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Abstract: Renal cell carcinoma (RCC) and autosomal dominant polycystic kidney disease (ADPKD)
share several characteristics, including neoplastic cell growth, kidney cysts, and limited therapeutics.
As well, both exhibit impaired vasculature and compensatory VEGF activation of angiogenesis. The
PI3K/AKT/mTOR and Ras/Raf/ERK pathways play important roles in regulating cystic and tumor
cell proliferation and growth. Both RCC and ADPKD result in hypoxia, where HIF-« signaling is
activated in response to oxygen deprivation. Primary cilia and altered cell metabolism may play
a role in disease progression. Non-coding RNAs may regulate RCC carcinogenesis and ADPKD
through their varied effects. Drosophila exhibits remarkable conservation of the pathways involved
in RCC and ADPKD. Here, we review the progress towards understanding disease mechanisms,
partially overlapping cellular and molecular dysfunctions in RCC and ADPKD and reflect on the
potential for the agile Drosophila genetic model to accelerate discovery science, address unresolved
mechanistic aspects of these diseases, and perform rapid pharmacological screens.

Keywords: renal cell carcinoma; polycystic kidney disease; Drosophila; disease model; neoplasia;
neovascularization; cilia; oxygen; pharmacology

1. Introduction

Abnormal neoplastic growth underlies benign and malignant neoplasms or tumors.
While benign tumors may grow slowly and do not spread to other sites, malignant cancer-
ous growth displays variable propensity to form metastases to other tissues. Neoplastic
cells are characterized by variably altered cellular and energy metabolism, high mutation
rates, and genomic instability (reviewed in [1]). In typically benign cysts, neoplastic growth
creates a sac filled with liquid. Cystic growth may precede carcinogenesis, and several can-
cers can form cysts, albeit the relationship between cysts and cancer and possible causality
remain unresolved. Among renal neoplasias, renal cell carcinoma (RCC) and autosomal
dominant polycystic kidney disease (ADPKD) affect the renal tubules, share several charac-
teristics, and appear both distinct and interrelated. Our knowledge of the precise molecular
mechanisms of both RCC and ADPKD is incomplete, which limits progress toward effective
therapeutics. Thus, genetic models of neoplastic growth in RCC and ADPKD are expected
to help advance our understanding of the underlying molecular lesions and their possible
cooperation in disease etiology. Here, we examine the current knowledge of RCC and
ADPKD, with particular interest in the molecular lesions underpinning the abnormal cell
growth and discuss the potential to use the genetic tools in Drosophila to address unresolved
mechanistic aspects and to accelerate drug discovery and testing.

The most common form of kidney cancer found in adults, largely sporadic RCC affects
1 to 15:100,000 people depending on the geographical location, with the highest rates in
the Czech Republic and North America [2,3]. RCC accounts for 90% of all adult kidney
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malignant tumors and 10% of all cancers [4-6]. It is also twice more frequent in men than
women [7]. RCC is the 13th most common cause of cancer mortality worldwide [8], and it
consists of a group of related malignancies sharing similar histology, common anatomical
origin in the nephron, diverse molecular signatures, and therapeutic outcomes ([9,10],
reviewed in [11]). RCC presents three major subtypes: clear cell RCC (ccRCC), papillary
RCC (pRCC) and chromophobe RCC (chRCC), as well as less frequent subtypes [12] that
have been linked to several genetic mutations (Table 1) ([13,14]. RCC subtypes have been
reviewed recently [15]. This review will focus on ccRCC. Tumors in ccRCC are commonly
classified using the Fuhrman nuclear grade that consists of diagnostic traits to identify
cancer progression from early G1 stage with barely abnormal-looking cells to advanced G4
cancers with numerous often grotesque cellular abnormalities (Table 2). Thirty-five percent
of RCC patients develop bone metastases, especially in the ribs, pelvis, and/or spine [16],
which are important prognostic determinants. RCC has a 40% fatality rate [17-19].

Table 1. Renal cell carcinoma (RCC) subtypes and presentation.

RCC Subtypes Prevalence Description Gene Mutations References
70-90% of all RCC VHL, PBRM1, SETD2,
. BAP1, MTOR, TCEBI,
Clear cell RCC 1-3% of all malignant Tumor cells with clear cytoplasm PIK3CA, KDM5C. TP53, [5]
visceral neoplasms PTEN
. Papillae lined with one layer of tumor
Pap}l{lary 1R cC 10-15% cells with low grade nuclei and MET [5,20,21]
ype partially clear cytoplasm
. Abundant eosinophilic cytoplasm and
Papillary RCC o . R . CDKN2A, SETD2,
Type 2 10-15% large pseudostratified ce.lls with high NRE2, FH [20-22]
grade nuclei
Large cells, polygonal reticulated
Chromophobe 5-7% cytoplasm, distinct cell borders, TP53, PTEN, TSC1 [21,23-25]
atypical nuclei with perinuclear halo.
Contain fine eosinophilic granules.
Multilocular Multiseptated cystic space, cysts lined GGy Fy, FGER3,
Cystic RCC 1-5% y cuborda’ ciear cells or Hattene SETD2, BCR, KMT2C, [26,27]
. . epithelium with septa and clear
(Cystic-solid) TSC2
cytoplasm
Bellini Duct Less.than 1 /o. of all Mahgnz.mt tumor contam.mg . CDKN2A deletion, SLC
. malignant kidney metanephric, stromal and epithelial [28]
Carcinoma o gene altered
tumors derivatives
Von Hippel Visceral cysts in kidney, pancreas, VHL, MYC as potential
. 3 1% of RCC - . target of 8q [29]
Lindau disease epididymis e
amplification.
WT1, CTNNB1, AMERI1
Wilm’s tumors 5-6% of kidney cancer Triphasic. Composed of epithelial, Predisposition genes [30,31]

(nephroblastoma) in children

blastemal, and stromal elements

identified including
TRIM28, FBXW]J,
NYNRIN, KDM3B
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Table 2. Fuhrman nuclear grade classification for RCC tumors.

Tumor Grade Morphology Prevalence

Description

ot Very rare
©2 40%
= W] ke \BW S N - :
N A AL BB
“ﬁb "Visible nucleolus at low power magnification !% )ﬁ
3 : 5 e " ' s"“ y‘
St "4; Y I,i’ﬁ:" 54
“ «”?‘b;a. ' . \}H
3 30-40%
ot 15%

Round or uniform nuclei with
barely visible nucleoli

Somewhat irregular nuclear
contours with nucleoli visible
only at 400 x

Moderate to prominent
irregular nuclear contours
with nucleoli visible at 100 x

Multilobular and grotesque
nuclei with large and
prominent nucleoli

Images reprinted with permission from Gladell P. Paner (American Urology Association). Text has been redrawn. References: [32,33].
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ADPKD is hereditary and affects 1:500 to 1:800 people worldwide regardless of ethnic-
ity (reviewed in [34]). ADPKD causes the formation of fluid-filled cysts in the nephron [34].
Already visible at birth, ADPKD-type cysts enlarge over time as new cysts begin to form,
progressively distorting and compressing the surrounding parenchyma and causing fibro-
sis and end-stage renal disease in about half of the patients [34]. The precise molecular
underpinning of ADPKD is largely unresolved. However, multiple cellular and physiolog-
ical functions including cell proliferation and apoptosis are known to be disrupted, and
cystic growth presents some neoplastic characters. In addition to contributing to cystic
growth, ADPKD upsets polarization of the tubular epithelium. Increased fluid secretion
in early disease stage triggers compensatory vasopressin release and systemic responses
affecting the cardiovascular system (reviewed in [35]). Moreover, ADPKD patients suffer
from several extra-renal manifestations (reviewed in [34]). Over 90% of ADPKD cases
have been linked to mutations in either the PKD1 or PKD2 genes, with the former being
defective in ~85% of the cases, the latter in 10-12% of the patients, and the remaining 3-5%
being due to other mutations [34]. The PKD1 and PKD2 cognate proteins, called polycystin
1 (PC1) and polycystin 2 (PC2), are widely distributed in the cell. Part of the cellular PC1
and PC2 pools form complexes with one another [36]. The wide cellular distribution of
the PC1-PC2 complexes and their multifaceted involvement in organellar function e.g.,
non-motile cilia, yield functional complexity the detail of which is challenging to discern
experimentally [37].

RCC is often associated with cysts. Cysts are found in the infrequent cystic RCC
and the prevalent ccRCC and pRCC (Table 1) [38—40]. Cysts may prelude RCC [40,41],
however, important aspects such as causality and the extent of cyst heterogeneity remain
to be determined.

