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Abstract

Renal function plays a critical role in maintaining water-salt homeostasis and
survival of most animal species. Impaired renal function has been associated
with kidney stone disease, with evidence linking compromised tubular secretion
to the progression of renal dysfunction in humans. Moreover, substantial genetic
contributions have been identified in both kidney stone formation and tubular
transport of endogenous solutes and xenobiotics. Therefore, understanding the
genetic basis of nephrolithiasis and tubular transport may provide valuable
insights into the mechanisms underlying nephrolithiasis, impaired tubular
secretion, and their contributions to renal function decline. Genome-wide
association studies in humans have reported several sequence variants
associated with kidney function and kidney stone disease. Calcium-based urinary
stones account for more than 80% of all kidney stones, and tubular transport
represents another important renal functional parameter apart from glomerular
filtration. Despite this, only a handful of genes implicated in calcium
nephrolithiasis and tubular transport have been identified. The genetic basis of
variation in susceptibility to kidney stones and renal tubular secretion remains
largely unclear. While association studies are powerful and unbiased tools for

identifying risk loci, several challenges persist in human studies.

The Malpighian tubules of Drosophila, functional analogues of human kidneys,
have been demonstrated to be an excellent model for studying human renal
function and disease. The Drosophila melanogaster genetic reference panel
serves as a valuable genetic resource for investigating the genetic basis of
complex traits. In this study, we utilized inbred, fully sequenced lines from the
panel to identify genetic variants influencing kidney stone formation and the
secretion capacity of renal tubules. Calcium crystals were quantified in the renal
tubules of fly lines subjected to a lithogenic diet, and the fluid secretion
capacity of the dissected tubules was measured. Furthermore, the genetic basis
of neuroendocrine regulation of secretion was explored using two neuropeptides
targeting distinct cell types. We found considerable and reproducible phenotypic

variation in both crystal formation and fluid secretion ability. Interestingly, no



correlation was observed between the development of renal crystals and basal
fluid secretion rates, despite low urine volume being a recognized risk factor for

kidney stone disease.

Association studies were conducted to identify genetic variants associated with
the observed phenotypic variation. A total of 68 polymorphisms corresponding to
41 genes were associated with crystal formation, while 155 polymorphisms
corresponding to 92 genes were linked to basal secretion rate. Candidate genes
harbouring these polymorphisms were functionally validated through RNAi-
mediated knockdown. Interactions between candidate genes and their physically
and genetically interacting genes were extracted from curated databases.
Functional enrichment analysis of the clustered gene networks revealed that
biological processes, including the Wnt signalling pathway and extracellular
acidification, were associated with the gene networks identified in the analysis
of stone formation. Additionally, processes such as the electron transport chain,
aerobic respiration, and mitochondrial ATP synthesis were linked to variation in

basal secretion rate.

In conclusion, this study presents the first genome-wide association analysis of
renal crystal formation and tubular fluid secretion in Drosophila, identifies
multiple candidate loci and pathways, and helps to prioritise human genes and
pathways as potential therapeutic targets for kidney stone disease and impaired
tubular transport. This study has thus demonstrated the utility of a systematic,
unbiased screen in identifying genes of interest in renal function in both insects

and humans.
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Chapter 1 Introduction

1.1 Renal function and water and ion homeostasis

The kidneys and their evolutionary precursor structures are essential for the
survival of animals. In most organisms, death occurs within days after the
complete cessation of renal function (Finco, 1997). These excretory structures
play a central role in maintaining water and ion balance, with a variety of
transport and neuroendocrine mechanisms involved in this regulation. In the
human nephron, the regulation of water and sodium balance can be viewed as
two distinct systems, primarily controlled by the vasopressin and renin-

angiotensin-aldosterone systems (Schrier, 2006).
1.1.1 Regulation of water balance

Water, as the largest single constituent of the human body, accounts for
approximately 60% of body weight (Verbalis, 2003). Total body water is divided
into two compartments: intracellular fluid, comprises approximately two-thirds
of the total, and extracellular fluid, which accounts for the remaining third.
Water homeostasis is maintained by balancing water intake and loss. As
terrestrial organisms, humans lose water through urine, faeces, respiration, and
perspiration and gain it through food and drink (Delpire and Gagnon, 2018).
Despite significant fluctuations in salt and water intake, terrestrial mammals
maintain a relatively stable extracellular fluid osmolality (Darrow and Yannet,
1935). The regulation of water balance is largely controlled by thirst, which

is governed by osmoreceptors, and antidiuresis, which is regulated by arginine
vasopressin. When plasma osmolality changes, cell volume adjusts accordingly.
These changes in cell volume are detected by osmoreceptors in the
hypothalamus (Oliet and Bourque, 1993), leading to the release of arginine
vasopressin into the bloodstream (Verney, 1947). The vasopressin receptor, V2,
located in the renal collecting duct, is activated by circulating vasopressin. The
activation of the receptor increases the renal water permeability of the

collecting duct by inserting the water channel aquaporin-2 into the apical
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membranes of principal cells (Knepper, 1997). The binding of vasopressin to its
receptor activates the Gs adenylyl cyclase system, which elevates intracellular
levels of cyclic 3’,5’-adenosine monophosphate (CAMP). The activation of protein
kinase A by cAMP phosphorylates preformed aquaporin-2 in intracellular vesicles.
This phosphorylation facilitates the trafficking and insertion of aquaporin-2 into
the apical membrane (Greenberg and Verbalis, 2006). In the basolateral
membrane, two other water channels are constitutively present, making the

insertion of aquaporin-2 the limiting step in regulating water permeability.

1.1.2 Regulation of sodium balance

Sodium is another major determinant of body fluid homeostasis, alongside
water. The sodium-potassium pump (Na*/K*-ATPase), a ubiquitous enzyme
responsible for establishing and maintaining the transmembrane electrochemical
gradients of sodium and potassium, accounts for approximately one-third of the
total energy expenditure in animal cells (Hodeify et al., 2024) and up to two-
thirds of energy expenditure in neurons (Mohan et al., 2019). This high energy
expenditure of sodium-potassium pump underscores the critical importance of
maintaining sodium balance. Unlike water intake, which can be regulated by
thirst, there is limited evidence supporting a significant role for regulated
sodium intake in humans (Verbalis, 2003). In patients with various disorders that
cause severe depletion of sodium and extracellular fluid, the absence of salt
appetite has been observed. Consequently, the kidneys assume a more

significant role in regulating sodium homeostasis through renal excretion.

Two classical mechanisms, glomerular filtration rate (GFR) and adrenal
aldosterone secretion, play a role in regulating renal Na* excretion (Verbalis,
2003). The difference between the filtration rate and tubular reabsorption of
Na* determines the amount of Na* excreted. GFR is influenced by several
factors, such as glomerular plasma flow and capillary surface area (Verbalis,
2003). Under normal conditions, up to 99% of the filtered Na* (approximately 25
mol per day) is reabsorbed (Bie, 2018). When the amount of filtered sodium

increases, Na* reabsorption by the proximal tubule also rises through
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tubuloglomerular feedback (Verbalis, 2003). Sodium intake leads to changes in
arterial blood pressure. High sodium consumption can result in water retention,
as sodium is rapidly and actively absorbed by the gastrointestinal tract. This
increased blood volume, resulting from water retention, raises blood pressure in
the arterial vessels, leading to higher renal blood flow (Grillo et al., 2019), an
increased glomerular filtration rate (GFR), and, consequently, more sodium

being filtered.

With a reduced sodium load, its reabsorption becomes more efficient, and
excretion decreases (Selkurt, 1954). The effective circulating volume is
monitored by sensor and effector elements. In response to renal hypoperfusion
and reduced tubular sodium content, the renin-angiotensin-aldosterone system
is activated. Angiotensinogen, secreted by the liver, is cleaved by renin from
juxtaglomerular cells and converted into angiotensin Il (Paul et al., 2006).
Angiotensin |l enhances sodium reabsorption by increasing the activity of the
Na*-H* antiporter (Cano et al., 1994). Under the regulation of angiotensin I,
aldosterone, synthesised in the adrenal cortex, is secreted. This increases the
concentrations of epithelial sodium channels at the apical membrane, thereby

enhancing sodium reabsorption in the collecting tubules (Paul et al., 2006).

1.1.3 Renal dysfunction

The glomerular filtration rate is the widely accepted indicator of overall kidney
function, and its level is used to define chronic kidney disease (CKD) (Webster et
al., 2017). The estimated global prevalence of CKD is 13.4% (Hill et al., 2016),
and the annual healthcare expenditure for CKD in the United States alone was
estimated at 10.7 billion dollars (Ozieh et al., 2017). Decreased kidney function
is indicated by a GFR of less than 60 ml/min per 1.73 m?2 or the presence of
kidney damage markers for at least three months. Patients with a GFR of less
than 15 ml/min per 1.73 m? are classified as having end-stage kidney disease
(ESKD), requiring either a kidney transplant or dialysis for survival. Various
factors, including diabetes, hypertension, and inflammation, contribute to the

decline in renal function (Lopez-Novoa et al., 2010, Webster et al., 2017).
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Several studies have demonstrated that nephrolithiasis can also impair kidney
function (Gillen et al., 2005, Haley et al., 2016, Chuang et al., 2020, Alexander
et al., 2012, Rule et al., 2009). The presence of kidney stones is significantly
associated with an increased risk of CKD or ESKD (Alexander et al., 2012, Chuang
et al., 2020, Rule et al., 2009). Potential mechanisms linking kidney stones to
adverse renal outcomes may involve renal damage caused by stone formation
(Alexander et al., 2012, Coe et al., 2010). Additionally, renal tubular secretion is
an important renal functional parameter, apart from glomerular filtration, as
endogenous solutes and medications are rapidly cleared by the renal tubules
(Wang and Kestenbaum, 2018). Associations between low clearance of secretory
solutes and tubulointerstitial fibrosis, as well as the progression of renal function
decline, have been observed (Garimella et al., 2022, Suchy-Dicey et al., 2016,
Chen et al., 2020). Increased phosphaturia also accelerates the decline in renal
function (Santamaria et al., 2018), and renal phosphate homeostasis involves

both glomerular filtration and tubular reabsorption (Blaine et al., 2015).
1.2 Kidney stone disease

Kidney stone disease (KSD) is a condition characterised by the formation of
crystal concretions within the kidneys. It affects approximately 10% of adults
worldwide (Singh et al., 2022a), and the estimated annual economic cost
associated with the diagnosis, treatment, and prevention of nephrolithiasis is
projected to exceed 4 billion dollars by 2030 in the United States alone
(Antonelli et al., 2014, Roberson et al., 2020). The prevalence and incidence of
KSD have been reported to be increasing globally (Romero et al., 2010). The
aetiology of kidney stones is complex and multifactorial, with both genetics and
environmental factors contributing to the risk of developing KSD. Extrinsic
factors, including geography, climate, diet, and water intake (Moe, 2006), also
play a significant role in the formation of kidney stones, alongside genetic

factors.



21
1.2.1 Types of kidney stones

The chemical composition of kidney stones varies depending on the chemical
composition of the urine (Alelign and Petros, 2018). Based on differences in
mineral composition and pathogenesis, there are four major types of kidney

stones.
1.2.1.1 Calcium stones

The most common type of kidney stone is a calcium stone, which accounts for
more than 80% of all urinary calculi (Coe et al., 2005). These stones can form as
calcium oxalate (CaOx) or calcium phosphate (CaP) crystals, either alone or in
combination. Among patients with first-time symptomatic kidney stones, up to
94% have calcium stones, with 76% of these being calcium oxalate (Singh et al.,
2015). CaOx crystals exist in two forms: CaOx monohydrate (COM) and CaOx
dihydrate (COD) (Bensatal and Ouahrani, 2008). Compared with COD stones, COM
stones are more commonly observed clinically (Daudon et al., 2004) and are the
most thermodynamically stable form of kidney stones (Alelign and Petros, 2018).
The ten-year recurrence rate is higher for COD stones (38%) than for COM stones
(26%) among CaOx stone formers. Several risk factors, including hypercalciuria,
hyperoxaluria, and hypocitraturia, contribute to the development of CaOx stones
(Dal Moro et al., 2005).

Calcium phosphate primarily exists in the form of basic CaP (apatite), calcium
hydrogen phosphate dihydrate (brushite), or tricalcium phosphate (whitlockite)
(Khan et al., 2016). Apatite often appears as a powdery mass filling spaces
between other types of crystals, particularly CaOx stones. Major risk factors for
the formation of CaP crystals include hypercalciuria, hypocitraturia, and a high
urinary pH (Siener et al., 2013). CaOx crystals are more likely to form when
urinary pH is between 5.0 to 6.5, while CaP stones typically form when pH
exceeds 7.5 (Alelign and Petros, 2018). The 10-year symptomatic recurrence
rate for calcium oxalate and hydroxyapatite stones is approximately 30% (Singh
et al., 2015).
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1.2.1.2 Uric acid stones

Uric acid crystals account for about 8-10% of kidney stones worldwide. Patients
with obesity and insulin resistance are at higher risk of developing uric acid
nephrolithiasis (Ekeruo et al., 2004, Daudon et al., 2006). Low urinary pH,
particularly below 5.5, is considered the primary factor responsible for the
formation of uric acid stones (Sakhaee et al., 2002). In addition to the
insolubility of uric acid caused by low urinary pH and dehydration, excessive
urinary excretion of uric acid, known as hyperuricosuria, also contributes to the
formation of uric acid crystals. Excessive intake of purine-rich foods (Fellstrom
et al., 1983) and conditions that lead to overproduction of uric acid, such as
gout, can result in elevated levels of urinary uric acid. Furthermore, the use of
uricosuric drugs increases the rate of stone formation in patients with gout
(Shekarriz and Stoller, 2002). Increasing urine pH and promoting large urine
volumes are effective strategies to prevent the recurrence of uric acid calculi
(Becker, 2007).

1.2.1.3 Struvite stones

Struvite stones, which account for about 10% of kidney stones (Han et al., 2015),
are also known as infection stones or triple phosphate stones (Griffith, 1978).
These stones are a mixture of magnesium ammonium phosphate and carbonate
apatite. Urease-producing bacteria are the primary culprits behind infection-
induced struvite stones. Pathogens such as Proteus mirabilis, Klebsiella
pneumonia, and Pseudomonas aeruginosa are commonly associated with their
formation (Griffith, 1978). Urease produced by these pathogens hydrolyses urea
into ammonia and carbon dioxide, increasing urinary pH, reducing the solubility
of phosphate, and leading to the formation of large staghorn calculi (Griffith,
1978). Compared with sterile and acidic urine from healthy kidneys, urine from
stone-containing kidneys is alkaline and contains higher levels of cellular debris
and protein (BROWN, 1901). In adults, women are more likely to develop struvite

stones than men, while the opposite is true in children (Rodman, 1998). With
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surgical intervention and antibiotics, struvite stones, which were historically

associated with high mortality, are now treatable.
1.2.1.4 Cystine stones

Apart from rare xanthine stones, which are typically associated with inborn
metabolic disorders, cystine stones are the least common type of kidney stones,
accounting for less than 2% of cases. They are primarily caused by an autosomal
recessive disorder that results in defects in the renal transporter for the amino
acid cystine (Biyani and Cartledge, 2006). The impaired reabsorption of cystine
leads to elevated urinary cystine levels, which, due to its poor solubility, form
crystals at normal urinary pH. Increasing fluid intake, administering oral
potassium citrate, and limiting sodium and protein intake can help reduce

cystine excretion (Fattah et al., 2014).

1.2.2 Mechanisms of the formation of kidney stones

The aetiology of kidney stones is complex and not fully understood (Aggarwal et
al., 2013). The formation of stones involves physicochemical changes and the
supersaturation of urine. In a supersaturated state, solutes precipitate, leading
to nucleation and, ultimately, the formation of crystal concretions. The
transition from a liquid to a solid phase is influenced by factors such as pH and
the concentration of excess molecules. Stone-forming substances such as
calcium, phosphorus, uric acid, and oxalate are key risk factors for
crystallization. Although all kidney stones share common events in the mineral
phase of formation, the specific sequence of events leading to stone formation
varies depending on the type of stone and the composition of the urine (Alelign
and Petros, 2018). A reduced level of inhibitors promotes calcification in
supersaturated urine, while an increase in promoters fosters it. For example, the
presence of uric acid reduces the solubility of CaOx and increases crystallization
(Sikiric et al., 1997). Various cellular and extracellular events, including

nucleation, crystal growth and aggregation, and crystal-cell interaction, are
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involved in kidney stone formation (Figure 1.1) (Alelign and Petros, 2018). These

processes also provide therapeutic targets for kidney stone disease.

Urinary supersaturation ol Oxidative stress 4 Cellinjury and cell membrane
(Promotors such as hyperoxaluria) rupture
Crystal aggregation S Crystal growth < Nucleation (Heterogeneous)
Crystal-cell interaction - Crystal retention/adhesion — Stone formation

Figure 1.1 Various cellular and extracellular events during kidney stone formation.
Taken from (Alelign and Petros, 2018).

1.2.2.1 Nucleation

In supersaturated urine, nucleation is the initial step in the transformation from
a liquid to a solid phase. Free ions or molecules begin to form microscopic
clusters that can precipitate. For example, when charged soluble calcium and
oxalate combine, they form insoluble CaOx crystals. In supersaturated solutions,
if promoters outweigh the inhibitors, nucleation occurs (Basavaraj et al., 2007).
This process typically happens heterogeneously in urine, as a lower level of
supersaturation is needed compared to homogeneous nucleation (Robertson,
1969). Heterogeneous nucleation can occur in the presence of proteins, other
organic polymers, and crystals of another mineral. Epithelial cells, urinary casts,
and red blood cells can act as nucleating centres (Aggarwal et al., 2013). Zinc
(Barker et al., 2020) and albumin (Cerini et al., 1999) have also been found to
play a role in nucleation. Once a nucleus is formed, a lower chemical pressure is
required for further crystallization (Alelign and Petros, 2018). Additionally, the
organic matrix, such as mucopolysaccharide, can serve as a binding agent,

promoting nucleation and crystal aggregation (Ahmed et al., 2016).

1.2.2.2 Crystal-cell Interaction

The attachment of grown crystals to the renal tubule is referred to as crystal-

cell interaction or crystal retention. This interaction is a crucial step in the
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development of kidney stone disease (Khan et al., 1999). Under conditions of
hyperoxaluria, renal tubular epithelial cells are damaged by high concentrations
of oxalate or sharp COM crystals (Khan, 2006). Crystal-cell interaction leads to
the movement of crystals from the basolateral side of the cells to the basement
membrane (Courbebaisse et al., 2016). The crystals may then be internalized by
the cells and anchored to the basement membrane of the kidney. Numerous
membrane vesicles produced through cellular degradation after cell injury act as
nucleators for calcium crystals. Additionally, injured cell membranes can
become inverted and serve as sites for crystal adhesion (Alelign and Petros,
2018), as COM crystals have a stronger affinity for the inverted anionic
membrane (Khan et al., 2002). Some urinary polyanionic molecules, such as
glycoproteins and citrate, can prevent the binding of COM crystals to the cell
membrane by coating the crystals. Adhesion of COM crystals to microvilli on the
cell surface and their subsequent internalization have also been observed in

tissue culture (Alelign and Petros, 2018).

1.2.2.3 Crystal growth and agglomeration

After a crystal nucleus is formed in the kidney, it grows through encrustation
upon exposure to urine (Khan and Hackett, 1987). Two basic pathways are
involved in the formation of a stone nucleus, and both can be active in any stone
carrier (Linnes et al., 2013, Khan et al., 2016). The first pathway is the free-
particle mechanism (Finlayson and Reid, 1978, Kok and Khan, 1994), which
suggests that crystals nucleate, grow, and aggregate within the urine of the
renal tubules. Once large particles or plugs are formed, they are retained inside
the kidneys either by becoming large enough or by attaching to the tubular
epithelium. The alternative mechanism is the fixed-particle mechanism, where
stones form by attaching to Randall’s plaques. The plagues begin with the
formation and deposition of CaP crystals in the renal interstitium (Khan and
Canales, 2015). These two mechanisms differ in the location of the initial nidus
(Khan et al., 2016). Both plugs and plaques are coated with macromolecules
produced by renal epithelial cells upon exposure to tubular crystal deposition,

which further promotes crystallization and stone growth. Ultimately, the
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formation and growth of CaOx crystals over plaques or plugs can lead to the
development of a calcific stone attached to the renal papillary tip (Khan et al.,
2016).

1.2.3 Genetics of kidney stone disease

Strongly heritable features have been linked to kidney stone disease and its
associated risk factors (Singh et al., 2022a). Individuals with a family history of
kidney stones are significantly more likely to develop stones compared with
those without a family history. Studies have found that 16-37% of stone formers
have a family history of the condition, compared with just 4-12% of healthy
individuals (Resnick et al., 1968, McGeown, 1960). Furthermore, twin studies
have estimated the heritability of nephrolithiasis to be 56% (Goldfarb et al.,
2005, Goldfarb et al., 2019). Male twins show a higher estimated heritability of
56-57%, compared with 46% in females. These findings suggest that genetic
factors play a significant role in the development of kidney stones, although
much remains to be learned about the specific genetic contributions to the

formation of stones.
1.2.3.1 Monogenic causes

Approximately 15% of kidney stone disease cases are attributed to monogenic
mutations, as revealed by a high-throughput mutation analysis (Halbritter et al.,
2015). More specifically, 11% of nephrolithiasis cases in adults have a single-gene
cause, while 21% of cases with a single-gene cause are found in paediatric
cohorts. Monogenic mutations were identified in 50 out of 79 families with
paediatric CKD and suspected nephrolithiasis through whole-exome sequencing
with homozygosity mapping (Braun et al., 2016). Key features, such as early
onset of kidney stone disease, multiple recurrent stone episodes, and
nephrocalcinosis, may suggest a monogenic cause (Singh et al., 2022a). Most

known monogenic forms are associated with hypercalciuria.

Bartter syndrome. Bartter syndrome is a group of channelopathies that affect

sodium chloride reabsorption in the thick ascending limb (TAL) of the loop of
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Henle, typically inherited in an autosomal recessive pattern (Amirlak and
Dawson, 2000). Disrupted sodium reabsorption leads to excessive urinary sodium
loss, resulting in hypokalaemia, metabolic alkalosis, and hyperaldosteronism
(Policastro et al., 2018). The TAL reabsorbs about 25% of filtered sodium
primarily through the sodium-potassium-chloride cotransporter (NKCC2)
(Seyberth, 2008). The lumen-positive transepithelial potential generated by
active salt reabsorption drives passive paracellular reabsorption of divalent
cations, including calcium and magnesium (Seyberth and Schlingmann, 2011).
Impaired sodium reabsorption in Bartter syndrome results in reduced calcium
reabsorption, leading to hypercalciuria. Mutations in six genes have been linked
to the syndrome. Bartter syndrome type | is caused by mutations in the NKCC2
gene (Simon et al., 1996a), while type Il is caused by biallelic mutations in the
KCNJ1 gene, which encodes the renal outer medullary potassium channel (Simon
et al., 1996b).

Dent disease and Lowe syndrome. Dent disease is caused by X-linked recessive
mutations in either CLCN5 or OCRL, corresponding to type | and type Il Dent
disease, respectively (Ehlayel and Copelovitch, 2019). Approximately 30-50% of
patients with Dent disease type | develop kidney stones, typically composed of
CaOx and/or CaP (Blanchard et al., 2016, Singh et al., 2022a). CLCN5 encodes
the electrogenic Cl-/H* exchange transporter 5 (CLC-5), which is primarily
expressed in the proximal tubule and collecting duct (Pusch and Zifarelli, 2015).
Knockout of Clcn5 in mice results in abnormal endosomal function (Wang et al.,
2000). Mutations in CLCN5 also lead to defects in the reabsorption and
processing of low molecular weight proteins (Nielsen et al., 2016), which are
typically reabsorbed through endocytic pathways involving megalin and cubilin.
A portion of calcium reabsorption also occurs via megalin receptor-mediated
endocytosis (Christensen et al., 1998). About 98% of filtered calcium is
reabsorbed by the nephron, with 65% of this occurring paracellularly in the
proximal tubule (Anglani et al., 2019), driven by the activity of the
sodium/proton exchanger 3 (NHE3) (Anglani et al., 2019). CIC-5 is necessary for
the exocytic trafficking of NHE3 (Lin et al., 2011), which may explain why 81 out
of 88 (92%) patients with Dent disease type | develop hypercalciuria (Blanchard
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et al., 2016). Mutations in OCRL also lead to Lowe syndrome, which shares
features such as hypercalciuria and nephrocalcinosis, although kidney stones are

found in fewer than 20% of affected patients (Bockenhauer et al., 2008).

Distal renal tubular acidosis. Primary distal renal tubular acidosis (dRTA) is
caused by impaired urinary acidification in the collecting tubule. Biallelic
mutations in genes encoding subunits of vacuolar H*-ATPases (V-ATPases), such
as ATP6VOA4, ATP6V1B1, and ATP6V1C2, as well as mutations in SLC4A1, which
encodes the chloride-bicarbonate counter transporter, can result in primary
dRTA (Wagner et al., 2023). A mutation in WDR72, which encodes WD repeat-
containing protein 72, also leads to impaired trafficking of V-ATPases and causes
primary dRTA. These proteins are primarily expressed in type A intercalated
cells, and mutations in these genes account for more than 80% of diagnosed
cases of primary dRTA (Singh et al., 2022a). Nephrolithiasis is a common
complication of primary dRTA because CaP precipitates at a high pH level.
Chronic metabolic acidosis, another feature of this disorder, leads to the loss of

calcium from bone, contributing to stone formation (Watanabe, 2018).

Primary hyperoxaluria. Primary hyperoxaluria is a rare inborn disorder resulting
from errors in glyoxylate metabolism, leading to excessive urinary excretion of
oxalate (Cochat and Rumsby, 2013, Hoppe, 2012). When calcium is present in
the urine, CaOx crystals can form easily, causing nephrocalcinosis and kidney
stones (Lieske et al., 1992). Biallelic mutations in AGXT (Cochat et al., 2006),
which encodes liver-specific alanine-glyoxylate aminotransferase (AGT), in
GRHPR (Garrelfs et al., 2019), which encodes glyoxylate
reductase/hydroxypyruvate reductase, or in HOGA1 (Singh et al., 2022b), which
encodes a liver-specific mitochondrial enzyme, cause primary hyperoxaluria type
1, 2, and 3, respectively. Mutations in AGXT account for approximately 80% of
primary hyperoxaluria type 1. To reduce the risk of stone formation and renal
injury caused by this disorder, increased fluid intake and inhibitors of CaOx

crystallization, such as citrate, are commonly employed.
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1.2.3.2 Polygenic factors

For the majority of patients with kidney stone disease, both genetic and
environmental factors play a role, with the genetic contribution to the
development of idiopathic stones remaining considerable (Howles and Thakker,
2020). Genome-wide association (GWA) studies have identified multiple loci with
polygenic effects, revealing a group of genes and molecular pathways that
contribute to the risk of the disease. Some of these genes, such as CASR,
SLC34A1, and CYP24A1, are also linked to monogenic causes of stone disease or

nephrocalcinosis.

In 2009, the first GWA study was conducted in Dutch and Icelandic populations
(Thorleifsson et al., 2009), identifying two synonymous variants in CLDN14
associated with kidney stones and bone mineral density. One of these variants,
rs219780[C], was homozygous in approximately 60% of the Icelandic population
in the study and was linked to a 1.6-fold increased risk of developing kidney
stones. Increased expression of CLDN14 was observed when an intronic single
nucleotide polymorphism (SNP) was introduced in vitro, potentially due to the
creation of a novel transcription factor binding site by the SNP (Ure et al.,
2017). Additionally, a GWA study including 11,130 patients and 187,639 controls
identified nine variants in the noncoding region of CLDNZ2 associated with a
higher risk of nephrolithiasis (Curry et al., 2020). CLDN2 encodes Claudin-2, a
paracellular cation channel protein involved in calcium reabsorption in the
proximal tubule. Claudin-2 mutant mice exhibited impaired calcium transport in
the renal tubule, coupled with increased net intestinal calcium absorption.
Analysis of cis-acting expression quantitative trait loci was performed in CLDN2,
and seven risk variants were strongly associated with decreased Claudin-2

expression.

A variant in UMOD, which encodes uromodulin, was found to be protective
against kidney stones in the Icelandic population. However, the same variant,
rs4293393[T], was also associated with an increased risk of CKD (Gudbjartsson et

al., 2010). In another GWA study conducted in a Japanese population, variants of
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SLC34A1, AQP1, and DGKH were found to be associated with the development of
CaOx stones (Urabe et al., 2012). Additionally, a relationship between the
variant of SLC34A1 and reduced estimated GFR was also established. A variant in
ALPL, rs1256328[T], was identified as a risk locus for kidney stones in a Han
Chinese population (Li et al., 2018). The ALPL gene encodes tissue-nonspecific
alkaline phosphatase, an enzyme involved in biomineralization, particularly
during the growth and development of bones and teeth (McKee et al., 2013,
Mornet et al., 2001). The variant rs1256328[T] has been found to be associated
with kidney stones in another GWA study, and a missense variant in ALPL,
rs34605986[A], which correlates with rs1256328[T], also showed a strong

association with kidney stones (Oddsson et al., 2015).

Associations between common variants and urinary traits that serve as risk
factors for kidney stones, including urinary calcium, magnesium, and uric acid
excretion, as well as urine volume, were investigated in a large European cohort
(Ware et al., 2019). Variants near TRPMé6 were found to be associated with
urinary magnesium excretion, while the allele rs17216707[T] was significantly
linked to increased daily calcium excretion. Although rs17216707[T] was not
associated with gene expression in any tissue types, it is located upstream of
CYP24A1, which encodes a catabolic enzyme for 1,25-dihydroxyvitamin D and 25-
hydroxyvitamin D. This SNP has also been associated with concentrations of
fibroblast growth factor 23, a bone-derived hormone that regulates phosphorus
and vitamin D metabolism (Robinson-Cohen et al., 2018). In 2023, a larger meta-
analysis of the GWA study of kidney stone disease was conducted in a European
population, including 17,969 cases and 720,199 controls (Hao et al., 2023). The
study identified 44 risk loci, including 28 of which were novel (Figure 1.2). Cells
in the proximal tubule were found to be the most relevant cells where risk
variants likely act in a tissue-specific manner. The study prioritised 233 genes
involved in ion homeostasis, with a specific focus on calcium and magnesium.
Additionally, a phenome-wide genetic correlation analysis between
nephrolithiasis and 1,781 diseases (Hao et al., 2023) revealed strong genetic
correlations between kidney stone disease and both genitourinary and digestive

diseases.



31

Known (n=16) o
Novel (n=28) <
ReS14
30 - ®ALPL
' :
. H
= H H
) s .
S .
g : f
& 20 !
=3 ' <
— ° .
j=2) s !
2 : DGKD ugT8 :
! : ® pRKAR2 % B
H . HIBi\I)H
.
|§¢1 I
SHRQO! :
2C A§c G .
....... - SRR, ST TN o
!

TMEM252¢> * TCER1P3

AO&EP

DGKH

PDILT

BCAS3

?SLC39AU

CLDN14

cYP24A1"
°

. .
RSPH14@

Chromosome

Figure 1.2 Manhattan plot of GWA study of kidney stone disease.

13

17 18

19 20 21 22

The top variants are labelled in blue for known and red for novel loci. The dashed line stands for a genome-wide significance threshold. Taken from

(Hao et al., 2023).




32

1.3 Tubular transport

Nephrons are the basic functional units of the kidneys, with each kidney
containing approximately 1.2 million of these units. Each nephron (Figure 1.3) is
made of the Bowman’s capsule, the proximal tubule, the loop of Henle, and the
distal tubule (Wallace, 1998). In addition to glomerular filtration, the renal
system helps maintain the volume and composition of the extracellular fluid
through tubular reabsorption and secretion (Wallace, 1998). The renal tubule
regulates three major types of substances: electrolytes, nonelectrolytes, and
water. Electrolytes include sodium, calcium, potassium, phosphate, and
chloride, while nonelectrolytes include glucose, amino acids, urea, and uric

acid.
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Figure 1.3 Nephron anatomy with cell clusters marked.

Epithelial cell types include convoluted (PT1), straight and convoluted (PT2 and PT3),
ascending and descending (H), distal and principal (D), type A (C1), type B (C2), and
pelvic epithelium (P) cells. Taken from (Young et al., 2018).

