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Abstract

Lipid droplets (LDs) are highly dynamic organelles involved in many physiological
and pathophysiological processes. Especially the LD-associated proteome affects
health and disease. Deregulation of lipid droplet associated proteins (LDAPSs) is
linked to obesity, diabetes, and several types of cancer, including prostate cancer
(PCa). The LDAP protein LDAH (lipid droplet-associated hydrolase) and its homologs
were shown to impact a broad spectrum of physiological processes including cell
proliferation and endocrine regulation. Loss of LDAH promotes PCa in mice and
humans. The molecular mechanism of how LDAH loss of function (LOF) promotes

prostate carcinogenesis is, however, not understood.

The aim of this study was, hence, to investigate whether the function of the
Drosophila LDAH homolog sturkopf affects proliferation and endocrine physiology
regulation in vitro and in vivo. The results of cell proliferation assays in cultured
Drosophila cells confirm a role of sturkopf on cell proliferation. Protein-protein
interaction (PPI) studies suggest that sturkopf participates in the regulation of protein
stability and the ubiquitination machinery. Deregulation of androgen signaling is a
hallmark of PCa. Regulation of ecdysone signaling in the accessory gland (AG), the
functional analog of the mammalian prostate, and androgen signaling in the prostate
were shown to partially underly conserved mechanisms. A deregulation of ecdysone
signaling in sturkopf mutant males was hypothesized previously. In vitro and in vivo
analyses of a putative sturkopf-mediated regulation of ecdysone signaling indicate a
stabilizing role of sturkopf in EcR protein stability. Significantly reduced ecdysone
hemolymph titers in male sturkopf LOF animals signify a profound role of sturkopf in
ecdysone signaling. Moreover, in vivo analyses of sturkopf LOF animals revealed a
remarkable loss of secondary cells (SCs) in the AG in a sturkopf- and likely SC-
dependent manner. Data of this work further proposes alterations in apoptotic
processes in sturkopf LOF animals causing the loss of SCs. Cell survival and
proliferation due to loss of apoptosis promotes tumorigenesis ultimately leading to
PCa.

Altogether, the results of this work reveal a crucial role of sturkopf in proliferation,
endocrine physiology regulation, as well as protein stability regulation. As all these
aspects have a high significance in PCa, the study aids in gaining a mechanistic

insight of LDAH loss and prostate carcinogenesis in the mammalian system.
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1 Introduction

In biology, energy homeostasis is defined as the balance between energy influx and
efflux. Storage macromolecules, encompassing carbohydrates and lipids especially,
serve as buffers in case energy expenditure exceeds energy influx. Energy
homeostasis is a fundamental process which needs to be tightly regulated both on a
cellular and organismic scale as its deregulation can have severe consequences for
the organism. This requires the capability of each cell and organ to store energy in
times of energy excess and to remobilize the stored energy, in turn, if needed.
Adenosine triphosphate (ATP) is the major organic compound providing energy to
fuel diverse cellular processes such as intracellular signaling (Novak 2003; Li et al.
2013), DNA/RNA synthesis (Enomoto et al. 1981; Joyce and Steitz 1995; Martin and
MacNeill 2002), and amino acid activation in protein synthesis (Pang et al. 2014) in
all living organisms. It is intracellularly present in only small amounts due to a rapid
turnover rate and generated on demand from either glycogen or neutral lipids such
as triacylglycerols (TAG) (Flatt 1995). While ATP is quickly generated from hydrated
glycogen for a fast response, the main energy storage form of cells are lipids as
these macromolecules are the most energy-dense molecules yielding much more
energy than hydrated glycogen (Flatt 1987).

In humans, lipids are primarily stored in dedicated cells, named adipocytes, forming
the adipose tissue. This tissue is compartmentalized in white adipose tissue (WAT)
and brown adipose tissue (BAT) (Cinti 2005; Tseng 2023). The far more abundant
WAT is mainly comprised of large univaculoar adipocytes harboring a large single
lipid droplet (LD) (Saely et al. 2012) and serves several functions such as lipid
storage (Saely et al. 2012), thermal insulation (Alexander et al. 2015), and
functioning as endocrine organ via hormone secretion (Scherer 2006; Martinez-
Sanchez 2020). BAT, on the other hand, is made up of plurivacuolar adipocytes rich
in smaller, numerous LDs (Saely et al. 2012) and mitochondria (Cinti 2009). Its main
role serves the generation of heat, a process known as thermogenesis (Cannon and
Nedergaard 2004). Storage and remobilization of lipids is, however, not restricted to
the adipose tissue. LDs can be found in almost every cell within an organism in order
to facilitate localized cellular lipid storage and remobilization (Krahmer et al. 2013a).
Besides their main function of storing neutral lipids, LDs are highly dynamic cellular

organelles which participate in a lot of processes beyond mere lipid metabolism



(Welte and Gould 2017; Olzmann and Carvalho 2019). Their highly diverse
functionality is determined by the proteins attached to their surface, termed the LD-
associated proteins (LDAPs) (Zhang and Liu 2019). While most of these proteins
participate in LD biogenesis or lipid metabolism (Welte and Gould 2017; Olzmann
and Carvalho 2019), more LDAPs are progressively identified operating outside lipid
metabolism (Welte and Gould 2017; Currall et al. 2018; Werthebach et al. 2019).
Deregulation of the delicate interplay between LDAPs and their associated functions
has been identified in several pathophysiological conditions covering metabolic
diseases such as obesity (Xu et al. 2018), diabetes (Xu et al. 2018), non-alcoholic
fatty liver disease (Xu et al. 2018; lkura and Caldwell 2015), cardiomyopathy (Huang
et al. 2022), as well as different types of cancers (Currall et al. 2018; Bai et al. 2021;
Luo et al. 2022) highlighting the general importance of LD and LDAPs in physiology

as well as their proper regulation.

1.1 Lipid droplet biology

Lipid droplets (LDs) constitute cellular organelles which serve the regulated
deposition and remobilization of storage lipids, mainly neutral lipids such as
triacylglycerols and sterol esters. These multifunctional organelles can be found
among almost every form of life all sharing the same architecture: a hydrophobic core
comprising storage lipids enveloped by a phospholipid monolayer, which mostly
consist of phosphatidylcholine and phosphoethanolamine and a diverse proteomic
set decorating its surface (Murphy 2001; Farese and Walther 2009; Wilfling et al.
2014; Thiam and Beller 2017). Being considered as static cellular lipidic
accumulations for a very long time (Fawcett 1966), it is now known that LDs are fully
entitled cellular organelles interacting with a variety of different organelles such as
mitochondria, peroxisomes, lysosomes among others (Liu et al. 2004; Farese and
Walther 2009; Olzmann and Carvalho 2019).
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Figure 1: Basic lipid droplet (LD) morphology. LDs are comprised of a hydrophobic core of neutral
lipids (triacylglycerol, sterol esters) surrounded by a phospholipid monolayer with a diverse set of lipid
droplet associated proteins (LDAPs) attached. Hydrophobic acyl chains of the phospholipid monolayer
are oriented towards the neutral lipid core, whereas the polar head groups face the aqueous cytosol.
LDs are known to interact with a variety of other cellular organelles such es mitochondria or the

endoplasmic reticulum (ER), where LDs originate from.

Although universal in their architecture, LDs can differ in size depending on their
cellular origin. In most cases, the size of LDs ranges from 20-40 nm (Guo et al.
2009). However, in adipocytes, they reach a size of up to 200 pm, occupying almost
the entire cellular volume (Suzuki et al. 2011; Heid and Franke 2014). Still,
independent from their size, the major function of these organelles is the storage of
triacylglycerols and sterol esters in times of nutrient excess and the remobilization of
the stored neutral lipids on energy demand, respectively.

The most widely recognized model of LD biogenesis proposes a de novo LD origin at
the leaflet of the ER membrane through localized lipogenesis and lipid nucleation
(Thiam and Beller 2017; Henne et al. 2018) Ongoing lipogenesis results in the
formation of a lipid lens which bends towards the cytosol. The cytosolic phospholipid
monolayer of the endoplasmic reticulum envelops the growing droplet which finally

C



buds into the cytosol as nascent LD (Thiam and Beller 2017; Henne et al. 2018;
Jackson 2019).

Nudleation Coalescence [ Budding

ER ER cytosol

Figure 2: Lipid droplet biogenesis. A lipid lens nucleates in the ER intermembrane space due to de
novo ftriglyceride synthesis and accumulation. Triglycerides coalesce over time which results in growth
of the lipid lens. The ER membrane bends towards the cytosol due to ongoing growth of the lipid lens

and envelops the arising droplet. Finally, the nascent LD buds off into the cytosol.

The major enzymes necessary for lipid synthesis also localize to the ER membrane
(Buhman et al. 2001). Triacylglycerol (TAG) synthesis is mediated by the enzymatic
conversion of glycerol-3-phosphate to phosphatidic acid via acetylation by the
glycerol phosphate acyltransferase (GPAT) as well as the acylglycerolphosphate
acyltransferase (AGPAT) (Takeuchi and Reue 2009). Phosphatidic acid phosphatase
(lipin)-mediated conversion of phosphatidic acid results in the generation of
diacylglycerol which, in turn, gets esterified to triacylglycerol via the diacylglycerol
acyltransferase. Thus, lipins influence the regulation of triacylglycerol formation
(Carman and Han 2009; Siniossoglou 2013). There is growing evidence that lipins
are also regulating triacylglycerol synthesis at the origin of LD biogenesis (Adeyo et
al. 2011). Other proteins have been identified as major regulators of de novo LD
biogenesis such as seipin (Szymanski et al. 2007) and fat storage-inducing (FIT)
proteins (Kadereit et al. 2008). Seipin is a homo-oligomeric integral membrane
protein in the ER concentrating at the ER-LD junction (Salo et al. 2016; Salo et al.
2019). At this interorganellar contact site, Seipin modulates LD abundance and size



by facilitating continuous triglyceride transfer to LDs (Szymanski et al. 2007; Fei et al.
2008; Wang et al. 2018; Salo et al. 2019). FIT proteins belong to a conserved ER-
localized transmembrane protein family capable of binding triglycerides which is
important for LD formation (Gross et al. 2011). A potential role of these proteins in the
generation of nascent LDs via concentration of triglycerides at the ER leaflet and,
thus, promotion of the LD budding process has been hypothesized (Goh and Silver
2013). Recent findings suggest a role of these proteins in organization of LD
biogenesis (Chen et al. 2021) and were found to be essential for maintenance of lipid
homeostasis at the ER and LD morphology (Yap et al. 2020). Cholesteryl esters are
the second most abundant neutral lipid species found in LDs. Their synthesis is
mediated by the intracellular esterification of cholesterol via sterol-O-acyltransferases
(ACAT) (Wilfling et al. 2014).

Throughout the different steps of LD biogenesis, LDs obtain their functional diversity
which is primarily characterized by their lipid composition as well as the proteomic set
attached in their surface (Beller et al. 2006; Hsieh et al. 2012). The proteinaceous
composition of LDs is highly variable as several proteins only bind to special LD
subsets (Kory et al. 2016; Thul et al. 2017) with regard to their neutral lipid
composition (Hsieh et al. 2012), their phospholipid composition, or their size (Fei et
al. 2008). The LD proteome dramatically influences the regulation and function of the
respective droplet (Thiam and Beller 2017). Upon lipolysis-mediated reduction of
size, for instance, the LD surface reduces proportionally resulting in the displacement

of proteins with lower binding affinities (Kory et al. 2015).

Due to differential protein binding affinities, LD associated proteins (LDAPs) can be
categorized into two protein classes (Kory et al. 2015). The first protein class exhibit
a dual localization, both to the ER and LDs. One example of these protein class is the
Drosophila LDAP sturkopf (Thiel et al. 2013; Song et al. 2022) or its mammalian
homologs LDAH (lipid droplet associated hydrolase) (Goo et al. 2014). Proteins of
these class either bind to the phospholipid monolayer by means of an amphipathic
helix via translocation from the ER during LD biogenesis or via a hydrophobic hairpin
loop in the interaction of mature LDs and the ER (Kory et al. 2016). Proteins of the
second LDAP class bind to LDs in the cytosol via amphipathic or hydrophobic helices
(Kory et al. 2016). The removal of class | LDAPs has not been investigated yet,
although they are thought to translocate back to the ER (Kory et al. 2016). Class Il



LDAPs get either removed due to displacement on the basis of low binding affinities

through the ubiquitin-proteasome-system or autophagy (Kory et al. 2016).

1.2 LDs and LDAPs in health and disease

LDs fulfil a fundamental role in lipid metabolism by storing excess lipids ensuring
constant supply of energy-dense molecules independent of exogenous nutrient
uptake. However, some lipid entities such as cholesterol can induce cytotoxicity
(Kellner-Weibel et al. 1998; Kellner-Weibel et al. 1999) although they are essential
e.g., for membrane assembly and function (Grouleff et al. 2015). Cellular cholesterol
gets esterified and is safely stored in LDs to neutralize the cytotoxic effects. It is
known that LDs form organelle contact sites (Valm et al. 2017; Shai et al. 2018;
Bohnert 2020; Herker et al. 2021) mediating the interaction with a variety other
cellular organelles such as mitochondria, peroxisomes, the ER amongst others
(Olzmann and Carvalho 2019). These contact sites mediate, for instance, the
interorganellar exchange of lipids and ions by means of locally concentrated lipid
transfer proteins or ion channels (Herker et al. 2021). Besides the sheer transport
function, these contact sites were shown to be involved in various fundamental
physiological processes such as lipid metabolism, LD biogenesis, signaling events, or
cellular stress response (Prinz et al. 2020). The generation of these contact sites is
mediated by a broad range of different proteins (Bohnert 2020). However, in the
meantime, it became clear that these contact sites also play a role in
pathophysiological events of genetic, infectious and metabolic diseases (Herker et al.
2021).

An example for a genetic disease is, for instance, congenital generalized
lipodystrophy caused by the loss of function of seipin, a central player in LD
biogenesis, which, in turn, results in irregular LD morphology (Wang et al. 2016) as
well as impaired LD-ER contact sites (Salo et al. 2016). Congenital generalized
lipodystrophy is an autosomal recessive disorder which manifests with insulin
resistance, lack of subcutaneous fat as well as muscular hypertrophy (Friguls et al.
2009).

Several types of intracellular pathogens, including bacteria, viruses and parasites
were also shown to influence LD contact sites by both rearranging the hosts LD
contact sites as well as the formation of new LD contact sites with other organelles to

promote pathogen replication (Herker et al. 2021). It could, for instance, be shown



that the viral assembly of the hepatitis C virus (HCV) is dependent on the small
GTPase Rab18-mediated trafficking of the viral core protein to LDs (Dansako et al.
2014). Furthermore, interaction between sites of viral replication and LDs was shown
to be promoted by binding of Rab18 to the HCV nonstructural protein 5A (NS5A)
(Salloum et al. 2013).

Nonalcoholic fatty liver disease is a metabolic disease characterized by an excessive
and abnormal accumulation of fat in hepatocytes without any secondary cause of
fatty liver such as excessive alcohol use or viral hepatitis (Marjot et al. 2020). Here, a
remodeling of LD contact sites promote pathological lipid storage in hepatocytes
(Herker et al. 2021) which, in turn, may be promoted by decreased hepatic secretory
capacity and organellar reprogramming and cellular dysfunction towards lipid storage
(Herker et al. 2021). This changes organelle contact sites and results in dramatic
redistribution of secretory pathway proteins such as COPI complex (Krahmer et al.
2018).

LDs are players in hallmarks of cancer including epithelial to mesenchymal transition
(EMT), modulation of cancer dependent signaling pathways, cell cycle progression or
hypoxia-mediated lipid metabolism alteration (Cruz et al. 2020). Their presence was
tightly correlated with different types of cancer including colorectal cancer,
glioblastoma, breast cancer, as well as prostate cancer among others (Petan 2020).
To date it is, however, still not entirely clear whether LD accumulations are directly
involved in the formation or initiation of these malignancies (Cruz et al. 2020). For
instance, it was shown that prostate cancer (PCa) cells accumulate cholesteryl ester
(CE) droplets as a result of enhanced exogenous lipoprotein uptake and required
cholesterol esterification leading to increased PCa cell proliferation, invasiveness,
and aggressiveness. (Yue et al. 2014). Additionally, it was shown that a variety of
different LD forming and processing genes such as ACAT1, ATGL, DGAT1, and
ABHDS are differentially overexpressed in PCa cells (Mitra et al. 2017). The latter two
were shown to promote growth of PCa cells (Mitra et al. 2017). Recently, a study
demonstrated a causal relation between the loss of the LDAP LDAH and PCa (Currall
et al. 2018). However, how LDs or LDAPs may initiate, affect, or contribute to these

malignancies is poorly understood.



1.3 Lipid metabolism and prostate cancer (PCa)

The dysregulation of lipid metabolism is linked to several pathologies such as
cachexia, hyperlipidemia, obesity, and several forms of cancer (Tewari et al. 2014;
Aoyagi et al. 2015). Aggressive prostate cancer (PCa) is one type of cancers which is
affected by lipid metabolism (Yue et al. 2014; Deep and Schlaepfer 2016). Prostatic
carcinomas represent a major health issue and is the second most common
malignancy and the fifth leading cause of cancer death among men (Saad and Miller
2015; Le Wang et al. 2022).

Cancer cells have an increased energy demand due to their uncontrolled and
disproportioned proliferation. Most solid tumors experience the Warburg effect in
order to accommodate their massive energy requirement (Warburg 1925; Liberti and
Locasale 2016). Malignant cells tend to shift their dominant ATP producing pathway
from the oxidative phosphorylation to the aerobic glycolysis (Asgari et al. 2015).
However, prostate cancer cells take a different path. It was shown that especially in
early prostate cancers, the energy production relies on lipids and other energetic
molecules and not on aerobic respiration (Sadeghi et al. 2014; Twum-Ampofo et al.
2016). The Warburg effect is only involved in late-stage tumors, where numerous
mutations cause the need of high glucose uptake (Eidelman et al. 2017). Healthy
prostate epithelial cells tend to accumulate zinc and synthetize citrate for the seminal
fluid (Franz et al. 2013). The production of citrate is very cost-intensive, which is why
the epithelial cells compensate the energy loss with aerobic glycolysis (Eidelman et
al. 2017). Cancerous prostate cells, however, show a complementing phenotype,
wasting zinc and oxidizing citrate (Franz et al. 2013). These cells use the citric acid
cycle and subsequent oxidative phosphorylation generating fatty acids (Eidelman et
al. 2017). Additionally, enzymes involved in fatty acid-production, such as the fatty
acid synthase, sterol regulatory element binding protein 1 (SREBP1), acetyl-CoA-
carboxylase and the ATP citrate lyase are highly upregulated in prostate cancer cells
(Wu et al. 2014). By avoiding an increased concentration of zinc, prostate cancer
may prevent apoptotic regulation (Costello et al. 2005; Costello and Franklin 2011).
PCa cells can use hormone-derived (androgen) lipids as source of energy via the
expression of the androgen receptor (Heinlein and Chang 2004). Furthermore, the
presence of extracellular cholesterol was shown to be not only a prognostic marker
for PCa (Jamnagerwalla 2017; Murtola 2018), but also to influence PCa cell
proliferation (Raftopulos et al. 2022). This effect occurs especially in androgen-



independent PCa, via LDL-derived cholesterol incorporation via endocytosis and
storage in cholesteryl esters (CE) as a requirement for the support of PCa cell growth
(Raftopulos et al. 2022). Cholesteryl ester accumulation was previously shown to be
induced by the loss PTEN with subsequent activation of the PI3K/AKT pathway (Yue
et al. 2014). These CE accumulations occur in PCa cells through the enhanced
uptake of polyunsaturated fatty acids (PUFAs) such as arachidonic acid (AA) (Yue et
al. 2014), which is a known proliferation factor of prostate cancer cells (Ghosh and
Myers 1997; Hughes-Fulford et al. 2001). CE is further promoted by the uptake of
lipoproteins and required cholesterol esterification (Yue et al. 2014). PTEN is a well-
known, ubiquitously expressed tumor suppressor commonly inactivated in many
human sporadic cancers (Hollander et al. 2011; Alvarez-Garcia et al. 2019) including
PCa (Li et al. 1997).

PCa cells are also capable of utilizing de novo lipid synthesis in order to obtain the
energy needed (Deep and Schlaepfer 2016). The lipid-producing phenotype, also
known as castration resistant PCa (CRPC), does not rely on androgen regulation
which is clinically problematic as it is not responsive to androgen-deprivation therapy
(Griffin 1992).

14 The lipid droplet associated protein sturkopf

Sturkopf, formerly known as CG9186, is a lipid droplet associated protein which was
initially identified in a proteomic screen of Drosophila melanogaster fat body tissue
(Beller et al. 2006). Sturkopf is an evolutionary conserved protein showing high
abundance in a variety of different cell types and tissues (Beller et al. 2006; Cermelli
et al. 2006; Krahmer et al. 2013b). The gene locus of sturkopf is located on the left
arm of chromosome 3 at position 616F (3L:1,311,719..1,313,373 [-]). Two transcript
variants, namely sturkopf-RA and sturkopf-RB, code for the same polypeptide,
comprising 307 amino acids (FlyBase Version FB2022_04, www.flybase.org). On a
transcriptional level, sturkopf is expressed in every developmental stage of
Drosophila and most prominently in fat storing tissues such as the fat body and
midgut, but also in the salivary and accessory glands (Chintapalli et al. 2007;
Celniker et al. 2009; Thiel et al. 2013; Werthebach et al. 2019).
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Figure 3: Schematic representation of the sturkopf genomic locus, associated transcripts (grey) and

the resulting protein (black) (modified from (Thiel et al. 2013)).

Sturkopf belongs to class | LDAPs known to shuttle between the endoplasmic
reticulum (ER) and LDs, once they become available (Thiel et al. 2013; Goo et al.
2014). The protein binds to LDs through an amphipathic helix which is located in the
amino acid sequence aa141-200 (Thiel et al. 2013). Sturkopf and its mammalian
homologs LDAH contain a highly conserved serine residue (in Drosophila at position
aa119). Moreover, the protein contains an aspartic acid and histidine residue at
position aa254 and aa283, respectively (Thiel et al. 2013).
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Figure 4: Schematic representation of the sturkopf sequence with functional descriptions of sequence
sections (Thiel et al. 2013). The putative catalytically active serine at position aa119 is visualized in
dark grey and the LD targeting sequence is shown in light grey. The C-terminus was shown to be

necessary for LD clustering.

Based on homology modeling, sturkopf is likely to form a catalytical triad with a
typical GXSXG upon proper a/pf hydrolase folding (Thiel et al. 2013; Gramates et al.
2017). These folding properties were also hypothesized for its mammalian homolog
LDAH (Goo et al. 2014). This catalytical triad is commonly present in
acyltransferases or lipases (Rajakumari and Daum 2010; Ploier et al. 2013; Kim



2016; Jaeger et al. 1999). The putative catalytical serine at position 119 is
presumably necessary for a nucleophilic attack (Hedstrom 2002; Thiel et al. 2013).
Based on these protein properties, a lipase activity has been hypothesized for
sturkopf (Thiel et al. 2013).

However, no lipase activity of sturkopf against mono-, di, and triacylglycerols could
be demonstrated (Thiel et al. 2013). Overexpression of sturkopf or mammalian LDAH
did not result in a reduction of cellular lipids, but instead induced a C-terminus-
dependent clustering of LDs, which are usually dispersed in the majority of cell types
(Thiel et al. 2013). Overexpression of a sturkopf variant lacking all lysine residues
(16K2R), however, fails to induce the LD clustering phenotype (Kolkhof et al. 2017).
Lysine residues located in the C-terminus of the protein are ubiquitination sites
essential for the LD coalescence (Kolkhof et al. 2017). Furthermore, the RNAI-
mediated knockdown of sturkopf was shown to decrease triacylglycerol levels in vivo,
being a counterintuitive finding for a putative lipid-mobilizing enzyme (Thiel et al.

2013). Both lines of evidence argued against an lipase activity of sturkopf.

More recent findings suggest that sturkopf does not play a role in the canonical lipid
metabolism, but rather functions on an organismic scale via the involvement in
physiological processes and endocrine signaling (Werthebach et al. 2019). A
CRISPR/Cas9-derived sturkopf null mutant fly line revealed moderately reduced TAG
storage levels which was in line with the RNAi-mediated sturkopf knockdown data
(Thiel et al. 2013). In addition, the male sturkopf mutant animals showed reduced
lifespan, and altered cuticular hydrocarbon composition (Werthebach et al. 2019).
Surprisingly, sturkopf mutant animals showed an enhanced desiccation resistance,
which is most likely due to the decrease in locomotion as well as the altered CHC
(cuticular hydrocarbon) composition (Werthebach et al. 2019). Furthermore, sturkopf
mutant larvae show altered expression of Drosophila insulin like peptides 3 and 6
and the juvenile hormone (JH) signaling target krippel-H1 (kr-H1) (Werthebach et al.
2019). The JH signaling pathway is the nexus of the found phenotypes. It is not only
regulating the composition and abundance of CHCs (Lengyel et al. 2007; Kelstrup et
al. 2014; Kelstrup et al. 2017) of many arthropods but it is also involved in locomotion
regulation and foraging behavior (Meunier et al. 2007) as well as it directly interacts
with the insulinfinsulin like growth factor signaling (1IS) pathway (Mirth et al. 2014)
bringing the observed phenotypes in agreement (Werthebach et al. 2019). Beyond



that, interactions of sturkopf with a variety of proteins including JH degrading
enzymes, i.e., the juvenile hormone epoxide hydrolases (JHEH) (Kolkhof et al. 2017;
Werthebach et al. 2019), mediating the degradation of JH in different tissues (LU et
al. 2015; Wisniewski et al. 1987) have been demonstrated. These enzymes
complement the activity of the juvenile hormone esterases, which degrade JH in the
hemolymph (Kamita and Hammock 2010; Saito et al. 2015). The interaction with JH
degrading enzymes suggests an involvement of sturkopf in the regulation of these
enzymes. A hypothetical regulation of protein stability is further supported by the
interaction of sturkopf and the ubiquitin machinery (Kolkhof et al. 2017). Besides JH,
the second major regulator of Drosophila development and growth is the steroid
hormone 20HE-ecdysone (20HE) (Mirth and Shingleton 2012). A reduction of 20HE
signaling was hypothesized for sturkopf loss of function due to the reduction in JH
signaling (Werthebach et al. 2019), which is known to regulate 20HE signaling (Mirth
et al. 2014). Ecdysone is known to antagonize IIS (Colombani et al. 2005; Delanoue
et al. 2010), which was shown to be altered in sturkopf mutant flies (Werthebach et
al. 2019). The transcriptional regulator kr-H7 is a direct downstream target of the JH
signaling pathway. Its differential expression in sturkopf mutant and the
corresponding control animals represents, in combination with the observed
phenotypes, another indication of the involvement of sturkopf in the JH signaling
pathway (Werthebach et al. 2019). The expression of kr-H1 was downregulated when
sturkopf mutant animals were raised on low-yeast-diet. However, for mutant animals
raised on a low-sugar-diet, no differences in gene expression of kr-H7 were found,
indicating a degradation limiting function of sturkopf, prohibiting upregulation of JH
activity, whereas a JH decrease was still possible (Werthebach et al. 2019).

Further findings suggest a role of sturkopf in the adaption of larval developmental
timing with regards to varying nutritional conditions. As sturkopf null mutant animals
showed a decelerated development on low-sugar-diet and an accelerated
development on low-yeast-diet, they do not seem to adjust their developmental timing
to nutritional conditions (Werthebach et al. 2019). These observations are
underpinned by an altered gene expression which can be traced back to the sturkopf
mutation. For example, under basal conditions, the Drosophila insulin like peptide
(dilp) 6 well as the target of brain insulin (tobi) were shown to be strongly
downregulated. In addition, a previously reported reduced tobi expression on low-

yeast-diet (Buch et al. 2008) was confirmed, whereas an upregulation in tobi



expression was found in animals on low-sugar-diet. In sturkopf mutant animals no
differences in the tobi expression could be found which further indicates a role of
sturkopf as nutritional sensor (Werthebach et al. 2019). Besides that, the sturkopf
mutation also affected the expression of the IS downstream target dFoxO in the fat
body of L3 larvae (Werthebach et al. 2019) dFoxO is a well-known important
regulator of organismic physiology regulation (Hwangbo et al. 2004; DiAngelo and
Birnbaum 2009). Usually, the transcription factor gets phosphorylated upon an insulin
stimulus resulting in the nuclear exclusion of dFoxO. sturkopf loss of function resulted
in an increased nuclear localization of dFoxO, whereas multiple studies state an
occasionally nuclear dFoxO signal to be physiological (Buch et al. 2008; Werthebach
et al. 2019), hinting towards a reduction in lIS which is in line with the observed
phenotypes regarding developmental timing as well as expression profiling and the
hypothesized reduction in 20HE signaling (Werthebach et al. 2019). Thus, the
molecular function of sturkopf is associated with organismic physiology regulation
(Werthebach et al. 2019). However, the underlying molecular mechanisms remain

elusive.

1.5 Mammalian lipid droplet associated hydrolase (LDAH)

The mammalian lipid droplet associated hydrolase (LDAH) was initially identified and
characterized in murine macrophages in 2014 (Goo et al. 2014). In mice, mmLDAH is
located on chromosome 12 (Chr12 8258107-8335759 bp, + strand; 3.85 cM) and
codes for an 326aa long polypeptide with a predicted a/f hydrolase and the
canonical lipase GXSXG motif (Goo et al. 2014) which was also predicted for
Drosophila sturkopf (Thiel et al. 2013). The mmLDAH hypothetical catalytic triad
comprises the conserved, putative catalytic active serine at position aa140, an
aspartic acid residue at position aa272 and a histidine residue at position aa291 (Goo
et al. 2014). A shutting form the endoplasmic reticulum to LDs was also
demonstrated for mmLDAH as well as a C-terminus-dependent clustering of LDs
upon protein overexpression (Thiel et al. 2013). The clustering of LD following protein
overexpression was also demonstrated for the Drosophila ortholog sturkopf (Thiel et
al. 2013) and is presumably independent of a putative enzymatic protein activity (Goo
et al. 2017). However, upon testing for a putative lipase activity, unlike sturkopf,
mmLDAH exhibits a weak in vitro cholesteryl ester (CE) hydrolase activity and

significant CE hydrolase activity in HEK-293 cells as well as in raw macrophages



(Goo et al. 2014). This enzymatic activity was traced back to the putative nucleophilic
serine at position 140, as an amino acid exchange from serine to cysteine (S140C)
did not affect total cholesterol or CE levels while still able to target LDs (Goo et al.
2014). Referring to these studies, other studies have investigated the hypothetical
serine hydrolase/lipase activity of mmLDAH (Goo et al. 2017; Kory et al. 2017) but

arrived at contradicting conclusions.

While one mmLDAH knockout mouse study found no effect on triacylglycerol storage
or other lipid-metabolism related phenotypes (Kory et al. 2017), another knockout
mouse study determined a significant weight gain in mmLDAH mutant female mice,
whereas mmLDAH mutant male mice showed invasive prostate lesions with a
penetrance of 10 % (Currall et al. 2018). The only data available supporting the CE
hydrolase activity is one study characterizing the Saccharomyces cerevisiae LDAH
ortholog Ypri47cp with regards to a hypothetical lipid-degrading activity (Naresh
Kumar et al. 2018). Ypr147cp was found to exhibit both triacylglycerol lipase as well
as ester hydrolase activity (Naresh Kumar et al. 2018) which was in agreement with
the findings from Goo and colleagues (Goo et al. 2014), however incompatible with
data of the other studies mentioned (Thiel et al. 2013; Kory et al. 2017; Werthebach
et al. 2019). Due to the contradicting data available, a clear-cut enzymatic function of
LDAH in the canonical lipid metabolism remains elusive. One possibility is that the
protein functions outside the canonical lipid metabolism as hypothesized for
Drosophila sturkopf (Werthebach et al. 2019). One study demonstrated that
triacylglycerol levels were regulated in a mmLDAH-dependent manner, which,
however, was presumably independent from the putative enzymatic activity of
mmLDAH (Goo et al. 2017). Here, mmLDAH was shown to play a lipogenic role by
enhancing the polyubiguitination and thus the proteasomal degradation of ATGL
(adipose ftriglyceride lipase) pointing towards a role of LDAH in the regulation of
protein stability/activity rather than being directly involved in the canonical lipid
metabolism (Goo et al. 2017). This putative LDAH function was also hypothesized for
Drosophila sturkopf (Werthebach et al. 2019) and is in line with the finding that
sturkopf interacts with the ubiquitination machinery (Kolkhof et al. 2017).

The data availability for human LDAH (hsLDAH) is even more limited than for
mmLDAH or the Drosophila ortholog sturkopf. Human LDAH is located on the short
arm of chromosome 2 (2p24.1, C20rf43) and codes for a polypeptide of 325aa of the



canonical isoform in length (Q9H6V9, www.uniprot.org). The protein has a
hypothetical a/p hydrolase fold and is also likely to form the aforementioned GXSXG
serine hydrolase motif with a serine at position 139, presumably for the enzymatic
nucleophilic attack, an aspartic acid residue at position aa271 and a histidine at
position aa300 (Q9H6V9, www.uniprot.org). Recently, a study demonstrated an
enzymatic activity for hsLDAH for the very first time (Dubey et al. 2020). Here, a
LDAH-mediated hydrolysis of lasonolide A, a polyketide-derived macrolide known for
its anti-cancer drug properties (Horton et al. 1994) isolated from the marine sponge of
the genus Forcepia into a cytotoxic metabolite was demonstrated (Dubey et al.
2020). Although LDAH and its orthologs are highly conserved proteins (Thiel et al.
2013; Goo et al. 2014) and their physiological substrates in mammals and other
species have not yet been identified, the authors highlight the substrate specificity of
lasonolide A to LDAH rather than being the product of a generic ester hydrolysis
(Dubey et al. 2020).

Within the scope of various GWAS studies (genome-wide association studies), the
gene locus of hsLDAH, namely C2orf43, was associated with the occurrence of
prostate cancer (PCa) (Takata et al. 2010; Innocenti et al. 2011; Lindstréom et al.
2012; Long et al. 2012; Wang et al. 2013; Shui et al. 2014; Penney et al. 2015; Du et
al. 2016). These studies identified a diverse set of prostate cancer risk-associated
SNPs (single nucleotide polymorphisms). However, these GWAS studies only
provided associations between high risk PCa SNPs in the LDAH gene locus C20rf43.
These associations were first put into causal context in 2018, when Benjamin Currall
and colleagues presented a case study of an early onset PCa patient with congenital
hearing loss with a de novo, germline, balanced chromosomal translocation (Currall
et al. 2018). This translocation resulted in a suggested haploinsufficiency effect from
the disruption of a single coding LDAH allele and thus a heterozygous mutation of
hsLDAH leading to in lowered LDAH mRNA and protein levels (Currall et al. 2018). In
the same study, hsLDAH was shown to be commonly dysregulated in PCa. Analyses
of benign and tumor samples revealed a significant downregulation of hsLDAH in
both primary and metastatic tumors, in the latter case to an even greater extent as
compared to both benign tissue as well as primary PCa (Currall et al. 2018). Further
data analysis showed a more frequent downregulation of hsLDAH as compared to
well-known tumor suppressors in PCa such as PTEN (Li et al. 1997; Hollander et al.
2011) and NKX3-1 (He et al. 1997) both in primary and metastatic prostatic



carcinomas (Currall et al. 2018). In cultured human prostate cell lines, it was
demonstrated that transient silencing of hsLDAH in RWPE-1 cells, an epithelial cell
line with high endogenous hsLDAH expression, resulted in a significant increase in
cell proliferation, whereas cell migration and invasion were unaffected (Currall et al.
2018). On the other hand, overexpression of hsLDAH in PC3 cells, a highly
tumorigenic cell line with a low endogenous hsLDAH expression, led to in a
significant decrease in cell proliferation as well as in migration and invasion capability
of PC3 cells (Currall et al. 2018). Although all these findings serve as circumstantial
evidence that hsLDAH loss play a role in PCa tumorigenesis, invasiveness and

aggressiveness, the molecular function of the protein is still mostly unknown.