2. Neoplastic Character and Vasculature

Although no direct link has been specified between ADPKD and predisposition to
develop RCC, J. Grantham has inferred that the late stage of kidney disease (also known
as acquired cystic kidney disease, ACKD) could be seen as “neoplasia in disguise”, due
to abnormally growing epithelial cells at the side wall region that resemble multifocal
neoplasia [42,43]. Note, unlike having multiple tumors, multifocal neoplasia has been
described as originating from a unique cell clone, which then grows multifocally in a
single organ [44]. ACKD commonly precedes multifocal renal adenoma and frank ade-
nocarcinoma [42]. Among neoplasias, cysts are defined as abnormal membranous sacs or
cavities containing fluid, adenomas as benign tumors derived from glandular structures in
epithelial tissue, and tumors as benign or malignant swellings caused by abnormal tissue
growth. Differentiating between cysts, adenomas, and tumors may be complicated by
the presence of partially overlapping morphologic and molecular features yet is expected
to empower prognosis. Morphologically, cysts and adenomas similarly display enlarged
epithelial walls, where the adjacent parenchyma is compressed and collapses [43]. How-
ever, ADPKD cysts are filled with fluid from glomerular filtrate, whereas adenomas are
packed with cells [43]. Suggesting commonalities, ccRCC may begin as ADPKD-like cysts
in the nephron, which transform into cystadenomas, and eventually lead to malignant and
invasive tumors (Figure 1) [45,46].

Molecularly, ADPKD cysts and ccRCC share similarities. Conditional deletion of the
Vhl and Pbrm1 genes (also implicated in ccRCC) in the cells of the murine renal epithelium
may cause preneoplastic PKD and eventually ccRCC, albeit the single mutations do not [45].
A widely utilized murine model of RCC, VhI¥/FPbrm1¥/FKsp-Cre mice were generated by
Cre/lox recombination in the Ksp-Cre line, that harbors the Ksp-cadherin kidney-specific
promoter [45,47]. The VAIF/F Pbrm1¥/FKsp-Cre mice tend to develop multifocal, clear cell
kidney cancer with a 50% tumor incidence after ten months of age [45]. Moreover, such
mice showed characteristics similar to VHL patients, i.e., a significantly higher mortality
rate, elevated serum creatinine and occurrence of preneoplastic PKD-type cysts in both
tubules and glomeruli by six months of age [38,45,48].
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Figure 1. RCC progression. In many cases, clear cell renal cell carcinoma (ccRCC) begins as PKD-like cysts in the renal

tubules that progress into cystadenomas, and malignant and invasive tumors. Adapted from [46].

Vasculature appears abnormal in ADPKD, autosomal recessive (AR)PKD (reviewed
in [49]), and cancer [50-52]. The peritubular reticular capillaries of the renal cortex regulate
fluid balance through reabsorption of the glomerular filtrate. In ADPKD, the renal blood
vessels are remodeled, which is thought to contribute to disease progression [49,53]. In both
ADPKD patients and the Pkd1"/"! mice, the peritubular capillaries become spiral-shaped,
convoluted, and dilated [54-56]. Compared to wild type, the Pkd1™/" mice also have fewer
vessel segments and branches [57]. The lymphatic capillaries that normally clear the inter-
stitial fluid from around the organs are also remodeled, exhibit several malformations and
decreased branching [58]. Compromised lymphatic function causes blood accumulation in
the lymph sacs and contributes to early lethality of the Pkd1~/~, Pkd1"/"!, Pkd1R“/RC, and
Pkd2~/~ mice [49,57,59,60]. Reminiscent of tumor growth, cyst expansion also requires a
shift in the vasculature to provide metabolites to support angiogenesis, through a tempo-
rary repair mechanism generating new vessels from existing vasculature to supply blood
to the repaired tissue [61]. A primary growth factor promoting angiogenesis is vascular
endothelial growth factor (VEGF)-A, which binds to receptor VEGFR-2 to promote blood
endothelial cell proliferation, differentiation, migration, and survival [62]. Expressed in
cortical tubules and large cysts, VEGF-A could promote cyst expansion through increased
angiogenesis [49,63]. In lymphatic endothelial cells, activation of another growth factor,
VEGEF-C, and its receptor VEGFR-3, also promotes cell proliferation, differentiation, migra-
tion, and survival [60], but the specifics are not fully understood [49]. Current knowledge
suggests that VEGF-C activation may ameliorate PKD by increasing lymphatic vessels,
leading to the clearance of excess fluids and inflammatory cells from the renal interstitial
space [56].

VEGEF drives sustained angiogenesis in cancer, yielding abnormal, overly permeable,
and disorganized blood vessels [50-52]. In particular, ccRCC exhibits complex neovas-
cularization in which VEGF upregulation drives abnormal increase of capsular vascular
supply with outflow through the ovarian or testicular veins [64,65]. Despite such increased
supply, blood perfusion in the tumor itself appears less than in normal renal tissues [65,60],
possibly because ccRCC typically builds a network of small sinusoidal blood vessels [67].
Understanding how the complex vasculature and lymphatic system function and remodel
is expected to yield novel biomarkers and therapeutic targets for ccRCC [67] and, possibly,
for ADPKD.
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3. Molecular Pathways and Genes Implicated in RCC

Indicative of genetic instability, RCC tissues display numerous chromosomal aberra-
tions, especially in advanced stages [68-77]. Loss of the short arm of chromosome 3 during
early life removes one copy of the von Hippel-Lindau (VHL) gene, which is considered the
“first hit” predisposing to ccRCC [11]. The VHL gene encodes a protein that normally
interacts with proteins Elongin B and C, Cul2, and Rbx1 to form a ubiquitin E3 ligase com-
plex [78]. Under normoxia, hypoxia-inducible-factor-(HIF)-o gets hydroxylated by prolyl
hydroxylase domain (PHD) proteins, which increases its affinity for VHL (Figure 2) [79].
Two HIF isoforms, HIF-1« and HIF-2«, are found respectively in tubular epithelial cells
and the glomerular and peritubular cells, where erythropoietin (EPO) is produced [79,80].
Normally, the VHL-containing ubiquitin E3 ligase complex targets HIF-1x for proteasomal
degradation (Figure 2) [79,81]. During hypoxic stress, HIF-1oc and HIF-2¢ are stabilized
and translocated to the nucleus to form a heterodimer with a stable and constitutively ex-
pressed HIF-1(3 subunit [79]. Transcriptional coactivators including p300/CBP, along with
the HIF heterodimers, bind to hypoxia response elements (HREs) to induce transcription
of hypoxia target genes (e.g., VEGEF, glucose-transporter (GLUT1), EPO) and initiate the cell
response to oxygen deprivation (Figure 2) [79,82]. Also involved in the hypoxic response
and promoting vascularization in neighboring endothelial cells, the epidermal growth factor
receptor (EGFR) and platelet-derived growth factor (PDGF) genes do not contain HREs and
appear subject to different regulatory cues [82,83]. Together, these factors are thought to
support energy metabolism during carcinogenesis.

RCC and ADPKD - mmmm ADPKD only
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Figure 2. Signal transduction in RCC and autosomal dominant polycystic kidney disease (ADPKD)
progression. See text for details. Adapted from [84,85].
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A “second hit” that eventually leads to tumorigenesis is caused by somatic mutations
or epigenetic modifications inactivating the second copy of VHL [86,87]. Frequently, ad-
ditional mutations are found in ccRCC, often in distinct clones of cells within the same
tumor (Table 1) ([88,89], reviewed in [11]). These hits include genes Polybromo-1 (PBRM1),
BRCA1-associated protein 1 (BAP1), SET domain-containing 2 (SETD2), Lysine demethylase
(KDM5C), mTOR, phosphatase and tensin homolog (PTEN), PI3K catalytic subunit (PIK3CA),
tumor protein P53 (TP53), and Elongation Factor B (TCEBI) [11,90-93].

Murine ccRCC models and human ccRCC cancers feature mTOR activation and
cellular overgrowth after loss of VHL and PBRM1 gene function (Figure 2) [45]. However,
the mouse and human genomes, normally largely syntenic, display different arrangement
of the homologous RCC genes [11]. Therefore, mice models cannot faithfully reproduce the
genomic rearrangements leading to human ccRCC. Other contributors to the development
of ccRCC include key signal transduction pathway PI3K/Akt/mTOR, HIF-1c, HIF-2¢,
VEGE, EGEFR, carbonic anhydrase-IX (CA-IX), GLUT transporters, transforming growth
factor-(TGF)-«, TGF-3, and Notch [94,95]. Furthermore, the VHL /HIF and PI3K/AKT
pathways have shown to cross-talk in an extensive signaling network contributing to ccRCC
progression [96]. These cascades affect tumor cell formation, cell fitness, angiogenesis,
and migration.

