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Abstract

Autosomaldominant polycystic kidney disease (ADPKD) is one of the most common
monogenic diseases with a worldwide incidence of 1/1000. Itis caused by mRKhs in

or PKD2 Around 10% of all erstage renal disease results from ADPKD, translating into
an annual cost of 01.5 bill recemhbeerlicemseds Eu
for use in patients with evidence of rapid disease progression, it is onlylyneifiectte

and associated with significaitte effectsresulting in the urgent need to identify new
treatments.

In this project, @kd2zebrafish mutanpkd2'*’§ was used farompoundibrary screens

with commerciabdrug libraries. The dorsal talirvature phenotype, the most penetrant
ADPKD-related trait in this mutant, was choasrthe assay readt. After thorough

testing, the most promising compounds were studied irdihmeresional mammalian cyst
assays using both canine (MDCK) and hu@et6lc1PKDZ ") cell lines. Experiments in

cyst assays largely confirmed the hit compounds as relevant to cyst formation and expansiol
Several hits linked to pathwaysviously implicated mther ADPKD models including
androgens, prostaglandins and ABi the precise role of others remains to be identified.

Using a novel kidney calcieporter zebrafish lirmpep:Gal4;UAS:GCaMPirave "
levels weréound to bereduced irpkd2mutant fsh compared to sibling controls. Genetic
interactions betwegakd2andelipsaa ciliary protein, were observed for tail curvature and
glomerular dilatation, providing the first evidence of aeatumdant function fqokd2in

the zebrafish pronephros.

In conclusion, this study has identified several new compounds and pathways relevant tc
cystogenesis using a zebrafiki2 model and provided the first evidence of a- non
redundant function fqokd2n the zebrafish kidney. The zebrgfisiitmutant will catinue

to be a useful model to study ADPKD pathogenesipa@adtiatreatmerg
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Introduction

1. PKD 0 polycystic kidney disease
ADPKD, autosomaidominant polycystickidney disease, is one of the most common
monogenic diseases worldwide with estimated incidences of 1/400 tqSuiieo@t al
2003) Although the prevalence of diagnosed ADPKD cases varies between populations,
potentially due to differences in screening policy and health care datvesy, studies
suggest that more than 1/500 people could be aff€@ttad, 1993; Dalgaard, 1957)

In ADPKD, the diseased kidneys contain numerousfiflei epithelial cysts (deigurel

A) which may develop from any part of the nephron and cause bilateral renal enlargement
Cysts arise as spherical dilatations or smatloocihings, enlarge progressively and
eventually separate from the refstthe renal tubule. Cyst development is generally
accompanied by the destruction of renal parenchyma, interstitial fibrosis, cellular infiltration
and loss of functional nephrons (reviewd@anget al.2008). However, cysts are not

limited to the kidneys and extrarenal manifestations most commonlydysiside the

liver, but also in the spleen, pancreas, arachnoid membrane and seminal vesicles. Other no
cystic vascular manifestations such as intracranial arterial aneurysms, artery dissections a
coronary artery aneurysms are present in a minoatjeoitp (reviewed (forres & Harris,

2009).

Typically ADPKD patients present between-240 years of age but cases in childhood
(under 15 years) and evienuterdhave been reported. Common symptoms include
abdominal pain, polyuria, urinary tract infections, haematuria and hypertension (reviewed ir
(Loftuset al.2013pnd(Wilson, 2004p)Abdominal pain is the most reported symptom in
adults and can be caused by cyst haeage, infection or renal stones. Around half of all
ADPKD patients will have reached atage renal disease (ESRD) by the fifth decade of

life (Hateboeret al. 1999) Glomerular filtration remains normal in most patients until the
fourth to sixth decade of life, despite the constant growtstsf due to compensatory
hyperfiltration. By the time filtration rates decline, the kidneys are markedly enlarged and
distorted.

Diagnosis typically relies on imaging techniques. For cost and safety reasons, renal ultrasour
is the most widely used methddowever, MRI (magnetic resonance imaging) or CT
(computer tomography) provide increased sensitivity to detect smaller cysts. CT or MRI
render pictures at much higher resolutions and cysts of 3 mm rather than 10 mm are easil'
detectedBaeet al.2010)



ADPKD accounts for ca. 10 % of patients with ESRD which translates into ca. 35,000
patients across Eurofenaking ADPKD the fourth most common cause of EERIres

et al.2007) The clinical and economic burden caused by this disease is enormous with an
estimat ed ab5hillend for ESRDtwithim the 2 Edember states alone
(currently including the UKPBpithovenet al. 2014) Risk factors for ADPKD itade
genotype, age, sex, kidney function and total kidney volume (revi@ngeta|.2015).

Of note, males with ADPKD typically have a faster progression andciestic kidneys

than female patientSorneele Gallet al.2013; Harrist al.2006)

To date, only one drug has been approved to slow the progression of ADPKD (tolvaptan).
However, this treatment is associated with high rates of adverse effects related to increase
aquaresis (thirst, polyuria and noct(fia;reset al. 2012) and a low incidence of liver

toxicity. A preventative treatment for this devastating disease has not yet been found.
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Figure 1(A) Image of a polycystic kidney with a plethora ofysts by Ed Uthman from Houston, TX, USA- Adult
Polycystic Kidney, CC BY 2.0, https://commons.wikimedia.org/w/index.php?curid=3062826. (B) Survivaktes
of heathly controls (green), patients with aPKD2mutation (red) and patients with aPKD1 mutation (blue) by
age based on data iffHateboer et al., 1999)

2. The genetic basis of ADPKD
Two genes have been linked to ADPRBID] which harbours mutations in ca. 85 % of
paients, an@PKD2 accounting for the remaining 15 %. MutatioR¥KiD2are characterised
by a later onset and slower rate of progression to BES®I1%3.0 years arfeKD269.1,
seeFigurel B, (Hateboeet al.1999) but phenotypically, patients with mutatioriRKbD 1
andPKD2are clinically indistinguishable. The existence of a third gene causing ADPKD,
PKD3 was debated in the past but has now largely been efetudetch|.2014)

Patients with a truncating mutatiofKD1generally have the worst renal prognosis. Non
truncating mutations &KD1result in intermediate progression ratef&mPmutations
show the best prognosis (reviewe(@ing et al.2015). Slower disease progression with

PKD2mutations has been attributed to the formation of fewer cysts in the early stages of
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disease rather than slower cyst gr@vdinriset al.2006) | ntri gui ngl vy, mu
half of PKD1also correlate with earlier onset of renal failure and more frequent aneurism
ruptures compared to mutations in3hé (Rasdettet al.20030 however, this has not

been confirmed in later studi€srneelLe Gallet al.2013)No such associations have been
reported foPKD2(Magistronet al.2003) Deleterious mutations in either one or IRKD

genes have been shown to always result in the clinical ADPKD ph@biatyaehiet al.

2010; Newbyet al. 2002) Transheterozygous patierR&D1’';PKD2'") have also been
reported and exhibit a more severe clinical progression than simple hetefBejgiaks

2001) A strong intrafamilial phenotypic variability, even with identical mutations, suggests
additional modifiers, which could be either genetic or environ(Rensakt al.2004)

The two protein products #fKD1landPKD2 PC1 (polycystifh) and PC2 (polycysi)
respectively, form a heterodimeric complex via thenmr@hal tails (ség@gure2 A) which

is thought to function as a recegtor channel. The PC1/PC2 complex is interacts with a
variety of other proteins regulating multiple signalling pathways that maintain tubular
structure and function in the kidney (review¢@ng & Harris, 2005p)

There has been a consensus that the PC1/PC2 complex acts as mechanuseaspr in
cilia. mediating flowlependent Cainflux which in turn activates Caelease from
intracellular stores like the ER, e.g. via PCEjgee2 B (Koulenet al.2002Nauliet al.

2003) 0 although this has beegcently dispute@Dellinget al.20B). Cystic cells isolated
from ADPKD patients lack flowensitive calcium signalling, show reduced ER calcium
stores and lower intracellular calcium concentrgionst al. 2007) Manipulation of a
single primary cilium in cultured canine kidney cells caused an increase in intracellula
calcium levels itme stimulated cell as well as the surroundingPraegorius, Frokigest

al, 2003; Petoriuset al.2001; Praetorius & Spring, 20Q&)Is treated with antibodies for
PKDlandPKD2did not show these calciurartsients, which are dependent on intracellular
and extracellular calcium po{sulenet al.2002; Naulet al.2003) This suggests the
PC1/PC2 complex initiates flamduced intracellular calcium signalling. Overexpression,
haploinsufficiency or absence of PC2 gradually decredseslézme form intracellular
storeqTorres & Harris, 2009)
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Figure 2 (A) Diagram of the PC1 (left) and the PC2 (right) and their interaction through coilecbil domains in
the Gtermini. Homology domains are shown in the key. (B) Polycystin complex as mechanosensory calcium
channel in primary cilia without and with flow (left and right respectively).

3. The polycystin family across various species
In the next paragraphs, protein structure, expression, interaction partners and putative
functions of PC1 and PC2 will be described in ddtad facus especially on human, rodent
and zebrafish data. Zebrafish were the main model organism studied during this project anc
are thereforéocussed on particularlgimilarly, there will be a greater focusKb2and
PC2, as a knockout model of #pme was used. A more detailed account of zebrafish and
their value as model wi |Zebrahish asg madel orgardgam t h €
a n debmafish models of ADPKnkddeficient embryds.