1.3.1 Tubular reabsorption

Both active and passive transport mechanisms contribute to tubular
reabsorption. For example, most glomeruli-filtered calcium (approximately 98-
99%) is reabsorbed along the nephron, with 60-70% of the reabsorption occurring
in the proximal tubule, 20-25% in the TAL, and 10-15% in the distal tubule
(Downie and Alexander, 2022). In the proximal tubule, more than 60% of calcium
is reabsorbed paracellularly, with a small amount of transcellular calcium
transport. This paracellular reabsorption of calcium is likely mediated by both
diffusion and solvent drag (Edwards and Bonny, 2018). Sodium is transported into
the cell by the apically localised NHE3 and subsequently into the bloodstream by
Na*/K*-ATPase at the basolateral membrane. Claudins, specifically CLDN2 and
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CLDN12, confer high calcium permeability in the proximal tubule. The osmotic
gradient created by transepithelial sodium movement facilitates solvent drag-
mediated paracellular calcium reabsorption (Alexander et al., 2013). Similarly,
in the TAL, calcium reabsorption is highly dependent on sodium reabsorption
(Downie et al., 2021) and is tightly regulated. A major regulator is the calcium-
sensing receptor (CASR), located at the basolateral membrane, which
upregulates the abundance of the paracellular calcium blocker, Claudin-14 (Toka
et al., 2012). Furthermore, CASR regulates the activity of NKCC2 and ROMK, an
apical potassium channel (Carmosino et al., 2015), which are involved in
establishing the positive luminal membrane potential necessary for calcium
reabsorption. In the distal tubule, calcium is reabsorbed transcellularly. This
process involves the calcium channel TRPV5 at the apical membrane, calcium-
binding proteins such as Calbindin-Dysk in the cytoplasm, and either Ca?*-ATPase
or the Na*/Ca?* exchanger at the basolateral membrane, all of which mediate
transepithelial calcium movement (Boros et al., 2009). This process is regulated
by hormones, such as PTH, 1,25(0OH).VitD, and calcitonin (Downie and
Alexander, 2022).

1.3.2 Tubular secretion

About 20% of renal plasma flow is filtered by the glomeruli, while the remaining
80% flows through the peritubular capillaries, where it is regulated by the renal
tubules (Wang and Kestenbaum, 2018). Substances like protein-bound molecules
are minimally filtered due to their size and the properties of the glomerular
basement membrane. These molecules are primarily cleared through tubular
secretion. Many uremic toxins, which current dialysis modalities fail to remove,
as well as commonly prescribed medications effectively, are known substrates of
organic anion transporters (OATs) and organic cation transporters (OCTs) in the
proximal tubule (Duranton et al., 2012, Wikoff et al., 2011, Ren et al., 2015).
Significant intraindividual and interindividual variation in proximal tubular
secretion of endogenous markers has been observed (Rivara et al., 2017), with a
high genetic contribution to the variation in renal drug clearance (Yin et al.,

2006, Leabman and Giacomini, 2003). The proximal tubules play a crucial role in
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clearing of both endogenous solutes and xenobiotics, such as medications, from
the circulation, although this function is often overlooked (Wang and
Kestenbaum, 2018).

The lack of suitable exogenous markers for tubular secretion has limited in vivo
studies of tubular function. Recently, resazurin, a cell viability dye, has been
identified as an exogenous sensor of kidney tubular function and viable nephron
mass (Martinez et al., 2025). When injected intravenously, resazurin exhibits a
high plasma protein binding property and is primarily secreted by the renal
tubules in mice. Upon injection, the blue-coloured resazurin, which exhibits
weak fluorescence, is taken up by tubular cells via OATs. Within the cells,
resazurin is converted to a highly fluorescent, pink-coloured resorufin by
mitochondrial and cytosolic reductases and then to B-D-glucuronide, an orange-
coloured compound with weak fluorescence, by uridine diphosphate-
glucuronosyltransferase. Under normal conditions, the ratio of resorufin to B-D-
glucuronide in urine is 1:20, allowing for a sensitive measure of renal tubular
function. In mouse models of acute kidney injury, this resazurin-based method
can detect the loss of tubular function much earlier than serum creatinine
analysis. Furthermore, it enables the detection of loss of tubular mass and
function despite normal GFR levels in mice with unilateral ischemia-reperfusion

injury and kidney hypoplasia (Martinez et al., 2025).
1.4 Quantitative trait and genome-wide association study

1.4.1 Quantitative trait

Quantitative traits are those for which the observed variation results from the
segregation of several to many naturally occurring polymorphic genes (Kearsey
and Pooni, 2020). Compared to environmental factors, the impact of allelic
differences on the phenotype is usually small, making it relatively difficult to
determine the genotype based on the individual's phenotype. Understanding the
genetic architecture of variation in quantitative traits presents a major

challenge in biology (Mackay et al., 2009). Unravelling the relationship between
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variation in DNA sequences and that in phenotypes will provide molecular
markers essential for predicting disease risk, personalizing therapeutic

treatments, and optimizing breeding programmes (Mackay et al., 2009).

When Mendel’s laws of inheritance were rediscovered in the early 20t century, a
significant debate arose between Mendelians and biometricians (Olby, 1989).
The Mendelians sought for Mendelian patterns of inheritance in qualitative
traits, while the biometricians focused on traits with normally distributed
phenotypic values (Plomin et al., 2009). The Mendelians believed that Mendelian
factors in the next generation were inherited from parents following Mendel’s
laws, and that complex traits also followed these simple inheritance patterns. In
contrast, the biometricians argued that complex traits were distributed not
qualitatively but quantitatively, and that Mendel’s laws of inheritance were
applicable only to peas. In 1918, the differences between Mendelians and
biometricians were reconciled by Ronald A. Fisher (Fisher, 1918). He pointed out
that a trait would be normally distributed if it is affected by several genes, even
if each gene is inherited following Mendel’s laws (Figure 1.4). Although Fisher’s
reconciliation helped bridge the gap, Mendelians and quantitative geneticists
continued down different paths. Quantitative geneticists typically used animal
strains and twin studies to explore the cumulative effects of genetics without
focusing on the number of genes involved or their individual effects. Meanwhile,
precursors of modern molecular geneticists focused on understanding how genes
work. It was generally believed at the time that identifying specific genes for

complex traits would not be possible.
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Figure 1.4 Quantitative traits or polygenic traits.

(A) Two alleles at a single locus produce three genotypes and three phenotypes if the
allelic effects are additive. If the same equal and additive effects were assumed, 9
genotypes corresponding to 5 genotypes were observed by having 2 genes (B), and 27
genotypes with 7 phenotypes resulted from 3 genes were observed (C). (D) A normally
distributed curve can be observed with unequal and non-additive allelic effects and

some environmental influence. Taken from (Plomin et al., 2009).
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1.4.2 Quantitative trait locus mapping and genome-wide

association study

Quantitative trait loci (QTLs) are regions of the genome that contribute to the
variation in complex or quantitative traits (Mackay, 2001). The basic concept of
QTL mapping is to associate genotype and phenotype in a population with
genetic variation (Broman and Sen, 2009). While such mapping studies in humans
would be the most straightforward for biomedical research, several challenges
exist. First, such studies in humans are expensive, especially when whole-
genome sequencing is involved. Second, it is difficult to account for the effects
of varying environments and individual life histories. Additionally, there is a high
possibility of spurious associations due to population structure. More specifically,
a significant difference in allele and genotype frequencies between cases and
controls can result from difference in genetics and disease prevalence among
subpopulations (Marchini et al., 2004). An excellent alternative is the use of
animal models, which facilitates genotype-phenotype mapping for complex
traits, including common diseases. Through experimental crosses, QTL mapping
can be performed to identify regions in linkage disequilibrium (LD) with
molecular markers for qualitative traits. QTL mapping was first described nearly
a century ago when factors for size differences in Phaseolus vulgaris were found
to be linked with factors associated with pigmentation (Sax, 1923). Breeding
strategies, including backcross and intercross, have led to successful QTL
mapping (Consortium, 2003). In a backcross, the simplest type of cross, two
inbred lines are crossed to produce the first generation (F1). The F1 individuals
are then crossed with one of the parental lines to generate backcross progeny.
As a result of recombination during meiosis, chromosomes in the progeny are
typically mosaic. The non-dominant effect of the allele on the chromosome
provided by the parental line in the second cross can be detected. In addition to
the backcross, intercross is also commonly used. In an intercross, F1 siblings are
crossed to obtain F2 progeny. Recombinant chromosomes from either parent can
be inherited in the F2 individuals, allowing the detection of dominant alleles on
either the maternal or paternal chromosome. Moreover, the degree of

dominance at a given QTL can be estimated (Broman and Sen, 2009). With
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multiple generations of intercrossing, advanced intercross lines can be
developed, enabling fine mapping due to the shorter span of LD resulting from

multiple generations of recombination (Broman and Sen, 2009).

Although Fisher demonstrated that qualitative Mendelian inheritance can explain
quantitative genetic traits, it became possible to identify genes with small
effects on complex traits following the discovery of millions of DNA markers in
the 1980s (Plomin et al., 2009). Qualitative disorders influenced by multiple
genes can also be considered qualitative traits, as cases and controls can be
interpreted simply as being the extremes of quantitative dimensions (Plomin et
al., 2009). Unlike the recombinant genotypes generated by experimental
crosses, historical recombination events in natural populations provide materials
for high-resolution mapping (Figure 1.5). Similar to QTL mapping, marker loci
are genotyped, and phenotypes are evaluated in the population of interest for
association studies. Single nucleotide polymorphisms are commonly used markers
in these studies. In the Human Genome Project, more than 2 million SNPs were
characterised (Venter et al., 2001, Sachidanandam et al., 2001). With the large
number of markers, higher genetic resolution can be achieved in genome-wide
association studies. The resolution for linkage mapping is measured in
centimorgans, whereas association studies are measured in kilobases (Mackay,
2001). The first genome-wide association study, performed in 2002, investigated
susceptibility to myocardial infarction (Ozaki et al., 2002), followed by the
landmark GWA study, conducted in 2005, on age-related macular degeneration
(Klein et al., 2005). Many successful associations have been performed in

humans and animal models since then.

The advantages of GWA studies include their success in identifying novel
genotype-phenotype associations and discovering novel biological mechanisms
(Tam et al., 2019). While GWA studies are powerful tools for examining the
relationship between phenotypes and genotypes, they have been a subject of
controversy. The relatively small increments in disease risk conferred by most
identified variants suggest that only a small proportion of heritability is

explained by these markers (Manolio et al., 2009). Additionally, GWA results may
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be confounded by cryptic population stratification (McClellan and King, 2010).
Population stratification arises when individuals from different ancestral
backgrounds are included in a study, and these backgrounds have distinct allele
frequencies for specific genetic variants. A variant associated with a trait is not
always the causal locus, but a proxy to it because of linkage disequilibrium. If
variants in all genes are implicated, the findings would be uninformative (Tam et
al., 2019). A GWA study has identified 20 polymorphisms associated with the
adult height (Weedon et al., 2008); however, these loci only explained less than
3% of the population variation in height (Goldstein, 2009). To explain 80% of the
population variation in height, an estimated 93,000 SNPs would be required.
Even if each remaining variant explained as much as 0.05% of the variation,
approximately 1,500 variants would be needed to account for the missing
heritability, which leads to an unmanageable number of common variants
(Goldstein, 2009). Therefore, post-GWA study experiments, including functional
studies, gene network analysis, and translational medicine, have been proposed
to address these issues. For example, evidence suggests that the causal loci
often function through regulatory effects on the expression of target genes
(Gallagher and Chen-Plotkin, 2018). Candidate variants for follow-up studies can

be prioritised by integrating GWAS findings with functional genomics data.
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Figure 1.5 Quantitative trait locus mapping.

QTL mapping aims to identify the genetic basis of variation in quantitative traits. Both
linkage-based analysis and association mapping utilize recombination events, but while
linkage analysis uses recombinant markers from experimental crosses, association
mapping relies on historical recombination events. Map positions are typically estimated
through interval mapping, whereas association mapping tests markers individually.
Taken from (Mackay et al., 2009).

1.5 Drosophila melanogaster

1.5.1 History of Drosophila as a genetic model

Drosophila melanogaster, the fruit fly, is one of the most extensively studied
organisms in biology (Adams et al., 2000). Around 1900, Charles W. Woodworth,
a graduate student in the laboratory of William E. Castle, was the first to
demonstrate the availability of Drosophila for experimental purposes (Allen,
1975). Another member of the group, Frederic W. Carpenter, who studied
behavioural responses in insects, also began working with Drosophila (Carpenter,
1905). In addition to Thomas H. Morgan, two other individuals were directly
inspired by Castle’s work (Allen, 1975). They were William J. Moenkhaus, who
focused on heredity and sex determination, and Franke E. Lutz, who was
interested in heredity and evolution. Since the first published work on heredity
by Castle’s laboratory in 1906 (Castle et al., 1906) and the identification of the
white gene by Morgan in 1910 (Morgan, 1910), Drosophila has been widely used

as a genetic model in biological research for over a century.

To date, five Nobel Prizes have been awarded to drosophilists. In 1933, Morgan
received the Nobel Prize in Physiology or Medicine for his demonstrations
concerning the role played by chromosomes in heredity. In 1927, Hermann J.
Muller discovered that the mutations could be induced by X-ray irradiation
(Muller, 1927). Nineteen years later, Muller was awarded the Nobel Prize in
Physiology or Medicine for this discovery. Following 1910, the subsequent 50
years of research in Drosophila focused on dissecting the principles of
inheritance, while studies on many other biological processes were developed
between 1960 and 2010 (Bellen et al., 2010). In the research of developmental
biology, the Nobel Prize in Physiology or Medicine 1995 was awarded jointly to
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Drosophila researchers, Edward B. Lewis, Christiane Nusslein-Volhard, and Eric
F. Wieschaus, for their discoveries regarding the genetic regulation of early
embryonic development. In 2011, the Nobel Prize in Physiology or Medicine was
once again awarded to a Drosophila researcher, Jules A. Hoffmann, who shared
the honour with two other scientists for their discoveries in innate immunity
(Lemaitre et al., 1996). In the 1970s, mutations in a previously unknown gene,
named period, were found to disrupt the circadian clock in flies (Konopka and
Benzer, 1971). The Nobel Prize laureates in 2017, Jeffrey C. Hall, Michael
Rosbash, and Michael W. Young, succeeded in isolating the period gene and
identifying other clock genes involved in a self-regulating clockwork mechanism
during the 1980s and 1990s (Bargiello et al., 1984, Zehring et al., 1984, Hardin
et al., 1990, Vosshall et al., 1994). Altogether, Drosophila has been used to

investigate numerous developmental and cellular processes.
1.5.2 Advantages of using Drosophila as a model organism

Drosophila was originally a forest-dwelling species confined to a limited region
of equatorial Africa. However, today, it can be found in laboratories and
kitchens all over the world (Keller, 2007). By 1900, just 25 years after its initial
discovery on American soil, Drosophila had become the most common species
across the country (Keller, 2007). Around the same time, it was being cultured in
laboratories for experimental purposes. Similar to another widely used
laboratory animal, Mus musculus, which started as a human commensal and
spread globally due to human activity (Boursot et al., 1993), Drosophila shares
the same factors contributing to its success as a commensal and its popularity as
a laboratory animal. The flies have a short generation span, the ability to
produce large numbers of offspring, and can be easily cultured on a wide variety

of food sources.
1.5.2.1 Life cycle of Drosophila

Like beetles and moths, the fruit fly is holometabolous, undergoing complete

metamorphosis with four stages: egg, larva, pupa, and adult (Markow, 2015).
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Once the egg is fertilized and laid by the female, the embryo develops for about
one day at 25°C before hatching into a larva. After passing through three
distinct developmental stages (L1 to L3) with two moults, the first instar larva
becomes the third instar larva, a process that takes about 48 h. The third larval
stage lasts around 72 h, during which the animal grows substantially and
becomes highly mobile before pupation. The immobile state of development
marks the start of pupation, which occurs approximately 120 h after the
beginning of embryonic development. During metamorphosis, most of the larval
tissues are destroyed, except for the Malpighian tubules (MTs), which survive
and are retained in the adult (Denholm, 2013). Some adult tissues, such as wings
and eyes, develop from imaginal discs. Metamorphosis can be divided into two
stages: a 12 h prepupal period followed by the pupal period, which lasts about
84 h. Eclosion occurs approximately 9 days after the egg is laid. A newly eclosed
female will be virgin for 5-8 h at 25°C (Prokop and Root, 2013). After mating,
the sex peptide from the male’s seminal fluid triggers the onset of egg laying
(Kubli, 1992). A single mated female fruit fly can produce up to 500 eggs over
the course of her lifetime (Hyde, 1921), and the median lifespan of commonly
used lab trains ranges from 50 to 70 days (Woodling, 2024). Similar to humans,
sexual dimorphism in life expectancy is observed, with individuals of the
homogametic sex living longer than those of the heterogametic sex (Seifarth et
al., 2012).

1.5.2.2 Genetic similarities between Drosophila and human

With over 670 million years having passed since the divergence between
protostomes and deuterostomes (Ayala et al., 1998), one might expect little
genetic similarity between Drosophila and humans. However, the genetic control
of body axis formation and segmentation has been conserved between flies and
mammals (Simeone et al., 1992). This conservation extends to cellular
mechanisms underlying diverse biological processes, including rhythmic functions
(Young and Kay, 2001) and innate immunity (Lemaitre et al., 1996, Poltorak et

al., 1998). Furthermore, cloning of the maroon-like gene in Drosophila led to the
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identification of its human homologue, a gene responsible for classical

xanthinuria type Il (Ichida et al., 2001).

In 2000 and 2001, the 120-megabase euchromatic portion of the Drosophila
genome (Adams et al., 2000) and the 2.91-billion base pair consensus sequence
of the euchromatic portion of the human genome (Venter et al., 2001) were
generated, respectively, using the whole-genome shotgun sequencing strategy.
The genome annotations revealed 14,113 and 26,588 protein-encoding
transcripts in Drosophila and humans, respectively. Although Drosophila contains
a smaller number of genes, 48% of its genes have evolutionarily conserved
human homologues (Yamamoto et al., 2014). A mosaic genetic screen of lethal
mutations on the Drosophila X chromosome identified 165 genes, 93% of which
have homologues in humans. Additionally, 714 out of 929 distinct OMIM human
disease genes have highly similar cognates in Drosophila (Reiter et al., 2001).
Taken together, these findings demonstrate that Drosophila serves as a powerful

model for studying human disease genes.

1.5.2.3 Genetic tools and resources in Drosophila

With over a hundred years of use, Drosophila has become a cornerstone of
genetic research, supported by an unparalleled wealth of tools, databases, and
resource centres dedicated to this animal model. This has made Drosophila one
of the most genetically tractable organisms, enabling milestone discoveries in
biology. Key findings in Drosophila have also inspired and guided numerous

research efforts in vertebrates (Bellen et al., 2010).

The P-element transposon (Cooley et al., 1988), along with P-element-based
genetic tools such as the GAL4/UAS system (Brand and Perrimon, 1993), can be
used to integrate exogenous DNA into the germline of Drosophila. These systems
are designed for a variety of applications, including gene disruption, gene
tagging, and inducible gene expression. Balancer chromosomes (Muller, 1927,
Muller, 1918) enable the maintenance of heterozygous mutations, allowing the
study of essential genes in heterozygotes, where homozygous mutations are

lethal. Drosophila remains the only multicellular organism in which more than
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95% of mutations in essential genes can be easily and effectively maintained
(Bellen et al., 2010). Furthermore, the introduction of the CRISPR/Cas9 system
in Drosophila has enhanced the ability to generate mutations, and high-
resolution melt analysis enables highly sensitive detection of these mutations
(Gratz et al., 2013, Bassett et al., 2013).

Drosophila stock centres, such as the Bloomington Drosophila Stock Centre
(BDSC) and the Vienna Drosophila Resource Centre (VDRC), provide a wide range
of genetic tools, including RNAi fly stocks for loss-of-function studies, TRiP-
CRISPR overexpression lines for gene activation in gain-of-function experiments,
and fly lines carrying human cDNA for cross-species studies. The Berkeley
Drosophila Genome Project (BDGP) gene disruption project generated 7,140
lines predicted to disrupt 39% of annotated Drosophila genes (Bellen et al.,
2004, Spradling et al., 1999). Additionally, the Transgenic RNAi Project (TRiP) at
Harvard Medical School includes 11,491 lines, covering 71% of Drosophila genes
(Perkins et al., 2015). FlyBase (Ashburner and Drysdale, 1994) is the primary
database for integrated genetic and genomic data used by drosophilists.
Furthermore, FlyAtlas provides a comprehensive view of gene expression across
multiple tissues in Drosophila (Chintapalli et al., 2007, Leader et al., 2018),
aiding in the identification of novel functions for genes that are predominantly
expressed in unexpected tissues. In 2022, a comprehensive single-cell atlas of
the adult Drosophila was released, profiling 580,000 individual cells and
identifying more than 250 cell types across 15 tissues (Li et al., 2022). This atlas
provides an invaluable resource for understanding genetic perturbations and

diseases at single-cell resolution.

1.5.3 Drosophila genetics

One of the greatest advantages of using Drosophila as a model organism is the
ability to easily manipulate its genome. In genetic studies, both the environment
and the genetic background of flies can be well controlled. Both forward and
reverse genetic approaches can be employed to understand the relationship

between genes and phenotypes in Drosophila.
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1.5.3.1 Balancer chromosomes

Balancer chromosomes, first described nearly a century ago by Muller in
Drosophila (Muller, 1918), are chromosomes that are multiply inverted and
rearranged. They are extensively used in stock maintenance and complex crosses
(Miller et al., 2019). Inversions, or crossover suppressors, can be induced by
radiation treatment (Roberts, 1970, Roderick and Hawes, 1970) or chemical
mutagenesis (Auerbach, 1949). Additionally, homologous recombination can
efficiently induce chromosomal rearrangements at a frequency of 1% to 4% (Egli
et al., 2004). The multiple inversions and rearrangements constrain
recombination and impede the recovery of recombinant products by preventing
meiotic DNA double-strand breaks from being repaired as crossovers (Hentges
and Justice, 2004). With two additional properties, the presence of dominant
markers and lethality caused by recessive mutations, balancers enable the
maintenance of stocks carrying single deleterious allele mutations. Recessive
lethal or sterile mutations balanced with balancers can be maintained as
heterozygous stocks while still producing viable offspring. Dominant markers
other than Curly or Stubble, such as green fluorescent protein (GFP), have also
been developed (Casso et al., 1999), enabling the selection of desired animals
during the larval stage. It is important to note that not all balancers are equal,
as different inversions suppress meiotic recombination in different chromosomal
regions (Miller et al., 2019). In addition to maintaining stocks, balancer
chromosomes can also facilitate the selection of new lethal mutations in

mutagenesis screens (Hentges and Justice, 2004).

1.5.3.2 P-element

Mobile genetic elements were first described by Barbara McClintock in maize,
where these mobile elements were referred to as “control elements” and were
coordinated by a second genetic element, the “activator” (McClintock, 1956).
These transposable genetic elements are DNA segments capable of moving along
or between chromosomes in the presence of the regulator. P-elements are a

type of mobile genetic element discovered in Drosophila, where they cause
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hybrid dysgenesis (Kidwell et al., 1977, Sved, 1979). One characteristic of hybrid
dysgenesis is nonreciprocality. When females of M strains, which lack P-
elements, are mated to males of P strains, which contain P-elements, defects,
such as sterility, mutation, and male recombination, are often observed in the
offspring. However, no dysgenic traits are seen in the progeny from the
reciprocal cross or self-crosses. Furthermore, due to alternative splicing, the
transposition of P-elements is restricted to germ cells (Roche et al., 1995), so
the F1 individuals are somatically normal. Transposition is suppressed in flies
with the “P cytotype” but is permissible with the “M cytotype”, with the
repressor being maternally expressed. When a P strain female, which expresses
the repressor, is mated to a male from either M or P strains, transposition is
suppressed in the progeny. With the introduction of desired DNA into the P
transposable element, germline transformation allows the incorporation of new
genetic material into the genome (Rubin and Spradling, 1982, Spradling and
Rubin, 1982). This process facilitates the generation of transgenic organisms.
The BDGP lines were generated using single P-element insertions (Spradling et
al., 1999, Bellen et al., 2004). P-elements have also been used for enhancer
trapping. A P-element carrying a reporter gene (e.g., lacZ, GFP) is linked to a
weak promoter. When the P-element inserts near a gene's enhancer, the
reporter gene is expressed under the control of that enhancer, revealing the

tissue-specific expression pattern (O'Kane and Gehring, 1987).

1.5.3.3 GAL4/UAS system

As the second generation of enhancer trapping, the GAL4/UAS system (Brand and
Perrimon, 1993) is probably the most popular and versatile genetic tool used in
Drosophila. GAL4, a transcriptional activator protein found in yeast important
for galactose metabolism, can bind to DNA and activate transcription (Ptashne,
1988). The activity of GAL4 is repressed by the GAL80 protein in the absence of
galactose. When galactose is present, the repression is alleviated, and the
upstream activation sequence (UAS) is specifically targeted by GAL4, leading to
the transcription of genes involved in galactose metabolism. The DNA binding

and transcriptional activation ability of GAL4 were also demonstrated in
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Drosophila (Fischer et al., 1988) and mammalian cells (Kakidani and Ptashne,
1988, Webster et al., 1988), but only for promoters that contain GAL4 binding

sites.

The introduction of the GAL4/UAS system to Drosophila was accomplished in
1993 by Andrea H. Brand and Norbert Perrimon (Brand and Perrimon, 1993). On
the one hand, promoters could be subcloned upstream of GAL4 in the pGaTB
vector, while the gene of interest was introduced into the pUAST vector. These
two vectors were individually integrated into two transgenic lines by P-element
transformation. In the F1 progeny resulting from a cross between these two fly
lines, the transcription of the gene of interest would be activated by GAL4 from
the other parental line. On the other hand, an enhancer detection screen could
be performed. The mobilization of a single X-linked enhancer detection GAL4
cassette, pGawB, in a hemizygous lethal strain was induced by a defective P-
element on the third chromosome of a “jumpstarter” strain. The random
integration of GAL4 into the genome produced enhancer trap lines under the
control of a diverse array of genomic enhancers. With this binary system,
sequences behind GAL4 binding sites can be expressed with distinct temporal
and spatial patterns. The downstream sequence can include a gene for
overexpression or short hairpin RNAs (shRNAs) for knocking down the expression
of a specific gene. Temporal control of the system is achieved by introducing
temperature-sensitive GAL80 into the system or using RU486 in the GeneSwitch
system. Modified GAL4 systems, such as split GAL4, have also been developed. In
split GAL4, the DNA binding domain and activation domain are fused to separate
heterodimerizing leucine zipper motifs. Functional GAL4 protein reconstitution,
which activates UAS and downstream sequence, occurs only when these fusion
proteins are expressed in the same cell (Luan et al., 2006). Additionally, the
development of split-intein GAL4, which is repressible by GAL80, allows for
temporal control of the system (Ewen-Campen et al., 2023). The development of
other binary systems, such as LexA/LexAOP and QF/QUAS, also allows the
separate control of genes of interest, distinct transgenic manipulations of
different cell populations, and generation of intersectional expression patterns
(Potter and Luo, 2011).
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Figure 1.6 The Drosophila GAL4/UAS system.

To express gene X in a specific tissue, virgin females of the UAS line were crossed with
males of the tissue specific GAL4 line. In the next generation, GAL4 was induced by the
adjacent enhancer, leading to the expression of gene X in a tissue-specific manner.
Taken from (Brand and Perrimon, 1993).

1.5.4 The Drosophila melanogaster genetic reference panel

Understanding the genetic basis of quantitative or complex traits is crucial for
animal and plant breeding, as it helps uncover evolutionary forces shaping
variation, predict phenotypes, and personalise medication for individuals. While
the principle of genotype-phenotype mapping is relatively straightforward, it
remains challenging in most species. The Drosophila melanogaster genetic
reference panel (DGRP) is a collection of 205 fully inbred fly lines derived from a
single outbred wild population (Huang et al., 2014, Mackay et al., 2012). After
20 generations of full-sibling inbreeding, only 16% of the lines exhibited more
than 2% segregating autosomal variants, and 4% had more than 2% segregating X-
linked variants (Huang et al., 2014), suggesting that most variants became
homozygous after inbreeding. This approach resulted in minimal genetic
variation within individual lines but maximised genetic variation across lines,

reflecting the variation found in the natural population. The DGRP genome
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contains approximately 4 million polymorphic markers, with most of them being
single nucleotide polymorphisms (Mackay et al., 2012, Huang et al., 2014). Two
key characteristics define the DGRP. First, the genomic relationships among
DGRP lines are relatively low. Second, the pairwise linkage disequilibrium
between polymorphic markers decays rapidly with increased distance. The low
population structure among the DGRP lines minimizes the risk of spurious
associations arising from stratified populations, and the low linkage between
markers facilitates the identification of causal loci or loci in linkage with casual

ones.

It is worth noting that highly deleterious alleles were purged from the panel
during inbreeding, as approximately 1,500 isofemale lines were established, with
about 200 lines remaining today (Mackay and Huang, 2018). Additionally, during
inbreeding, selection for epistatic interactions between variants that increase
fitness may have occurred. Adaptation to the laboratory environment, along
with changes in allele frequency, would also be possible. Because GWA analyses
were conducted on only about 200 DGRP lines with several million tests, it is
reasonable to expect that only a few variants would reach the multiple-
comparison-corrected threshold (Anholt and Mackay, 2018). In most association
studies using the DGRP, a null uniform distribution of the quantile-quantile (QQ)
plots was observed, suggesting enrichment of the true positive associations,
typically at a nominal p value of 1075, Therefore, this threshold can be used as
an empirical threshold to prioritise variants for downstream verification (Anholt
and Mackay, 2018).

The DGRP has been widely used to investigate the genetic architecture of
complex traits, including longevity (Ivanov et al., 2015), gut immunocompetence
(Sleiman et al., 2015), and olfactory behaviour (Swarup et al., 2013).
Considerable phenotypic and genetic variation has been observed for all
quantitative traits. Furthermore, genotype-by-environment interactions have
been observed in studies of lifespan under different temperatures (Huang et al.,
2020) or dietary restrictions (Wilson et al., 2020), as well as in microbiota-
related host nutritional indices (Dobson et al., 2015). In addition, the DGRP has
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facilitated the study of epistasis or genetic modifiers of disease-causing genes.
For example, a Drosophila model of NGLY1 deficiency was crossed with a panel
of the DGRP lines (Talsness et al., 2020), revealing a phenotypic spectrum of
lethality ranging from 0 to 100% in the resulting progeny and identifying Ncc69 as
the top association hit. NKCC1, the orthologue of Drosophila Ncc69, exhibited
altered average molecular weight and decreased function in Ngly1-/- mouse cells.
Additionally, a continuous and highly heritable distribution of eye degeneration
caused by expressing human mutant preproinsulin (hINS%Y) was observed in F1
generations from crosses between the transgenic line carrying the mutant
preproinsulin and a subset of the wild-derived strains (He et al., 2014). This

study identified sfl as the genetic modifier of hINS“®¢Y-induced eye degeneration.

In addition to GWA analyses, extreme QTL mapping can also be performed in the
DGRP by constructing outbred advanced intercross populations (AIPs). This
approach enables a larger sample size for mapping, as it allows the generation of
many genotypically different individuals (Mackay and Huang, 2018). Unlike
conventional association mapping, individuals with extreme phenotypic values
can be collected, and the two pools can be sequenced after phenotyping, as the
causal alleles are likely to be enriched in the extreme lines. Overall, the DGRP
has proven to be a valuable genetic resource for studying the genetic basis of

complex traits.

1.5.5 The Drosophila Malpighian tubule

Insects, which are characterised by their small size, have a large surface-to-
volume ratio (O’Donnell, 2022, Dow, 2009), suggesting that they are constantly
exposed to osmotic stresses in the terrestrial environment. The Malpighian
tubule is a major excretory organ responsible for osmoregulation, transport,
metabolism, and detoxification in most insects. It was first described by Marcello
Malpighi in the seventeenth century, using the silkworm Bombyx mori (Davies et
al., 2019). Significant progress in understanding the Malpighian tubule was made
in the twentieth century. Vincent B. Wigglesworth established original functional

assays of tubule function, which were later followed by his students James A.



53

Ramsay and Simon H.P. Maddrell (Dow and Davies, 2001). With the advancement
of Drosophila genetics, the Drosophila Malpighian tubules have emerged as a
rapid and effective model for studying renal development, function, and

disease.

1.5.5.1 Structure and function

Drosophila has four blind-ended Malpighian tubules, which are joined by
common ureters at the boundary of the midgut and hindgut (Figure 1.7). The
anterior pair, located on the right, are oriented forward, reaching as far as the
thorax of the adult, while the left pair is located posteriorly. The tubules can be
divided into four domains based on their morphology and function: the enlarged
initial segment, transitional segment, main segment, and lower tubule (Dow et
al., 1994, Sozen et al., 1997). The initial segment in the anterior tubules is
involved in calcium storage (Dube et al., 2000b, Browne and O’Donnell, 2016)
and the elimination of excess dietary CaZ*. Approximately 85% of the Ca?* that
enters the tubule is sequestered as granules (Dube et al., 2000a), and the
anterior tubules contain much more calcium (25-30% of the total calcium
content in the fly) compared with the posterior tubules (Dube et al., 2000b).
The main segments of both the anterior and posterior tubules secrete K*-rich
fluid, with high secretion rates observed on a per-cell volume basis (Dow et al.,
1994, O'Donnell and Maddrell, 1995). The lower tubule is responsible for

reabsorbing water and K*.
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Figure 1.7 Morphology of the Drosophila MT.