mTOR can be activated in response to autocrine and paracrine growth factors (e.g.,
EGF-1, IGF-1, PDGEF, TGF-w), that lead to receptor tyrosine kinase transphosphorylation,
upregulation of PI3K/AKT/mTOR, Ras/Raf/ERK, and MAPK that phosphorylate multiple
cytoplasmic components. Further augmenting mTOR activity, AKT and ERK downregulate
mTOR modulators such as PTEN and tuberous sclerosis complex (TSC1/2). Activated AKT
inhibits apoptosis by phosphorylating the proapoptotic procaspase-9 and Bcl2 proteins
and by activating proliferation-promoting transcription factors such as 3-catenin, c-Jun,
c-Myc, and Notch [97]. mTOR also drives components of the translational machinery
S6K, 4EBP-1, and sterol regulatory element-binding protein (SERBP)-1, that support cell
proliferation and lipid metabolism in tumor cells [98,99]. All the pathways mentioned
above are also found dysregulated in ADPKD (see Figure 2, reviewed in [100]). In ADPKD,
PKA abnormally activates the Src/Ras/Raf/MEK/ERK pathway, that is instead inhibited in
wild-type renal cells [101]. The mTOR pathway is also hyperactive in ADPKD, supporting
cystic cell growth and proliferation [102-104]. In ADPKD kidneys, under normoxic and
hypoxic conditions, PI3K/mTOR signaling activates HIF-1o expression, which leads to
autophagy [105,106]. Concurrent c-Myc upregulation promotes cell proliferation and,
together with increased Bcl-2 expression and reduced p53 protein levels, also dysregulates
apoptosis [107,108]. The V2R signaling cascade becomes progressively upregulated in
ADPKD, which raises intracellular cAMP levels and characteristically contributes to cystic
cell growth and proliferation (reviewed in [35]). Of note, in normal renal epithelial cells,
high cAMP levels inhibit cell proliferation (reviewed in [109]).

4. Cell Metabolism

Cancer is known to alter cell metabolism and respiration to suit tumor cell growth,
a phenomenon called the Warburg effect [95]. c¢ccRCC has been considered a type of
metabolic disease on the basis of the upregulation of several gene products e.g., VHL,
MET, fumarate hydratase (FH), folliculin (FLCN), succinate dehydrogenase (SDH) and,
TSC1/2 that regulate the mTOR pathway, PTEN, and other energy metabolism-related
pathways [110]. A classic example of the Warburg effect, SDH and FH deficient kidney
cancers undergo a metabolic shift to perform aerobic glycolysis, and boost production of
ATP and metabolites needed for rapid cell growth and division [110,111].

Glucose metabolism appears to fuel several types of rapidly growing tumor cells [112].
Increased glycolysis and glucose uptake in malignant cells and higher tumor grades are
supported by higher expression of the GLUT transporters, promoted by oncogenes and
growth factors [113]. Also regulating metabolism in ccRCC is CA-IX, a tumor-associated
glycoprotein induced by hypoxia which is involved in cancer progression [114]. CA-IX
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regulates the intracellular pH and generates a surplus of acidic products, leading to cancer
cell survival and proliferation [114]. Moreover, CA-IX was found to be a HIF-1«x target
in ccRCC [115]. Corroborating the view of commonalities between (at least some) cysts
and (at least some) cancer, murine models of papillary type II carcinoma reproduced a
gradual transformation from benign cysts into cystadenomas and carcinomas, mediated by
fumarate-driven epithelial to mesenchymal transition and the mTORC1 cascade [46,116].
Two RCC patients also displayed a gradual transformation from benign cysts to neoplasia,
suggesting that simple benign renal cysts may transform into RCC and underscoring need
for a prudent practice of regular cyst monitoring [117]. Similar mTOR-driven metabolic
regulation was found in another RCC type in a kidney-specific Cre (KspCre) Tsc1 mutant
restricted to a segment of renal tubule; in this case, mTOR has been found to downregulate
the TCA cycle enzyme fumarate hydratase leading to fumarate accumulation, and driving
tumor cell progression [46,116]. These results suggest that the mTOR-FH axis is critical to
oncometabolite production, and crucial metabolic machinery may be critical to stabilizing
cancer cell fitness.

ADPKD has recently been reported as displaying mitochondrial dysfunction similar
to metabolic disease [79]. Reminiscent of cancer cells [118], the Warburg effect has been ob-
served in Pkd1~/~ mouse embryonic fibroblasts, that were dependent on aerobic glycolysis
to produce the energy needed to fuel cellular growth and proliferation [119]. Compared to
Pkd1*/* controls, Pkd1~/~ mice, along with microarrays from ADPKD patients, revealed
enhanced glycolysis [119]. Pkd1~/~ cells appeared to consume more glucose, produce
more lactate and have increased ATP content, leading to glucose deprivation [119]. When
glucose levels were reduced, the proliferation of cystic cells was lowered to wild-type
level [119]. Glucose deprivation also increased apoptosis and abnormal autophagy in
Pkd1~/~ cystic mice, whereas Pkd1*/* cells activated autophagy to survive [119]. Treatment
with glucose analog and competitive glucoisomerase inhibitor 2-deoxyglucose, effectively
targeted glycolysis, and reduced the cystic index (cyst number) without any effect on other
organs and body weight [119]. Consistent with these observations, caloric restriction and
ketosis slowed disease progression in the ADPKD mice [120,121].

Finally, HIF-1o appears to promote the Warburg effect and has been found upregu-
lated in Pkd1~/~ mouse embryonic fibroblasts compared to control Pkd1*/* cells [119]. In
ADPKD, cystic epithelial cells overexpress GLUT1 [122], which is in turn under HIF-1«
regulation [123]. Underscoring multiple levels of regulation, the HIF-1x mRNA is a target
of mMTOR-mediated translational control [105].

5. Oxygen in ADPKD

ADPKD features regional hypoxia and activation of the HIF pathway. During hypoxia,
HIF-1a is upregulated in the cystic epithelial cells, whereas HIF-2c is expressed in pericystic
stromal and endothelial cells [79,124]. Both HIF protein and mRNA amounts positively
correlated with the cystic index in murine models [124,125] and ADPKD patients [126].
In ADPKD, HIF-1c does not affect early cyst formation but rather, it is important for cyst
growth and enlargement in later stages of the disease [79]. In contrast, in RCC, HIF-1x
expression remains stable during hypoxia [79]. Madin-Darby canine kidney (MDCK) cells
that resemble principal cells ((p])MDCK) are often used to model cyst formation in tissue
culture. In MDCK cells, decreased oxygen concentrations correlated with increased cyst
size [125]. Conversely, HIF-1a inhibition by chetomin reduced cystic growth [125]. In
conclusion, HIF pathway activation during hypoxia is a novel mechanism contributing to
cyst enlargement in ADPKD [79].

Independent of the HIF pathway, reactive oxygen species (ROS) have also been shown
to promote cyst progression in ADPKD. ADPKD tissue displays increased ROS levels that
are positively correlated with disease severity [79,127].
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6. Ion Channel Signaling

Ion channels and ion pumps appear to contribute to tumor progression through the
regulation of adhesion complexes and surrounding extracellular matrix (ECM) proteins
that modulate cell motility, shape, and volume [128].

The cytoplasmic chloride ion channel protein-1 (CLIC1) is normally expressed in
the glomerulus and epithelial cells of the kidney proximal tubules [129]. CLIC1 is over-
expressed in many tumor types [130] and drives glioblastoma cell growth and prolif-
eration [131]. In response to oxidative stimuli and malignant transformation, CLIC1
translocates from the cytoplasm to the cell membrane [132-134], where it functions as a
selective chloride channel that affects cell cycle regulation, cell size, membrane potential,
and cell proliferation/differentiation [130,135]. As expected, high CLIC1 expression has
been found in 50 resected samples of human ccRCC in both malignant tissue and sites of
intravascular invasion, with G3 tumors displaying the most heterogeneous CLIC1 distribu-
tion [130]. CLIC1 was found to be expressed in the cytoplasm, membrane, and nucleus of
tumor cells, indicating that it could play several biological functions depending on loca-
tion [130]. Although the CLIC1 role in ccRCC has not been fully elucidated, several primary
cell lines from ccRCC patients indicated that CLIC1 inhibition blocked the myosin light
chain kinase (MYLK) and (33 integrin, decreasing tumor proliferation and slowing cancer
progression [136]. To date, there seems to be no evidence implicating CLIC1 in ADPKD.

In ADPKD, the CFIR protein acts as a cAMP-dependent chloride channel for CI” secre-
tion and fluid production [137]. Normally, the CFTR mRNA is abundant in the nephrons,
but not the glomeruli [137]. CFTR function is important to maintain cell homeostasis [138].
In ADPKD, CFTR is expressed in the apical membranes of cystic epithelial cells and is
activated by cAMP, which contributes to cystic cell proliferation and chloride-dependent
fluid secretion [137,139]. The role of CFTR in ccRCC remains to be determined, however,
a recent study found that high CFTR expression in chRCC patients corresponded to a
worse survival rate and suggested that CFTR may be involved in the progression and poor
prognosis of chRCC [25]. Thus, CFTR may become a novel therapeutic target for chRCC.

In 3 to 17% of RCC patients, augmented Ca?* signaling leads to hypercalcemia and
shortened lifespan [140]. Increased extracellular Ca?* activates several intracellular path-
ways through the calcium-sensing receptor (CaSR) [19]. CaSR expression in ccRCC patients
positively correlated with increased MAPK and AKT signaling and higher rates of bone
metastases [19].