Figure3 depicts the evolutionary relationshipBKbD1landPKD2(A and B respectively) in
humans, mice and zebrafish with orthologue sequence identity given in percent. The
zebrafistpkdllgene is nssing inFigure3 A, as current database annotations suggest it is
not a direct orthologue of humBKD1

To clarify, human polycystin genes are referredPxgeres, rodent orthologues &ied
genes and the zebrafish varieties are dengikdgaeses. These traditional denominations
will be upheld throughout the text and will help identify the referenced species.

B
A PKD1 human 100 %

Pkdl mouse 78.41%

PKD2 human 100 %
Pkd2 mouse 90.17 %

pkdla zebrafish 39.35% —— pkd2 zebrafish 66.92 %
Figure 3 Schematic evoltionary trees of (A)PKDIand (B) PKDZ2genes ofHomo sapiens Mus musculusand

Danio rerio with sequence identiy in percent. Data derived from the Ensembl database
(http://www.ensembl.org), August 19 2016.
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3.1. Human PKD1
PKD1was identified in 1995 by the International Polycystic Kidney Disease Cofsortium
The International Polycystic Kidney Disease Consortl®®5)and is located on
chromosome 16p13.3 and translates into the 460 kDa polyqysitein. It is a 4,302
amino acidype | membrane glycoprotein with a loagiinal extracellular domain (3,074
amino acids), 11 transmembrane domains (1132 aa) and a short intraeehhitarsG197
aa)(Hughe=t a].1995) PC1 interacts with PC2 via a cedleildoman in the Gterminus
to form a heterodimefFigure2 A); this interaction has been shown to be critical for
functional regulation of both proteiiiNewbyet al.2002)

The entire PC1 Xerminus has been proposed to have the biomechanical properties of a
mechanosens@ian et al.2005) It might sense laminar flow in the meép tubulesand

trigger a PGBependent Casignal, hence acting as a sensor for the glomerular filtration
rate Figure2 B) (Qianet a].2005)In addition to its mechanosensory function, the PC1/PC2
complex haveen implicated in mediating or regulatingcekland celinatrix adhesion
(reviewed inWilson, 201})) Homotypic PCL1 interactions via the PKD domains and
heterophilic interactions of PC1 with thedeherin/catenin complex (and other proteins),

as well as increased integnediated adhesiveness to collagen in PKD cyst cells have been
describedHuanet al.1999; IbraghimeBeskrovnayet al.2000; Roitbadt a].2004; Streets

et a].2003; Streett al.2009; Wilsort al.1999)

PC1 has been localised to multiple subcellular locations in renal epithelial cells including
primary cilia, cytoplasmic apical vesicles, focal adhesions andd lstgedy membrane
junctions (tight junctions, adherens junctions and desmogBaletiget al.2001Griffin

et al.1996; Huapt al.1999Kim et a].2000; Newbgt al.2002; Scheffees a].2000; Wilson

et a].1999; Yodest al.2002) reviewed ifOng, 2000Q)

In humans, 40 splice variantP#fD1and three paralogues have been reported (listed in
Tablel) (Martinet al.2004) To date (accession 18.08.2016), 2323 difk¢Bximutations

have been identified in patients, of which 1895 are definitely pathogenic, newst of th
unique to a single family (Autosomal Dominant Polycystic Kidney Disease Mutation
Database: PKDBttp://pkdb.mayo.edu/).

Gene name & Ensembl Length in Length in bp Chromosome| ID
identifier aa (cDNA) %
PKD1 ENSG00000008710 4302 14138 16
PKD1L1ENSG00000158683 2849 9092 7 14.74
PKD1L2ENSG00000166473 2459 7379 16 25
PKD1L3ENSG00000277481 1732 5199 16 16.40

Table 1The PKDIfamily in Homo sapiens.Data derived from the Ensembl database (http://www.ensembl.org),
August 18n 2016.
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3.2.  PkdIin model organisms
Pkdlwas first fully sequenced in mice in 199 International Polycystic Kidney Disease
Consortium1995pand many knockout and overexpression mouse strains have been created
since Homozygous knockout models are almost all embryonic(kethagt al. 2000;
Lantingavan Leeuenet al.2007; Liet a].2001) In mice Pkdlis expressed at high levels
in embryos but dowregulated shortly after birfreviewed i{Ong & Harris, 2005))
Levels oPkdlexpression have been increased and decreased in mice, both of which resultec
in cystic kidney phenotypestressing the importance of PC1 dosage for normal tissue
architecturgLantingavan Leeuwemt al. 2004; Pritchardt al. 2000) ConditionalPkd1
knockouts show varying progressiohPKD but the developmental stage at which gene
inactivation occussletermines disease sevéRipnteket al.2007; Takakuet al.2009)
In one model, inactivation Bkdlbefore postnatal day 13 results in severe cystic kidneys
within 3 weeks, whereas inactivation at day 14 or later results in cysts only after 5 month:
(Pionteket al. 2007) Of note, heterozygoutkdlknockout mice without symptoms also
exhibit decreased intracellulaf*Gavds at approximately half of WT concentrations,
although these animals did not develop GdBtabiet al.2007) Cartilage defects like an
undulating spinal chord and jaw phenotypes have been observed in addition to cystic kidney
in Pkdlknockout animal@Boulteret al.2001; KolpakovHart et al.2008)

In zebrafishpkdlis present as two paralogous gerkeld,aandpkdlbthat are more closely
related to humaRKD1than thePKD1LorthologuegMangost al.2010)pkdlas broadly
expressed in chondrogenic tissuesplddiis primarily expressed in the nervous system
(Mangoset al. 2010) pkdlaknockdown results in hydrocephalus, jaw defects and kidney
cysts (but only in 20 % of morphant embryos) goktlltknockdown does not cause a
visible phenotype. Disruph of both pkdlparalogues however, results in a forgan
phenotype similar fokd2ossof-function but without L/R asymmetry defects (see below,
(Mango=t al.2010). This suggests thgkd1bmay have overlapping or redundant functions
with pkdlaand its knockout is necessary for a fully penetrant phe(idgmeoset al.

2010) In pkdldouble knockdown zebrafish, renal dilations were observed in ca. 20 % of the

embryos.

Tissue expression of muripkdlis similar to zebrafistoccurring in the notochord, floor
plate as well agher chondrogenic tissu@voulteret &, 2001)but has also been detected
in the perichondrial mesenchymehia headLu et al.2001) Delayed ossification of the
skull and spinal chord Rkd1deficient animals are similar in both spékiest al.2001;

Mangost al.2010)The low penetrance of cyst formation sepkdiknockdown zebrafish
14



experiments miics that of gene knockout after postal day 14 in juvenile mice and may
suggest the necessity of additional factordPldtmutation for cysts formatidRiontek
et al.2007; Takakuret al.2008) The mouse orthologues of hunkRKDland PKD1L1

genes are listed Table2.

Ensembl identifier & gene Length in Length in bp Chromosome| ID
name aa (cDNA) %
Pkd1l ENSMUSG0000003285 4293 14170 17 100
Pkd1IIENSMUSG0000004663 2521 7631 11 15.59
Pkd1IZENSMUSG0000003441 2461 7386 8 17.64
Pkd1IZENSMUSG0000004882 2201 6606 8 14.40

Table 2 The PkdIfamily in Mus musculus Data derived from the Ensembl databasghttp://www.ensembl.org),
August 18 2016.

Zebrafish gene annotations are less sophisticateddkd Hi@mily compared to mammals.
Furthermore, there are five paralogues, one of which has not yet been annotated. Currently
no pkdllland pkdll3genes are annotated, although there were at the beginning of this
project suggesting a recent change in annotations.

Ensembl identifier & gene Length in Length in bp Chromosome| ID
name aa (cDNA) %
pkdla 3629 15472 1 100
ENSDARG00000030417
pkdlb 3827 12367 12 25.27
ENSDARG00000033029
pkdill2a 1124 4430 7 19.75
ENSDARG00000105344
pkd1l2b 1442 6338 7 19.69
ENSDARG00000101214
2153 6459 24 17.47
ENSDARG00000099162

Table 3 The pkd1family in Danio rerio. Data derived from the Ensembl database (http://www.ensembl.org),
August 18 2016.

3.3. Human PKDZ
PKD2was identified in 199®ochizukiet al.1996)is located on chromosome 4p21 and
gives rise to the 110 kDa polycy&tiprotein. It is a 968mino acid type Il membrane
glycoprotein with sittansmembrane domains and intracelllami Gtermini. Tke N-
terminus cotains a ciliasargeting RVxP motif (Arginine, Valine, X, ProliG&nget al.
2006) PKD2has significant homology to the transient receptor potential (TRP) family of
storeoperated calcium channels and is likélyntdion similarly as a nselective calcium
channel, hence its further denominatiohRIBP2Giamarchet al.2006) It can function
both alone or in the presence of RGhnzale®errettet al.2001; Hanaoka, Qiagt a.
2000Qianet al.1997)
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PC2 has been localised to primary cilia, amoalaitia, endoplasmic retioo (ER)/Golgi
membranes, lamelidia, mitotic spindles and the basolateral cell surface RKiikets
expression appears to be maintained at a constant level into g4t difeal. 1999;
Foggensteinat al.2000; Gallaghet a].2000; Lu@t al.2003b; Newbst al.2002; Ong &

Harris, 2005b; Rundét al.2004) Apical monocilia can function as mechanosefgary
sensors with intracellular calcium release in response to cilia bending and PC2 antibodie
have been shown to block this fimguced calcium relegdauliet al.2003; Praetoriet

al, 2001)

To date (accession 17.08.2016), 463 diffek@fmutations have been identified of which

438 are definitely pathogenic, most of them unique to a single family (Autosomal Dominant
Polycystic Kidney Disease Mutation Database: PKDB, http://pkdb.mayo.edu/). In humans,
seven splice variants and two paratoljagee been reported 8KD2 the latter are listed

in Table4.

