excessive serotonin, which may, in turn, elevates the serotonin
accumulation in cells. In mammals, serotonin induces the synthesis and release of
insulin, as well as enhances the sensitivity of its target tissue [46]. In Drosophila,
serotonergic neurons express a GTPase NS3, which controls growth via insulin
signaling. Furthermore, Néssel et al. provided a more detailed mechanism that
one of the serotonin receptors, 5-HT1A, inhibits adenylate cyclase and protein
kinase A, thus inactivating cAMP response element-binding protein, which in
turn stimulates insulin signaling [47]. Multiple studies showed that increasing
serotonin levels activates the PI3K/Akt pathway in cancer cells and
neurodegenerative Parkinson’s disease cellular model [48,49]. This discrepancy
can be explained by the different serotonin regulatory processes in serotonergic
network interactions. The serotonergic system is complex and regulated by
multiple factors, and the regulatory feedback caused by excessive serotonin levels
have been previously recorded [50,51]. In order to clarify the detailed interaction
within the serotonergic system, the assay of serotonin levels in Ser7 knockdown

flies is further needed. Further studies to reveal the specific cell types affected by
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SerT during eye disc development are warranted.

In conclusion, the cell fate of Drosophila imaginal eye disc is strictly regulated by
a series of events, and numerous molecules have been found to control these
events. In this study, we showed that the cell death induced by the suppressed
activation of the PI3BK/Akt pathway resulted in a rough eye phenotype in Ser7*kd
flies. Thus, we concluded that SerT played a role in normal eye development by
controlling caspase-dependent cell death through the PI3K/Akt pathway. The
detailed mechanism of the link between SerT and this cascade requires further

investigations.

4. Materials and Methods

4.1. Fly Stocks

Fly stocks were maintained at 25 °C on standard food containing 0.65% agar, 10%
glucose, 4% dry yeast, and 5% cornmeal. Transgenic flies with
UAS-dSerT'IRess-1019 (SerT'IR1) and UAS-dSerT* IRio-1760 (SerT'IR2) were
obtained from the Vienna Drosophila Resource Center #100584; Vienna, Austria)
and Bloomington Drosophila Stock Center #62985; Bloomington, IN, USA),
respectively. These flies carried an IR of the Ser7 gene (targeting regions from
nucleotide 686 to 1079 and from 1740 to 1760, respectively) downstream of the
UAS sequence, on the second chromosome. All other flies used in this study were
obtained from Bloomington Drosophila Stock Center: UAS-gfp #1522), UAS-p35
#5072), UAS-diapl #6657), UAS-PI3K #8287). yw flies were used as the
wild-type strain.

4.2. Scanning FElectron Microscopy

All flies were anesthetized by CO2 and mounted on a holder. A VE-7800 scanning
electron microscope (Keyence, Osaka, Japan) was used to observe the compound
eyes of adult flies. At least five adult male flies were observed in each experiment.
4.3. Immunostaining

Cells in the S-phase were detected using Click-iT EdU (5-ethynyl-2 ’

-deoxyuridine) labeling Alexa Fluor 594 Imaging Kit (Invitrogen, Carlsbad, CA,
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USA) [33]. Third instar larvae were dissected in phosphate buffer saline (PBS),
and the eye discs were fixed in 4% paraformaldehyde for 20 min at 25 °C. After
washing with PBS containing 0.3% Triton X-100 (PBST), the samples were
blocked with 0.1% PBST and 10% normal goat serum for 30 min at 25 °C, and
incubated with diluted primary antibodies in 0.1% PBST and 10% normal goat
serum for 16 h at 4 °C [52,53]. The following antibodies were used as primary
antibodies: rabbit anti-Drosophila SerT antibody (1:200; S1001-25H, USBio,
Salem, MA, USA), rabbit anti-cleaved caspase-3 antibody (1:500; Sigma-Aldrich,
St. Louis, MO, USA), anti-Phospho-Histone H3 (Ser10) (D2C8) XP Rabbit mAb
conjugated with Alexa488 (1:400; Cell Signaling Technology, Danvers, MA, USA),
anti-phosphorylated-histone 2A gamma variant antibody (1:400; DSHB, Iowa, IA,
USA), and anti-phosphorylated- Drosophila Akt (Ser505) antibody (1:200; Cell
Signaling Technology, Danvers, MA, USA). After washing with 0.3% PBST,
samples were incubated with secondary antibodies labeled with either Alexa488
or Alexa 594 (Goat anti-rabbit IgG 1:1000 and Goat anti-mouse IgG 1:800; Abcam,
Cambridge, UK) for 2 h at 25 °C. After further washing with 0.1% PBST, samples
were mounted in a Vectashield mounting medium (Vector Laboratories,
Burlingame, CA, USA) and observed by using a Fluoview Fv10i-0 confocal laser
scanning microscope (Olympus, Tokyo, Japan). The signals were analyzed by the
MetaMorph software (Molecular Devices, Sunnyvale, CA, USA).

4.4. Statistical Analysis

Signals in the posterior region of the MF were counted from at least six eye
imaginal discs. All experiments were repeated at least three times. Statistical
analyses were performed using the Student’s #test and one-way ANOVA. Error
bars represent the standard error of the mean (SEM), and all the data are shown

as means + SEM. Differences with p-values of <0.05 were considered significant.
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CONCLUSIONS

In this thesis, I investigate the function of two genes, Lipin and Ser7, in
development by tissue-specific knockdown in the developing wing and eye,
respectively, of these genes in Drosophila melanogaster model.

Chapter 1:

In this chapter, I can successfully visualized Lipin expression in the eye disc of
Drosophila 3*4-instar larvae. Specifically, we showed that the tissue-selective
knockdown of dLipinin the wing pouch led to an atrophied wing. Elevated DNA
damage was observed in the wing imaginal disc of dLipin-knockdown flies. dLipin
dysfunction induced accumulation of cells in S phase and significantly reduced
the number of mitotic cells, indicating DNA damage-induced activation of the
G2/M checkpoint. Reduced expression of cyclin B, which is critical for the G2 to M
transition, was observed in the margin of the wing imaginal disc
of dLipin-knockdown flies. The knockdown of dLipinled to increased apoptotic
cell death in the wing imaginal disc. Thus, our results suggest that dLipin is
involved in DNA replication during normal cell cycle progression in wing

development of Drosophila melanogaster.

Chapter 2:

SerT in the brain is an important neurotransmitter transporter involved in
mental health. However, its role in peripheral organs is poorly understood. In this
study, we investigated the function of SerT in the development of the compound
eye in Drosophila melanogaster. We found that SerT knockdown led to excessive
cell death and an increased number of cells in S-phase in the posterior eye
imaginal disc. Furthermore, the knockdown of Ser7 in the eye disc suppressed
the activation of Akt, and the introduction of PI3K effectively rescued this
phenotype. These results suggested that SerT plays a role in the healthy eye
development of D. melanogaster by controlling cell death through the regulation

of the PI3SK/Akt pathway. This research further confirm the the involvement of
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SerT in peripheral system. It also open a suggestion to the possible explanation of

side effects of SerT-targeted anti-depressant drugs in human.
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