In ADPKD, PKD1 and PKD2 mutations also disrupt Ca?* signaling, which is thought
to be a major contributor to cystic cell growth [141]. Ca?* signaling is reduced in the
primary cilia and endoplasmic reticulum, which elevates intracellular cAMP and fluid
excretion [142]. cAMP-dependent activation of B-Raf/MEK/ERK pathway stimulates
cystic cell growth [143].

7. Primary Cilia

Almost all mammalian cells contain non-motile primary cilia, which are evolution-
ary conserved organelles resembling hair-like structures or “cellular antennas”. Cilia
are generated from the apical plasma membrane and employ many signaling and trans-
port proteins [144-146]. Primary cilia are involved in signal transduction that regulates
cell proliferation, differentiation, polarity, and tissue maintenance that include the Wnt,
JAK/STAT, and mTOR pathways [144]. Inside the conduit of the renal tubule, primary
cilia are thought to function in mechanosensation in response to the passing fluid, capture
extracellular signals and relay them as polarity signals [146]. Therefore, ciliary dysfunction
causing abnormal fluid flow in the renal tubules are expected to underlie pathological
states. Because pools of cellular PC1 and PC2 interact at the cilium, primary cilia dysfunc-
tion has been linked to cyst formation in human and murine PKD1 or PKD2-dependent
ADPKD (reviewed in [146,147]). Tumor formation in the von Hippel-Lindau syndrome
also appears linked to ciliary dysfunction [148,149]. The underlying mechanisms remain,
however, unknown.
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In RCC, VHL loss-of-function has been associated with the loss of primary cilia [149-151].
At the onset of ccRCC and other renal tumors, mitotic Aurora kinase A (AURKA) mRNA
levels are higher than in normal tissue. AURKA is known to disrupt the assembly of the
primary cilia via histone deacetylase 6 (HDACS6) activation [152]. While AURKA was
originally thought to be a target of HIF-1&, where HIF-1o increases AURKA expression
in the case of VHL deficiency, a recent study found that HIF-1c actually inhibits AURKA
expression in both normal and RCC cells [149]. However, VHL deficiency increases f3-
catenin, that appears to upregulate AURKA [149]. VHL knock-down in hTERT RPE-1 cells
resulted in fewer and shorter cilia compared to control cells [149]. Interestingly, when
VHL-deficient cells were treated with (3-catenin inhibitor iCRT14, the ciliary defects were
rescued. This indicates that decreasing 3-catenin activity, which in turn decreases AURKA
expression, is sufficient to induce ciliogenesis when there is VHL deficiency [149]. As well,
HIF-1a knockdown rescued the primary cilium in VHL-deficient cells [153].

In ADPKD cysts, AURKA is over-expressed, compared to normal renal tissues [154].
In the Pkd1~/~ mouse, increased AURKA expression led to deficient ciliary resorption [155].
Loss of cilia was hypothesized to reduce cyst formation and ameliorate ADPKD, whereas
cystogenesis would result from abnormal ciliary function [156,157]. However, treating
the Pkd1~/~ mice with alisertib, an AURKA inhibitor, lengthened the cilia compared to
vehicle-treated mice, but also aggravated the rate of cystogenesis and expanded kidney
volume [155]. Thus, inhibiting AURKA completely did not reduce cyst formation, but
seemed to function in the opposite way. Loss of cilia has previously been shown to induce
cyst formation [158]. In light of these contrasting observations, it is clear that the role of
cilia in renal cystic disease and PKD needs to be further defined.

The link between cilia and PKD is tantalizing. PKD1 and PKD?2 are two genes impli-
cated in ADPKD, respectively encoding the PC1 and PC2 proteins that can be found in
primary cilia [159,160]. When defective, the gene Tg737°P% [161] leads to ARPKD in mice;
Tq737°"Pk encodes IFT88, a protein important for intraflagellar transport and proper assem-
bly of the kidney cilia [162]. Immunofluorescence microscopy analyses of PC2 showed
it localized in the primary cilia of human and mouse kidney cells. As well, the kidneys
of Tg737°"P% mutant mice had defective cilia assembly and developed cysts [159]. Com-
pared to wild-type, cells from the Tg737°"?% mice had shorter cilia yet displayed elevated
PC2 immunofluorescence, meaning that IFT88 is not required for PC2 transport into the
cilia [159,162]. Because of the increased PC2 signal in the mutant versus the wild-type cells,
the cilia might be an important site of action for polycystins [159,162]. In addition to these
constrasting results, recent observations in mice and other animal models continue to hint
that the role of the cilium in renal cystic pathologies may need to be further examined.
Moreover, renal tubules in zebrafish and Drosophila have respectively no primary cilia or
no cilia, yet form renal cysts [163-166].

Interestingly, tolvaptan, an antagonist of the vasopressin V2 receptor (V2R), has been
found to moderately reduce ADPKD cysts [167] and suppress ccRCC tumor growth by
decreasing cell proliferation and angiogenesis, as well as increasing apoptosis [168]. In
ADPKD, tolvaptan mode-of-action on ciliary signaling appears to be independent of V2R
and may function through ciliary cAMP, instead of the cytoplasmic pool [169]. In this
scenario, an increase in cilioplasmic cAMP, but not cytoplasmic cAMP, ultimately promotes
ciliogenesis but reduces cystogenesis [169]. There are no data available on how tolvaptan
may affect cilia in RCC, although we could speculate that effects would be similar.

8. Non-Coding RNAs

Several studies have suggested that non-coding RNA may regulate carcinogenesis,
through their varied effects on cell proliferation, epithelial-mesenchymal transition, metas-
tasis, apoptosis and/or disease progression [170-172]. Non-coding RNNAs have roles in
organismal development and their upregulated or downregulated expression may have
detrimental effects on cyst formation [173] or tumorigenesis (Table 3) [172].
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Table 3. Role of Non-Coding RNA Involved in RCC and PKD.
Non-Coding .
RNA Expression Role Model References
D Promote cyst . FJF
ownregulated . Ksp/Cre; Dicer
miR-200 family  in cystic kidneys formation by mutant mice [174]
y y binding to Pkd1
Dox./vnregulated Inhibits EMT ccRCC tissues from [175,176]
in ccRCC patients
Ksp/Cre;Pkd1"/F
. Targets Ppara to (PKD1-KO) and
miR-17~92 Uping‘ﬁIa(tgd ™ bromote cyst Pkhd1/Cre;Pkd2F/F [177]
cluster formation (Pkd2-KO) mice
kidneys
Upregulated in ~ Promote tumor Kidney tissues from [178]
ccRCC cell proliferation ccRCC patients
Upregulated in Prognostic RCC tissues from [179]
miR-21 RCC marker patients
. Pkhd1/Cre;Pkd2"/F,
Upregulatedin - Promoloeyst "yl icrepair, | s
Ksp/Cre;Hnf-1pF/F
Upregulated in Decreases Renal cancer cell lines
DUXAPS RCC miR-126 A498, 786-O [181]
Upreoulated in RCC tissues form
GHET1 preg Promotes EMT  patients, 786-O and [172]
RCC
A-498 cells
ccRCC tissues from
Upregulated in De?creases patients, renal cancer
PVl RCC MRIOSP  celllines A48, 7860, /]
P ACHN, Caki-1
. ccRCC from patients,
HOTAIR Upre%{lg?:ted mn Att;;;?;g‘; by renal cancer cell lines [170]
ACHN, Caki-1
RCC tissues from
CASC2 Dovigrle{%:tgated Ta;%;fgllby patients, renal cancer [182]
cell lines A498, 786-O
Negatively Ksp/Cre;Pkd1/f and
Hosb3o0s qunregulated regulates mTOR Pkhd1/Cre;Pkd2f/f [183]
in ADPKD . . .
signaling mice, mIMCD3 cells

8.1. MicroRNAs

MicroRNAs (miRs) are endogenous non-coding post-transcriptional regulators with

tissue-specific roles. Often used as clinical biomarkers, miRs repress translation and down-
regulate expression of their mRNA targets [181,184,185]. Several RCC genes are regulated
by methylation, and some miRs may be involved in the epigenetic regulation of the disease
(reviewed in [173]). Among the miRs known to be involved in RCC pathogenesis, the
miR-17~92 cluster, the miR-200 family, and miR-21 are also implicated in ADPKD.