Gene name & Ensembl Length in Length in bp Chromosome| ID
identifier aa (cDNA) %
PKD2 ENSG00000118762 968 5056 4 100
PKD2L1ENSG00000107593 805 3043 10 48.45
PKD2L2ENSG00000078795 523 2333 5 46.47

Table 4 The PKDZ2family in Homo sapiens.Data derived from the Ensembl database (http://www.ensembl.org),
August 1& 2016.

3.4. Pkd2in model organisms
Pkd2is a C&-permeable cation channel associated with primary cilia and proposed to be
involved in a ciliary mechanosensory complex. In the zebrafish prorpqoliuss been
localised to the basolateral membrane assiethinal cilia, suggesting it may function both
as a ciliary mechanosensory channel as well dsrel€@ae channel in ER membranes
(Obaraet al.2006) Mammalian studies have localised PC2 to intracellular ER and Golgi
membranes and to apical, fmoatile cila of renal epithelia and mouse node cells
(Foggensteinaat al.2000; Pazowet al.2002) Pkd2lossof-function has been shown to
cause L/R patterning defects in mice and in zeb(Bisgroveet al.2005; Pennekanep
al, 2002)

Mouse knockouts éftkd2develop embryonic kidney cysts, vascular and heart septal defects
and randomized organ latergitgnnekampt al.2002; Wt al.2000) In mouse models

with targeted disruption ¢tkdlor Pkd2,renal development progresses normally until
embryonic day 14.5 when cysts begin to @aulteret al.2001Kim et al.2000; Liet al.

1997; S. Mutet al.2002; Wt al.1998) This suggests that polycystins are not essential for

nephron induction but for maturation and maintenantreetdbular architectur@®©ng &
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Harris, 2005b)Homozygou#kd2knockout mice usually die in the embryonic period; in
heterozygous animals, a mild renal cyst phenotype can be detected in older mice but is high
varidle (Boulteret al.2001; Leet al.1997)Mouse orthologues BKD2andPKD2Lgenes

are listed ifableb.

Ensembl identifier & gene Length in Length in bp Chromosome| ID
name aa (cDNA) %
Pkd2 ENSMUS®000003446 966 5219 5 100
Pkd2IIENSMUSG0000003757 760 3321 19 49.74
Pkd2I2ENSMUSG000000145( 621 2421 18 44.44

Table 5The PkdZfamily in Mus musculus Data derived from the Ensembl databasghttp://www.ensembl.org),
August 18 2016.

Pkd2unlikePkd1mutations cause asymmetry defects in murine and zebrafish models. PC2
in the monocilia of the mouse embryonic
vesiclédEssneet a.2002)could mediate asymmetrié‘Gagnalling prior to L/R (left/right)
establishent(McGrathet al.2003)Pkd1has not been linked to this phenotype; however,
recent studiesalve revealeBkdll1lto be expressed in the node and mutations in this
paralogue lead to L/R asymmetry defects in (fRieklet al.2011; Kamurat aJ.2011)
Interestingly, no significant differences have been detected regarding cilia number or lengtt
inthe zeblai s h Kupf fpkd2@dsphants ar in¢he mouse rembryonic node of
Pkd2mutantg(Bisgroveet al.2005; McGratkt al.2003; Obarat al.2006) This indicates

that inPkd2mutantsciliary structure is normal, but signal transduction is disrupted.

In zebrafishpkd2s located on chromosome 1, consists of 3336 bp (14 exon mRNA, 904 aa
protein) and shares 67 % conservation compared to KR Zebrafishpkd?2
knockdown animals (morphants) exhibit a 51 % rate of reverse heart looping and a similar
rate for gut loopin@Bisgroveet al.2005) At 40 hpfpkd2morphants have a rather unique
phenotype: an upward curled tail, hence the further denominatiopkufainetant- curly

upor cugfrom when it was isolated in a phenotyased screen in the Alid® 9 (Branslet

al, 1996) In addition to L/R asymmetry abddy axis defectpkd2morphants exhibit

cystic kidneysaodiac oedema and hydrocephghenotypeslsofound inPkd2mouse
mutantgWuet al.1998; Wet al.2000) One previous study suggests that the mechanisms
leading to the formation of pronephric cystskiti2deficient zebrafish are different from

other cystic mutan{SullivarBrown et al. 2008) Notably, cyst development seems to be
restricted to the glomeruluspkd2morphantscontrary to general dilations in other cystic
mutantsObara et al. reported evidence that supports the theory of a partial occlusion of the
pronephric tubulesvhich could lead to a builgh of fluid causing glomerular dilatation
(Obaraet al.2006) However, 0 cpld@knackdowk and diliery lsndckouot f
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models as described in the zebrafish literature are rather dilated glomeitilidydenal
cysts.

In early developmemikd2mRNA is widely expressed in the zebrafish embryo; the domains
of highest expression later becoming ciliated tissues, including the pronephric duct primordia
and the Kupf fer 6 spkd2washot obseevable Ky situthybridisatioa r n a |
(Bisgroveet al.2005plthough it has been detected usingPRR(Schottenfeleét al.2007;

Sunet a].2004)Zygotic expression is initiated at the onset of gastrulation in the biastoder
margin. At this poinpkd2s found in the hypoblast of the dorsal midline and to the dorsal
forerunner cells. In the early somite staelkjs ubiquitously expressed but with higher
expression in the KV which persists to treoite stage. Subseaflie expression is
detected in the pronephric duct primordia and the neural floorplate and at 24 hpf, in the
brain. Later, at 3 dpgfkd2expression is reduced to the pharyngeal arches and the pectoral
fin buds(Bisgroveet al.2005)

The expression patterns gd2 and pkdlaoverlap partially, particularly around the
Kupf f er 0thetaibadstage) tlee head regions at 24 hpf, the pharyngeal arches and
pectoral fins at 72 hpf. There are no discernible regionsxgression gikd2andpkdlb

Table6 lists the annotatgagkd2andpkd2igenes in zebrafish, however at this stagkdah?

paralogue has been identified.

Ensembl identifier & gene Length in Length in bp Chromosome| ID
name aa (cDNA) %
pkd2 ENSDARG0000001409 904 3336 1 100
pkd2|IENSDARG0000002250 790 2718 13 45.19

Table 6 The pkdZfamily in D. rerio. Data derived from the Ensembl database (http://www.ensembl.org)August
18n 2016.

In zebrafish, botlpkdlorthologueqa and b) angkd2have been reported to regulate
extracellular matrigeCM) formation and a malfunction of this regulation leads to the
development of a dorsal axis curvaiMi@ngoset al.2010) Knockdown ottol2ainRNA
(collagen I type alpl fhe use ofollagercrosslinkingnhibitors rescued the curly tail
phenotype. It has been suggested that PC1 andbrdgulate a negative feedback loop
that normally inhibits deposition of multiple colla¢/dasgo%t al.2010)An altered ECM
status has been associated with the ADPKD phpenimiynuman and animal tissues as well
as cell culture modéSandian@t al.1992; Igarashkt al.2002; Malhaat al.2002; Schafer

et al. 1994; Somlet al. 1993; Subramaniat al. 2012) In mRNA profiling studies on
kidneys of a PKD rat model (Han:SPR3trix genes are prominently upregulated in cystic
tissues(Rieraet al. 2006) It appears polycystins are required for the transition from

persistently collagexpressing embryonic cells to a mature differentiated phenotype and a
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disruption leads to an overproduction of ECM and a distortion of the embryonic axis
(Mango<st aJ.2010)

Apart from PC1, PC2 has been reported to interact with a number of key proteins including
fibrocystin,inositol trisphosphate recep(@?3R), ryanodine receptdRYR) and sewval

other TRP channels (reviewedMangolini¢ al, 2016). The association of PC2 with a
variety of other calcium channels especially in the ER (IP3RARY&RonwLet al.2007;

Li et a].2005) and in primary cilia (TRP\(Kottgenet al.2008) suggest a pleiotropic role

of PC2 in cellular calcium signallingome of these interaction partners are depicted in
Figure4 and will be elaborated upon in greater detail in the next two chapters. Protein
phosphorylation can regulate R@#ticking and localisatioetrograde trafficking between

the ER, Golgi and plasma membrane is dependent on @BariBjenet al.2005)nd the
N-terminal Ser76 is critical for localization to the lateral plasma membrane but not to primary
cilia(Streetet al.2006)

cytoplasm

Intracellular Ca?" A\

cytoplasm
via STIM1 and

PI3K/Akt

Intracellular Ca?" A\

Figure 4 PC1 and PC2 in various cellular compartmens and their ptitge interaction partners. ER: edoplasmic
reticulum, IP3R: inositol triphosphate receptor, RYR: ryanodine receptor, STIMstromal interaction molecule,
PI3K: phosphoinositide 3kinase.
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4. Why do cysts form?
Two main hypotheses have been proposed as to why and how renal cysts form in ADPKD:
a twehit model and a threshold model. Both hypotheses have merits in their oyutights
neither fully explains the situation and it is possible that a combination of the two represents
the truth. Addi tionall vy, a third -hiytp@t h
hypothesiswhich might involve stress factors such as rengl(iveimbs, 2011)

To explain the focal nature of the cysts, since only ~ 1 % of nephrons develop cysts in
ADPKD, a twehit mechanism with losd-heterozygosity has been propa&ermino,

1997; Grantharet al.1987; Peat al.1999Qianet al.1996; Wt al.1998)In this model,

a germline mutation in one allele and a somatic mutation/reduced expression of a seconc
allele of eithelPKD geneis required for cystogene@eiet al. 1999; Watnickt al. 1998;

Wuet al.2002)

The second theory on how cysts form is called haploinsufficiency, or threshold model. Here,
the loss of one alleledisato a 50% reduction in gene dosage and despite the presence of a
normal allele, a phenotype arises due to stochastic changes in protein concentratior
(Lantingavan Leeuweet al.2004) This hypothesis is supported by thesptagion that
hypomorphic alleles caauseyst formatiorfHopp et al.2012; Jiangt al.2006; Pest al.