1.6 The Drosophila accessory gland (AG) as model for PCa

Drosophila melanogaster has been utilized as model organism to study a variety of
pathologies for a very long time. Approximately one century ago, the fly was first
used experimentally (Castle 1906). Since then, Drosophila has become a widely
used, powerful tool to study different biological aspects, including primarily genetics
as well as development, metabolism, aging and behavior (Ashburner and Bergman
2005; Tolwinski 2017; Bharucha 2009; Chatterjee and Perrimon 2021; Feinerman
2021; Holtze et al. 2021). Besides basic research, Drosophila has further become a
convenient tool to study human diseasesdue to the presence of roughly 75 % of
functional orthologous genes in Drosophila of human disease-related genes (Pandey
and Nichols 2011; Yamamoto et al. 2014). The high abundance of these functional
human disease gene-related orthologs also explain the broad spectrum of
pathologies studied in Drosophila, which cover neurodegeneration (Sang and
Jackson 2005) including Alzheimer's disease (Tsuda and Lim 2018), obesity and
metabolic disease (Musselman and Kuhnlein 2018), diabetes (Graham and Pick
2017), infectious diseases (Harnish et al. 2021) including prion disease (Bujdoso et
al. 2022) as well as a variety of neoplastic malignancies including, inter alia,
colorectal cancer (Martorell et al. 2014; Bangi et al. 2016; Zipper et al. 2022),
glioblastoma (Kotian et al. 2022; Losada-Pérez et al. 2022), lung cancer (Levine and
Cagan 2016), leukemia (Osman et al. 2009; Sinenko et al. 2010), as well as prostate
cancer (lto et al. 2014; Wilson et al. 2017; Rambur et al. 2020; Rambur et al. 2021).

The Drosophila accessory gland (AG) has recently gained recognition and was

promoted as a model tissue to study diverse aspects of the human prostate including



PCa (Wilson et al. 2017; Rambur et al. 2021). Several studies build on similarities of
the AGs and the prostate not only physiologically, but also genetically (Leiblich et al.
2012; Ito et al. 2014; Sitnik et al. 2016; Leiblich et al. 2019). Functionally, the AG
operates in a similar manner as the human prostate by contributing to and
transferring the seminal fluid during copulation (Bertram et al. 1996; Gilchrist and
Partridge 2000). Upon transfer, several components of the seminal fluid induce
physiological and behavioral responses in female flies (Liu and Kubli 2003; Chapman
et al. 2003; Ravi Ram and Wolfner 2007).

The AGs are secretory glands of the male reproductive tract consisting of two dead-
end lobes which branch off of the male genital tract at the anterior end of the
ejaculatory duct (Bairati 1967). AGs develop from a special set of cells in the male
primordium of the genital disc (Nothiger et al. 1977) whose developmental fate is
determined during the third instar stage via the male sex determination pathway
(Chapman and Wolfner 1988). Seminal fluid secretion is ensured by secretory cells
and neuronally controlled (Tayler et al. 2012) striated muscle contraction (Susic-Jung
et al. 2012). Each gland comprises a simple monolayer epithelium, which is made up
by two different cell types, namely main (MC) and secondary cells (SC) (Bertram et
al. 1992). Both have an intrinsic gene expression pattern (Bertram et al. 1992).
Among the genetically distinct transcriptional profiles of the two postmitotic cell types,
they can be distinguished by their morphology and their abundance (Taniguchi et al.
2014). Squamous MCs are flat, hexagonal binucleate cells which line the entire lobe
and are numerically most strongly represented with roughly 1000 cells per lobe
(Bairati 1967; Bertram et al. 1992). Spherical, binucleate SCs containing large
vacuoles are, however, less frequently abundant with roughly 40-60 SCs

concentrating at the most distal end of each lobe (Bairati 1967; Bertram et al. 1992).
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Figure 5: lllustration of the Drosophila accessory gland (AG). AGs comprise two dead-end lobes
branching off of the ejaculatory duct which in turns is attached to the ejaculatory bulb. Testes (light
blue) are located at the proximal region of the AGs. A more detailed representation of the two AG cell
types is depicted in the close-up of one AG tip. Hexagonal, binucleate main cells (MCs) are depicted in
dark blue and the larger, also binucleated secondary cells (SCs) concentrating in the distal tip of each
gland are shown in green. The cell number of both cell types depicted is not accurate and serves only

the representation of cell size and shape, as well as cellular location of the SCs.

Although postmitotic, the SCs of the AG are still able to grow in response to mating
(Leiblich et al. 2012). A small portion of these cells can also delaminate apically from
the epithelium of the AG in multiple mated males, migrate through the ejaculatory
duct and get transferred to females upon mating in a SC-specific BMP (bone
morphogenic protein) signaling-dependent manner (Leiblich et al. 2012). Both the
nuclear growth, also known as endoreplication, as well as cell migration are well
known phenomena in cancer (Fox and Duronio 2013; Yamaguchi et al. 2005). BMP
signaling has been shown to induce cell growth and migration in different cancers,
including PCa (Yuen et al. 2008; Yuen et al. 2012; Giancotti 2013). Interestingly,
within the scope of a genetic screen, physiological SC growth and migration were
found to be regulated by Drosophila orthologs of known PCa regulators such as
paired, E-cadherin, and N-cadherin (Ito et al. 2014). Further, three genes were
identified promoting SC growth and migration, namely MrgBP, seele, and CG11864
(lto et al. 2014), each of which have human homologs (MRGBP, CNPYZ2, MEP1A)

known to be expressed in PCa cells promoting their replication and invasiveness (lto



et al. 2014; Ito et al. 2018a; Ito et al. 2018b). CNPY2 was recently shown to inhibit
the proteasomal degradation of the androgen receptor (AR), a key regulator in PCa
progression, via interference with the ubiquitination machinery (lto et al. 2018b). The
ubiquitination of the steroid receptor by the E3 ubiquitin ligase MYLIP/IDOL (myosin
regulatory light chain interacting protein/inducible degrader of the LDL receptor) is
inhibited through an interaction of CNPY2 with the E2 conjugating enzyme UBE2D1
(lto et al. 2018b). Furthermore, a diverse set of E3 ubiquitin ligases is known to
ubiquitinate several lysine residues of the AR. Two lysine residues in the C-terminus
of the AR (K845 and K847) were shown to be ubiquitinated by SKP2, CHIP, MDM2,
RNF6, and Siah2 (Li et al. 2014a; Li et al. 2014b). While the ubiquitination of C-
terminal lysine residues by SKP2, MDM2 and CHIP results in the proteasomal
degradation of the AR, ubiquitination of the same residues through Siah2 and RNF6
were shown to enhance the transcriptional activity of the receptor (Xu et al. 2009; Li
et al. 2014a). A lysine residue (K311) located at the N-terminus of the AR was further
demonstrated to be ubiquitinated by SKP2 (McClurg et al. 2017). This post-
translational modification was shown to be critical for AR protein stability as well as
its transcriptional activity (McClurg et al. 2017).

To date there is no definite AR homolog identified in Drosophila. However, several
attempts have been made to promote similarities of the ecdysone receptor (EcR) and
the human AR (Bender et al. 1997; Leiblich et al. 2019). The EcR is a nuclear steroid
receptor which forms a functional heterodimeric protein receptor together with USP
(ultraspiracle) (Yao et al. 1993b). The formation of heterodimers between two nuclear
receptors was previously also shown for the androgen receptor (Chen et al. 1997,
Lee et al. 1999). 20-hydroxyecdysone (20HE) binds to the ligand-activated
transcription factor EcR, which, in turn, regulate target gene expression (Riddiford et
al. 2000). The EcR is known to control and regulate embryonic and larval
development (Koelle et al. 1991). It was shown to also contribute to other processes
such as reproduction (Carney and Bender 2000; Meiselman et al. 2017; Sharma et
al. 2017). The EcR is crucial for proper AG development and its function (Sharma et
al. 2017). Whereas the EcR promotes endoreplication of SCs in virgin male flies, the
nuclear growth in mated males is mediated via EcR-independent BMP signaling
suggesting mechanistic parallels between the physiological, behavior-induced
signaling switch in Drosophila male AGs and altered pathological signaling alterations

associated with PCa (Leiblich et al. 2019). Moreover, ubiquitination and thus



proteasomal degradation of EcR (isoform A) via the E3 ubiquitin ligase was
demonstrated (Gradilla et al. 2011). However, according to FlyBase (version
FB2022_04) the most probable human ortholog for the EcR is the liver X receptor a
(LXRa) (Reschly et al. 2008). Another nuclear receptor, namely the estrogen-related
receptor (ERR), also necessary for larval development (Tennessen et al. 2011) and
reproduction success (Misra et al. 2017), is a more probable AR ortholog compared
to EcR (FlyBase; version FB2022_04). However, given the fact that a variety of
similarities concerning function, genetics and physiology are conserved between the
AG and the human prostate renders the AG a robust model to study several,
although not entirely, aspects in relation to the human prostate as well as its

pathologies.

1.7 Aim of this work

First, this work aims at investigating whether Drosophila sturkopf affects cellular
processes such as proliferation in a similar manner as it was shown for LDAH in
prostate cancer cells. Second, the effect of sturkopf protein abundance alterations in
vivo in the accessory gland of male Drosophila flies is analyzed with regard to
proliferation and the regulation of other cellular processes such as apoptosis. Last,
research into the mechanism of how the loss of a LDAP promotes or causes
malignant neoplastic events was aimed. Here, special focus was put on the putative
sturkopf-mediated stability regulation of target proteins. In vitro and in vivo
experiments were conducted to identify the role of the LDAP sturkopf and human

LDAH partially, in profound cellular processes as well as accompanying endocrine

physiology regulation.



2 Results

Sturkopf and its mammalian homologs, namely LDAH, comprise a conserved group
of LDAPs, which have been characterized towards their putative role as serine
hydrolases or lipases within the scope of the canonical lipid metabolism (Thiel et al.
2013; Goo et al. 2014). These characterizations were based on the presence of a
conserved serine hydrolaseflipase GXSXG motif which all of the protein family
members have in common (Thiel et al. 2013; Goo et al. 2014; Naresh Kumar et al.
2018). However, while some studies demonstrated a role in lipid metabolism for
murine LDAH (Goo et al. 2014) and for the yeast ortholog Ypr147cp (Naresh Kumar
et al. 2018), others were unable to find evidence for a TAG or CE hydrolase/lipase
function for murine LDAH or the Drosophila ortholog sturkopf, formerly known as
CG9186 (Thiel et al. 2013; Kory et al. 2017; Werthebach et al. 2019). Thus, the role
of this LDAP family in the canonical lipid metabolism is still in question and not clear
yet.

A report from 2018 presented an actual case study of an early-onset PCa patient with
a de novo, germline, balanced chromosomal translocation resulting in a suggested
haploinsufficiency effect from the disruption of a single coding LDAH allele and thus a
heterozygous mutation of hsLDAH resulting in lowered LDAH mRNA and protein
levels was presented (Currall et al. 2018). Currall and colleagues concluded a
decisive role of LDAH loss in the onset and progression of prostate cancer (Currall et
al. 2018). These findings were in line with prostate cancer risk-associated single
nucleotide polymorphisms identified previously in the human LDAH gene locus
C20RF43 (Takata et al. 2010; Innocenti et al. 2011; Lindstrom et al. 2012; Long et
al. 2012; Wang et al. 2013; Shui et al. 2014; Penney et al. 2015; Du et al. 2016).
Furthermore, a role outside of the canonical lipid metabolism was shown for
Drosophila sturkopf, affecting profound physiological processes including nutritional
sensing, development and accompanying endocrine processes, thus regulating
organismal physiology (Werthebach et al. 2019). Additionally, LDAH as well as
sturkopf have been associated with the ubiquitination machinery, either by the sheer
fact that the protein(s) get ubiquitinated themselves (Kolkhof et al. 2017), or by being
involved in protein stability regulation as shown for a LDAH-mediated stability
regulation of the adipose triglyceride lipase (ATGL) (Goo et al. 2017) or hypothesized
for a sturkopf-mediated protein stability regulation of juvenile hormone degrading
enzymes, namely JHEH (Werthebach et al. 2019).



As several lines of evidence converge towards a role of sturkopf and mammalian
LDAH in physiological, cellular, and endocrine processes, these aspects were
investigated within the scope of this work. Here, the role of these LDAPs in the
context of prostate cancer-relevant aspects was investigated particularly. A
Drosophila sturkopf loss of function (LOF) fly line and cultured cells were used as
model systems to scrutinize a potential role of sturkopf in cell proliferation in vitro and
in vivo as the Drosophila accessory gland has been recently propagated as model to
investigate several aspects of prostate cancer (Wilson et al. 2017; Rambur et al.
2021). Furthermore, biochemical methods were applied to investigate sturkopf's role
in endocrine physiology regulation as sturkopf LOF is assumed to influence ecdysone
signaling (Werthebach et al. 2019) which acts in a similar manner as testosterone in
PCa (Leiblich et al. 2019). Last, luciferase complementation experiments were
performed to get insight into a potential mechanistic mode of sturkopf action as well
as to investigate the hypothetical conservation of protein-protein-interactions in this

context.

2.1 Sturkopf affects cell proliferation in cultured cells

There is growing evidence in scientific literature that mammalian LDAH plays a role in
cellular processes including proliferation (Currall et al. 2018). A knockdown of LDAH
in the prostate cell line RWPE-1 was shown to increase proliferation of these cells
while other parameters such as cell migration and invasion were unaffected (Currall
et al. 2018). Overexpression of LDAH in the highly tumorigenic PCa cell line PC3 (Tai
et al. 2011) resulted in a proliferation decrease as well as decreased PC3 cell
migration and invasion capacities (Currall et al. 2018) which usually are
characteristics of this prostate cancer cell line (Yamazaki et al. 1994; Zi et al. 2005;
Huang et al. 2011; Raja Singh et al. 2017).

Thus, it was of interest whether these observations could be recapitulated using the
Drosophila LDAH ortholog sturkopf in cultured cells. Currently, there is no cell line
available originating from the Drosophila accessory gland which may be the most
accurate cell line to test for the putative role of sturkopf in proliferation with regards to
prostate cancer. However, sturkopf as well as various sturkopf variants were stably
overexpressed in S2R+ cells (Yanagawa et al. 1998) on top of endogenous sturkopf
expression in these cells (FlyBase [version FB2022_05]) which are late-embryonic
cells of male origin (Lee et al. 2014). Besides wild type sturkopf (Thiel et al. 2013),



sturkopf(S119A) in which the putative catalytic serine was mutated to alanine (Thiel
et al. 2013), as well as sturkopf(16K2R) where 16 lysine residues were changed to
arginine (Kolkhof et al. 2017) and human LDAH were used to test for an effect on
proliferation. As all constructs were C-terminally eGFP-tagged for detection
purposes, a cell line overexpressing eGFP only was also generated as control cell
line. The successful generation of these stable sturkopf variants overexpressing cell

lines was tested via western blot analysis as depicted in figure 6.
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Figure 6: Successful detection of GFP in cell culture extracts from generated S2R+:eGFP,
S2R+::sturkopf-eGFP, S2R+:sturkopf(S119A)-eGFP, S2R+:LDAH-eGFP and
S2R+:sturkopf(16K2R)-eGFP polyclonal cell lines. Cell lysates were measured for whole protein
levels by means of BCA and equal amounts of protein were loaded. The GFP antibody detected
several bands in lysates of S2R+:sturkopf-eGFP, S2R+::sturkopfiS119A)-eGFP and S2R+:LDAH-
eGFP, which represent most likely proteolytic breakdown of the antigen or the result of insufficient
blocking of the western blot membrane. The GFP-specific sturkopf(S119A)-eGFP signal is slightly
shifted in comparison to wild type eGFP-tagged sturkopf. The plasmid was re-sequenced to check for
the comrect construct (appendix, figure 62). Ubiquitously expressed B-tubulin (55 kDa) served as

loading control.

The western blot analysis detected a 27 kDa sized signal for the S2R+::eGFP cells,
which correspond to the hydrodynamic radius of GFP (Hink et al. 2000). Furthermore,
the fusion proteins of sturkopf-eGFP, sturkopf(S119A)eGFP, LDAH-eGFP and
sturkopf(16K2R), which all share a hydrodynamic radius of roughly 60 kDa, were
successfully detected (figure 6). Notable is the slight shift in protein size of the



sturkopf(S119A)-eGFP signal, which was, however, not based on the amino acid
exchange. This construct was re-sequenced to guarantee the integrity and
correctness of it (appendix, figure 62). While all constructs share comparable protein
expression level, the sturkopf(16K2R)-eGFP expressing cell line showed the weakest

construct overexpression.

Next, the stable cell lines were used within the scope of crystal violet proliferation
assays. Crystal violet is a triarylmethane dye which is capable of staining DNA
(Klingenberg et al. 2014) and proteins (Krause and Goldring 2019) and is often used
as means to evvaluate cell viability and proliferation (Feoktistova et al. 2016; Currall
et al. 2018). Cell proliferation was measured over the course of 5 days. The averaged
results of three biologically independent experiments are depicted in

figure 7.
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Figure 7: Crystal violet proliferation assay after in vitro manipulation of sturkopf (variant) expression.
S2R+ cells stably overexpressing C-terminally GFP-tagged wild type sturkopf, sturkopf(S1194), LDAH
and sturkopf{16K2R) were measured for proliferation over 5 days by staining the cells with 0.1 %
crystal violet solution and followed by subsequent determination of relative absorbance of the
methanol-extracted crystal violet dye at a wavelength of 570 nm. Depicted are the mean values of
three biologically independent experiments including standard deviation. All p values were obtained by
an unpaired two-sample t test with significance levels: p-value =0.05: ns., <0.05: *, <0.01: *,
<0.001:*).



The proliferation assays (figure 7) revealed a significant decrease of proliferation in
response to wild type sturkopf overexpression compared to the GFP-only expressing
control cell line. While overexpression of the S119A variant as well as human LDAH
did not result in significant changes towards proliferation compared to the control cell
line, overexpression of the sturkopf variant 16K2R, on the other hand, resulted in a
significant increase in proliferation. Data analysis was performed only for day 5, as
the differences in proliferation behavior were revealed over time. Additionally,
microscopic analysis of the cells from day 5 after crystal violet staining, yet prior to

dye extraction, underpin obvious differences in proliferation behavior.
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Figure 8: Microscopic analysis of cell proliferation after in vitro manipulation of sturkopf (variant)
expression of one of the three biologically independent experiments. Crystal violet dyed cells of day 5
were recorded prior to the methanol-based dye extraction using the Leica EZ4D binocular.

Scale bar = 1 mm.

While the assessment of proliferation differences by visual means proved difficult for
S119A and LDAH overexpressing cell lines, clear-cut differences in proliferation
behavior of wild type sturkopf overexpressing cells were apparent as cell density was
clearly reduced in comparison to the GFP-only overexpressing control cell line (figure
8). The same applied to overexpression of the 16K2R construct, although the
opposite effect was obtained compared to wild type sturkopf overexpression. A
confined space of the culture dish was not covered with cells which was likewise in
contrast to the GFP-only control cell line.

As sturkopf as well as its mammalian orthologs are LDAPs, it was of interest to see
whether the induction of cellular lipid storage via treatment with oleic acid affected
proliferation behavior of these stably sturkopf variant overexpressing cell lines.
Therefore, the stable cell lines generated were treated with 400 uM oleic acid and
measured for proliferation under the same conditions just as for the untreated
condition (figure 9).
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Figure 9: Crystal violet proliferation assay after in vitro manipulation of sturkopf (variant) expression

upon treatment with 400 pM oleic acid. S2R+ cells stably overexpressing C-terminally GFP-tagged

wild type sturkopf, sturkopf(S1194), LDAH and sturkopf{16K2R) were measured for proliferation aver
5 days by staining the cells with 0.1 % crystal violet solution and followed by subsequent determination
of relative absorbance of the methanol-extracted crystal violet dye at a wavelength of 570 nm.
Depicted are the mean values of three biologically independent experiments including standard
deviation. All p values were obtained by an unpaired two-sample t test with significance levels: p-value
>0.05: n.s., <0.05: *, <0.01: **, <0.001:**).

Upon treatment of stably sturkopf variant overexpressing cell lines with 400 pM oleic
acid, the proliferation behavior of the cell lines overexpressing GFP-tagged
sturkopf(S119A) as well as LDAH did not change in comparison to both the GFP-only
overexpressing control cell line and the untreated condition (compare figures 8 and
9). Interestingly, cells overexpressing wild type sturkopf featured a highly significant
increase in cell proliferation compared to the control (figure 9). While the 16K2R
sturkopf variant overexpressing cell line showed a significant increase in proliferation
under basal conditions (figure 8), this increased proliferation was abolished upon 400
HM oleic acid treatment, resulting in a comparable proliferation behavior as seen for
the GFP-only overexpressing control cell line as well as for S119A and LDAH
overexpressing cells. Microscopic analysis was also performed for the 400 pM oleic

acid treated condition.
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Figure 10: Microscopic analysis of cell proliferation after in vitro manipulation of sturkopf (variant)
expression upon treatment with 400 pM oleic acid of one of the three biologically independent
experiments. Crystal violet dyed cells of day 5 were recorded prior to the methanol-based dye

extraction using the Leica EZ4D binocular. Scale bar = 1 mm.

The increase in cell proliferation for overexpressed wild type sturkopf is evident upon
visual inspection of the different cell lines (figure 10).

The performed crystal violet proliferation assays revealed an effect of sturkopf (and
its variants) on cell proliferation. Overexpression of wild type sturkopf resulted in a
significant decrease in proliferation under basal conditions, on the one hand. On the
other hand, overexpression of the sturkopf variant 16K2R increased proliferation
significantly. Interestingly, neither sturkopf variant S119A, nor human LDAH
overexpression affected the proliferation behavior. Treatment with 400 uyM oleic acid,
however, changed the proliferation behavior of both wild type sturkopf as well as the
16K2R variant. While the latter did not show any differences in proliferation behavior
upon induction of lipid storage, overexpression of wild type sturkopf resulted in a
highly significant increase in proliferation. Although a sturkopf-mediated effect on
proliferation was identified in S2R+ cells, it was, however, still not clear whether
sturkopf also affects cellular processes in vivo in the AGs of male Drosophila which is
the functional analog of the human prostate (Wilson et al. 2017; Rambur et al. 2021).

2.2 sturkopf loss of function (LOF) affects the number of
secondary cells (SCs) in the AG of male Drosophila

Male Drosophila AGs have been recently promoted as a suitable model to investigate
various aspects of human prostate physiology as well as pathophysiological aspects
including PCa (Wilson et al. 2017; Rambur et al. 2021). In particular, secondary cells
(SCs) can be used to model various aspects of prostate cancer biology, including
signaling, growth and biogenesis of exosomes and steroid signaling of the male
reproductive system (e.g., reviewed in (Wilson et al. 2017). Amongst others, these



are major aspects of prostate cancer initiation, progression, or aggressiveness and
play an important role in therapy options (Culig and Santer 2014).

As shown previously, Drosophila sturkopf is expressed in the AGs (Werthebach et al.
2019). It was, thus, of great interest to investigate a putative role for sturkopf in the
AGs and in particular in the SCs using both a previously generated CRISPR/Cas9-
derived sturkopf null mutant fly (Werthebach et al. 2019) as well as a genetic system
which was crossed in the sturkopf null mutant background. This does not only
visualize the SCs by SC-specific GFP expression but also allows for temporal
manipulation of transgene expression. The principle of this genetic system (Jiang et
al. 2009; Micchelli and Perrimon 2006) requires the development of animals on 18 °C
due to the presence of a temperature sensitive Gal80 repressor ensuring a block in
transgene expression (McGuire et al. 2004). Upon hatching, animals were transferred

to 29 °C to ensure spatial and temporal control of transgene expression.

2.2.1 sturkopf LOF results in decreased SC abundance

AGs of 7-days old flies of both genotypes w;esg-Gal4, UASserGFP,tubGal80;+ (from
now on referred to as esg,Ctrl, expressing wild type levels of sturkopf) and w;esg-
Gal4,UASserGFP,tubGal80';sturkopf[35.7] (from now on referred to as esg;35.7)
expressing this genetic construct in the sturkopf null mutant background, were
dissected, stained, recorded in Z-stacks, and analyzed for morphologic and
phenotypic changes regarding the overall AG morphology and in particular SCs. No
differences in overall AG morphology as well as SC size, shape, and location (figure
11) have been identified.
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esg,;35.7

Figure 11: Representative maximum intensity projection of accessory glands of 7-days old, mated flies
of the genotypes esg,Ctrl and esg,;35.7. DNA was stained with Hoechst33342 (blue), SCs are marked
by endogenous GFP expression (green). Images were recorded with the Operetta CLS High Content
Analysis System using a 5x air objective to identify and select tissues and a 40x air objective to obtain
high resolution images of the selected fields. Scale bar = 200 pm.

As no apparent phenotypes were visible, SCs of both genotypes were quantified to
investigate whether differences in SC number occur. This readout has been used
previously by others to study regulators of PCa initiation, progression and
invasiveness (lto et al. 2014). Quantification of SC number revealed a highly
significant reduction of SCs in the sturkopf null mutant line esg;35.7 as depicted in

figure 12.
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Figure 12: The loss of SC phenotype in AGs of sturkopf null mutant male animals. (A) Quantification of
secondary cells per lobe of 7-days old mated male flies of the genotypes esg,Ctrl (n=80 lobes) and
esg;35.7 (n=104 lobes). Analysis was performed based on SC-specific GFP expression of at least
three biologically independent experiments. All p values were obtained by an unpaired two-sample t
test with significance levels: n.s., p 2 0.05, *p < 0.05, ™p < 0.01, *™p < 0.001. (B) Corresponding
frequency distribution analysis of secondary cell numbers per lobe of 7-days old esg,Cirf and esg;35.7

animals (same data as in (A)).

With an average SC number of roughly 42 cells (mean: 41.6) for esg,Ctrl animals and
38 SCs for esg;35.7 on average (mean: 37.9711) it became clear, that the loss of SC
phenotype observed in the sturkopf mutant condition, is highly significant. However, it
requires the quantification of SCs as well as a sufficiently large sample size (figure
12A). Therefore, the data was used in a superimposed frequency distribution graph
to visualize subtility of the phenotype, on the one hand, and the yet two
distinguishable populations, on the other hand (figure 12B).

2.2.2 Characterization of the sturkopf LOF phenotype
The sturkopf LOF-mediated loss of SCs was further characterized regarding

parameters which might influence the number of SCs. For instance, it was shown that
ongoing aging influences AG physiology profoundly and SC number in particular
(Santhosh and Krishna 2013). To investigate a potential influence of age on the
observed phenotype, 7- and 14-days old flies were reared, dissected, and

subsequently analyzed towards alteration in SC abundance.
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Figure 13: Quantification of SC number per lobe of 7- and 14-days old mated male flies of the
genotypes esg,Cir (7d n=71 lobes; 14d n=52 lobes) and esg,35.7 (7d n=106 lobes; 14d n=lobes 86).
Analysis was performed based on SC-specific GFP expression of at least three biologically
independent experiments. All p values were obtained by an unpaired two-sample t test with

significance levels: n.s., p =2 0.05, "p < 0.05, *p < 0.01, **p < 0.001.

As visualized in figure 13, the phenotype of significantly reduced SCs was not
affected by age. Both tested fly lines showed no differences in SC abundance
between 7 and 14 days of age within each genotype, while comparison between both
genotypes showed the previously observed significant reduction of SC number for
both ages tested.

Next, it was tested whether mating status affect the number of SCs. Prior studies
have shown that SC tend to delaminate apically from the epithelium, migrate through
the ejaculatory duct to the proximal end of the gland, and consequently are
transferred to females upon further mating eventually (Leiblich et al. 2012; Leiblich et
al. 2019). Furthermore, sturkopf protein levels were demonstrated to be increased in
the AG upon mating (Werthebach et al. 2019). Therefore, freshly hatched male flies
of both genotypes esg,Ctrl and esg;35.7 were collected and separately reared until

reaching an age of 7 days.
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Figure 14: Quantification of SC number per lobe of 7-days old virgin male flies of the genotypes
esg,;Ctrl (n=42 lobes) and esg;35.7 (n=lobes 38). Analysis was performed based on SC-specific GFP
expression of at least three biologically independent experiments. Additionally, SCs were
counterstained with an antibody against ANCE for validation purposes. All p values were obtained by
an unpaired two-sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, ™p <= 0.1, ™™p <
0.001.

Virgin sturkopf LOF animals showed significantly reduced numbers of secondary
cells compared to esg,;Ctrl animals (figure 14). Thus, it could be concluded that the
mating status of the flies, and in consequence sturkopf protein levels in virgin males
of the control line, did not influence the obtained loss of SC phenotype in sturkopf
mutant animals, nor did the weaker sturkopf protein expression in the AGs of virgin
esg,Ctrl males (Werthebach et al. 2019) alter SC abundance compare figures 12A
and 14).

The use of genetic systems can also harbor issues and can affect a result under
certain circumstances. For certain SC driver lines the problem of decreasing GFP
expression over time was described (Leiblich et al. 2012). To rule out potentially
incomplete or just partial GFP-expression in the SCs based on the genetic system
used, AGs were additionally stained with an SC-specific antibody against the
angiotensin-converting enzyme (ANCE) (Houard et al. 1998). These antibody
stainings resulted in an entire overlap of ANCE signal and GFP expression in the

homozygous conditions (figure 15).
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Figure 15: Representative maximum intensity projection of an accessory gland's lobe of a 7-days old
virgin fly of the genotype esg,Cid antibody stained against ANCE of at least three biologically
independent experiments. DMA was stained with Hoechst33342 (blue), SCs are marked by
endogenous GFP expression (green), and ANCE was detected by usage of an Alexa647-coupled
secondary antibody (red). Note that the GFP and ANCE signals show a 1:1 overlap. This exact
overlap of SCs (GFP) and ANCE was also found for 7-days old virgin esg;35.7 Images were recorded
with the Operetta CLS High Content Analysis System using a 5x air objective to identify and select
tissues and a 40x air objective to obtain high resolution images of the selected fields. Scale bar = 200
gm.

As it was now clear that all SCs were expressing GFP robustly (figure 15) | tested
whether the system affected SC abundance. Therefore, the previously generated
CRISPR/Cas9-derived sturkopf null mutant fly and its genetically matched control
(Werthebach et al. 2019) were utilized (from here on referred to as sturkopf Ctrl and
sturkopf[35.7]). Secondary cells of these animals do not express GFP endogenously.
Hence, these cells needed to be marked by means of an antibody staining. AGs of
both genotypes were stained with antibodies against two SC markers which are
ANCE or Abd-B (abdominal-B) to verify the integrity of the loss of SC phenotype. The
obtained results revealed comparable numbers of SCs in each genotype, and thus, a

significant loss of SCs in the sturkopf mutant state (figure 16).
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Figure 16: Quantification of SCs per lobe of 7-days old mated male flies of the genotypes sfurkopf Ctrl
(n=91 lobes) and sturkopi[35.7] (n=lobes 95). Analysis was performed based on SC-specific antibody
stainings against ANCE and Abd-B (data not shown) of at least three biologically independent
experiments. All p values were obtained by an unpaired two-sample t test with significance levels: n.s.,
p 2 0.05, *p < 0.05, *™p < 0.01, *™p < 0.001.

The highly significant loss of SC phenotype could be recapitulated using the
CRISPR/Cas9-derived sturkopf null mutant fly and the corresponding control (figure
16). To finally confirm that the observed phenotype is indeed attributable to the loss
of sturkopf, SCs were quantified in a transheterozygous background using different
sturkopf deficiency lines. Crossings of sturkopf Ctrl and sturkopf[35.7] with w[-] flies

served as control in this respect.
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Figure 17: Quantification of SCs per lobe of 7-days old mated male flies in a sturkopf
transheterozygous background. Analysis of SC abundance in sturkopf Cid / w[-] (n=37 lobes),
sturkopf[35.7] / wl-] (n=19 lobes), sturkopf[35.7] / [Df 1] (n=72 lobes), sturkopf{35.7] / [DF 2] (n=82
lobes), and sturkopf[35.7] / [Df 3] (n=68 lobes) was performed based on SC-specific antibody stainings
against Abd-B of at least three biologically independent experiments. All p values were obtained by an

unpaired two-sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, **p < 0.001.

The different crosses were analyzed for their sturkopf protein expression via western
blot ensuring the presence of sturkopf protein signal in crossings with at least one
functional sturkopf allele and the absence of sturkopf signal in conditions lacking any
sturkopf allele (sturkopf{35.7] | [Df1] — [Df3]) (figure 18).
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Figure 18: Detection of sturkopf protein levels of 7-days old mated, female flies of each cross in a
sturkopf transheterozygous background. Whole fly lysates were generated, and total protein levels
were determined via BCA. Equal amounts of protein were determined and loaded. Wild type and
sturkopf heterozygous backgrounds showed a signal when probed with a sturkopf-specific antibody.
Loss of two functional sturkopf alleles results in the absence of sturkopf protein (last three lanes).
Ubiquitously expressed B-tubulin served as loading control. Note that, although equal protein amounts

were determined and loaded, a difference in loaded protein levels is visible.

Figure 17 displays the abundance of SCs in different crossings in a sturkopf
transheterozygous background. While sturkopf Ctrl / wj-] has two functional sturkopf
alleles, the abundance of SCs was similar to previously shown results of the different
control groups expressing wild type sturkopf protein levels (compare controls of
figures 12A,16). The sturkopf heterozygous mutant cross of sturkopf[35.7] / w[-]
revealed a moderately significant decrease of SCs upon loss of one sturkopf allele.
The utilization of various sturkopf deficiency lines [Df1-3] in the sturkopf mutant
background resulted in a highly significant decrease of SCs as compared to the
control cross expressing wild type sturkopf levels (sturkopf Ctrl / wi-]) as well as in
comparison to the heterozygous sturkopf mutant state (sturkopf[35.7] / w[-]). The
successful crossings were validated via western blot by the detection of sturkopf
protein using a sturkopf-specific antibody (figure 18).

Thus, it can be concluded, that sturkopf LOF was responsible for the highly
significant reduction in SC abundance. Furthermore, an age-dependent effect of SC
number (figure 13), a mating-mediated effect (compare figures 12A and 14), or the
genetic system used in these experiments (compare figures 12A and 16) could be
ruled out as potential parameters influencing SC abundance.