The miR-17~92 cluster is a set of microRNA sharing the same seed sequence to bind on
the complementary nucleotides of their mRNA targets [184]. The miR-17~92 microRNAs
are upregulated in ccRCC and bind to multiple RNA targets key to ccRCC pathogenesis
e.g., VHL, MTOR, VEGF, HIF [178]. Interestingly, the miR-17~92 cluster is oncogenic in
RCC [178] but appears to have tumor suppressor functions in colorectal cancers [186].
Compared to wild type kidneys, expression of the miR-17 family is upregulated in the Pkd1
and Pkd2 knock out mice, respectively Ksp/Cre;Pkd1¥/F and Pkhd1/Cre;Pkd2F/F [177]. The
human cystic epithelium shows a similar upregulation [177]. This is due in part to the
fact that the transcription factor cMyc binds to the miR-17~92 promoter region. miR-17~92
targets peroxisome proliferator-activated receptor (PPAR)-o which is normally involved in
fatty acid oxidation [177,187]. It has been shown that decreased PPARx expression may
accompany ADPKD pathogenesis [188].
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The Ppara mRNA is also targeted by miR-21 [177]. miR-21 is used as a prognostic
marker to differentiate the RCC subtypes and oncocytoma (a pre-malignant growth) be-
cause miR-21 expression appeared highest in ccRCC compared to pRCC, chRCC, and
oncocytoma tissues [179]. In Pkd1 and Pkd2 knock out mice, miR-21 also targets tumor
suppressor programmed cell death 4 (Pdcd4) mRNA to stimulate cyst formation [180].

The miR-200 family is highly expressed in the epithelial cells from lungs and kidney,
where it is thought to prevent EMT [174,189]. In ccRCC explants, miR-200c inhibited EMT
by repressing E-cadherin and increasing N-cadherin [176]. miR-200 was found to bind the
Pkd1 mRNA and downregulate its expression in the Ksp/Cre;Dicer™/F ADPKD mice [174].
This mimics the Pkd1 loss-of-function that underpins cyst formation in ADPKD.

8.2. Long Non-Coding RNAs

Several long non-coding RNA (IncRNA) have been found to be dysregulated in
RCC and ADPKD. The IncRNA double homeobox A pseudogene 8§ (DUXAPS) [181], gastric
carcinoma high expressed transcript 1 (GHET1) [172], plasmacytoma variant translocation 1
(PVTI) [171], HOX antisense intergenic RNA (HOTAIR) [170], and cancer susceptibility candi-
date 2 (CASC2) [182] are all linked to RCC. The IncRNA homeobox B3 opposite strand (Hoxb3o0s)
is linked to ADPKD [183].

The IncRNA DUXAPS8 was found upregulated in resected ccRCC tissue and human
RCC cell lines 786-O and A498 cells (respectively derived from male and female renal cell
adenocarcinoma epithelium), compared to normal kidney tissues [181]. DUXAPS appeared
to decrease miR-126 expression. In 786-O and ACHN cells, miR-126 suppresses cell divi-
sion [190]. In the A498 and 789-O cell lines, miR-126 inhibits expression of anti-apoptotic
cell death abnormality gene 9 (CED-9). The CED9 protein slows down RCC progression [181]
by inducing apoptosis [191]. Therefore, increasing DUXAPS levels would reduce RCC pro-
gression.

Expression of the unspliced GHET1 IncRNA positively correlated with ccRCC pro-
gression and metastasis in explanted ccRCC tissue [172]. Indicating a causal effect, GHET1
siRNA-mediated knockdown in 786-O and A-498 cells reduced RCC cell migration and pro-
liferation in vitro [172]. This occurred by increasing E-cadherin and promoting epithelial
integrity, as well as by preventing EMT through decreased fibronectin and vimentin expres-
sion [172]. In cell culture, GHET1 appeared to may behave as an oncogene that stabilizes
and upregulates c-Myc protein expression, which enhances RCC cell proliferation [172]. To
further support a role for GHET1 in ccRCC, patients with elevated GHETI expression had
late stage and metastatic cancer [172].

The PVT1 IncRNA has been found overexpressed in ccRCC tissue explants, as well as
in renal cancer cell lines A498, 786-O, ACHN, and Caki-1 [171]. Similar to GHET1, PVT1
appeared to regulate the expression of EMT proteins, and correlated to advanced disease
progression and tumor migration [171]. When PVT1 expression was downregulated in
ccRCC, caspase-3-dependent apoptosis was increased [171]. Silencing PVT1 expression in
renal cancer cell lines through miR-16-5p transfection restored PVT1 normal expression lev-
els, halted cell overproliferation, increased E-cadherin expression, and reduced expression
of mesenchymal markers N-cadherin and vimentin, while promoting caspase-3 dependent
apoptosis [171].

Overexpression of the HOTAIR IncRNA in ACHN and Caki-1 cells promoted EMT,
while its inhibition by miR-203 restored the tumorigenic effect and oncogenic potential [170].
In ccRCC tissues from patients, HOTAIR was overexpressed, compared to normal renal
epithelial cells HK-2 [170].

The CASC2 IncRNA appears to be downregulated in ccRCC [182]. Implicated in other
cancers like endometrial and colorectal, CASC2 normally appears to function as a tumor
suppressor. CASC2 was downregulated in ccRCC explants compared to control HEK293
cells. Restoring CASC2 levels by transfecting cultured 786-O and A498 RCC cell lines
with a vector encoding CASC2 prevented abnormal cancer cell growth, proliferation, and
migration [182].
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To date, the only IncRNA with a well-defined role in ADPKD is Hoxb3o0s that is ex-
pressed specifically in the kidney [183]. A genomic screen of the IncRNA in the kidneys
of ADPKD and ARPKD mice was designed to systematically target specific IncRNA and
provide hypotheses on their physiological roles. The murine lines used were the Ksp/Cre
(Strain 012237) control expressing Cre recombinase in the epithelial cells of the developing
kidney and genitourinary tract. This line is commonly used to study the epithelial cells
of the nephron. The Pkd1"/f (Strain 010671) and Pkd2!/f (Strain 017292) mice are ADPKD
models, and the Pkhd1/Cre (Strain 009679) models ARPKD [183]. The lines were examined
for IncRNA gene expression in different organs and 41 IncRNA were found to be common
to the Pkd1!/f and Pkd2f/f mice. The majority of such IncRNAs seemed to affect kidney
development, however, only a few appeared to promote PKD progression [183]. Expressed
specifically in the mouse kidney, Hoxb3o0s was significantly downregulated in the cystic
epithelium [183]. Consistently, human ortholog HOXB-AS1 was found downregulated
in the cystic kidneys of ADPKD patients [183]. Hoxb30s downregulation increased phos-
phorylation of mTORC1 and its effectors, which activated mTOR signaling, increased
mitochondprial respiration and metabolism, and may contribute to renal cyst formation in
ADPKD [183].

Although there have not been studies modeling IncRNA function in renal pathologies
using Drosophila, several IncRNAs are annotated in the Drosophila genome [192]. Fifteen
IncRNAs were found to contribute to Drosophila development, from embryogenesis and
tissue differentiation and gene expression [193]. Other Drosophila IncRNAs also have roles
ranging from behavioral regulation, to gonad development and sex determination [194].
Future studies will need to address the possible translational significance of these non-
coding RNAs.

9. Drosophila Modeling for PKD

Particularly complex, the human kidney challenges experimentation with complex
development and functional renal tubules embedded in parenchyma that hinder their
molecular characterization. In contrast, the renal system of Drosophila melanogaster has
specific and desirable features to aid the mechanistic study of renal function. Drosophila
possesses two distinct pairs of renal (Malpighian) tubules functionally analogous to the
tubular part of the human nephron (reviewed in [195]). Despite being aglomerular, the
Drosophila renal system features separate nephrocytes that recapitulate critical function
of the human glomerular podocytes (reviewed in [195]). The Malpighian tubule tran-
scriptome is enriched in genes homologous to human renal disease genes [196]. Unlike
the mammalian nephron, the fly Malpighian tubules can be exactly micro-dissected to
provide pure starting material for biomolecular analyses. Combined with 75% overall
genetic conservation between humans and flies [197], the genetic features and research
tools that make Drosophila a choice model organism, such simple renal anatomy is an asset
to deciphering core mechanisms of diseases originating in the renal tubule, like PKD and
RCC. We have published the first-in-kind Drosophila model of PKD that recapitulates key
physiological and molecular hallmarks of ADPKD-type cystic degeneration including myc
and TOR activation [166]. We have found that the human BICAUDAL C (BICCI) gene
functions downstream of crucial ADPKD gene PKD1 [166]. Kidneys from PKD1 carriers
(and Pkd1~/~ mice) exhibit BICCT loss-of-function, thus phenocopying mutational BICC1
loss of function [166]. The cystic flies harbor mutations in the fly BicC ortholog [166]. BicC
encodes an early developmental regulator of mRNA translation conserved from flies to
humans ([198], reviewed in [199]). Similar to PKD-affected nephrons, the Malpighian
tubules of BicC mutant flies displayed variably sized cysts all along, and especially in
the intermediate and terminal regions (Figure 3b) [166]. The first-in-kind cystic BicC fly
model will enable study of the molecular genetics of renal cyst formation, the precise
subcellular changes occurring in the cystic cells downstream of BicC loss-of-function and
their physiological consequences. The fly model is likely not ideal for the functional studies
of the (species-specific) hormonal response to renal declining function or the ciliary role
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in renal cyst formation. However, that renal cysts can form in Drosophila corroborates the
growing evidence that the role of cilia may need re-examination. Finally, the cystic flies also
exhibited similar pharmacological response to rapamycin and new mimetics of the second
mitochondria-derived activator of caspases (Smac) [200,201]. Discussed in more detail in
Section 10.1, administration of the active Smac mimics, reduced cysts of the renal tubule
both numerically and in size (Figure 3c) [200]. Note, cyst reduction can be quantified with
a “cystic index” in fly and mammalian PKD models [200,201] (also see Section 10).