2012)and the severity of cyst formation has been linked to quantitative changes in gene
dosage oPkdlin mouse models40 % PC1 cause a slowly progressive form and ~20 %
PC1 a rapidly progressing form of ADP&Idppet al.2012) The precise thresholds could

vary between animals, developmental stages, tissues, cell types and nephron segmel
(Fedele®t al.2011; Pionte&t al.2007; Raphaet al.2009) Interestingly, in all ADPDK

model organisms, evierhypomorphs, cyst development is fddappet al.2012)

To this date it remains unclear how the loss of polytiystiion leads to the clinical
phenotype, but five key cellular abnorrealifissociated with cyst formation have been
identified: Increased cell proliferation and apoptosis, enhanced fluid secretion, abnormal cell
matrix interactions, alterations in cell polarity and abnormal ciliary structure or function
(reviewed irfChanget al.2008)nd(Wilson, 201))How these arinked to mutations in
PKDlor PKD2remains largely unclear. Two of the most consistent signalling abnormalities
reported in ADPKD models are changes in intracellular calcium and cAMP concentrations,
the former is reduced and the latter elevated in patient tissues and models (reviewed i
(Mangoliniet al 2016 Torreset al.2006). Most of the key abnormalities mentioned above
could be directly or indirectly linked to this deregulation?fa@é cAMP and will be
elaborated upon in the next paragraphs (illustrationratirdas irFigureb).
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Upon activation, the PC1/PC2 complex is thought to initiate extraceRtkmt€a which

in turn triggers Carelease from internal stores. High intracellufarl@els inhibit the
production of CAMP by inhibiting €aensitive cAMBynthesising adenylate cyclases (AC5
and ACG6) or stimulating Taensitive phosphodiesterases (PDE1) which hydrolyse cAMP
(Choiet al.2011; Sussmaat al. 2014 Torreset al. 2014; Yeet al. 2016) In ADPKD
however, Céa levels are decreased and consequently cCAMP tcatimes increase
(Yamaguctet a.2006)The exact causes of this decrease in intraceffut@n@ardebated

but it has been hypothesised that loss of the polycystin genes in the cilia results in loss o
ciliary C¥ signal trasduction. Alternatively, loss of PC2 could lead to impairments of ER
calcium release; PC2 itself is proposed to BR &&" release chann@iamarchet al.

2010; Kouleret al. 2002; Mekahkt al. 2012)and its loss might impair ZCdluxes.
Additionally, PC2 has many interaction partners in the ER, most of which are’bther Ca
channels, i.e. RyR and IP8&yatonwtetal, 2007Li et al.2005)and the absence of this
interaction might imbit ER C&' release.

Increased cell proliferation and apoptosis have been consistently associated with ADPKD
in several models and an increase of tubular proliferative activity (e.g. transgenic expressic
of oncogenes or growth factors) leads to cystation(Calvet, 1998)0f note, lowering
intracellular Calevels in WT cells can result in increased proliferation Znch&anel
activators reptedly rescue the proliferative response irdeysted celleYamaguchet al.

2006) Elevated cAMP concentrations caused by decreased intrac&lictarc€atrations

could lead to cyst formation via two pathways: enhancing fluid secretion via the activation
of apically located ‘GlhannelgWallace, 2018nd by stimulating cell proliferation via
several mechanisms including tiRaBMEK/ERK pathway (MEK: mitogemctivated

protein kinase kinase, ERK: exteflularsignalregulated kinase, reviewe@iangoliniet

al, 2016). In cell culture models of ADPKD, forskolin, activator of adenylate cyclase
stimulates cyst formation by increasing cAMP synilitmisioka & Guggino, 2000;
Yamaguchét al.1995) Similarly,enal deletion of a €anhibitable adenylate cyclase (ACS,
adenylate cyc)dasd’&d? mice improved renal outcon{B®eet al.2014) A reduction of
intracellular Cainhibits a negative regulator eRBf but normal growth can be restored in
cystic cis by restoring Calevels, inhibiting the cAMipendent BRaf activation
(Yamaguctlet al.2006) The activation of the-Baf/MEK/ERK pathway in ADPKD also

causes an increase in mMTOR (mammalian target of rapamycin) signatiecefansl

protein synthesis by inhibiting the negative regulator of mTOR, the TSC1/TSC2 (tuberous
sclerosis) compléAguiariet al.2003; Mekahdit a].2013)
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Other pathways linking defects of the polycystin complex to cell cycle regulatidhénclude
JAK/STAT pathwayand the transcriptional regulator ID2 (reviewe®©ig & Harris,

20058) PC1 and PC2 affect JAK2/STAT3 (Janus kinase/Sigareducer and Activator

of Transcription), which, in turn, appear to regulate the transcription of theapetident

kinase inhibitor p21; therefore increasing proliferation evenaystmtubulegBhuniaet

al, 2002 Changet aJ.2006)PC2 also has been implicate@taining p21 in the cytoplasm

by binding to the ID2 proteihi et al.2005)Generally, regulation of proliferation underlies
complex signalling cascades (well beyond the ones mentioned here), all of which may b
deregulated in ADPKD.

Enhancedluid secretion is essential for cyst formation and it appears that tubular epithelia
may switch from an absorptive to a predominantly secretory phenotype in ADPKD. Fluid
secretion appears to be mainly driven befftix causing passive movement of &al
water(Granthamet aJ.1995) A study proposed that loss of functional PC1 in ADPKD
results intheupregulation of storeperated Caentry after a Carelease stimulus and that

the subsequent activation of transepitheaseCretion plays an important role in cyst

development and expans{@vildmanret al.2003)

The constant destruction of healthy parenchyma due to cyst expansion could also enhanc
the formation of abnormal cetlatrix interactions. In ADPKD patients, cyst epatsif on

an expanded basement membrane of altered composition and aldefechialphahs

been shown to cause PKD in miG®ldberget al.2010) Furthermore, PC1 has directly

been implicated in cekll adhesion in renal epithelial cells, a disruption of which could be
an early initiating event for ADPKD cyst formafineetgt al.2003)as well as ceatiatrix
adhesiorfWilson, 2004a)

Several papers have reported abnormalities in cell polarity in cystic tissues, however thes
finding have not always been consistent in all models (revi@\echget al.2008; Wilson,
200449) Altered basolateral trafficking, abnormalities in planar cell polarity or oriented cell

division could all play a role in ADPKD pathogenesis.

Genes that lead to structural abnormalities of primary cdidéav commonly associated

with a cystic phenotype and many cystoproteins, including PC1 and PC2, have beer
immunolocalised to primary cilia or centrosomeBKDXnull cells, flownduced ciliary

C&* signals are severely impa(id¢duliet al.2003; Naukt al.2006; Xtet al.2007)and

implicate a ciliary connection. wlver, zebrafish and mouse models do not exhibit
deformed cilia or reduced cilia numb@teGrath et al. 2003; Obaraet al. 2006)
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Nevertheless, cilia could be implicated in ADPKD, if not due to structural cilia defects then
via impaired signal transduction.

Fluid secretion

T

Cl
vasopressin PC complex
Cl- channel
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JAK2/
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\/ TSC1/2 l cascade 021
IP3R PC2 mTOR
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cell membrane
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l
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Figure 5 Diagram of deregulated pathways in ADPKD with focus on twmain components, calcium and cMP

as well as their putative effects. Proteins or pathways upregulated in ADPKD are indicated with red and
downregulation in blue letters. AC: adenylate cyclase, cAM cyclic adenosine monophosphate ER:
Endoplasmic reticulum, ERK: extra-cellular-signal-regulated kinase]P3R: inositol triphosphate receptor JAK2:
Janus kinase 2MEK: mitogen-activated protein kinase kinase, mTOR: mammalian target of rapamycin, PC1:
polycystin-1, PC2: polycystii?2, PDE1A: phosphodiesterase 1 A, PI3K: phosphoinositidekidiase, RYR:
ryanodine receptor STAT3: Signal Transducer and Activator of Transcription 3TSC: tuberous sclerosis, VP2R:
vasopressir2 receptor. Information mainly bagd on the reviews ofMangolini et a/, 2016:Torres et al, 2006)

In summary, polycystins are essential fomthmtenancef a differentiated tubular
epithelium phenotype, sEmgure6. Reduction in onef these proteins below a critical
threshold results in a phenotypic switch characterised by inability to maintain planar polarity,
increased rates of proliferation and apoptosis, expression of a secretory phenotype anc
remodelling of extracellular matrixne molecular mechanisms responsible for these
phenotypic switches are unknown but given the proposed participation of the polycystins in
numerous signalling pathways at multiple subcellular locations, they are likely to be comple;
(reviewed iifTorres & Harris, 2000)
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Figure 6 Progression from classical tubular renal structures with subsequeKD gene loss (green cells) to cystic
epithelia.