There are four tubules in Drosophila, and each tubule has four distinct morphologic
regions: initial, transitional, and main segments, and lower tubule. Each pair converge
through common ureters at the midgut-hindgut junction. Taken from (Wessing and
Eichelberg, 1978).

In the Malpighian tubules of Drosophila, there are three major cell types:
primary principal cells (PCs), intercalated secondary stellate cells (5Cs), and
renal stem cells (RSCs). The number of PCs and SCs remains constant throughout
the larval, pupal, and adult stages (Sozen et al., 1997). Interestingly, SCs are
only present in the distal regions of the MTs and are absent from the proximal
parts, such as the lower tubules. In contrast, RSCs are present only in the region
of lower tubules and ureters in adult MTs (Singh et al., 2007). The PCs exhibit

deep basal infoldings, long apical microvilli, and a highly elaborate
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cytoarchitecture characterised by a large nhumber of mitochondria. This
configuration suggests that PCs are metabolically active and involved in
significant ion transport. On the other hand, SCs have simpler structures and
fewer mitochondria (Wessing and Eichelberg, 1978), indicating different
functional roles between the two cell types. The metabolically active PCs
express large ion transport complexes such as V-ATPases (Allan et al., 2005) and
Na*/K* exchangers (Torrie et al., 2004), which facilitate the transepithelial
movement of cations. To complete a circuit of the current, transcellular chloride
shunt controlled by chloride channels and water movement by aquaporins take
place in SCs (Cabrero et al., 2014, Cabrero et al., 2020).

Enhancer trap lines have revealed the existence of at least two distinct
subpopulations of PCs (Sozen et al., 1997). Additionally, secondary cells,
distributed evenly throughout the distal parts of the posterior tubules, were also
found in the initial and transitional segments of the anterior tubule but
exhibited a bar-shaped morphology. RSCs, first described as “tiny cells” in lower
tubules and posterior midgut, were proposed to monitor fluid secretion and
secrete neurohormones (Sozen et al., 1997). They were found to be
proliferating, as indicated by positive phospho-histone-H3 staining (Singh et al.,
2007). Mosaic lineage labelling indicated that these cells, as pluripotent stem
cells, can differentiate into teashirt-positive and cut-positive cells. However, it
has been reported that renal stem cells are unipotent and only replenish PCs in
the stem cell zone upon injury (Wang and Spradling, 2020, Wang and Spradling,
2022). Recently, single-nucleus RNA sequencing identified nine distinct clusters
of cells in the adult fly MTs (Figure 1.8), with new markers validated by driving
fluorescent reporters using the corresponding Gal4 lines (Xu et al., 2022). This
work further enhanced our understanding of the complexity and diversity of the
cell types in this important tissue. For example, the transcription factor fruitless
was found to play a role in stem cell regeneration, whereas genes such as Prip

and CG1093 contribute to the regulation of SC morphology.
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Figure 1.8 Cell types identified in the MTs based on differentially expressed marker
genes.

There are nine distinct clusters representing regionally specific principal cells, stellate
cells, and renal stem cells. Markers for renal stem cells are escargot, Notch, and Delta.
Markers for bar-shaped SCs are I, channel and dachshund. The main segment SCs are
defined by the expression of CG30377, pvf1, and RhoGEF64C. Markers for lower tubule
PCs, upper ureter PCs, lower ureter PCs, and lower segment PCs are: SPR’, Alp4™; SPR",
Alp4™; Wnt4; and Esyt2, respectively. The expression of bifid, Debcl, Uro, NaPi-T, and
List defines principal cells in distal tubules. Taken from (Xu et al., 2022).

Like other species in the Order of Diptera, two secretory cell types in Drosophila
MTs, PCs and SCs, along with neuropeptide signalling, coordinate tubular fluid
secretion and regulate ion and water homeostasis (Dow et al., 2021, Dow et al.,
2022). These signalling mechanisms involve receptors that are specifically
expressed in either PCs or SCs (Figure 1.9). For example, receptors for the
neuropeptide Kinin are confined to SCs (Radford et al., 2002), while receptors
for Capa (Terhzaz et al., 2012) and DH31 (Coast et al., 2001) are exclusively
expressed in PCs. Upon ligand recognition by these neuropeptide receptors,
intracellular calcium levels are increased, triggering distinct responses in the
two cell types. In mitochondria-enriched PCs, an increase in cytosolic calcium
activates mitochondria at the apical brush border. This configuration leads to
increased ATP synthesis, which drives cation secretion (Terhzaz et al., 2006,

Beyenbach et al., 2010). In SCs, the level of intracellular calcium is regulated by
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the phospholipase C/inositol 1,4,5-trisphosphate (PLC/IP3) pathway, which
triggers the release of calcium from intracellular stores upon activation. This
calcium release activates secCl, a secretory Cl- channel (Feingold et al., 2019).
The secretion of cations and chloride ions into the tubule lumen is accompanied
by the osmotic flow of water, facilitated by specialized water channels (Cabrero
et al., 2020). This mechanism ensures the bulk flow of an approximately isotonic

saline solution, helping maintain ion and water balance in the insect.
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Figure 1.9 Cross-section diagram of the Malpighian tubule.

The V-ATPase expressed in the principal cell is used for electrogenic proton transport,
while Cl shunt conductance and the osmotic movement of water occur through the
stellate cell, which expresses high levels of Cl" and water channels. Several protein
pumps, transporters, and channels and their human homologues can be
pharmacologically inhibited. Taken from (Dow et al., 2022).

1.5.5.2 Development

The development of Drosophila Malpighian tubules, serving as a model for
tubulogenesis, has been studied extensively, revealing striking similarities with
renal development in humans. These similarities are particularly evident in the
coordinated intercalation of an embryonic cell lineage that undergoes a
mesenchymal-to-epithelial transition (Denholm et al., 2003, Cho and Dressler,
2003). Drosophila Malpighian tubules arise from the shared hindgut primordium

and develop through a series of well-defined steps: (i) cell specification of
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tubule primordia, (ii) eversion of the tubule primordia, (iii) cell division, (iv)
mesenchymal recruitment, (v) cell rearrangement, and (vi) functional
maturation marked by the presence of uric acid crystals (Beyenbach et al., 2010,
Dow and Romero, 2010, Denholm, 2013).

During Drosophila tubule development, the specification of the tubule primordia
occurs approximately 7 hours after embryogenesis begins (stage 11). At this
stage, four clusters of approximately 20 cells, characterised by the coexpression
of transcription factors cut and Kruppel, are specified to adopt the tubule fate
(Hatton-Ellis et al., 2007). The spatial restriction of this coexpression is
regulated by Wnt signalling within the gut. Interestingly, while the ectopic
coexpression of Kruppel and cut leads to cell differentiation and uric acid
precipitation, it does not result in the formation of tubule branches (Hatton-Ellis
et al., 2007). In response to TGF-8 signalling, the expression of Doc and brk
specifies the anterior and posterior tubules, respectively, and facilitates the
eversion process (Hatton-Ellis et al., 2007). During this eversion, the primordial
cells maintain their apicobasal polarity. Two groups of cells emerge ventrally,
while the other two groups arise laterally. Cells projecting toward the caudal
mesoderm become the posterior tubules, while the others become the anterior
tubules, establishing left-right asymmetry. At stage 12, additional divisions,
driven by an EGF-like ligand from the tip cells, generate all the primary cells
found in adult tubules, thereby maintaining a constant cell humber (Janning et
al., 1986, Skaer and Arias, 1992). By mid-embryogenesis (stage 13), cell
proliferation ceases, but the number of tubule cells is fortified by integrating
cells from caudal visceral mesoderm (Denholm et al., 2003). These cells undergo
a mesenchymal-to-epithelial transition and develop apicobasal polarity after
migration. They are referred to as stellate cells and express the transcription
factor tsh. Failure to integrate SCs results in premature death of the animal and
impaired responses to the neuropeptide Kinin (Denholm et al., 2003). During
stages 13 to 16, the tubules begin to elongate and develop their morphology
mainly through cell rearrangements. Initially, the tubules consist of a single
layer of epithelial cells, with 8-12 cells around the circumference. After

rearrangements, the epithelium is reduced to approximately two cells in
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circumference. At the same time, the tubules ramify into the body cavity
following highly stereotypical routes. Mutation of punt or schnurri causes
abnormalities in tubule localisation (Jack and Myette, 1999). Towards the end of
embryogenesis (stage 17, 22 h after fertilization), the tip cell locates itself in its
final position, the alary muscle for the anterior tubules and the hindgut visceral
nerve for the other pair. The tubules also develop functional competence at this
time point, as evidenced by the formation of white uric acid crystals in the

lumen of posterior tubules.

After embryonic development is finished, the larval tubules undergo further
growth by increasing both nuclear and cell size (Denholm, 2013). During pupal
development, MTs survive the metamorphosis and are retained in the adult.
However, the length of the tubules is reduced to half of their size at the larval
stage. Changes in cell morphology are also observed. SCs, which are cuboidal in
larval tubules, become bar-shaped in the initial segment and stellate-shaped in

the main segment after eclosion.

1.5.5.3 Modelling renal function and disease

Dozens of Drosophila genes, corresponding to human kidney genetic diseases,
have been identified in the renal tubules (Miller et al., 2013). Given the strong
genetic similarities between humans and Drosophila, along with the versatile
genetic tools available, Drosophila, with its simpler renal tubule structure,

serves as an excellent model for studying renal function and disease.

Nephrolithiasis. More than 75% of human kidney stone cases are caused by the
formation of calcium oxalate (Singh et al., 2015). The formation of calcium
phosphate and uric acid crystals is a constitutive process, and the development
of calcium oxalate stones can also be observed in Drosophila. Under polarized
light microscopy, birefringent calcium oxalate and uric acid stones can be easily
visualized and quantified in dissected MTs or living larvae through the
transparent cuticle (Dow et al., 2022). In whole adult flies, CaOx crystals can
also be detected using micro-computed tomography (Hirata et al., 2012). Dietary

supplementation with oxalate (Hirata et al., 2012), hydroxy-L-proline (Khan et
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al., 2006), or ethylene glycol (Chen et al., 2011) readily induces the formation of
calcium oxalate crystals within the tubule lumen. Additionally, the ubiquitous
knockdown of CG3926 causes the formation of CaOx crystals, while dietary N-
acetyl-L-hydroxyproline reduces the number of crystals in the tubule (Yang et
al., 2018). Xanthinuria types | and Il are rare inborn metabolic disorders
resulting from defective purine metabolism, often manifesting as xanthine
nephrolithiasis in humans (Miller et al., 2013). In Drosophila, mutants of rosy and
maroon-like genes, which affect the function of xanthine dehydrogenase, show
the accumulation of xanthine and the formation of tubular xanthine concretions
(Mitchell and Glassman, 1959).

In a Drosophila model of nephrolithiasis induced by the inhibition of xanthine
dehydrogenase, analysis of both fly and human calcified plaques revealed a high
enrichment of zinc (Chi et al., 2015). Genetic, dietary, and pharmacologic
modifications of zinc levels alter stone formation. In another model, where
stone formation was induced by feeding flies with sodium oxalate (NaOx), anti-
nephrolithiasis agents were screened by analysing the amount of calculi in
excreta. Arbutin was found to be an effective anti-lithogenic agent (Ali et al.,
2018). Additionally, oral potassium citrate has been shown to be protective
against hyperuricosuric calcium oxalate and uric acid nephrolithiasis (Pak and
Peterson, 1986, Pak et al., 1986), and it also alleviates crystals induced by
ethylene glycol (Chen et al., 2011). The anion transporter dPrestin, a potent
oxalate transporter, is strongly expressed in Drosophila renal tubule. RNAi-
mediated knockdown of dPrestin reduced the formation of microliths upon

dietary oxalate supplementation (Hirata et al., 2012).

Tubular disorders. Renal tubular acidosis (RTA) is characterised by insufficient
acid clearance in the body. Type | RTA is associated with a deficiency in V-
ATPases in the collecting duct of the nephron. The a-intercalated cells located
in the distal nephron have high expression levels of V-ATPases (Alper et al.,
1989). Mutation of subunits of V-ATPases causes distal RTA in humans, often with
a potential loss of auditory function (DeFranco et al., 1995, Karet et al., 1999).

In Drosophila, the entire V-ATPase gene family has been investigated for the
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lethal phenotype, revealing a common defect in renal acidification. This defect
is indicated by a reduced amount of uric acid crystals in the tubule lumen (Allan
et al., 2005). Acidic urine pH levels are a major risk factor for uric acid stones.
Furthermore, polycystic kidney disease, commonly characterised by the
presence of multiple fluid-filled cysts in the kidneys, is a common cause of end-
stage renal disease (Bergmann et al., 2018). Mutations in PKD1 and PKD2 are the
major causes of this monogenic disorder (Rossetti et al., 2007, DJ, 1992). In
Bicc1 mutant mice, the antagonism between Bicc1 and repressive activity of the
miR-17 microRNA family on the 3’ UTR of Pkd2 mRNA is mitigated, resulting in
the reduced Pkd2 mRNA levels (Tran et al., 2010). Mutation of Drosophila
orthologue of Bicc1, Bicaudal C, also results in upregulation of the TOR pathway
and polycystic kidney disease-like phenotypes in Drosophila (Gamberi et al.,
2017). This cystic phenotype can be substantially ameliorated by rapamycin

treatment.
1.6 The aim of the study

The DGRP lines have been proven to be an excellent tool for studying complex
traits, and Drosophila Malpighian tubules provide an outstanding model for
human renal function and disease. Given that 1) an increased risk of renal
dysfunction has been associated with nephrolithiasis and impaired tubular
secretion and 2) strong genetic components have been identified in the
formation of kidney stones and tubular transport in humans, understanding the
genetic basis of nephrolithiasis and tubular transport may offer new insights into
the mechanisms underlying nephrolithiasis, impaired tubular secretion, and their

contributions to renal function decline.
Thus, the major objectives of this study are:

(1) To measure the formation of kidney stones in 186 DGRP lines, perform GWA
analysis on this quantitative trait, identify candidate loci and genes

associated with the trait, conduct RNAi-mediated knockdown of the
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shortlisted genes, and verify their functional roles in renal crystal formation
under lithogenic conditions in Chapter 3.

(2) To measure the basal, Capa-stimulated, and both Capa and Kinin-stimulated
fluid secretion rates in 183 DGRP lines, perform GWA analyses, identify
candidate loci/genes associated with these traits, conduct functional
verification of the candidates, and uncover novel genes involved in the
tubular transport in Chapter 4.

(3) To investigate the function of a candidate gene Fasciclin 3, identified
through a pilot GWA study of baseline fluid secretion, in primary and
secondary cells of the Malpighian tubules in Chapter 5.

(4) To investigate the function of Muc11A, a gene highly and specifically
enriched in Malpighian tubules, in the renal tubule and provide insights into

the specialized function of this tissue in Chapter 6.

The data and findings of these objectives will constitute the rest of this thesis

and, hopefully, provide novel insights into the genetic basis of renal function.
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Chapter 2 Materials and Methods

2.1 Drosophila melanogaster

2.1.1 Drosophila culture

The fruit flies, Drosophila, were cultured in plastic fly vials containing
approximately 7 ml of standard Drosophila medium (Table 2.1), plugged with
BuzzPlugs (Scientific Laboratory Supplies, catalogue no. FLY1008). All fly stocks
were maintained at 22°C with 45% relative humidity and a 12 h light: 12 h dark
cycle in an insectary. To maintain the fly stocks, dozens of flies were transferred
into new vials with fresh fly medium every other week. For experimental
purposes, eggs laid by stock-derived flies were collected for three days and kept
in an incubator at 25°C. Ten to twenty female progenies were used to collect F2
generations for performing experiments, avoiding the transgenerational effects
of stock crowding on phenotypes. Fly lines ordered from stock centres were
quarantined for at least three generations with mineral oil (Sigma, catalogue no.

330760), and the presence of mites was monitored regularly.

Table 2.1 The standard Drosophila medium.
Ingredients Amounts per litre

Agar 10¢g
Sucrose 15¢
Glucose 30¢g

Yeast 35¢g

Maize meal 15¢
Wheat germ 10¢g
Treacle 30g
Soya flour 1 tablespoon
Nipagen 10 ml

Propionic acid 5 ml




2.1.2 Fly stocks

64

The fly lines used in our study, apart from the DGRP lines, are listed in Table

2.2. The DGRP lines used in our study are listed in Appendix 1.

Table 2.2 List of fly lines used in the study.

Fly line Description Source
Canton S Wild-type fly line In-house line
Dahomey Wild-type fly line Woodling lab
Oregon R Wild-type fly line In-house line
w118 white mutant In-house line
da-Gal4 Gal4 under the control of daughterless Sanz lab
promoter
CapaR-Gal4 Gal4 under the control of CapaR promoter In-house line
ctB-Gal4 Gal4 under the control of cut promoter Denholm Lab
c724-Gal4 Gal4 under the control of tsh promoter In-house line
c724-Gal4; Gal4 under the control of tsh and CapaR Constructed in
CapaR-Gal4 promoter the study
ctB-Gal4; o Dr Jérome
Gal8o™ Thermosensitive ctB-Gal4 Bohére
UAS-mGFP; Expresses membrane-bound GFP under the In-house line
CapaR-Gal4 control of CapaR-Gal4
UAS-mGFP; Expresses membrane-bound GFP under the Constructed in
ctB-Gal4 control of ctB-Gal4 the study
c724-Gal4, Expresses membrane-bound GFP under the In-house line
UAS-mGFP control of ¢724-Gal4
UAS-mGFP Expresses membrane-bound GFP under the BDSC# 5137
control of UAS
w118, UAS- . : . :
em’pty Coisogenic control line for KK lines from VDRC VDRC# 60100
11 - i . . z . .
yivis UAS-  Coisogenic control line for BDSC' lines with 3rd BDSC# 36303
TRiP-empty chromosome target sites
11 _ . . : . .
y' vy UAS Coisogenic control line for BDSC.lmes with 2nd BDSC# 36304
TRiP-empty chromosome target sites
UAS- .
CG7289- Expresses dsRNA for RNAi of CG7289 under UAS BDSC# 60460
: control
RNAi
UAS-Dlg5- Expresses dsRNA for RNAi of DI(g5 under UAS BDSC# 61334
RNAi control
UAS-Shgb- Expresses dsRNA for RNAi of Shab under UAS BDSC# 55682
RNAi control
UAS- . .
Eip71CD- Expresses dsRNA for RNAi of Eip71CD under UAS BDSC# 42877
. control
RNAi
UAS-ATI?8B- Expresses dsRNA for RNAi of ATP8B under UAS BDSC# 63037
RNAi control




UAS-
timeout-
RNAi
UAS-fz2-
RNAi
UAS-SPR-
RNAi
UAS-sdt-
RNAi
UAS-RunxA-
RNAi
UAS-Pde1c-
RNAi
UAS-Ncc69-
RNAi
UAS-sowah-
RNAi
UAS-
RhoGAP71E-
RNAi
UAS-
Baldspot-
RNAi
UAS-Gaf-
RNAi
UAS-
Glut4EF-
RNAi
UAS-
CG8027-
RNAi
UAS-
CG7656-
RNAi

UAS-bi-RNAi

UAS-Sik3-
RNAi
UAS-Pdp1-
RNAi
UAS-smp-
30-RNAi
UAS-fs(1)h-
RNAi
UAS-Pde8-
RNAi
UAS-Pdeé6-
RNAi

Expresses dsRNA for RNAi of timeout under UAS
control

Expresses RNAi construct against fz2 under UAS
control
Expresses RNAi construct against SPR under UAS
control
Expresses dsRNA for RNAi of sdt under UAS
control
Expresses dsRNA for RNAi of RunxA under UAS
control
Expresses dsRNA for RNAi of Pde1c under UAS
control
Expresses dsRNA for RNAi of Ncc69 under UAS
control
Expresses dsRNA for RNAi of sowah under UAS
control

Expresses dsRNA for RNAi of RhoGAP71E under
UAS control

Expresses dsRNA for RNAi of Baldspot under UAS
control

Expresses dsRNA for RNAi of Gaf under UAS
control

Expresses dsRNA for RNAi of Glut4EF under UAS
control

Expresses RNAi construct against CG8027 under
UAS control

Expresses RNAi construct against CG7656 under
UAS control

Expresses dsRNA for RNAi of bi under UAS
control
Expresses dsRNA for RNAi of Sik3 under UAS
control
Expresses dsRNA for RNAi of Pdp1 under UAS
control
Expresses RNAi construct against smp-30 under
UAS control
Expresses dsRNA for RNAi of fs(1)h under UAS
control
Expresses dsRNA for RNAi of Pde8 under UAS
control
Expresses dsRNA for RNAi of Pdeé under UAS
control
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BDSC# 36863

VDRC# 108998

VDRC# 106804

BDSC# 37510

BDSC# 33353

BDSC# 55925

BDSC# 28682

BDSC# 65930

BDSC# 32417

BDSC# 44101

BDSC# 43201

BDSC# 57461

VDRC# 109400

VDRC# 100791

BDSC# 28341

BDSC# 57302

BDSC# 40863

VDRC# 103377

BDSC# 41693

BDSC# 51892

BDSC# 25828
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UAS- j\(l- Expresses dsRNA for RNAi of jvl under UAS BDSC# 67897
RNAi control
UAS- .
CG32206- Expresses dsRNA for RNAi of CG32206 under UAS BDSC# 66946
X control
RNAi
UAS-p(p- Expresses dsRNA for RNAi of pip under UAS BDSC# 34613
RNAi control
UAS- : .
Eip74EF- Expresses dsRNA for RNAi of Eip74EF under UAS BDSC# 29353
. control
RNAi
UAS-Ent3- Expresses RNAi construct against Ent3 under
RNAi UAS control VMRS TR/
UAS-Inqy- Expresses RNAi construct against /ndy under UAS VDRC# 9981
RNAi control
UAS- . .
Mucl1A- Expresses RNAi construct against Muc11A under VDRC# 101320
. UAS control
RNAi-1
UAS- . .
MucT1A- Expresses RNAi construct against Muc11A under VDRC# 24993
. UAS control
RNAi-2
UAS-Fas3- Expresses RNAi construct against Fas3 under
RNAi UAS control UIRIRG? S0
UAS-Cdc{Z Expresses dominant negative Cdc42 under UAS BDSC# 6288
DN-RNAi control
UAS-Cdc42  Expresses constitutively active Cdc42 under the
CA-RNAi control of UAS ARG
Bat?r?ecer Carries balancer chromosomes BDSC# 3703

2.1.3 Drosophila mating schemes

To inhibit the expression of a particular gene, 10 to 20 virgin females from a
Gal4 line were collected and mated with 3 to 10 male flies from corresponding
RNAi line. The cross was kept in an incubator at 25°C, and eggs were collected
for three days before transferring the parental flies into a new vial. Another set
of cross between the Gal4 line and the coisogenic control line was made. The F1
generations from the crosses were used as experimental and control flies,
respectively. For genes whose knockdowns during the development were lethal,
a temperature-sensitive GAL80 system was employed. Eggs were collected and
kept at 18°C until adulthood, during which the knockdown was suppressed. Once
F1 adults emerged, the flies were transferred to the incubator at 29°C to induce

the knockdown. Unless otherwise stated, 7- to 10-day-old female flies were used
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in the experiments conducted in this study. The RNAi lines and their
corresponding controls used for the functional verification of candidates

identified through association analyses are listed in Appendix 9.

A stable fly line, containing the 2" and 3" chromosomes from two different fly
lines, was constructed according to the cross scheme in Figure 2.1. As an
expample, a new fly line expressing Gal4 under the control of both tsh and
CapaR promoters was constructed. This fly line was used to drive the knockdown

of genes of interest in both primary and secondary cells in MTs.

Sco  MKRS c724-Gal4 + + CapaR-Gal4 Sco ~ MKRS
Cy0’ TM6B,Th c724—Gal4’ + +’ CapaR-Gal4 Cy0’ TM6B,Th
c724-Gal4 + X Sco ~ MKRS + CapaR—-Gal4 X Sco ~ MKRS
Cyo " TM6B,Th Cy0’ TM6B,Tb Cy0’ TM6B,Th Cy0’ TM6B,Tb
c724—Gal4d  MKRS 5 Sco CapaR-Gal4
Cy0 'TM6B,Tb Cy0’' TM6B,Th

c724—Gal4 CapaR-Gal4 ®
cyo ' TM6B,Thb

€724—-Gal4 CapaR-Gal4

c724—Gala’ CapaR-Gal4

Figure 2.1 An example of cross scheme.
It is used to generate a stable fly line containing the 2" and 3™ chromosomes from two
different fly lines.

2.1.4 Dissection of Drosophila MTs

Anterior Malpighian tubules from female adults were used in the study, unless
otherwise stated. Flies were anaesthetised on ice and dissected in Schneider’s
medium (Gibco, catalogue no. 21720024) or in 1x PBS (137 mM NaCl, 10 mM
Na;HPO4, 2.7 mM KCL, 1.8 mM KH,PO4; pH 7.4). The flies were placed upside
down in the solution. One pair of forceps was holding the thorax, while the other
pair was holding the very end of the abdomen and tearing the body wall open.

The anterior MTs were freed by cutting the common ureter and then collected.
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For tubules used for RNA extraction, tissues were dissected on ice and
transferred to the Pre-Filled Bead Mill Tubes (Fisher Scientific, catalogue no.
15545799) placed on dry ice. Collection tubes were filled with 1 ml QlAzol lysis
reagent (QIAGEN, catalogue no. 79306) once enough tissues had been collected.
Samples were then homogenised using a bead disruptor and stored at -70°C until

RNA extraction.
2.2 Molecular biology

2.2.1 Total RNA extraction

Approximately one hundred pairs of tubules or ten whole flies were prepared for
RNA extraction using the RNeasy Mini Kit (QIAGEN, catalogue no. 74104). MTs
were collected as described in section 2.1.4. Whole files were collected in mill
tubes with ceramic beads (Fisher Scientific, catalogue no. 15555799) and
homogenised in 1 ml QlAzol lysis reagent. After homogenisation, the
homogenates were incubated at room temperature for 5 min, mixed with 200 pl
chloroform, and incubated for an additional 5 min. The samples were then
centrifuged for 15 min at 12,000x g at 4°C. The upper aqueous phase
(approximately 400 pl) was transferred to a new collection tube and mixed with
600 pl of absolute ethanol by pipetting. The mixed samples were transferred
into columns provided by the kit and centrifuged at 8,000x g for 1 min at room
temperature. Before washing with the washing buffer, samples were treated
with RNAse-free DNase | (QIAGEN, catalogue no. 79254) to remove genomic DNA.
After two washes, the columns containing RNA were centrifuged again to further
dry the membrane. RNA was then eluted with 30 ul of RNAse-free water. The
quantity and purity (A260/A280) of each sample were determined using a

Nanodrop spectrophotometer. Purified RNA was stored at -70°C.
2.2.2 Genomic DNA extraction

Genomic DNA (gDNA) was extracted from whole flies using the Genomic DNA Mini

Kit (Invitrogen, catalogue no. 10593245). Briefly, ten whole flies were
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anesthetized with carbon dioxide (CO2), transferred to Eppendorf tubes filled
with 180 pl digestion buffer and 20 pl proteinase K, and homogenised with pellet
pestles. After incubation at 55°C for 1 h with proteinase, particulate materials
were removed by centrifugation at maximum speed for 3 min. The supernatant
was transferred to a new microcentrifuge tube and mixed with RNase, lysis
buffer, and absolute ethanol. The digested samples were then processed
according to the instructions provided by the kit. gDNA was eluted from the

columns using elution buffer and stored at -20°C.

2.2.3 cDNA synthesis

Complementary DNA (cDNA) was synthesised using SuperScript™ Il Reverse
Transcriptase (Invitrogen, catalogue no. 18064022). For samples used in
quantitative real-time PCR (gqRT-PCR), same amount of total RNA was used for
each reverse transcription reaction to minimize the variation in cDNA amount
among different biological replicates. In each reaction, up to 5 pg of total RNA
was mixed with 1 pl Oligo(dT)12-18 and 1 pul ANTP Mix and heated at 65°C for 5
min. Then, 4 pl First-Strand Buffer, 2 yl 0.1 M DTT, and 1 pl RNaseOut were
added, and the mixture was incubated at 42°C for 2 min. After incubation, 1 pl
reverse transcriptase was added to each reaction, and a further incubation was
carried out at 42°C for 50 min. The reaction was inactivated by heating at 70°C
for 15 min. The synthesised cDNA was stored at -20°C.

2.2.4 Polymerase chain reaction and agarose gel electrophoresis

DreamTaq DNA Polymerase (Thermo Scientific, catalogue no. EP0701) or Phusion
High-Fidelity DNA Polymerase (Thermo Scientific, catalogue no. F530) was used
for polymerase chain reaction (PCR). In each reaction, 1 pl cDNA or gDNA was
used as the template, and gradient PCR was performed with annealing
temperatures ranging from 55°C to 65°C to optimize primer efficiency. PCR
reactions were carried out in 0.2 ml PCR tubes (Starlab) using a thermocycler
(PEQLAB Biotechnologie GmbH), with the thermal cycling condition outlined in
Table 2.3.
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Step Temperature Time Number of cycles
Initial denaturation 95°C 2 min 1
Denaturation 95°C 15s
Annealing 55-65°C 15s 30
Extension 72°C 1 min every 1 kb
Final extension 72°C 5 min 1

PCR products were analysed by agarose gel electrophoresis. Agarose gels
containing approximately 0.1 pg/ml ethidium bromide (EtBr) were prepared
using 0.5x TBE buffer (Table 2.4), with agarose concentrations ranging from 1%
to 2%, depending on the expected product size. The gel was run at a constant
voltage of 110 V for 30 min, and the PCR products were visualized using an

ultraviolet transilluminator.

Table 2.4 10x TBE buffer recipe.

Ingredients Amounts per litre
Tris base 108 g
Boric acid 55¢
0.5 M EDTA solution (pH 8.0) 40 ml
Double-distilled H,0 900 ml

2.2.5 qRT-PCR

gRT-PCR was performed using SYBR Green PCR Master Mix (QuantiNova,
catalogue no. 208054). Primers spanning exon-exon junctions were designed
using Primer-BLAST (Ye et al., 2012) and are listed in Appendix 2. The product
length ranged from 70 to 200 bp. PCR tubes (Applied Biosystems, catalogue no.
4358293) or 96-well plates (Applied Biosystems, catalogue no. 4346907) were
used for the reactions. Each 20 pl reaction contained 10 pl SYBR Green PCR
Master Mix, 2 ul ROX Reference Dye, forward and reverse primers at final
concentrations of 0.7 yM, and 1-2 pl template. A StepOnePlus Thermocycler
(Applied Biosystems) was used to carry out qRT-PCR. A melting curve and a
standard curve were generated for each primer pair to ensure specific
amplification and acceptable efficiency (90-110%), respectively. In all cases,

gRT-PCR reactions were run in technical triplicates, with three biological
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replicates included for each condition. The qRT-PCR reaction was carried out
according to the conditions in Table 2.5. RpL32 was used as a reference gene.
Relative expression levels of candidate genes were calculated using comparative
Ct method, as described in Applied Biosystems User Bulletin No. 2 (P/N
4303859), and were plotted with lower and upper limits. Statistical analysis was
performed using non-normalised (ACt) values from the three biological

replicates.

Table 2.5 Real-time cycler protocol.

Step Temperature Time Number of cycles
Initial denaturation 95°C 2 min 1
Denaturation 95°C 5s
Combined 40

X . 60°C 10s
annealing/extension

2.3 Microscopy

2.3.1 Polarized light microscopy

To visualize CaOx crystals formed in MTs, a polarized light microscope was used,
as oxalate and uric acid stones are birefringent under polarized light. Two
polarizing filters were placed perpendicularly on the either side of the
specimen. A high-contrast image could only be observed in the presence of a
birefringent sample. After dissection, samples were immediately imaged under
the polarizing microscope, specifically the Zeiss Stemi 508 stereo microscope
(Carl Zeiss), equipped with two polarizing filters, a Zeiss Apo 1.5x FWD 53 mm
objective, a 0.5x camera adapter, and a Axiocam 105 colour camera. All images

were captured at 2.5x magnification.
2.3.2 Confocal microscopy and immunofluorescence

The LSM 880 confocal microscope system (Carl Zeiss) was used to visualize
fluorophores-labelled proteins. The excitation wavelength were 405 nm, 488 nm,
and 543 nm for DAPI (Sigma, catalogue no. D9542), Alexa Fluor 488-conjugated

secondary antibodies, and Alexa Fluor 546-conjugated secondary antibodies,
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respectively. Z-stack images were acquired with the confocal microscope and

subsequently processed using Zen Blue software (Carl Zeiss).