Vehicle ' (b) ¥ ; Vehicle (€) Smac treatment
s
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Figure 3. Cystic and non-cystic Drosophila Malpighian tubules. Malpighian tubules were micro-dissected ex vivo from

synchronously cultured flies of the indicated genotype and photographed as described in [201]. (a) Representative

Malpighian tubules micro-dissected from control wt flies treated with vehicle (water) are elongated and regularly shaped.

(b) Tubules from BicC mutants (BicC2/Y©33) treated with vehicle developed several cysts (arrows), were abnormally thick

and displayed apparent extra branching (lowest arrow). (c) BicCA/YC33 flies sibling to those in (b) treated with an active
Smac mimetic had reduced cysts (arrows), both in number and size. BicCAYC33 flies carry a BicC deletion (Df(2L)RA5, A) in
trans to a BicC hypomorphic allele (BicCY®33). For a discussion of the BicC alleles see [166]. Scale bar: 1 mm.

Interestingly, the mTOR pathway and several tumor suppressor and other genes
involved in RCC and PKD are evolutionarily conserved from Drosophila to human (Table 4)
([202,203], reviewed in [195]). For instance, Drosophila mTOR (also called dTOR) regu-
lates cell growth and proliferation during larval development and throughout the adult
phase [204]. dTOR loss-of-function reduced nucleolar size, caused lipid vesicle aggre-
gation in the larval body and cell cycle arrest [204]. dMyc, the Drosophila ortholog of
proto-oncogene c-MYC, is crucial in development. dMyc regulates the cell cycle, cell prolif-
eration, stem cell differentiation, embryo and adult size, and multiple pathways including
TOR [205]. Human cMYC and fly dMyc can be functionally interchanged [206]. dPTEN
is the Drosophila homolog of mammalian PTEN tumor suppressor gene, controlling cell
size, cell number, and organ size during the development of multicellular organisms [207].
Suggesting that PTEN may function in concert with PI3K, the loss-of-function phenotypes
of the APTEN mutants were suppressed by mutations in Dkat1 (fly AKT homolog) and
elF4A (fly homolog of the eponymous translation initiation factor) [207]. The Drosophila
genome also contains homologs for key genes driving or contributing to ccRCC, includ-
ing VHL (dVHL), HIF-« (sima), HIF-1B (Tango), and downstream effectors of the hypoxic
response, VEGF (Pufl, Puf2, Pvf3), EGER (dEGFR), and GLUT1 (dGlut1) (Table 4). Several of
these genes are known to have developmental functions (Table 4) and some are reportedly
expressed in the Malpighian tubules (e.g., dVHL, Pufl, Pvf2, Pvf3, and dEGFR [192]) but
their contribution to renal physiology needs to be characterized. Functional studies in
Drosophila, however, could provide important insight into their potential contribution to
renal physiology and help decipher their core molecular function. Similar to its human
homolog, Drosophila VHL functions in the systemic hypoxic response [208]. It also pre-
sides to tracheal and vascular development largely independently of HIF /sima ([209,210],
reviewed in [211]) which suggests that dVHL has several functions. dVHL mutation upreg-
ulates FGFR signaling through Breathless, which is needed for proper tracheal branching
(reviewed in [212]). In the tracheal epithelium of dVHL mutants, the Breathless/FGFR
protein accumulates at the cell surface due to defective endocytosis [210]. This led to the
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discovery that dVHL genetically interacts with the dynamin homolog shibire and the fly
homolog of human metastasis suppressor NME1/2 called abnormal wing discs (awd) [213].
Indicating roles in fundamental epithelial biology, dVHL is also important to regulate
microtubule stability during morphogenesis of the follicular epithelium enveloping the
egg chambers [214]. Importantly, discoveries in the fly model provided functional clues
on mammalian VHL. Both a Cre/lox VhI null mouse model and organoids confirmed the
Vhl morphogenetic role in renal tubules and its involvement of the endocytic pathway in
regulating FGFR signaling [210]. To probe potential for pinpointing “first hit” changes
predisposing to cancer, one study reported the differential gene expression in Malpighian
tubules from wild type and VHL*~ heterozygotes, that were regarded as mimics of the
frequent first-hit events in ccRCC [215]. Reportedly, patterns of relative RNA perturbation
in the fly indicated changes in phosphatases, that may indicate altered signal transduction
and were similar to primary cell cultures from RCC patients [216]. VHL haploinsufficiency,
or the reduction of VHL dose, as seen upon “first hit”, is not sufficient to fuel cancer,
however, it shifts metabolism by activating some of the Warburg effect factors and some of
the mediators of glutamine reductive metabolism, effectively placing the cells on the path
to transformation [216]. Moreover, upregulation of oxidative stress factors and histone
acetylation enzymes combined with the downregulation of genes involved in the DNA
damage response, cell cycle arrest, apoptosis and growth factor response also endow cells
with properties conducive to transformation [216]. However, crucial ccRCC characteristics,
e.g., constitutively active NF-«B, are not achieved upon VHL “first-hit” [216,217]. Consis-
tently, VHL haploinsufficiency is associated with precancerous lesions e.g., colon polyps
and skin cancers [216]. With this knowledge, the gene expression changes that accompany
ccRCC transformation could be effectively modeled in Drosophila, where mechanistic detail
can be dissected using powerful collections of genetic mutants and tissue-specific drivers
allowing knock-down and over-expression of specific genes, regardless of their genomic
location. dVHL heterozygotes could be used to mimic subsequent mutational hits in the
second VHL copy employing tissue-specific knockdown to better model somatic mutations.
Note, Drosophila dVHL!! homozygotes survive until mid-larval stages [210]. Similarly,
RNAi-induced knockdown could be used to target other genes that are found co-mutated
in ccRCC to evaluate their contribution to eventual cell transformation and their potential
prognostic value. Indeed, homologs of the RCC genes encoding chromatin modifiers and
epigenetic factors are also conserved to Drosophila (Table 4). “Humanized flies” expressing
the human homologs could be generated by transgenesis, their functionality assessed
and their mechanistic role deciphered. Effectiveness of targeting single or simultaneously
multiple pathways that are dysregulated in ccRCC could be time- and cost-effectively deter-
mined in flies, providing translational information for therapeutic design. Patient-specific
variants could be expressed in flies to generate “avatars” for tailored drug screening in
personalized medicine approaches [218]. The emerging potential for fly models to guide
pharmacological applications is discussed in Section 10. Aspects of ccRCC linked to species-
and individual-specific immunological response would be much more difficult to model in
the fly. However, such studies may benefit from improved mechanistic knowledge of the
pathways underpinning RCC. Altogether, the conservation of factors involved in human
renal neoplasias in Drosophila suggests feasibility of modeling critical aspects of RCC in the
fly to obtain mechanistic insights into disease pathology and determine treatment potential.
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Table 4. Drosophila melanogaster RCC and PKD gene homologs and related functions.

Human RCC

Molecular and Cellular

Gene Drosophila Homolog Mutant Phenotype(s) Function(s) Reference(s)
Regulates embryonic
Cell migration and morphogenesis of trachea and
VHL dVHL polarity defective follicular epithelium; promotes [210,219]
endocytic vesicle transport
Exacerbated During development, directs
HIF-« sima hyperlactatemic hypoxia-driven terminal branching [220,221]
phenotype of trachea
Role in CNS midline development
e and tracheal tubule formation;
HIF-1B Tango CNS midline and possibly a cytosolic sink to sequester [222,223]
tracheal defects . . . .
Sima and prevent interaction with
Notch
Regulation of blood cell migration
Pufl Severe defects in and activation of the canonical
VEGF Pof2 hemocvte migration Ras/Raf/MAPK cascase, PI3K, [224-226]
Puf3 y & TORC1, Rho family of small
GTPases, and JNK cascade
Glial hyperplasia, CNS  Growth regulation, cell survival and
EGFR dEGFR morphogenesis defects, proliferation, developmental [227,228]
lethal patterning
GLUTI AGlut] ) Glucose transport/uptake in [229]
neurons
Chromatin remodeling with Brahma
PBRM1 polybromo - complex; regulation of gene [230]
transcription
With ASX, forms a Polycomb group
(PcG) protein complex called
BAP1 Calypso - PR-DUB involved in [231,232]
deubiquitination; required for
efficient activity on nucleosomes
Encodes an essential histone
methyltransferase that functions
SETD?2 Set2 - with CG4747 to facilitate targeting of [233]
the male-specific lethal (MSL)
complex to active genes
Reduced nucleolar size,
lipid vesicle
aggregation in larval Regulates cellular growth; amino
mTOR dTor 5 fagt body, cell gcid and nutritic%nal sensing [204,234]
type-specific pattern of
cell cycle arrest
. Regulates cell cycle, stem cell
c-Myc dMyc Smflller cell S.l Zef l.)ody diffegrentiation, cg;l proliferation, [205,235]
size, and viability .
embryo and adult size
Lareer eves and heads Encodes a negative effector of
PTEN dPTEN P EET €y . . ’ insulin signaling; control of cell size, [207,236,237]
aster proliferation . . .
proliferation and apoptosis
Massive cell death in Adapt.ive .re.sponses.to genc.)to.x ic
developing eye; stress; 1nh1.b1ts cell dlff(?rentlatlon;
TP53 Dp53 : activates canonical [238-240]
apoptotic defect of d dent apoptosi
primordial germ cells caspase-dependent apoprosis
pathway during stress
Essential gene that facilitates
TCEB1 EloB Vein truncation in Elongin complex assembly and [241]

wings

stability; important for wing
development and identity
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10. Pharmacological Strategies