5. Current treatment targets and clinical trials
Presently, only one drug has been approved for treatment of ADPKD, tolvaptan (marketed
by Otsuka as JINARC in the UK). Current therapies mostly target the symptoms of the
disease but tolvaptan delays the onset of ESRD by about 6(Eneasnet al.2013)
There is no preventative treatment for ADPKD at the moment. The most important
therapeutic measure is blood pressure control adibeask is the main factor concerning
morbidity and mortality; infection and neurological events (like aneurysm rupture) are the
next common causésick et al. 1995; Perronet al. 2001) Interestingly, dtype calcium
channel inhibitors like nifedipine, often used to treat hypertension, have been reported to
have adverse effects on renal outcomes and it has bemegrthat other drugs might be
more beneficidbr ADPKD patientgAstoret al.2008; Sarut al.2009)

Until recentlyGFR (glomerular filtration rate) was the main indicator for clinical trial success
but since it only starts declining in the later stages of the disease, it may not be a gooc
predictor for treatment outcome in the early stages. Renal growth occudiszaleirhas

been shown to be exponential in patients and is likely to be a good early surrogate marke
for disease progressi@ranthanet al.2008)

Three main strategies have emerged from recent fincingst@mpt to delay the onset of
ESRD: Reducing cell proliferation, lowering cAMP levels and inhibiting fluid secretion. A
number of preclinical and clinical trials are currently underway or have been completed anc
some promising compounds are in the |dpueent pipeline. Primarily, the aberrant
signalling pathways*CaAMP and mammalian target of rapamycin (mTi&Renrottet

al, 2007; Taet al.2005;Torreset al.2009) have been implicated in ADPKD and clinical

trials targeting these pathways have been conducted. Other treatment options such a
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somatostatin analogues, HDAC inhibitors and curcumin, mostly ainnogidlate the
same three signalling casca@#’, cAMP and mTOR are also currently being explored

but will not be elaborated upon here.

As described previously, low intracellul&rl®zels in ADPKD allow an increase of CAMP
concentration, which kances fluid secretion and proliferation. mTOR is a kinase which
regulateset| proliferation and cell siza.gatients with ADPKD, the mTOR pathway has
been shown to be upregulated in cystic kidney tissue. mMTOR can be inhibited by tuberin
(TSC2 proteinand it has been suggested that loss of the tlreding site in PC1 could
enhance ADPKD phenotyp€®/ildmanet al. 2003) Rodent preclinical trials withe
MTOR inhibitor rapamycin were very promi¢8eyreet al.2010) however, initial clinical
trials with rapamycin and sirolimus have been disapp@@ramghanet al.2011; Levesgt

al, 2011; Taet al.2005)A recent clinical trial suggested thatvalose treatment with an
MTOR inhibitor improves renal functi@Braunet al. 2014)and the natural compound
resveratrowhich has been linked to mTOR inhibitiepressa®nal growth in a PKD rat
model (Han:SPRPWuet al.2016).

Vasopressin V2 receptor antagonists and somatostatin have shown positive effects ir
inhibiting disease development and progression in rodent models and in clinical trials
(Gattoneet al.2003; Higashihaeaal.2011; Torrest al.2012Torreset al.2007 Torreset

al, 2004) These drugs inhibit fluid secretion and cell proliferation via a decrease of cAMP

levels through the inhibition of adenylate cyclases (revighedas & Harris, 2000)

Triptolide, an active diterpene of the Chinese mebai@®ng Temgcurrently undergoing
phase Il clinical trials. It susséully reduced renal expansion in murine models and in a
smal) uncontrolled clinical tri#&Chenet al.2014; Leuenrotét al.2010; Leuenrotét al.

2008; Leuenrotht al.2007) Although the proposed mechanism of action for triptolide is
to activate PC2 channel, other modes of action are also possible.

Once disease progression has reached ESRD, the only remaining treatment options besids
synptom reduction are dialysis or kidney transplantation. Transplantation, being the
treatment of choice, has no greater risk of complications in ADPKD patients compared to
the general population. In cases where a nephrectomy is indicateaksistet

lapapbscopic nephrectomy is favourable to open nephrectomy regarding blood loss,

postoperative pain and recovery {iDesaket al.2008; Kramest al.2009)
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6. Zebrafish as a model organism
The zebrafishDaniorerip has become a very popular model organism during the past
decades. Owing to the relatively low cost, short generation3imerfths) and easy access,
it provides a comparatively inexpensive altermatwemnodel to mammalian systems. A
singlefemale can lay up to 200 eggs per week, which develop rapidly into transparent
embryos. Most major structures and organs are formed by 48 hpf when the larvae hatch an
begin swimming freely. T hie vivermaping yofoirdesnal t r a n
organs by using fluorescent markers-fger nucleases and TALEN methodologies have
in the past provided tools for targeted gene editing whereas the recently developed
CRISPR/Cas9 system has advanced gene manipulation to a more efficient level. The
CRISPR (Clustered Regularly Interspaced Short Palindromic Repsgggtem was
discovered as part of the immune system in bacteraxcuaddHorvath et al. 2010)
Recent studies, however, have utilized it to createsfaegiic mutagenesis in a variety of
models, zebrafish being amongst t{@nanget al.2013; Hwangt al.2013)

6.1. Zebrafish development
The development of zebrafish is very rapid and some of the stages and their timing after
fertilisation depicted irigure?7. By 24 hpf anlagen of all organs and otheistrtaitures,
such as the blood vessels and spinal column have fodr&taequently mature to full
function (stages of development extengidascribed ifKimmel et al. 1995). Kidney
formation, for instance, is completed by 48 hpf and glonféimalton matures until about
4 dpf. Classicallthis rapid development in a transparent enfiieye made zebrafish a
useful tool for genetsts and developmental studies. Their small size, easy handling and
rapidly growing bioinformatics databases also make them an interesting model to address

variety of basic research questions.
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Figure 7 Examples of zebrafish stages of development with respective times post fertilisation. 0 h: fertilisation
and onecell stage; 0.75 h-2ell stage; 2 h: 64ell stage; 3.25 h: high stage; 8 h: 75 % epiboly; 16 hsdrite stage;
24 h: Primb5 stage; 72 h: mtruding mouth stage. By Ed Hendel - CC BY-SA 4.0,
https://commons.wikimedia.org/

w/index.php?curid=37054608.

6.2. Zebrafish chemical screens
High-throughput chemical screens are typically conducted in cell culture models, however
zebrafish have emerged in recent yearsiavia@lternative. Three zebrafish embryos in
250 pl medium containing drugs of interest can comfortably develoygle aeli of a 96
well plate for 8 days. In the past 15 years, a multitude of small molecule screens have beer
performed on zebrafish. There are different approaches to finding active compounds in small
molecule screerfBetersoret al.2011; Rennekangp al. 2015)and during this project a
phenotypelriven approach was takéran ADPKD-related phenotype was chosen as
readout in the absence of a validated target. Screens can use d@avgkdaedeadout i.e.
modulation of a particular gene or pathway related to the desired outceimegrausuch
target has been described for ADPKD zebrafish models, a phenotypic screen was conductec
Some examples of previous screens aiming toatisuiel drug candidates &precific
disease phenotypes include: an aortic coarctation ph€hiayget al.2006) protection
from aminalycosidénduced utricular hair cell lo€&@wenset al. 2008)and long QT
syndromgPealet al.2011) HDAC inhibition, identified as a potential APDitidifier
during asmalscalecompound screen on zebrafti2mutants, has subsequently proven
effective in rodent models, underlining the general validity of thichifpeoet al.2012;
Xiaet al.2010)
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7. Mammalian and zebrafish renal development
The main functions of the kidneys in any species are removal of nisogasi@uand
homeostasis of ion, metabolite and fluid concentrations (osmolality), as well as pH levels
within vital levels. Basically, blood is first filtered by the glomeruli and ions or small molecules
are recovered from or excreted into the filtratetiye epithelial transpfdacobson, 1981)
The functional units of the kidney are called nephrons and each nephron has three major
subunits: glomerulus, tubule and collecting duct. The glomerulus adtoddikds with
specialised baskiéde cells, the podocytes. Small molecules, ions and blood fluid pass
through thedipaphbcggmsdashkiort of omeshod,
glomerular filtrate is then drained into tubules where saliagerdare reabsorbed and the
remaining waste is transported via the collecting duct to the excretion site.