To prepare specimens for immunofluorescence, anterior tubules, left attached
to part of the gut, were dissected in Schneider’s medium. The samples were
then fixed in 4% paraformaldehyde in PBS on a nutator for 20 min. After fixation,
the tubules were washed three times with PBT (0.15% Triton X-100 in 1x PBS) for
15 min each. Prior to incubation with appropriate primary antibodies at 4°C
overnight, the samples were blocked with PTN (5% normal goat serum in PBT) for
1 to 2 hours at room temperature. Afterward, the samples were washed three
times with PBT, 15 min each. Samples were then incubated with secondary
antibodies in the dark for 2 to 3 hours at room temperature or overnight at 4°C.
Following three 15 min washes with PBT, Phalloidin-TRITC (Sigma, catalogue no.
P1951) was applied for 30 min, if needed, before staining with DAPI for 2 min.
After two washes in 1x PBS, samples were mounted with either 1x PBS or
antifade mounting medium (VectorLabs, catalogue no. H-1000-10) for imaging.
The primary and secondary antibodies and their working concentrations are

listed in Table 2.6. The working concentration for DAPI was 1 pg/ml.

Table 2.6 List of antibodies.

Antibody Host species and dilution Source
Anti-Dlg1 Mouse, 1/500 DSHB, 4F3
Anti-Arm Mouse, 1/100 DSHB, N27A1
Anti-Hnt Mouse, 1/20 DSHB, 1G9
Cell
Anti-PH3 Rabbit, 1/200 il
Technology,
9701
Alexa Fluor 488-conjugated anti- Goat, 1/600 Life .
mouse Technologies
Alexa Fluor 546-conjugated anti- Goat, 1/600 Life '
mouse Technologies
Alexa Fluor 488-cqn]ugated anti- Goat, 1/600 Life .
rabbit Technologies
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2.4 Assessment of physiological phenotypes

2.4.1 Development of renal stones

Calcium oxalate crystals were induced in renal tubules by feeding flies with a
standard fly food supplemented with 0.1% (w/v) NaOx (Sigma, catalogue no.
379735) for 72 h. To avoid any changes in salt concentration due to evaporation,
fly food was freshly prepared. After being fed with the lithogenic diet, flies were
knocked down by immersion in 70% (v/v) ethanol, washed with distilled water,
and kept on ice in 1x PBS solution until dissection. Drosophila anterior MTs,
attached to the gut, were dissected in 1x PBS and mounted on microscope slides
(Epredia, catalogue no. 12362098) coated with poly-L-lysine (Sigma, catalogue
no. P8920). Tubules were then imaged using the Zeiss Stemi 508 stereo
microscope. Crystals in tubule lumen were manually outlined, and stone areas

and tubule sizes were quantified using Fiji (Schindelin et al., 2012).
2.4.2 Fluid secretion rates

Fluid secretion assays were performed as previously described (Dow et al., 1994,
Davies et al., 2019). A Petri dish (@ 90 mm) was prepared with a layer of
paraffin wax (Sigma, catalogue no. 327212), and wells were drilled using a drill
bit. Metal pins (Fine Science Tools, catalogue no. 26002-10) were inserted beside
each well. During the measurement, the wax layer was covered with mineral oil,
and a 9 pl mixture of 1:1 of Schneider's medium and Drosophila saline (Table
2.7) was added to each well. Trace amounts of amaranth (Sigma, catalogue no.
A1016) were added to the mixture, with a final concentration of approximately
0.042 pg/pl, for contrast purposes. Anterior tubules were dissected in
Schneider's medium and transferred to the 9 pyl mixture. One end of each tubule
was placed in the mixture, while the other end was wrapped around the metal
pin. Fluids secreted by tubules were collected at the common ureter and placed
on the surface of the wax layer using a fine glass rod. The secreted droplets
became spherical, and their diameters were measured with an ocular

micrometre or from images taken with an Axiocam 105 colour camera. The
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volume of secreted fluid was calculated using the formula gnrg’. Baseline (basal)

secretion rates were measured for 30 min. Two diuretic neuropeptides, Capa-1
and Kinin, were added sequentially to the mixture at a stock concentration of
106 M to study neuroendocrine control of fluid transport. Stimulated secretion
rates were measured for another 30 min for each neuropeptide. Secretion-
related traits used in association analyses are explained in Figure 2.2. This
protocol allows the measurement of 3 separate physiological parameters in a

single experiment.

Kinin
w
g Capa l___(_l___ Basal secretion rate = A
_5 | B Capa-stimulated secretion index =%
% A Kinin-stimulated secretion index = %
(7]
Time
Figure 2.2 Phenotypic values used in association analyses.
Table 2.7 The recipe for 1 litre Drosophila saline.
Component Amount Final concentration
H20 About 800 ml -
2.5 M NaCl 47 ml 117.5 mM
1 M KClL 20 ml 20 mM
1 M CaCl; 2 ml 2 mM
1 M MgCl, 8.5 ml 8.5 mM
1 M NaHCO:3 10.2 ml 10.2 mM
1 M HEPES 15 ml 15 mM
1 M NaHzPO4 4.3 ml 4.3 mM
Glucose 3.6¢g 20 mM

Adjust pH to 7.0
Top up to 1 litre with H20, and filter sterilize

Extracted from (Schellinger and Rodan, 2015).

2.4.3 Food intake

Measurements of food intake were performed as described previously (Wu et al.,
2020). Briefly, five 7-day-old females were transferred into a Falcon tube

(CELLSTAR, catalogue no. 210261), with a 5.5 mm food container fixed at the
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top of the tube. Standard fly food, supplemented with a blue dye (1% w/v,
erioglaucine disodium salt, Sigma, catalogue no. 861146), was prepared. The
flies were fed with the dye-containing food for 72 h, and the food was replaced
daily to account for potential effects of egg-laying and evaporation on food
accessibility. After the feeding period, the dye-containing food was replaced
with non-dyed food, and the flies were given another 3 h to ensure all dye-
containing food was excreted. To quantify food intake, excreta were recovered
from the tube walls and cap with distilled water, and the absorbance at 630 nm
was measured using a Nanodrop spectrophotometer. Food consumption was
calculated using a standard curve. All tubes were laid on their sides and kept in

incubators during the assay.

2.4.4 Stone formation in vitro

Mixtures of Schneider's medium and Drosophila saline (1:1) were prepared, with
or without 1 mM NaOx. Bafilomycin A1 (Cell Signalling Technology, catalogue no.
54645S), with a working concentration of 50 pM, was diluted in dimethyl
sulfoxide and added to the mixture to inhibit the activity of V-ATPases. Anterior
tubules from Canton S flies were dissected in Schneider's medium, transferred
into the prepared mixtures, and incubated for 1 h. The renal tubular
accumulation of CaOx microliths was captured using a Zeiss Stemi 508 stereo

microscope and subsequently quantified using Fiji.

2.4.5 Lifespan

Freshly eclosed flies were collected within 2 days and allowed to mate for 48 h.
After mating, flies were anesthetized using a COz-dispensing porous pad.
Approximately a hundred female flies per condition were collected and housed
in groups of 10 flies per vial. Flies were transferred to fresh food every 2-3 days,
and during each transfer, the number of deaths and censored flies were

recorded until all flies had died.
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2.4.6 Desiccation and starvation tolerance

Protocols for phenotyping desiccation and starvation tolerance were adapted
from previous work in the lab (Terhzaz et al., 2015). Briefly, 7- to 10-day-old
female flies were anesthetized on ice and placed in groups of 10 in either empty
vials for the desiccation assay or vials containing 1% agar for the starvation
assay. The open end of the vials for the desiccation assay was sealed with
parafilm (Fisher Scientific, catalogue no. 10018130). Vials were checked hourly
for dead flies during the desiccation assay and twice a day during the starvation

assay until all flies were dead.

2.4.7 Chill-coma recovery time

Female flies were transferred to empty vials and subjected to a cold shock in a
mixture of ice and water for 4 h. Following the cold shock, flies were transferred
to a filter paper at 22°C, and the recovery time for each individual fly was
recorded. A fly was considered to have recovered when it was able to right itself

with all six legs.

2.4.8 Wet and dry weight

Groups of 5 to 20 adult flies were anesthetized with CO, transferred to
Eppendorf tubes, and weighted using a precision balance. The flies were then
killed by freezing at -70° for 1h and dried at 60° for 24 h. After the fly samples

reached room temperature, their dry weight was weighted.

2.4.9 Abdominal size

To measure the abdominal size of flies, a Petri dish with a layer of paraffin wax
was filled with mineral oil. Female adults were killed by immersion in the
mineral oil, and side-profile images were captured using a Zeiss Stemi 508 stereo
microscope. The width of the abdomen was measured at A3 segment, and the

area of the abdomen was outlined and measured using ZEN Blue software.
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2.4.10 Morphology of excreta

T.U.R.D. software (Wayland et al., 2014) was used to quantify faecal output.
Briefly, flies were fed with a standard fly food containing 2.5% (w/v)
erioglaucine disodium salt for 48 h. The open side of the fly vial was then
capped with a Petri dish (@ 35 mm) instead of a buzz plug, and the vial was kept
on its side. Excreta were collected for 1 h, and images of the Petri dish were

analysed using T.U.R.D. software to quantify the size and number of the faeces.

2.5 Bioinformatics

2.5.1 Quantitative genetics

All data were analysed in R Studio using the R statistical language version 4.3.2
(R Core Team, 2013). The linear mixed-effects model (lmer) from the [me4 R
package (Bates et al., 2015) was used to test the effects of potential covariates
on phenotypes with the formulaY = y + W + I + L + B + €, where W
denotes the Wolbachia infection status (fixed effect), I is the 5 major inversions
present in the DGRP panel (fixed effect), L is the DGRP line (random effect), B
is the effect of block (random effect), and € is the error variance. The
information on Wolbachia infection and major genomic inversion was retrieved

from DGRP freeze 2 (http://dgrp2.gnets.ncsu.edu). The random effect of the

line was not nested within the block because each line was included in more
than one block. For the stone area, tubule size was included as a random effect
in the mixed model, and the phenotype was normalized due to the non-normal
distribution. The anova() and rand() functions in the [merTest package
(Kuznetsova et al., 2017) were used to assess the significance of the fixed and
random effects in the dataset, respectively. The models were simplified through
stepwise removal of non-significant factors, and the minimal models were
performed. The residuals € from the regressions, in which the line effect was
omitted, were used as adjusted phenotypes for genome-wide association

analyses.


http://dgrp2.gnets.ncsu.edu/
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Broad-sense heritability (H?) for each trait was estimated as H* = 62, /(c?%,, +
a2r) where ¢?, is the variance component among lines, o2 is the sum of all
other sources of variation. Variance components were extracted using VarCorr()

function.

2.5.2 GWA analysis

To identify genetic variants associated with phenotypic traits, quality control
and association analyses were performed using PLINK version 1.9 (Purcell et al.,
2007) and GEMMA (Zhou and Stephens, 2012), respectively. Genotypes were
downloaded from the DGRP freeze 2. Markers called at least 4 times in the pool
of tested lines were included in association analyses (with a minimum minor
allele frequency of approximately 2%). Markers and individuals with missingness
greater than 10% and 20%, respectively, were excluded. After filtering, a
different subset of genetic variants remained for each trait tested (2,315,319
markers for the stone area and 2,288,271 for the fluid secretion rate). To
control for confounding cryptic relatedness in the DGRP, estimated relatedness
matrices were calculated in GEMMA using pruned variants (r? < 0.2). The
association for each trait was examined by the likelihood ratio test (Xing et al.,
2012), fitting a linear mixed model using GEMMA. An empirical threshold of 107>
(Anholt and Mackay, 2018) was used in GWA analyses and candidate variants

were annotated based on Flybase release 5.57 (http://flybase.org). The LD

heatmaps were generated in R using the package ggplot2, and the package

ggman was used to make QQ and Manhattan plots.

2.5.3 Interaction network analysis

The genetic and physical interaction networks curated by FlyBase were
downloaded. The genes and their products served as nodes in the networks,
while interactions between them were represented as edges. Candidate genes
identified by GWA analysis, along with their interacting genes, were extracted
and mapped onto a graphical representation of the interaction network using the

igraph package (Csardi and Nepusz, 2006) in R. Additionally, genes within the


http://flybase.org/
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interaction network were clustered, functional enrichment analyses for these
clusters were conducted. The clusters were visualized using

Cytoscape (Doncheva et al., 2019). The full STRING network of the genes was
imported with a cutoff score of 0.4. The granularity parameter used to cluster
the networks was set to 4, as the default. Subnetworks were selected, and the
not clustered network, rather than the ‘genome’, was selected as background.
Categories with false discovery rates less than 0.05 were considered statistically

enriched for the selected subnetworks.

2.5.4 Human orthologues of Drosophila genes

Human orthologues of the candidate fly genes were obtained using the DRSC
Integrative Orthologue Prediction Tool (Hu et al., 2011, Hu et al., 2021).

Orthologues with low ranked scores are excluded.

2.6 Statistics

Statistical analyses were conducted using either R Studio or GraphPad Prism 10
(GraphPad Software). The specific tests and statistical significance are described

in each figure legend.

2.6.1 ANOVA

To assess the strain effect on stone formation and food intake in wild-type flies,
as well as the effect of bafilomycin treatment on stone formation in vitro, a type
[l analysis of variance (ANOVA) was conducted using the Car library. The
AlCcmodavg R package was employed to compare the fit of the models, with the
model exhibiting the lowest Akaike Information Criterion values being selected
(Mazerolle, 2020). If the best-fit model included the strain effect, Tukey’s post-
hoc test was performed using the emmeans library. Interval plots were
generated to visualize groupwise statistical significance. Additionally, ANOVA
and post-hoc tests were applied to compare the means of three or more groups

in GraphPad Prism 10, as demonstrated in the wet and dry weight assays.
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2.6.2 Mixed model ANOVA

To validate the function of candidate genes identified by GWA analyses, linear
mixed models (using the (me4 package) were employed, accounting for genotype
(RNAi versus background) as a fixed effect and replicate as a random effect. The
full model was definedasY = u + G + R + €, where Y represents the
phenotype, G is the fixed effect of genotype, and R is the random effect of
replicate. The reduced modelwasY = u + R + €. Full model and reduced
model were compared using the anova() function to assess the significance of

the genotype (p value).

2.6.3 Analysis of diallel cross

To assess the significance of GCA (additive effects and their interactions) and
SCA (non-additive effects and their interactions) in crystal formation within the
DGRP, a diallel cross analysis according to Griffing (Griffing, 1956) was
performed in R Studio using the DiallelAnalysisR package. A complete diallel
cross (Figure 2.3) was conducted, and as the parents were selected from a wider
population, Method | and Model Il were employed for the analysis. In this model
Grif fing(Pheno, Environment, Male, Female, diallelcross, 1,2), the ANOVA table
and genetic components were extracted to assess the significance of GCA and
SCA, as well as the ratio of GCA to SCA.
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Figure 2.3 An example of full diallel cross.
All parental lines were crossed with each other, each cross was done in both directions,
and self-crosses were also included.

2.6.4 The log-rank test

The log-rank test was used to analyse the statistical significance of survival
curves, including lifespan, desiccation and starvation tolerance, and chill-coma

recovery time, using GraphPad Prism 10.

2.6.5 Two-tailed t-test

To compare the means of two independent groups, a Student’s t-test was
conducted using GraphPad Prism 10 or Excel. Non-normalised (ACt) values from
three biological replicates of the control group were compared with those of the
knockdown group to assess the significance of knockdown efficiency by RNA.
Difference in traits, such as abdominal size and number of faecal spots, between

control and knockdown flies were also analysed using the two-tailed t-test.
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Chapter 3 The Genetic Basis of Variation in

Nephrolithiasis in Drosophila

3.1 Summary

Kidney stone disease, also known as nephrolithiasis, is a common yet complex
disorder with high a heritability, resulting in a significant economic burden.
Genome-wide association studies in humans have reported several genetic
variants associated with kidney stone disease. However, only a handful of genes
implicated in calcium nephrolithiasis have been identified. The genetic basis
underlying the variation in susceptibility to kidney stone formation remains
poorly understood. Here, we employed inbred, fully sequenced lines of the
Drosophila melanogaster genetic reference panel to investigate genetic variants
that influence the formation of kidney stones. Calcium crystals were induced
and quantified in the anterior renal tubules of fly lines fed with a lithogenic
diet. Considerable phenotypic variation in crystal formation was observed in the
renal tubules. To identify genetic variants associated with the phenotypic
variation, association studies were conducted, followed by the validation of

candidate genes harbouring polymorphisms through loss-of-function mutations.
3.2 Results

3.2.1 Variation in stone formation in wild-type strains

To characterise natural variation in crystal formation in Drosophila, the areas of
the renal tubule occupied by crystals, hereafter referred to as “stone areas”,
were quantified in adults of three commonly used wild-type strains: Canton S,
Dahomey, and Oregon R. Relatively few naturally occurring crystals were
observed in the renal tubules; however, significant amounts of CaOx stones
could be readily induced with a dietary supplement of NaOx (Figure 3.1A and
Figure 3.3A). Furthermore, a significant genotype-by-environment interaction

was observed for stone areas (Figure 3.1B and Table 3.1), suggesting an
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environmentally plastic genetic architecture in the development of kidney
stones. For NaOx-induced stone formation, the estimated board-sense
heritability is 0.69 (Table 3.2), indicating that genetic variance accounts for a

substantial portion of the phenotypic variation.
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Figure 3.1 Variation in stone formation across three commonly used wild-type
strains.

(A) An example of different amounts of crystals formed in the renal tubules of flies fed
with NaOx. Crystals are depicted in black, and tubules are outlined in grey. (B) Stone
areas in wild-type flies fed with or without NaOx. The mean of the means of each
biological replicates and standard deviation (SD) are plotted in SuperPlots (Lord et al.,
2020), where each colour corresponds to a different replicate (n=6-10 females per line
and replicate, three biological replicates).
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Table 3.1 Analyses of variance for line and treatment effects on stone formation
(type lll tests).

Term Sum Sq DF  F value Pr (>F)
(Intercept) 0.0185282 1 627.246 < 2.2e-16*
Strain 0.0045928 2 77.742 < 2.2e-16*
Treatment 0.0176580 1 597.786 < 2.2e-16*
Strain:Treatment  0.0049642 2 84.028 < 2.2e-16*
Residuals 0.0042241 143

Table 3.2 Variance components of NaOx-induced stone formation.
Groups Variance SD H?
Strain 0.000128 0.01132 0.69
Residual 0.000059 0.00765 )

It is possible that the variation in crystal formation in the renal tubules could be
attributed to differences in food consumption by the flies, as NaOx
supplementation might affect food palatability. Additionally, wild-derived
inbred lines exhibit variation in taste sensitivity (Uchizono and Tanimura, 2017).
To investigate this possibility, the food intake of flies fed with or without NaOx
was measured. The results indicated that the differences in crystal formation
were not due to different food consumption. Although NaOx treatment increased
food intake, supplementation with 0.1% NaOx did not result in significant
differences in food intake across the strains (Figure 3.2 and Figure 3.3B). The
three fly strains used, Canton S (Stern and Schaeffer, 1943), Dahomey (Puijk and
De Jong, 1972), and Oregon R (Clayton and Paietta, 1972), were collected from
Ohio, Dahomey (now Benin), and Oregon, respectively. These strains have
distinct origins and histories, as well as different levels of mitochondrial reactive
oxygen species (MtROS) production and lifespan (Sanz et al., 2010), in addition
to distinct transcriptomic and metabolomic profiles (Gubina et al., 2019).
Collectively, these findings suggest that renal crystal formation varies
significantly among wild-type strains on a lithogenic diet, likely due to

differences in their genetic backgrounds.
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Figure 3.2 Food intakes in flies treated with or without NaOx.

The means of three biological replicates and SDs are plotted, with each colour
representing a different replicate (n=5 females per tube, three tubes per line per
replicate, three biological replicates).
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Figure 3.3 Post-hoc Tukey test assessing significance among wild-type strains.
(A) Stone area. (B) Food intake. Following the type Ill ANOVA, a post-hoc Tukey test was
conducted to determine significant differences between groups.

3.2.2 Quantitative genetics of stone formation in the DGRP

To assess the extent of variation in stone formation among genetically distinct
individuals and to collect phenotypic data for association analysis, stone areas
were measured in 186 DGRP lines. It was not possible to quantify the stone areas
in all 186 DGRP lines in a single day. The stone areas (Figure 3.4A) and tubule
sizes (Figure 3.4D) were measured across nine blocks, with Canton S used as a
positive control during the measurements (Figure 3.4C). One biological replicate
was recorded for 14 lines, two biological replicates for 158 other lines, and three

biological replicates for 14 other lines. On average, 23 flies were dissected per
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DGRP line. Substantial and reproducible phenotypic variation in stone formation
was observed, with a broad-sense heritability (H?) of 0.57 (Table 3.3). In some
DGRP lines, only a small number of crystals were observed in the dissected
tubules, while in others, the tubule lumens were filled with crystals (Figure
3.4A). For the 172 DGRP lines measured at least twice for stone formation,
correlation analysis between the first two measurements revealed a strong
positive correlation, with a Pearson’s r of 0.7126 (Figure 3.4B). As a result, line

means were used in subsequent GWA analysis.
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Figure 3.4 Variation in stone formation across the DGRP lines.

(A) Line means for crystal areas in 186 DGRP lines (Appendix 3) under a lithogenic diet.
Error bars are SDs. (B) Correlation of stone areas across biological replicates of 172
DGRP lines (Pearson’s r = 0.7126,p < 0.0001). (C) Canton S was used as a positive
control during the measurement of the DGRP lines. Each colour stands for a different
block. (D) Tubule sizes were measured concurrently with the assessment of stone areas.
The order of the X-axis is the same as in panel (A).
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Table 3.3 Variance components of stone formation in the DGRP.
Groups Variance SD H?
Line 0.001997  0.04468
Block 0.000153 0.01238 0.57
Residual 0.001352 0.03677

Although most DGRP lines are genetically unrelated, as indicated by the genetic
relationship matrix (Huang et al., 2014), it remains unclear whether lines with
extreme phenotypic values in our study exhibit high genetic relatedness. To
address this, eight lines with extreme stone areas were selected for further
investigation. Pairwise relatedness was determined according to molecular
markers in the DGRP, and no clustering among phenotypic classes was observed
(Figure 3.5A). To gain insights into the genetic architecture of crystal formation,
a full diallel cross of the eight lines was performed, and stone formation within
the renal tubules of the F1 generation was quantified. The broad-sense

heritability for the stone area was estimated to be 0.66 (Table 3.4).
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Figure 3.5 Full diallel cross between extreme lines.
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used. (C) Correlation of stone areas across biological replicates in the diallel cross
(Pearson’s r = 0.7954,p < 0.0001).

Table 3.4 Variance components of stone formation in diallel cross.
Groups Variance SD H?
Geno 0.000148 0.01217
Block 0.000004 0.00199 0.66
Residual 0.000073 0.00855

The F1 progenies from crosses between lines with smaller amounts of crystals
tended to exhibit fewer crystals. In contrast, larger crystal areas were observed
in the F1 flies from crosses between lines with more crystals (Figure 3.5B). An
intermediate phenotype was seen in flies from crosses between the two groups,
suggesting the presence of additive effects. Analyses of the diallel cross
revealed significant general combining ability (GCA), reflecting additive effects
(ANOVA p < 0.0001), and specific combining ability (SCA), reflecting non-
additive effects (ANOVA p < 0.0001) (Table 3.5). A GCA/SCA ratio greater than 1
indicated a stronger contribution of additive genes to stone formation (Table
3.6). These results suggest that crystal formation in the renal tubule is largely a

complex and additive trait.

Table 3.5 ANOVA for combining ability - method 1 and model 2.
Df Sum Sq Mean Sq  F value Pr(>F)
GCA 7 0.0075671 1.081e-03 11.6130 7.841e-07*
SCA 28 0.0026064 9.309e-05 11.3116 6.339e-14*
Reciprocal 28 0.0011332 4.047e-05 4.9178  3.378e-05*
Error 53 0.0004362 8.230e-06

Table 3.6 Components of GCA and SCA.

Terms Components
GCA 6.183862e-05
SCA 4.763916e-05

Reciprocal 1.612051e-05
Error 8.229280e-06
Additive 1.236772e-04
Dominant  4.763916e-05
GCA/SCA 1.298063e+00
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3.2.3 GWA analysis of variation in stone areas

To identify genetic loci associated with variation in the development of renal
crystals, a single-marker GWA analysis was conducted. The genome of the DGRP
lines contained approximately 4 million polymorphisms (Mackay et al., 2012,
Huang et al., 2014), and variants present in at least four individual lines were
included in the association analysis, resulting in a minimum minor allele
frequency of approximately 0.02. Markers and individuals with missingness more
than 10% and 20%, respectively, were excluded. After filtering, 2,315,319
markers remained. Approximately 53% of the DGRP lines were infected with
Wolbachia, and five major chromosomal inversions were present in the genome.
Both factors could contribute to cryptic structures that might lead to false-
positive associations (Huang et al., 2014). To address this, a mixed linear model
was employed to estimate and account for the effects of Wolbachia and
inversions. Additionally, if significant, the effects of block and tubule size were
incorporated into the model to adjust for potential confounders. The results
showed that neither Wolbachia infection nor chromosomal inversions were
associated with variation in stone areas (Table 3.7), while block, as a random

effect, was significantly correlated with the phenotypic variation (Table 3.8).

Table 3.7 Fixed effects of Wolbachia and major inversions on stone areas (Type Il
ANOVA table with Satterthwaite's method).

Terms NumDF DenDF F value Pr(>F)
Wolbachia 1 173.84  1.3891  0.2402

In(2L)t 2 174.36  0.0353  0.9654
In(2R)NS 2 174.95  0.0017  0.9983
In(3R)P 2 173.65 0.3787  0.6853
In(3R)K 2 174.00 1.5161  0.2224
In(3R)Mo 2 173.12  1.8651  0.1580

Table 3.8 Random effects of tubule size and block on stone areas (ANOVA-like table
for random-effects: single term deletions).

Terms AIC LRT Pr(>Chisq)
<none> -15447
Tubule size  -15446 3.3 0.06928
Line -12224 3225.1 < 2e-16*
Block -15365 84.7 < 2e-16*
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To investigate whether any population structure is present in the DGRP lines,
markers with r2 less than 0.2 were pruned, and top principal components were
identified. Principal component analysis showed that the top five principal
components explained approximately 30% of the variance, with PC1 and PC2
accounting for 8.38% and 7.46% of the variance, respectively (Figure 3.6). The

result suggested relatively low levels of population structure.
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Figure 3.6 Principal component analysis (PCA) of polymorphisms with 72 less than
0.2 in the DGRP.

(A) The percentage of variance explained by the first 20 principal components. (B) PC1
and PC2 captured 8.38% and 7.46% of the variance, respectively.

Although little population structure was expected in the DGRP, and most lines
exhibited nearly zero relatedness with each other (Mackay and Huang, 2018),

association analyses can be confounded by population structure and cryptic



94

polygenic relatedness (Price et al., 2010). To correct for population
stratification, the centred relatedness matrix was estimated using the “-gk 1”
option and incorporated into the association analysis with univariate linear
mixed models in GEMMA (Zhou and Stephens, 2012). After accounting for block
effects and confounding population structure, the association analysis identified
68 top polymorphisms (Appendix 5) in or near 41 genes (Table 3.9) at an
empirical p value of 10~> (Figure 3.7B). Although none of the variants reached
the genome-wide significance threshold where the p value is 5 x 1078,
deviations from expectations were observed at the empirical p value (Figure
3.7A), suggesting an enrichment of true positive associations. Since the GWA
analyses were confined to approximately 200 DGRP lines with several million
tests, few variants would be expected to show associations with p values that
met the multiple-comparison-corrected threshold (Anholt and Mackay, 2018).
Previous GWA studies of quantitative traits using the DGRP identified multiple
trait-related polymorphisms at a nominal p value of 1075 (Shorter et al., 2015,
Huang et al., 2014, Spierer et al., 2021), with high validation rates for
implicated genes. Consequently, the significance threshold with a p value of

107> was used in our study.

Table 3.9 List of candidate genes associated with stone areas.

Gene
AstA-R1 CG3625 CG6509 CheA46a Shab fz2* sra
rg Pino spz4 Hil Lkr? mub iab-8
CG15465 erm CG33679 babos Mp CG14741  CR44258
SPR? CG728% TflIS CG43795 SMSr 2mit CG14322

OdsH CG15362 CR41443 CG7991 CG8563  timeout  CR45650
RunxB CR44912 CG13954 alpha-Spec Eip71CD* CR45109

Note: " indicates detailed discussion later; Tdenotes prior description in fly tubules.
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Figure 3.7 Genome-wide association between polymorphisms in the DGRP and
variation in crystal formation.

(A) QQ plot of genome-wide p values (—log10p) for stone areas. (B) All polymorphisms
from single-marker analysis with p < 10~% are shown. Top: the minor allele frequency
(MAF), the effect size in phenotypic SD units (a/oP), and the significance of each
polymorphism (—log10p). Bottom: pairwise linkage disequilibrium among significant
polymorphisms as measured by r?, with the five major chromosome arms demarcated
by black lines.

Most of the polymorphisms were not in linkage disequilibrium, as indicated by

the heatmap (Figure 3.7B, lower panel). Additionally, consistent with other GWA
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studies using the DGRP, alleles with lower frequency exhibited larger effect

sizes, and the majority of polymorphisms were intronic or intergenic (Figure
3.8).
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Figure 3.8 Top candidate polymorphisms for stone areas.

(A) Relationships between effect sizes and MAF. (B) Percentage of polymorphisms per
site class.

In Drosophila, allele-level genetic interactions and physical interactions between
two gene products have been curated by FlyBase (https://flybase.org/). Alleles
include loss-of-function and gain-of-function mutations, and interaction
molecule types are protein-protein, protein-RNA or RNA-RNA. We extracted the
interacting genes of the 41 candidates identified by the GWA analysis on stone
formation (Figure 3.9). Functional enrichment analysis of the clustered

networks, where both interacting genes and identified candidate genes were



97

included, was conducted using STRING Enrichment in Cytoscape (Doncheva et
al., 2019), with the original unclustered network used as the background. The
analysis revealed associations between the two largest networks containing
candidates and the Wnt signalling pathway and extracellular acidification,

respectively (Figure 3.10, the first and third clusters).
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Figure 3.9 Interactions between candidates their interacting genes.

Candidates from the GWA analysis of stone areas are marked with cyan dots, while their
genetically (grey line) and physically (black line) interacting genes are represented by
grey dots.
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Figure 3.10 Clustered networks of interactions.
This clustered version of the network, comprising both candidates and their interacting genes, was constructed from 176 nodes and 184 edges. Each

node represents a protein, and each edge represents a functional interaction based on STRING. The darker the edge is, the higher the combined
confidence of the functional interaction. Some of these networks are discussed in detail later in the chapter.
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3.2.4 Functional validation of candidate genes

Eight candidates were selected from the association analysis of stone area for
functional validation. RNAi was used to functionally test whether knockdown of
candidate genes implicated by the GWA analysis affects crystal formation in
renal tubules. CG7289 and fz2 were part of the clustered networks (Figure 3.10).
Other candidates were selected based on the site class of polymorphisms and
the presence of human orthologues. Tubule-specific or ubiquitous Gal4 drivers
were used to drive knockdowns according to the expression patterns of
candidates, as shown by FlyAtlas (Leader et al., 2018) and FlyCellAtlas (Li et al.,
2022, Xu et al., 2022). Stone areas induced by NaOx in Malpighian tubules of
RNAi flies were compared with those of their coisogenic controls. A linear mixed
model accounting for genotype and replicate was used to assess the significance
of candidates in crystal formation. We confirmed that five out of eight
candidates were implicated in the development of tubulolithiasis. Loss of Discs
large 5 (Dlg5) and Shab resulted in elevated crystal areas in the tubules, while
knockdowns of fz2, CG7289, and SPR reduced the amount of tubuloliths (Figure
3.11A). Additionally, qRT-PCR was performed to assess the knockdown efficiency
of RNAi against these five genes, and effective knockdown was confirmed (Figure
3.11B).



101

CG7289

ATP8B fz2 Dig5
&
E 0.10- <0.0001
E 0.08- 0.07621
=
c O
= 0.04-
s (o)
-ih fg d
]
S 0.00 T T T @ T
n Control KD Control KD Control

1
KD Control KD

Shab SPR timeout
0.10-
0.4475
i <0.0001
0.08 0.0008
0.06 u
O

0.04+

I3
re
e
-
-
i
i
et

MsrA

0.00 T T T
Control KD Control KD Control

Stone area in tubules (mmz)

KD Control KD

fz2 Dig5 CG7289 SPR Shab
154 0.2005
c 0.0112 0.0002 0.0019 0.0416
(=]
)
@ 1.0
g 1
@ 1 o
[
2 0.5 T -
& T
i s
0.0- T T T T T
Control KD Control KD Control KD Control KD Control KD

Figure 3.11 Validation of candidate genes using RNAi.