36



2.3 The role of sturkopf in endocrine physiology regulation

2.31 sturkopf LOF results in a decrease in endoreplication of
SCs

Endoreplication is referred to as the replication of the genome in absence of mitotic
divisions (Edgar and Orr-Weaver 2001) and was described as important prognostic
marker for PCa (Deitch et al. 1993; Badalament et al. 1991). Endoreplication occurs
in the SCs of the AG in male Drosophila (Leiblich et al. 2012). This nuclear growth of
SCs is mediated by EcR signaling in virgin male Drosophila and via BMP (bone
morphogenic protein) signaling in mated flies (Leiblich et al. 2019). As a putative
effect of sturkopf in ecdysone signaling was previously hypothesized (Werthebach et
al. 2019), it was of interest to analyze whether differences in endoreplication occur in
sturkopf null mutant animals. The method to measure endoreplication is described in
4.2.4.2 (Leiblich et al. 2012).

To determine endoreplication, nuclear areas of both MCs and SCs needed to be
measured beforehand. Upon measurement of nuclear areas of MCs and SCs of both
esg,Ctrl and esg;35.7 highly significant differences in both MC and SC nuclear area
between esg;Ctrl and esg;35.7 were identified (figure 19).
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Figure 19: Measurement of main cell (A) and secondary cell (B) nuclear areas (each n=32 nuclei) of 7-
days old, mated flies of the genotypes esg,Cid and esg;35.7. Measurements were based on
Hoechst33342 DNA staining to identify nuclei in general and SC-specific GFP expression ensured the
identification of SC-specific nuclei. All p values were obtained by an unpaired two-sample t test with
significance levels: n.s., p = 0.05, *p < 0.05, *p < 0.01, *™*p < 0.001. (C) A typical cluster of nuclei of 3
main cells and 1 secondary cell which were measured to determine endoreplication (Leiblich et al.

2012).

Differences in nuclear area measurements appeared for both cell types. While MC
nuclear areas were significantly increased in esg;35.7 animals compared to esg,Ctrl
animals, the SC nuclear area measurements showed a highly significant decrease in

sturkopf mutant animals.



The determination of endoreplication was performed by the calculation of the quotient
of both SC and MC nuclear area (Leiblich et al. 2012). The results revealed a highly
significant reduction in endoreplication in the sturkopf null mutant state (figure 21).

Ratio SC/MC nuclear area

Figure 20: Measurement of endoreplication by calculation of the quotient of SC and MC nuclear area
of 7-days old, mated flies of the genotypes esg,Cirl and esg;35.7. Nuclear area measurements were
based on Hoechst33342 DMA staining to identify nuclei in general and SC-specific GFP expression
ensured the identification of SC-specific nuclei. All p values were obtained by an unpaired two-sample

t test with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, *™*p < 0.001.

Additionally, it was tested whether SCs of both genotypes differed in their size.
Therefore, SC areas of AGs from 7-days old male esg;Ctrl and esg;35.7 animals

were measured.
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Figure 21: Measurement of whole SC area of 7-days old, mated flies of the genotypes esg;Ctrf (n=84
SCs) and esg;35.7 (n=88 SCs). Measurements were based on SC-specific GFP expression of at least
three biologically independent experiments. All p values were obtained by an unpaired two-sample t

test with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, ™ p < 0.001.

While nuclear areas of both main and secondary cells differed significantly in size
between sturkopf control animals and sturkopf mutants, the overall size of SCs
between the two genotypes was not altered (figure 20).

Taking these data and the hypothesized impaired/reduced ecdysone signaling for
sturkopf LOF (Werthebach et al. 2019) into account, it engenders the contemplation

that ecdysone signaling is indeed altered in sturkopf mutant animals.

2.3.2 sturkopf LOF lowers 20-hydroxyecdysone hemolymph

titer in male flies
Loss of sturkopf affects major endocrine signaling events as juvenile hormone as well
as IS signaling and thereby affecting not only development processes, but also a
variety of other physiological parameters such as survival (Werthebach et al. 2019).
Thus, the assumption that an effect of sturkopf in ecdysone signaling is not
unreasonable, especially considering the fact that juvenile hormone was
demonstrated to regulate ecdysone synthesis (Mirth et al. 2014; Zhang et al. 2021)
and a reduction in IIS signaling was demonstrated in sfurkopf mutant animals

(Werthebach et al. 2019). This could be explained due to lowered ecdysone signaling



as |IS not only affects ecdysone synthesis (Caldwell et al. 2005; Mirth et al. 2005) but
also because ecdysone and IIS signaling were shown to antagonize each other
(Colombani et al. 2005; Delanoue et al. 2010). In the fat body of sturkopf mutant
larvae the localization of dFoxO was shown to be altered (Werthebach et al. 2019).
dFoxO is a transcription factor which is a direct downstream target of IIS signaling
and regulated by juvenile hormone signaling (Mirth et al. 2014). Lowered IIS
signaling results in in increased nuclear localization of dFoxO, as could be detected
for sturkopf mutant animals (figure 22) (Werthebach et al. 2019).
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Figure 22: (A) Antibody staining against dFoxO (green) of fat bodies of wandering L3 larvae of
sturkopf Ctrl and sturkopf[35.7] animals. Tissues were additionally stained with Hoechst33258 (blue) to
mark nuclei. (B) Quantification of the nuclear dFoxO levels by measurement of maximal fluorescence
intensity. The boxplots represent the data for 315 sturkopf Ctrl and 427 sturkopf[35.7] nuclei and are
an representative example from three biologically independent experiments. All p values were
obtained by an unpaired two-sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, *p < 0.01,
***p < 0.001 (adapted from Werthebach et al. (2019) with permission of the journal, as it “is under the
terms of Creative Commons CC-BY (CC-BY 4.0) license which permits unrestrictive use [...] provided

the original work is properly cited” Copyright Clearance Center, Inc.).

sturkopf LOF was hypothesized to alter the stability and, thus, the activity of JHEH
enzymes resulting in an elevation in JHEH activity and lowered JH levels as a
consequence (Werthebach et al. 2019). Therefore, gene expression changes of
JHEH1-3 transcript levels were tested via qRT-PCR to evaluate the stabilizing role of
sturkopf LOF with regard to the juvenile hormone epoxide hydrolases (figure 23).
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Figure 23: gRT-PCR-based gene expression analysis of accessory gland-derived RNA of 7-days old
mated sturkopf Ctrl and sturkopf{35. 7] males of the JHEH1-3 genes. Gene expression was normalized
to expression of the housekeeping gene rp49 and the genetically matched sturkopf Ctrl line of at least
three biologically independent experiments. For significant gene expression change, arbitrary
thresholds were set to at least 1.5-fold upregulation, or 0.5-fold downregulation as compared to the
control. All p values were obtained by an unpaired two-sample t test with significance levels: n.s_, p 2
0.05, *p < 0.05, ™p < 0.01, *™p < 0.001.

Gene transcript expression ratios for JHEH1-3 are depicted in figure 23. While
JHEHZ2 and JHEH3 were not differentially regulated in the AG of sturkopf mutant
animals, expression of JHEH1 was significantly increased as compared to the
control. This effect is in line hypothesized increase in JHEH protein activity in sturkopf
LOF animals (Werthebach et al. 2019).

Based on an increased JHEH1 transcript expression as well as lowered 11S signaling
and, hence, an increase in nuclear dFoxO localization of sturkopf mutant larvae
(Werthebach et al. 2019), it was tested whether ecdysone synthesis/signaling is
impaired in sturkopf loss of function animals. Therefore, qRT-PCR analyses were
performed to check for differentially regulated ecdysone downstream target genes
(E74A, E75A and E75B) as well as EcR transcripts.
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Figure 24: gRT-PCR-based gene expression analysis of accessory gland-derived RNA of 7-days old
mated sturkopf Ctrl and sturkopf{35.7] males of ecdysone target genes E74A, E75A, E758 and the
EcR. Gene expression was normalized to expression of the housekeeping gene rp49 and the
genetically matched sturkopf Ctr line of at least three biologically independent experiments. For
significant gene expression change, arbitrary thresholds were set to at least 1.5-fold upregulation, or
0.5-fold downregulation as compared to the control. All p values were obtained by an unpaired two-

sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

The gene expression analysis depicted in figure 24 did not result in any significant or
clear-cut transcript expression changes of the tested ecdysone target genes E74A,
E75A, E75B or EcR between sturkopf null mutant animals and their respective
control. Based on very high standard deviations, especially for E75A, E75B as well
as EcR it was not possible to draw conclusions out of this data set. As a result, gene
expression analysis did neither support, nor rule out a potentially impaired ecdysone

signaling.

To further evaluate this possibility, an ecdysone ELISA was performed to measure
20-hydroxyecdysone hemolymph levels.
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Figure 25: Measurement of ecdysone hemolymph titer [ng/ul] of sturkopf Ctrl and sturkopf[35.7] mated
female and male flies. Measurements were based on extracted hemolymph of 9 (females) and 12
(males) biologically independent experiments. Each biological replicate consisted of extracted
hemolymph from 30 flies per sex and genotype. All p values were obtained by an unpaired two-sample

t test with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, *p < 0.001.

Measurements of ecdysone hemolymph titers of sturkopf Ctrl and sturkopf[35.7]
mated female and male flies are depicted in figure 25. While in females no significant
differences in ecdysone titers could be determined, male flies showed significantly
decreased ecdysone hemolymph titers in sturkopf null mutant animals. Although
ecdysone titers differed not significantly between sturkopf Ctrl and sturkopf[35.7]

female flies, titers tended to be decreased in female sturkopf mutant flies as well.

Next, it was tested whether sturkopf and the EcR, a nuclear, non-covalent
heterodimer of the EcR protein and ultraspiracle USP) (Yao et al. 1993b), physically
interact with each other to assess a direct function of sturkopf in ecdysone signaling
events by using a split luciferase complementation assay (Kolkhof et al. 2017).
Additionally, USP and the estrogen-related-receptor (ERR) were included within this
interaction network as both USP and ERR were previously shown to interact with the
EcR (Yao et al. 1992; Yao et al. 1993b; Yoo et al. 2021; Kovalenko et al. 2019).
According to FlyBase (version FB2022_05), the ERR is more likely an AR ortholog

compared to the EcR.
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Figure 26: (A) Interaction analysis of sturkopf, EcR, ERR, and USP using a split luciferase
complementation assay. Continuous lines represent significant/strong interactions identified within the
scope of this work, dotted lines show interactions which were identified by others (Yao et al. 1992; Yao
et al. 1993b; Yoo et al. 2021; Kovalenko et al. 2019). sturkopf was tested for interaction with all
depicted proteins. (B) Complementation data of the depicted interactions in (A). Data was normalized
to the known zipper-zipper interaction (Kolkhof et al. 2017) and thresholds for the determination of

interactions were set accordingly (Kolkhof et al. 2017).

Protein-protein-interaction studies between sturkopf and ERR, EcR, and USP
revealed a strong interaction between sturkopf and ERR, while no direct interaction
between sturkopf with EcR as well as USP could be determined (figure 26). This data
suggest that there is no direct regulation through an interaction of the EcR via

sturkopf. This result does, however, not necessarily disconfirm an indirect regulation
of EcR by sturkopf.

2.3.3 Investigation of EcR protein stability in cultured cells
The murine sturkopf homolog LDAH regulates the stability of the major TAG lipase

ATGL via enhancement of its proteasomal degradation under TAG storage conditions
(Goo et al. 2017). Furthermore, circumstantial evidence associates sturkopf with the
ubiquitination machinery, as proven by the direct interaction of sturkopf and ubiquitin
(Kolkhof et al. 2017). This association is further underpinned by the abolishment of
the sturkopf-mediated LD clustering phenotype upon overexpression when C-
terminal lysines are exchanged to arginines (Thiel et al. 2013; Kolkhof et al. 2017)
and thus unable to be ubiquitinated (Pickart 2001). In addition, it was previously
shown that the EcR also gets ubiquitinated and subsequently degraded via the
proteasome (Gradilla et al. 2011).



To investigate a potential sturkopf-mediated regulation on protein stability of the EcR
it was tested whether it was possible to demonstrate the general ubiquitination of the
EcR as reported previously (Gradilla et al. 2011) performing a cycloheximide pulse-
chase experiment. S2R+ cells were treated with cycloheximide (25 pg/ml) to monitor
protein degradation (Buchanan et al. 2016), with the proteasome inhibitor MG132 (20
UM) to prevent proteasomal degradation (Lee and Goldberg 1998) and Pyr-41 (20
UM). The latter is an inhibitor of ubiquitin-activating enzyme (E1) (Yang et al. 2007)
resulting in the inhibition of ubiquitination-mediated proteasomal degradation. DMSO-
treated cells served as solvent control. Treatment was monitored over 2 days in
different time intervals. Cells were then lysed, and cell extracts were subjected to
western blot to analyze EcR protein abundance upon treatment (figure 27).
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Figure 27: Detection of common EcR via immunoblotting with the Ag10.2 antibody in S2R+ cells. Cells
were freated with either 0.2 % DMSO, cycloheximide (25 pg/ml), MG132 (20 pM) or Pyr-41 (20 pM)
and sampled over the time course of 2 days at timepoint to (0 h), t1 (20 h), tz (24 h), t2 (28 h) t« (44 h)
and ts (48 h). Cell lysates were generated and subsequently measured for whole protein levels by

105 kDa
EcR common (A B1)

means of BCA and equal amounts of protein were loaded. The Ag10.2 antibody detects all EcR
isoforms, resulting in the presence of multiple signals (EcR A, B1 ~105 kDa, EcR B2 ~80kDa).
Ubiquitously expressed B-tubulin (55 kDa) served as loading control. The depicted blots show

representative images from at least three independent repetitions.

The DMSO-treated control showed a slight increase in EcR protein abundance over
time for all isoforms detected with the Ag10.2 antibody. For cycloheximide treatment,
an instant disappearing of the signal of EcR isoform A/B1 was noticeable, while
signals for isoform B2 slowly faded over time. However, both, the treatment with

MG132 as well as Pyr-41, did not result in a striking increase in EcR protein
46



abundance in comparison to the DMSO-treated control. These experiments were
performed several times. Each time, the obtained results were comparable to those
depicted in figure 27. Thus, no clear-cut conclusion could be drawn concerning an

inhibition of proteasomal degradation using MG132 and Pyr-41.

Besides the hypothesized reduction in ecdysone signaling in sturkopf mutant
animals, the data presented in figure 25 indicate a reduction in 20HE hemolymph
titers suggesting an impairment in ecdysone signaling. To investigate whether
sturkopf affects EcR protein stability, which would support the hypothesis of an
impairment in ecdysone signaling, EcR protein abundance was analyzed in the

cultured cells stably overexpressing different sturkopf variants (compare figure 6).

~ 105 kDa
EcR common (A, B1)
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Figure 28: Detection of common EcR via immunoblotting with the Ag10.2 antibody in cell culture
extracts from generated S2R+:eGFP, S2R+:sturkopf-eGFP, S2R+:sturkopfiS119A)-eGFP,
S2R+:LDAH-eGFP and SZ2R+:sturkopf(16K2R)-eGFP polyclonal cell lines. Cell lysates were
measured for whole protein levels by means of BCA and equal amounts of protein were loaded. The
Ag10.2 antibody detects all EcR isoforms, resulting in the presence of multiple signals (EcR A, B1
~105 kDa, EcR B2 ~80kDa). Ubiquitously expressed B-tubulin (55 kDa) served as loading control.
Mote that it is the same blot as depicted in figure 6, but this time the membrane was probed for the

EcR. The depicted blot shows a representative image of at least two independent repetitions.

The detection of the EcR in the polyclonal cell lines S2R+::eGFP, S2R+::sturkopf-
eGFP, S2R+::sturkopf(S119A)-eGFP, S2R+::LDAH-eGFP and
S2R+::sturkopf(16K2R)-eGFP revealed isoform- and cell line-specific differences in
EcR protein abundance. While EcR isoform A and/or B1 as well as B2 protein

4=7
g f



abundance was increased in wild type sturkopf overexpressing cells as well as in
sturkopf(S119A) and hsLDAH overexpressing cells, all EcR isoforms in
sturkopf(16K2R )-overexpressing cells showed a protein abundance comparable to
the control cell line (figure 28). This data suggest a stabilizing role of wild type
sturkopf overexpression for the different EcR isoforms. Furthermore, both
sturkopf(S119A) and hsLDAH overexpression increased isoform-specific protein
abundance of EcR A/B1 in comparison to the control. sturkopf(16K2R)
overexpression is the only condition which showed no difference in EcR protein

abundance compared to the control.

It was initially planned to perform cycloheximide pulse-chase experiments with these
cell lines, too. However, these experiments were not executed due to the not very
convincing data obtained from the cycloheximide chase experiments including
MG132 and Pyr-41 treatment performed using S2R+ cells (figure 27).

EcR protein abundance was also checked in vivo using lysates of wandering L3
larvae and 7-days old female and male flies of the genotypes sturkopf Ctrl and
sturkopf[35.7]. However, the EcR signal could only be detected in L3 larvae but due
to extremely high levels of background signal it was impossible to draw conclusions
from this data set (data not shown). Furthermore, EcR-specific antibody stainings
were performed to test for differences in isoform-specific EcR protein abundance in
sturkopf null mutant animals. This data did likewise not result in clear-cut differences

towards EcR protein abundance (data not shown).

2.4 Manipulation of sturkopf protein levels in vivo

Within the scope of this work the sturkopf LOF was identified as the reason for the
observed loss of SC phenotype in the accessory glands (figures 12A and 16). The
phenotype was further investigated as it was completely unclear whether the
observed phenotype results from a tissue or even cell specific sturkopf mode of
action or whether it is based on a long-range effect in another tissue and, thus,
affecting numbers of SCs in the AGs.

241 Single molecule FISH for the determination of sturkopf

transcription site

Sturkopf was identified as LDAP shuttling between the endoplasmic reticulum and
LDs once these become available (Thiel et al. 2013). Furthermore, it is known to be



highly enriched in fat storing tissue such as the Drosophila fat body where it also was

initially identified (Beller et al. 2006). Thus, the localization of overexpressed sturkopf

previously was assessed in the fat body of wandering L3 larvae.

Figure 29: Localization of overexpressed sturkopf C-terminally tagged with GFP using a fat body Gald
specific driver line and a sturkopf overexpression effector line. Fat bodies were additionally stained
with LD540 to mark lipids. Images were recorded with the Operetta CLS High Content Analysis
System using a 5x air objective to identify and select tissues and a 40x air objective to obtain high
resolution images of the selected fields. Scale bar = 20 pm. (Figure was adapted from (Chartschenko

et al. 2021) with permission of the journal.

The localization of overexpressed sturkopf in the larval fat body is limited to the lipid
droplets present in the fat body (figure 29). However, although its localization pattern
is known, the actual site of protein expression or gene transcription remained elusive.
To address this question, single molecule (smi-)FISH experiments were performed to
identify the transcription sites of sturkopf in the AGs of male flies. The smiFISH probe
design as well as experimental procedure was performed according to Tsanov et al.
and Calvo et al. (Tsanov et al. 2016; Calvo et al. 2021). For this purpose, 7 days-old,
mated males of the genotypes sturkopf Ctrl and the sturkopf[35.7] null mutant line

were used.
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Figure 30: Representative maximum intensity projections of accessory glands lobe tips of 7 days-old,
mated males of the genotypes sturkopf Ctrl and sturkopf[35.7] for the detection of sturkopf mRMNA
transcripts performing smi-FISH. DNA was stained using Hoechst33342 and sturkopf mRNA detection
was performed with a set of 24 sturkopf-specific probes which were previously hybridized with the
FLAP X probe which was C- and N-terminally tagged with Cy3. Yellow arrow heads mark signal limited
to secondary cells. Images were recorded with the Operetta CLS High Content Analysis System using
a 5x air objective to identify and select tissues and a 40x air objective to obtain high resolution images

of the selected fields. Scale bar = 50 pm.

The smiFISH experiments performed on AGs did not result in clear-cut differences
comparing to, both, the sturkopf Ctrl and sturkopf[35.7] null mutant line (figure 30). In
both cases, a distinct signal was obtained which was limited to the SCs of the
accessory gland. However, in case of a successful hybridization, the signal should be
exclusive to the sturkopf Ctrl line. As a signal was obtained for both genotypes, it
could be concluded that the smiFISH approach was not successful to determine the
transcription site of sturkopf mRNA. Previously performed FISH experiments for the
detection of Drosophila gut bacteria in vitro and vivo, however, were successful as
depicted in figure 31 (Akhtar et al. 2021).
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Figure 31: Fluorescence in situ hybridization of a representative larval Drosophila gut. FISH was
performed with Carnoy’s solution-fixed larval Drosophila guts using the genera-specific probes Aceto
(green) and Lacto722 (red). An overview of the entire gut was imaged and detailed zoom-ins of 6
different regions are shown. Exemplary Acetobacter cells are marked with asterisks and Lactobacillus
cells are indicated by arrowheads. Scalebars = 500 pm (overview); 10 pm (zoom-ins). (Figure was
taken from with (Akhtar et al. 2021) with permission of the journal, as it "is under the terms of Creative
Commons CC-BY (CC-BY 4.0) license which permits unrestrictive use [...] provided the original work

is properly cited” Copyright Clearance Center, Inc.).

2.4.2 Organismic sturkopf protein modulation

To investigate sturkopf's phenocritic tissue, sturkopf protein level abundance was
altered by a RNAi-mediated knockdown of sturkopf in an ubiquitous manner. This
means enabled detecting whether organismal depletion of the protein exhibited a
similar loss of SCs as observed for the sturkopf null mutant background previously
(compare figures 12A and 16). Therefore, the Gal4/UAS system was harnessed by
means of an actin Gal4 driver line in order to drive sturkopf RNAI transgene activation

and, thus, deplete sturkopf protein levels on an organismic scale.
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Figure 32: Quantification of SC number per lobe of 7-days old mated male flies of the crossings actin
Gald | wf-] (n=33 lobes) and actin Gal4 > sturkopf RNAI (n=23 lobes). Analysis was performed based
on an Abd-B antibody staining which specifically marks nuclei of SCs. Depicted data is based on at
least three biologically independent experiments. Experimental procedure and data analysis was
performed by Dilara Bursa (master student). All p values were obtained by an unpaired two-sample t

test with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, ™ p < 0.001.

Figure 32 shows the ubiquitous depletion of sturkopf protein levels. Compared to the
control crossing actin Gal4 | w[-] which showed similar SC numbers compared to the
different sturkopf control lines (compare figures 12A and 16), the RNAi-mediated
knockdown of sturkopf phenocopied the sturkopf null mutant loss of SC phenotype as
a highly significant reduction in SC numbers was identified (compare figures 12A, 16
and 32).

243 Fat body- and main cell specific sturkopf protein level

modulation
Next it was tested whether modulation of sturkopf protein levels in a fat body- or main
cell (MC)-specific manner resulted in differentially regulated SC numbers in the AG.
To answer this, sturkopf was knocked down in an RNAi-specific manner in the fat
body using a fat body-specific fat body Gal4 driver line (Gronke et al. 2003). The fat

body is the pendant to the adipose tissue in mammals and it is the tissue in which



sturkopf was initially identified and where sturkopf is known to be highly expressed
(Beller et al. 2006).
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Figure 33: Quantification of SC number per lobe of 7-days old mated male flies of the crossings fat
body Gald / w[-] (n=44 lobes) and fat body Gald = sturkopf RMNAI (n=64 lobes). Analysis was
performed based on an Abd-B antibody staining which specifically marks nuclei of SCs. Depicted data
is based on at least three biologically independent experiments. Experimental procedure and data
analysis was performed by Dilara Bursa (master student). All p values were obtained by an unpaired

two-sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, *p < 0.01, *p < 0.001.

Upon quantification of SCs, no significant differences in total SC number were found
comparing fat body Gal4 > sturkopf RNAI and the corresponding control crossing fat
body-Gal4 / w[-] (figure 33). The latter condition had similar numbers of SCs as
determined before (compare figures 12A, 16, and 32).

The accessory gland of Drosophila is only comprised of two distinct cell types, i.e.,
MCs and SCs (Bertram et al. 1992). Therefore, the assumption is legitimate that
manipulation of sturkopf protein levels in the tissue, in which the phenotype was

identified, may have an effect on SC abundance. Therefore, the main cell driver line



Acp26Aa Gal4 driver line (Chapman et al. 2003) was used to modulate sturkopf

protein levels in a MC-specific manner.
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Figure 34: Quantification of SCs per lobe of 7-days old mated male flies of the crossings
Acp26Aa Gal4 | wl-] (n=22 lobes) and Acp26Aa Gald > sturkopf RMAI (n=71 lobes). Analysis was
performed based on an Abd-B antibody staining which specifically marks nuclei of SCs. Depicted data
is based on at least three biologically independent experiments. Experimental procedure and data
analysis was performed by Dilara Bursa (master student). All p values were obtained by an unpaired

two-sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, *p < 0.01, *™p < 0.001.

Using the Acp26Aa Gal4 driver line, the main cell-driven knockdown of sturkopf did
not reveal significant differences in the total number of SCs when compared to the
corresponding control crossing Acp26Aa Gal4 /| w[-] (figure 34). The control crossing
showed similar numbers of SCs as observed before (compare figures 12A, 16, 32
and 33). This data suggests that there is no long-range effect of sturkopf coming from
the fat body or MCs affecting the number of SCs in the accessory gland thereby.
However, it could not be ruled out that potential long-range effects of sturkopf from

other tissues can have an impact on the number of SCs.



244 Secondary cell-specific sturkopf protein level modulation
(“standard shift”)

To investigate the impact location of sturkopf, the protein was further overexpressed
and knocked down in a SC-specific manner. As the loss of SC phenotype observed
for sturkopf mutant animals affects the SCs themselves, the possibility of a SC-
specific sturkopf place of action was tested. To do this, the SC-specific esg;Ctrl and
esg,35.7 driver lines were used. These lines were also used for the identification of
the loss of SC phenotype (figure 12A). Transgene expression using these driver lines
also takes place in other cells expressing the escargot transcription factor, such as
intestinal stem cells (Korzelius et al. 2014). However, inside the AGs the expression
is limited to the SCs, which is why, from here on, transgene expression using

esg,Gal4 constructs is termed SC-specific.

In preliminary experiments it became clear that upon crossing and, thus,
heterozygosity of the escargot constructs, the endogenous and SC-specific
expression of GFP diminished. Not all SCs were expressing GFP robustly which
became particularly clear in conditions in which transgene expression was
additionally monitored by further means, e.g., by antibody staining. An exemplary
picture of an AG derived from an esg;Ctri-crossed animal is depicted in figure 35. The
HA-tagged sturkopf overexpression was verified by antibody staining against the HA-
tag.

sCtrl = UAS sturkopf-3xHA

Figure 35: Representative maximum intensity projection of an accessory gland's lobe of a 7-days old,
mated fly of the crossing esg,;Ctrl > UAS sturkopf-3xHA antibody stained against HA of at least three
biologically independent experiments. DNA was stained with Hoechst33342 (blue), SCs are marked by
endogenous GFP expression (green) and sturkopf overexpression is detected by usage of an
AlexaB47-coupled secondary antibody (red). Note that the GFP and HA signals show no 1:1 overlap

indicated by yellow armows. Images were recorded with the Operetta CLS High Content Analysis



System using a 5x air objective to identify and select tissues and a 40x air objective to obtain high

resolution images of the selected fields. Scale bar = 200 pm.

The analysis of these tissues revealed that not all SCs overexpressing sturkopf (anti-
HA staining) also expressed GFP as it has been the case for, both, esg;Ctrl- (figure
35) and esg;35.7-driven expression (data not shown) driven crossings. However, SC
quantification of homozygous esg,Ctrl and esg;35.7 fly lines showed either a
complete signal overlap when co-stained with an a-ANCE antibody (compare e.g.,
figure 14) or SC numbers were comparable to those obtained by antibody stainings
against Abd-B or ANCE in the sturkopf Ctrl and sturkopf{35.7] fly lines (compare data
from figures 16, 32, 33 and 34). Further crossings of the esg;Ctrl and esg,;35.7 with
other effector lines revealed the same issue of insufficient SC-specific GFP
expression (data not shown). Thus, it needed to be assumed that upon
heterozygosity of the escargot construct not all SCs express GFP robustly. The
quantification of SCs on the mere GFP expression was, hence, not sufficient to
obtain robust data in crossings using the esg;Ctrl or esg;35.7 driver lines to drive
transgene expression. Therefore, additional antibody stainings were performed. As
described in 4.2.5.1, animals of the genotype esg,Ctl and esg;35.7 as well as
crossings with these lines require the cultivation on 18 °C until hatching and then get
shifted to 29 °C to ensure Gal4/UAS-mediated transgene expression. The expression
is blocked at 18 °C based on a temperature-sensitive Gal80' protein inhibiting Gal4.
Both available SC markers, ANCE and Abd-B were tested in this respect. However,
both failed to detect SCs in the temperature-shifted crossings (figure 36).



esqg;Ctrl | w[-]

esqg;Ctrl | w[-]

Figure 36: Representative maximum intensity projections of access

crossing esg,Cirl | wf-] antibody stained against (A) Abd-B and (B) ANCE. DNA was stained with
Hoechst33342 (blue), SCs were counterstained with either ANCE (A') or Abd-B (B’) using an
AlexaB47-coupled secondary antibody (red) due to insufficient endogenous SC-specific GFP
expression (channel not shown). Abd-B-positive ejaculatory duct cells are indicated by a yellow amrow
(A’). Images were recorded with the Operetta CLS High Content Analysis System using a 5x air
objective to identify and select tissues and a 40x air objective to obtain high resolution images of the

selected fields. Scale bar = 200 pm.

The antibody-stained tissue using ANCE to detect SCs (figure 36B') completely failed
to mark the SCs. Utilization of Abd-B also failed to mark SCs in AGs, however,
marked the cells of the ejaculatory duct, which are also Abd-B positive serving as
internal control for a successful antibody staining per se (figure 36A’). The
temperature shift to 29 °C represents a stressor for Drosophila and may serve as
explanation for the unsuccessful staining of the SCs. To circumvent this issue,
crossings of the driver lines esg,Ctrl or esg;35.7 with the appropriate effector lines
were reared as usual. However, after transgene expression for 7 days, flies were put
back to the restrictive temperature of 18 °C for three days. The subsequent

dissection of AGs and antibody staining against Abd-B resulted in a successful



marking of SCs in crossings using the driver lines esg,Ctl and esg;35.7
consequently. Figure 37 displays a representative AG, in which SCs were positively
marked using an Abd-B-specific antibody. The ejaculatory duct cells, which are also

Abd-B-positive, served again as an internal control for a successful antibody staining.

esg;Ctrl | wf-]

Figure 37: Representative maximum intensity projection of an accessory gland of a 7-days old fly of
the crossing esg;Ctrl | wf-] antibody stained against Abd-B. DNA was stained with Hoechst33342
(blue), SCs were counterstained with Abd-B using an Alexa647-coupled secondary antibody (red) due
to insufficient endogenous SC-specific GFP expression (channel not shown). esg-based crossings
were reared as usual but after transgene expression for 7 days, flies were put back to the restrictive
temperature of 18 "C for three days. The grey box demarcates the area used for zoom-in. Images
were recorded with the Operetta CLS High Content Analysis System using a 5x air objective to identify
and select tissues and a 40x air objective to obtain high resolution images of the selected fields. Scale

bar = 200 ym (overview) and 50 pm (zoom-in).

Besides crossings between esg,Ctrl or esg;35.7 with w/-] as control crossings,
homozygous animals of both driver lines were additionally carried along as controls
for the antibody staining. First, crossings with esg,Cfrl were used to investigate

whether the RNAi-mediated SC-specific sturkopf knockdown results in a phenocopy
of the sturkopf null mutant phenotype (figure 38).
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Figure 38: Quantification of SCs per lobe in mated male flies of the genotype esg,Cir (n=62 lobes)
and of the crossings esg,Cirl / w]-] (n=89 lobes) and esg;Ctrl > sturkopf RNAI (n=73 lobes) based on
an Abd-B antibody staining. Flies were kept on 29 °C for 7 days to ensure transgene expression and
afterwards put back to the restrictive temperature of 18 °C for 3 additional days. Depicted data is
based on at least three biologically independent experiments. All p values were obtained by an

unpaired two-sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, *p < 0.01, **p < 0.001.

The secondary cell-specific RNAi-mediated knockdown of sturkopf resulted in highly
significant decrease of SC numbers compared to both the control crossing
esg,Ctrl | w[-] as well as the homozygous driver line esg;Ctrl. The obtained data for
both controls were similar to those obtained previously (figures 12A and 16). The
RNAi-mediated sturkopf knockdown resulted in a highly significant decrease of SCs
which was comparable to the sturkopf null mutant situation (figures 12A and 16).
These data together with the previously obtained results. This data suggests a

secondary cell-specific sturkopf place of action.

As a significant decrease of SCs was obtained upon SC-specific sturkopf knockdown
it was tested whether an overexpression of sturkopf resulted in an opposing
phenotype of an increase of SCs next, since previously acquired data strongly

suggest a SC-specific sturkopf mode of action.
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Figure 39: Quantification of SCs per lobe in mated male flies of the genotype esg,Ctrl (n=62 lobes)
and of the crossings esg;Ctrl | wl-] (n=89 lobes) and esg,Ctrl = UAS sturkopf-3xHA (n=100 lobes)
based on an Abd-B antibody staining. Flies were kept on 29 °C for 7 days to ensure transgene
expression and afterwards put back to the resfrictive temperature of 18 °C for 3 additional days.
Depicted data is based on at least three biologically independent experiments. Note that the depicted
controls are the same data as depicted in figure 38 as all conditions were carried along at the same
time. All p values were obtained by an unpaired two-sample t test with significance levels: ns., p 2
0.05, *p < 0.05, *™p < 0.01, "™ p < 0.001.

Sturkopf overexpression in a SC-specific manner led to a highly significant increase
in SC number compared to the control crossing esg,Ctrl | w[-] as well as the
homozygous driver line esg,Ctrl (figure 39). Sturkopf overexpression resulted in an
opposing phenotype as compared to the sturkopf RNAi-mediated knockdown (figure
38). These findings further suggest a SC-specific sturkopf mode of action. A
frequency distribution analysis was additionally performed to reinforce the differences
between sturkopf overexpression and RNAi-mediated knockdown in comparison to

the control crossing esg;Ctrl | w[-].
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Figure 40: Frequency distribution analysis of secondary cell numbers per lobe of 7-days old animals of
the crossings esg,;Citrl / w{-] (n=89 lobes), esg,Ctr > sfurkopf RNAI (n=73 lobes) and esg,Cir > UAS

sturkopf-3xHA (n=100 lobes). Processed data are the same as depicted in figures 38 and 39.

The frequency distribution analysis depicted in figure 40 revealed three distinct
populations representing the three different crossings esg,Ctrd / w[-], esg,Ctrl >
sturkopf RNAi and esg;Ctrl > UAS sturkopf-3xHA. While the RMNAi-mediated
knockdown of sturkopf showed the overall lowest numbers of SCs, the sturkopf
overexpression showed the highest number of SCs, and the control crossing showed
intermediate numbers of SCs. All data of the tested conditions showed an almost

gaussian normal distribution.