Three distinct kidney types with increasing complexity arose during vertebrate evolution:
pronephros, mesonephros and metanephros. In the course of embryonic development, the
pronephros is the first to form and in teleost fish and amphibians, thisuisctiandl

kidney of early larval lif@/ize et al. 1997) In juvenile stages during fish and frog
development, a mesphros forms around and along the pronephros by adding more
nephrons from surrounding tissues and this mesonephros then functions as the final adult
kidney. The most complex kidney form, the metanephros is found exclusively in amniotes
(mammals, birds amdptiles) and is especially adapted to produce concentrated urine by
water retention. In mammals, the pronephros is only a vestigial organ and the mesonephro
is the functional kidney during foetal life. Both structures are transient and will degenerate

(seeFigureB) or in case of males, become part of the reproductive @ystssier, 2006)

Pronephros —Degenerating Pronephros
~
" __Degenerating
Mesonephros
Nephric Duct )
ephric buc
T "}-Mesonephros
2=}
—Mesonephros
[2e]

Nephtrogenic
Cord

= _J

< _Metanephric

Nephrogenic Mesenchyme

Cord
Ureteric Bud

@Tg_doaca \Yg Nephric Duct
Figure 8 Schematic depiction of the sequential development and degeneration of the pronephros and
mesonephros, as well as the induction of the ureteric bud and metanephric mesenchyme during kidney

development in mammals. By Ashley Sawle CC BY-SA 3.0, https://commons.wikimedia.org/w/
index.php?curid=7047612.
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During the embryonic and early larval stages, the zebrafish kidney consists of a pronephros
two glomeruli which are fused at the midline, just ventinal dorsal aorta, and two laterally
extending tubulesonnecting into duct®Orumnond, 2000) The development of the
zebrafish kidney is depictedFigure9 and basically completed by 2 dpf; maturation of
filtration commences from thereon. &beafish, cells destined to form the pronephros arise
from the ventral mesoderm. There, a particular band of tissue, the intermediate mesoderm
gives rise to kidney and blood g#lienmelet al.1990) Tubule formation takes place by
mesenchyme to epithelial transition, which is completed with polarisation of the epithelia at
24 hpf(Drummondet al.1998)Vascularisation of the glomerulus does not take place until
3640 hpf (tubule development has long been completed) when the glomerular primordia
come in contact with the overlying dorsal aorta. Subsequentghyfendothelial cells

invade the glomerular epitheliumyegfvascular endothelial grovdiyfatiog(Majumdar

et a].1999nnd become surrounded by podocytes. Filtrediormenceafter shear stress
induced capillary formation and is leaky at 48 hpf but maturesselextiigity by 4 dpf
(KramerZucker, Wiessnget a).2005)Later in larval life, the mesonephros develops by the
addition of nephrons from the surrounding mesenchyhe will remain the functional

kidney throughout adult life.

glomeruli glomeruli

/\ N\

Dorsal view glomeruli

/\

intermediate
mesoderm

pronephric

tubule pronephric

pronephrc
tubule

pronephros tubule

cloaca

cloaca cloaca

Lateral view dorsal aorta dorsal aorta dorsal aorta dorsal aorta
————————

intermediate pronepliros gl cl gl cl gl cl

mesoderm

12 hpt: 16-40 hpt: 36-40 hpt: 40-48 hpt: 48 hpt — 4 dpf:
specification of renal epithelisation of the vascularisation of the invasion of progressively maturing
cells from the prnnephms and glomeruli endothelial cells into filtration

intermediate nephron segment the glomeruli

mesoderm maturation

Figure 9 Stages of early zebrafish renal development with timescale as well as dorsal and lateral views of the
developing organ. Based on descriptions i(Drummond et a/, 2010) gl: glomerulus; pt: pronephric tubule, cl:
cloaca.

The zebrafish pronephric kidney is composed of the same cell types as all vertebrate kidney
and the transcription factors regulating organogenesis have highly conserved functions ir
mammalian and teleost kiddeyelopment®rummondet al.2010) Tubule segmentation,
responsible for the highly specialised secretion and absorption functions of individual

segments, is controlled by conserved genes. Furthermore, seven of the ten metanephri
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mammalian segments have been found in zebrafish andeheeatisthe remaining
segments can be attributed to the lack of need of a freshwater species to conserve water :
rigorously as terrestrial spe¢Wagertet al.2011; Wingest al.2007) Defects in genes
associated with human polycystic kidney disease also causeipwnephc y st 6 f or |
zebrafish, underlining the relevance of fish to study this type of dislmstetteret al.

2003Liu et al.2002; Lovet a].2006; Otteet al.2003; Suat a].2004; Suat al.2001)

There are, howey, also notable differences comparing the zebrafish pronephros to the
mammalian metanephros. As described before, the absence of the thin limb segment (the
loop of Henle) can likely be attributed to the low requirement of freshwater teleosts for water
retention and urine concentration. The complex collecting duct system in mammals with its
thousands of nephrons is not required in enwyaron pronephros and hence only a single
short segment connects to the cloaca for drainage. Most intriguing istijeusiafire cell

type present in a particular segment ofefleestpronephros: cell clusters that are known

as the Corpuscles of Stannius and responsible for calcium and phosphate homeostasi
(Kanekoet a].1992)

8. The ciliary hypothesis of ADPKD
Cilia are haiike organelles that proti@iapically from nedividing polarized cells in almost
every cell or tissue in the body. There are two classes of cilia: motilerantlen¢or
primary) cilia. The structural components between those ciliary types are the same bu
ultrastructurally, moi | e ci |l ia have a 09+206 and pri ma
refers to the presence of a central pair of microtubigesgl0A). The assembly of cilia
is facilitated by a specialised process, microtidpgadent intraflagellar transport (IFT),

which is highly conserved throughout evoludisee~igurel0B (Pazour, 2004)

ADPKD is generally consideradiliopathy, although no structural or motility defects in
renal cilia have been described in murine and zelpladibbr pkd2knockout models
(Obaraet al. 2006; SullivaBrown et al. 2008) Cystic kidneys are often associated with
defects in ciliary function and it could be hypothesised that RPlsd2oésults in loss of

ciliary signallingKramerZucker et al. 2005; Pazour, 2004pterestingly, no significant

di fferences have been detected regarding
vesicle ipkd2morphants or in the mouse embryonic nodgkdPmutantgBisgroveet al.

2005; McGratlet al.2003; Obarat al.2006) This indicates that Pkd2mutantsciliary

structure is normal, but signal transduction is disrupted.

One of the main differences comparing the fish pronephros and the mammalian
metanephros are the differgpes of cilia found in these tissues. Mammalian metanephric
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cells have mainly primary cilia @nootile) with occasional motile cilia in hun{&inamer

Zuckeret al.2005; Ong & Wagner, 2008)ereas the zebsii pronephros is completely

lined with motile cilia, which contribute to fluid movertiergmerZuckeret al.2005) A

loss of motility in motile cilia, also called ciliary dyskinesia (or Kartagener syndrome) leads
to poor mucociliary clearance in the respiratory tract, loss of fertilgigjuanicdiversns
humans. In zebrafish it causes a classical ciliary metamitypk, including renal dilations

in zebrafislivan Rooijeet a].2008)Renal cysts are not a symptom in the human syndrome,
possibly owing to the fact that the zebrafish pronephros is lined with motile cilia whereas the
mammalian kidney exhibits pmotile cilia. These ciliary differencesefioge raise an

important limitation of zebrafish embryos as models for ADPKD.

Renal epithelial cells are sensitive to (Praetoriuset al. 2001)and both zebrafish
pronephric motile cilia and mammalian metanephrmntle cilia are PGabsitive. It has

been shown that nemotile cilia can function as mechanosensors fofNiawietal, 2003;
Praetoriugt al.2001and even motile cilia, previously thought to beseasory, have been

shown to possess sensory functi@sodgood, 2010PC2 has been localised to motile

cilia in other tissues such as the female reproductive tract and the mouse embryonic node
they may relay mechanosensory information via beat frequency or changes in membran
potentialAndradeet al.2005; McGratht a].2003; Stommet al.1980; Woolét a].2004)

However, there are obvious differences when comparing zebrafish classical ciliary mutant
(some of which are listedTiable7), where e.g. the intrafldgetransport is disrupted and
functional cilia are lacking, witkdmutants. First, the axis curvature phenotype is opposite

i.e. ventral in cilia mutants and dorsakiizmutants. Furthermore, in another zebrafish
model of ADPKD polarisnutant) restration of ciliary length rescued the L/R axis defects

but cyst development was not preve(Beawnet al.2003) These studies suggest ka2
lossof-function may not be a classical ciliopathy. Although no structural or motility cilia
defects were observed in PKD knockout models, a recent zebrafish study suggasys that cil
stability is influenced Ipkd2andCaMkll (C&*/calmodulisependent protein kinasgpagpe |
embryos deficient in these genes (morphants) fail to from pronephric ducts properly.
Additionally, these embryos exhibited anterior renal cysts and destabilised cloacal cilia witl
ciliary disassembly starting at 48 hpf and no motile cilia remainihgpbfRothschildet

al, 2011) Constitutively activ€aMKll was able to restore duct formationpkd2

morphants suggestipgd2mediatedC&* signalling plays a role in cilia stability.
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name phenotype gene affected publications

Irce50bu2s5H Curly down tail, renal dnaafl (formerly Irec50) originally described in 1
dilations, ciliary dyskinesia

elipsa®'%d Curly down tail, renal traflip3 2, 3, originally described in: 4
dilations, loss of cilia

locke Curly down tail, renal ccde40 5, 6, 7, originally described in: 8
dilations, shortened cilia

swt (switch hitter™3*7) | Curly down tail, renal dnaafl (formetly lrcc50) 5, originally described in: 4
dilations

kurly Curly down tail, renal c10h210rf59 5, originally described in: 4
dilations

ift mutants Curly down tail, renal ift genes (currently 23 genes | many described from the screens 4 and 9
dilations described in zebrafish)

Table 7 List of some classical ciliary mutants described in recent publications. This list is by no means complete
and merely serves to illustrate common phenotypes. Referencegzdn Rooijenet a/, 2008) 2(Omori et al, 2008)

3 (Malicki et al, 1996) 4 (Brand et a/, 1996) 5 (Sullivan-Brown et a/, 2008) 6 (Zhao et al, 2011)7 (Zhao et al,
2007) 8(Chenet al, 1997)9(Sun et al, 2004)

However, the fact thakd2morphants displasitus invergBssgroveet al.2005) which is
classically linked to defects in motile ciliarigifif patterning, suggests ADPKD is a
ciliopathyl n t he mouse node as well as the zeb
unidirectional flow, which is necessary for asymmettiigefpattering and correct axis
formation(KramerZuckeret al.2005; Nonakat al.1998) If this flow is disrupted either

by defects in ciliary structurdwnction, L/R patterning becomes randomised. Interestingly,
nodal cilia are structurally primary (d#0)but are motile. Agkd2mutantsdevelop cilia
normally anghkd1mutants to this date have not been described to exhibit L/R defects (but
PKDtdeficient cells are unable to respond to fluid flow witk anfax (Nauliet al.2003),

it may be surmised th&®KD1 and PKD2 have additional functions than mere
mechanosensing in the cilium and that the modes for cyst formation may not be the same a:

in oclassical 6 ciliopathies.