(A) Eight candidate genes identified from the GWA analysis of stone area were tested
for their effects on stone formation in RNAi flies (KD), compared to their corresponding
controls. Means of biological replicates and SDs are plotted, with each colour
representing a different replicate (n=5-15 females per line and replicate, two to three
biological replicates). Linear mixed models were used to determine the effect of
genotype. (B) Validation of knockdown efficiency by qRT-PCR. Relative expressions with
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lower and upper limits are plotted (three biological replicates, two-tailed Student’s t-
test).

As shown by BioGRID, a database of protein, chemical, and genetic interactions
(Stark et al., 2006), the uncharacterised protein KIAA2013, the human
orthologue of CG7289, interacts with V-ATPase assembly factors, which is
consistent with the interactions observed in its fly counterpart. Given that
bafilomycin is a known inhibitor of V-ATPases, and both CG7289 and its human
orthologue KIAA2013 interact with V-ATPase subunits, the impact of bafilomycin
treatment on crystal formation was investigated in dissected fly tubules. The
results demonstrated that NaOx supplementation significantly induced crystal
formation in the renal tubules, and this crystallization was effectively blocked

by bafilomycin A1 treatment (Figure 3.12).



103

A
<
E 0.03- _ _ ,
- O Without Bafilomycin A1
(]
2 With Bafil [
S 0.02- O ith Bafilomycin A1
2
3 o
£
© 0.01
g
®
Q 0.00 & = E
o T T
N NonNaOx NaOx
B

Pairwise Contrasts with 95% Confidence Intervals

NonNaOx Bafilomycin - NonNaOx NonBafilomycin |—.—|

NonNaOx Bafilomycin - NaOx NonBafilomycin . S—

. NaOx NonBafilomycin - NonNaOx NonBafilomycin f—e—
8
€
o
o
NaOx Bafilomycin - NonNaOx NonBafilomycin e
NaOx Bafilomycin - NonNaOx Bafilomycin f——e—
NaOx Bafilomycin - NaOx NonBafilomycin }—.—{

-0.010 -0.005 0.000 0.005 0.010
Estimate (Difference in Marginal Means)

Figure 3.12 The effect of the V-ATPase inhibitor, Bafilomycin A1, on crystal
formation was analysed in vitro.

(A) The means of biological replicates and SDs are plotted, with each colour
representing a different replicate (n=4-6 pairs of tubules per sample and replicate, five
biological replicates). (B) Following type Ill ANOVA, a post-hoc Tukey test conducted to
determine significant groupwise differences.

3.3 Discussion

3.3.1 Quantitative genetics of the renal crystal formation

Exploring genetic differences among people could unfortunately, reinforce
stereotypical features of populations, but it could also be beneficial to human

health in the context of common health-related traits (Bamshad et al., 2004).
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According to Soucie et al. (Soucie et al., 1994), the prevalence of kidney stones
among Black individuals is approximately 44% that of White individuals, with
rates among Hispanics and Asians falling between the two. These differences in
prevalence can be partially explained by socioeconomic, lifestyle, and medical
factors; however, additional investigation of genetic risk factors is necessary (Hsi
et al., 2018). A family history of kidney stone disease increases an individual’s
likelihood of developing the condition (Resnick et al., 1968, McGeown, 1960),
with a high degree of heritability observed in twin studies (Goldfarb et al., 2005,
Goldfarb et al., 2019), suggesting that genetics plays an important role in the
development of kidney stones or the susceptibility to kidney stones. Dozens of
genome-wide association studies have been conducted to identify novel risk loci
and molecular mechanisms associated with kidney stone disease in humans
(Thorleifsson et al., 2009, Curry et al., 2020, Gudbjartsson et al., 2010, Urabe et
al., 2012, Li et al., 2018, Ware et al., 2019, Hao et al., 2023). For example, a
genetic locus, which is homozygous in approximately 62% of the studied
population, confers a 1.6-fold increased risk of developing kidney stones
(Thorleifsson et al., 2009). The aetiology of stone formation is multifactorial,
and challenges remain in human studies. Using Drosophila as a simplified model
for analysing kidney stone disease may offer valuable insights into genetic risk
factors, as it allows for easier control of environmental variables and population

stratification.

We first investigated whether natural variation presents in the tendency to
develop renal stones under a lithogenic diet in Drosophila. Three commonly used
laboratory strains, each with distinct origins and histories, exhibited varying
amounts of crystals in their renal tubules. This variation in crystal development
was not attributable to differences in food consumption, suggesting that
differences in genetic background likely contribute to this phenotypic variation.
Next, we assessed the tendency to develop renal stones in 186 DGRP lines and
conducted a genome-wide association study examining polymorphic genetic
markers resulting from historical recombination events. Substantial variation in
crystal formation was observed across these lines. The highly reproducible

phenotypic variation observed suggests that environmental sources of variation
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have been minimized. To control for environmental factors, the DGRP lines were
randomly allocated to different blocks, ensuring the randomization of
environmental variables across lines and replicates. Increasing the number of
DGRP lines phenotyped would enhance the statistical power for detecting true
associations. However, the number of DGRP lines in our study was limited to

approximately 180 due to the poor viability or unavailability of 20 other lines.

Diallel crosses are often employed in genetic studies to determine the mode of
inheritance of the trait of interest, such as whether the trait is inherited in a
dominant, additive, or non-additive manner. A diallel cross involves all possible
matings between homozygous lines, including self- and reciprocal crosses
(Hayman, 1954). However, due to practical limitations, this approach is not
feasible for testing a large number of lines. In our study, four DGRP lines with
the minimal tendency to develop renal crystals and four lines with the maximal
tendency were selected to perform a complete diallel cross. The analysis of
diallel crosses between the DGRP lines with extreme phenotypic values indicated
that the majority of the genetic variance could be attributed to additive effects.
The observation resembles the contribution of additive genetic factors observed
in human nephrolithiasis, where narrow-sense heritability is larger than 50%
(Goldfarb et al., 2019, Goldfarb et al., 2005).

To partition the total phenotypic variation in 186 DGRP lines, a linear mixed
model that accounts for both line and block effects was employed. The block
factor had a statistically significant effect on crystal formation, but it explained
only approximately 4.4% of the total phenotypic variance (Table 3.3). This
finding is consistent with the good mix of stone areas observed in Canton S, a
positive control used during the measurements, across different blocks (Figure
3.4C). In contrast, the strain effect accounted for approximately 57% of the total
variance, suggesting that a substantial portion of the variation in crystal

formation can be attributed to inherited genetic factors.
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3.3.2 Candidate genes

To identify candidate genes associated with the development of kidney stones,
an association study was conducted. In this analysis, none of the polymorphisms
reached the Bonferroni-corrected threshold. However, a nominal p value of
10~>, commonly used in other GWA studies involving the DGRP, revealed
deviations from expectations in the QQ plot, suggesting an enrichment of true
positive associations. Using this nominal threshold, we identified 68 top
polymorphisms corresponding to 41 genes associated with crystal formation. Of
these, 28 genes have predicted human orthologues and 33 orthologues exhibit
kidney expression with FPKM (fragments per kilobase of transcript per million
mapped reads) levels larger than 10 (Figure 3.13 and Table 3.10). Some of the
orthologues are involved in the transmission of extracellular signals (GPR158,
GPR83, KCNB1, DLG5, FZD5) and DNA-binding and transcriptional activity
(HOXA10, TCEA1, FEZF2, UNCX). MSRA, the orthologue of fly MsrA, was
identified as a human kidney stone matrix protein with promising activity against
crystallization (Narula et al., 2020). RNA-sequencing data revealed that MSRA
expression was downregulated in the kidneys of rats with renal calculi (Zhu et
al., 2023). However, knockdown of MsrA in our study did not exhibit a lithogenic
effect, likely due to saturation of crystal formation in the tubules, tissue-
specific effects, or a false positive association. Additionally, a polymorphism in
CPB2, the CG8563 in Drosophila, has been associated with the prevalence of
chronic kidney disease (Yoshida et al., 2009), with its protein level upregulated
in the kidneys of rats with calculi (Zhu et al., 2023). Twelve genes, SPTANT,
AlG1, DLG5, TCEA1, SAMDS8, RCAN2, RCAN1, MSRA, NBEA, ZNF106, SDK1, and
NTM, were found to be differentially expressed in the human papilla in response
to stone disease (Canela et al., 2023). These suggest that several genes
potentially linked to kidney stone disease have been identified in this study,

although further functional verification is needed.
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O Human orthologs of candidate genes

O Human genes with moderate or high
expression levels in the kidneys

Figure 3.13 Thirty-three human orthologues of candidate genes exhibit moderate or
high expression in the kidneys.

Table 3.10 Expression levels of human orthologues in the kidneys.

Gene FPKM Gene FPKM Gene FPKM
symbol value symbol value symbol value

AlG1 104.77 HOXA9 26.89 PDZD11  22.66
ATP10D 15.04 HOXC10 38.71 RCANT1 54.55
ATP11A 16.02 HOXD10 18.09 RCANZ2 33.00
ATP11B 18.84 HOXD9 11.23 SGMS1 16.35
ATP11C 13.42  KIAA2013  22.59 SGMS2 14.98
ATP8B1 10.17 LIMA1 37.84 SPTANT  39.65
COL12A1  11.97 LRBA 25.91 SYNJ2BP  25.00
COL18A1  71.34 MSRA 102.01 TCEA1 30.47

CPN2 13.55 PCBP1 156.52 TCEA2 29.10

FRZB 12.43 PCBP2 312.39 TCEA3 54.43
HOXA10 13.54 PCBP4 12.17 ZNF106  18.33

Data were obtained from (Fagerberg et al., 2014), with FPKM levels larger than 10.

Functional enrichment analysis of the clustered interaction networks containing
candidate genes identified associations between two networks, each
incorporating a candidate gene and biological processes such as the Wnt
signalling pathway (Figure 3.14A) and extracellular acidification (Figure 3.14B).
Previous studies have demonstrated that inhibiting the Wnt/B-catenin signalling
pathway can protect renal epithelial cells from the formation of CaOx crystals
(Xu et al., 2021), while activating the Wnt/B-catenin pathway promotes the
osteogenic differentiation of human renal interstitial fibroblasts (Zhu et al.,

2020). Conversely, DKK1, an inhibitor of the Wnt signalling pathway, has been
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positively associated with the formation of calcium-containing upper urinary
tract stones (Jou et al., 2014). Additionally, renal V-ATPases play a crucial role
in luminal acidification (Breton and Brown, 2013, Wagner et al., 2004), and
inappropriate urinary acidification may contribute to the development of

calcium-based kidney stones (Dhayat et al., 2016, Wagner, 2008).

CG7289

Vha100-2

\

Impbeta11 = _j \ Vha100-1

VhaAC45

Galphao j"

Figure 3.14 Two clustered interaction networks containing fz2 or CG7289.
(A) The largest network and (B) the third-largest network from Figure 3.10.

RNAi-mediated knockdown of gene expression allows for the determination of
whether candidate genes harbouring polymorphisms are implicated in the
development of renal crystals. Five out of eight candidates have been confirmed
to play a role in crystal formation. The discrepancies between functional
validation and GWA analysis may arise from false positives in the associations,
off-target effects of RNAi lines, or tissue-specific effects of the polymorphisms
or genes. Furthermore, mutation- or RNAi-mediated disruptions of gene
expression are likely to produce different effects compared with naturally
occurring variants, which may exert more subtle influences on gene expression
(Mackay and Huang, 2018). Additionally, many natural variants associated with

the trait of interest are located in intergenic regions.

Human orthologues of CG7289 and fz2 are enriched in the proximal tubule of the
healthy nephron, as shown in the Kidney Tissue Atlas (Hansen et al., 2022). In

disease conditions such as CKD and acute kidney injury, this proximal tubule-
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enriched expression is lost, implying their involvement in normal kidney
function. A locus in KIAA2013, the human orthologue of CG7289, has been
associated with the gradual loss of kidney function (Sugawara et al., 2023).
According to BioGRID (Stark et al., 2006), the uncharacterised protein KIAA2013
interacts with V-ATPase assembly factors. This observation is consistent with its
fly counterpart, which also has protein interactions with several V-ATPase
subunits, as revealed by co-affinity purification coupled with mass spectrometry
analysis (Guruharsha et al., 2011). Mutations in V-ATPase subunit genes,
ATP6V1B1 and ATP6V0A4, in humans have been associated with dRTA (Karet et
al., 1999, Stover et al., 2002), and recurrent stone formers carrying a SNP in
ATP6V1B1 (c.481G>A; p.E161K) are more likely to contain calcium phosphate
than stones from patients with the wild-type locus, due to the elevated urinary
pH (Dhayat et al., 2016). Loss of Drosophila homologues of ATP6V1B1 and
ATP6V0A4 in renal tubule also increases calcium oxalate crystal formation under
lithogenic conditions (Fan et al., 2020). However, in our study, knockdown of
CG7289 resulted in a reduction in renal crystal formation. This finding suggests
that inhibition of CG7289 may not have the same effect on V-ATPase activity as
RNAi-mediated knockdown of V-ATPase genes. Additionally, in the study by Fan
et al., flies were treated with 0.3% NaOx once hatched, and both the anterior
and posterior tubules were examined for the stone area. Asymmetry between
the anterior and posterior tubules has been observed, not only in renal tubule
function, supported by the anterior-specific storage of calcium as phosphate-rich
mineral granules (Dube et al., 2000a), but also in the transcriptome (Chintapalli
et al., 2012), highlighting the necessity to exclude one pair of tubules from the
other in the experiment. Furthermore, prolonged NaOx feeding time did not lead
to increased renal stone accumulation in the posterior tubules (Ghimire, 2019).
In contrast, our study focused on the anterior tubules of 7-day-old adult female
flies subjected to a diet containing 0.1% NaOx. This methodological difference
may also contribute to the observed discrepancy. Additionally, in vitro renal
stone formation was inhibited by Bafilomycin A1, a known V-ATPase inhibitor,
supporting the notion that the lithogenic effects of V-ATPase gene knockdown

differ from those caused by V-ATPase activity inhibition.
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The Wnt signalling has been implicated in various human kidney disorders. Our
study suggests that it also plays a role in the development of tubulolithiasis.
Inhibition of the Wnt receptor Fz2 ameliorated tubular calcification in flies. A
similar protective effect has been observed for SFRP5, an inhibitor of the Wnt
pathway, in the context of vascular calcification of CKD patients (Deng et al.,
2021). In contrast to CG7289, which is expressed in a limited number of cells at
low expression levels in MTs, fz2 is expressed in many principal cells and stellate
cells with relatively high expression levels, as shown by FlyCellAtlas (Li et al.,
2022, Xu et al., 2022). Given its broad expression pattern, knockdown of fz2 was
conducted in both PCs and SCs, raising the question of which cell type is

primarily responsible for the protective effects observed following fz2

knockdown.
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Figure 3.15 Graphical summary of risk factors contributing to renal dysfunction.

(A) This panel illustrates a two-cell model for insect tubule fluid secretion, highlighting
some candidates identified in the study. (B) This panel summarises risk factors
associated with the candidate genes identified in this chapter and Chapter 4. Under
lithogenic conditions, increased V-ATPase activity, activation of Wnt signalling, and
disrupted cell polarity promote renal crystal formation, which disrupts renal function.
Under normal conditions, reduced mitochondrial activity leads to decreased fluid
secretion rates, impairing renal function.

Here, we present a successful GWA study on renal crystal formation in
Drosophila, identifying multiple loci/pathways and validating candidate genes
through RNAi-mediated silencing (Figure 3.15). The functions of these candidate
loci, such as fz2 and CG7289, correspond to that of their known human
counterparts, which increases confidence in the identification of novel loci

impacting stone formation.
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Chapter 4 The Genetic Basis of Variation in Tubular

Transport in Drosophila

4.1 Summary

Renal tubular transport is a key functional parameter of the kidneys in humans,
regulating the reabsorption and secretion of various endogenous solutes and
xenobiotics. Significant interindividual variation in proximal tubular secretion of
endogenous markers (Rivara et al., 2017) and a strong genetic contribution to
variation in renal drug clearance (Yin et al., 2006, Leabman and Giacomini,
2003) have been observed, although the genetic basis of this variation remains
poorly understood. The Malpighian tubule, a major excretory organ in
Drosophila, is known for its high secretion rates on a per-cell volume basis and
provides an excellent model for studying the genetic basis of tubular transport.
Using the Drosophila melanogaster genetic reference panel, basal secretion
rates, Capa-stimulated secretion rates, and both Capa- and Kinin-stimulated
secretion rates were measured in dissected renal tubules. Considerable
phenotypic variation was also observed in these traits, which enables the
identification of candidate loci or genes implicated not only in tubular transport
under normal conditions but also in the neuroendocrine regulation of secretion.
Candidate genes associated with the observed phenotypic variation were further

functionally validated through RNAi-mediated knockdown.
4.2 Results

4.2.1 Variation in renal tubular transport in the DGRP

To characterise the natural variation in tubular transport, the basal fluid
secretion rates of dissected tubules were quantified in 183 DGRP lines. Fluid
secretion rates were measured in 28 experimental blocks, with Canton S used as
a control. Additionally, the neuroendocrine regulation of tubular secretions was

investigated using two diuretic neuropeptides, Capa-1 and Kinin, which target
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different cell types within the tubules. Treatment with Capa-1 resulted in
increased secretion rates, and the secretion reached its maximum when both

Capa and Kinin were present (Figure 4.1).
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Figure 4.1 Fluid secretion rates of Canton S.

Canton S was used as a control during the measurement of the DGRP lines across
different blocks. Labels on X-axis represent secretion rates under basal conditions
(without stimulation) and following stimulation with the neuropeptides Capa and Kinin.
Each colour stands for a different block. The means of block averages and SDs are
plotted.

In the DGRP lines, considerable variation was observed, with the difference in
basal secretion rates between the extreme lines exceeding seven-fold (Figure
4.2C). The average basal, Capa-stimulated, and both Capa- and Kinin-stimulated
secretion rates for the DGRP lines were 1.19, 1.73, and 2.37 nl/min, respectively
(Figure 4.2A to C and Appendix 4). To ensure the reliability and reproducibility
of the results, basal secretion rates were measured twice in 29 DGRP lines,
revealing a positive correlation between the two measurements, with a
Pearson’s r of 0.4525 (Figure 4.2D). Additionally, positive correlations were
observed between basal secretion rates and neuropeptide-stimulated secretion

rates (Figure 4.3A). There was also significant variation in the fold changes of
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secretion rates stimulated by neuropeptides, referred to as the neuropeptide-
stimulated secretion index (Figure 4.3B). Although lower urine volume is
associated with a higher risk of kidney stone disease in humans (Moe, 2006), no
correlation was found between the basal secretion rates and stone areas in flies
(Pearson’s r = 0.0214,p = 0.7760) (Figure 4.3C). This difference is likely due to
that the basal secretion rates were measured using flies reared on standard fly
food and the stone areas were quantified in animals fed with the lithogenic diet.
The broad-sense heritability for tubular secretion-related traits was relatively
low (Table 4.1), suggesting that genetic variance accounts for a greater
proportion of phenotypic variance in the development of renal crystals than in

the variation of tubular secretion.
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Figure 4.2 Mean fluid secretion rates for 183 DGRP lines.
(A) Both Capa- and Kinin-stimulated secretion rates. (B) Capa-stimulated secretion
rates. (C) Basal secretion rate. Red, orange, and blue dashed lines stand for the mean
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values across all DGRP lines for the corresponding secretion rates. Grey, dark grey, and

black dashed lines indicate the secretion rates for Canton S. Error bars are SDs. (D)
Correlation of basal secretion rates across two measurements of 29 DGRP lines

(Pearson’s r = 0.4525,p = 0.0137).
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Figure 4.3 Natural variation in secretion rates.

Fluid secretion rate (nl/min)

(A) Correlation between basal, Capa- stimulated, and both Capa- and Kinin-stimulated

secretion rates. (B) Capa- and Kinin-stimulated secretion indices in 183 DGRP lines.

Error bars are SDs. (C) Correlation between the formation of crystals in renal tubule and

the basal secretion rate in 180 DGRP lines (Pearson’s r = 0.0214,p = 0.7760).



Table 4.1 Variance components of tubular secretion in the DGRP.
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Traits Groups Variance SD H?
Line 0.117686  0.34305
Basal fluid secretion Block 0.033146 0.18206 0.38
Residual 0.159271  0.39909
. . Line 0.057514  0.23982
Capa-stimulated secretion index Residual 0.206716  0.45466 0.22
. .. Line 0.102521 0.32019
Kinin-stimulated secretion index Residual 0.137158  0.37035 0.43

4.2.2 GWA analysis of variation in secretion rates

Single-markers association analyses were conducted to identify genetic loci

associated with tubular transport in the DGRP genome, focusing on three

quantitative traits: basal secretion rate, Capa-stimulated secretion index, and

Kinin-stimulated secretion index. A major chromosomal inversion, In(2L)t, was

found to covary with the basal fluid secretion rate (Table 4.2). No significant

correlations were observed between Wolbachia infection or major chromosomal

inversions and the neuropeptide-stimulated secretion indices. The block effect

was found to be significantly related to the basal secretion rate and was thus

included as a random effect in the linear mixed model to adjust the phenotype

(Table 4.3). Given that the same dissected tubules were measured for all three

secretion rates sequentially, the block effect did not show a significant

covariation with the neuropeptide-stimulated secretion indices.

Table 4.2 Fixed effects of Wolbachia and major inversions on secretion-related
traits (Type Il ANOVA table with Satterthwaite's method).

Traits Terms NumDF DenDF F value Pr(>F)
Wolbachia 1 176.11 0.5698 0.4514

In(2L)t 2 173.62  6.8987 0.0013*

Basal secretion rate In(2R)NS 2 192.03 0.6086  0.5452
In(3R)P 2 169.38 1.2942  0.2768

In(3R)K 2 173.99  0.7757  0.4620

In(3R)Mo 2 180.81 0.3093 0.7343

Wolbachia 1 180.84 0.2491 0.6184

In(2L)t 2 176.39  2.4685 0.0876

Capa-stimulated In(2R)NS 2 215.06  1.5424  0.2162
secretion index In(3R)P 2 167.89  1.1909  0.3065
In(3R)K 2 175.14  0.4446  0.6418

In(3R)Mo 2 165.21 0.4814 0.6188

Kinin-stimulated Wolbachia 1 178.07  0.0946  0.7588
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secretion index In(2L)t 175.26  1.8537  0.1597

2
In(2R)NS 2 196.28  1.5959  0.2053
In(3R)P 2 170.97  1.6060  0.2037
In(3R)K 2 175.94  1.2768  0.2815
In(3R)Mo 2 174.95  0.0374  0.9633

Table 4.3 Random effects of block on secretion-related traits (ANOVA-like table for
random-effects: single term deletions).

Traits Terms AIC LRT Pr(>Chisq)
<none> 1940.6
Basal secretion rate Line 2364.3 425.67 < 2e-16*

Block 1965.2 26.57 2.54e-07*
<none> 2139.7

Line 2272.8 135.08 < 2e-16*

Block 2137.8 0.02 0.8881
<none> 1641.0

Line 2034.2 395.19 < 2e-16*

Block 1639.6 0.57 0.4496

Capa-stimulated
secretion index

Kinin-stimulated
secretion index

Although few variants reached the Bonferroni-corrected significance threshold, a
nominal p value of 10~° was used to prioritise top polymorphisms. A total of 155
polymorphisms (Appendix 6), corresponding to 92 genes (Table 4.4), were
identified in association with basal secretion (Figure 4.4A and Figure 4.5A).
Additionally, 59 polymorphisms (Appendix 7) linked to 44 genes (Table 4.5) were
associated with the Capa-stimulated secretion index, and 197 polymorphisms
(Appendix 8) corresponding to 109 genes (Table 4.6) were associated with the
Kinin-stimulated secretion index (Figure 4.4B and C and Figure 4.5B and C). A
similar negative relationship between MAF and effect size was observed (Figure
4.6A), and most of the polymorphisms were found to be located within introns
(Figure 4.6B).

Table 4.4 List of candidate genes associated with basal secretion rates.

Gene
kirre* CR44654  Spn28Da pds5 trht dysc Ace
CR44833  CG11178 Snoo CG8321 MsR1 CG7656 jvl

Ptp4E RpL37a Sps2 Drep-1 shep RhoGAP71E Tm2
[_1_G0148 drd CG5022 hts corn Pka-C3 Mur89F
CG4095 vap CG17124 CR43430 (CG43078 Abl beat-Ilb
[_1_G0255 chas Pde1c CG3216  CG34356 Baldspot Dscam3

sdt’ RunxA CR44732 Sdc ect Galphaf cpo

CG1632 Rbp9 dl CG6758  CR44327 zetaCOP frut

CG12125 Mad Dhc36C  CR45151  CG44837 CG33052 Tomosyn
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CG32712  CG12400 unpg CG3045 bynt CG33051 Spn28Db
org-1 Hsp60C CG8027 inaD CG5883 CG7630 Prip?
CG42339 wnt10 CR45309 PIP5K59B CrzR Indy CG13579
CG2540 ninaC brp CG5549 Ncc69't Teh1 sowah

Glut4EF

Note: " indicates detailed discussion later; Tdenotes prior description in fly tubules.

Table 4.5 List of candidate genes associated with Capa-stimulated secretion index.

Gene
bi Dyrk2 lola CG32333 (CG32085 trn CG9451

CR32773 CadN fast CG43292 (CG11652 CG32206 CR44932
CG17646 CR44916 GEFmeso Pdp1 CG6053  pncr009:3L jvl

Elp3 jing Sik3 CG34356 (CG17154 brvi smp-30
morgue  CR43724 Fili dpré CG4300 CG32212  Vha100-21
CG14275 CR45309  nahoda rt Pbgs CG9449 CG44009

Mekk1 CG42613

Note: Tdenotes prior description in fly tubules.

Table 4.6 List of candidate genes associated with Kinin-stimulated secretion index.

Gene
CG4586  (CG33671 Spn CG7275 Taské Su_z_12 jvi
CG3040 Iswi sif CG13455 hdc CG7433 CG7362
hdm hts Vap-33B CG7272 Abi Clc nsl1
Ykté CR43430 Rcct CG7857 Kif19A CG6951 Ubx
snz bl CG33993 CG7841 Pde6’ CR43888 CR44256
fs_1_h CG15653 LanA 2600 Rbpé CG14567 CG5873
Tomosyn  mRpL54 ltl gdl-ORF39  Eip74EF CG12163 Dscam3
CR45059 cpa CG8177 gdl Indy CG33293 Vhai3
CR44113 Cht8 CR44543 fwe CG32204 alpha-Est3  subdued'
CG15431  (CG4554 CG32085 SsRbeta pip alpha-Est4  RASSF8
CG9109 pX rols Pgm CG32206 pyd Lgr3
eya CG44252 CG6793 CG30355 CG3376 Glut4EF CG1646
CG5604 Pde8 tRNA:S2b:88A  Cpr47Ed  CG12091 CG34242 stops
dac CG9850 SNOoRNA:291 CG33672 CG12090 Ent3 Doa
CG12780 cN-11IB Gycbeta100B sima dlp RecQ5 CG7276
Acsl ocm Tsf2 CG43638

Note: " indicates detailed discussion later; T denotes prior description in fly tubules.
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Figure 4.4 Manhattan plots for the three GWA analyses.

(A) Basal secretion rate. (B) Capa-stimulated secretion index. (C) Kinin-stimulated
secretion index. The blue line represents the suggestive association threshold where p
value is 1073, while the red line indicates the Bonferroni-adjusted threshold where p
value is 5 x 1078,

To assess the biological processes that may contribute to the variation in basal
secretion, genes interacting with the identified candidate genes were extracted
(Figure 4.7A). Functional enrichment analysis of the clustered interaction
networks revealed that the second-largest cluster was associated with biological
processes, including the electron transport chain, aerobic respiration, and
mitochondrial ATP synthesis (Figure 4.7B). Mitochondria, located in microvilli,
generate ATP to fuel V-ATPases (Beyenbach, 2003). The presence of bafilomycin,
an inhibitor of V-ATPases, abolishes Drosophila tubular secretion (Dow et al.,
1994). In the mammalian nephron, the proximal tubule is particularly vulnerable

to mitochondrial toxicity (Hall et al., 2009).
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Figure 4.5 Genome-wide association between polymorphisms in the DGRP and
variation in tubular secretion.

All polymorphisms from single-marker analyses with p < 107> are shown for basal
secretion rate (A), Capa-stimulated secretion index (B), and Kinin-stimulated secretion
index (C). Top: the MAF, the effect size in phenotypic SD units (a/oP), and the
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significance of each polymorphism (—log10p). Bottom: pairwise linkage disequilibrium
among significant polymorphisms, measured by 12, with the five major chromosome
arms demarcated by black lines. (D), (E), and (F) QQ plots of genome-wide p values
(—log10p) for basal secretion rate, Capa-stimulated secretion index, and Kinin-
stimulated secretion index, respectively.
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Figure 4.6 Top candidate polymorphisms for tubular secretion.

(A) The relationships between effect size and MAF, with red, orange, and blue
representing polymorphisms identified in the analysis of basal secretion rate, Capa-
stimulated secretion index, and Kinin-stimulated secretion index, respectively. (B) The
percentage of polymorphisms categorized by site class.
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Figure 4.7 Gene interaction network including candidate genes.
(A) Interactions between candidates identified in the basal secretion analysis (cyan

dots) and their genetically (grey line) and physically (black line) interacting genes (grey
dots). (B) The second largest clustered network of these interactions.
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4.2.3 Functional verification of candidate genes

4.2.3.1 Candidates revealed by analysis of basal secretion rate

Thirteen candidates identified in the association study of basal secretion rate
were selected based on their expression level in tubules and the availability of
RNAi lines for functional verification. According to their expression patterns as
shown by FlyAtlas (Leader et al., 2018) and FlyCellAtlas (Li et al., 2022, Xu et
al., 2022), the corresponding Gal4 drivers were used (Appendix 9). Six of these
candidates significantly affected baseline secretion rates (Figure 4.8). Inhibition
of Gaf, Glut4EF, sdt, and sowah resulted in impaired basal secretion, whereas
loss of CG7656 and RhoGAP71E led to elevated secretion rates.

Although no correlation was found between basal secretion rate and the
development of renal crystals in the DGRP (Figure 4.3C), the formation of
crystals was assessed in RNAi flies targeting candidates identified from the
secretion analysis. Inhibition of sowah, CG8027, and Gaf significantly altered the
amount of crystal in the renal tubules (Figure 4.9). Interestingly, loss of Gaf or
sowah resulted in reduced basal secretion, and more crystals were formed in the
knockdown tubules under lithogenic conditions, suggesting a potential link
between reduced tubular secretion and increased susceptibility to

tubulolithiasis.
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Figure 4.8 Validation of candidate genes identified from the analysis of basal

secretion rate.

Candidate genes were investigated by using RNAi-mediated knockdown. Thirteen RNAi
lines were tested for basal secretion rate along with their corresponding controls. The
means of biological replicates and SDs are plotted, with each colour representing a
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different replicate (two to three biological replicates). Linear mixed models were used
to assess the effect of genotype on the secretion rate.
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Figure 4.9 Development of renal crystals in flies.
Stone formation was quantified in RNAi flies targeting candidate genes. The means of
biological replicates and SDs are plotted, and each colour stands for a different
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replicate (two to three biological replicates). Linear mixed models were used to
determine the effect of genotype on crystal formation.

4.2.3.2 Candidates revealed by analysis of neuropeptides-stimulated

secretion indices

Neuropeptide-stimulated secretion was also investigated in RNAi lines targeting
the corresponding candidates, providing insights into the neuroendocrine
regulation of tubular secretion. There were five candidate genes selected from
the list revealed by the association analysis of the Capa-stimulated secretion
index and nine genes from that of the Kinin-stimulated secretion index for
functional verification. For candidates associated with the Capa-stimulated
secretion index, silencing any of these genes did not affect the fold change in
secretion rates upon Capa treatment (Figure 4.10A). In contrast, inhibition of
two of the nine genes significantly altered the Kinin-response index (Figure
4.10B). Pdeé is expressed in both PCs and SCs, as shown by FlyCellAtlas. It has
been shown to localise to the apical membrane and modulate tubule cGMP levels
in PCs (Day et al., 2006). Overexpression of Pdeé inhibits cGMP transport across
the tubule, whereas inhibition of Pdeé improves the transport. This modulation
acts through cGMP-dependent protein kinase, contributing to epithelial fluid
transport (Ruka et al., 2013). Interestingly, inhibition of Pdeé in PCs resulted in
an increased Kinin-stimulated secretion index. However, this non-cell-
autonomous mechanism requires further investigation. Knockdown of CG32206, a

gene with an uncharacterised function, impaired the Kinin-dependent response.
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Figure 4.10 Validation of candidate genes identified by analysis of neuropeptide-
stimulated secretion indices.