Having identified that the sturkopf mode of action as SC-specific, the modulation of
sturkopf protein abundance was tested in the sturkopf mutant background
subsequently. Therefore, the esg;35.7 driver line was utilized. First, it was tested
whether it was possible to recapitulate the partial rescue by reintroducing at least one
functional sturkopf allele via crossing with w/-] as before (compare figure 17). The
homozygous esg,35.7 driver line was carried along as antibody staining control and
for comparison to the sturkopf null mutant state. For the sake of completeness,
esg,;35.7 was also crossed with sturkopf RNAI with the results being depicted in
figure 41.
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Figure 41: Quantification of SCs per lobe in mated male flies of the genotype esg;35.7 (n=74 lobes)
and of the crossings esg;35.7 / wl-] (n=111 lobes) and esg, Cir > sturkopf RNAI (n=77 lobes) based on
an Abd-B antibody staining. Flies were kept on 29 °C for 7 days to ensure transgene expression and
afterwards put back to the restrictive temperature of 18 °C for 3 additional days. Depicted data is
based on at least three biologically independent experiments. Depicted data is based on at least three
biologically independent experiments. All p values were obtained by an unpaired two-sample t test

with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, *™*p < 0.001.

As visible in figure 41, homozygous sturkopf mutant animals had SC numbers which
were compatible with previously obtained data for sturkopf null mutant animals
(compare figures 12A and 16). Interestingly, reintroduction of one functional sturkopf
allele resulted in a highly significant increase in SC number as it is shown for the
esg;35.7 | w[-] crossing. RNAi-mediated sturkopf knockdown in the sturkopf mutant
background did not result in any differences in SC number as compared to the
homozygous driver line but showed a significantly reduced number of SCs in
comparison to the control crossing esg.35.7 | w/-], with sturkopf being heterozygously
expressed. This data suggests that reintroduction of one functional sturkopf allele
partially rescues the loss SC phenotype while knockdown of sturkopf in this genetic
background resulted in SC numbers comparable to the sturkopf null mutant line.



However, the heterozygous sturkopf mutant situation does not rescue the loss of SCs

to control level as depicted in figure 42.
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Figure 42: Comparison of SC number per lobe in mated male flies of the crossings esg;Ctrd | w[-]
(n=89 lobes) esg,;35.7 | wl-] (n=111 lobes) based on an Abd-B antibody staining. Flies were kept on 29
*C for 7 days to ensure transgene expression and afterwards put back to the restrictive temperature of
18 °C for 3 additional days. Depicted data is based on at least three biologically independent
experiments. Depicted data is based on at least three biologically independent experiments. Mote that
the depicted controls are the same data as depicted in figure 38 and 41 as all conditions were carmried
along at the same time. All p values were obtained by an unpaired two-sample t test with significance
levels: n.s., pz 0.05, *p < 0.05, *p < 0.01, *™p < 0.001.

Comparing the SC numbers of the crossings esg,Ctrl [/ w[-] with esg;35.7 | w[-]
uncovered highly significant differences as numbers of SCs are highly reduced in the
sturkopf heterozygous mutant situation as it is present in esg;35.7 / w/-]. This finding

argues against a total rescue upon reintroduction of one sturkopf allele.

As a partial rescue of the loss of SC phenotype was achieved by expression of one
functional copy of sturkopf, it was next tested whether sturkopf overexpression

resulted in a complete rescue of the loss of SCs.
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Figure 43: Quantification of SCs per lobe in mated male flies of the genotype esg;35.7 (n=74 lobes)
and of the crossings esg;35.7 / w[-] (n=111 lobes) and esg;35.7 = UAS sturkopf-3xHA (n=116 lobes)
based on an Abd-B antibody staining. Flies were kept on 29 °C for 7 days to ensure transgene
expression and afterwards put back to the resfrictive temperature of 18 °C for 3 additional days.
Depicted data is based on at least three biologically independent experiments. Note that the depicted
controls are the same data as depicted in figure 41 as all conditions were carried along at the same
time. All p values were obtained by an unpaired two-sample t test with significance levels: ns., p 2
0.05, *p < 0.05, ™p < 0.01, "™p < 0.001.

Overexpression of sturkopf in the sturkopf null mutant background resulted in a highly
significant increase in SC number compared to the sturkopf heterozygous mutant
control crossing esg,;35.7 / w/-] even exceeding SC numbers in fly lines expressing
sturkopf wild type levels (e.g., figures 12A and 16).

A frequency distribution analysis was again performed to reinforce the differences
between sturkopf overexpression and RNAi-mediated knockdown of sturkopf in
comparison to the control crossing in the sturkopf mutant background.
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Figure 44: Frequency distribution analysis of secondary cell numbers per lobe of 7-days old animals of
the crossings esg,35.7 | wl-] (n=111 lobes), esg,35.7 > sturkopf RMAI (n=77 lobes), and esg,35.7 =

UAS sturkopf-3xHA (n=116 lobes). Processed data are the same as depicted in figures 41 and 43.

In contrast to the frequency distribution analysis in the sturkopf control background
depicted in figure 40, frequency distribution analysis of crossings in the sturkopf
mutant background allowed identifying only two distinct populations (figure 44).
Frequency distribution of crossings between esg;35.7 / w/-] and esg;35.7 > sturkopf
RNAIi were mostly overlapping and only differed in the frequency of single SC number
abundances. Frequency distribution of the crossing esg;35.7 = UAS sturkopf-3xHA
represented the second distinguishable population. While the RNAi-mediated
knockdown of sturkopf in the sturkopf mutant background showed the overall lowest
numbers of SCs corresponding the null mutant state, the sturkopf overexpression
showed the highest number of SCs. The control crossing had a similar distribution
pattern as the esg;35.7 > sturkopf RNAI condition which may be attributable to the
sturkopf heterozygous mutant state. The data of all tested conditions showed a

gaussian normal distribution mostly.

As a result, it was worthwhile to investigate whether the overexpression of sturkopf in
the mutant background rescued the loss of SC phenotype to control level. Therefore,

the data was compared as can be seen in figure 45.
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Figure 45: Comparison of SCs per lobe in mated male flies of the crossings esg;Ctrd / w{-] (n=89
lobes), esg, Cir = UAS sturkopf-3xHA (n=100 lobes), and esg;35.7 = UAS sturkopf-3xHA (n=116
lobes) based on an Abd-B antibody staining. Flies were kept on 29 °C for 7 days to ensure transgene
expression and afterwards put back to the resfrictive temperature of 18 °C for 3 additional days.
Depicted data is based on at least three biologically independent experiments. Note that the depicted
data are the same as used in figure 38, 39 and 43. All p values were obtained by an unpaired two-

sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, *p < 0.01, *™*p < 0.001.

Sturkopf overexpression in the sturkopf null mutant background resulted in a highly
significant increase in SCs exceeding SC numbers of the esg;Ctrl / w/-] control
crossing which had two functional sturkopf alleles. However, comparison of the
overexpression in the sturkopf mutant background with sturkopf overexpression in
the control background still showed significantly higher numbers of SCs suggesting a
highly coordinated SC number regulation mediated and dependent on sturkopf

protein levels.

245 Secondary cell-specific sturkopf protein modulation

during the sensitive period of SC physiology (“L3 shift”)
As adult SCs are postmitotic (Taniguchi et al. 2014) and expression of all tested
transgenes was driven post-eclosion (figures 38-45), the subsequent analysis

discovered whether transgene expression during the last mitotic division of the SCs



halfway through pupation, from now on termed “sensitive phase of SC physiology”
(Taniguchi et al. 2014; Kubo et al. 2018) affected the total SC number. In this
approach, animals were raised at 18 °C and temperature-shifted to 29 °C once they
reached the late L3 larvae/prepupal stage to ensure transgene expression during the
sensitive period of SC physiology (Kubo et al. 2018) (figure 46).

Oviposition Pupatian Eclosion
L3 larvae Prepupae/Pupae Imago
_ 29 °C
Standard shift 18 °C 3 days
T-dayi*s old
L3 shift 20°c 3 days
18 °C

Figure 46: Differential temperature shift pattern to ensure transgene expression. While performing the
standard shift, animals were raised on the restrictive temperature (18 *C) throughout their complete
larval and pupal development and shifted to 29 "C post eclosion to enable transgene expression. After
7 days, animals were put back to the restrictive temperature. During the L3 shift, animals were raised
on 18 °*C as well, however shifted to 29 °"C shortly during the time of pupation to ensure earlier
transgene expression. Animals were kept on 29 *C until 7-days old and then put back to the restrictive

18 °C.

Otherwise, the experimental procedure was identical as for the experiments
described before. To test for a potential impact of the timepoint of temperature shift
on SC abundance, transgene expression was performed in the sturkopf control
background using the esg;Ctrf driver line at first.

67
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Figure 47: Quantification of SCs per lobe in mated male flies of the homozygous driver line esg, Ctrl

(n=60 lobes) and the crossings esg,Ctrd /| wf-] (n=106 lobes), esg,Ctrd > UAS sturkopf-3xHA (n=92

lobes), and esg,;Ctr > sturkopf RNAI (n=123 lobes) based on an Abd-B antibody staining following the
L3 temperature shift. Late L3/prepupal were put on 29 *C and kept on this temperature for 7 days post
eclosion to ensure transgene expression and afterwards put back to the restrictive temperature of 18
*C for 3 additional days. Depicted data is based on at least three biologically independent
experiments. All p values were obtained by an unpaired two-sample t test with significance levels: n.s.,
p 2 0.05, *p < 0.05, *™p < 0.01, *™p < 0.001.

In general, the modified temperature shift ("L3 shift”) and the consequent transgene
expression during the sensitive phase for SC physiology (figure 47) resulted in SC
numbers for each of the tested conditions comparable to those obtained for the
standard temperature shift (figures 38 and 39). Both, the esg;Ctrl driver line and the
crossing esg,Ctrl /| w/-], showed no significant differences in total SC numbers
compared to the corresponding condition under standard shift conditions. A highly
significant increase in SC numbers was again obtained when overexpressing
sturkopf in a SC-dependent manner compared to the controls. However, this effect
was also prevalent in both temperature shifts. This applied for the RNAi-mediated
SC-specific sturkopf knockdown likewise. Again, a similar and highly significant
reduction of SCs was obtained as compared to the controls to the data obtained for



the standard shift. Datasets for both the standard shift and the L3 shift were plotted
together to test for potential differences.

80— n.s ki n.s. n.s.

# secondary cells / lobe
3
o 1
el
i
el

D @ & D & & D
VS S S S S

Figure 48: Comparison of quantified SCs per lobe of standard and L3-shifted mated male flies for of
the homozygous driver line esg,Ctd (standard shift: n=62 lobes; L3 shift: n=60 lobes) and the
crossings esg,Ctrd [ w[-] (standard shift: n=89 lobes; L3 shift: n=106 lobes), esg,Cirl = UAS sturkopf-
3xHA (standard shift: n=100 lobes; L3 shift: n=92 lobes) and esg,Cfrl > sfurkopf RNAI (standard shift:
n=73 lobes; L3 shift: n=123 lobes) based on an Abd-B antibody staining. Note that the depicted graph
shows merged data already presented in figures 38, 39 and 47. Depicted data is based on at least
three biologically independent experiments. All p values were obtained by an unpaired two-sample t

test with significance levels: n.s., p =2 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

Comparison of esg;Ctrl-mediated transgene expression of both temperature shifts
(standard and L3) revealed no prominent differences of the corresponding crossings
among each other (figure 48). However, for esg,Ctrl / wf-J, a highly significant
increase in SC number was observed for L3-shifted male flies compared to the same
crossing performing the standard shift.
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Following the same strategy as for the standard shift, next transgene expression was
driven using the sturkopf null mutant driver line esg;35.7 following the L3 temperature

shift pattern.
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Figure 49: Quantification of SCs per lobe in mated male flies of the homozygous driver line esg;35.7
(n=47 lobes) and the crossings esg,35.7 / w[-] (n=58 lobes), esg,35.7 > UAS sturkopf-3xHA (n=85
lobes) and esg;35.7 > sturkopf RNAI (n=57 lobes) based on an Abd-B antibody staining following the
L3 temperature shift. Late L3/prepupal were put on 29 "C and kept on this temperature for 7 days post
eclosion to ensure transgene expression and afterwards put back to the resfrictive temperature of 18
*C for 3 additional days. Depicted data is based on at least three biologically independent
experiments. All p values were obtained by an unpaired two-sample t test with significance levels: n.s.,
p 2 0.05, *p < 0.05, *™p < 0.01, *™p < 0.001.

The data obtained for L3-shifted esg;35.7 crossings (figure 49) was comparable to
the data assessed for the standard shift performing esg;35.7-driven transgene
expression (figure 41 and 43). Homozygous esg;35.7 showed highly reduced SC
numbers compared to the control crossing esg;35.7 / w/l-] in which one functional
sturkopf allele was reintroduced. This resulted in a partial rescue of the sturkopf LOF-
mediated SC loss as already demonstrated before for the same crossing performing



the standard shift (figures 41 and 43). Overexpression of sturkopf in a SC-specific
manner led to a highly significant increase in SC number, corresponding to prior
effects observed for the sturkopf overexpression in the sturkopf null mutant
background following the standard shift pattern. RNAi-mediated knockdown of
sturkopf in the null mutant background resulted in numbers of SCs comparable to the
sturkopf null mutant, homozygous driver line esg;35.7. Again, the data from esg,;35.7-
driven transgene expression following the standard and L3 temperature shift was

plotted for comparison purposes accordingly.
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Figure 50: Comparison of quantified SCs per lobe of standard and L3-shifted mated male flies for of
the homozygous driver line esg,35.7 (standard shift: n=74 lobes; L3 shift: n=47 lobes) and the
crossings esg, 35.7 / wl-] (standard shift: n=111 lobes; L3 shift: n=58 lobes), esg;35.7 = UAS sturkopf-
3xHA (standard shift: n=116 lobes; L3 shift: n~=85 lobes) and esg,35.7 > sfurkopf RNA/ (standard shift:
n=77 lobes; L3 shift: n=57 lobes) based on an Abd-B antibody staining. Note that the depicted graph is
merged from the data presented in figures 41, 43 and 49. Depicted data is based on at least three
biologically independent experiments. All p values were obtained by an unpaired two-sample t test

with significance levels: n.s., p 2 0.05, *p < 0.05, *p < 0.01, *™*p < 0.001.



Comparison between SC numbers of standard and L3-shifted esg;35.7 crossings
revealed repeatedly no striking differences comparing data for both conditions (figure
50). However, for the L3-shifted sturkopf overexpression a highly significant increase
in SC number was determined compared to the respective condition for the standard
shift.

All in all, the data suggests that a temperature shift ensuring transgene expression
during the sensitive phase of SC physiology did not alter the abundance of SCs
following differential temperature shift patterns. Significant increases in SC
abundance performing the L3 shift compared to the standard shift were only obtained
for the control crossing esg;Ctrl | w/-] (figure 48) and for sturkopf overexpression in

the sturkopf mutant background (figure 50).

2.5 Apoptosis-mediated regulation of SC abundance

2.5.1 Secondary cell-specific inhibition of apoptosis as

possible regulator of SC number (“standard shift”)

As all both cell types of the accessory gland are known to be postmitotic (Taniguchi
et al. 2014), it was intriguing that the number of SCs changed depending on the
abundance of sturkopf protein levels. This suggests a sturkopf-dependent regulation
of SC number post eclosion and the last mitotic cycle of these cells taking place
during the transition from L3 larvae to the prepupal stage. It was previously shown
that the SC-specific overexpression of a constitutively active insulin receptor (InR)
resulted in a highly significant increase in SC numbers (Kubo et al. 2018). However,
this was only the case for the condition in which transgene expression was driven
according to the L3 shift pattern. Further, a regulation of SC number via the inhibition
of apoptosis was demonstrated as well (Kubo et al. 2018). Therefore, it was of great
interest to investigate whether apoptosis was the underlying cellular process
regulating SC number in case of modulation of sturkopf protein abundance post

eclosion.

The viral apoptosis inhibitor p35 was overexpressed in a SC-specific manner using
the esg,;Ctrl and esg;35.7 driver lines. At first p35 overexpression was tested in the
sturkopf control background following the standard temperature shift pattern. The

results are depicted in figure 51.
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Figure 51: Quantification of SCs per lobe in mated male flies of the genotype esg,Cfrl (n=62 lobes)
and the crossings esg,; Ctrl / wi-] (n=89 lobes) and esg,Cirl > UAS p35 (n=51 lobes) based on an Abd-
B antibody staining. Flies were kept on 29 °C for 7 days to ensure transgene expression and
afterwards put back to the restrictive temperature of 18 °C for 3 additional days. Depicted data is
based on at least three biologically independent experiments. Mote that the depicted data for esg, Ctrl
and esg,Cirl > w[-] are the same as used in figure 38 as experiments were carried along at the same
time. All p values were obtained by an unpaired two-sample t test with significance levels: ns., p 2
0.05, *p < 0.05, ™p < 0.01, *™™p < 0.001.

SC-specific overexpression of p35 resulted in a highly significant increase in SC
numbers as compared to the respective control crossing esg, Ctrl | wi-].

Of course, it was of particular interest, whether overexpression of the apoptosis
inhibitor rescues the loss of SCs in the sturkopf null mutant background. This
question was addressed by p35 overexpression using the esg;35.7 driver line to test
for a SC rescue.
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Figure 52: Quantification of SCs per lobe in mated male flies of the genotype esg;35.7 (n=74 lobes)
and the crossings esg;35.7 / w[-] (n=11 lobes) and esg,;35.7 > UAS p35 (n=62 lobes) based on an
Abd-B antibody staining. Flies were kept on 29 °C for 7 days to ensure transgene expression and
afterwards put back to the restrictive temperature of 18 °C for 3 additional days. Depicted data is
based on at least three biologically independent experiments. Note that the depicted data for esg;35.7
and esg;35.7 > w{-] are the same as used in figure 41 as experiments were carried along at the same
time. All p values were obtained by an unpaired two-sample t test with significance levels: ns., p 2
0.05, *p < 0.05, ™p < 0.01, "™p < 0.001.

SC-specific overexpression of p35 in the sturkopf mutant background resulted
likewise in a highly significant increase in SC number compared to the control
crossing esg;35.7 | w/-]. The p35-mediated rescue of SC loss which is
comprehendible comparing the homozygous sturkopf mutant line esg;35.7 and the
control crossing esg;35.7 /| w[-], exceeded the number of SCs compared to both the
homozygous sturkopf mutant line as well as the control crossing. For comparative
purposes, SC-specific p35 overexpression in both the sfurkopf control and mutant

background was additionally plotted (figure 53).
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Figure 53: Comparison of SCs per lobe in mated male flies of the crossings esg;Ctrl = UAS p35 (n=51
lobes) and esg,35.7 = UAS p35 (n=62 lobes) based on an Abd-B antibody staining. Flies were kept on
29 °C for 7 days to ensure transgene expression and afterwards put back to the restrictive
temperature of 18 °C for 3 additional days. Depicted data is based on at least three biclogically
independent experiments. Mote that the depicted data are the same as used in figures 50 and 51 and
only plotted for comparison purposes. All p values were obtained by an unpaired two-sample t test

with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

No significant differences were found comparing SC-specific p35 overexpression in

the sturkopf control and null mutant genetic background.

The data indicates that SC survival might be generally regulated via apoptotic
processes which influence the abundance of secondary cells in the adult AG which is
in line with previous findings (Kubo et al. 2018). Furthermore, the data suggests that
loss of SCs in the sturkopf mutant background might occur due to differentially

regulated apoptotic processes.

2.5.2 Secondary cell-specific inhibition of apoptosis during the
sensitive phase of SC physiology as possible regulator
of SC number (“L3 shift”)

Overexpression of p35 was also performed following the L3 temperature shift to test

for potential differences in SC abundance based on earlier transgene expression



(figure 54) which was previously shown to be the case overexpressing the apoptosis
inhibitor DIAP1 (Kubo et al. 2018).
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Figure 54: Quantification of SCs per lobe in mated male flies of the genotype esg,Ctrl (n=60 lobes)
and the crossings esg;Citrl /| wl-] (n=106 lobes), and esg;Ctrl = UAS p35 (n=39 lobes) based on an
Abd-B antibody staining following the L3 temperature shift pattern. Late L3/prepupal were put on 29 °C
and kept on this temperature for 7 days post eclosion to ensure transgene expression and afterwards
put back to the restrictive temperature of 18 °C for 3 additional days. Depicted data is based on at
least three biologically independent experiments. Mote that the depicted data for esg,Ctrd and esg, Ctr
> w]-] are the same as used in figure 47 as experiments were carried along at the same time. All p
values were obtained by an unpaired two-sample t test with significance levels: n.s., p =2 0.05, *p <

0.05, *p < 0.01, **p < 0.001.

Driving SC-specific p35 overexpression during the sensitive phase of SC physiology
resulted in a highly significant increase in SC number in the sturkopf control
background compared to the control crossing esg,Ctrl / w[-] in a similar manner as
already observed for the standard shift (compare figures 51 and 54).

This early transgene expression was also performed in the sturkopf null mutant
genetic background using the esg,;35.7 driver line (figure 55).
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Figure 55: Quantification of SC number per lobe in mated male flies using the sturkopf null mutant
driver line esg;35.7 (n= 47 lobes), the control crossings esg;35.7 / wf-] (n= 58 lobes) and esg;35.7 =
UAS p35 (n= 34 lobes) based on an Abd-B antibody staining following the L3 temperature shift
pattern. Late L3/prepupal were put on 29 *C and kept on this temperature for 7 days post eclosion to
ensure transgene expression and afterwards put back to the restrictive temperature of 18 °C for 3
additional days. Depicted data is based on at least three biologically independent experiments. Note
that the depicted data for esg,Ctrl, esg;Ctrd = w[-], esg,;35.7, esg;35.7 > w[-] are the same as used in
figure 49 as experiments were carried along at the same time. All p values were obtained by an

unpaired two-sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, *™*p < 0.001.
Performing SC-specific p35 overexpression in the sturkopf mutant background led to
a highly significant increase in SC number outrunning SC numbers compared to both
homozygous sturkopf mutant line as well as the corresponding control crossing
esg;35.7 /w[-] which is only heterozygous sturkopf mutant. Again, SC-specific p35
overexpression performing the L3 temperature shift in both the sturkopf control and
null mutant background was visualized for comparative purposes (figure 56).
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Figure 56: Comparison of SCs per lobe in mated male flies of the crossings esg;Ctrl = UAS p35 (n=39
lobes), and esg;35.7 > UAS p35 (n=34 lobes) based on an Abd-B antibody staining following the L3
temperature shift pattern. Late L3/prepupal were put on 29 °"C and kept on this temperature for 7 days
post eclosion to ensure transgene expression and afterwards put back to the restrictive temperature of
18 °C for 3 additional days. Depicted data is based on at least three biologically independent
experiments. Note that the depicted data are the same data used in figures 54 and 55 as experiments
were carried along at the same time. All p values were obtained by an unpaired two-sample t test with

significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, **p < 0.001.

Just as for the SC-specific p35 overexpression following the standard shift, no
significant differences were observed comparing p35 overexpression, both, in the
sturkopf control and mutant background. However, as these findings did not imply
that there are no differences performing the two different temperature shifts, datasets
for both the standard shift and the L3 shift were plotted together to test for potential
differences mediated by the differential transgene expression timepoints.
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Figure 57: Comparison of quantified SCs per lobe of both standard and L3-shifted mated male flies of
the crossing esg,Cirl = UAS p35 (standard shift: n=51 lobes; L3 shift: =39 lobes) and esg,35.7 = UAS
p35 (standard shift: n=62 lobes; L3 shift: n=34 lobes) based on an Abd-B antibody staining. Note that
the depicted graph is merged from the data presented in figures 51, 52, 54 and 55. Depicted data is
based on at least three biologically independent experiments. All p values were obtained by an

unpaired two-sample t test with significance levels: n.s., p 2 0.05, *p < 0.05, **p < 0.01, **p < 0.001.

Comparing SC-specific p35 overexpression for both temperature shifts revealed a
moderately significant increase in SC number overexpressing p35 in the sturkopf
control background performing the L3 shift while no differences in the sturkopf mutant
background were obtained (figure 57). These data suggest that a temperature shift
timepoint-dependent p35 overexpression leads to higher abundance of SCs in
presence of two functional sturkopf alleles, while only one sturkopf allele is not

sufficient to alter SC abundance in a p35 overexpression setting.

2.6 Sturkopf and LDAH can be linked to the ubiquitination
processes demonstrated for PCa

Sturkopf affects a variety of endocrine processes such as insulin and juvenile
hormone signaling. Moreover, it may also affect ecdysone signaling (Werthebach et
al. 2019). The EcR is a crucial factor for AG development and physiology and was
shown to influence SC physiology in a 20HE-dependent and -independent manner.
Beyond that, EcR signaling was hypothesized and in partially shown to share

mechanistical parallels between the demonstrated physiological signaling switch



(Leiblich et al. 2019) and pathophysiological signaling switch of the androgen
receptor (AR) well-known in PCa (Navarro et al. 2002). The dysregulation of the AR
is a key factor in the promotion and progression of PCa (Navarro et al. 2002; Heinlein
and Chang 2004; Culig and Santer 2014). Posttranslational modification, such as
ubiquitination among others, contribute to PCa directly and indirectly via differential
regulation of the AR (e.g., reviewed in (Li et al. 2014a). For instance, three lysine
residues of the AR are known to be ubiquitinated by a variety of E3 ubiquitin ligases
resulting in different E3 ligase-dependent outcomes for the receptor. The two C-
terminal lysine residues K845 and K847 get ubiquitinated by RNF6, SIAH, SKP2,
MDM, and CHIP (Li et al. 2014a) with ubiquitination by SKP2, MDM and CHIP
resulting in proteasomal degradation of the AR, while RNF6- and SIAH2-mediated
ubiquitination enhances the AR transcriptional activity (Li et al. 2014a). Moreover,
one N-terminal lysine residue (K311) was recently identified to be ubiquitinated by
SKP2 which was shown to be critical for AR protein stability and transcriptional
activity (McClurg et al. 2017). Additional factors contributing to AR signaling
regulation and AR stability such as the Canopy FGF signaling regulator 2 (CNPY2)
were recently identified (lto et al. 2018b). CNPY2 inhibits the ubiquitination of the AR
through the E3 ubiquitin ligase myosin regulatory light chain interacting protein
(MYLIP) via interaction with the E2 ubiquitin-conjugating enzyme UBE2D1 in prostate
cancer cells (Ito et al. 2018b). As LDAH was recently shown to affect protein stability
(Goo et al. 2017), which was also hypothesized for Drosophila sturkopf (Werthebach
et al. 2019), it was of interest to investigate whether it is possible to use Drosophila
not only as model to recapitulate the ubiquitination cascade demonstrated for PCa
cells (Ito et al. 2018b), but also to integrate sturkopf or LDAH in this respect since
LDAH was previously associated with PCa initiation, progression and invasiveness
(Currall et al. 2018).

The Drosophila homologs of CNPY2, UBE2D1, and MYLIP namely seele, CG10862,
and defense repressor 1 (dnr1) were tested for conserved inter- and intraspecies
protein interactions. Sturkopf and human LDAH were also included utilizing the
luciferase-fragment complementation assay (Kolkhof et al. 2017). Furthermore,
Drosophila orthologs of several E3 ubiquitin ligases known to ubiquitinate the AR as
well as the nuclear receptor proteins EcR and ERR as potential AR orthologs were

part of this protein-protein interaction study. A visualization of the interactome



Results

network is depicted in figures 58 and data for selected interactions in plotted in figure
59, respectively.

Drasophila human

Figure 58: Representation of a conserved interactome of Drosophila proteins and the human
counterparts of a ubiquitination cascade demonstrated in PCa. Continuous lines represent
experimentally assessed interactions identified using the split luciferase complementation assay,
dotted lines show interactions which were identified by others (Kovalenko et al. 2019; lto et al. 2018b).
Dark blue lines represent strong interactions, medium blue lines are showing interactions categorized

as significant and light blue lines show weak interactions.

81



B 300+

atrong interaction (=250 %)
5 =
strang interaction (=250 %) k=1
g significant interaction {100-250 %)
B
—_ e ]
significant interaction (100-250 %) § - :| weak interaction (T0-100 %)
[ « =
" T weak interaction (70-100 %) o no interaction (<70 %)
_|ne migraction (=70 %) —
F GV P
kY (}\ \:?.:

significant inbaraction (100-250 %)

significant inleraction (100-250 %)

| weak interaction (70-100 %)
mn inbrractinn (<70 %)

Figure 59: Selected protein-protein-interaction data of the interactome network presented in figure 58.
(A) Conservation of protein-protein interactions in Drosophila of a ubiquitination cascade
demonstrated in PCa (lto et al. 2018b). (B) Recapitulation of the human protein-protein interactions
demonstrated in PCa cells (Ito et al. 2018b). (C) Protein-protein interaction data to test for interspecies
interaction conservation of the selected proteins shown in (A) and (B). Data was normalized to the
known zipper-zipper interaction (Kolkhof et al. 2017) and thresholds for the determination of

interactions were set accordingly (Kolkhof et al. 2017).

Significant protein-protein interactions between the human candidate proteins
CNPY2, UBE2D1 and MYLIP as demonstrated by Ito and colleagues were identified
using the split luciferase complementation assay (lto et al. 2018b) (figures 58 and
59B). It was further possible to recapitulate this previously published interaction
network using the Drosophila orthologs seele, CG10862, as well as dnr1 (figures 58
and 59A). Interactions were not only tested for intraspecies protein-protein
interactions but also in an interspecies-dependent manner. The interspecies
conservation between tested Drosophila and human proteins was identified when
tested for interaction (figures 58 and 59C). Sturkopf and LDAH were also included in
this respect due to the evidence that human LDAH was associated with the
occurrence and progression of prostate cancer (Currall et al. 2018). Both, sturkopf
and LDAH, are known to be linked to the ubiquitination machinery (Kolkhof et al.



2017; Goo et al. 2017). Both very strongly interacted with seele and/or CNPY2, which
may point towards a role of sturkopf/LDAH in the tested interaction cascade. EcR and
ERR were also included as potential orthologs of the AR (figure 58). Especially for
ERR, an interaction network comprising sturkopf, seele, as well as LDAH and CNPY2
could be identified. The EcR was only identified to interact with seele within the scope
of this protein-protein interaction study. Additionally, the Drosophila E3 ubiquitin
ligases dSKP2, dRNF11 and dRNF38 which are orthologs of the human SKP2 and
eventually RNF6 E3 ubiquitin ligases known to ubiquitinate the AR (Li et al. 2014b;
Xu et al. 2009) were included. For these E3 ubiquitin ligases, interactions with

sturkopf, seele, and ERR were identified within the presented interactome model.

All in all, the presented interactome model revealed intra- and interspecies
conservation of the interaction network previously demonstrated in PCa cells (lto et
al. 2018b). Furthermore, the inclusion of sturkopf or LDAH within this network
revealed strong interactions of both sturkopf and LDAH with the main component
seele/CNPY2 as well as the nuclear receptor ERR and different E3 ubiquitin ligases.
These results pave a path to evaluate a potential role of sturkopf or LDAH regarding

ubiquitination processes and in PCa progression and/or initiation.



3 Discussion

Lipid droplets (LDs) have recently gained recognition as highly diverse and dynamic
organelles. They have a unigue structure comprising a hydrophobic core of neutral
lipids which is enveloped by a phospholipid monolayer with proteins attached (Beller
et al. 2006; Henne et al. 2018; Olzmann and Carvalho 2019). LDs are in charge of
regulating storage and remobilization of neutral lipids on a cellular level (Farese and
Walther 2009; Thiam and Beller 2017).

Besides playing a major role in lipid metabolism and energy homeostasis, LDs serve
various other functions. They function as a reservoir for metabolic building blocks
(Welte and Gould 2017), contribute to ER protein homeostasis (Welte and Gould
2017), and are involved in degradation or act as sequestration sites for proteins or
lipids (Welte and Gould 2017). The LD-associated proteins (LDAPs) are key to LD
functionality and diversity. While some LDAPs such as proteins of the perilipin-protein
family (Greenberg et al. 1991; Londos et al. 1999; Brasaemle et al. 2009; Naijt et al.
2022) have are well characterized and associated with lipid metabolism, other
proteins and their functions are less known in this matters. Apart from lipid
metabolism, some LDAPs were found to play important roles in diverse fundamental
biological processes affecting organismal physiology profoundly (Werthebach et al.
2019; Currall et al. 2018). Thus, it is not surprising that a variety of pathophysiological
conditions including various types of cancer are associated with LDs in general
(Petan 2020) and with the deregulation of specific LDAP functions (Currall et al.
2018).

One LDAP affecting organismal physiology rather than lipid metabolism is the
Drosophila LDAP sturkopf (Werthebach et al. 2019). This protein belongs to a highly
evolutionary conserved protein family of annotated serine hydrolases/lipases
harboring a typical catalytic triad with a putative catalytically active serine (Thiel et al.
2013; Goo et al. 2014). However, several studies argue against such an enzymatic
function of the protein as no clear-cut effects on lipid metabolism were identified
neither for sturkopf in Drosophila nor for the mammalian ortholog LDAH (lipid droplet
associated hydrolase) in mice (Thiel et al. 2013; Kory et al. 2017; Werthebach et al.
2019). Interestingly, mutation in the gene locus of the mammalian homolog LDAH
(lipid droplet associated hydrolase) correlate with the initiation and progression of

prostate cancer (Takata et al. 2010; Innocenti et al. 2011; Lindstrom et al. 2012; Long



et al. 2012; Wang et al. 2013; Shui et al. 2014; Penney et al. 2015; Du et al. 2016;
Currall et al. 2018). To date, the molecular mechanism of how loss of this LDAP is
involved in prostate carcinogenesis is, however, not understood. Within the scope of
this work, the Drosophila LDAH homolog sturkopf was, hence, studied to identify a
potential molecular mechanism of how loss of sfturkopf affects proliferation and
endocrine physiology. The aim was to contribute to a better understanding of how
loss of mammalian LDAH promotes prostate carcinogenesis. Various in vitro and in
vivo approaches were applied to unravel the unclear role of this LDAP in tumorigenic
processes. The work further illustrates how the Drosophila accessory gland and
sturkopf can be used as means to model the role of human LDAH in the initiation and

promotion of prostate carcinogenesis.