InterestinglyPkd1lis not expressed in the mouse node anddttosbe unclear hokd2
could act as mechanosensory channel without its presumedPkehsdowever, recent
studies have revealed tRit1llis expressed in the node and mutatiofkadilllead to

L/R patterning defect@Fieldet al.2011; Kamurat aJ. 2011) Calcium transients in the
cytoplasm are abolished by loss of PC1 or PC2 fuistaih et al. 2003) but in cilia,
PKD1L1 and PKD2L1 are responsible for calcium ¢€Daaeret al.2013; Dellingt al.
2013) Interaction of PC2itth TRPV4 or TRPCL1 in the cilia may also be responsible for
flow detectior(Baiet al.2008; Kottgemrt al.2008) However, neithd?KD1L1, TRPCdr
TRPV4mutations have been linked to cystogenesis (reviefvMahgolinet al.2016). It

is therefore difficult to attribute the phenotypes solelthter loss of cilia structure, motility

and flow or to loss of mechanosensors and/or signal transduction.
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Figure 10Schematic depictions of ciliary structure. (A) Motile 9+2 and primary cilia 9+0 microtubular structures
inside the cilium. (B) Graph of intraflagellar transport (IFT) along the ciliary microtubules with IFT particles

(purple) and PKD1and PKDZ protein products with various interaction partners attributed to cilia and ciliary

functions.

9. ADPKD models

9.1. Rodent models
There are many different rodent models mimicking the effects of ADPKD, which are
reviewed irdetailin (Happeet al. 014; Nagaet al.2012)and will be summarised here
briefly.

Many murine models with mutationsPikdland/or Pkd2have been generated some of
which are tissegpecific, hypomorphic, conditional or tisspecific and conditional. Most

of the knockouts and inducilideockouts show a very rapid progression. Interestingly, the
time point of inactivation seems to play crucial role in severity. Hypomorphic alleles typically
display a slower progression rate. Of note, murine overexpression models with human
proteins alsoecapitulate the development of cystic kidney, indicating that gene dosage is
important.

Furthermore, there are some +Rkt1l/Pkd2rodent models that also develop polycystic
kidneys. Some of these comprise models that mimic ARPKD (avies@ssive PKD)
more closely, such as tekrat or thePkhdImouse, and others nephronophthisis Jike
mice andCyrats.

9.2. Zebrafish models of ADPKD:pkd-deficient embryos
The pkd2v27#2iBmytant used during this project was identified from a library of
mutagenized fish in the early 2000s during an-fEddlgenesis screen. Tle2"*7
mutant allele carries a point mutation in exon 5 leading to a truncated protein (Freek van
Eeden, unpuldhed). In this mutant, a guanine base is replaced with an adenine resulting in

a stop codon in amino acid 302 of 904. Reduced thiahef its original length, the
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resulting protein is presumed to have lost its function, creating a null mutation in
homozygous animals. The typical axis deformation with its upward curled tail as described
from morpholino injection@Bisgroveet al. 2005has been observed and can be seen in
Figure 11 Table 8 summarises appkd2 mutant alleles described to date (accession
02.09.2016) with their associated phenotypes and publidakibinsnally topkdZmutant

alleles, a number pkd2knockdown strategies with different morpholinos have also been
published. A summary of the morpholinos and the respective phenotypes can be found in
Table9.

WT

pkdzhu2173/hu2173-/- -
Figure 11Zebrafish pkd2wz173hu2175 -mutant with dorsal axis curvature at 2 dpf and agematched WT sibling.

pkd2 zebrafish phenotype additional information publications
allele
hu2173 curly up tail, L/R patterning defect, | used during this project, 1
cardiac, ocular and trunk oedema point mutation
hi4166 curly up tail, L/R patterning used in compound screen in 16, 2,3,4,5,6,16
defects transgenic insertion
sa18074 not described point mutation 1
sa18283 not described point mutation 1
tc321 curly up tail, L/R patterning defect | unknown 7,8,9,10,11, 12,13, 14
tg226d curly up tail, L/R patterning defect | unknown 8,13
tp85a curly up tail, L/R patterning defect | unknown 8,11,13
ty30 curly up tail, L/R patterning defect | unknown 8,10,11,13

Table 8 List of pkd2mutant alleles described to date (accession 02.09.2016). Based on information from zfin.org.
References: 1Busch-Nentwich, 2013) 2 (Sun et a/, 2004) 3 (Mangos et al, 2010) 4 (Paavolaet al, 2013) 5
(Amsterdam et al, 2004) 6 (Yuan et al., 2015) 7 (Bisgrove et al, 2005) 8 (Brand et a/, 1996) 9 (Le Corre et al,
2014) 10 (Schottenfeldet al, 2007) 11(Chen et al, 1997)12(Goetz et al, 2014) 13(Haffter et al, 1996)14(Heckel

et al, 2015) 15(Roxo-Rosaet al, 2015) 16(Cao et al, 2009)
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pkd2 morpholino phenotype sequence publications

pkd2ATGMO or curly up tail, L/R patterning defects, oedema, | 5'- AGGACGAACGCGACTGGAGCTCATC -3 | 1 23 4,5,6,7,

hi4166 oligo 1 hydrocephalus, renal dilations 8,9,10, 11

pkd2 AUG MO curly up tail, L/R patterning defects, oedema, | 3'- ACTGGAGITCATCGTGTATTICTAC - 12
hydrocephalus, renal dilations

pkd2 SP MO curly up tail, L/R patterning defects, oedema, | 5'- TAGTTTTCAACCTACTTATGCAGAG - 3' 12
hydrocephalus, renal dilations

pkd2 MO ATG curly up tail, L/R patterning defects, 5'- GCTCATCGTGTATTTCTACAGTAAC-3' | 13 14,15
hydrocephalus, renal dilations

pkd2 MOex3 curly up tail, L/R patterning defects, 5'- AATTACTTTCCAGAAGTCCTCCATG - 3 13, 15, 16, 17,
hydrocephalus, renal dilations 18,19

pkd2 MOex5 cutly up tail, L./R patterning defects, 5'- GATCAACCCGTTACCTGACAATACA -3' | 13 17
hydrocephalus, renal dilations

pkd2 MOex12 curly up tail, /R patterning defects, 5'- CAGGTGATGTTTACACTTGGAACTC -3 | 13 16, 20, 21
hydrocephalus, oedema, renal dilations

pkd2 MOex13 curly up tail, L/R patterning defects, 5'- CATCATCATCACCTCCATGACTCCA - 3 13
hydrocephalus, renal dilations

cup augMO curly up tail, L/R patterning defects, 5'- AGCTCATCGTGTATTTCTACAGTAA - 3 6,22
hydrocephalus, renal dilations

9697-S1 curly up tail, L/R patterning defects, 5'- GAAMCGGGCCTICTGTGAACTACAG -3 | 6
hydrocephalus, renal dilations

9697-52 curly up tail, L/R patterning defects, 5' - TTAACATACGCAGTGCCATICTTGG -3 | ¢
hydrocephalus, renal dilations

Table 9 pkdZmorpholinos and respective morphant animals described to date (accession 02.09.2016) according
to zfin.org. References: {Sun et al/, 2004) 2 (Cao et al, 2009) 3 (Fogelgren et al, 2011)4 (Giamarchi ef al,
2010) 5 (Paavolaet al, 2013) 6 (Schottenfeld et a/, 2007) 7 (Sullivan-Brown et al, 2008) 8(Francescattoet al,
2010) 9(Sussmanet al, 2014)10(Zhao et al, 2011)11(Pavel et al, 2016) 12(Bisgrove et al, 2005) 13(Obara et
al., 2006) 14(Coxam et al, 2014) 15(Goetz et al, 2014) 16(Mangos et al, 2010)17(Fu et al, 2008) 18(Gao et
al., 2010) 19(Kottgen et al, 2008) 20(Le Corre et al, 2014) 21(Vasilyev et al, 2009) 22(Roxo-Rosaet al, 2015)

Renal cyst formation has so far only been obserpkd2dmorphants but not in mutants,
seeTable8 andTable9 (also described §€aoet al.2009; Schottenfedd al.2007; Suat

al, 2004). Generallypkd2morphants have been shown to develop cystic kidnegighkeft
asymmelr defects and dorsatis curvatureexcept for renal cysts, these phenotypes have
been confirmed in mutants. Even though a variety of mutants with renal dilations have been
associated with body axis curvatures, almost all descriptions encompassweetially

body axe¢Drummondet al. 1998) This makes theurly upr cugphenotype unique. An

altered ECMhas long been associated with ADPKD in human and animal tissues, as well as
cell culture models and mMRNA expression in these tissues shows an upregulation in mat
genegCandiancet al. 1992; Rierat al.2006; Schafet al. 1994; Swlo et al. 1993) In
chemicalpkd2 knockdown with a morpholino, it has been shown that the aervatu
phenotypes linked to altations in ECM secretion or assenfMango<t al.2010) An

analysis of somite and actin fibore morphology revealed no significant difference (Freek van
Eeden, unpublished), supporting the theory of ECM overproduction as the primary cause

for dorsal axis curvature rather than other strudefiett{Mangost al.2010)