Fourteen RNAI lines were tested for neuropeptide-stimulated secretion rates along with
their corresponding controls. (A) Candidates revealed by analysis of Capa-stimulated
secretion index. (B) Candidates revealed by analysis of Kinin-stimulated secretion index.
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The means and SDs of each biological replicate and are plotted, and each colour stands
for a different replicate (up to three biological replicates).

4.3 Discussion

4.3.1 Tubular transport in Drosophila and humans

The kidneys play a crucial in excreting metabolic waste products and xenobiotics
from the bloodstream (George et al., 2017). The primary mechanisms involved in
this elimination process include glomerular filtration and tubular secretion.
Molecules smaller than 65 kDa are often filtered through the glomerulus, while
large or charged chemicals are usually cleared from the circulation by
transporter-mediated renal secretion (George et al., 2017). Members of the
solute carrier drug transporter family, such as the OATs and OCTs (Duranton et
al., 2012, Wikoff et al., 2011, Ren et al., 2015) in the proximal tubule, are
responsible for transporting these large or charged substrates. Renal clearance
of endogenous markers and medications in the proximal tubules has been shown
to exhibit significant intraindividual and interindividual variation (Rivara et al.,
2017, Yin et al., 2006, Leabman and Giacomini, 2003). More than two-thirds of
urate, a potent antioxidant in serum, is excreted by the kidneys (Bobulescu and
Moe, 2012). GWA studies have identified eight transporter-coding genes
implicated in the serum urate level (Anzai et al., 2012). Among them, a rare
allele of rs6855911 in GLUT9 has been linked to a reduced serum uric acid level
in a Sardinian population (Li et al., 2007). GLUT9 was first identified as a glucose
transporter (Augustin et al., 2004) and later found to exhibit a substrate
preference for urate over glucose (Shen et al., 2024), and it is involved in the

efflux of urate towards the bloodstream (Anzai et al., 2008).

Additionally, uromodulin, the most abundant urinary protein under physiological
conditions, is primarily produced by epithelial cells in the TAL of the loop of
Henle and secreted into the lumen through a conserved proteolytic cleavage
(Devuyst et al., 2017, Brunati et al., 2015). A meta-analysis of GWA studies for
urinary levels of uromodulin indexed to creatinine has identified two genome-
wide significant signals, UMOD-PDILT and WDR72 (Joseph et al., 2022).
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Associations between low clearance of secretory solutes due to tubulointerstitial
fibrosis and the progression of renal function (Garimella et al., 2022, Suchy-
Dicey et al., 2016, Chen et al., 2020) suggest that understanding molecular
mechanisms of tubular transport may offer potential therapeutic candidates for

renal dysfunction.

Due to the large surface-to-volume ratio (O’Donnell, 2022, Dow, 2009),
terrestrial insects face consistent osmotic stress. Notably, Drosophila (Dow et
al., 1994) and Rhodnius (Maddrell, 1991) exhibit the fastest secretion rates on a
per-cell volume basis of any epithelia ever tested. Additionally, the abundance
of solute transporters in the Malpighian tubules, highlighted by microarray (Wang
et al., 2004) and RNA-sequencing datasets (Chintapalli et al., 2007, Leader et
al., 2018), suggests that the tubule has important excretory functions in addition
to osmoregulation. Many ion or solute transporters and channels, as well as
surface receptors, described in Drosophila MTs, are functionally equivalent to
proteins in mammalian nephrons (Dow et al., 2022). These highlight that

Drosophila MTs provide an excellent model for studying epithelial transport.

4.3.2 Quantitative genetics

During the measurement of fluid secretion rates, Canton S was used as a positive
control, with 183 DGRP lines randomly allocated to different blocks to monitor
environmental fluctuations. A similar and moderate coefficient of variation was
observed for stone formation (20%) and basal secretion rate (23%) in the Canton
S strain, signifying low relative variability, or less fluctuation. Basal fluid
secretion rates were measured across the 183 DGRP lines, yielding an average
secretion rate of 1.19 nl/min, approximately twice that of Canton S. In addition
to baseline secretion, the secretion rates stimulated by neuropeptides were also
quantified. Significant phenotypic variation was observed across all three
phenotypes, corresponding to two key traits: baseline secretion and
neuroendocrine-stimulated secretion. Positive associations were observed
between each pair of secretion rates, which may be attributed to the

stimulating effects of the two neuropeptides and the fact that the same tubule
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pair was continuously quantified for all three phenotypes. The difference
between extreme lines for baseline secretion was greater than 6-fold, with a
maximum secretion rate of 2.85 nl/min. Although low urine volume is a known
risk factor for kidney stone disease, no correlation was observed between renal
crystal formation and basal fluid secretion rates, likely due to the distinct diets

in the assays.

The total phenotypic variation was partitioned using a linear mixed model,
accounting for both line and block effects. Both were significantly associated
with basal secretion rates, while only line effects were significantly associated
with the secretion indices. This may be attributed to the use of the same tubule
pair for the measurement of all three secretion phenotypes. Although block
effects may contribute to the variation in secretion rates, they are accounted
for and neutralized when calculating the secretion index. A large variance
explained by residuals may imply high micro-environmental plasticity, i.e.,
individuals with the same genotype reared under common macro-environmental
conditions do not have the same phenotype for quantitative traits (Morgante et
al., 2015). Both stochastic or technical sources of variance and genetic
components may produce such phenotypic differences (Lin et al., 2016). The
Malpighian tubules serve as a major excretory organ, important for Drosophila to
adapt to diverse environments. Alternatively, other factors, such as room
temperature fluctuations or potential damage caused during dissections, that
could not be accounted for might also contribute to this large residual variance.
Relatively low heritability in the secretion traits indicated that factors other
than genetics explain a large portion of the phenotypic variance. Additionally,
one of the major chromosomal inversions, In(2L)t, was significantly associated
with basal secretion rate. A particularly high level of chromosome
differentiation, including chromosomal inversions, has been recorded in
Anopheles gambiae (Coluzzi et al., 1985). The frequency of inversion 2La
increases with the degree of aridity (Fouet et al., 2012), and this inversion has
been linked to enhanced desiccation resistance in Anopheles (Gray et al., 2009).
A similar frequency cline has been observed for the Drosophila inversion In(2L)t,

with less than 10% in temperate climates and 40-60% in tropical populations
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(Andolfatto et al., 1999), suggesting that the inversion In(2L)t could be an

adaptive polymorphism.

4.3.3 Candidate genes

Association analyses identified 92, 44, and 109 candidate genes for basal
secretion rate, Capa response index, and Kinin response index, respectively.
Several mammalian orthologues of candidate genes have been implicated in
renal function or kidney diseases. NEPH2, the orthologue of Drosophila kirre,
functions to maintain the glomerular slit diaphragm (Gerke et al., 2005), and the
loss of zNeph2 results in leakiness of the glomerular filtration barrier (Neumann-
Haefelin et al., 2010). Additionally, reduced urinary volume has been observed
in Nkcc1-null mice (Wall et al., 2006), consistent with the study of its Drosophila
orthologue (Rodan et al., 2012). A polymorphism in PDE1A, which is the human
orthologue of Drosophila Pdeic, has been implicated in the development of
nephrolithiasis and renal cystic disease (Yang et al., 2017), and apical NaDC1
immunolabeling in the proximal tubule suggests its essential role in tubular
transport (Lee et al., 2017). Besides, the human orthologues of five candidate
genes for basal fluid secretion (Prip, GlyT, trh, Ncc69, and Indy) are enriched in

the kidney compared to 26 other tissues.

A subset of the candidate genes was selected for testing their function in renal
secretion. Inhibition of Gaf, Glut4EF, sdt, and sowah showed impaired basal
secretion, while loss of CG7656 and RhoGAP7 1E resulted in elevated secretion
rates. Stardust proteins, encoded by the sdt gene, colocalise with Crumbs to
maintain cell polarity (Bachmann et al., 2001). This gene is predominantly
expressed in PCs and SCs in renal tubules but not in RSCs. Its human orthologue,
PALS1, is also highly expressed in all nephron segments composed of polarized
cells (Berghaus et al., 2022). Mice lacking one copy of Pals1 in nephrons
developed a fully penetrant phenotype (Weide et al., 2017), and this can
partially be explained by a reduction in mRNA/protein expression of nephron-
specific transporters from the solute carrier gene family. The human orthologue

of sowah, SOWAHB, is enriched in the distal convoluted tubule, while its
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function is largely unknown. Moreover, a study has shown that Ncc69 mutant
tubules have decreased rates of fluid secretion and K* flux, and these defects
can be rescued by the expression of wild-type Ncc69 in PCs (Rodan et al., 2012).
However, knocking down Ncc69 in SCs, a gene specifically expressed in SCs
according to FlyCellAtlas, did not affect fluid secretion rates in our study. This
lack of effect may be due to insufficient RNAi knockdown efficiency compared to
the complete loss of function resulting from a mutation or potential off-target
effects (Ma et al., 2006), as gene expression was not quantified by qRT-PCR.
Additionally, the discrepancy may arise from differences in experimental
protocols, as fluid secretion rates were monitored over a longer period (2 h) in
the study, in contrast to the short duration (30 min) in our study. This finding is
supported by the observation that Capa-1 exhibits an antidiuretic effect in one
study (Rodan et al., 2012), whereas it shows diuretic effects in others (Kean et
al., 2002, Pollock et al., 2004).

Although no correlation was found between stone areas after NaOx feeding and
basal secretion rates in the DGRP, loss of Gaf or sowah led to reduced basal
secretion, and more crystals were formed in the knockdown tubules, suggesting
potential links between reduced tubular secretion and the susceptibility to
tubulolithiasis. Neuropeptide-stimulated secretion was also examined in RNAi
lines targeting candidates. For example, inhibition of Pdeé increased the Kinin-
stimulated secretion index. Pdeé has been shown to modulate the tubule
content of cGMP (Day et al., 2006), and cGMP, acting through cGMP-dependent
protein kinase, contributes to epithelial fluid transport (Ruka et al., 2013).
Additionally, biological processes, such as electron transport chain, aerobic
respiration, and mitochondrial ATP synthesis, were associated with the clustered

interaction networks by functional enrichment analysis.

This chapter highlights considerable natural variation in fluid secretion rates
among wild-type DGRP lines under both resting and stimulated conditions.
Notably, some of the significant genes have orthologues that impact human
renal function or are enriched in the kidney, suggesting that some of the other

hits may also be useful leads in understanding mammalian renal function.
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Chapter 5 The Cell Adhesion Molecule Fasciclin 3
is Required for the Epithelial Function of

Malpighian Tubules in Drosophila

5.1 Summary

A pilot GWA study identified Fasciclin 3 (Fas3), a candidate gene encoding a
neural cell adhesion molecule, which is associated with variation in basal
secretion rate. The function of this gene in renal tubules was studied. Since
there are two major cell types in the tubule, primary cells and secondary cells,
Fas3 was knocked down in each of these cell types. Knockdown of Fas3 in
principal cells resulted in enlarged abdomens, lower fluid secretion rates, and
increased body water content, all of which are consistent with prolonged
desiccation survival. Furthermore, the absence of Fas3 resulted in the formation
of kidney stones and the proliferation of renal stem cells. In Fas3 RNAi flies,
staining for the septate junction protein Discs large was also compromised. Due
to the loss of cytoarchitectural organisation, Fas3 inhibition in stellate cells
altered both the number and morphology of stellate cells in an age-related
manner. Tubules with impaired stellate cells failed to secrete at a high rate in
response to stimulation by the neuropeptide Kinin. These findings suggest that

Fas3 is necessary for normal renal epithelial function.

5.2 Results

5.2.1 Identification of Fas3

A pilot GWA study was conducted to identify candidate genes associated with
tubular transport. Secretion rates were measured in Canton S and 30 DGRP lines.
Although the fluid secretion rates of Canton S differed across the blocks, a larger
variation was observed among the DGRP lines (Figure 5.1). This observation

suggested that the genetic backgrounds might also contribute to the variation in
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fluid secretion rates. After adjusting for the block effect, the basal secretion
rates from the 30 DGRP lines were submitted to the DGRP analysis pipeline
(http://dgrp.gnets.ncsu.edu/) for the pilot GWA analysis.

Canton S DGRP lines
4n 0.91x107 M Kinin
0.91x10°" M Kinin
1x10" M Capa l
T T

Secretion rate (nl/min)
N
1

Figure 5.1 Fluid secretion rates among 30 DGRP lines.

Fluid secretion rates were measured in 30 DGRP lines across different blocks along with
Canton S, which was used as a control. Each colour represents one individual block/day.
Fluid secretion rates of the DGRP lines were shown on the right and that of Canton S on
the left. Baseline secretion rates were measured for 30 min, followed by the
measurement of neuropeptide-stimulated secretion rates. Data are presented as means
with SDs.

Markers on the left arm of the second chromosome, along with their p values,
were plotted on a Manhattan plot (Figure 5.2A). Six polymorphisms were
significantly associated with the variation in basal secretion, as indicated by the
pilot GWA study, with one reaching the Bonferroni-corrected threshold.
According to the UCSC Genome Browser (version BDGP R5/dm3), the marker
2L_18381757_SNP is in the first intron of the Fas3 gene (Figure 5.2B). Intronic
SNPs can affect RNA processing, stability, and translation (Jacobsson et al.,
2012) or maybe in linkage disequilibrium with causal loci. Since this SNP is in the
Fas3 gene region, the function of Fas3 was further investigated. Fas3 is widely
expressed across different fly tissues, as indicated by FlyAtlas. In neurons, Fas3
knockdown results in the death of olfactory circuit neurons, characterised by
activated apoptotic cell death (Vaikakkara Chithran et al., 2024).


http://dgrp.gnets.ncsu.edu/
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Based on the availability of RNAi lines against Fas3 and previously verified on-
target effects, the loss-of-function approach was employed to study its function
in MTs. According to FlyCellAtlas (Xu et al., 2022, Li et al., 2022), Fas3 is highly
expressed in both PCs and SCs (Figure 5.3). We used c724-Gal4; CapaR-Gal4 to
inhibit Fas3 expression in both PCs and SCs. Although the knockdown efficiency
of Fas3 was not quantified by qRT-PCR, the RNAi line targeting Fas3 has been
previously validated in another study, which reported a significant reduction in
Fas3 expression (Zhang et al., 2018). Knockdown flies exhibited enlarged
abdomens in both males and females (Figure 5.4A), particularly in older flies or
those reared at a higher temperature (data not shown). Interestingly, previous
studies from our group have shown that flies with impaired tubular function,
specifically those with dysfunctional fluid secretion in MTs, develop edema
(Cabrero et al., 2014). To investigate whether this might be due to water
accumulation in the body, we measured the wet and dry weights of the flies.
The results showed that the wet weight of Fas3 RNAI flies was higher than that
of the controls. Still, this difference was not due to variations in the amount of
organic and inorganic material, as no difference in dry weight was observed
(Figure 5.4B). These findings suggest that Fas3 knockdown flies contain more

water, indicating that tubular transport may be impaired in these flies.
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Figure 5.2 Association analysis results for markers on the second chromosome.

(A) The Manhattan plot shows that the marker 2L_18381757_SNP is the most significant,
with the pink dashed line representing the suggestive threshold and the orange dashed
line indicating the Bonferroni-corrected threshold. X-axis represents the genomic
location of SNPs on the chromosome 2L. Y-axis represents the significance of the
association (—log10p). (B) UCSC Genome Browser track of the marker
2L_18381757_SNP, which is in the first intron of the Fas3 gene (genome.ucsc.edu). Four
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Fas3 transcript variants is presented with dark boxes representing exons. The major
allele T is in magenta, and the minor allele C in blue.

A

Figure 5.3 Expression pattern of Fas3 in the Malpighian tubule.
(A) Cell type annotation in the adult fly kidney with 13,774 cells, as shown by t-SNE plot
from the Stringent 10x dateset (scope.aertslab.org). (B) SCope representation of the
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single cell data for Fas3. The intensity is proportional to the log-normalised expression
levels. Each dot represents a single nucleus or cell.
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Figure 5.4 Knockdown of Fas3 in both PCs and SCs.

(A) Fas3 RNAi flies displayed inflated abdomens. Genotype of control: c¢724-Gal4;
CapaR-Gal4 > VDRC#60100; RNAi: c724-Gal4; CapaR-Gal4 > VDRC#3091. Scale bar = 1
mm. (B) Measurement of wet and dry weights of control and Fas3 KD flies. Data are
presented as means with SDs (n=3, with each sample containing 6-10 flies). The asterisk
indicates an adjusted p value less than 0.05, and ns denotes non-significant (two-way
ANOVA followed by Sidak multiple comparisons test).

5.2.2 Analysis of Fas3 in principal cells of the MTs

To investigate whether knockdown of Fas3 in principal cells or stellar cells alone
would recapitulate the edema observed when Fas3 is knocked down in both cell
types, PC- or SC-specific Gal4 drivers were used to drive the knockdown. Using
either the MT-specific Gal4 driver ctB-Gal4 (Sudarsan et al., 2002) or CapaR-Gal4
(Terhzaz et al., 2012), Fas3 was inhibited in PCs, and a similar phenotype was

observed (Figure 5.5A). Flies with Fas3 knockdown exhibited a wider width and
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larger abdomen size (Figure 5.5B). Although inflated abdomens were not present
in every knockdown fly, older flies were more likely to develop inflated
abdomens (Figure 5.5C), suggesting an age-dependent phenotype. This finding
indicates that flies with inhibited Fas3 expression are more susceptible to
declines in renal function during aging. Measurement of fly body water content
further confirmed that the abnormal abdominal swelling was caused by

disrupted water homeostasis and the accumulation of body water (Figure 5.5D).
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Figure 5.5 Knockdown of Fas3 in PCs alone recapitulates the inflated abdomen
phenotype.

(A) Compared with control flies, RNAi flies with inflated abdomen were observed.
Genotype: male control, ctB-Gal4 > VDRC#60100; male RNAi, ctB-Gal4 > VDRC#3091;
female control, CapaR-Gal4 > w'''%; female RNAi, CapaR-Gal4 > VDRC#3091. Scale bars:
1 mm for the upper two panels, 0.5 mm for the bottom two. (B) Abdominal width and
size of control and RNAi flies (control, n=17; RNAi, n=20). (C) Percentage of 8-week-old
flies with abdominal inflation, with or without Fas3 knockdown (n=3, each sample
contains 10-20 flies). (D) Measurement of wet and dry weights of control and Fas3 KD
flies (n=3, each sample contains 5-20 flies). Data are presented as means with SDs. The
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asterisk indicates a p value less than 0.05 (two tailed Student’s t-test used for tests in B
and C, two-way ANOVA followed by Sidak multiple comparisons test for D).

The maintenance of water homeostasis in insects is largely performed by the
MTs, in conjunction with the hindgut (Dow et al., 2021). To investigate the
physiological function of MTs when Fas3 is inhibited, fluid secretion rates were
measured in Fas3 RNAi tubules and their coisogenic control counterparts. As
expected, tubules from the control group secreted fluid at much higher rates
than those from the knockdown group under unstimulated conditions (Figure
5.6A). Stimulating the tubules with two commonly used diuretic peptides was
unable to restore the secretion rates of the knockdown tubules to the baseline
levels observed in the control tubules. Consistent with the reduced renal tubular
transport and increased body water content, Fas3 RNAi flies exhibited reduced

sensitivity to desiccation stress (Figure 5.6C).

When flies are exposed to low temperatures, they often experience chill coma
due to a loss of extracellular ion and water homeostasis (MacMillan et al., 2015,
Macmillan and Sinclair, 2011). To recover from this paralysis, it is crucial to re-
establish ion and water balance. Since Fas3 KD tubules secrete much more
slowly than their control equivalents and Fas3 RNAi flies fail to maintain water
homeostasis, we hypothesized that these flies would take longer to recover from
paralysis induced by cold stress. Indeed, the measurement of chill coma
recovery time showed that the median recovery time for Fas3 RNAi flies was
approximately twice that of control flies (Figure 5.6B). Additionally, knockdown
of Fas3 in PCs resulted in a shortened lifespan under normal conditions (Figure
5.6D), indicating that the dysfunction of MTs caused by the loss of Fas3 also

negatively impacted the overall fitness of the flies.
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Figure 5.6 Loss of Fas3 in PCs results in reduced tubular transport, altered stress
tolerance, and impaired overall survival.

(A) Fluid secretion rates of control and Fas3 knockdown renal tubules (control, n=10;
RNAi, n=3). Data are plotted as means with SDs (two tailed Student’s t-test). (B) Chill
coma recovery time for control and knockdown flies (control, n=26, median recovery
time = 18.5; RNAi, n=27, median recovery time = 34.5). (C) Survival curves for flies
under desiccation stress (control, n=105, median survival = 31.75; RNAi, n= 101, median
survival = 40.5). (D) Survival curves for flies under normal conditions (control, n=86,
median survival = 69; RNAi, n= 89, median survival = 37). The log-rank test was used for
survival curves. The asterisk indicates a p value less than 0.05.

As MTs are blind-ended tubes that open into the gut lumen at the junction of the
midgut and hindgut, impaired tubule function may also affect faecal output.
Quantification of the number and size of faecal deposits showed that Fas3 RNAi
flies had smaller faecal deposits, likely due to impaired tubular secretion (Figure
5.7). We speculate that the knockdown flies may increase the number of

deposits as an alternative strategy to excrete as much waste as possible.
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Figure 5.7 Faecal humber and size in control and Fas3 RNAi flies.

(A) Faeces excreted by control (upper panel) and RNAi (lower panel) flies when fed with
erioglaucine disodium salt. (B) Number and size of faecal deposits (n=3, each sample
contains 10-20 flies). Data are plotted as means with SDs (two tailed Student’s t-test). *
indicates a p value less than 0.05.

Interestingly, we also observed the formation of non-birefringent renal crystals
in Fas3 knockdown tubules. Few crystals were observed in young flies, but as the
flies aged, the likelihood of crystal formation increased (data not shown), with
more crystals present in the tubules (Figure 5.8). This observation could be due
to disrupted epithelial integrity, as Fas3 is known to function as an adhesion
molecule in Drosophila (Snow et al., 1989). Renal crystal formation is linked to
epithelial transporters (Rose et al., 2019, Hirata et al., 2012), and the disruption
of epithelial integrity may alter the subcellular localisation of these proteins. In
control tubules, Fas3 localised to cellular junctions, but this localisation was lost
upon Fas3 knockdown (Figure 5.9A). To assess the impact on epithelial integrity,
we performed immunostaining against the junctional protein Dlg1. The results

showed that the distribution of Dlg1, and thus septate junction integrity, was
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disrupted (Figure 5.9C). In control tubules, Dlg1 labelling was continuous and
evenly distributed along the septate junction, while in the knockdown group, the
labelling was less uniform and more fragmented. Mislocalised cytoplasmic Dlg1
was also observed in the main segment of RNAi tubules. Furthermore, in the
lower tubules of knockdown flies, there was an increased number of small
nuclei, indicative of renal stem cell proliferation, as marked by Hnt (Figure
5.9B). Renal stem cells are known to replenish lost differentiated cells, such as
PCs (Singh et al., 2007, Wang and Spradling, 2022).
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30-day-old 70-day-old

Figure 5.8 Development of renal crystals in Fas3 knockdown flies.

Crystals can be observed in the tubules following the loss of Fas3. As the flies age, more
crystals form. Genotype: control, CapaR-Gal4 > w'''®; RNAi, CapaR-Gal4 > VDRC#3091.
Scale bar = 0.5 mm.
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Figure 5.9 Loss of Fas3 disrupts the distribution of DIg1 and induces the
proliferation of renal stem cells.

(A) Immunostaining of Fas3 in the initial segment of the renal tubule in control and
knockdown flies. Scale bars = 20 ym. (B) Immunostaining of Hnt, a marker of renal stem

cells, in the lower tubule. (C) Immunostaining of Dlg1 in the three segments of the

tubules. Scale bars = 50 pm in panels B and C. Genotype: control, CapaR-Gal4 > w'''é;

RNAi, CapaR-Gal4 > VDRC#3091.

5.2.3 Analysis of Fas3 in stellate cells of the MTs

Gal4 driver lines, c724-Gal4 or c724-Gal4; UAS-mCD8::GFP, were used to drive
the knockdown of Fas3 in stellate cells. Unlike the knockdown of Fas3 in PCs,
the loss of Fas3 in SCs did not result in abdominal inflation. However, a
degeneration of SC morphology was observed in Fas3 KD flies. This morphological

change did not occur in newly eclosed flies. On day 0, SCs displayed normal
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morphology; more specifically, SCs were bar-shaped in the initial segment and
stellate in the main segment (Figure 5.10). By day 7, SCs in both regions had lost
their typical morphology and had become spherical or cuboidal. Surprisingly,
some GFP-labelled SCs appeared to be extruded from the epithelium into the
tubule lumen in Fas3 KD flies. (Figure 5.10, dashed box). The number of SCs was
counted during ageing, with an example of control and knockdown tubules
shown in Figure 5.11. SCs were labelled with GFP, and quantification of SC
number is shown in Figure 5.12A. The results indicated that while the SC
population in control flies decreased with age, this decline was significantly
more pronounced in Fas3 RNAi tubules (Figure 5.12A), suggesting that Fas3
played an important role in maintaining SC numbers. However, despite the loss
of SCs, no proliferation of renal stem cells was observed (Figure 5.11), likely
because renal stem cells do not replenish principal cells or stellate cells in the

upper tubules (Wang and Spradling, 2020).
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Figure 5.10 Loss of Fas3 in SCs resulted in age-related changes in SC morphology.
In Fas3 RNAI flies, stellate cells lose their typical star- and bar-shaped morphologies in
the main and initial segments, respectively. Scale bars = 20 um. Genotype: control,
c724-Gal4; UAS-mCD8::GFP > w'"'%; RNAi, c¢724-Gal4; UAS-mCD8::GFP > VDRC#3091.

Control

Fas3 RNAiin SCs

0-day-old 7-day-old 14-day-old 21-day-old

Figure 5.11 Number of SCs in tubules during ageing.
Z-stack of dissected anterior tubules from cross between c724-Gal4; UAS-mCD8::GFP
and control or UAS-Fas3-RNAi flies. Scale bars = 200 pm.

The receptor of the neuropeptide Kinin is localised to the basement membrane

of SCs and responds to peptide stimulation (Halberg et al., 2015). Based on the
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observed positive correlation between SC number and stimulated secretion rates
in individual MTs (Denholm et al., 2003), we hypothesized that the impaired
morphology and decreased SC number in Fas3 RNAi flies would result in
diminished Kinin-stimulated secretion rates. Indeed, loss of Fas3 resulted in
significantly reduced secretion upon Kinin treatment (Figure 5.12B). However,
baseline secretion rates remained unaffected by Fas3 knockdown, suggesting
that PCs are likely the primary contributors to fluid secretion under normal
conditions. This finding is supported by the fact that mitochondria-enriched PCs
generate a lumen-positive transepithelial potential through active cation
secretion, followed by chloride and water shunts provided by SCs, which
together achieve net fluid secretion (Dow et al., 2021). Furthermore, survival
curves for control and knockdown flies showed no significant differences, which
is consistent with the absence of edema and the unchanged baseline secretion

rates following Fas3 knockdown (Figure 5.12C).
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Figure 5.12 Depletion of Fas3 in SCs results in the loss of the SC population and
reduced stimulated secretion during aging.

(A) Quantification of SC number in tubules during aging (n>25, two-way ANOVA followed
by Sidak multiple comparisons test). (B) Fluid secretion rates of control and Fas3
knockdown renal tubules. Data are plotted as means with SDs (more than 7 pairs of
tubules used for each group, two tailed Student’s t-test). (C) Survival curves for flies
under normal condition (control, n=73, median survival = 70; RNAi, n=74, median
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survival = 73). The log-rank test was used for survival curves. The asterisk indicates that
p value is less than 0.05, and ns means not significant.

The actin cytoskeleton, a dynamic network of filaments, plays a crucial role in
cell and tissue morphogenesis (Pruyne and Bretscher, 2000). To examine the
impact of Fas3 knockdown on the actin cytoskeleton, immunostaining against F-
actin was performed. The results showed that the distribution of F-actin in SCs
was disrupted in Fas3 RNAi tubules (Figure 5.13). In humans, nectins and
cadherins work together to form adherens junctions by activating CDC42 and
RAC (Sakisaka and Takai, 2004), with NECTIN3 being the predicted human
orthologue of the Drosophila Fas3. An atlas of the human kidney has revealed
that NECTIN3 is enriched in the proximal tubule epithelial cells of the nephron
(Lake et al., 2023). To rescue the number and morphology of SCs in Fas3 RNAi
tubules, dominant negative and constitutively active mutants of Cdc42 were
introduced. Notably, SCs in tubules expressing the dominant negative Cdc42
were cuboid (data not shown), suggesting that inhibition of Cdc42 alone can
mimic the morphological changes of SCs seen with Fas3 loss but does not affect
SC number (Figure 5.14). When the dominant negative form of Cdc42 was
introduced, the reduction in SC number was further exacerbated in Fas3 RNAi
tubules. Surprisingly, expressing a constitutively active form of Cdc42 did not

rescue the reduced SC number.
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Figure 5.13 Loss of cytoarchitectural organisation in SCs upon Fas3 knockdown.
F-actin was labelled using Phalloidin to visualize the actin cytoskeleton. SCs are
outlined with yellow dashed line. The white arrows indicate F-actin staining in SCs. In
control flies, there are organized F-actin structures, whereas this staining is lost in Fas3
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RNAi flies. Scale bars represent 20 pm. Genotype: control, c724-Gal4; UAS-mCD8::GFP >
w8 RNAIi, ¢724-Gal4; UAS-mCD8::GFP > VDRC#3091.
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Figure 5.14 Expression of the constitutively active mutant of Cdc42 failed to rescue
the number of SCs in Fas3 RNAi tubules.

Green symbols at the bottom represent the morphology of SCs in tubules. Genotype:
+/¢724-Gal4; +/UAS-mCD8::GFP (Control), +/c724-Gal4; UAS-Fas3-RNAi/UAS-mCD8::GFP
(Fas3 KD), UAS-Cdc42-DN/c724-Gal4; +/UAS-mCD8::GFP (Cdc42 DN), UAS-Cdc42-
CA/c724-Gal4; +/UAS-mCD8::GFP (Cdc42 CA), UAS-Cdc42-DN/c724-Gal4; UAS-Fas3-
RNAi/UAS-mCD8::GFP (Fas3 KD; Cdc42 DN), UAS-Cdc42-CA/c724-Gal4; UAS-Fas3-
RNAi/UAS-mCD8::GFP (Fas3 KD; Cdc42 CA). Data are plotted as mean with SD. One-way
ANOVA followed by Sidak multiple comparisons test was used. * indicates that the
adjusted p value is less than 0.05, and ns indicates no significant difference.

5.3 Discussion

Cells within tissues are connected through cell-cell junctions, which regulate
tissue homeostasis through critical cell processes such as tissue barrier function,
cell proliferation, and migration (Garcia et al., 2018). The plasma membrane of
epithelial cells is subdivided into two main regions, the apical and basolateral
domains, which are segregated by a semipermeable barrier composed of a
circumferential junctional complex (Tepass et al., 2001). This membrane
asymmetry, along with the differentiation of membrane domains and cellular
junctions, is maintained by protein complexes associated with key proteins such

as Crumbs and DE-cadherin. Disruption of cellular polarity or epithelial integrity
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can lead to physiological dysfunction, the onset of various diseases, and,

ultimately, death.

Fas3 was identified as a candidate in a pilot GWA study involving 30 DGRP lines;
however, it did not appear in the candidate gene list in the full screen. The
discrepancy may be due to batch effects, as the two measurements were
conducted more than a year apart, or the inflation of effect sizes caused by the
small sample size (Marigorta et al., 2018, loannidis, 2008). The ectopic
expression of Fas3 has resulted in the aggregation of non-adhesive Drosophila S2
cells, demonstrating its capability to mediate adhesion in a homophilic, Ca?*-
independent manner (Snow et al., 1989). During Drosophila cardiogenesis,
differential expression of Fas3 regulates filopodia binding affinity and cell
matching (Zhang et al., 2018). It is also required for the maintenance of adult
olfactory interneurons (Vaikakkara Chithran et al., 2024). Fas3 is highly enriched
at the septate junctions, with lower amounts in the lateral cell membranes and
excluded expression at the adherens junctions (Woods et al., 1996). Its normal
distribution is affected by the loss of Dlg. In the salivary gland of dlg™? mutant
larvae where septate junctions are largely eliminated, the amount of Fas3 is
reduced and the protein is found unrestricted along the cell membrane (Woods
et al., 1996). The tight junctional proteins Snakeskin and Tetraspanin 2a and the
cell adhesion protein Mesh have been found to be necessary for the appropriate
localisation of associated junctional proteins such as Dlg, Coracle, and Fas3
(Dornan et al., 2023).