3.1 The Drosophila accessory gland as a model tissue to

study prostate cancer-relevant aspects
Prostate cancer (PCa) is the second most frequent neoplastic malignancy affecting
older men primarily and is the fifth leading cause for cancer-related deaths (Smith et
al. 2000; Luining et al. 2022). Like many types of cancer, it is characterized by an
uncontrolled growth of prostate cells, ultimately leading to pain or other symptoms
affecting physiological processes such as urination or ejaculation (Rebello et al.
2021). Androgen signaling through the androgen receptor (AR) is known to be one of
the key factors both for the normal prostate physiology as well as for prostate cancer.
In early-stage PCa hormone-deprivation therapy is the therapeutic method of choice
(Huggins and Hodges 1972) as emerging PCa depends on androgen signaling for its
growth and metastatic capacity (Culig and Santer 2014). Over time, PCa cells
acquire hormone-independence resulting in castration-resistant prostate cancer
(CRPC) (Crowley et al. 2021). As manifestations in the initial phase of prostate
carcinogenesis are likely asymptomatic, the disease often gets detected in late
stages. More than 95 % of PCa are of epithelial origin, characterized as
adenocarcinomas by definition, while less than 2 % of PCa derive from
neuroendocrine cells of the prostate (Grignon 2004). The evolution of prostate cancer
is marked by its initiation, promotion, and progression. The initiation is likely
characterized by loss-of-function mutation in tumor suppressor genes of one cell,
laying the foundation for carcinogenesis. Normally, a mutation cannot be repaired as

it is possible for DNA damage caused by both endogenous and exogenous noxae



such as ionizing radiation or the exposure to chemicals (Saini 2015). The only way
for the cell to abolish of the mutation is to undergo apoptosis, the programmed cell
death (Ulukaya et al. 2011). The mutation in a tumor suppressor gene, such as p53
or PTEN, results in excessive proliferation of the affected cell which is one of the
most distinguishing features of cancer cells (Hanahan and Weinberg 2000). Genomic
studies revealed more than 2000 genetic alterations for primary PCa and more than
9000 alterations for CRPC, illustrating the genetic heterogeneity of PCa (van Dessel
et al. 2019). The most frequent genetic alterations of PCa include loss of function of
different tumor suppressors such as NKX3.1 (Bethel et al. 2006) or PTEN (Yue et al.
2014; Jamaspishvili et al. 2018), as well as gene fusions such as ETS-related gene
ERG and serine protease TMPRSSZ2 (TMPRSS2-ERG) being the most frequent
fusion in PCa (Fang et al. 2022). Besides genetic factors characterizing the nature of
the tumor, other factors including the tumor microenvironment as well as the immune
system are key factors determining the diversity of PCa (Rambur et al. 2021). as well
as these factors have significant impact on therapy success (Rambur et al. 2021). It
is, therefore, of utmost importance to use suitable model systems to study different

aspects of PCa accurately.

The existing model systems to study prostate cancer include different 2-D PCa cell
lines, 3-D PCa organoids/spheroids and several mouse models including xenografts
as well as genetic mouse models (Wilson et al. 2017; Rambur et al. 2021). These
models have advantages and disadvantages depending on the research focus. While
2-D cell culture is routinely used to gain insight into functional and mechanistic
processes, these models are unable to reproduce the entirety and complexity of the
tumor (Rambur et al. 2021). Furthermore, cell lines are mainly derived from
metastatic lesions, making them inappropriate measures to study early steps of
prostate carcinogenesis (Rambur et al. 2021). 3-D cell culture models such as
organoids and spheroids, in turn, represent cell culture models which are closer to
the native tumor because of a (partial) conservation of tumor heterogeneity, cell
morphology as well as cell-cell and cell-matrix interactions (Rambur et al. 2021).
However, these 3-D cell models are not fully established PCa models and the usage
of highly aggressive cell lines complicate the study of early steps of PCa (Rambur et
al. 2021). In vivo mouse models represent a tool to study the complexity of prostatic
tumors which take factors such as the tumor microenvironment, its heterogeneity, an

intact immune system, and a functional interaction of the tissue with other organs



within a complex organism into account (Wilson et al. 2017; Rambur et al. 2021).
However, disadvantages become obvious when taking the time-consuming process
to develop a tumor, the differential organization of the mouse prostate, and genetic
redundancies between humans and mice which complicate signaling pathway

analysis into consideration (Wilson et al. 2017; Rambur et al. 2021).

For several decades, Drosophila has been used extensively to study various human
diseases including different types of cancer (Halder and Mills 2011; Mirzoyan et al.
2019). More recently, the accessory gland of the fruit fly is used as model tissue for
the study of aspects regarding prostate cancer (Ito et al. 2014). Since then, this organ
became a widely accepted model to study different aspects of the human prostate
and prostate cancer (lto et al. 2014; Wilson et al. 2017; Leiblich et al. 2019; Rambur
et al. 2020; Rambur et al. 2021). It is not only the functional analog of the human
prostate contributing factors to the seminal fluid and to mating success (Gligorov et
al. 2013; Sitnik et al. 2016), but is also entirely comprised of epithelial cells which are
the known cellular origin of the majority of PCa (Grignon 2004). The gland consists of
two dead-end lobes which are comprised of two binucleate and postmitotic cell types,
i.e., the highly abundant main cells (MCs) comprising roughly 95 % of the entire
gland, and the much less frequent secondary cells (SCs) with a proportion of only 5
% of the tissue (Bertram et al. 1992). The prostate, in contrast, comprises three
different cell types (Long et al. 2005). Basal and luminal cells are the most abundant
cells in the prostate, whereas neuroendocrine cells occur to a much smaller extent
(Long et al. 2005). However, the lower cellular diversity of the accessory gland limits
modelling the complexity of, both, the prostate and its microenvironment (Rambur et
al. 2021), but represents a simplified model with few genetic redundancies to
investigate generalized processes and mechanisms of epithelial carcinogenesis such
as basal extrusion, on the other hand (Rambur et al. 2020).

Secondary cells have been particularly used to study prostate cancer-relevant
aspects. For instance, they have been used as platform to perform a genetic screen
with regulators of prostate cancer progression (lto et al. 2014). Within this screen,
three genes were identified which promoted SC growth and migration namely seele,
MrgBP (MRG/MORFA4L binding protein), and Semp-1 (seminal metalloprotease-1)
(lto et al. 2014). For the human orthologs of these identified genes (Canopy FGF
signaling regulator 2 [CNPYZ2], MRG domain binding protein [MRGBP), and Meprin A



subunit a [MEP1A]), there is evidence showing an involvement in the initiation and/or
progression of other cancers such as colorectal cancer (Résmann et al. 2002;
Yamaguchi et al. 2011) and glioma (Bornhauser and Lindholm 2005). These genes
also promote invasion capacity in the 22Rv1 prostate cancer cell line (lto et al. 2014),
indicating that the SC of the AG can be used as a means to study AR signaling-
independent aspects of PCa because androgen signaling through the androgen

receptor is not present in Drosophila (Rambur et al. 2021).

SCs are filled with granules for the secretion of different factors into the seminal fluid
via exosomes or regular excretion (Wilson et al. 2017). SC migration through the
accessory gland is enhanced due to mating of the flies (Leiblich et al. 2012; Leiblich
et al. 2019). Both, exosomes and migration have profound roles implicated in cancer
biology (Dai et al. 2020; Liu et al. 2021; Friedl and Wolf 2003; Wu et al. 2021), thus
offering the opportunity to use the accessory gland to study basal, however
potentially conserved mechanisms of these processes. Growth or endoreplication of
SCs was also observed in previous studies (Leiblich et al. 2012; Leiblich et al. 2019).
Endoreplication is also a very common phenomenon of cancer cells (Zhang et al.
2022). In the SCs of the accessory gland, growth is dependent on the steroid
hormone ecdysone in virgin male flies which switches to hormone-independent
steroid receptor-mediated growth upon mating (Leiblich et al. 2019), suggesting
mechanistic parallels between this physiological signaling switch and altered
pathological signaling as it is known for CRPC (Leiblich et al. 2019). However, as
signaling in the accessory gland of Drosophila is mediated through ecdysone and its
corresponding receptor (EcR), and signaling in the human prostate, in turn, is
dependent on testosterone and the androgen receptor (AR), studies regarding PCa

mechanisms involving AR-signaling still appear difficult (Rambur et al. 2021).

All in all, the AGs of Drosophila represent suitable model to study certain aspects of
prostate carcinogenesis. Its use as easily accessible, simplified in vivo model has the
opportunity to study conserved fundamental processes including general steps of
epithelial carcinogenesis or exosome biology (Rambur et al. 2021; Wilson et al.
2017). Recent research proved a causal association between the loss of the LDAP
LDAH (lipid droplet associated hydrolase) and the initiation and progression of
prostate cancer (Currall et al. 2018). Moreover, the Drosophila LDAH ortholog



sturkopf is prominently expressed in the AG and influences a variety of processes

regulating organismal endocrine physiology (Werthebach et al. 2019).

As deregulation of endocrine signaling is a hallmark of prostate cancer (Heinlein and
Chang 2004; Culig and Santer 2014; Michaud et al. 2015; Dai et al. 2017) the AG of
Drosophila represents a suitable model system to study sturkopf-mediated effects of
prostate cancer-relevant aspects such as a deregulation of ecdysone signaling.
Ecdysone is known to mediate a variety of signaling processes which are essential
for proper accessory gland development and function (Sharma et al. 2017). As stated
earlier, it is not possible to homologize ecdysone signaling through the associated
EcR and androgen signaling through the AR (Rambur et al. 2021). However, it is
assumed that the regulation of both signaling pathways underlie at least partially
conserved mechanisms (Leiblich et al. 2019). As an impairment of ecdysone
signaling was hypothesized for sturkopf LOF animals (Werthebach et al. 2019), the
accessory gland is an interesting model tissue to investigate effects of such

deregulation mediated by sturkopf loss of function.

3.2 The role of sturkopf in cell proliferation

Genome-wide association studies have identified several prostate cancer risk-
associated single-nucleotide polymorphisms (SNPs) in the gene locus of the human
sturkopf orthologous gene, C2o0rf43 (Takata et al. 2010; Innocenti et al. 2011;
Lindstrom et al. 2012; Long et al. 2012; Wang et al. 2013; Shui et al. 2014; Penney et
al. 2015; Du et al. 2016). However, these associations were first put into causal
context in 2018, when Benjamin Currall and colleagues presented an early-onset
prostate cancer patient with a de novo, germline, balanced chromosomal
translocation in the LDAH gene (Currall et al. 2018). In this study, LDAH was also
studied using different in vifro and in vivo approaches regarding its role in
proliferation, migration and invasion capacity in prostate carcinogenesis (Currall et al.
2018). Changes in the aforementioned processes were analyzed by performing
transient LDAH knockdown in RWPE-1 cells and LDAH overexpression in PC3 cells.
The RWPE-1 cell line is a non-tumorigenic prostate cell line with a high endogenous
LDAH expression, while the highly tumorigenic line PC3, in contrast, exhibits lower
endogenous LDAH expression (Currall et al. 2018). While knockdown of LDAH was
shown to highly increase proliferation of RWPE-1 cells, migration and invasion

capacity was unaffected (Currall et al. 2018). On the contrary, overexpression of



LDAH in the PCa cell line PC3 resulted in the opposite effect as proliferation was
significantly decreased in these cells (Currall et al. 2018). Furthermore, cell migration
as well as invasion was significantly reduced upon LDAH overexpression (Currall et

al. 2018) which are aspects usually characterizing this prostate cancer cell line (Zi et
al. 2005; Tai et al. 2011; Raja Singh et al. 2017).

Analogous experiments regarding proliferation in Drosophila S2R+ cells using the
Drosophila LDAH ortholog sturkopf revealed an impact of altered sturkopf protein
levels on cell proliferation likewise (figures 7 and 8). Upon overexpression of wild
type sturkopf in S2R+ cells, a significant decrease in cell proliferation was obtained
which is in line with the overexpression of human LDAH in PC3 cells (Currall et al.
2018). Heterologously expressed human LDAH was unable to induce changes in
proliferation behavior when overexpressed in Drosophila S2R+ cells. The
overexpression of the sturkopf(S119A) truncation construct in which the hypothetical
catalytic serine is mutated (Thiel et al. 2013) did not result in any significant changes
regarding proliferation. The changes in proliferation observed for wild type sturkopf
overexpression and also likely for human LDAH overexpression in prostate (cancer)
cell lines (Currall et al. 2018) can, thus, be traced back to the putative enzymatic
function of the proteins as the amino acid exchange S119A abolishes the increase in
proliferation. The inclusion of the sturkopf(16K2R) construct in which all 16 lysines
were mutated to arginines, 9 of which are located in the C-terminus (Kolkhof et al.
2017), revealed a significant increase in proliferation of the S2R+ cells. The C-
terminus of sturkopf is of importance for the protein function as sturkopf
overexpression was shown to induce a LD clustering phenotype (Thiel et al. 2013). At
least two lysine residues (K271 and K280) located in the C-terminus of the protein
can get ubiquitinated (Kolkhof et al. 2017). However, an amino acid exchange of
these two lysine residues to arginines (K271R and K280R) is unable to abolish the
LD clustering (Werthebach 2019). The amino acid exchange of all sturkopf lysine
residues to arginines (16K2R) abolishes this clustering phenotype (Kolkhof et al.
2017; Werthebach 2019). This suggests that further lysine residues of the protein on
top of the two residues K271 and K280 must be ubiquitinated, on the one hand, and
that the C-terminal lysine residues are required for the induction of LD clustering, on
the other hand, which is likely mediated through homo-dimerization of sturkopf
(Kolkhof et al. 2017; Werthebach 2019). Considering the fact that the protein was
presumably unable to be ubiquitinated (Kolkhof et al. 2017) the data obtained for



sturkopf(16K2R) regarding proliferation was particularly intriguing as this finding
resembles the proliferation behavior observed in human cell culture upon LDAH
knockdown (Currall et al. 2018). Hence, the mediated effects on proliferation might
be dependent on a synergistic effect of the putative enzymatic function, the C-
terminus of sturkopf as well as ubiquitination processes. Similarly, the C-terminus of
mammalian LDAH was shown to be required for ubiquitination-dependent protein
stability regulation of the major triacylglycerol lipase ATGL. In terms of proliferation, a
similar sturkopf/lLDAH-mediated stability regulation of an yet unknown target protein
could have resulted in the observed proliferation decrease upon sturkopf (figure 7)
and LDAH overexpression (Currall et al. 2018). Overexpression of sturkopf(S119A)
did not alter the proliferation behavior of the cells, yet harboring a functional C-
terminus (Thiel et al. 2013) arguing against a role of a functional C-terminus in
proliferation. However, with regard to the LD clustering phenotype observed for
sturkopf overexpression (Thiel et al. 2013), the point mutation of the putative catalytic
serine S119 was demonstrated to counter-balance induction of LD clustering (Thiel et
al. 2013). Consequently, the putative catalytic serine at position 119 and the C-
terminus act in an antagonistic manner pertaining to LD clustering. This might also
serve as an explanation for the inability of the sturkopf(S119A) construct to induce
proliferation changes suggesting a synergistic effect mediated through both the still
unknown enzymatic function of sturkopf and a fully functional C-terminus. To test this
hypothesis, a double mutant construct both harboring the mutation in the putative
catalytical serine at aa119 as well as the 16K2R modification could be generated to
analyze whether this combination has a differential influence towards proliferation. It
is noteworthy, that the described decrease in proliferation upon sturkopf
overexpression could also be the result of increased cell death events as crystal
violet experiments only assay cell presence. This possibility applies also to the
analogous experiments in human cell culture (Currall et al. 2018) and should be
addressed in future studies.

Interestingly, the proliferation behavior changed completely in response to OA
loading of the cells (figures 9 and 10). The induction of LDs and, thus, the
translocation of sturkopf on LDs (Thiel et al. 2013; Goo et al. 2017) resulted in a
significant increase in cell proliferation upon wild type sturkopf overexpression,
whereas all other tested constructs did not show any difference in proliferation

behavior. These results suggest that sturkopf has different modes of action regarding



proliferation depending on its localization. While mostly located in the endoplasmic
reticulum as it is probably the case for the data presented in figure 7, sturkopf
overexpression suppressed proliferation of the cells. However, relocation of sturkopf
onto LDs increased proliferation (figure 9) indicating that the observed suppression of
proliferation upon sturkopf overexpression is regulated when localized in the ER,
while sturkopf overexpression enhances proliferation upon lipid loading of the cells
and translocation of sturkopf onto lipid droplets consequently (figure 9). However, for
the overexpression of sturkopf(16K2R) it was expected to also promote proliferation
of OA-treated cells similar to the untreated condition (figure 7). Assuming that the
abolishment of C-terminal lysine residues is (co-)responsible for the proliferation
increase as seen in figure 7, an increase in proliferation was also expected, which
was, however, not the case. Overexpression of sturkopf(S119A) in OA-treated cells
did not alter the proliferation behavior. Again, this finding points towards an important
role of the hypothetical enzymatic function of sturkopf regarding proliferation.
Alternatively, an antagonistic effect of the enzymatic core of sturkopf and its C-

terminus (Thiel et al. 2013) is also here conceivable.

Certainly, it would also be of interest to investigate whether a sturkopf knockdown in
S2R+ cells result in increased cell proliferation under basal conditions demonstrated
for LDAH knockdown before (Currall et al. 2018). As the heterologous human LDAH
overexpression did not alter the proliferation behavior of the cells in both tested
conditions (figures 7 and 9), it could be supposed that human LDAH is not able to
phenocopy the effects on proliferation which were obvious for sturkopf
overexpression. This could be due to the cellular system used. The use of S2R+
cells, which are cells derived from male Drosophila embryos on the verge of hatching
(Yanagawa et al. 1998), might not be ideal to study human LDAH-induced
proliferation changes with regards to prostate cancer as demonstrated in prostate cell
lines (Currall et al. 2018). Even sturkopf overexpression using this cellular system
was not ideal considering a role of sturkopf in the accessory gland as model to study
prostate cancer-relevant processes. ldeally, an accessory gland-derived cell line
should be utilized in this particular case to be able to recapitulate the experiments
shown for LDAH overexpression/knockdown and the effects on proliferation (Currall
et al. 2018). However, the purpose of these experiments was to test for a potential
capacity of Drosophila sturkopf to alter proliferation upon protein abundance

alterations. As changes in sturkopf protein levels were shown to influence



proliferation regardless of the cellular system (figures 7 and 9), it allows for studying
the role of a lipid droplet-associated protein in terms of proliferation changes in the

context of prostate cancer in a different cellular model system.

3.3 The impact of sturkopf on ecdysone signaling

In a study of 2019, sturkopf was characterized towards its role in organismic
physiology (Werthebach et al. 2019). An involvement of sturkopf in a variety of
processes affecting endocrine physiology was demonstrated (Werthebach et al.
2019). Within this study a model of sturkopfs mode of action with regards to
endocrine physiology regulation was proposed (figure 60).

sturkopf[35.7]

\ ]
‘Ecdysone dFUxOT

Figure 60: Hypothesized sturkopf LOF working model. The sturkopf mutant state JHEH activity is
increased which in turns reduces JH signaling. 11S signaling is also reduced, potentially via lowered
ecdysone signaling. The reduction in IIS signaling results in increased nuclear localization, and thus
activity of dFox0O (modified from Werthebach et al. (2019) with permission of the journal, as it “is under
the terms of Creative Commons CC-BY (CC-BY 4.0) license which permits unrestrictive use [...]

provided the original work is properly cited” Copyright Clearance Center, Inc.).

Without any concrete experimental evidence, it was hypothesized that ecdysone
signaling might be reduced in the sturkopf mutant state (Werthebach et al. 2019).
The putative reduction or impairment in ecdysone signaling was still to be proven.
Besides juvenile hormone, ecdysone is one of the two major hormones regulating
development by orchestrating developmental transitions, particularly during
metamorphosis (Riddiford et al. 2000; Mirth and Shingleton 2012). It also fulfils
diverse roles in adult flies (Schwedes and Carney 2012) by affecting the male



germline (Qian et al. 2014) and male courtship behavior (Ganter et al. 2011) amongst
others. Furthermore, ecdysone and its associated receptor (EcR) are essential for the
proper development of the accessory gland (Sharma et al. 2017; van Lommel et al.
2022). Endoreplication of SCs is dependent on the EcR and ecdysone signaling in
virgin male flies (Leiblich et al. 2019). RNAi-mediated EcR knockdown leads to a
highly significant reduction of nuclear growth in the secondary cells of the accessory
gland upon (Leiblich et al. 2019). As a reduction in ecdysone signaling was proposed
for sturkopf mutant animals, it was of interest to investigate whether the sturkopf LOF
resulted in similar findings. Indeed, a highly significant reduction in nuclear size and,
thus, of SCs was observed in sturkopf null mutant animals (figures 19B and 20)
which might be due to lowered ecdysone signaling. Interestingly, the main cell
nuclear area, which also needed to be determined for the evaluation of SC
endoreplication, is significantly increased in the sturkopf mutant state (figure 19A).
These cells are, as well as the SCs, of epithelial origin (Wilson et al. 2017; Rambur et
al. 2021). While most studies focus on the SCs using the AGs as PCa model, the
main cells might also be an interesting target to focus on in this specific regard. Main
cells make up more than 95 % of the entire gland (Bertram et al. 1992) and the
majority of prostate cancers arise from the most abundant cells in the prostate
(Grignon 2004).

The alterations of endoreplication represented first tangible experimental data hinting
towards perturbed ecdysone signaling in sturkopf mutant animals. The impairment in
ecdysone signaling was further investigated via the measurement of 20-
hydroxyecdysone hemolymph titers. A highly significant reduction in ecdysone
hemolymph titers in sturkopf null mutant males could be discovered (figure 25). In
female flies, however, no significant changes were observed (figure 25). Many of the
phenotypes discovered in sturkopf mutant animals such as the early stochastic death
are sex-specific and affect males more drastically than females (Werthebach et al.
2019). Taking the lowered ecdysone titers as well as the reduced endoreplication in
sturkopf mutant males into consideration, this data partially indicate an impairment in
ecdysone signaling. Further data such as the increase in trehalose levels which was
exclusively found in sturkopf mutant males also hint towards this hypothesis
(Werthebach et al. 2019). Trehalose is a nonreducing disaccharide and comprises
the main sugar in insects hemolymph (Becker et al. 1996). Trehalose catabolism was

shown to be regulated by ecdysone signaling in a dose-dependent manner



(Nishimura 2020; Li et al. 2020). The delay in developmental timing observed in
sturkopf mutant animals was associated with altered JH signaling (Werthebach et al.
2019). However, it could also be an indication of perturbed ecdysone signaling which
was also hypothesized (Werthebach et al. 2019). As juvenile hormone signaling and
ecdysone signaling are closely interwoven during development especially (Dubrovsky
2005), further research is needed to discriminate between effects mediated by

altered JH signaling and ecdysone signaling in sturkopf mutant animals.

The data obtained for differential expression of ecdysone target genes, however,
argue against this hypothesis (figure 24). No significant differences in transcript
expression of the ecdysone downstream target genes E74A, E75A, and E75B as well
as the EcR were found in accessory glands sturkopf mutant males. However, these
results require further revision due to the high standard deviation obtained assessing
the gene expression data (figure 24). In contrast, the transcript expression of juvenile
hormone epoxide hydrolases (JHEH) 1-3 revealed a 1.5-fold increase in JHEH1
expression in sturkopf mutant accessory glands, while the expression of the other
two JHEH2 and JHEH3 was unaffected (figure 23). JHEHs degrade juvenile hormone
via hydrolysis of the functional epoxide group into diols (Ottea et al. 1987).
Previously, interactions between all three JHEH and sturkopf were shown (Kolkhof et
al. 2017; Werthebach et al. 2019; Guruharsha et al. 2011). Juvenile hormone
regulates ecdysone synthesis (Mirth et al. 2014), providing another hint for impaired
ecdysone signaling. A FACS-based isolation of SC RNA based on endogenous GFP
reporter expression of genetically engineered male Drosophila (Immarigeon et al.
2019) may be used in future studies to analyze other target genes such as the
Halloween genes, which are essential for ecdysone synthesis (Rewitz et al. 2006)

and their expression in the sturkopf LOF background.

Ecdysone is primarily produced in the prothoracic glands (Huang et al. 2008).
However, growing evidence suggest SCs as a site of ecdysone synthesis (Hentze et
al. 2013; Leiblich et al. 2019) and ecdysone signaling was almost exclusively studied
in SCs (Hentze et al. 2013; Sharma et al. 2017; Leiblich et al. 2019). Furthermore, a
significant reduction in SCs was determined in sturkopf mutant males (e.g., figures 12
and 16), which will be discussed later in greater detail. It is, however, questionable in
how far this reduction of SCs as potential sites of ecdysone synthesis might influence

of the overall hemolymph ecdysone titers. Thus, the FACS-based isolation of SCs



(Immarigeon et al. 2019) could serve as helpful measure to study ecdysone signaling

in SCs exclusively.

3.4 Sturkopf-mediated protein stability regulation

Sturkopf as well as LDAH have been assumed to regulate protein stability
(Werthebach et al. 2019; Goo et al. 2017). For LDAH, an involvement in stability
regulation of the major triacylglycerol lipase ATGL (adipocyte triglyceride lipase)
(Zimmermann et al. 2004) was identified (Goo et al. 2017). Overexpression of LDAH
results in an enhancement of ATGL polyubiquitination (Goo et al. 2017). This results
in the proteasomal LDAH-mediated degradation of ATGL (Goo et al. 2017) via the
proteasome-ubiquitin pathway consequently (Olzmann et al. 2013; Dai et al. 2013).
However, ATGL is protected from proteasomal degradation when bound to LDs
(Olzmann et al. 2013; Li et al. 2014c). In theory, this polyubiquitination could be
traced back to a direct effect of LDAH on protein ubiquitination e.g., via a LDAH-
mediated recruitment of E3 ubiquitin ligases. However, in the fruit fly sturkopf has a
higher affinity to LDs than brummer (Thiel et al. 2013; Kory et al. 2015), i.e., the
ATGL ortholog in Drosophila. Polyubiquitination of ATGL may emanate from physical
properties such as competition of LD binding sites resulting in cytoplasmatic
sequestration of the protein and hence its proteasomal degradation (Goo et al. 2017).
However, the latter does not necessarily exclude a potential role of sturkopf/lLDAH in
ubiquitination processes because these results were mainly generated using
overexpression constructs of sturkopf and brummer (Thiel et al. 2013; Kory et al.
2015) and not with endogenously expressed protein levels which may be more
promising in identifying a putative role of sturkopf-/LDAH-mediated ubiquitination of
brummer/ATGL. Furthermore, the hypothesis of protein crowding and competition of
LD-binding sites would only apply to LDAPs. Sturkopf was assumed to reinforce
protein stability of the JHEH enzymes as visualized in figure 60 (Werthebach et al.
2019). These enzymes do not belong to the family of LDAP. The sturkopf/lLDAH-
mediated regulation of protein stability might, thus, be due to an actual function of the

proteins.

As mentioned before, sturkopf LOF was assumed (Werthebach et al. 2019) and
proven by circumstantial evidence (figures 20 and 25) to impair ecdysone signaling.
As ecdysone signaling functions through the binding of 20-hydroxyecdysone to its
associated heterodimeric receptor, comprised of EcR and USP (ultraspiracle) (Yao et



al. 1992; Yao et al. 1993a), the impairment in ecdysone signaling due to sturkopf
LOF may also be influenced by differentially regulated EcR protein abundance.
Although transcript expression of EcR was not altered in accessory glands of sturkopf
loss of function males (figure 24) this did not necessarily exclude a putative sturkopf-
mediated influence on EcR protein stability. Investigating of EcR protein stability
regulation aimed at monitoring protein degradation based on cycloheximide-chase
experiments using S2R+ cells (figure 27) (Buchanan et al. 2016). To further test for
ubiquitination-mediated proteasomal degradation of the EcR, cycloheximide-
treatment was complemented using the proteasome inhibitor MG132 (Lee and
Goldberg 1998). Furthermore, Pyr41, as an inhibitor of ubiquitin-activating enzymes
(E1) (Yang et al. 2007) for the inhibition of the ubiquitin-proteasome system was
included. Using an antibody against common EcR isoforms, an instant isoform-
specific reduction EcR-A/B1 protein signal could be observed, while EcR isoform B2
protein levels slowly reduced over the course of time (figure 27). EcR-A gets
ubiquitinated and degraded via the proteasomal system (Gradilla et al. 2011).
However, as no differences in the MG132- and Pyr-41-treated cells compared to the
DMSO-treated control became apparent, it was impossible to draw conclusions on
EcR protein stability regulation via ubiquitination of the different isoforms detected
with the antibody. Originally, an increase in protein levels was expected for the

MG132- and Pyr-41-treated conditions over time.

To test for differences in EcR protein levels directly, the stably transfected cells
overexpressing different sturkopf variants were analyzed (figure 28). Interestingly,
differences in EcR protein abundance were evident. Overexpression of wild type
sturkopf, as well as sturkopf(S119A) and human LDAH increased the protein
abundance of EcR A/B1. Overexpression of the sturkopf(16K2R) variant, in contrast,
did not change EcR protein abundance at all. This indicates a stabilizing function of
sturkopf on the EcR which might be associated with the C-terminal function of
sturkopf and its capability to get ubiquitinated (Kolkhof et al. 2017). In line with the
hypothesis that sturkopf(16K2R) overexpression “phenocopies” the LDAH
knockdown in mammalian cell culture system resulting in an increase in cell
proliferation (figure 7, (Currall et al. 2018)). A stabilizing role for EcR of this sturkopf
variant could not be determined. As a result, this construct may function as a
“dominant negative” sturkopf variant. In this case, one might expect a reduction in

EcR protein abundance for this specific condition. However, these cells overexpress



sturkopf(16K2R) on top of endogenous sturkopf protein expression (FlyBase, version
FB2022_05). The EcR protein expression apparent in figure 28 for sturkopf(16K2R.)
overexpression does not differ from EcR protein levels in the control cell line. The
absence of a sturkopf(16K2R)-mediated effect could also be a result of the
overexpression magnitude of this construct as it showed the weakest overexpression

of all stable cell lines generated (figure 6).

Beyond that, a direct interaction of sturkopf and EcR as well as USP, as the second
component of a functional EcR heterodimeric nuclear receptor, was tested (figure
26). This protein could serve as an additional indication of a sturkopf LOF-associated
impairment in ecdysone signaling. No direct interaction between sturkopf and neither
EcR, nor USP, was identified (figure 26B). Interestingly, a direct interaction between
sturkopf and the estrogen-related receptor (ERR) was found in this context. This
receptor is considered a potential ortholog of the human androgen receptor
compared to the EcR (FlyBase, version FB2022_05). However, as stated before, the
regulation of the EcR and/or USP might function indirectly through the recruitment of
other components, which, in turn, directly regulate EcR protein stability.

EcR is the only steroid receptor in Drosophila (Koelle et al. 1991). Attempts were
made to investigate parallels between EcR signaling and AR signaling (Leiblich et al.
2019). Although the EcR is not the ortholog of the human AR (FlyBase, version
FB2022_05), it shares similar functions as the AR. For instance, it is responsible for
proper accessory gland development (Sharma et al. 2017), which also applies to the
AR in the prostate as it heavily relies on testicular androgen signaling during its
development and for the maintenance of tissue integrity (Vickman et al. 2020). Thus,
it is not completely impossible that stability regulation of these two nuclear receptors
might be conserved. It was, for instance, shown that various lysine residues in the AR
get ubiquitinated by several E3 ubiquitin ligases (Xu et al. 2009; Li et al. 2014a; Li et
al. 2014b; McClurg et al. 2017; Ito et al. 2018b). The fate of the AR is dependent on
which E3 ubiquitin ligase ubiquitinates which lysine residue. Ubiquitination of the C-
terminal lysine residues K845 and K847 via the E3 ubiquitin ligases SKP2 (S-phase
kinase-associated protein-2), CHIP (C-terminus of Hsc70-interacting protein) and
MDM2 (mouse double minute 2 homolog) leads to the proteasomal degradation of
the AR (Li et al. 2014a; Li et al. 2014b). In contrast, ubiquitination of the K845 and
K857 lysine residues by SKP2 and SIAHZ (seven in absentia homolog 2) results in



enhanced AR transcriptional activity (Li et al. 2014a). The N-terminal K311 residue
was recently shown to get ubiquitinated by SKP2 which is crucial for both AR stability
and transcriptional activity (McClurg et al. 2017). Another E3 ligase, namely
MYLIP/IDOL (myosin regulatory light chain interacting protein/inducible degrader of
the LDL-receptor) was also identified to ubiquitinate the AR (lto et al. 2018b). In this
study, CNPY2 was shown to inhibit MYLIP-mediated AR degradation through an
interaction with the E2-conjugating enzyme UBE2D1 promoting prostate cancer cell
growth (lto et al. 2018b). Moreover, an increase in CNPY2-mediated MYLIP
degradation was previously identified as well (Do et al. 2012). The CNPY2
Drosophila ortholog seele promotes SC migration in the accessory gland (lto et al.
2014). As ER-resident protein, seele was tested for interaction with sturkopf
performing protein-protein interaction studies using the luciferase complementation
assay. This assay revealed a highly significant interaction between sturkopf and
seele (figure 58 and 59A). As this interaction on top of the recent causal association
of LDAH and prostate cancer (Currall et al. 2018) was intriguing, the interactions
within the ubiquitination cascade identified for MYLIP-mediated AR ubiquitination
before (Ito et al. 2018b), were recapitulated with the human proteins (figures 58 and
59B). Furthermore, the Drosophila orthologs of each component were also tested in
protein-protein interaction assays (figures 58 and 59A). It was possible to not only
mirror the interactions needed for ubiquitination using the Drosophila orthologs and
thus uncover a conservation of the interaction cascade as demonstrated for the
human proteins (lto et al. 2018b), but also to identify inter-species interactions
between the single components which highly suggests conservation of the protein-
protein-interactions tested (figures 58 and 59C). Furthermore, as a significantly
strong interaction between sturkopf and seele, as well as LDAH and CNPY2 was
uncovered. This could be one of the sturkopf/LDAH binding partners or recruited
components which help to regulate protein stability. CNPY2 was also shown to
promote proliferation, migration and angiogenesis of colorectal cancer cells via
apoptosis inhibition through negative regulation of the p53 pathway (Yan et al. 2016).
p53 is also known as the “guardian of the genome” and is one of the most studied
tumor suppressors best known for maintaining genome integrity and preventing
tumorigenesis (Lane 1992). UBE2D1 is the identified E2 ubiquitin-conjugating
enzyme in the ubiquitination cascade mediating p53 proteasomal degradation (Zhou

et al. 2018). Interestingly, UBE2D1 is also the E2 ubiquitin-conjugating enzyme



interacting with CNPY2 and, thus, inhibiting AR protein degradation in prostate
cancer cells (lto et al. 2018b). Thus, an involvement of CNPY2 in the regulation of
p53 appears likely. Additionally, mutations in the p53 gene are among the most
frequent genetic aberrations in cancer, including prostate cancer (Wan et al. 2018). A
conceivable explanation could be a sequestration or binding of CNPY2 through/to
LDAH enabling e.g., MYLIP-mediated protein degradation of the AR which would be

the case for prostate cancer (lto et al. 2018b).