The HIF/VEGF and mTOR pathways have been exploited for therapeutic purpose in
ccRCC and their modulation appeared promising (reviewed in [242]). mTOR inhibitors
everolimus and temsirolimus have been approved for treatment of advanced RCC due to their
antitumor activity in clinical trials, although temsirolimus exhibited limited efficacy [243-246].
Several other drug treatments for RCC are listed in Table 5. Of note, several of these treatments
target pathways conserved from humans to Drosophila. Similar to ccRCC, mTOR inhibition
with rapamycin, and derivatives everolimus and sirolimus, was found to reduce ADPKD
cysts in patient and several models, including Drosophila [102,104,166,247-250]. Despite its
promising results in animal models, mTOR inhibition by rapamycin and its derivatives,
called rapalogs, was much less effective in patients, may elicit severe side effects ([251],
reviewed in [252]) and offer only temporary improvements which is unsuitable to the
therapy of a chronic disease such as ADPKD. Without precise molecular characterization
of the pathological mechanisms of both ccRCC and ADPKD, it is imperative to search
for predictive biomarkers, targets, and effective therapeutics [11]. Using a comparative
approach in the study of ccRCC and ADPKD may allow to leverage upon their similarities
to improve our mechanistic knowledge and determine potential remedial interventions
and drug repurposing.

Table 5. Drug treatments for RCC.

Drugs Targets References

Inhibits several receptor tyrosine kinases, including
VEGER types 1 and 2, PDGFRs, and more.
Potent inhibitor of VEGFR1,2 and 3.

Sunitinib [253]

Axitinib had a higher progression free survival (defined
as the range between the date of the first dose and the
date of disease progression or death) compared to
sorafenib. Axitinib established the utility of
second-generation angiogenesis inhibitors with broader
activity to overcome sunitinib resistance.
Multi-targeted tyrosine kinase inhibitor of VEGFR2,
VEGFR3, and PDGFR-3.

Selectively targets VEGFR1, 2, and 3, FGFRs, and
Lenvatinib PDGFR-«. Also effective towards [257]

non-VEGEFR pathways.
Lenvatinib + Combination exhibited longer progression free survival
everolimus than everolimus (but not lenvatinib) alone.
Fusion protein disrupting the interaction of angiopoietin
Trebananib 1 and 2 with receptor Tie2. Did not show promising [260]
effects in anti-angiogenesis resistant RCC.
Antagonist of Activin receptor-like kinase
(ALK)-1/Bone morphogenetic protein (BMP)-9
Dalantercept signaling for the treatment of metastatic RCC. [261,262]
Combination with axitinib in heavily pretreated ccRCC
patients did not seem to improve.

Axitinib [254]

[255,256]

Sorafenib

[258,259]

RCC characteristically displays drug resistance and is regarded as an immunogenic tu-
mor [263], thus it is a good candidate for immunotherapy. Although not easily transferrable
to the fly model, we discuss this important approach for completeness. Immune dysfunc-
tion has been found to promote RCC tumor growth and invasion (reviewed in [263]). A
novel immune regulating agent, programmed death receptor (PD)-1 is a promising can-
didate promoting antitumor immunity [263,264]. PD-1 is an immunoinhibitory receptor
that is not normally found in healthy kidneys but is significantly expressed in primary
and metastatic ccRCC [265-267]. PD-1, and its ligand PD-L1, exert their inhibitory activity
during T-cell activation in tumors which deflects T-cell mediated tumor targeting [263].
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The PD-1 pathway blockade with several agents such as nivolumab and pembrolizumab
bypasses T-cell inhibition, leading to increased T-cell proliferation, and resulting in contin-
ued antitumor response in patients with advanced ccRCC (reviewed in [263]). Therefore,
PD-1 pathway activation appears a prognostic marker as well as a promising immunother-
apeutic method, despite its well described limitations due to tumor heterogeneity, different
positivity thresholds, as well as the complex relationship between tumors and the immune
system [268,269].

10.1. Smac Treatment

Apoptosis is often downregulated in cancers, fueling the abnormal tumorigenic
growth. Thus, restoring the defective apoptosis is one therapeutic strategy in oncology.
One approach that holds promise in both ccRCC and ADPKD, is that mediated by a class of
molecules derived from Smac, (also known as direct inhibitor of apoptosis-binding protein
with low pI, DIABLO), called Smac mimetics [270]. Following a pro-apoptotic stimulus
(e.g., tumor necrosis factor (TNF)-« signaling) several pro-apoptotic factors, including
Smac, are released from the mitochondria into the cytosol, thereby initiating proapoptotic
cascades [271]. Smac binds to and sequesters inhibitor of apoptosis proteins (IAPs) and
displaces them from initiator caspase-9 (Figure 4). This activates caspase-9 and promotes
cleavage of downstream effector caspases driving apoptosis [272,273]. Smac mimicry has
previously been investigated in oncology for induction of apoptosis in TNF-x-dependent
cancers (reviewed in [274,275]). In the first study investigating Smac expression in RCC, pri-
mary cells from patients and cell lines NC65, ACHN, and Caki-1, quantitative immunoblot
analysis revealed four-fold lower Smac levels in RCC compared to normal kidneys [276].
Moreover, expression of Smac inversely correlated with disease progression and RCC
tumor grade, while patient survival positively correlated with residual Smac expression
levels [276]. Consistently, it was found that patients with metastatic ccRCC had lower Smac
expression than patients with primary localized RCC [276-278]. These results suggest
that Smac expression levels could be used as a prognostic tool for RCC and potentially
as therapeutic target. Smac mimetic LCL161 is being tested in RCC as part of broader
clinical trial (NCT02890069) for colorectal cancer, non-small cell lung cancer, and negative
breast cancer.



Int. J. Mol. Sci. 2021, 22, 3918 19 of 34

Eiger — ‘Dl'oxqpiiilh homologs

Prosurvival complex|__, TNF-a TNF-o.

TNF-a-TNFR internalization

Ubiquitination +

5 ! . . degradation of IAPs
gy D e e RADD () o
v} L) G S
5! : £ Smac  + . ¢ ).."
g ‘ \z/ + . REGHARNE) .,
E A N\ Smac — L 4 Mimic T Diap1
s Mimic /
3 >
o
Z
=
\ IkB kinase
— - — Prodeath complex || ) =
® °) - [NEB ——— o @ Le) (®)
e (e Bsk 2 P M (o
@) =) L Dronc (o) ®) (o
(@ e ) Caspase price (@) (@) (o)
>-®~: NFoR = \‘ activation pep o = =
2 ® . . (9 (@) (o)
= m;.c,\,m- . Cystic cells survival Cystic cells apoptosis o =4 s
,3 TNFﬁ»O </ \/ p O ’)\ fz
\®) (o] (o) (o)
>-0.( 5 ,C’ :7 'Q' 5 \ qc, ‘;»(f-\'
= 5 e ® Ef(e £ 0
< 3 VN (&) = (o . £
® 2) ® ® °) y

Figure 4. TNF-a-dependent Smac mimicry in ADPKD with corresponding Drosophila homologs. ADPKD cystic cells exhibit
upregulated TNF-« and TNF receptor TNFR1. TNF-&-TNFR signaling leads to TNF-« auto-transcription and pro-survival
signals through complex I (left), which promotes cyst growth. Smac mimetics (or mimics) target and sequester inhibitor of
apoptosis proteins (IAPs), which leads to the dissociation of complex I and the formation of the pro-death complex II to
induce apoptosis of cystic cells (right). Drosophila homologs are added to show the potential for modeling. See text for more
details. Modified from [279].