However, the role of Fas3 in the epithelium, MTs, remains elusive. In this study,
the cell-specific involvement of Fas3 in maintaining epithelial integrity within
the MTs was investigated and elucidated, which confirmed its essential role in

preserving epithelial integrity.

5.3.1 Edema in Fas3 RNAi flies

Both PCs and SCs exhibit high levels of Fas3 mRNA expression, suggesting a

potential role for Fas3 in their normal function. Knockdown of Fas3 in PCs
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recapitulated the edema observed upon inhibition of Fas3 in both PCs and SCs,
while knockdown in SCs alone did not result in the same phenotype. This finding
highlights that PCs are the primary cells responsible for water homeostasis in the
context of Fas3 loss. This importance of PCs in tubules is supported by the fact
that the number of PCs in the anterior tubules is approximately four times
greater than that of SCs (Sozen et al., 1997), and PCs contain much more
mitochondria, acting as major drivers of lumen-positive transepithelial
potentials (Dow et al., 2021). The accumulated body water could be attributed

to the impaired baseline secretion following Fas3 knockdown.

Loss of the protein Dlg1, which is required for septate junction structure and cell
polarity, results in a disrupted distribution of Fas3 (Woods et al., 1996). In
contrast, we observed that the continuous and even distribution of Dlg1 along
cellular junctions was lost upon Fas3 inhibition, suggesting that epithelial
integrity was compromised in Fas3 RNAi tubules. This disruption may lead to the
altered subcellular localisation of transporters, resulting in impaired fluid
secretion by renal tubules and subsequent water retention. The normal
basolateral distribution of Na*/K*-ATPase becomes apical in the proximal tubule
under ischemic conditions, likely due to the breakdown of the tight junctional
barrier (Brown and Stow, 1996). Additionally, the targeting and delivery of
various membrane proteins depend on an intact microtubular network.
Cadherins initiate a signalling pathway, in which cadherins connect adjacent
cells at adherens junctions, altering microtubule organization by stabilizing

microtubule ends (Chausovsky et al., 2000).

Chill coma recovery time and desiccation tolerance are closely linked to water
homeostasis. In chill-susceptible Drosophila species, the selectivity of Na* and K*
of the MTs is compromised, contributing to an increased level of extracellular K*
and a loss of Na* and water balance (MacMillan et al., 2015, Macmillan and
Sinclair, 2011, Andersen et al., 2017). In contrast, chill-tolerant species preserve
ion selectivity in their tubules, allowing faster recovery from chill coma.
Additionally, compared with Drosophila melanogaster, D. suzukii loses

approximately 5% more body water after 18 h of desiccation and exhibits
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significantly lower desiccation resistance (Terhzaz et al., 2018). In Fas3 RNAi
flies, an increased survival rate under desiccation conditions was observed,
accompanied by a prolonged recovery time after cold shock. This finding is
consistent with the impaired water homeostasis in these flies, mainly maintained
by the MTs.

Interestingly, we also observed the development of renal crystals in tubules
upon Fas3 inhibition, accompanied by an induced proliferation of renal stem
cells. Genetic disorders of renal tight junction, including mutations and
polymorphisms of Claudin genes (e.g., CLDN2 (Curry et al., 2020), CLDN14
(Thorleifsson et al., 2009, Oddsson et al., 2015), and CLDN16 (Weber et al.,
2001)), also affect kidney stone disease, as revealed by association studies.
Thus, crystal formation may result from disrupted epithelial integrity, which
could lead to altered tubular secretion of substrates that readily form crystals.
Like many other tissues containing adult stem cells, the MTs also harbour
proliferating cells. Renal stem cells remain quiescent under normal conditions
but are activated to remodel adult MTs upon injury by replenishing principal
cells in the stem cell zone (Wang and Spradling, 2020). This replenishment of
PCs also happens when xanthine stones form in the lower tubule (Wang and
Spradling, 2022). Additionally, knockdown of Snakeskin in renal tubules causes
compromised junctional integrity and an increased number of nuclei associated
with RSCs (Dornan et al., 2023). We hypothesize that the increased population of
RSCs is driven by the presence of renal crystals and the impaired cellular

junction.

5.3.2 Population of SCs

After undergoing metamorphosis and eclosion, SCs become bar-shaped and
stellate-shaped in the initial and main segments, respectively (Denholm, 2013).
In SC-specific Fas3 knockdown, SCs failed to attain mature stellar or bar shapes
and became cubical in both tubule regions, with some extruded SCs from the
plane of the MTs being observed. While the number of the two major cell types

in the tubules is generally invariant (Sozen et al., 1997), we observed a subtle
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yet significant decrease in the number of SCs during ageing under physiological
conditions. This age-related decline in the SC population was exacerbated in

Fas3 knockdown tubules, together with impaired cellular morphology.

The actin cortex, which lies immediately beneath the plasma membrane of
animal cells, along with myosin motors generating contractile forces, plays a
crucial role in controlling cell shape and numerous physical cellular processes,
including cell adhesion (Pruyne and Bretscher, 2000, Salbreux et al., 2012,
Stricker et al., 2010). Disruption of the cytoskeleton can induce apoptosis via
activation of the death receptor, CD95 (Kulms et al., 2002). Although the MTs
evade destruction despite the expression of apoptotic proteins during
metamorphosis, overexpression of these proteins results in malformed tubules
with disrupted number and regular organization of PCs and SCs (Shukla and
Tapadia, 2011, Tapadia and Gautam, 2011). Besides, the localisation of F-actin
and Dlg is disrupted (Tapadia and Gautam, 2011). Fas3 knockdown in SCs
similarly resulted in a loss of cytoarchitecture. Additionally, impaired expression
of the apoptotic marker Dcp-1 has been observed in MTs with disrupted SC
organization (Dornan et al., 2023). Thus, the decrease in the SC population in
Fas3 RNAi tubules is likely due to the SC loss through apoptosis. Furthermore,
the reduced SC population did not trigger the proliferation of renal stem cells,
likely because renal stem cells are unipotent and only replenish principal cells in

the stem cell zones (Wang and Spradling, 2020).

In humans, nectins and cadherins work together to form adherens junctions via
the activation of CDC42 and RAC (Sakisaka and Takai, 2004). Nectins recruit and
activate c-SRC, which in turn recruits both FRG and RAP1. The activation of FRG
by RAP1 subsequently triggers the activation of CDC42. On the other hand, E-
cadherin induces the activation of RAC. The activations of both CDC42 and RAC
leads to the formation of filopodia through the reorganization of the actin
cytoskeleton, which enhances the formation of adherens junctions. Fas3 is the
predicted Drosophila orthologue of human NECTIN3. To rescue the disrupted
number and morphology of SCs, dominant negative and constitutively active

mutants of Cdc42 were introduced. While expression of the dominant negative
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Cdc42 recapitulated the cuboidal morphology of SCs in Fas3 RNAi flies (data not
shown), the SC number was unaffected. Inhibition of Cdc42 further reduced the
number of SCs in the Fas3 RNAi background, whereas activation of Cdc42 did not
restore the SC nhumber to normal levels. These findings suggest that Fas3 is

necessary for maintaining the SC population.

Cuboidal SCs have been linked to the loss of apicobasal polarity and the ClC-a
channel (Dornan et al., 2023). Additionally, disruption of cell polarity,
accompanied by the relocation of the normally basolateral Na*/K*-ATPase, has
been observed in some cystic epithelial cells in polycystic kidney disease (Brown
and Stow, 1996). Thus, the fluid secretion of dissected MTs was investigated,
and a compromised Kinin-stimulated response was found in Fas3 RNAi flies. The
unaffected basal fluid secretion of the MTs might be because the remaining SCs
can functionally compensate for the loss of the majority of the SC population. In
summary, although Fas3 is expressed in both cell types, knockdown in each cell
type exhibits distinct phenotypes (Figure 5.15), likely due to the different
properties of these cell types. Although Fas3 did not emerge from the main

screen, it nonetheless significantly impacted tubule structure and function.

ITTTT Tcr“ro /

o Fas ellate cel
T T T N actin
Dig Kt
Principal cell
P Fas3 Stellate cell
==/ F-actin
—) H0
<}
——
o Dig
Principal cell s S ellate cell
NoFas3 /' NoF-actin

Figure 5.15 Diagram illustrating the role of Fas3 in maintaining tubule function.
In PC-specific Fas3 knockdown, flies exhibited an enlarged abdomen, filled with
excessive water, and the development of renal crystals. While SC-specific knockdown
only led to phenotypes specific to SCs, such as changes in stellate cell number and
morphology and Kinin-stimulated secretion rate.
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Chapter 6 Role of Tubule-Specific Muc11A in

Drosophila

6.1 Summary

Cells exhibit remarkable efficiency in managing energy usage; for example, the
spatial localisation and copy number of molecules are often constrained to
minimize energy expenditure in neurons (Bergmann et al., 2025). Furthermore, a
large portion of the genome is expressed with high tissue specificity in organisms
such as Drosophila and humans (Chintapalli et al., 2007, Fagerberg et al., 2014).
Functional analyses of tissue-specific proteins align closely with the function of
the corresponding tissues or organs (Fagerberg et al., 2014). These observations
suggest that studying tissue-enriched genes could provide valuable insights into
the specialized functions of tissues and contribute to the development of
therapeutic strategies for diseases involving tissue-specific processes. Although
not a hit in the GWA study, Muc11A is highly enriched in the MTs of Drosophila,
as shown by both microarray (Wang et al., 2004) and RNA sequencing data
(Chintapalli et al., 2007, Leader et al., 2018). Therefore, it was selected for
study. To investigate its role in this epithelium, PC-specific Gal4 drivers were
used to induce its knockdown. RNAi-mediated silencing of Muc11A resulted in
impaired morphology of the initial segment of the renal tubule, with the
formation of non-birefringent crystals, suggesting that Muc711A may play a
critical role in maintaining a proper luminal environment that inhibits crystal
formation. Additionally, the epithelial integrity of the tubules was compromised

in the RNAI flies, consistent with the observed proliferation of renal stem cells.
6.2 Results

6.2.1 Expression pattern of Muc11A

Data from FlyAtlas.org showed that Muc11A is highly expressed in both larval and

adult renal tubules (Figure 6.1A). This tissue-specific expression suggests that
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Muc11A may be involved in the function of the MTs. Prior to investigating its role
in MTs, we confirmed this tubule-specific expression in adults. qRT-PCR was
performed using whole flies and dissected tubules. The results were consistent
with the microarray data, showing that Muc71A expression was enriched
approximately 3- to 6-fold in adult renal tubules (Figure 6.1B). To study the
function of Muc11A in renal tubules, ctB-Gal4 and CapaR-Gal4 drivers were
interchangeably used to induce tubule-specific knockdown, as FlyCellAtlas
indicates high expression of Muc11A in PCs (Figure 6.1C). The knockdown
efficiency was first assessed in RNAi flies, revealing a knockdown of about 70% in
male and 85% in female (Figure 6.1D). Additionally, we observed that Muc11A

expression was higher in females than in males.
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Figure 6.1 Expression pattern and knockdown efficiency of Muc11A.

(A) Spatial expression pattern of Muc11A across different tissues, as shown by data from
flyatlas.org (Chintapalli et al., 2007). The mean normalized Affymetrix signal, which
represents the normalized gene expression from microarray data, with standard error of
the mean (SEM) is presented. (B) The gene expression of Muc11A in tubules was
compared to that in whole flies. Whole flies and dissected tubules of Canton S were
used for RNA extraction, and synthesised cDNA for qRT-PCR. qRT-PCR results confirm
the tubule-enriched expression of Muc11A in wild-type flies (Student’s t-test was used).
(C) The t-SNE of Muc11A gene expression across the renal tubule. The expression is
shown in red; the intensity is proportional to the log-normalised expression levels. (D)
Knockdown efficiency in Muc11A KD tubules, as shown by qRT-PCR. Relative expression
values with their lower and upper limits are plotted. * means a p value of less than
0.05.
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6.2.2 Tubular morphological change and mineralization caused by
loss of Muc11A in the MTs

Mucin11A is a potentially highly O-glycosylated protein, as indicated by its
protein sequence, which is rich in threonines and serines (Syed et al., 2008).
This glycoprotein is one of the components of the extracellular matrix, where it
contributes to tissue morphogenesis and tubulogenesis (Kleinman et al., 2003,
Loganathan et al., 2020). To investigate the role of Muc11A, the morphology of
its knockdown tubules was examined. Enlarged initial segments, but not the
lower tubules, were observed in Muc11A KD tubules (Figure 6.2). The overall
length of the tubules was unaffected by knockdown. The initial segment of the
renal tubules typically contains an abundance of small spherical granules, which
are composed of concentric layers of calcium and magnesium, along with
carbonate, phosphate, chloride, and an organic matrix of glycosaminoglycans or
proteoglycans (Wessing and Zierold, 1992). In Muc11A KD tubule, however, solid
and condensed crystals, rather than diffused luminal granules, were present in
the tubule lumen (Figure 6.3A), suggesting that Muc71A plays a critical role in
maintaining luminal granules. Alizarin red staining for calcium deposition was
used to confirm the mineral composition of these deposits and assess their size.
The results showed that calcium is one of the components of the deposits, which

were absent in control tubules (Figure 6.3B and C).
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Figure 6.2 Abnormal morphology of the initial segment in Muc11A KD tubules.

(A) Bright field images of control and Muc11A KD tubules. Scale bars represent 500 pm
in unzoomed images and 100 pm in the zoomed-in images. (B) Quantification of tubule
length and diameters. The diameter of the initial segment was measured at its widest
point, as indicated by the yellow line. Individual tubules are represented as dots, with
the mean and SD indicated. Two-way ANOVA followed by Sidak multiple comparisons
test was performed. * means a p value less than 0.05.
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Figure 6.3 Development of kidney stones in Muc11A KD flies.

(A) Solid crystals indicated by white arrows, rather than diffused luminal granules, are
present in the tubule lumen of RNAi flies. (B) Alizarin red staining of crystal-bearing
Muc11A KD tubules (crystals stained in red are indicated by white arrows) and non-
crystal bearing control tubules. (C) Quantification of the Alizarin red-stained area. Data
are plotted as the mean with SD. A two tailed Student’s t-test was used, and * for p
value less than 0.05. Scale bars represent 500 pm in unzoomed images and 200 pm in
zoomed-in images.
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6.2.3 Proliferation of renal stem cells and impaired junction
integrity in Muc11A KD tubules

In MTs containing xanthine stones, the loss of polyploid PCs is often observed
due to their detachment from the tubule epithelium (Wang and Spradling, 2020,
Wang and Spradling, 2022). Following injury, renal stem cells respond by
proliferating and remodelling the damaged region. We suspected that renal stem
cells in Muc11A KD flies would similarly react to mineralization by proliferating.
As anticipated, an expanded population of renal stem cells was observed in the
RNAi flies (Figure 6.4A and B). PH3 staining was used to mark mitotic cells in the
MTs (Micchelli and Perrimon, 2006). No mitotic cells were observed in tubules
with intact Muc11A expression (Figure 6.4C and D), as renal stem cells remain
quiescent under normal conditions (Wang and Spradling, 2020). However, in
Muc11A knockdown tubules, there was an increase in the number of PH3-positive
cells, although not statistically significant. In addition to the proliferation of
renal stem cells and their subsequent replenishment of PCs, a loss of the septate

junction protein Dlg1 was also observed (Figure 6.5).

The physiological consequences of Muc11A knockdown were then assessed. No
reduction in fluid secretion was observed, and chill coma recovery time
remained unaffected (Figure 6.6A and B). To determine whether Muc11A
knockdown affected fitness phenotypes, we examined egg-laying numbers and
survival rates under a high salt diet. The results revealed that the loss of Muc11A
in tubule principal cells reduced fecundity and increased the tolerance to high
salt stress (Figure 6.6C and D).
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Figure 6.4 Proliferation of renal stem cells in Muc711A RNAi tubules.

(A) Immunostaining of Hnt in the lower tubule and ureter. Scale bars = 20 um. (B)
Quantification of the number of small nuclei in the tubules. (C) Immunostaining of PH3
(scale bars = 100 um) and its quantification in (D). Data are presented as the mean with
SD. Two tailed Student’s t-test was used and * is labelled when p value less than 0.05.
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Figure 6.5 Loss of junction integrity of tubules with Muc11A inhibition.
Images of the initial segment, main segment, and lower tubules are shown. Scale bars =

50 pm.
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Figure 6.6 Physiological changes resulting from Muc11A knockdown.

(A) Fluid secretion rates in control and Muc11A KD tubules. Data are presented as mean
with SD. (B) Chill coma recovery time for control and RNAi flies (control, n=34, median
recovery time = 24.5; RNAi, n=37, median recovery time = 21.5). (C) Number of eggs
laid by control and RNAi flies. Each dot represents an individual fly vial, with mean and
SD plotted. Two-way ANOVA was performed for statistics. (D) Survival curves of control
and RNAi flies under high salt conditions (3% NaCl) (control male, n=78, median survival
= 183.5; control female, n=80, median survival = 118.5; RNAi male, n=80, median
survival = 209; RNAi female, n=80, median survival = 183.5). Log-rank test was applied
for survival analysis. The asterisk indicates that p value is less than 0.05, and ns means
no significant difference.

6.3 Discussion

6.3.1 Tissue-enriched expression

Genes are expressed when they are required. Increases in gene expression incur
energy costs (Wagner, 2005). How cells, tissues, and organs exhibit different

gene and protein expression and what impact the global expression pattern has
on the phenotype of different cells with distinct functions are central questions

in human biology (Fagerberg et al., 2014). A human transcriptomics analysis,
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which includes 20,050 protein-coding genes, has identified approximately 12%
(3,499) tissue- or group-enriched genes (Fagerberg et al., 2014). Among these,
65 kidney-enriched genes have been defined, and immunohistochemistry analysis
of 62 corresponding proteins has shown a strong bias for membrane-bound
localisation. Additionally, 18 out of 20 highly tissue-enriched proteins are
predicted to be transmembrane proteins, with 12 annotated as members of
different solute carrier proteins. These findings suggest that the function of
tissue-specific proteins is well in line with the function of the respective tissue
or organ. For example, In Drosophila, the gene rosy, which encodes xanthine
dehydrogenase, is enriched in the MTs, and its mutants develop xanthine-rich
stones, mimicking the role of its human orthologue in causing classical
xanthinuria (Mitchell and Glassman, 1959). Thus, studying tissue-enriched genes

may offer valuable insights into the specialized functions of the tissue.

Mucins are large, extracellular glycoproteins comprised of many tandem repeats
rich in serine, threonine, and proline (Bansil and Turner, 2006). In Drosophila, 17
mucin genes and 19 mucin-related genes have been identified (Syed et al.,
2008). Muc11A, along with Mur18B, a mucin-related gene, is highly and
specifically enriched in the MTs, as shown by FlyAtlas. Additionally, reverse
transcription-PCR has shown that Muc11A is expressed throughout the
development, with detectable expression also in fat body and proventriculus
(Syed et al., 2008).

6.3.2 Function of Muc11A in MTs

We conducted a knockdown of Muc11A using PC-specific Gal4 drivers and
confirmed a high knockdown efficiency. Given its involvement in the formation
of the extracellular matrix (ECM) and its chitin-binding domains (Syed et al.,
2008), as well as ECM providing important biochemical and biomechanical cues
for tissue morphogenesis, differentiation, and homeostasis (Frantz et al., 2010),
we assessed the morphological changes in Muc11A RNAi tubules. In RNAi flies, we
observed an enlarged initial segment of the renal tubules, with solid and

condensed crystals instead of small spherical granules typically found in the
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lumen. Additionally, the non-birefringent crystals formed in the tubules were
found to contain calcium, as indicated by Alizarin red staining, suggesting that
Muc11A knockdown impairs the maintenance of luminal granules. Consistent
with observations in other fly lines harbouring renal crystals, the proliferation of
renal stem cells was activated, as shown by positive labelling of Hnt and PH3.
Fst, which shares homologous features with Muc11A and Mur18B, has been found
to be essential for cold tolerance in Drosophila (Colinet et al., 2010). However,
our study observed no changes in fluid secretion and chill coma recovery time.
We further investigated whether other side-effects arise with Muc11A
knockdown. Notably, a reduction in egg-laying and an increase in survival rate
were observed in knockdown flies. However, in flies with remodelled MTs, trade-
offs, such as reduced female fecundity and compromised salt tolerance, have
been observed, along with thickened ECM and upregulated expression of several
ECM and transmembrane transport genes in the tubules (Wang and Spradling,
2022). These elevated transport gene levels may explain the enhanced
susceptibility to high salt stress in those flies. However, the reduced

susceptibility to salt stress observed in our study needs further investigation.

During the embryogenesis, Drosophila Muc11A is expressed in the salivary glands
from the stage 13. Its human orthologue, MUC1, is widely expressed on the
surface of almost all epithelial cells (Bose and Mukherjee, 2020). In the mouse
gastrointestinal tract, Muc1 acts as a critical element of the mucosal barrier to
infection (McAuley et al., 2007). Following the oral infection, the bacterial
pathogen Campylobacter jejuni is commonly detected in systemic organs of
Muc1’- mice within the first week, whereas wild-type mice are largely protected
due to the presence of epithelial Muc1. Mucins, including MUC1, are highly
glycosylated proteins. On the one hand, changes in host glycosylation cause
inflammation; on the other hand, infection-induced inflammatory signalling can
lead to changes in host glycosylation (Bose and Mukherjee, 2020). Moreover, the
highly conserved cytoplasmic domain of MUC1 contains multiple protein binding
motifs and phosphorylation sites, suggesting its important role in intracellular
signalling. In humans, MUC1 exhibits immunofluorescence signals in the TAL,

distal convoluted tubule, and collecting duct (Nie et al., 2016). Patients with
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hypercalciuric nephrolithiasis have significantly decreased levels of urinary MUC1
compared with controls. The physical interaction between MUC1 and TRPV5, as
well as with galectin-3, impairs the endocytosis of TRPV5, leading to increased
urinary calcium reabsorption. These interactions suggest that enhancing MUC1
activity may be a potential strategy for treating calcium kidney stones.
However, MUC1 is overexpressed and aberrantly glycosylated in epithelial
cancers, where it interacts with galectin-3 to promote renal cancer progression
and metastasis by clustering on the tumour cell surface (Yu et al., 2007).
Moreover, the predominant expression of MUC1 mRNA and protein in the distal
nephron and the urinary system may indicate segment-specific roles, such as
distal nephron defence against ascending bacteria (Manrique-Caballero et al.,
2025).
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Chapter 7 Summary and Future Work

7.1 Summary

Given that Drosophila serves as an excellent model for studying human diseases,
a multi-phenotypic genome-wide association screen for nephrolithiasis and
secretion rates was conducted in the Malpighian tubules using the Drosophila
melanogaster genetic reference panel. Numerous genetic polymorphisms were
associated with the variation in quantitative traits in the study. The candidate
genes harbouring these polymorphisms were functionally validated through RNAi-
mediated knockdown. Several genes have been identified as being implicated in
the development of renal crystals or in regulating fluid secretion rates.
Biological processes such as the Wnt signalling pathway and extracellular
acidification were linked to the development of renal stones, while categories
including the electron transport chain, aerobic respiration, and mitochondrial
ATP synthesis were found to contribute to baseline fluid secretion. Overall, this
first global genotype-phenotype mapping study of renal function in Drosophila
identified a group of novel loci and associated molecular pathways and validated
candidate genes through RNAi-mediated silencing. These findings may increase
our understanding of insect renal function and help to prioritise candidate
human genes and pathways that serve as potential therapeutic targets for kidney

stone disease and impaired tubular transport.

The second focus of this thesis is to investigate the role of Fas3, a candidate
identified in a pilot GWA study, in the MTs. Fas3 encodes an adhesion molecule
that localises to the septate junction. Knockdown of Fas3 in PCs and SCs
exhibited distinct phenotypes in flies. In PCs, Fas3 knockdown led to enlarged
abdomens, with reduced fluid secretion rates and increased body water content,
which were consistent with enhanced desiccation survival. Moreover, the
presence of crystals in the tubular lumen was observed, accompanied by the
proliferation of RSCs. However, in SCs, Fas3 is required for the maintenance of
its population and normal morphology, likely due to a loss of cytoarchitecture.

Consequently, neuropeptide Kinin was unable to stimulate secretion rates in
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Fas3 knockdown tubules, in contrast to controls. Additionally, inhibiting Cdc42, a
small GTPase involved in polarity establishment, alone recapitulated the
morphological defects in SCs observed with Fas3 inhibition, and this defect was
exacerbated by inhibition of both Cdc42 and Fas3. Interestingly, while an
increased number of SCs was observed upon activation of Cdc42, activating
Cdc42 in tubules with Fas3 knockdown further reduced the SC population,
compared with tubules where only Fas3 was inhibited. Altogether, Fas3 is
necessary for the maintenance of the SC population and their mature

morphology, as well as for the proper functioning of PCs.

A third focus of our study is the investigation of the role of the tubule-specific
gene, Muc11A, in the MTs. Loss of Muc11A in PCs resulted in the formation of
calcium renal stones, a phenomenon that parallels the function of its human
orthologue, which is involved in the trans-epithelial uptake of calcium (Nie et
al., 2016). In Muc11A RNAi tubules, impaired cellular junction integrity was
observed, along with the proliferation of RSCs. However, these flies with Muc11A
knockdown did not exhibit any changes in fluid secretion rates or cold tolerance.
Notably, Muc11A RNAI flies displayed alterations in two other fitness traits: adult

female fecundity and salt tolerance.

7.2 Limitations and future work

7.2.1 Genotype-phenotype mapping

The Bonferroni-adjusted threshold for multiple testing is considered the gold
standard for genome-wide statistical significance in human GWA studies (Anholt
and Mackay, 2018). With about 2.5 million common variants used in the
association in the DGRP, the corresponding Bonferroni-corrected p value is
approximately 2 x 1078, Although several polymorphisms have reached this
threshold, the majority of variants fall below the significance threshold. Thus,
the association analysis conducted using the DGRP is sufficiently powered to
detect common variants with moderately large to large effects but is less

effective for identifying variants with smaller effects (Mackay and Huang, 2018).
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To enhance the power of GWA studies in detecting risk loci, several strategies
can be employed. The first approach is to increase the sample size. The DGRP
line have been expanded tenfold, from an initial 205 lines to the current 2,000
lines, which also entails a significant increase in workload. Therefore, without
access to high-throughput phenotyping, collecting large-scale phenotypic data
would be beyond the scope of a single researcher. Consequently, the adoption of
high-throughput methods becomes essential. Alternatively, advanced intercross
populations can be generated to facilitate fine mapping. A small number of lines
with extreme phenotypes (Swarup et al., 2013), randomly selected lines (Huang
et al., 2012), or genetically unrelated lines (Garlapow et al., 2017) can be
crossed to create a base population. After many generations of intercrossing in
large population sizes, a large number of animals with unique genotypes can be
constructed. Bulk DNA sequencing of pooled individuals with extreme
phenotypes can then be used to identify alleles that differentially segregate
among these phenotypic extremes (Anholt and Mackay, 2018). This AIP-based
strategy enables the detection of variants with low frequencies. However, it is
worth noting that constructing an AIP may result in the loss of specific

polymorphisms.

Most current GWA studies rely on single-marker approaches, testing the
association between each individual polymorphism and the trait of interest.
Although this approach can be effective when a single variant is responsible for
the trait, it can be hard to estimate the joint effects of multiple genetic factors
(Cho et al., 2010). Additionally, the need for multiple testing correction can
make it too conservative to identify causal loci. Multicollinearity issues may
arise, often due to LD, when attempting to incorporate information from
multiple genetic variants. These issues become particularly problematic when
the number of predictor variables far exceeds the sample sizes (Cho et al.,
2010). This imbalance may increase the risk of overfitting, leading to

associations that may not be replicable in new datasets.

Most polymorphisms associated with quantitative traits are usually intronic or

intergenic loci, suggesting that they may exert a regulatory function. The
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molecular functions of regulatory variants and the mechanisms causing
alterations in gene expression are worth investigating in flies. One of the
advantages of using Drosophila model is the availability of RNAi-mediated
knockdown of candidate genes in a common isogenic background, which is
frequently employed in DGRP GWA analyses (Mackay and Huang, 2018).
However, disrupted gene expression due to mutations and RNAi are likely to
have distinct effects than subtle naturally occurring polymorphisms (Mackay and
Huang, 2018). Moreover, DNA polymorphisms do not directly affect variation in
quantitative traits; intermediate phenotypes, such as transcript, protein, and
metabolite abundance, might be attributed to the ultimate phenotypic

variation, which facilitates the development of systems genetics approaches.

7.2.2 Functional verification

Functional studies of candidate genes in humans would be the most directly
relevant for biomedical research; however, animal models have played a critical
role in the exploration and characterization of disease pathophysiology, target
identification, and the in vivo evaluation of novel therapeutic agents and
treatments (McGonigle and Ruggeri, 2014). Given that more than 75% of human
disease-causing genes are reported to have Drosophila orthologues (Reiter et al.,
2001), and numerous fly lines have been constructed to express the human
cDNA, it is relatively easy to build “humanized” fly models in which specific
human genes are introduced to replace or supplement their fly counterparts.
Human homologues of verified candidate genes, such as FZD5 and KIAA2013, will
be selected, along with those that exhibit kidney-enriched expression or altered
expression under disease conditions. Two-pronged functional assays, based on
rescue and overexpression experiments, can be employed to assess the function
of variants or genes (Harnish et al., 2019). Specifically, endogenous fly genes are
replaced with reference or variant human transgenes in the rescue experiments,
whereas the reference and variant human protein are exogenously driven in a
variety of tissues in the overexpression branch. Differences observed between
the animal expressing reference and variant alleles would suggest a variant-

specific effect (Harnish et al., 2019).
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With the employment of human organoids, which are either stem cell-derived 3D
culture systems or directly generated from patient biopsy samples, researchers
can address questions that are difficult to investigate using animal models (Kim
et al., 2020). The SLC2A9 variant rs16890979 has been shown to affect serum
uric acid levels (McArdle et al., 2008). To study the impact of this SNP on uric
acid metabolism, kidney organoids derived from human embryonic stem cells
with rs16890979 mutants have been constructed (Wu et al., 2024). The result
shows that the introduction of this missense mutation reduces the uric acid
absorption, together with increased absorption observed in SLC2A9-
overexpressing organoids and decreased absorption in those with SLC2A9
knockdown. Moreover, multi-lineage kidney assembloids enable controlled
integration between nephrons and a single collecting duct, effectively mimicking
functional kidney architecture (Wilson et al., 2025). A 3D bioprinted multiorgan
hyperoxaluria model has been developed to recapitulate calcium oxalate
crystallization and crystal-induced injuries in proximal tubules (Yoon et al.,
2022). Therefore, shortlisted human genes relating to the crystal formation can
be directed validated with the use of human kidney organoids or assembloids
and CRISPR/Cas9.