LDAH was assumed to exhibit cholesteryl ester hydrolase activity in murine
macrophages (Goo et al. 2014). Besides another study of the LDAH yeast ortholog
Ypr147cp finding similar results (Maresh Kumar et al. 2018), several other studies
were unable to identify this enzymatic function for mammalian LDAH (Kory et al.
2017) as well as Drosophila sturkopf (Thiel et al. 2013; Werthebach et al. 2019).
Within the scope of the protein-protein interactions, however, highly significant
interactions were identified between sturkopf and the lipophorin receptor 1 and 2
(appendix, figure 61). These receptors are the orthologs of human (V)LDLR ([very]
low density lipoprotein receptor) which are cholesterol receptors (Jeon and Blacklow
2005). MYLIP and CNPY2 also play demonstrated roles in cholesterol metabolism.
MYLIP is also known as inducible degrader of LDL receptor (IDOL) and was shown
to be induced by the sterol-responsive nuclear receptor LXR (liver X receptor) (Zelcer
et al. 2009), which, interestingly, happens to be the human homolog of the EcR (Willy
et al. 1995) and CNPY2 was shown to negatively regulate MYLIP-mediated
ubiquitination and thus proteasomal degradation of the LDLR (Do et al. 2012). Taking
the interactions between sturkopf/lLDAH with seele/CNPY2 (figure 59), between
sturkopf and LpR1/LpR2 receptors (appendix, figure 61), as well as sturkopf's
putative role in EcR protein regulation into consideration, an involvement of
sturkopf/LDAH in the context of cholesterol homeostasis might appear reasonable
also considering its predicted function as lipolytic enzyme (Thiel et al. 2013; Goo et
al. 2014). However, as several lines of evidence argue against a role in the canonical
lipid metabolism (Thiel et al. 2013; Kory et al. 2017; Werthebach et al. 2019), a
function in lipid metabolism might just be an additional function on top of its still
unknown main function. Such a putative auxiliary function of LDAH has been shown
by others previously (Dubey et al. 2020). LDAH was identified as mediator of
hydrolysis of lasonolide A (LasA), a marine sponge-derived macrolide with anti-

cancer properties, to its active and toxic metabolite LasF (Wright et al. 2004; Dubey



et al. 2020). Although the authors underline the specificity of LDAH-mediated LasA
hydrolysis rather than being a product of generic ester hydrolysis (Dubey et al. 2020),
it is questionable whether this LDAH-mediated hydrolysis is indeed a specific
enzymatic reaction of the dedicated enzyme and its physiological target substrate as
these macrolides are absent in humans, Drosophila, and other species. However,
what cannot be ruled out is an evolutionary adaptation of a putative ortholog of
sturkopf/LDAH in the marine sponge Forcepia sp., making LasA the physiological
substrate of the enzyme. Furthermore, it is possible that LasA coincidentally shares
similar properties as the still unknown physiological substrate(s) of sturkopf/LDAH

thus resulting in the formation of a functional enzyme-substrate-complex.

3.5 Sturkopf protein level modulation in the Drosophila AG
and its effect on SC number

The number of SCs has been previously used in a genetic screen as a readout to
study effects of Drosophila orthologs of known human prostate cancer mediators (lto
et al. 2014). These cells have the ability to migrate (Leiblich et al. 2012; Ito et al.
2014), endoreplicate (Leiblich et al. 2012; Leiblich et al. 2019) and are a suitable
platform to study exosome biology (Corrigan et al. 2014; Redhai et al. 2016). All
these aspects are also important and deregulated in prostate cancer (Wilson et al.
2017; Rambur et al. 2021). As it is still in question where exactly sturkopf is
expressed in the AG, smiFISH experiments were performed to identify the origin of
sturkopf transcript expression (figure 30). However, the data obtained for sturkopf
transcript expression is hard to interpret. The signals obtained for smiFISH
experiments were, while nicely limited to the SCs, also detected in the sturkopf null
mutant situation (figure 30). It is highly likely that the obtained signal in both
conditions is due to unspecific binding of the probes as no discrimination can be
made between the sturkopf null mutant background and the respective control.
Although residual sturkopf transcripts are present in the sturkopf null mutant
condition, it rather does not explain the obtained signal, as the partial transcripts is
fairly short (Werthebach et al. 2019) and a substantial number of smiFISH probes are
necessary for robust detection of mRNA transcripts (Calvo et al. 2021).

However, one main aim of this dissertation was to identify whether it is possible to
model and translate the LDAH loss-mediated PCa association (Currall et al. 2018)
using the Drosophila accessory gland and sturkopf. LDAH knockdown promotes



proliferation, whereas LDAH overexpression reduces cell proliferation as well as
migration and invasion capacity in cultured cells (Currall et al. 2018). LDAH loss in
vivo results in prostate carcinogenesis (Currall et al. 2018). It was, thus, assumed
that modulation of sturkopf protein abundance in the Drosophila accessory gland also
results in differences in cell abundancies. While cell abundance of the main cells was
not tested, loss of sturkopf was significantly lowered SC numbers (e.g., figures 12
and 16) which was a counterintuitive result as excessive proliferation is one of the
key features of cancer cells in general (Feitelson et al. 2015) and loss of LDAH was
associated with prostate carcinogenesis and over-proliferation of the PCa cells
consequently (Currall et al. 2018). However, as this SC loss phenotype was shown to
be sturkopf- (figures 17 and 18) and presumably SC-specific (compare figures 33 and
34 with figure 38) it was investigated further. It is worthwhile to mention that in all
experiments including transgene activation in a “SC-specific’ manner using the
esg,;Ctrl and esg;35.7, transgene activation took also place in other cell types
expressing the escargot transcription factor e.g., intestinal stem cells (Korzelius et al.
2014). These esgcargot-based driver lines are advertised in scientific literature to be
SC-specific inside the accessory glands, however, completely neglecting the
possibility of transgene expression in other cells expressing escargot (Leiblich et al.
2019; Leiblich et al. 2012; Hopkins et al. 2019). Thus, the possibility of a long-range
effect mediated by cells of another tissue/cell type expressing escargot cannot be
entirely ruled out and requires further investigation. Here, a driver line which functions
and drives transgene expression in SCs exclusively is required to fully rule out any
long-range effects which might be mediated by other cells expressing escargot.
However, as these driver lines are advertised to function in a SC-specific manner, it

was also assumed for the results presented in this study.

Upon SC quantification of crossings between the SC-specific driver line esg,;Ctrl
expressing wild type sturkopf protein levels or esg;35.7 as a sturkopf mutant SC-
specific driver line with any effector fly line to ensure SC-specific transgene
expression inside the AGs, the problem of diminishing GFP expression was
encountered (e.g., figure 35). GFP expression was only expressed by a few, if any,
SCs. A similar observation was made by others (Leiblich et al. 2012). However, in
this case, the diminishing SC-specific GFP expression was traced back to the genetic
system used which enabled the SC-specific GFP expression only in the first day of
adulthood (Micchelli and Perrimon 2006; Jiang and Edgar 2009). The use of a



combination of an esg® Flp-Out (F/O) system (Jiang et al. 2009) and an ubiquitously
expressed, temperature-sensitive form of the GAL4 inhibitor GAL80 (tub-GAL80%)
and an interrupted copy of an actin Gal4 construct (McGuire et al. 2004) was
supposedly circumventing this issue (Leiblich et al. 2012). The actin Gal4 construct is
activated by UAS-FLP-mediated recombination (Leiblich et al. 2012). The
temperature shift of the animals induce a conformational change of the Gal80*
enabling escargot-Gal4 regulated, FLP-induced events in all SCs (Leiblich et al.
2012). However, also using this SC-specific driver line resulted in partial/impaired
GFP-expression (data not shown). Thus, SCs of temperature-shifted animals,
independent of the performed temperature shift (figure 46), needed to be
counterstained against SC-specific markers (Abd-B (Gligorov et al. 2013; Kubo et al.
2018) or ANCE (Houard et al. 1998; Rylett et al. 2007) [e.g., figure 15]) due to the
insufficient expression of GFP in all SCs. An explanation for this issue could be the
heterozygous state of the escargot construct as SCs in animals homozygous for this
construct robustly expressed GFP in all SCs as confirmed by counterstaining (figure
15). However, also using SC-specific marker-antibodies required a variation of the
routinely performed standard shift. Animals needed to be additionally shifted back to
the restrictive temperature for 3 days. This suggests that temperature plays a
decisive role in the detection of the SC-specific markers used. However, this means
enabled the robust marking of SC nuclei staining the tissue against Abd-B (figure 37)
allowing for an analysis of SC number in animals heterozygous for the constructs

esg,;Ctrl and esg,35.7, respectively.

Reintroduction of one functional sturkopf allele in the null mutant background resulted
in a partial rescue of the SC loss phenotype as expected (e.g., figures 17 and 41). In
contrast, sturkopf overexpression resulted in a highly significant increase in the
number of SCs, both in the sturkopf control background (figure 39) as well as in the
sturkopf mutant background (figure 43). This result suggests that sturkopf protein
levels regulate the number of SCs in a sturkopf dose-dependent manner. As
secondary cells are postmitotic undergoing their last mitotic cycle halfway through
pupariation (Taniguchi et al. 2014; Kubo et al. 2018), the only possible way of how
sturkopf LOF can affect SC abundance post eclosion is through regulation of
apoptosis. Apoptosis was previously shown to regulate SC abundance (Minami et al.
2012; Kubo et al. 2018). Inhibition of apoptosis leads to increase in SC number by
approximately 1.8 fold suggesting that apoptosis might be a major regulator of SC



abundance (Kubo et al. 2018). Consequently, it was assumed that sturkopf regulate
these apoptotic processes of the SCs in the AG. Within the scope of this work, the
viral apoptosis inhibitor p35 was overexpressed to test for apoptotic regulation of SC
numbers (figures 51 and 52). In case of a sturkopf-mediated regulation of apoptosis it
would be expected that its inhibition in the sturkopf control background would result
in an increase in numbers of SCs as previously demonstrated by others (Kubo et al.
2018). Inhibition of apoptosis in a sturkopf mutant background should in a rescue of
SCs comparable to the assumed increase in SC number in the sturkopf control
background upon p35 overexpression and would suggest a role of sturkopf in
apoptotic processes. Not only did the p35 overexpression led to significantly
increased numbers of SCs in a sturkopf wild type background (figure 51), but also
overexpression of the same transgene in the sturkopf mutant background resulted in
SC numbers which were comparable to those in the sturkopf control background
(figure 52) indicating a role of sturkopf in apoptosis regulation. Sturkopf interacts with
the polyubiquitin precursor Ubiquitin-63E (Ubi-p63E) (Kolkhof et al. 2017) which, in
turn, was demonstrated to interact with Dronc (Death regulator Nedd2-like caspase)
(Kamber Kaya et al. 2017). It represents an initiator caspase essential for caspase-
dependent apoptosis and is, interestingly, induced by ecdysone (Dorstyn et al. 1999)
which again could create a reference to an impairment in ecdysone signaling. Dronc
is the Drosophila ortholog of the human caspase 2, which is involved in the regulation
of the androgen receptor and cell cycle in prostate cancer cells (Taghiyev et al.
2011). A negative regulation of caspases in cell death control is equally important as
regulation of processes promoting cell death (Kornbluth and White 2005). This is
mainly mediated by the caspase inhibitor protein family IAPs (inhibitors of apoptosis)
which are capable of binding and inhibiting caspases (Salvesen and Duckett 2002;
Vaux and Silke 2005). In Drosophila, DIAP1 is one of the major regulators of
inhibition of the caspase Dronc. DIAP1, as dedicated E3 ubiquitin ligase, targets
Dronc for proteasomal degradation in living cells and promotes DIAP1 degradation
via autoubiquitination which is selectively regulated by the protein Reaper under
apoptotic conditions (Ryoo et al. 2002; Wilson et al. 2002; Ryoo et al. 2004). Sturkopf
and LDAH are associated with the ubiquitination machinery (Kolkhof et al. 2017; Goo
et al. 2017) and likely to be involved in protein stability regulation (Goo et al. 2017;
Werthebach et al. 2019) (figure 28). Thus, investigating sturkopfs role in apoptosis
regulation might be an interesting target for future studies. Given the fact that loss of



LDAH promotes proliferation and prostate carcinogenesis (Currall et al. 2018) results
in the hypothesis that LDAH is a novel proto-oncogene in the context of prostate
cancer. Drosophila sturkopf and the accessory glands can be used to model certain

aspects in this respect.

3.6 Outlook

The molecular mechanism of how the loss of a lipid droplet associated protein such

as LDAH promotes prostate carcinogenesis is still not understood.

The data presented in this work for sturkopf overexpression on cell proliferation in
cultured cells were in accordance with the data presented for human LDAH
overexpression (Currall et al. 2018). It would be interesting to analyze whether a
sturkopf knockdown or knockout affects proliferation behavior in a similar fashion as
the knockdown of LDAH did by promoting proliferation (Currall et al. 2018).
Furthermore, as induction of LDs also forced proliferation in wild type sturkopf-
overexpressing cells, the study calls for research focusing on the suggested dual role
of sturkopf based on its localization. As this was not put into consideration in the
study of Currall and colleagues (Currall et al. 2018) and induction of LDs promoted
proliferation of sturkopf-overexpressing cells in the present work in a similar manner
as LDAH knockout did in human cell culture (Currall et al. 2018), it would be
compelling to study this hypothesis in mammalian cell culture via the induction of LDs
in the mammalian system (Currall et al. 2018). Here, it should be assessed in
dependence of the location of sturkopf/lLDAH whether proteins regulating proliferation
such as p53 or xeele/CNPY2 are differentially expressed or show altered activity.
Furthermore, it should be analyzed whether the mere translocation of LDAH to LDs is
already sufficient to promote proliferation as shown for sturkopf overexpression. As a
result, over-proliferation and prostate carcinogenesis in general might be favored
when LDAH is simply not located in the ER but on LDs and thereby unable to control
the activity of target proteins. CNPY2, for instance, is an ER-resident saposin like
protein (Do et al. 2012) and a known oncogene (Yan et al. 2016; Ito et al. 2018b). It
is suggested that CNPY2 activity is released upon loss of LDAH promoting prostate
carcinogenesis. This hypothesis is based on the strong interaction between
sturkopf/LDAH and seele/CNPY2 and the putative sturkopflLDAH-mediated protein
stability regulation which should be investigated in the future particularly.
Furthermore, the very strong interaction between LDAH and the oncogene CNPYZ2



(Yan et al. 2016) support the hypothesized LDAH-mediated sequestration or stability
regulation of seele/CNPY2, preventing CNPY2 from the inhibition of the ubiquitination
of the AR in prostate cancer cells in order to be proteasomally degraded (lto et al.
2018b). This data also may help to understand the role of sturkopf/LDAH in

ubiquitination processes and the accompanying protein stability regulation further.

Moreover, CNPY2 negatively regulates p53 activity and stability and thereby
contributing to carcinogenesis as demonstrated for liver and colorectal cancer (Hong
et al. 2022; Yan et al. 2016). The transcription factor p53 is often referred to as
“guardian of the genome” by regulating the expression of genes involved in DNA
repair, cell cycle progression and induction of apoptosis (Lane 1992) and is
frequently mutated in a variety of cancers (Lane 1992). A sturkopf-meditated effect
on apoptosis, SC endoreplication as well as SC abundance was identified in this
work. SC number is regulated by apoptosis as shown here and by others (Kubo et al.
2018). Endoreplication of various Drosophila cells is dependent on Cyclin E (CycE)
(Edgar et al. 2014), including the SCs of the accessory gland (Leiblich et al. 2019).
The reduction in SC endoreplication as well as the decrease in SC abundance
identified in accessory glands of sfurkopf mutant males might thus be a result of a
disturbed cell cycle regulation. Within the scope of this work, it was hypothesized that
loss of sturkopfI[LDAH might release CNPY2/seele activity and thereby contribute to
prostate carcinogenesis as shown before (lto et al. 2018b). As loss of LDAH was
associated with the initiation and progression of prostate cancer (Currall et al. 2018)
the protein might contribute either directly or indirectly to maintain genome stability
through the regulation of CNPY2 activity. If this contribution holds true, CNPY2 could
serve as potential therapeutic target in LDAH LOF prostate cancer by regulating
CNPY2 activity/stability via a therapeutic drug in case LDAH would be the major
regulator of CNPY2 activity. LDAH was identified to be among the most frequently
downregulated genes in both primary and metastatic PCa samples, even surpassing
well-known tumor suppressor genes such as PTEN or NKX3-1 (Currall et al. 2018)

proposing a role of LDAH as a novel tumor suppressor gene in prostatic carcinomas.

CNPY2 and MYLIP, which is an E3 ubiquitin ligase regulating AR protein stability by
proteasomal degradation (lto et al. 2018b), is also involved in the regulation of low
density lipoprotein receptors (LDLR) (Do et al. 2012). The strong interaction of
sturkopf and the Drosophila LDLR orthologs (LpR1/LpR2) found (appendix, figure



61), may suggest a role of sturkopf/LDAH in cholesterol metabolism by regulating the
stability of these receptors and, thus, cellular cholesterol levels. This lipid entity was
shown to be accumulated in prostate cancer cells (Yue et al. 2014) and is also known
to be essential for the synthesis of both testosterone (Eacker et al. 2008) as well as
ecdysone (Svoboda et al. 1975; Igarashi et al. 2018).

Although ecdysone signaling through the EcR in the AG of Drosophila cannot be
homologized to androgen signaling through the AR in the human prostate (see 3.1),
fundamental and potentially conserved mechanisms were already hypothesized
(Leiblich et al. 2019). The in vivo data for the ecdysone hemolymph titers suggests
that sturkopf LOF either impairs the synthesis of ecdysone or alters its
maintenance/turnover. However, in either case, ecdysone signaling is likely to be
impaired. Future research may test whether this reduction in ecdysone titers is a
direct or an indirect effect of sturkopf LOF. In case of a direct effect, sturkopf LOF
might alter the regulation of the cytochrome P450 enzymes encoded by the
Halloween genes, namely phantom, disembodied, shadow, and shade which function
in a sequential manner during ecdysone synthesis (Rewitz et al. 2006). In case of an
indirect effect sturkopf LOF might result in an altered stability regulation of target
proteins regulating ecdysone synthesis. It would be intriguing to answer whether such
deregulation in hormone titers also applies to androgen levels in a LDAH knockout
mouse since the synthesis of mammalian testosterone is partially regulated via
cytochrome p450 enzymes (Eacker et al. 2008). Deregulation of the AR is another
key feature of prostate cancer cells (Heinlein and Chang 2004; Culig and Santer
2014; Dai et al. 2017). It would be interesting to investigate whether loss of LDAH in
a mammalian in vifro and in vivo system alters the abundance of the androgen
receptor in a similar manner as altered sturkopf protein levels directly influence EcR
protein levels via a putative stability regulation. In this case it is pivotal to finally prove
that sturkopf protein abundance indeed alters the abundance of EcR protein levels in
vivo at first. However, as stability of other target proteins such as ATGL were shown
to be regulated via the mammalian sturkopf ortholog LDAH (Goo et al. 2017), a
putative sturkopf-mediated stability regulation of the EcR via ubiquitination appears
possible, especially as it was previously shown that the EcR protein stability is

regulated via ubiquitination and subsequent proteasomal degradation (Gradilla et al.
2011).



4 Materials and Methods

4.1 Materials

411 Chemicals and reagents

Table 1: Used chemicals and reagents.

Designation Manufacturer

Agar Becton, Dickinson and

D-(+)-Glucose monohydrate
Prolong Gold antifade reagent
LE Agarose

Magnesium chloride x 6 H20
Magnesium sulfate heptahydrate
Methyl-4-hydroxybenzoate
Propionic acid

Milk powder

Paraformaldehyde
Peptone

Potassium chloride
Potassium acetate
Sodium acetate
Sodium chloride
Sodium hydroxide
Sodium dodecyl sulfate
Triton X-100

Trizma Base
Tryptone
Tween20
Yeast extract

Dimethyl sulfoxide

Company
Sigma-Aldrich/Merck

Thermo Fisher Scientific

Biozym Scientific
Grissing

Grissing
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
Carl Roth

Grissing

Becton, Dickinson and
Company

Grissing

Grissing

Grissing
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
Becton, Dickinson and
Company
Sigma-Aldrich/Merck
Becton, Dickinson and
Company
Sigma-Aldrich/Merck



Designation

Manufacturer

Glycerol

di-Potassium hydrogen phosphate
Potassium dihydrogenphosphate
di-Sodium hydrogen phosphate dihydrate
EGTA

EDTA

Ethanol absolute

Midori Green Advanced DNA stain
6x DNA loading dye

Rotiphorese Gel 30 (37.5:1)
N,N,N’,N’-tetramethylethylenediamine
Methanol

Restore Western Blot Stripping Buffer
Dithiothreitol

Propionic acid

Bisbenzimide H33342

Chloroform

Bovine serum albumin, fatty acid-free
Bovine serum albumin

Calcium chloride hexahydrate
Glycine

GeneRuler Mix

Propan-2-ol

Glacial acetic acid

Monopotassium phoshate
Bromphenol blue sodium salt
D-(-)-a-Aminobenzylpenecillin
Kanamycin sulfate

Streptomycin sulfate

Sodium deoxycholate

Ammonium persulfate

BODIPY 558/568 C12

HEPES

Carl Roth

PanReac AppliChem
Grissing

PanReac AppliChem
PanReac AppliChem
PanReac AppliChem
Sigma-Aldrich/Merck
Nippon Genetics
Thermo Fisher Scientific
Carl Roth
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
Thermo Fisher Scientific
Carl Roth
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
VWR International
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
VWR International
Thermo Fisher Scientific
Fisher Scientific

VWR International
Sigma-Aldrich/Merck
Carl Roth

PanReac AppliChem
PanReac AppliChem
PanReac AppliChem
Sigma-Aldrich/Merck
Carl Roth

Thermo Fisher Scientific
Carl Roth



Designation Manufacturer

cOmplete Protease inhibitor, EDTA-free Roche Diagnostics
Crystal violet, 1 % aqueous solution Sigma-Aldrich/Merck
Normal goat serum Sigma-Aldrich/Merck
Tris-HCI Sigma-Aldrich/Merck
Trizma Base Sigma-Aldrich/Merck
E. coli tRNA Roche Diagnostics
Herring sperm DNA Promega
Ribonucleoside vanadyl complex New England Biolabs
Trisodium citrate Thermo Fisher Scientific
Formamide Thermo Fisher Scientific
Dextran sulfate (MW 6.500-10.000) Fisher Scientific
4.1.2 Buffers, solutions, and gels
Table 2: Used buffers and solutions with information regarding their components.
Tris-acetate-EDTA (TAE) buffer 2M Trizma Base
50x 1™ Glacial acetic acid
0.5M EDTA, pH 8.0
ad 11 dH20
Phosphate-buffered saline (PBS) 1.37 M Sodium chloride
pH 7.4 (10x) 27 mM Potassium chloride
100 mM Disodium phosphate
20 mM Monopotassium phosphate
ad 11 dH20
for PBT add 0.1 % Tween 20 to 1x PBS

for PBST add 0.1 %  Triton X-100



Sample (Laemmli) buffer
(5x)

SDS PAGE Running buffer

10%

SDS PAGE Transfer buffer

10x

for 1x Transfer buffer

RNAfix

L
~
o

before use dilute

Lysogeny broth (LB)
pH7.5

for LBame
for LBstrerTO
for LBKANA

for agar plates

250 mM
500 mM
10 %
0.5 %

5 mi

ad 10 mi

250 mM
1.92 M
1%
ad 1l

250 mM
1.92 M
ad 1l
add 10 %

10 %
10 %
10 %
ad 11
1:1 with

1%

0.5 %
1%

ad 11
100 pg/ml
50 pg/ml
100 pg/ml
add 15 %

Tris-HCI, pH 6.8
Dithiothritol

Sodium dodecyl sulfate

Bromphenol blue sodium salt

Glycerol
dHz20

Tris-HCI
Glycine

Sodium dodecyl sulfate

dHz20

Tris-HCI
Glycine
dH20
Methanol

10x PBS

0.5M EGTA, pH 8.0
Paraformaldehyde
dH20

1x PBS

Tryptone

Yeast extract
Sodium chloride
dH;0O

Ampicillin
Streptomycin

Kanamycin

Agar



Radioimmunoprecipitation buffer

(RIPA buffer)

Lysis buffer

before use add

Super optimal broth (SOB)

Squishing buffer

before use add

10 mM
1mM
0.5 mM
1%

0.1 %
0.1 %
140 mM
50 mM
150 mM
1.5 mM
500 uM
0.5 %
1:100

2%

0.5 %
8.56 mM
2.5 mM
10 mM
10 mM
ad 1l

10 mM
1mM

25 mM
200 pg/mi

1™
500 mM
100 mM

Tris-HCI, pH 8.0
EDTA

EGTA

Triton X-100

Sodium deoxycholate
Sodium dodecyl sulfate
Sodium chloride
HEPES, pH 7.5
Sodium chloride
Magnesium chloride
EGTA

Triton X-100

Protease inhibitor cocktail

Tryptone

Yeast extract
Sodium chloride
Potassium chloride
Magnesium chloride
Magnesium sulfate

dHz20

Tris-HCI, pH 8.2
EDTA
MNatrium chloride

Proteinase K

Sodium chloride
Tris-HCI

Magnesium chloride



SSC buffer IM Sodium chloride
20x). pH 7.3 300 mM Trisodium citrate
smiFISH wash buffer 2x% SSC buffer
10 % deionized formamide
smiFISH hybridization buffer 2X SSC buffer
10 % wiv  Dextran sulfate
10 % deionized formamide
Alkaline lysis buffer P1 50 mM Tris-HCI, pH 8.0
10 mM ETDA, pH 8.0
Alkaline lysis buffer P2 02M Sodium hydroxide
1% Sodium dodecyl sulfate
Alkaline lysis buffer N3 3M Potassium acetate, pH 5.5
Table 3: Used gels with information regarding their components.
Agarose gel 19 Agarose
(1%) 100 ml dH:0
Stacking gel 3.4 ml dHz20
(5 %, 5 ml) 830 pl Rotiphorese Gel 30
630 pi 1 M Tris-HCI, pH 6.8
50 pl 10 % Sodium dodecyl sulfate
50 pl 10 % Ammonium persulfate

Sl

TEMED



Separating gel 4 ml dHz0

(10 %, 10 ml) 3.3 ml Rotiphorese Gel 30
2.5 ml 1.5 M Tris-HCI, pH 8.8
100 pl 10 % Sodium dodecyl sulfate
100 pl 10 % Ammonium persulfate
4l TEMED
4.1.3 Enzymes
Table 4: Used enzymes and their corresponding buffers.
Designation Manufacturer
Phusion High Fidelity DNA Polymerase New England Biolabs
Phusion HF buffer, 5x New England Biolabs
Q5 High Fidelity DNA Polymerase New England Biolabs
Q5 Reaction Buffer, 5x New England Biolabs
Notl HF New England Biolabs
Ascl New England Biolabs
EcoRV HF New England Biolabs
Cutsmart Buffer, 10x New England Biolabs
T4 DNA Ligase New England Biolabs
T4 DNA Ligase Reaction Buffer New England Biolabs
Proteinase K Thermo Fisher Scientific
414 Oligonucleotides

All nucleotides were used for ORF amplification and were purchased from Sigma-
Aldrich/Merck.

Table 5: Used oligonucleotides with information regarding their designation (fwd:

forward, rev: reverse) sequence, usage, and reference.

Designation Sequence (5-3) Reference
hsUBE2D1 fwd GCTTGCGGCCGCCACCATGGCGCTGAAGA  This work
GGATTCAGAAAG

hsUBE2D1 rev GCAAGGCGCGCCCCATTGCATATTTCTGAG This work
TCCATTCTC



Designation Sequence (5-3) Reference

hsTRIM28 fwd GCTTGCGGCCGCCACCATGGCGGCCTCCG This work
CGGCGGCAG

hsTRIM28 rev GCAAGGCGCGCCCGGGGCCATCACCAGGG This work
CCACC

hsMYLIP fwd GCTTGCGGCCGCCACCATGCTGTGTTATGT This work
GACGAGGCCG

hsMYLIP rev GCAAGGCGCGCCCGATTACAGTCAGATTGA This work
GAAGACTG

mmCNPY2 fwd  GCTTGCGGCCGCCACCATGCGAGCGTCAG This work
AGGCTGTG

mmCNPY2 rev GCAAGGCGCGCCCTAGCTCATCGTGAGATC This work
TGTGC

hsCNPY2 fwd GCTTGCGGCCGCCACCATGAAAGGCTGGG  This work
GTTGGCTG

hsCNPY2 rev GCAAGGCGCGCCCTAGCTCATCATGCGATA This work
TGTGC

hsLDAH fwd GCTTGCGGCCGCCACCATGGACTCAGAACT This work
CAAGGAAG

hsLDAH rev GCAAGGCGCGCCCCATTTTGGACAAGTCAT This work
CCTTTAG

Ariadne1 fwd GCTTGCGGCCGCCACCATGGACTCGGACAA This work
TGACAATG

Ariadne1 rev GCAAGGCGCGCCCTTCTGTGTACTCCCACC This work
ACTC

pUbiP-Seq1 CCTCTAGACTAGCTAGC Our

group
pUbiP-Seq2 CGTCTGATTTCGTACTAATTTTCCAC Our
group

rp49 fwd ATCGGTTACGGATCGAACAA (Liu et al. 2016)

rp49 rev GACAATCTCCTTGCGCTTCT (Liu et al. 2016)

JHEH1 fwd CAGTCTCCACCCTGGATAAAGAA (Guio et al.

2014)



Designation Sequence (5-3) Reference

JHEH1 rev AGTTTACCAGGTTATGGCTGGTC (Guio et al.
2014)

JHEH2 fwd AGGCCATCCTACCCTTCGACATCA (Guio et al.
2014)

JHEH2 rev ATTGGAAACCCACACCCTCCAGTG (Guio et al.
2014)

JHEH3 fwd CATCACAGTGGCCATTTCAG (Guio et al.
2014)

JHEH3 rev CATGCTAACCAAGCACTCAAAC (Guio et al.
2014)

E74A fwd AGAAACTTCGAGGCAATAGGGT (Zipper et al.
2020)

E74A rev TGTGCGGCCTCATCTCAAG (Zipper et al.
2020)

E75A fwd CCTGTGCCAGAAGTTCGATGA (Zipper et al.
2020)

E75A rev AAGAATCCATCGGCATCTTCGT (Zipper et al.
2020)

E75B fwd CGTCTAGCTCGATTCCTGATCTA (Zipper et al.
2020)

E75B rev CGGAAGAATCCCTTGCAACC (Zipper et al.
2020)

EcR fwd GTGTTCGGTGAAAAACGCAA (Zipper et al.
2020)

EcR rev TCCTAGCAACTGAGCTTTTGTAGAC (Zipper et al.
2020)

smiFISH stur1 CTGGATCATGTCTCTTACGATTACAGCCACC This work

TCCTAAGTTTCGAGCTGGACTCAGTG
smiFISH stur2 GGTCGATCTTCTTGGTGTCCAGCTGGGCCT This work
CCTAAGTTTCGAGCTGGACTCAGTG
smiFISH stur3 CATAGTAGGAGATTGGTACCCATCCTGCGG This work

CCTCCTAAGTTTCGAGCTGGACTCAGTG



Designation Sequence (5-3) Reference
smiFISH stur4 ACTTTAGGGCGGTGCCCAGAACTGTCGCCT This work
CCTAAGTTTCGAGCTGGACTCAGTG
smiFISH stur5 GCATATAGCGCTTTTGGATGCGACTCCGCC This work
TCCTAAGTTTCGAGCTGGACTCAGTG
smiFISH stur6 GGATCTTGACATCACTTGGCACGTATTTCTC This work
CTCCTAAGTTTCGAGCTGGACTCAGTG

smiFISH stur7 AAATTGAAGAGCTCCTCGTTGCCGCTGACC This work
TCCTAAGTTTCGAGCTGGACTCAGTG

smiFISH stur8 TTGCCAGTTATGCAGATGACGATCTCCTCCT This work
CCTAAGTTTCGAGCTGGACTCAGTG

smiFISH stur9 GATTCCCAAGTCTATTGGCATGGATGGATTA This work
CCTCCTAAGTTTCGAGCTGGACTCAGTG

smiFISH sturi0  TAATGGACAGGGCTGATTGTCTGGGCCCCT This work
CCTAAGTTTCGAGCTGGACTCAGTG

smiFISH stur11 GCTCTACAATCTCCCTTTGAATCCCGCCTCC This work
TAAGTTTCGAGCTGGACTCAGTG

smiFISH sturi2  CGCTCGTTTTCCAGCAGCTGCAGGATCCTC This work
CTAAGTTTCGAGCTGGACTCAGTG

smiFISH sturt3  ATGAAGGCGATTTTATGCCGGATTTGTCCGT This work
CCTCCTAAGTTTCGAGCTGGACTCAGTG

smiFISH sturt4  TGAGGAACCTCCCGAATACTGGCCTCCCTC This work
CTAAGTTTCGAGCTGGACTCAGTG

smiFISH sturt5  TCGGTTATGGTCTCCTCAATCCACCTCCTCC This work
TAAGTTTCGAGCTGGACTCAGTG

smiFISH sturt6  CCCATGTGAATATGTGGGTGGGAATGGAGT This work
TGCCTCCTAAGTTTCGAGCTGGACTCAGTG

smiFISH sturt7  GTTGACGTAGGCCTCCTGCATATTTTCCCCT This work
CCTAAGTTTCGAGCTGGACTCAGTG

smiFISH sturi8  ATCAATCGGCACCTGTGTTGATCCCACCTCC This work
TAAGTTTCGAGCTGGACTCAGTG

smiFISH sturt9  CTTTTCACACGCGATGAGTTGTCTAATCCCC This work

CTCCTAAGTTTCGAGCTGGACTCAGTG
TGGCAACCGGTTTTCCTTTGTCCAACCACCT



Designation Sequence (5-3) Reference

smiFISH stur20 CCTAAGTTTCGAGCTGGACTCAGTG This work

smiFISH stur21 TCGGCTGCAGCCTTTCACGAGTTTCAAACCT This work
CCTAAGTTTCGAGCTGGACTCAGTG

smiFISH stur22  TCCACCTTGGGGTAGTCTTTTTTGAGCTGCC This work
TCCTAAGTTTCGAGCTGGACTCAGTG

smiFISH stur23  ACCTTCTCCGCTACCGATGGTTTGGACCTC  This work
CTAAGTTTCGAGCTGGACTCAGTG

smiFISH stur2d  CCACCTTGGTGAACACCCATCCATTGCCTC  This work
CTAAGTTTCGAGCTGGACTCAGTG

FLAP-X CACTGAGTCCAGCTCGAAACTTAGGAGG Biomers.net
GmBH

4.1.5 Plasmids

Table 6: Used plasmids with information concerning their usage and reference.

PPI: protein-protein-interaction, GR: gateway recombination, CLG: cell

line generation.