Smac/DIABLO has also been shown to be a promising treatment for ADPKD. In a
Pkd1~/~ mouse model, Smac-mimetic GT13072 was found to induce cystic cell death in a
TNF-«-dependent manner [280]. The rationale of Smac mimicry in ADPKD therapy relies
on the fact that the cystic fluid of ADPKD cysts (in both the Pkd1~/~ mouse and ADPKD
patients) contains high amounts of TNF-« and the cells lining the cyst also overexpress the
TNF-« receptor 1, which activates TNF-« signaling [280,281]. Conversely, non-cystic cells
do not exhibit TNF-oc pathway activation. Thus, the tubular cells lining the ADPKD cyst
are sensitized to Smac mimicry, unlike the neighboring non-cystic cells [280]. As expected,
the Smac-mimetic GT13072 was found to reduce cysts in the Pkd1~/~ mouse model [280].
The TNF pathway is highly conserved in Drosophila (Figure 4) [282-285]. Therefore,
we hypothesized that Smac may induce cystic cell death via the activation of TNF-«-
dependent apoptosis, similar to the Pkd1~/~ mouse model [280]. As a proof of principle,
we tested four new Smac mimetics for their cyst-reducing potential in the Drosophila PKD
model [166,200]. Note, the fly PKD model displayed conserved response to rapamycin,
hinting at conservation of core molecular mechanisms of cyst formation [166]. For the
cystic analysis, newly hatched BicC mutant flies were fed either the Smac mimetics (20 uM)
for 20 days or vehicle (water). For each treatment, Malpighian tubules from 50 female
flies were micro-dissected ex vivo (a representative example is shown in Figure 3) and the
number of cysts was scored, mapping the cysts to the different regions of the Malpighian
tubules, and distinguishing between anterior and posterior tubules [166,200]. Results were
then analyzed statistically to derive a “cystic index” used to compare treatments [200].
For a discussion of the cystic index in the fly model, see [201]. Upon Smac treatment, the
BicC mutants displayed a significant overall reduction of cysts, and differential compound
efficacy [200]. Interestingly, the Smac mimics displayed selectivity for distinct regions of
the renal tubule, that if conserved to humans, may offer opportunity for precise targeting
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in personalized medicine [200]. While the mechanistic detail of Smac mimicry in the
Drosophila model and in human ADPKD remains to be determined, the conservation of
the pharmacological response between flies and humans suggests that Drosophila genetics
and drug assays may be combined to accelerate progress in this direction.

An interesting similarity between ccRCC and ADPKD, it was found that TNF-« levels
significantly increase as the stages of RCC progress [286,287]. TNF-« was overexpressed
in high-grade ccRCC tissues and tumor-associated macrophages [288]. Moreover, TNF-a
levels positively correlated with ccRCC cell invasion and the epithelial-mesenchymal tran-
sition of ccRCC cells in vitro [289]. Overall, TNF-« appears a key player in tumor invasion
and metastasis in ccRCC [288]. Besides its expected value as a possible prognostic marker
for ccRCC, these results strongly suggest potential for Smac (potentially combination)
treatment to limit tumor cell invasion and metastasis in ccRCC.

10.2. Melatonin Treatment

Melatonin is a ubiquitous neurohormone secreted at night from the pineal gland and is
mainly thought to function within the circadian rhythm (reviewed in [290,291]). In murine
models and Drosophila, melatonin has been found to increase lifespan, while treating
age-related diseases [292-297]. It has also been widely employed in oncology for as its
oncostatic effects in many cancer types ([298], reviewed in [299,300]). Melatonin has been
shown to function at multiple levels to halt cancer cell proliferation via the mTOR, MAPK,
EGF (and other) pathways responding to several growth factors (reviewed in [300]).

In a few studies, melatonin was found to promote maintainance of proper kidney
function [301-303]. In ccRCC, melatonin has been shown to reduce metastasis by suppress-
ing the Akt-MAPK cascade, NF-kB DNA-binding activity, and matrix metalloproteinase
(MMP)-9 transactivation [304]. As well, melatonin induced cell death in the renal cancer
cell line Caki, which occurred via upregulation of the E2F1 and Sp1 transcription factors,
and increased expression of the Bcl-2-interacting mediator of cell death (Bim) through tran-
scriptional and post-transcriptional mechanisms [305,306]. Melatonin may hold promise in
ADPKD therapy as well. Very recently, we published that melatonin treatment significantly
reduced renal tubule cysts in the Drosophila PKD model [307]. In this study, nightly
administration of 150 uM melatonin effectively decreased the cystic index of BicC flies,
further suggesting the conservation of common core mechanisms of abnormal cystic and
neoplastic cell growth [307]. While the cyst-reducing mechanisms of melatonin are being
investigated, melatonin holds special interest as a molecule to treat PKD because its lack of
toxicity, high tolerability, and potential for combination therapy would be perfectly suited
to the protracted treatment of chronic PKD.

11. Discussion

Abnormal neoplastic growth in ccRCC and ADPKD appears to result from the accu-
mulation of several mutational hits that cooperate to change fundamental cell properties,
metabolism, and behavior. Among cancers, ccRCC has a characteristic mechanism of onco-
genesis resulting from high genomic instability and the unique accumulation of several
mutations that affect the cancer outcomes [15,21]. Consistent with such genetic instabil-
ity, ccRCC is largely sporadic. Benign ADPKD has a component of dominant genetic
inheritance through the PKD1 and PKD2 genes, but a second-hit model may best explain
the breadth of clinical observations ([308-310], reviewed in [34]). In part because they
affect the same tubular cells, ccRCC and ADPKD share similar alterations in proteins and
non-coding RNAs with proto-oncogene and tumor suppressor properties that affect the
replicative capacity of the mutated cells and substantially change their metabolic profile.
Co-contributing mutations complicate experimentation. However, similarities between
ccRCC and ADPKD have raised significant interest because they might be leveraged to ad-
vance knowledge of neoplastic growth and to determine key differences between cancerous
growth in ccRCC and benign ADPKD [311-313]. Simpler models like Drosophila have been
particularly successful to decipher core disease mechanisms. Relevant to oncology, the first
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observations of cancer in Drosophila date back to Mary Stark in 1918 [314-316]. The concept
of cooperative oncogenesis also emerged in Drosophila studies [317]. Epithelial tumor
formation reviewed in [318], cell motility and metastasis [319,320], context-dependent tu-
morigenesis [321], stress signaling in cooperative oncogenesis [322], cell polarity [323-325],
cell competition [326], and the Warburg effect [327] are but a few examples of successful
application of fly genetics to decipher key mechanisms of neoplastic growth and cancer.

At the cellular level, ccRCC and ADPKD display several dysfunctional signal trans-
duction pathways, metabolic remodeling and degrees of genetic instability. This makes
them particularly challenging to study and complicates therapeutics. Studying the ho-
mologous pathways using the extensive collection of Drosophila genetic tools may provide
valuable insight into both diseases. Genetic knockdown in dVHL heterozygotes may help
understand the progression from “first hit” predisposition to cell transformation, and the
effects of concurrent mutations resulting from ccRCC genetic instability at the cellular and
physiological levels, as well as identify crucial pathways to target therapeutically.

The similarities between RCC and ADPKD appear to be also reflected pharmacologi-
cally at least in the case of rapalogs, Smac mimetics and melatonin. Rapalogs have proven
particularly effective and have been approved for use in RCC therapy for the few cases fea-
turing MTOR activation [243-246]. Rapamycin and derivatives have also shown promising
results in ADPKD and ARPKD models, yet they are not suitable PKD therapeutics because
of progressive loss of efficacy and long-term toxicity [102,104,166,247-252]. Smac mimetics
and melatonin also appear to be effective in RCC and ADPKD models and are expected to
present at least partially distinct mechanisms of action. Such underlying similarities may
be leveraged to identify novel drug candidates that could be repurposed for RCC and/or
ADPKD therapy. Such strategy is expected to be particularly beneficial to ADPKD, for
which therapeutic options are severely limited [311]. Moreover, knowledge “spill-over” of
potentially effective pharmacological options may help identify candidates for combination
therapy. While the effects of the tumor microenvironment and immunity may be chal-
lenging to model in flies, Drosophila, has established value toward developing mechanistic
knowledge of core diseased pathways. Such knowledge in turn will facilitate investigation
of the tumor microenvironment and immunity in mammalian systems. Still a relatively
untapped resource in drug studies, robust pathway conservation between Drosophila and
humans and effective transgenesis enabling expression of human proteins and variants in
the fly, empower pharmacological studies with translational significance. This has been
particularly successful in oncology ([328,329], reviewed in [330]) and may have potential
for ADPKD [200,201,307]. Disease modeling relies on models for discovery science, pre-
clinical models of diseased states, and models for therapeutic outcomes. Leveraging on the
contemporary comparative knowledge and employing experimental setups aware of the
phylogenetic differences, Drosophila may become especially beneficial to accelerate basic
and clinical progress for diseases with complex and challenging cooperative mechanisms
and scarce therapeutical options such as ccRCC and ADPKD.
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