This thesis has thus demonstrated the utility of a systematic, unbiased screen in
identifying genes of interest in renal function in insects and prioritising

candidate human orthologues.
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Appendices

Appendix 1 List of the DGRP lines

DGRP line BDRC DGRP line BDRC DGRP line BDRC
number number number

DGRP-208 25174 DGRP-176 28149 DGRP-804 28236
DGRP-301 25175 DGRP-177 28150 DGRP-805 28237
DGRP-303 25176 DGRP-181 28151 DGRP-808 28238
DGRP-304 25177 DGRP-189 28152 DGRP-810 28239
DGRP-307 25179 DGRP-195 28153 DGRP-812 28240
DGRP-313 25180 DGRP-217 28154 DGRP-818 28241
DGRP-315 25181 DGRP-227 28156 DGRP-819 28242
DGRP-324 25182 DGRP-228 28157 DGRP-821 28243
DGRP-335 25183 DGRP-239 28161 DGRP-822 28244
DGRP-357 25184 DGRP-256 28162 DGRP-832 28245
DGRP-358 25185 DGRP-280 28164 DGRP-837 28246
DGRP-360 25186 DGRP-287 28165 DGRP-843 28247
DGRP-362 25187 DGRP-309 28166 DGRP-849 28248
DGRP-375 25188 DGRP-317 28167 DGRP-850 28249
DGRP-379 25189 DGRP-318 28168 DGRP-855 28251
DGRP-380 25190 DGRP-332 28171 DGRP-857 28252
DGRP-391 25191 DGRP-336 28172 DGRP-861 28253
DGRP-399 25192 DGRP-338 28173 DGRP-879 28254
DGRP-427 25193 DGRP-340 28174 DGRP-882 28255
DGRP-437 25194 DGRP-350 28176 DGRP-884 28256
DGRP-486 25195 DGRP-356 28178 DGRP-890 28257
DGRP-517 25197 DGRP-359 28179 DGRP-892 28258
DGRP-555 25198 DGRP-361 28180 DGRP-897 28260
DGRP-639 25199 DGRP-370 28182 DGRP-900 28261
DGRP-707 25200 DGRP-371 28183 DGRP-907 28262
DGRP-712 25201 DGRP-373 28184 DGRP-908 28263
DGRP-730 25202 DGRP-374 28185 DGRP-911 28264
DGRP-732 25203 DGRP-377 28186 DGRP-913 28265
DGRP-765 25204 DGRP-381 28188 DGRP-85 28274
DGRP-774 25205 DGRP-382 28189 DGRP-235 28275
DGRP-786 25206 DGRP-383 28190 DGRP-310 28276
DGRP-799 25207 DGRP-385 28191 DGRP-409 28278
DGRP-820 25208 DGRP-386 28192 DGRP-40 29651
DGRP-852 25209 DGRP-392 28194 DGRP-57 29652
DGRP-859 25210 DGRP-426 28196 DGRP-229 29653
DGRP-365 25445 DGRP-440 28197 DGRP-320 29654
DGRP-705 25744 DGRP-441 28198 DGRP-321 29655
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DGRP-714 25745 DGRP-443 28199 DGRP-405 29656
DGRP-21 28122 DGRP-461 28200 DGRP-406 29657
DGRP-26 28123 DGRP-491 28202 DGRP-513 29659
DGRP-28 28124 DGRP-492 28203 DGRP-306 37525
DGRP-38 28125 DGRP-502 28204 DGRP-31 55014
DGRP-41 28126 DGRP-508 28205 DGRP-32 55015
DGRP-42 28127 DGRP-509 28206 DGRP-48 55016
DGRP-45 28128 DGRP-531 28207 DGRP-100 55017
DGRP-59 28129 DGRP-535 28208 DGRP-319 55018
DGRP-69 28130 DGRP-563 28211 DGRP-348 55019
DGRP-73 28131 DGRP-584 28212 DGRP-354 55020
DGRP-75 28132 DGRP-589 28213 DGRP-390 55021
DGRP-83 28134 DGRP-595 28215 DGRP-395 55022
DGRP-88 28135 DGRP-703 28218 DGRP-397 55023
DGRP-91 28136 DGRP-716 28219 DGRP-505 55024
DGRP-93 28137 DGRP-721 28220 DGRP-528 55025
DGRP-101 28138 DGRP-738 28223 DGRP-551 55026
DGRP-105 28139 DGRP-748 28224 DGRP-559 55027
DGRP-109 28140 DGRP-757 28226 DGRP-566 55028
DGRP-129 28141 DGRP-761 28227 DGRP-596 55029
DGRP-136 28142 DGRP-776 28229 DGRP-627 55030
DGRP-138 28143 DGRP-783 28230 DGRP-630 55031
DGRP-142 28144 DGRP-790 28232 DGRP-634 55032
DGRP-149 28145 DGRP-796 28233 DGRP-355 55038
DGRP-153 28146 DGRP-801 28234 DGRP-352 83728
DGRP-161 28148 DGRP-802 28235 DGRP-737 83729

Appendix 2 List of primers

Forward primary sequence Reverse primary sequence
Gene (5°-3) (5°-3")
RpL32 TCTTTTCGCTTCTGGTTTCCG CTTGCGCCATTTGTGCGAC
CG7289 TGATGACAACAAGGCGGTGA TTGTCGTCGGTTTTGCGTGA
Dlg5 GAGTGTGTTGGTGTTTCGCA ACATACTCCGAGCTCTCTTCCT
fz2 TAACTTTGACAGACGCACGG CAAACGGCGTGGTCTAACATT
Shab GTTTCTGCACGACCAAGGACT ATAGGCTCCTGCTTGACGAC

SPR TCAGATTTACCAAGTGCAAGAATGT  TGGCGCTGCCTTAATTCTCA
Muc11A CAGTGCGTTGATGACCTGAC CTTGACCGGCACACAAATCTC
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Appendix 3 Stone areas and tubule sizes of the DGRP

lines
BDRC Stone Tubule BDRC Stone Tubule
number area (mm?) size (mm?) number area (mm?) size (mm?)
25745 0.00052 0.26550 28235 0.02350 0.35030
28129 0.00096 0.29879 25182 0.02374 0.27162
28145 0.00112 0.34470 28140 0.02385 0.31835
28130 0.00245 0.25006 28137 0.02389 0.27452
28126 0.00266 0.36000 29652 0.02400 0.30500
28149 0.00331 0.30268 55014 0.02400 0.26013
28146 0.00355 0.31329 29654 0.02402 0.29102
28134 0.00462 0.35931 28173 0.02450 0.32366
28207 0.00463 0.30450 25204 0.02454 0.30623
28260 0.00542 0.30865 28179 0.02540 0.28277
28174 0.00544 0.30848 25174 0.02559 0.27448
55038 0.00552 0.30517 28156 0.02606 0.28550
28178 0.00569 0.34344 28127 0.02607 0.34355
28131 0.00610 0.32908 28143 0.02608 0.26660
25195 0.00614 0.31071 25189 0.02620 0.24890
28212 0.00622 0.30352 25194 0.02670 0.30179
28232 0.00704 0.28467 28194 0.02677 0.29123
28239 0.00794 0.37856 25209 0.02683 0.23796
28196 0.00846 0.35067 28254 0.02683 0.28700
25198 0.00846 0.28792 25175 0.02685 0.44123
28172 0.00880 0.30500 28218 0.02687 0.25987
28242 0.00905 0.28236 28162 0.02733 0.43900
28245 0.00915 0.37485 28184 0.02742 0.31059
55021 0.00946 0.33895 28237 0.02761 0.28109
29659 0.00965 0.26238 28241 0.02782 0.32255
25180 0.00976 0.28608 28198 0.02818 0.29797
25181 0.00981 0.33286 37525 0.02852 0.34040
28255 0.01012 0.35600 25203 0.02882 0.30382
28276 0.01027 0.28088 25192 0.02936 0.27704
28226 0.01046 0.39567 29653 0.02937 0.28307
28171 0.01150 0.23037 28153 0.02947 0.32195
55024 0.01170 0.35026 83728 0.02958 0.32676
28157 0.01186 0.26893 28275 0.02972 0.33642
28240 0.01188 0.36088 55027 0.02973 0.37188
28192 0.01289 0.21200 28233 0.02978 0.30878
55020 0.01297 0.27650 83729 0.02983 0.32652
25208 0.01297 0.29738 28138 0.02996 0.27363
28164 0.01321 0.27525 55023 0.03008 0.28246

28148 0.01325 0.30592 28205 0.03020 0.32473




25188
28136
28256
28188
28128
28274
28122
25190
25193
29651
25210
25199
28200
28186
25744
28165
29655
28211
28125
25206
25200
25205
25191
55031
28132
55026
28215
28151
28123
28152
25183
28202
28168
28213
29656
28144
55025
28264
28247
25201
55030
28234
28257
28185
28224
28261

0.01378
0.01378
0.01390
0.01436
0.01479
0.01484
0.01487
0.01509
0.01568
0.01580
0.01580
0.01640
0.01667
0.01668
0.01693
0.01742
0.01756
0.01757
0.01770
0.01785
0.01791
0.01809
0.01833
0.01850
0.01892
0.01919
0.01929
0.01948
0.01956
0.01973
0.01977
0.02013
0.02017
0.02062
0.02064
0.02071
0.02072
0.02077
0.02107
0.02117
0.02133
0.02140
0.02143
0.02150
0.02154
0.02156

0.32719
0.27113
0.29177
0.26317
0.30221
0.28888
0.30640
0.24239
0.27792
0.26635
0.25184
0.28710
0.32400
0.24977
0.34257
0.29055
0.29278
0.31540
0.30760
0.30623
0.24831
0.23645
0.30413
0.31343
0.27765
0.30187
0.33971
0.30596
0.29938
0.28940
0.24191
0.35656
0.29517
0.31138
0.32904
0.25954
0.36294
0.29100
0.30104
0.32823
0.27267
0.31373
0.25917
0.37204
0.26392
0.29867

28278
28135
55032
55016
28182
28204
55029
28220
25187
25207
25445
28253
28183
28229
55015
28243
28199
28246
55019
28263
28150
28180
28203
55017
25177
28142
28227
28252
28249
28206
25184
28248
28265
55018
28191
28139
28154
28167
28238
28251
28236
28230
28258
25185
28244
28262

0.03038
0.03050
0.03057
0.03058
0.03107
0.03118
0.03119
0.03127
0.03149
0.03167
0.03167
0.03235
0.03250
0.03255
0.03275
0.03339
0.03391
0.03471
0.03512
0.03521
0.03529
0.03557
0.03596
0.03668
0.03700
0.03750
0.03763
0.03808
0.03838
0.04037
0.04165
0.04329
0.04406
0.04435
0.04479
0.04594
0.04612
0.04681
0.04731
0.04750
0.04900
0.04953
0.04960
0.04975
0.05125
0.05206

0.25450
0.39017
0.30497
0.30674
0.29871
0.26515
0.32762
0.26891
0.26206
0.30450
0.37742
0.37440
0.27415
0.28129
0.32505
0.33913
0.35989
0.43495
0.27997
0.26246
0.35147
0.28239
0.34208
0.32512
0.32130
0.27592
0.30038
0.32858
0.30306
0.26622
0.26290
0.41057
0.27982
0.27645
0.28688
0.28056
0.37448
0.35186
0.31777
0.34231
0.34288
0.33659
0.38136
0.31217
0.32497
0.27391
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25176
28197
29657
25197
28141
25179
28190
28208

0.02163
0.02164
0.02173
0.02184
0.02187
0.02252
0.02262
0.02263

0.27163
0.34476
0.27718
0.37025
0.32117
0.32803
0.31688
0.32266

55022
28219
28124
28223
55028
25202
25186
28161

0.05244
0.05365
0.05409
0.05518
0.05548
0.05600
0.06008
0.06378

0.29756
0.31453
0.26100
0.33659
0.31791
0.33690
0.30971
0.35416
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Appendix 4 Fluid secretion rates of the DGRP lines

BDRC Ba}sal Capa-st!‘mulated Capa&Kinir.\-stimulated
number secretlor) rate secretlor] rate secretlor.l rate
(nl/min) (nl/min) (nl/min)
28278 0.39623 0.92707 1.71497
29652 0.39872 0.78920 1.56715
25200 0.46265 0.83483 1.96852
25179 0.47368 0.66533 1.31519
28212 0.53862 0.62094 1.15573
55020 0.54123 1.34339 2.54753
28257 0.56380 1.07495 1.84565
28157 0.60210 1.19965 2.01705
25201 0.61124 0.93663 1.41560
28260 0.62187 1.01158 2.10812
28139 0.62284 0.99026 1.63880
29654 0.63042 0.74426 1.09204
28262 0.63985 1.11134 1.75092
28224 0.64152 1.00550 1.40320
28276 0.66191 1.15569 1.81229
25190 0.66472 1.43355 1.84494
28182 0.69081 1.25069 2.13551
37525 0.71484 0.73348 1.72004
28162 0.71768 1.15864 2.52928
25210 0.73267 1.07964 1.77789
28242 0.73291 1.34612 2.02653
25744 0.74372 1.14048 1.97005
28184 0.74999 1.04636 1.40683
28255 0.77074 1.24003 2.82741
28233 0.77586 0.85748 1.44511




28122
28227
28200
29655
28232
25198
28265
28264
28220
28249
28245
28206
28168
25189
83729
28208
28123
28185
55021
25745
28191
25204
28130
25176
28183
28188
28144
28137
55030
55015
55019
28207
28246
25207
25184
25203
55022
28153

0.77650
0.78081
0.78139
0.78486
0.80379
0.80856
0.82278
0.83301
0.83793
0.84072
0.84331
0.84439
0.85646
0.86787
0.86806
0.88637
0.91632
0.91667
0.91670
0.91758
0.92220
0.92936
0.94004
0.94198
0.94441
0.94523
0.95328
0.95349
0.95371
0.96025
0.96091
0.96512
0.98008
0.98129
1.00634
1.00726
1.01341
1.01521
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.34678
.13596
.15865
.48501
.05619
.39639
.32474
46943
.45093
.34776
42323
.03864
.32288
.11667
.31801
.01142
.32091
.38768
.39912
.26729
.33318
.15688
.76958
.31479
.61913
.43249
48177
.69020
.40233
49157
.91427
.34489
47228
.52401
.72489
.90636
.23045
.56292

2.25946
1.55003
2.08133
1.83105
1.96847
2.68311
1.75058
2.22787
2.10035
1.91824
1.62656
2.52231
3.38068
1.51168
1.67148
1.19385
1.30646
2.93814
2.08771
1.85493
2.10696
1.95429
1.84136
3.12886
2.13039
1.69130
1.98649
2.82086
2.26070
1.57732
2.67026
1.75182
3.95574
1.88657
2.58504
2.32864
1.55364
2.31512
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28167
28240
28248
25192
28223
55016
55028
28263
28258
55025
28176
25193
28244
28219
28213
28152
28143
25209
28164
28151
25180
29657
55031
28234
25199
28211
25205
28275
28161
28256
25206
28124
28215
25186
28131
28198
28253
55032
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.03415
.04113
.04147
.04269
.04401
.04457
.04626
.05167
.05799
.05929
.06212
.06757
.06904
.07116
.07160
.07270
.07783
.07839
.08145
.09419
.09590
.10424
.10646
.10748
.10782
.10917
11137
.12390
.12949
.12994
.13188
.13549
.14410
.14720
.14809
.14952
.15651
16171

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

.80110
43499
.61271
.63144
91141
.92733
.85989
94114
.56772
.23999
.57070
.51212
42627
.54022
37744
.90899
.54085
.44874
.73870
.36116
42326
37741
.62392
43109
.49186
.73260
42717
.81855
.89324
.51154
.67267

2.15213

1
1
1
1

.87937
.92798
.39602
.81801

2.22182

1

.79664

2.83284
2.53077
2.47771
2.78375
2.42228
2.79624
3.44416
2.68165
2.64349
1.30504
1.94767
1.83101
2.20956
2.24312
1.53446
2.27844
1.98257
2.08982
2.28561
1.77105
2.14846
2.13390
2.24279
1.75161
1.99783
2.58640
1.70068
2.34389
3.32484
1.58063
2.67553
2.11597
2.57218
2.38676
1.5339%4
1.84842
3.01843
2.98143
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28127
28192
28173
28179
28189
28261
28194
28128
55024
29653
28132
25182
28149
28148
28138
28166
28251
28235
25177
25185
28243
28218
28238
25188
28236
28226
28204
28126
28229
28199
28274
28125
25181
28150
28140
28197
28134
83728
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17241
.18696
.18746
.18784
.19130
.19310
.19478
.19596
.20422
.22577
.22599
.23561
.23952
.24068
.24511
.25321
.25815
.27500
.27780
.29282
.31668
.31984
.32535
.32952
.33546
.34447
.34563
.34813
.34894
.35494
.36124
.37275
.37864
.38215
.39019
.39699
.40128
.40554

1.54986
2.09697
1.73403
1.05132
2.16976
2.04255
2.17070
1.29732
1.82303
1.85021
1.66121
1.48354
2.46071
1.90323
1.67326
1.55663
1.65052
1.49180
1.84283
2.07438
1.94135
2.15578
2.38109
1.61111
2.00463
2.82348
2.06042
1.96658
1.42244
2.19294
2.07069
1.88086
2.74766
2.09535
1.50014
1.95880
1.71979
2.04569

1.70593
2.47292
2.98823
1.32911
3.25820
2.99877
2.93270
1.70839
2.73972
2.95840
2.16757
1.81512
3.18613
3.02725
1.94367
2.01552
2.66485
1.88361
2.54811
3.24773
2.23084
3.16964
3.01481
2.37218
2.43726
3.48722
2.49719
2.27667
1.38647
2.97046
3.39173
2.02469
3.60732
2.64142
1.47676
2.31636
2.20090
2.57750
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28205
25195
28252
28165
55018
28196
25194
28178
25197
55026
28145
28172
28141
28239
28247
55014
25187
28136
55038
28190
28142
25202
28171
25183
28254
28135
25174
28154
55027
25191
28146
55023
25175
25445
28186
28180
28129
28241

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

.40585
41724
.43407
.45389
45766
46304
.46440
.46446
46797
.48004
.50436
.51244
.52486
.56241
.57157
57778
.59110
.60024
.61474
.64908
.65917
.68677
.69611
.69985
.71086
.72229
.76084
.77596
J7771
.85049
.87330
.88110
.88688
.88795
.89889
.94058
.94303

2.01815

1.55348
1.89055
2.02273
2.25514
1.86398
2.30194
1.52458
2.45432
2.40672
2.52971
2.99279
1.76434
1.68544
2.40433
2.09685
2.16884
2.03509
2.10875
2.07045
2.10154
2.38358
2.02540
2.43823
2.33221
2.17905
2.06885
2.22548
2.42162
2.13895
2.84358
2.52850
2.34249
2.44447
2.44267
2.70134
2.36449
2.00256
2.30838

1.92815
2.52606
4.56210
2.62713
2.75893
3.05433
1.62403
3.37475
3.63504
3.25165
3.09363
1.91024
1.85082
3.18452
2.22600
2.53607
2.57540
2.64826
2.49824
2.26676
2.62677
2.78480
3.05336
2.25386
2.49984
2.09421
2.17191
3.19533
3.04546
4.47152
2.70795
2.89774
3.01045
3.17998
3.46940
2.56956
1.94846
2.00410
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28203
28202
55017
28230
29656
25208

2.06236
2.14034
2.21575
2.24209
2.43777
2.85299

3.08006
3.12384
3.08265
2.85601
2.87913
3.22411
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3.44190
3.36948
3.64095
3.32816
3.16991
3.26859

Appendix 5 Top polymorphisms of analysis of stone area

Chr SN Uil alete  frequency P Yol
X X_3542388_SNP A T 0.027 4.6812E-06
X X_5001451_DEL A CAAAAT 0.079 9.77547E-06
X X_5370595_SNP A G 0.022 5.15425E-06
X X_5383133_SNP T C 0.022 1.66715E-06
X X_17703972_SNP G A 0.033 9.89372E-06
X X_20428796_INS CcC C 0.023 9.16323E-07
2L 21_285219_SNP A G 0.027 2.96022E-06
2L 21_1120269_SNP T A 0.032 5.2667E-06
2L 21._1249360_SNP G A 0.022 8.03724E-06
2L 21._1486779_SNP T G 0.039 1.2503E-06
2L 2L._1950507_SNP T G 0.347 5.73572E-06
2L 21._1982408_SNP C T 0.225 3.33527E-06
2L 21._1982416_SNP A C 0.197 5.5099E-06
2L 21._1982443_SNP T C 0.223 3.30143E-06
2L 21._1982569_SNP C T 0.2 5.72173E-06
2L 21._1982815_SNP A C 0.242 3.10787E-06
2L 21_2426283_SNP A C 0.038 6.52344E-06
2L 21._5396722_SNP T C 0.077 6.18927E-06
2L 2L_11509271_DEL C CTGTCC 0.091 6.31497E-06
2L 2L_15058974_SNP C T 0.253 5.77477E-06
2L 2L_20529315_SNP T C 0.253 1.32183E-06
2R 2R_800914_SNP T C 0.023 9.76187E-07
2R 2R_1142218_INS AA A 0.023 3.7E-06
2R 2R_5252821_SNP C T 0.229 7.26896E-06
2R 2R_5637813_SNP G C 0.022 5.68177E-06
2R 2R_6439647_SNP T G 0.284 2.39705E-06
2R 2R_16501261_SNP T A 0.086 5.07464E-06




2R
2R
2R
2R
2R
3L
3L
3L
3L
3L
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3L
3L
3L
3L
3L
3L

3L

3L
3L
3L
3L
3L
3L
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3L
3R
3R
3R
3R
3R
3R
3R
3R
3R
3R

2R_18287816_SNP
2R_19193174_DEL
2R_19193199_SNP
2R_19350041_SNP
2R_19350346_SNP
3L_1680036_DEL
3L_1680045_SNP
3L_1787565_SNP
3L_2921152_SNP
3L_2957059_SNP
3L_2998114_SNP
3L_5520198_SNP
3L_7033608_INS
3L_7369366_SNP
3L_7383180_SNP
3L_15220891_SNP
3L_15220917_SNP
3L_15224069_DEL

3L_15224108_DEL

3L_15225021_SNP
3L_15505476_SNP
3L_15505541_SNP
3L_15506131_SNP
3L_15507465_SNP
3L_15526152_SNP
3L_19185369_SNP
3L_21922396_SNP
3R_7880447_SNP
3R_7891686_SNP
3R_7894461_DEL
3R_8977317_SNP
3R_9002714_SNP
3R_9003314_SNP
3R_9004897_SNP
3R_12016019_SNP
3R_12704988_SNP
3R_12705003_SNP
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0.354
0.39
0.407
0.033
0.032
0.032
0.032
0.022
0.238
0.351
0.098
0.038
0.029
0.022
0.022
0.088
0.083
0.055

0.101

0.044
0.033
0.033
0.038
0.033
0.029
0.19
0.046
0.04
0.056
0.049
0.061
0.071
0.071
0.073
0.432
0.165
0.161

188

6.21888E-06
2.96642E-06
8.27508E-06
1.70596E-06
2.20746E-06
7.74366E-06
7.74366E-06
9.1422E-06
9.73869E-06
6.07826E-06
2.90801E-07
9.93903E-06
7.83841E-06
6.55657E-06
7.08718E-06
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4.38025E-07
3.62768E-06
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7.72593E-06
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2.8028E-06
5.14531E-06
3.1594E-06
5.4661E-06

Appendix 6 Top polymorphisms of analysis of basal

secretion rate

Chr  sNPD Alele aliole frequency P Yalue
X X_2948798_SNP G C 0.022 6.68158E-06
X X_4850767_SNP T A 0.105 4.40828E-06
X X_4851226_INS ACATA A 0.105 3.69776E-06
X X_4851239_SNP C T 0.094 9.83195E-06
X X_6550831_SNP T G 0.028 1.62256E-06
X X_6576223_SNP G T 0.033 2.14255E-07
X X_8107539_DEL A AGAAA 0.033 1.13937E-06
X X_8107551_SNP A G 0.039 9.55258E-07
X X_8107612_SNP G T 0.034 7.60786E-07
X X_8109749_SNP A G 0.055 1.85195E-06
X X_8149631_SNP C G 0.108 7.87853E-06
X X_8328135_SNP C G 0.101 4.6514E-06
X X_8349363_SNP G A 0.475 6.56218E-06
X X_10899677_SNP C A 0.056 3.33699E-07
X X_12524917_SNP G A 0.027 8.62376E-08
X X_12527726_SNP T A 0.022 5.42279E-06
X X_13499163_INS 11T T 0.023 8.70141E-06
X X_15032128_SNP A G 0.265 9.31469E-06
X X_15896884_SNP T C 0.027 6.3929E-06
X X_17584929_SNP A C 0.024 4.78155E-06
X X_20472216_DEL G GAT 0.083 7.20456E-06
X X_20472221_SNP A T 0.073 1.31216E-06
X X_20472222_SNP C A 0.083 7.20456E-06
2L 21_616482_SNP G A 0.022 2.68039E-06
2L 21._2965218_SNP G A 0.056 8.56623E-06
2L 2L_3146240_SNP T C 0.022 3.58991E-06
2L 21_3859676_SNP A G 0.129 2.86908E-06
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2L_17347799_SNP
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2L_17347803_SNP
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2L_17514645_SNP
2R_766549_SNP
2R_774276_SNP
2R_776690_SNP
2R_782125_SNP
2R_5085232_SNP
2R_5088270_SNP
2R_5088554_SNP
2R_5089146_SNP
2R_5089160_SNP
2R_5093478_SNP
2R_5100141_SNP
2R_5403701_SNP
2R_7324767_SNP
2R_7917626_SNP
2R_7921599_SNP
2R_7931734_SNP
2R_7931820_SNP
2R_7931890_SNP
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9.15395E-07
8.63861E-06
1.50302E-06
4.39868E-06
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3.45345E-06
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9.7445E-06

Appendix 7 Top polymorphisms of analysis of Capa-

stimulated secretion index

Chr SN Qe sl rrequemcy PV

X X_4312185_SNP T G 0.098 9.60099E-06
2L 2L_1740379_INS T TTAAAAGAACC 0.261 7.89012E-06
2L 21_2261604_SNP G C 0.227 5.65855E-06
2L 21._4444858_SNP G T 0.022 9.16203E-06
2L 21._4445058_SNP T A 0.022 9.16203E-06
2L 21._5400514_SNP T A 0.022 1.97209E-07
2L 21._5400521_SNP T A 0.033 5.15208E-07
2L 21._8330668_SNP T C 0.089 6.52345E-06
2L 21._8331425_SNP T C 0.028 2.54873E-06
2L 2L_14205250_SNP A G 0.353 7.10769E-07
2L 2L_17744842_SNP A G 0.028 6.2422E-06
2L 2L_21999454_SNP A C 0.022 9.36694E-06
2L 2L_21999456_SNP A T 0.022 9.88299E-06
2L 2L_22044897_SNP T C 0.034 8.74912E-06
2R 2R_2442778_SNP T A 0.096 7.4068E-06
2R 2R_3915909_DEL A ACTCACTCA 0.036 7.78404E-06
2R 2R_5099937_SNP T C 0.133 7.41491E-06
2R 2R_6398725_SNP T A 0.028 1.25913E-06
2R 2R_8909813_SNP C G 0.088 1.82924E-06
2R 2R_9533588_SNP A C 0.177 8.06321E-06
2R 2R_14459725_SNP C T 0.033 9.87511E-06
2R 2R_14578826_SNP A G 0.027 5.87537E-07
2R 2R_14578891_SNP T G 0.033 3.64782E-06
2R 2R_14579055_SNP A C 0.033 2.72587E-06
2R 2R_14579532_SNP A T 0.079 6.54423E-06
2R 2R_16793754_SNP A T 0.05 5.7616E-06
2R 2R_16795068_SNP T C 0.028 8.29127E-09
2R 2R_17728162_DEL G GT 0.06 6.41848E-06
2R 2R_17764891_DEL T TTACAATAGT 0.121 2.22701E-06
2R 2R_18787991_SNP A G 0.044 1.03423E-07
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4.97136E-07
3.99332E-06
9.461E-07
1.58054E-06
7.13535E-06
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3.51456E-07
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2.30214E-06
9.13292E-07
2.52208E-06
8.5239E-06
1.67435E-06
1.66608E-06
1.18343E-06
2.96923E-07

Appendix 8 Top polymorphisms of analysis of Kinin-

stimulated secretion index

Minor Major Allele
Chr SNP D allele allele frequency p value
X X_3927111_DEL A AGAAAGC 0.027 5.42048E-08
X X_6865782_SNP A G 0.087 7.83459E-06
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2R_16948394_SNP
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2R_17847696_SNP
2R_18374297_SNP
2R_18387757_SNP
2R_18387759_SNP
2R_18944295_SNP
2R_19552534_SNP
2R_19680510_SNP
2R_20083212_SNP
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2R_20152648_SNP
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2.62126E-06
5.33108E-06
1.0836E-08
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5.7671E-06
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8.39763E-06
6.55332E-07
5.90945E-07
6.34349E-07
1.46848E-06
2.47342E-06
9.70767E-06
9.83609E-06
5.14777E-06
9.00542E-06
5.6711E-06
7.0156E-06
1.41625E-06
1.38887E-06
1.38887E-06
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3R_4722057_SNP
3R_5818976_SNP
3R_5819202_SNP
3R_5819596_SNP
3R_9497562_SNP
3R_9869997_SNP
3R_9944597_SNP
3R_10353498_SNP
3R_10353890_SNP
3R_10366690_SNP
3R_10580216_SNP
3R_10584029_SNP

3R_10587405_INS

3R_10587406_DEL

3R_10589593_SNP
3R_10592229_SNP
3R_10824792_SNP
3R_11622639_SNP
3R_12501411_SNP
3R_13197346_SNP
3R_13255194_SNP
3R_13256111_SNP
3R_13291264_SNP
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0.023
0.023
0.034
0.022
0.08
0.094
0.105
0.244
0.068
0.167
0.491
0.052
0.029
0.027
0.028
0.022
0.062
0.022

0.028

0.028

0.079
0.039
0.044
0.04
0.04
0.091
0.078
0.072
0.062
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1.62103E-06
4.20426E-07
1.31728E-06
1.5026E-06
8.38358E-08

6.69039E-07

3.79765E-06
3.94771E-06
4.27664E-06
9.73656E-06
5.80668E-06
3.29498E-06
2.235E-06
4.1061E-06
2.34911E-06
5.56356E-06
7.42623E-07
9.33934E-07
8.92921E-07
2.90873E-06
1.25237E-08
8.31733E-09
2.01514E-06
8.21626E-06
2.69915E-07

9.68704E-07

7.807E-07

5.71977E-06
4.06761E-07
9.66124E-07
2.18129E-09
1.51903E-07
7.85518E-06
3.7837E-07
2.20731E-07
6.84051E-06
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3R 3R_13326339_SNP A G 0.079 2.72459E-06
3R 3R_15468785_DEL A AT 0.027 2.13623E-06
3R 3R_17298320_SNP G A 0.029 5.41231E-06
3R 3R_21489997_SNP G T 0.022 2.25108E-06
3R 3R_21494507_SNP A C 0.022 2.35831E-06
3R 3R_24192062_SNP C A 0.056 3.31747E-06
3R 3R_24639356_SNP A G 0.257 5.16282E-06
3R 3R_24639452_SNP T C 0.292 5.22236E-06
3R 3R_24722478_SNP A G 0.029 4.04441E-06
3R 3R_25908175_SNP A T 0.182 3.41295E-06
3R 3R_26174730_SNP A C 0.084 5.9538E-06
3R 3R_26991864_SNP C T 0.044 4.04851E-06

Appendix 9 RNAI lines and corresponding isogenic

control lines

Gene Stock Gal4 driver line Ta.rgeted Control line
symbol number tissues
CG7289  BDSC#60460 da-Gal4 Whole fly  BDSC#36304
Dlg5 BDSC#61334 ctB-Gal4 MTs BDSC#36304
Shab BDSC#55682 ctB-Gal4 MTs BDSC#36303
MsrA BDSC#42877 ctB-Gal4 MTs BDSC#36304
ATPSB  BDSC#63037 ctB-Gal4 MTs BDSC#36304
timeout  BDSC#36863 ctB-Gal4 MTs BDSC#36303
f22 VDRC#108998 24'6212’1"  Capar: MTs VDRC#60100
SPR VDRC#106804 ctB-Gal4 MTs VDRC#60100
sdt BDSC#37510 <7 24'6‘(’3‘;; 4capaR' MTs BDSC#36304
RunxA  BDSC#33353 da-Gal4 Whole fly  BDSC#36303
Pde1c BDSC#55925 724-Gal4 MTs BDSC#36304
Ncc69 BDSC#28682 724-Gal4 MTs BDSC#36303
sowah BDSC#65930 ctB-Gal4 MTs BDSC#36303
RhoGAP71E  BDSC#32417 ctB-Gal4 MTs BDSC#36303
Baldspot BDSC#44101 ctB-Gal4 MTs BDSC#36304
Gaf BDSC#43201 < 24'62’;; Pt MTs BDSC#36304
GIUt4EF  BDSCH#57461 <7 24'6212’[" 4C"paR' MTs BDSC#36304
CG8027  VDRC#109400 da-Gal4 Whole fly  VDRC#60100
CG7656  VDRC#100791 C€/24-Gal4; CapaR- MTs VDRC#60100

Gal4




Indy
jvl
bi

Pdp1

Sik3
smp-30
CG32206
Eip74EF
Ent3
fs(1)h
Pdeé6

Pde8
pip

VDRC#9981

BDSC#67897
BDSC#28341
BDSC#40863

BDSC#57302

VDRC#103377

BDSC#66946
BDSC#29353
VDRC#47537
BDSC#41693
BDSC#25828

BDSC#51892
BDSC#34613

CapaR-Gal4
c724-Gal4; CapaR-
Gal4
ctB-Gal4
c724-Gal4; CapaR-
Gal4
c724-Gal4; CapaR-
Gal4
ctB-Gal4
da-Gal4
ctB-Gal4
ctB-Gal4
ctB-Gal4; Gal80™
ctB-Gal4
c724-Gal4; CapaR-
Gal4
da-Gal4

MTs
MTs
MTs
MTs

MTs

MTs
Whole fly
MTs
MTs
MTs
MTs

MTs
Whole fly

202

W1118

BDSC#36304
BDSC#36303
BDSC#36304

BDSC#36304

VDRC#60100
BDSC#36304
BDSC#36303
w118
BDSC#36304
BDSC#36303

BDSC#36304
BDSC#36303
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