Designation Usage Reference

pCO Blast CLG Thermo Fisher Scientific
pDONR bonus-RB GR Harvard FlyBi plasmid collection
pDONR Lpr1-RD GR Harvard FlyBi plasmid collection
pDONR Lpr1-RH GR Harvard FlyBi plasmid collection
pDONR Lpr2-RD GR Harvard FlyBi plasmid collection
pDONR Lpr2-RE GR Harvard FlyBi plasmid collection
pDONR Lpr2-RF GR Harvard FlyBi plasmid collection
pDONR221-EcR GR Addgene KHBD00332
pDONR-mura-RC GR Harvard FlyBi plasmid collection
pENTR/Ariadne1 GR This work

pENTR/D-TOPO Cloning Thermo Fisher Scientific



Designation Usage Reference
pENTR/hsCNPY2_var1 GR This work
pENTR/TRIM28 GR This work
pENTR-hsLDAH_var1 GR This work
pENTR-mmCNPY2pred_var2 GR This work
pENTR-MYLIP GR This work
pENTR-UBE2D1 GR This work
pUbi-CG9186(S119A):eGFP CLG (Kolkhof et al. 2017)
pUbi-CG9186-eGFP CLG (Kolkhof et al. 2017)
pUbiP- hGLuc(1)-rfA GR (Kolkhof et al. 2017)
pUbiP- hGLuc(2)-rfA GR (Kolkhof et al. 2017)
pUbiP_CG32850_hGluc(1) PPI This work
pUbiP_CG9772_hGluc(1) PPI This work
pUbiP_CG9772_hGluc(2) PPI This work
pUbiP_hGluc(1)_CG32850 PPI This work
pUbiP_hGluc(2)_CG32850 PPI This work
pUbiP_hGluc(2)_CG9772 PPI This work
pUbiP-Ari-hGLuc(1) PPI This work
pUbiP-Ari-hGLuc(2) PPI This work
pUbiP-bonus-RB-hGLuc(1) PPI This work
pUbiP-bonus-RB-hGLuc(2) PPI This work
pUbiP-CG10862-hGLuc(1) PPI This work
pUbiP-CG10862-hGLuc(2) PPI This work
pUbiP-CG32850-hGLuc(2) PPI This work



Designation Usage Reference
pUbiP-CG9186(16K2R)-eGFP CLG (Kolkhof et al. 2017)
pUbiP-CG9186(16K2R)-hGLuc(1) PPI (Kolkhof et al. 2017)
pUbiP-CG9186(16K2R)-hGLuc(2) PPI (Kolkhof et al. 2017)
pUbiP-CG9186-hGLuc(1) PPI (Kolkhof et al. 2017)
pUbiP-CG9186-hGLuc(2) PPI (Kolkhof et al. 2017)
pUbiP-dnr1-hGLuc(1) PPI This work
pUbiP-dnr1-hGLuc(2) PPI This work
pUbiP-EcR-eGFP CLG This work
pUbiP-EcR-hGLuc(1) PPI This work
pUbiP-EcR-hGLuc(2) PPI This work
pUbiP-eGFP-EcR CLG This work
pUbiP-ERR-hGLuc(1) PPI This work
pUbiP-ERR-hGLuc(2) PPI This work
pUbiP-hGLuc(1)-Ari PPI This work
pUbiP-hGLuc(1)-bonus-RB PPI This work
pUbiP-hGLuc(1)-CG10862 PPI This work
pUbiP-hGLuc(1)-CG9186 PPI (Kolkhof et al. 2017)
pUbiP-hGLuc(1)-CG9772 PPI This work
pUbiP-hGLuc(1)-dnr1 PPI This work
pUbiP-hGluc(1)-EcR PPI This work
pUbiP-hGLuc(1)-ERR PPI This work
pUbiP-hGLuc(1)-hsCNPY2_var1 PPI This work
pUbiP-hGLuc(1)-hsLDAHvar1 PPI This work
pUbiP-hGLuc(1)-Lpr1-RD PPI This work
pUbiP-hGLuc(1)-Lpr1-RH PPI This work



Designation Usage Reference

pUbiP-hGLuc(1)-Lpr2-RD PPI This work
pUbiP-hGLuc(1)-Lpr2-RE PPI This work
pUbiP-hGLuc(1)-Lpr2-RF PPI This work
pUbiP-hGLuc(1)-mmCG9186 PPI (Kolkhof et al. 2017)
pUbiP-hGLuc(1)-mmCNPY2predvar2 PPI This work
pUbiP-hGluc(1)-mura(RA) PPI This work
pUbiP-hGLuc(1)-mura(RC) PPI This work
pUbiP-hGLuc(1)-MYLIP PPI This work
pUbiP-hGLuc(1)-TRIM28 PPI This work
pUbiP-hGLuc(1)-UBE2D1 PPI This work
pUbiP-hGLuc(2)-Ari PPI This work
pUbiP-hGLuc(2)-bonus-RB PPI This work
pUbiP-hGLuc(2)-CG10862 PPI This work
pUbiP-hGLuc(2)-CG9186 PPI (Kolkhof et al. 2017)
pUbiP-hGLuc(2)-CG9186(16K2R) PPI (Kolkhof et al. 2017)
pUbiP-hGLuc(2)-dnr1 PPI This work
pUbiP-hGLuc(2)-EcR PPI This work
pUbiP-hGLuc(2)-ERR PPI This work
pUbiP-hGLuc(2)-hsCNPY2_var1 PPI This work
pUbiP-hGLuc(2)-hsLDAHvar1 PPI This work
pUbiP-hGLuc(2)-Lpr1-RD PPI This work
pUbiP-hGLuc(2)-Lpr1-RH PPI This work
pUbiP-hGLuc(2)-Lpr2-RD PPI This work

pUbiP-hGLuc(2)-Lpr2-RE PPI This work



Designation Usage Reference

pUbiP-hGLuc(2)-Lpr2-RF PPI This work
pUbiP-hGLuc(2)-mmCG9186 PPI (Kolkhof et al. 2017)
pUbiP-hGLuc(2)-mmCNPY2predvar2 PPI This work
pUbiP-hGluc(2)-mura(RA) PPI This work
pUbiP-hGLuc(2)-mura(RC) PPI This work
pUbiP-hGLuc(2)-MYLIP PPI This work
pUbiP-hGLuc(2)-TRIM28 PPI This work
pUbiP-hGLuc(2)-UBE2D1 PPI This work
pUbiP-hsCNPY2_var1-hGLuc(1) PPI This work
pUbiP-hsCNPY2_var1-hGLuc(2) PPI This work
pUbiP-hsLDAHvar1-eGFP CLG This work
pUbiP-hsLDAHvar1-hGLuc(1) PPI This work
pUbiP-hsLDAHvar1-hGLuc(2) PPI This work
pUbiP-Lpr1-RD-hGLuc(1) PPI This work
pUbiP-Lpr1-RD-hGLuc(2) PPI This work
pUbiP-Lpr1-RH-hGLuc(1) PPI This work
pUbiP-Lpr1-RH-hGLuc(2) PPI This work
pUbiP-Lpr2-RD-hGLuc(1) PPI This work
pUbiP-Lpr2-RD-hGLuc(2) PPI This work
pUbiP-Lpr2-RE-hGLuc(1) PPI This work
pUbiP-Lpr2-RE-hGLuc(2) PPI This work
pUbiP-Lpr2-RF-hGLuc(1) PPI This work

pUbiP-Lpr2-RF-hGLuc(2) PPI This work



Designation Usage Reference

pUbiP-mmCNPY 2predvar2-hGLuc(1) PPI This work

pUbiP-mmCNPY 2predvar2-hGLuc(2) PPI This work
pUbiP-mura(RA)-hGluc(1) PPI This work
pUbiP-mura(RA)-hGluc(2) PPI This work
pUbiP-mura(RC)-hGLuc(1) PPI This work
pUbiP-mura(RC)-hGLuc(2) PPI This work
pUbiP-MYLIP-hGLuc(1) PPI This work
pUbiP-MYLIP-hGLuc(2) PPI This work

pUbiP-rfA-eGFP CLG Alf Herzig, MPlbpc, Goéttingen
pUbiP-rfA-hGLuc(1) GR (Kolkhof et al. 2017)
pUbiP-rfA-hGLuc(2) GR (Kolkhof et al. 2017)
pUbiP-TRIM28-hGLuc(1) PPI This work
pUbiP-TRIM28-hGLuc(2) PPI This work
pUbiP-UBE2D1-hGLuc(1) PPI This work
pUbiP-UBE2D1-hGLuc(2) PPI This work

4.1.6 Bacterial strains

Table 7: Used bacterial strains including a brief description of their properties.
Designation Description Reference

ccdB survival Escherichia coli strain with a mutation in (Bernard and
cells the gyrA gene Couturier 1992)
DH5a Escherichia coli strain with mutations in (Hanahan et al.

recA1, endA1 and lacZAM15 1991)



4.1.7

Antibodies

Table 8: Used primary antibodies with information regarding their target proteins,
organismal origin, used dilution, and reference.
Designation Target Origin Dilution Reference
1AZE9 Abdominal-B Mouse 1:10 DSHB
Ag10.2 Ecdysone receptor Mouse 1:1000 DSHB
(common)
ANCE Angiotensin-converting Rat 1:500 (Rylett et al. 2007)
enzyme
ANCE Angiotensin-converting Rabbit 1:500 Kerafast, Boston, USA
enzyme
C29F4 mAb#3724 HA Rabbit 1:500 Cell Signaling
Technlogy
CG9186 2419 #1 Sturkopf Rat 1:3000  (Thiel et al. 2013)
E7 B-Tubulin Mouse 1:3000 DSHB
Purified rabbit a-GFP GFP Rabbit 1:2000 Torrey Pines Biolabs,
Secaucus, USA
a-dFoxO FoxO Rabbit 1:500  (Delanoue et al. 2010)
Table 9: Used secondary antibodies with information regarding their organismal
origin, used dilution, and reference.
Designation Origin Dilution Reference
a-mouse-Alexa488 Goat 1:100 Jacksonville ImmunoResearch
a-mouse-Alexa594 Goat 1:100 Jacksonville ImmunoResearch
a-mouse-Alexab47 Goat 1:100 Jacksonville ImmunoResearch
a-mouse-HRP Donkey 1:10.000 Jacksonville InmunoResearch
a-rabbit-Alexa488 Goat 1:500 Jacksonville ImmunoResearch
a-rabbit-Alexa594 Goat 1:100 Jacksonville ImmunoResearch
a-rabbit-HRP Goat 1:10.000 Jacksonville ImmunoResearch
a-rat-Alexa488 Goat 1:100 Jacksonville ImmunoResearch
a-rat-Alexa594 Goat 1:100 Jacksonville ImmunoResearch
a-rat-HRP Goat 1:10.000 Jacksonville ImmunoResearch



4.1.8
Table 10:

Designation

Molecular biological and biochemical kits

Used molecular biological and biochemical kits.

Manufacturer

Effectene Transfection Reagent
Gateway LR Clonase Il Enzyme Mix
Gaussia-Juice Luciferase Assay
GoTaq 2-Step RT-gPCR System
HiScribe T7 in vitro Transcription Kit
Nucleospin Gel and Purification Kit
Pierce BCA Protein Assay Kit
QlAprep Spin Miniprep Kit

QlAquick PCR Purification Kit
Rneasy Mini Kit

SuperSignal West Pico Chemiluminescent Substrate

4.1.9 Cell culture media
Table 11:  Used cell culture media and reagents.
Designation

Qiagen

Thermo Fisher Scientific
PJK Biotech

Promega

New England Biolabs
Macherey-Nagel
Thermo Fisher Scientific
Qiagen

Qiagen

Qiagen

Thermo Fisher Scientific

Manufacturer

Blasticidin S hydrochloride

DMEM (Dulbecco’s minimal essential medium)
Fetal calf serum (FCS)

Oleic acid

Penicillin-Streptomycin

Schneider's Drosophila medium

Trypsin / EDTA (0.05 % / 0.02 % in PBS)

Table 12:

Schneider's complete medium, 89 %

sterile filtered 10 %
1%

PanReac AppliChem
PAN-Biotech
PAN-Biotech
Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
PAN-Biotech
PAN-Biotech

Used cell culture media with information regarding their composition.

Schneider's Drosophila medium
FCS, heat-inactivated

Penicillin-Streptomycin



BLAST selection medium,

sterile filtered

for selection

for maintenance

DMEM complete medium,

sterile filtered

Cell freezing medium,

sterile filtered

Qleic acid solution

(12.5 mM)

4.1.10 Cell lines

89 %

10 %
1%

30 pg/ml
10 pg/ml

89 %
10 %
1%
90 %
10 %

28¢g
20 ml
78 pl

Schneider's Drosophila medium
FCS, heat-inactivated
Penicillin-Streptomycin
Blasticidin S hydrochloride
Blasticidin S hydrochloride

DMEM medium

FCS, heat-inactivated
Penicillin-Streptomycin
FCS, heat-inactivated
Dimethyl sulfoxide

BSA, fatty acid-free
0.1 M Tris-HCI, pH 8.0

oleic acid

Table 13:  Used cell lines with information regarding cell line characteristics and

their reference.

Designation Description Reference
HEK-293 Human embryonic kidney cells (Graham and Pick 2017);
kind gift from Matias
Zurbriggen
Kc167 Female embryonic cells from (Echalier and
disaggregated young embryos (8-12 Ohanessian 1969),
h old) Harvard RNAi Screening
center
S2R+ Cells derived from whole male (Yanagawa et al. 1998),

embryos on the verge of hatching;

express the Drosophila frizzled 1

and 2 proteins (Dfz1/2)

kind gift of Sven Bogdan



Designation Description Reference
S2R+::eGFP S2R+ cells stably overexpressing This work
eGFP (pUbiP-rfa-eGFP), Blasticidin-
resistant
S2R+::LDAH- S2R+ cells stably overexpressing C- This work
eGFP terminally eGFP-tagged human
LDAH (pUbiP-LDAH-eGFP),
Blasticidin-resistant
S2R+::sturkopf  S2R+ cells stably overexpressing C- This work
(16K2R)-eGFP  terminally eGFP-tagged
sturkopf(16K2R) (pUbiP-
sturkopf(16K2R)-eGFP), Blasticidin-
resistant
S2R+::sturkopf  S2R+ cells stably overexpressing C- This work
(S119A)eGFP  terminally eGFP-tagged
sturkopf(S119A) (pUbiP-
sturkopf(S119A)-eGFP), Blasticidin-
resistant
S2R+::sturkopf- S2R+ cells stably overexpressing C- This work

eGFP

terminally eGFP-tagged sturkopf
eGFP (pUbiP-sturkopf-eGFP),

Blasticidin-resistant

4.1.11 Drosophila culture medium

Table 14:  Used Drosophila culture media with information regarding their

composition.
Standard diet
(100 ml)

059 Agar

7149 Polenta

095¢g Soy flour

1689 Dry yeast

49 Sugar beet molasses

45¢g Malt extract

1.5 ml 10 % Nipagin in 70 % EtOH

450 pl Propionic acid



Standard diet (AG Jéackle) 063g Agar
(100 ml) 8g Polenta
19 Soy flour
184g Dry yeast
229 Sugar beet molasses
8g Malt extract
1.5 ml 10 % Nipagin in 70 % EtOH
630 pl Propionic acid
4112 Fly lines
Table 15:  Used Drosophila lines with information regarding their genotype and
reference.
Designation Genotype Reference

Acp26Aa Gal4

actin Gal4
Df(3L)BSC250

Df(3L)BSC363

Df(3L)ED202

esg;Gal4

esg,; Ctrl

esg;sturkopf[35.7]

Fat body Gal4

z1w11e4{Acp26Aa-P-Gal4};UAS-
lacZ

P{Act5C-GAL4)25FO1
w[1118];Df(3L)BSC250/TM6C,
Sb[1] cu[1]
w[1118];Df(3L)BSC363/TM6C,
Sb[1] cu[1]

w[1118];Df(3L)ED202, P{w[+mW.S
cer\FRT.hs3]=3"RS5+3.3}ED202/
TM6C, cu(1] Sb[1]
w;esg-Gal4,tub-Gal80's, UAS-
GFPns/CyO:UAS-flp
act>CD2>Gal4/Tm6é

w;esg;Gal4, UASserGFP,tubGal80*
:.+

w;esg;Gal4, UASserGFP,tubGal80*
;sturkopf{35.7]

w*, P{w[+mW.hs]=GawB}FB+SNS

(Chapman et al.
2003), kind gift from
Clive Wilson
BL4414

(Cook 2012),
BL23150

(Cook 2012),
BL24387

(Cook 2012),
BL8051

(Leiblich et al. 2012)

(Werthebach et al.
2019)

(Werthebach et al.
2019)

(Gronke et al. 2003)



Designation Genotype Reference

sturkopf Ctrl wi1118;; (Werthebach et al.
2019)

sturkopf{35.7] w1118;;sturkopff>7/ sturkopff>7 (Werthebach et al.
2019)

UAS-p35 w[*]; P{w[+mC]=UAS-p35.H}BH1 BL5072

UAS-sturkopf- yw; +/+; UAS-CG9186 / Tm3 Sb FlyORF F004457

ORF-3xHA Ser

sturkopf-RNAi P{KK108771}VIE-260B (Dietzl et al. 2007),
VDRC105945

White[-] (w-) w[1118] VDRC60000

4.1.13 Devices

Table 16:  Used devices with information regarding the model type.

Designation Model type Manufacturer

Binocular EZ4D Leica

Biological safety cabinet

Cell counter

Centrifuge

Centrifuge

Centrifuge

Confocal laser scanning
microscope

Gel documentation system
Gel imager

Heating block

Heating block

High content analysis
system

High precision scale

Incubation Shaker

Safe2020 Class 2
Luna automated cell
counter

Heraeus Fresco 21
Pico 21

5804 R

LSM 710

FAS-Digi PRO
Amersham Imager 680
THERMOCELL

Thermomixer compact
Operetta CLS

ABJ-NM/ABS-N

Ecotron

Thermo Fisher Scientific

Logos Biosystems

Thermo Fisher Scientific
Thermo Fisher Scientific
Eppendorf AG

Carl Zeiss Microscopy

Nippon Genetics
GE Healthcare
Hangzhou Bioer
Technology
Eppendorf AG

PerkinElmer

Kern & Sohn GmbH
Infors GmbH



Designation Model type Manufacturer

Incubator Heraeus B12 Thermo Fisher Scientific
Incubator IPP110 Plus Memmert GmbH
Laboratory shaker RS-0S5 Phoenix Instrument
Magnetic stirrer MR3001 Heidolph Instruments
Magnetic stirrer VMS-A VWR International
Microplate reader Synergy Mx BioTek Instruments

pH-meter

Power supply

Power supply

Precision scale

Real time PCR detection
system

Sonication device
Spectrophotometer
Thermal cycler

Tissue grinder

Basic pH meter pb-11
Biometra Power Pack
P25

PowerPac Hc Mini-
PROTEAN Tetra Cell
EW-N/EG-N

CFX Connect

Bioruptor Plus
Nanodrop 2000c
Biometra TAdvanced
Pellet Pestle

Sartorius AG
Analytik Jena

Bio-Rad Laboratories

Kern & Sohn GmbH

Bio-Rad Laboratories

Diagenode SA
Thermo Fisher Scientific
Analytik Jena

Gerresheimer AG

Vortexer Vortexgenie 2 Scientific Industries Inc.
4.1.14 Software

Table 17:  Used software with information regarding the used version.
Designation Version Manufacturer

Bio-Rad CFX Manager 3.1 Bio-Rad Laboratories

CellCounter - Jurgen Schonborn, group member
FAS Digi PRO 1.5 Nippon Genetics

FinchTV 1.4.0 Geospiza Inc.

Genb 2.07 BioTek Instruments

GraphPad Prism 8.3.0 GraphPad Software Inc.

Harmony 4.8 PerkinElmer

ImageJ 1.51n National Institute of Health

MS Office 2207 Microsoft Corporation



Designation Version Manufacturer

Nanodrop 2000 1.0 Thermo Fisher Scientific
Rest2009 1.0 Qiagen N.V.

Sequence Massager - Attotron Biosensor Corporation
Serial Cloner 2.6 SerialBasics

TeamViewer 14 Teamviewer GmbH

Zeiss Zen Blue 2.5 Carl Zeiss Microscopy

4.1.15 Consumables

Pipettes, reaction tubes/flasks and other not listed apparatuses, materials and
consumables were standard laboratory equipment and of research grade and were

primarily purchased from Sarstedt Inc., VWR International, or Neolab Migge GmbH.

4.2 Methods
4.2.1 Cell biological methods
4211 General cell culture conditions

All cell biological work stages were performed under a sterile bench.

4.21.1.1 Drosophila cell lines

The used Drosophila cell lines (table 13) were routinely cultivated in 25 cm? cell
culture flasks at 25 °C in the appropriate growth medium (table 12) without the need
of external CO; supply. The cells were passaged in a 1:5 ratio every 2-3 days upon
reaching confluency of approximately <80 %. As the used Kc167 and S2R+ cells
were only weakly adherent, the detachment of the cells was performed merely due to
weak shear forces based on pipetting. Cells were cultivated up to a passage of ~50

and then replaced with freshly thawed cells.

4.2.1.1.2 Human cell lines

HEK293 cells were cultivated 25 cm? cell culture flasks in DMEM complete medium
(table 12) at constant 37 °C with 5 % CO:z supply. Cells were passaged every 2-3
days upon reaching a confluency of approximately <80 % by washing cells once with
PBS and trypsination of the cells. Upon detachment of the cells, fresh DMEM was

added to the cells to stop the enzymatic process.



4.21.2 Freezing cells

In order to freeze cells for later usage, the cells were either grown to sub-confluency
of roughly 1-2*107 cells/ml or the remaining cell suspension from the routinely
passaging was used. The cells were centrifuged for 5 minutes at 1200 rpm in order to
pellet the cells. Afterwards the medium was aspirated, and the pelleted cells were
resuspended in freezing medium. The suspension was aliquoted in cryovials and put
into a foam box at -80 °C. After 2-3 days, the vials were transferred to normal boxes

at -80 °C for long term storage.

4.21.3 Thawing cells

Frozen cells were quickly thawed in a water bath. Upon thawing, the cells were
transferred into 5 ml of fresh medium and centrifuged for 5 minutes at 1200 rpm. The
medium was aspirated, and the pelleted cells were resuspended in 5 ml of fresh
medium. The cell suspension was plated into a new 25 cm? cell culture flask. Initially,

freshly thawed cells were passaged at irregular intervals.

4.21.4 Cell counting

For cell counting, 10 pl of cells resuspended for passaging were pipetted into a cell
counting slide and put into an automated cell counter. The device was used for the
determination of cell number and further utilized to calculate required cell numbers

and dilutions depending on the experiment performed.

4.21.5 Transient and stable plasmid DNA transfection

For both types of transfection, the Effectene Transfection Reagent Kit was used. The
first step of the Effectene-DNA complex formation is the condensation of the DNA by
interaction with the Enhancer in a defined buffer system. Upon addition of Effectene,
the condensed DNA starts to complex with the Effectene Reagent by building
micelle-like structures. Complexing of the DNA and the reagent allows an overcoming
of the electrostatic repulsion of cell membranes. DNA containing micelles with a
positively charged surface can then fuse with the negatively charged plasma

membrane of living cells.

Transient transfections were performed to conduct luciferase complementation
assays to monitor for protein-protein interactions (4.2.3.6). For transient transfections
within the scope of luciferase complementation assays, Kc167 or S2R+ cells were

seeded in a 96 well plate with a cell density of approximately 5.5*10* cells per well in



100 pl of Schneider's complete medium. After incubation overnight at 25 °C, the
transfection mix was prepared by adjusting the DNA concentration of each putative
interactor to 75 ng/pl and 6 pl of each plasmid was pipetted into a 1.5 ml reaction
tube. To this mixture 81.6 pl of EC buffer were added, followed by the addition of 2.1
pl of Enhancer. The mixture was then vortexed and incubated for 5 minutes at room
temperature. Then, 3.6 pl of Effectene were added and the mixture was again
vortexed and incubated at room temperature for 15 minutes. Finally, 31 pl of
transfection mix were pipetted to the cells in technical triplicates for each putative

interaction.

Stable transfections were performed within the scope of the generation of polyclonal
cell lines (4.2.1.6) to perform crystal violet proliferation assays (4.2.1.7) and to
generate protein lysates for western blot (4.2.3.1). In order to generate stable
polyclonal Drosophila cell lines, 1*10%5 S2R+ cells in 4 ml Schneider's complete
medium in 25 cm? cell culture flask. The next day, a transfection mix containing the
expression plasmid (2 pg), pCO Blast (50 ng) and EC buffer in a final volume of 140
pl was produced. Upon addition of 16 pl Enhancer, the mixture was vortexed and
incubated for 5 minutes at room temperature. Afterwards, 20 pl Effectene were
added, vortexed and incubated for 15 minutes. Then, 840 pl of Schneider's complete

medium were added and the complete mix was added to the cells.

4.2.1.6 Generation of stable polyclonal Drosophila cell lines

The transfection procedure for the generation of stable polyclonal Drosophila cell
lines was performed as described in 4.2.1.5. The cells grew for 3 days, and dead
cells were brought in suspension upon swirling the flasks carefully. The medium was
aspirated and replaced with Schneider's complete medium containing additional 30
pg/ml Blasticidin (BLAST selection medium). This process was repeated every 3
days until Blasticidin-resistant colonies grew confluent. If necessary, Blasticidin-
resistant colonies were transferred to a new 25 cm? cultivation flask. Once confluent,
cells were then resuspended in 5 ml BLAST selection medium (30 pg/ml) and plated
in a 25 cm? flask. From now on, cells were passaged under standard conditions using
BLAST selection medium (10 pg/ml) for maintenance. Newly generated polyclonal
cell lines were monitored for a successful transfection of the respective expression

construct via western blot.



4.21.7 Crystal violet proliferation assay

Crystal violet assays were performed in order to determine differences in proliferative
behavior of stably generated cell lines (see 4.1.10, table 13). Crystal violet binds to
DNA and proteins inside the cell. Cells undergoing cell death will also be stained.
However, cell death results in the detachment of the cells from the culture plate.
Thus, these cells will be washed off during the washing steps of the procedure. The

protocol was adapted from Feoktiskova et al., 2016.

Stably transfected cell lines were seeded in a density of 5x10* cells/ml in a 24 well
plate in technical triplicates and incubated at 25 °C for 24 h. Cells were either
cultured under basal conditions or with the supplementation of 400 uM oleic acid per
well. Over the course of 5 days, cells were stained and fixed with 200 pl 0.1 % crystal
violet solution for 20 minutes under constant agitation. Cells were then carefully
washed with 1 ml PBS thrice for 10 minutes each under constant agitation. Crystal
violet-dyed cells were airdried overnight at 25 °C. Extraction of crystal violet dye was
performed by using 500 pyl methanol for 20 minutes under constant agitation. Finally,
300 pl of each well were pipetted into a new 24 well plate and optical density was
measured at a wavelength of 570 nm. To three wells, 1 ml of BLAST selection
medium without cells was used as control for non-specific binding of crystal violet to

the 24 well plate.

4.2.2 Molecular biological methods

4.2.2.1 Production of chemically competent DH5a bacteria

5 pl of a DH5a E. coli stock were inoculated in 5 ml SOB medium and incubated
overnight at 37°C under constant shaking (220 rpm). The next day, 2 ml of the liquid
overnight culture were inoculated in 200 ml SOB medium. The culture was incubated
for approximately 2 h at 37°C until reaching an optical density (OD) of ODen0=0.4-0.6.
For measuring the optical density (OD) of the bacterial culture, 1 ml of that
suspension was put into a cuvette and measured using the Nanodrop 2000c. ODeoo-
measurements were performed every 45 minutes until the desired optical density was
reached. The suspension was aliquoted in four 50 ml falcons and incubated for 20
minutes on ice. Meanwhile, the centrifuge was cooled down on 4°C and the calcium
chloride solutions were prepared. The cells were centrifuged for 10 minutes at 3500
rpm at 4°C. The supernatant was decanted, and the falcons were put back on ice.

The residual cell pellets were resuspended in 12 ml ice-cold, sterile filtered 0.1 M



CaCl;. Afterwards, an incubation step of 30 minutes on ice followed. The cells were
then centrifuged again for 10 minutes at 3.500 rpm at 4°C. The supernatant was
again decanted, and the pelleted cells were resuspended in 3 ml ice-cold 0.1 M
CaClz containing 15% glycerol. The suspension was then aliquoted in 100 pl batches

in prechilled reaction tubes and shock frozen at -80°C.

4222 Plasmid DNA transformation

To perform a transformation, bacterial cells were thawed on ice. Then, 100 ng of
plasmid DNA were put to a 100 pl aliquot of DH5a or ccdB survival E. coli and
incubated for 15 minutes on ice. Afterwards, the bacteria were heat-shocked at 42°C
for 90 seconds and put back on ice for 2 minutes. Then, 500 pl of SOB medium were
added to the bacteria and incubated at 37°C for 30 minutes under constant shaking.
Following this incubation, the bacteria were plated on LB plates containing the

appropriate antibiotic.

4223 Mini-preparation

In order to perform a mini-preparation, a plasmid DNA transformation was performed
beforehand (4.2.2.2). Single colonies of transformed bacteria plated on agar plates
containing the appropriate antibiotic were picked and put into a test tube containing 5
ml of LB medium also containing the suitable antibiotic. The picked bacteria were
then incubated for 12 to 16h at 37 °C. To purify the plasmid DNA, the QlAprep Spin
Miniprep Kit was used according to the manufacturer's protocol. The purified DNA
was eluted in 30-50 pl dH;O. The DNA concentration was then determined by
spectrophotometry using the NanoDrop2000c spectrophotometer and the plasmid
DNA integrity was checked by an analytical restriction digestion using an appropriate

restriction enzyme according to the manufacturer’s instructions (4.1.3).

4224 Alkaline lysis
Alkaline lysis is a fast and crude method of preparing plasmid DNA from bacteria. It

underlies the same principle as in the mini-preparation namely the alkaline lysis. This
method was preferred, when testing many colonies in order to prevent excessive
usage of the purification columns which are provided by the Miniprep kit.

2 ml of a 5 ml overnight culture were centrifuged for 1 minute at 13.000 rpm. The
pelleted cells was resuspended in 300 pl of alkaline lysis buffer P1. Then, 300 pl of
the alkaline lysis buffer P2 were added and the tubes were inverted several times.

The mixture incubated for 5 minutes at room temperature. Afterwards, 300 pl of



alkaline lysis buffer N3 were added, mixed, and the mixture was then centrifuged for
10 minutes at 13.000 rpm. The supernatant was transferred into a new reaction tube
and mixed with 0.7 volumes of isopropyl by vortexing. After 15 minutes of
centrifugation at 13.000 rpm, the isopropyl was discarded and the pellet was washed
with 70% EtOH. After that, the air-dried pellet was resuspended in 20-50 pl of dH;O
and the concentration was measured using the Nanodrop2000c. Upon restriction
digestion and a subsequent agarose gel electrophoresis, the residual overnight
culture of positive clones could be used in an actual mini-preparation to obtain a

clean plasmid DNA sample.
4.2.2.5 Polymerase chain reaction (PCR)
The PCR is being used to enzymatically amplify specific DNA sequences in vitro.

Within the scope of this work PCRs were performed in order to amplify ORFs for the

generation of expression plasmids. The following protocol was routinely used:

14l cDNA template 98 °C 30 sec

25y fwd primer [10 pmol/pl] 98 °C 10 min

25y rev primer [10 pmol/pl] primer-specific 30 sec }iﬂx
14l dNTPs [10 mM] 72°C amplicon-specific

10 pl Phusion HF/Q5 reaction buffer [5x] 72°C 30 sec

0.5 pl Phusion HF/Q5 HF polymerase 8°C w

325yl dH:0

The annealing temperature as well as the elongation times varied depending on the

oligonucleotide properties and the size of the amplicon generated.

4.2.2.6 Agarose gel electrophoresis

Agarose gel electrophoresis was routinely performed after plasmid DNA preparation
and subsequent analytical restriction digestion either by mini-preparation or alkaline
lysis or after an ORF amplification by means of PCR and a subsequent preparative
restriction digestion. The electrophoresis was performed using a 1 % agarose gel at
80-100 V for ~30 minutes by default.

4.2.2.7 Gel extraction / PCR purification

A gel extraction is performed following a gel electrophoresis to extract and purify
DNA of interest from an agarose gel. The desired gel fragment was cut, and the
extraction was performed using the Nucleospin Gel and PCR clean-up kit according

to the manufacturer’'s protocol.



PCR purifications were performed following a prior PCR with the Nucleospin Gel and
PCR clean-up kit and all steps were executed according to the manufacturer's

protocol.

4.2.2.8 Gateway cloning

The cloning of expression plasmids was performed due to the generation of an entry
vector (PENTR) by amplifying the desired ORFs based on cDNA (see appendix) via
PCR from either Drosophila accessory gland-derived RNA or HEK-293 cell-derived
RNA. To accomplish that, oligonucleotides with overhang sequences containing Not/
and Ascl restriction sites were used (4.1.4, table 5). The obtained amplicon was
digested with Not/ and Ascl and ligated into the pENTR/D-TOPO plasmid, according
to the manufacturer's instructions, respectively. Several Drosophila transcripts were
obtained pre-cloned in a pDONR backbone vector from the Harvard FlyBi gene
expression plasmid collection and also used for recombination. Desired ORFs were
recombined into destination vectors using the Gateway LR Clonase Il Enzyme Mix

with the following adaptions to the manufacturer’s protocol:

Mixture: Cycle:
1-3 l Entry clone [50-150 ng] 25 °C 1h
1l Destination vector [150 ng]

14l Clonase enzyme mix

ad 4 pl dHz0

T

The entire mixture was then transformed into DH5a E. coli and then used as
described in 4.2.2.2.

4229 DNA sequencing

DNA sequencing was carried out by MWG Eurofins. For sequencing of pDONR and
pENTR constructs the universal sequencing primer M13 uni (-21) and M13 rev (-29)
provided by MWG Eurofins were used. For sequencing of generated pUbiP vectors,
the sequencing primer pUbiP-Seq1 and pUbiP-Seq2 (4.1.4) were used. Sequencing
was always performed for both DNA strands.

4.2.2.10 RNA isolation

The isolation of RNA was performed using the Rneasy Mini Kit.

4.2.2.10.1 RNA isolation from cultured cells

RNA from Drosophila S2R+ cells and human HEK-293 cells was isolated prior to

cDNA synthesis. For that, cultured cells were centrifuged at 1200 rpm for 5 minutes



and the cell pellet was resuspended in PBS and again centrifuged for 5 minutes at
1200 rpm. The supernatant was aspirated, the pellet was resuspended in 100 pl PBS
and frozen at -80 °C. The cell suspension was thawed on ice and 400 pl RLT buffer
(provided with the Rneasy Mini Kit) with 20 mM DTT were added. The mixture was
centrifuged at 13.000 rpm for 3 minutes and the supernatant was put into a new 1.5

reaction tube. The following steps were according to the Rneasy Mini Kit protocol.

4.2.2.10.2 RNA isolation from Drosophila accessory glands

RNA isolation of Drosophila AGs was performed prior to cDNA synthesis and
optionally subsequent gRT-PCR experiments. Roughly 30 glands were dissected in
ice-cold PBS and collected in 100 pl RLT buffer (provided with the Rneasy Mini Kit)
with 40 mM DTT in a 1.5 ml reaction tube. The following steps were according to the

Rneasy Mini Kit protocol.

4.2.2.11 Reverse transcription and cDNA synthesis

Complementary DNA (cDNA) synthesis was performed following a prior RNA
extraction using the GoTaq 2-Step RT-gPCR System kit according to the

manufacturers’ protocol.

Mixture: Cycle:

<5 g RNA 70 °C 5 min
14l Primer [Oligo{dT)s Primer] 4°C 5 min
1ul Random Primer

ad 10 pl dH:0

The following mixture was prepared and added to the denatured RNA/reverse

transcription primer mix to generate cDNA:

Mixture: Cycle:

10 pl denatured RNA 25°C 5 min
1.5l dH:=0 42 °C 1h

4 pl GOScript 5x Reaction Buffer 70°C 15 min
24l MgCl2,25 mM 4°C @

1l PCR Muclectide Mix, 10 mM

0.5l Recombinant RNasin

1l Reverse Transcriptase

The obtained cDNA was either used directly or frozen at -20 °C for later use.



4.2.2.12 Quantitative real time-polymerase chain reaction (qQRT-

PCR)
The quantitative real rime-PCR (gRT-PCR) was used to determine differences in the

expression of specific genes. For this, RNA was isolated from male accessory glands
as described in (4.2.2.10.2). Afterwards, the RNA was used as template to
synthesize cDNA as described in (4.2.2.11). The oligonucleotides for the respective
genes are listed in (4.1.4, table 5). Every condition to be analyzed was assayed in

triplicates and for each well of the 96 well assay plate the following mix was

prepared:

Mixture: Cycle:

125l GoTaq MasterMix 95 °C 2 min
0.5 pl Forward primer [10 puM] 95 °C 15 sec
0.5 pl Reverse primer [10 uM] 60 °C 1 min
6.5 pl dHz0 95 °C 1 min
5ul cDNA 58 °C 1 min

65-95 °C +0.5 °C/5 sec
Afterwards, the assay plate was sealed with a foil, shortly centrifuged, and samples

were measured using the Real Time PCR Detection System. Subsequent data

analysis was performed using the CFX-manager and REST20089.

4.2.2.13 Isolation of genomic DNA (gDNA)
To isolate genomic DNA (gDNA) from single w/-] Drosophila, single flies were put in

reaction tubes. Upon addition of 50 pl of squishing buffer the flies were homogenized
using the tissue grinder. The homogenate got incubated for 20-30 minutes at 37 °C
prior to activation of the proteinase K by heating up the homogenate to 95 °C for
2 minutes. The homogenate was shortly centrifuged, and the supernatant was

transferred to a new reaction tube and stored at -20 °C.

4.2.3 Biochemical methods

4.2.3.1 Sample preparation for western blots
Cultured Cells:

For protein analyses using cultured cells, cells were harvested and centrifuged at
1200 rpm for 5 minutes and the cell pellet was resuspended in PBS and again
centrifuged for 5 minutes at 1200 rpm. The supernatant was aspirated, the pellet was
resuspended in 100 pl PBS and frozen at -80 °C. Upon thawing, the cell suspension



was additionally sonicated to break down the cells further (7 cycles, 40
seconds/cycle). For each western blot performed, total protein amounts were

determined performing a BCA assay (4.2.3.5).

In order to denature the proteins, 20 pl of 5x sample (Laemmli-) buffer were added to
the suspension, mixed, and then incubated for 10 minutes at 95 °C. Shortly before
usage of the samples, the suspension was briefly centrifuged to pellet cell
components and to fragment nucleic acids. Upon centrifugation, the proteins are
eluted in the aqueous phase of the suspension which was used in a SDS-PAGE with

subsequent westemn blot.

Whole Drosophila Flies:

To generate lysates from adult Drosophila flies, the flies got immobilized at -20 °C for
5 minutes and 3-5 flies were collected in a 1.5 ml reaction tube. 50-100 pl of RIPA or
lysis buffer were added to each tube and the flies were homogenized using the tissue
grinder. The homogenate was centrifuged for 3 minutes at 13.000 rpm, the
supernatant was transferred to a new tube, sonicated as described before, and 40 pl
of the supernatant was mixed with 10 pl Laemmli buffer, incubated for 10 minutes at
95 °C and frozen at -80 °C.

4.2.3.2 Sodium dodecyl sulfate polyacrylamide gel

electrophoresis
The SDS-PAGE is a biochemical electrophoresis method to separate proteins
according to their hydrodynamic radius. In this work, discontinuous Tris-glycine gels
were made and used. The protein samples were focused in a 5 % stacking gel at 70
V for ~20 minutes and then separated in a 10 % separating gel at 140 V for
approximately 1.5 h using the SDS-PAGE Tank-Blot-System Mini-PROTEAN Tetra
Cell.

4.2.3.3 Western blot
Equal amounts of protein were separated using standard SDS-PAGE. Separated

proteins were fransferred from the carrier matrix (polyacrylamide gel) onto a
membrane (polyvinylidene fluoride [PVDF]) by using electric voltage. Prior to transfer,
the membrane needed to be activated by soaking in methanol to reduce its
hydrophobicity. The implementation of the blot followed the protocol of (Towbin et al.
1979). The Tank-Blot-System Mini-PROTEAN Tetra Cell was used for blotting, using



an electric current of 150 mA for 1 h. After blotting proteins onto a PVYDF membrane,
the membrane was washed with PBT for 10 minutes and afterwards blocked with 5 %
milk powder in PBT overnight at 4 °C to block free protein binding sites on the

membrane.

4.2.3.4 Immunodetection using chemiluminescence

PVDF membranes from western blot experiments were washed for 20 minutes with
PBT, following the incubation with a primary antibody diluted in 2.5 % milk powder in
PBT for up to 24 h under constant agitation using a laboratory shaker. The used
antibodies and dilutions can be comprehended in 4.1.7, table 8 and 9. Following 3
PBT washing steps of 10 minutes each, the membrane was incubated with the
secondary antibody diluted in 2.5% milk powder in PBT for up to 24 h at 4 °C. After
that, the membrane was washed again with PBT for 3 times of 10 minutes each.
Subsequently, the immunodetection using chemiluminescence was performed using
the SuperSignal West Pico Chemiluminescent Substrate kit. Luminol exhibits
chemiluminescence when activated with an oxidant. In this case the oxidizing agent
was a peroxide solution which was mixed in a ratio of 1:1 with the luminol solution
both provided with the kit. The mixture was dropped onto the membrane and as the
horseradish peroxidase catalyzes the oxidation of luminol, emitting light at 428 nm,
the light could be detected using the Amersham680 Gel Imager. In case of multiple
antibody probing per membrane, the membrane was washed with PBT for 10
minutes followed by an incubation with stripping buffer for 15 minutes. Afterwards,
the membrane was washed again with PBT and incubated with 5 % milk powder in
PBT at 4 °C overnight.

4.2.3.5 Bicinchoninic acid assay (BCA)

The BCA assay was performed prior to every western blot and within the scope of
luciferase complementation assays for normalization purposes using the Pierce BCA
assay kit according to the manufacturer's protocol. Defined amounts of BSA were
used as standard. For the measurement of the total protein amount of cell lysates
and whole Drosophila flies for later western blot analysis, dilutions of the lysates have
been generated (1:5, 1:50, 1:500) and 50 pl of each dilution were measured. For
luciferase complementation assays 10 pl of cell lysates were used. Samples were
incubated at 37°C for 30-45 minutes and measured by a microplate reader at a

wavelength of 562 nm.



4.2.3.6 Luciferase complementation assay

Luciferase complementation assays were performed to test candidate proteins for
protein-protein interactions (PPl). The underlying principle is the generation of
measurable chemiluminescence generated by the enzymatic conversion of
coelenterazine by the enzyme luciferase. The Gaussia princeps luciferase enzyme is
split into two similarly sized fragments. To test for interacting proteins, each of the
putative interactor of one interaction pair was fused to one half of the luciferase
enzyme via Gateway recombination (4.2.2.8). Luciferase fragments were C- and N-
terminally fused to each putative interactor to test for interactions in cis- and trans-
configuration. Putative interaction partner transcripts were co-transfected in either
Kc167 or S2R+ cells. Cells were routinely treated with 400 pM oleic acid and
incubated for 4 days. In case of an interaction, both luciferase fragments complement
to a fully functional luciferase enzyme, thus being able to convert coelenterazine and
thereby emitting light. Dimerized yeast GCN4 leucine zipper served as positive
control and for normalization purposes. Untransfected cells served as assay
baseline. Complementation results were categorized in strong interactions (>250 %
of zipper-zipper reads), significant interactions (100-250 % of zipper-zipper reads),
weak interactions (70-100 % of zipper-zipper reads), and no interaction (<70 % of
Zipper-zipper reads). The detailed method is described in Kolkhof et al., (2017).

4.2.3.7 20-Hydroxyecdysone (20HE) ELISA

The 20HE ELISA was performed to determine 20HE hemolymph titers of 7 days old
virgin and mated female and male sfturkopf Ctrl and sturkopf;35.7 animals.
Hemolymph preparation was performed as described in (4.2.5.2) and the 20HE
ELISA was performed using the 20-Hydroxyecdysone Enzyme Immunoassay kit and
according to the indicated manufacturer’'s instructions. 20HE hemolymph titers were

normalized to the hemolymph yield.

424 Histological methods and confocal microscopy

4.2.4.1 Immunostaining

For antibody staining of Drosophila accessory glands, the protocol described in
Sharma et al., (2017) was adapted. Accessory glands were dissected in ice-cold
0.1 % PBST and collected in cold 0.1 % PBST in a separate preparation dish until all
tissues of flies of the appropriate genotype were dissected. Tissues were then fixed
using RNAfix for 30 minutes and afterwards washed thrice with 0.1 % PBST for at



least 10 minutes each. Tissues were then incubated in a blocking solution containing
4 % BSA in 0.1 % PBST for 30 minutes. Primary antibodies were diluted
appropriately (4.1.7, table 8) in the blocking solution and incubated overnight at 4 °C.
Tissues were washed thrice with 0.1 % PBST for at least 10 minutes each.
Secondary antibodies were diluted accordingly (table 9) in 0.1 % PBST and
incubated overnight at 4 °C. Tissues were washed thrice with 0.1 % PBST for at least
10 minutes each and stained for DNA with Hoechst33342 [10 mg/ml] diluted 1:2000
in PBS for 30-60 minutes. Tissues were then mounted using Prolong Gold antifade

reagent.

4.2.4.2 Measurement of endoreplication

Endoreplication was measured as described in Leiblich et al., (2012). Accessory
glands of 7 days-old esg,Cfrl and esg;35.7 mated males were stained with
Hoechst33342 as described in (4.2.4.1) and recorded using the LSM710 confocal
microscope. Nuclear areas of one secondary cell and 3 surrounding main cells were
measured using the ZEN blue 2.5 software. A minimum of 4 clusters per lobe of each
genotype were measured and a minimum of 6 lobes per genotype were used the

determine the SC/MC nuclear ratio.

4243 Single molecule fluorescence in situ hybridization

smiFISH was used as means to visualize RNA molecules by using a set of unlabeled,
gene-specific primary probes and a fluorescently labelled secondary detector
oligonucleotide according to Tsanov et al. and Calvo et al. (Tsanov et al. 2016; Calvo
et al. 2021). sturkopf-specific primary probes were selected using the Stellaris Probe
designer tool (https://www.biosearchtech.com/support/tools/design-software/stellaris-
probe-design). 24 sturkopf-specific primary probes (100 pM) were brought into
equimolar solution and afterwards diluted 1:5 in dHzO to obtain a total concentration
of ~0.833 pM/probe. 100 uM of the detector oligonucleotide FLAP-X was annealed

with the primary probe mixture using a thermal cycler.

Mixture: Cycle:
4 pl Primary probe mix [0.833 pM/probe] 85 °C 3 min
1l FLAP-X probe [100 pM] 65 °C 3 min
2l NEB 3 (10x) 25 °C 5 min
13 pl dHz0

Annealed probes were either put on ice for direct use or stored at -20 °C.



Accessory glands of 7 days-old sturkopf Ctrl and sturkopf[35.7] males were
dissected, fixed and permeabilized as described in 4.2.4.1. Annealed probes were
diluted in smiFISH hybridization buffer to a final concentration of 80 nM. Prior to the
hybridization reaction, competitor DNA was prepared by combining 100 pl of 10
mg/ml herring sperm DNA with 100 pl of 10 mg/ml E. coli tRNA. A hybridization

reaction was performed subsequently.

Mixture:

23 pl Urea [14 M]

8 ul SSC buffer (20x)

40 pl Dextran sulfate (20 %)

3.5l Ribonucleoside vanadyl complex
1.5 pl Competitor DNA

2ul hybridized probes

ad 80 I dHz0

Tissues were hybridized for 14 h at 37 °C and samples were protected from light.
Afterwards, tissues were washed thrice for 10 minutes using smiFISH wash buffer
and lastly washed once with PBST for 10 minutes. Finally, tissues were stained for
DNA using Hoechst33342 (1:200) for 30-60 minutes, washed once with PBS and

mounted using Prolong Gold.

4244 Confocal microscopy

Confocal microscopy was performed using the LSM 710 Confocal Laser Scanning
Microscope (63x oil immersion objective) and the Operetta CLS High Content
Analysis System (5x and 40x air objective). All samples were recorded in Z-stacks.
The analysis of the specimens was performed using maximum intensity projections

and by means of the Zen Blue or Harmony software.

4.2.5 Drosophila melanogaster methods

4.2.5.1 Fly husbandry and genetics

Flies were kept according to the methods of Ashburner (Ashburner 1989) in
cultivation tubes on standard diet (4.1.11, table 14), in a 12 hour:12-hour light-dark
cycle at 25 °C and 50-60 % humidity. Unless stated differently, all experiments were
performed using 7 days-old mated male flies. The used fly lines are listed in 4.1.12,
table 15.



For crossings, at least 5 female virgin flies were put together with 2 male flies in a
new cultivation tube. For an increased number of descendants, the number of female

and male flies was adapted.

Homozygous esg,Ctrl and esg;35.7 were reared on 18 °C as the constructs include a
temperature sensitive Gal80® repressor which represses Gal4 transgene activation.
1-day old flies were transferred to 29 °C. The temperature shift induces a
conformational change of the Gal80" resulting its inability to repress Gald, thus
ensuring transgene expression. esg,Ctrl and esg;35.7 were reared for 6 days on 29
°C.

Crossings involving esg;Ctrf and esg,;35.7 were reared as described before. Crosses
were kept for 6 days at 29 °C. Afterwards, the crosses were put back to the restrictive

temperature of 18 °C for 3 days.

To test for a timepoint-dependent impact of the temperature shift, late L3 larvae or
prepupal animals reared on 18 °C, were transferred to and kept on 29 °C until the
adults were 7 days old (Kubo et al. 2018). Afterwards, the crosses were put back to

the restrictive temperature of 18 °C for 3 days.

4.2.5.2 Isolation of adult Drosophila hemolymph

Isolation of adult Drosophila hemolymph was performed for the measurement of 20-
hydroxyecdysone (20HE) hemolymph titers of 7 days old virgin and mated female
and male sturkopf Ctrl and sturkopf;35.7 animals. For each biological replicate, 3x30
animals per sex, genotype and mating status were pierced in the thorax with a fine
needle and transferred to a 200 pl bottom-punctured PCR tube. The PCR tube was
put into a 1.5 ml reaction tube and hemolymph was then harvested by centrifugation
for 5 minutes at 5000x g for 5 minutes at room temperature. The total weight of flies
and reaction tubes was determined prior to and after the centrifugation. Animal
preparation was performed at similar day times to minimize circadian rhythm-
dependent 20HE fluxes. 500 pl methanol were added to isolated hemolymph
samples and centrifuged at 12.000x g and 4 °C for 20 minutes. The supernatant was
transferred to a new 1.5 ml reaction tube and hemolymph was lyophilized by
evaporation of the methanol and 20HE was resuspended in 100 pl EIA buffer
(provided with the 20-Hydroxyecdysone Enzyme Immunoassay kit) and stored at -20
°C.



4.2.6 Data analysis and statistics

Unless stated differently, data analyses were performed using Microsoft Excel and
GraphPad Prism. Statistical analyses of independent samples were performed using
a two-tailed, unpaired t-test, if not stated differently. Significant differences were
marked by asterisks with the following significance levels: p-value=0.05 not
significant (n.s.), p<0.05 *, p<0.01 **, p<0.001 ***.
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Figure 61: Complete split luciferase complementation PPI results. Split luciferase complementation
assay results for co-expression of the indicated proteins in the presence of 400 pM OA for 4 days in

Drosophifa S2R+ cells. A legend explaining the color coding is included in the panel. Threshold levels

147
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Figure 62: Sequencing results from resequencing of pUbiP-sturkopf(S119A)-eGFP to check for the
integrity of the construct. The sequencing result shows the amino acid exchange from serine to

alanine at position aa119 (marked by yellow square) thus confirming the correctness of the plasmid.

Original sturkopf protein sequence (source: Uniprot)
MQEAYVNINSIPTHIFTWGRWIEETITEKEIVICITGNPGLPGFYTEFAGTLQKELGDL
PVWVIGHAGHDDPPEASIREVPQLSGNEELFNLDGQIRHKIAFIEKYVPSDVKIHLIG
HSIGAWMILQLLENERIRSRIQKCYMLFPTVERMMESPNGWVFTKVAMPLYSVFGYI
FFSFFNFLPVWLRLMLIQIYFLIFSIPRQFLGTALKYSKPSVAEKVVFLADDEMARVRG
IQREIVEQNLDLLKFYYGTTDGWVPISYYDQLKKDYPKVDAQLDTKKIDHAFVLRHS
QPMAVIVRDMIQQHRRV

= Sequencing data of pUbiP-sturkopf(S119A)-eGFP (fwd sequencing)

MQEAYVNINSIPTHIFTWGRWIEETITEKEIVICIT

GNPGLPGFYTEFAGTLQKELGDLPVWVIGHAGHDDPPEASIREVPQLSGNEELFNL
DGQIRHKIAFIEKYVPSDVKIHLIGHA




Coding sequences for molecular cloning of target genes:

dmAriadne (source: FlyBase):
ATGGACTCGGACAATGACAATGATTTCTGCGATAATGTCGATTCGGGCAACGTCTCCTC
GGGCGACGACGGCGATGATGACTTTGGCATGGAGGTGGACCTGCCAAGCTCCGCGGA
CCGCCAGATGGACCAAGATGACTACCAGTACAAGGTGCTCACCACCGATGAGATTGTG
CAACACCAGCGCGAGATCATCGACGAAGCCAATCTGCTGCTGAAGCTACCCACACCCA
CCACACGGATACTGCTAAATCACTTCAAGTGGGACAAGGAGAAGCTATTGGAGAAGTAC
TTCGACGACAACACTGATGAGTTCTTCAAATGCGCACATGTCATAAATCCTTTCAACGCC
ACCGAAGCGATCAAACAAAAGACCTCACGCAGTCAGTGCGAAGAGTGCGAAATATGCTT
TTCACAGCTCCCGCCAGATTCCATGGCCGGGCTGGAATGCGGACACCGATTCTGCATG
CCCTGTTGGCACGAGTATCTGTCAACGAAGATCGTGGCGGAGGGTCTGGGCCAGACCA
TTTCGTGCGCGGCGCACGGCTGTGATATCCTGGTGGACGACGTGACCGTCGCCAACCT
AGTGACGGACGCACGGGTGCGGGTCAAGTACCAGCAGCTGATCACCAATAGCTTTGTG
GAGTGCAACCAGCTGCTGCGCTGGTGTCCGTCCGTCGACTGCACCTATGCGGTGAAGG
TGCCGTACGCGGAGCCACGTCGCGTCCATTGCAAATGCGGCCATGTCTTCTGCTTTGC
CTGCGGCGAGAACTGGCACGATCCGGTCAAGTGCCGTTGGCTAAAGAAGTGGATCAAG
AAGTGTGACGACGACTCGGAGACGTCCAACTGGATCGCGGCCAATACCAAAGAGTGTC
CCAGGTGCAGCGTGACCATCGAGAAGGACGGCGGCTGCAACCACATGGTGTGCAAGA
ACCAGAACTGCAAAAACGAGTTCTGCTGGGTGTGCCTCGGTTCTTGGGAGCCGCACGG
CTCCTCCTGGTACAACTGCAATCGCTATGACGAGGACGAGGCCAAGACGGCCCGCGAT
GCTCAGGAGAAGCTGCGCTCCTCGCTGGCCAGATATCTCCACTACTACAATCGCTACAT
GAACCACATGCAGTCGATGAAGTTTGAGAACAAATTGTATGCATCTGTGAAGCAAAAGA
TGGAGGAGATGCAACAGCACAACATGTCATGGATTGAGGTGCAGTTTCTGAAAAAGGCT
GTCGACATACTTTGCCAGTGCCGTCAGACTCTCATGTACACGTACGTGTTTGCATATTAC
TTGAAAAAGAACAATCAATCCATGATATTCGAGGATAATCAAAAGGACTTGGAGTCGGCA
ACCGAGATGTTGTCGGAGTATTTGGAACGTGATATTACATCCGAGAATTTGGCTGATATT
AAGCAGAAAGTGCAAGATAAATACAGGTATTGTGAAAAGCGGTGCTCTGTTCTGCTGAA
GCACGTGCACGAGGGGTACGACAAGGAGTGGTGGGAGTACACAGAATGA

hsCNPY?2 (variant 1, source: NCBI):
ATGAAAGGCTGGGGTTGGCTGGCCCTGCTTCTGGGGGCCCTGCTGGGAACCGCCTGG
GCTCGGAGGAGCCAGGATCTCCACTGTGGAGCATGCAGGGCTCTGGTGGATGAACTAG
AATGGGAAATTGCCCAGGTGGACCCCAAGAAGACCATTCAGATGGGATCTTTCCGGATC
AATCCAGATGGCAGCCAGTCAGTGGTGGAGGTGCCTTATGCCCGCTCAGAGGCCCACC
TCACAGAGCTGCTGGAGGAGATATGTGACCGGATGAAGGAGTATGGGGAACAGATTGA
TCCTTCCACCCATCGCAAGAACTACGTACGTGTAGTGGGCCGGAATGGAGAATCCAGT
GAACTGGACCTACAAGGCATCCGAATCGACTCAGATATTAGCGGCACCCTCAAGTTTGC



GTGTGAGAGCATTGTGGAGGAATACGAGGATGAACTCATTGAATTCTTTTCCCGAGAGG
CTGACAATGTTAAAGACAAACTTTGCAGTAAGCGAACAGATCTTTGTGACCATGCCCTG
CACATATCGCATGATGAGCTATGA

hsLDAH (variant 1, source: NCBI):
ATGGACTCAGAACTCAAGGAAGAAATTCCTGTGCATGAGGAATTCATTTTGTGTGGTGG

AGCCGAAACCCAGGTTCTAAAATGTGGGCCCTGGACAGACCTCTTTCATGATCAAAGTG
TCAAAAGGCCTAAGCTGCTTATTTTCATTATTCCTGGTAACCCAGGTTTTTCTGCCTTTTA
TGTGCCATTTGCAAAGGCTTTATACTCTTTGACAAACAGACGCTTTCCAGTTTGGACTAT
CAGTCATGCTGGGCATGCGTTGGCTCCCAAAGACAAGAAGATTCTTACAACATCAGAGG
ATTCAAACGCTCAAGAAATTAAGGACATTTATGGACTAAATGGACAAATAGAGCACAAAC
TAGCTTTCCTGAGAACTCATGTGCCAAAGGACATGAAACTTGTGCTCATTGGCCATTCAA
TAGGCAGCTATTTCACACTTCAGATGCTGAAGCGAGTCCCTGAGCTCCCGGTAATTCGT
GCCTTTCTGCTCTTTCCAACAATTGAACGAATGTCTGAGTCACCCAATGGCAGAATTGCC
ACTCCACTTTTGTGCTGGTTTCGATATGTTCTCTATGTTACTGGCTACTTATTATTGAAAC
CGTGTCCTGAGACAATCAAGTCCTTGCTAATCAGAAGGGGCCTTCAAGTAATGAACCTA
GAGAATGAATTTTCACCATTGAATATATTAGAACCATTCTGCCTTGCTAATGCTGCCTAC
CTTGGGGGCCAAGAAATGATGGAGGTGGTGAAGAGAGATGACGAAACCATAAAGGAGC
ATTTATGTAAGCTTACATTTTATTATGGTACTATAGATCCTTGGTGTCCAAAAGAGTACTA
TGAAGACATTAAGAAGGATTTTCCAGAAGGAGACATTCGACTCTGTGAGAAAAACATAC
CTCATGCTTTCATCACCCATTTTAACCAGGAAATGGCAGACATGATTGCTGACTCCCTAA
AGGATGACTTGTCCAAAATGTAA

mmCNPY?2 (predicted variant 2, source: NCBI):
ATGCGAGCGTCAGAGGCTGTGGGCGCACTGAGGTGGAGCGACCCTGTTACACTAAAGA
TGAAAGGCTGGGGTTGGCTAGCCCTACTTTITGGGGGTCCTGCTGGGAACTGCCTGGGC
TCGAAGGAGCCAAGATCTACACTGTGGAGCTTGCAGGGCTCTGGTGGATGAATTAGAG
TGGGAAATTGCCCGCGTGGACCCCAAGAAGACCATTCAGATGGGATCCTTCCGAATCA
ATCCAGATGGCAGCCAGTCAGTTGTGGAGGTACCTTATGCCCGCTCAGAGGCCCACCT
CACAGAGTTGCTTGAGGAGGTGTGTGACCGAATGAAGGAGTACGGGGAACAGATTGAC
CCTTCTACCCACCGCAAGAACTACGTACGCGTCGTGAGCCGGAATGGAGAATCCAGTG
AACTAGACTTACAGGGCATCCGAATTGACTCAGATATCAGCGGCACCCTCAAGTTTGCG
TGTGAGAGCATTGTGGAAGAATACGAGGATGAGCTTATCGAATTCTTCTCCAGAGAGGC
TGACAACGTTAAAGACAAACTTTGCAGTAAGCGGACAGATCTATGTGACCATGCCCTGC
ACAGATCTCACGATGAGCTATGA

hsMYLIP (source: Keaq, #29116):
ATGCTGTGTTATGTGACGAGGCCGGACGCGGTGCTGATGGAGGTGGAGGTGGAGGCG
AAAGCCAACGGCGAGGACTGCCTCAACCAGGTGTGCAGGCGACTGGGAATCATAGAAG
TTGACTATTTTGGACTGCAGTTTACGGGTAGCAAAGGTGAAAGTTTATGGCTAAACCTGA




GAAACCGGATCTCCCAGCAGATGGATGGGCTAGCCCCTTACAGGCTTAAACTTAGAGTC
AAGTTCTTCGTGGAGCCTCATCTCATCTTACAGGAGCAGACTAGGCATATCTTITTTCTTG
CACATCAAGGAGGCCCTCTTGGCAGGCCACCTCTTGTGTTCCCCAGAGCAGGCAGTGG
AACTCAGTGCCCTCCTGGCCCAGACCAAGTTTGGAGACTACAACCAGAACACTGCCAA
GTATAACTATGAGGAGCTCTGTGCCAAGGAGCTCTCCTCTGCCACCTTGAACAGCATTG
TTGCAAAACATAAGGAGTTGGAGGGGACCAGCCAGGCTTCAGCTGAATACCAAGTTTTG
CAGATTGTGTCGGCAATGGAAAACTATGGCATAGAATGGCATTCTGTGCGGGATAGCGA
AGGGCAGAAACTGCTCATTGGGGTTGGACCTGAAGGAATCTCAATTTGTAAAGATGACT
TTAGCCCAATTAATAGGATAGCTTATCCTGTGGTGCAGATGGCCACCCAGTCAGGAAAG
AATGTATATTTGACGGTCACCAAGGAATCTGGGAACAGCATCGTGCTCTTGTTTAAAATG
ATCAGCACCAGGGCGGCCAGCGGGCTCTACCGAGCGATAACAGAGACGCACGCATTCT
ACAGGTGTGACACAGTGACCAGCGCCGTGATGATGCAGTATAGCCGTGACTTAAGGGC
CACTTGGCATCTCTGTTTCTGAATGAAAACATTAACCTTGGCAAGAAATATGTCTTTGATA
TTAAAAGAACATCAAAGGAGGTGTATGACCATGCCAGGAGGGCTCTGTACAATGCTGGEC
GTTGTGGACCTCGTTTCAAGAAACAACCAGAGCCCTTCACACTCGCCTCTGAAGTCCTC
AGAAAGCAGCATGAACTGCAGCAGCTGCGAGGGCCTCAGCTGCCAGCAGACCCGGGT
GCTGCAGGAGAAGCTACGCAAGCTGAAGGAAGCCATGCTGTGCATGGTGTGCTGCGAG
GAGGAGATCAACTCCACCTTCTGTCCCTGTGGCCACACTGTGTGCTGTGAGAGCTGCG
CCGCCCAGCTACAGTCATGTCCCGTCTGCAGGTCGCGTGTGGAGCATGTCCAGCACGT
CTATCTGCCAACGCACACCAGTCTTCTCAATCTGACTGTAATCTAA

hsTRIM28 (source: Keqgq, #10155):
ATGGCGGCCTCCGCGGCGGCAGCCTCGGCAGCAGCGGCCTCGGCCGCCTCTGGCAG
CCCGGGCCCGGGCGAGGGCTCCGCTGGCGGCGAAAAGCGCTCCACCGCCCCTTCGG
CCGCAGCCTCGGCCTCTGCCTCAGCCGCGGCGTCGTCGCCCGCGGGGEGEGELCGGECGLO
GAGGCGCTGGAGCTGCTGGAGCACTGCGGCGTGTGCAGAGAGCGCCTGCGACCCGA
GAGGGAGCCCCGCCTGCTGCCCTGTTTGCACTCGGCCTGTAGTGCCTGCTTAGGGCCC
GCGGCCCCCGCCGCCGCCAACAGCTCGGGGGACGGLGGEGGLGGLGEGGGLGACGGCA
CCGTGGTGGACTGTCCCGTGTGCAAGCAACAGTGCTTCTCCAAAGACATCGTGGAGAA
TTATTTCATGCGTGATAGTGGCAGCAAGGCTGCCACCGACGCCCAGGATGCGAACCAG
TGCTGCACTAGCTGTGAGGATAATGCCCCAGCCACCAGCTACTGTGTGGAGTGCTCGG
AGCCTCTGTGTGAGACCTGTGTAGAGGCGCACCAGCGGGTGAAGTACACCAAGGACCA
TACTGTGCGCTCTACTGGGCCAGCCAAGTCTCGGGATGGTGAACGTACTGTCTATTGCA
ACGTACACAAGCATGAACCCCTTGTGCTGTTTTGTGAGAGCTGTGATACTCTCACCTGC
CGAGACTGCCAGCTCAATGCCCACAAGGACCACCAGTACCAGTTCTTAGAGGATGCAG
TGAGGAACCAGCGCAAGCTCCTGGCCTCACTGGTGAAGCGCCTTGGGGACAACATGCA
ACATTGCAGAAGAGCACCAAGGAGGTTCGCAGCTCAATCCGCCAGGTGTCTGACGTAC
AGAAGCGTGTGCAAGTGGATGTCAAGATGGCCATCCTGCAGATCATGAAGGAGCTGAA




TAAGCGGGGCCGTGTGCTGGTCAATGATGCCCAGAAGGTGACTGAGGGGCAGCAGGA
GCGCCTGGAGCGGCAGCACTGGACCATGACCAAGATCCAGAAGCACCAGGAGCACATT
CTGCGCTTTGCCTCTTGGGCTCTGGAGAGTGACAACAACACAGCCCTTTTGCTTTCTAA
GAAGTTGATCTACTTCCAGCTGCACCGGGCCCTCAAGATGATTGTGGATCCCGTGGAG
CCACATGGCGAGATGAAGTTTCAGTGGGACCTCAATGCCTGGACCAAGAGTGCCGAGG
CCTTTGGCAAGATTGTGGCAGAGCGTCCTGGCACTAACTCAACAGGCCCTGCACCCAT
GGCCCCTCCAAGAGCCCCAGGGCCCCTGAGCAAGCAGGGCTCTGGCAGCAGCCAGCC
CATGGAGGTGCAGGAAGGCTATGGCTTTGGGTCAGGAGATGATCCCTACTCAAGTGCA
GAGCCCCATGTGTCAGGTGTGAAACGGTCCCGCTCAGGTGAGGGCGAGGTGAGCGGC
CTTATGCGCAAGGTGCCACGAGTGAGCCTTGAACGCCTGGACCTGGACCTCACAGCTG
ACAGCCAGCCACCCGTCTTCAAGGTCTTCCCAGGCAGTACCACTGAGGACTACAACCTT
ATTGTTATTGAACGTGGCGCTGCCGCTGCAGCTACCGGCCAGCCAGGGACTGCGCCTG
CAGGAACCCCTGGTGCCCCACCCCTGGCTGGCATGGCCATTGTCAAGGAGGAGGAGA
CGGAGGCTGCCATTGGAGCCCCTCCTACTGCCACTGAGGGCCCTGAGACCAAACCTGT
GCTTATGGCTCTTGCGGAGGGTCCTGGTGCTGAGGGTCCCCGCCTGGCCTCACCTAGT
GGCAGCACCAGCTCAGGGCTGGAGGTGGTGGCTCCTGAGGGTACCTCAGCCCCAGGT
GGTGGCCCGGGAACCCTGGATGACAGTGCCACCATTTGCCGTGTCTGCCAGAAGCCAG
GCGATCTGGTTATGTGCAACCAGTGTGAGTTTTGTTTCCACCTGGACTGTCACCTGCCG
GCCCTGCAGGATGTACCAGGGGAGGAGTGGAGCTGCTCACTCTGCCATGTGCTCCCTG
ACCTGAAGGAGGAGGATGGCAGCCTCAGCCTGGATGGTGCAGACAGCACTGGCGTGG
TGGCCAAGCTCTCACCAGCCAACCAGCGGAAATGTGAGCGTGTACTGCTGGCCCTATT
CTGTCACGAACCCTGCCGCCCCCTGCATCAGCTGGCTACCGACTCCACCTTCTCCCTG
GACCAGCCCGGTGGCACCCTGGATCTGACCCTGATCCGTGCCCGCCTCCAGGAGAAG
TTGTCACCTCCCTACAGCTCCCCACAGGAGTTTGCCCAGGATGTGGGCCGCATGTTCAA
GCAATTCAACAAGTTAACTGAGGACAAGGCAGACGTGCAGTCCATCATCGGCCTGCAG
CGCTTCTTCGAGACGCGCATGAACGAGGCCTTCGGTGACACCAAGTTCTCTGCTGTGC
TGGTGGAGCCCCCGCCGATGAGCCTGCCTGGTGCTGGCCTGAGTTCCCAGGAGCTGT
CTGGTGGCCCTGGTGATGGCCCCTGA

hsUBEZ2D1 (source: Keaa. #7321):
ATGGCGCTGAAGAGGATTCAGAAAGAATTGAGTGATCTACAGCGCGATCCACCTGCTCA
CTGTTCAGCTGGACCTGTGGGAGATGACTTGTTCCACTGGCAAGCCACTATTATGGGGC
CTCCTGATAGCGCATATCAAGGTGGAGTCTTCTTTCTCACTGTACATTTTCCGACAGATT
ATCCTTTTAAACCACCAAAGATTGCTTTCACAACAAAAATTTACCATCCAAACATAAACAG
TAATGGAAGTATTTGTCTCGATATTCTGAGGTCACAATGGTCACCAGCTCTGACTGTATC
AAAAGTTTTATTGTCCATATGTTCTCTACTTTGTGATCCTAATCCAGATGACCCCTTAGTA
CCAGATATTGCACAAATCTATAAATCAGACAAAGAAAAATACAACAGACATGCAAGAGAA
TGGACTCAGAAATATGCAATGTAA
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