A number of pathways that seem to influence the curly tail phenotype have been proposec
and are summarisedliablel0 Published work suggests that increased collagen production

(Mango<t al.2010rnd/or depositiorfLe Correet al.2014play major roles in causing the
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curly tail phenotype. Generalpkd knockdown or knockout is characterised by an
upregulation of collagayrthesising enzymes (confirmed ibysituhybridisation) and
knockdown of one of these enzynued2al (collagen type Il alpbduted the dorsal axis
curvaturgMangost al.2010) Furthermore, knockdown éc1@n exocysproteinlinked

to ciliogenesjsas well asec24khockdown, involved in Golgi to ER transport, caused a
decrease in curvature sevedfiygelgreret al.2011; Le Corret al. 2014) Interestingly,
chemical knockdown of Golgi/ER transport with Brefeldin A (BFA) also reducagpthe
phenotype. In combinatipthese experiments suggest that ECM overproduction and/or
overdeposition cause the curly tgikiddeficient animals. HDAC inhibitiatso seems to
decrease curvature severitgkd2mutants via an unknown mechan{§laoet al.2009)

cAMP has been implicated in the curvature phenotype with the observation that knockdown
of pdela (phosphodiesteraseaclyrnducible cAMRIegrading enzyme, aggravates the
pkd2curly tail(Sussmaret al. 2009) Of note, cell culture experiments have revealed a
complicated relationship of cCAMP levels and collagen expressionA{R&i@#Asoet al.
2014)Moderate stimulation with cAMP (~ 150% control concentration) stimulated collagen
1 and 3 syntheses whereas maximal increases of CAMP (~ 16,000% of control) inhibited
collagen 1 but increased collagen 3 produdt the TGRpathwayPerezAsoet al.2014)

cup-contributing supporting evidence publications
pathways

Increased collagen Knockdown of ¢/2al or chemical inhibition of collagen cross-linking reduced 1

production cup phenotype

Increased collagen Golgi/ER transport (sec10 and sec24d) knockdown and chemical inhibition with 2,3
deposition or secretion | Brefeldin A reduced e#p phenotype

Unknown HDAC inhibition reduced ¢#p phenotype 4

cAMP Chemical inhibition of PKA and hPDE7.4 RNA reduced and knockdown of 5

pdela aggravated cup phenotype

Table 10List of pathways influencing zebrafish thepkdZcurvature phenotype. References(Mangos et a/, 2010)
2 (Fogelgren et al, 2011)3(Le Corre et al, 2014) 4 (Cao et al, 2009) 5 (Sussmanet al, 2014)

No significant differences were obedrat earlgevelopmental stageken blood velocity,

heart rate and cardiac outpupkd2mutant with WT animals were compared (Freek van
Eeden, unpublished). However, a recent study reported lower heart rates and increase
arrhythmia irpkd2mutantgPaavol@t al.2013) As systole and peak velocities were similar

in WT andokd2mutants a diastolic dysfunctihas been suggested. Using isolated hearts in
pacing chambers revealed impaired intracellular calcium cycling with the lack of a plateat
phasgqPa&olaet al.2013) Additionally, heart looping is randomisepkui2knockdown

and knockout anima|Sunet al.2004)
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10.Project aims
This project has three main aims: the phenotypic study of zebrafish ADPKD models,
utilisation of one of these models in a faogde compound screen and evaluation of renal

calcium leveis vivan wildtype animals and ADPKD zebrafish models.

During the characterisation of ADPKD zebrafish modeksl2 morphants, the
pkd2vzrshuzlipytant and a cystic disease zebrafish model, theetiisagutant,were
phenotypically examined. Based on a study in mouse (Maletsal. 2013) complex
interactions of cilia amkd2were hypothesised whiakerere-evaluated in zebrafish. To
this purpose, a cilipkd2double knockout lineerebe created in this project to compare
zebrafish phenotypes todings in murine studies.

Subsequent to the initial characterisatiom, @wm@ompound screemasbe conducted on

one of the models with an ADPKiglated phenotype as readout. &athave shown that

the curvature phenotype is a suitable@atdh a smaitscale chemical scrg&aoet al.

2009) In this project a larggeale compound screen with two chemical libraries, spanning
~2400 small moleculesasconducted and findinggserevalidated in two independent
threedimensional cyst culture models. The cell lines usadfputpose comprise canine
MDCKII cells, a welestablished renal cyst model, and hirKddt' - Ox161c1 cells.

Lastly, a zebrafish renal calereporter linavasbe established to study pronephric calcium
levelsn vivoT hiswasbe the first descriptiaf pronephric calcium in zebrafish and the first

in an intact organism (murine studies depend on the exteriorisation of the organ due to their
opaque skirfBurfordet al.2014; Szebengi al. 2015). Cell culture experiments suggest
lower intracellular calciumRiKD-deficient cells, therefore lower pronephric calcium levels
werebe expected ipkd2- zebrafish embryos. After the initial characterisation of renal
calcium in wildype animals and ADPKD models, the compounds identified during the

chemical screemgeretested on their ability to modify pronephric calcium.

In conclusion, novel insights into the interplay between ADPKD and its modifying factors
werebe gained during this project and, hopefully, new avenues for potential therapeutic
targets of this devasteg diseaseerebe presented.

37



Materials and Methods

1.1. Zebrafish maintenance

Zebrafish were kept under standard conditions (14 h light/10 dark cycle, tempedature 26
28 °C(Brandet al.2002). Rearing occurred in E3 medium (5 mM NaCl, 0.17 mM KClI, 0.33
mM MgSQ, 0.33 mM Caghnd methylene blue) and staging accordififgrtomelet al.

1995) To prevent pigmentation, larvae were treated with PTU (phenylthiourea) beginning
24 hpf (28 °C) when necesg&rissoret al.2001)Zebrafish lines in this project included,
amongst others, LDWT (London wild type}, Wt1b:GFP, UAS:GCaMRafal pkd2273

The wtlb:GFRine was originally generated (Bgrneretal, 2007)and exhibits GFP
fluorescence from 17 hpf in all parts of the developing pronephros. GFP expression in this
line has atsbeen described in the exocrine pancreas, gut, heart sac, eyes and gill arches. Tt
elips®*mutant strain, is a ciliary mut§point mutation, leading to a truncation of the
protein)with loss of cilia from 30 hpf and was kindly provided by Jarditid (@anoriet

al, 2008)GCaMP7allows redime visualisation of intracellular calcium concentrations as

it is a modifie@FPthat increases fluorescence i P@sencéVuto et al.2013)Animals

were sacrificed using an overdose of Tricamsk fexed in 4 % PFA/PBS
(paraformaldehyde/phosphate buffered saline). All procedures adhered to Home Office

legislation.

1.2. Morpholino injections
Morpholinos are nucleic acid analogues complementary to an RNA target region and capabl
of knocking down the pression of a specified gene. In this project a previously published
pkd2morpholino(Sunet al.2004omplementary to the ATG region of the aébhpkd?2
g e n e-AGGALBGAACGCGACTGGAGCTCATE 6 ) apbImoa phol-i no
GCGCCATTGCTTTGCAAGAATTG3 0 ) wer e i nj erctell dtage oft o t
zebrafish embryos. The morpholinos were synthesised by Gene Tools, LLC/USA. The final
amounts injected of élpkd2morpholino were 2 ng/embryo and 1 pmol/embryo for the
p53MO in a volume of 1 nl.

1.3. Creating transgenic zebrafish lines

Plasmids were created using the MultiSite Gatewayrfégegent Vector Construction

Kit (Invitrogen/USA) according to manufactur@s i nstructi ons. T h e
cmic2:eGRkas used to visualise the transgammslZ, cardiac myosin light, chéies2
expression in the heafjuanget al. 2003). Transgenic lines created during this project
comprise oenpep:Gahdpodocin:Gahepodocpromoter(He et al.2011)was derived

from a plasmid kindly provided by Lwaki Ebarasi from the Karolinskéute,
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Stockholm/Sweden, thenpepromoter was cloned by Eldmeventaand cloned into a

middle entry vector during this project (promoter descrili&eiieret al.2011) and the
Gal4dplasmid was obtained from Nikolay Ogryzko. Final constructs contamie@ .&FP

marker and Tol2 si$ and were coinjected at 25 ng/nl with 25 AgPMRNA (transcribed

wi t h mMe ssage mMachi ne kit (Life Techno
instructions) into oneell stage embryos. Subsequently founders were identified by screening
the offspmg for GFP fluorescence and stabile transgenic lines established.

1.4. DNA extraction

1.4.1. DNA extraction from multiple embryos
Up to 20 embryos were placed in 310 ul extraction buffer (10 mM Tris HCI pH 8, 10 mM
EDTA, 100 mM NacCl), 2% SDS (sodium dodseldhatgand 4 pl 25 mg/ml proteinase
K and incubated 75 minutes at 42 °C. After the tissudisgadvedthe solution was
centrifuged for 5 min at 13000 rpm and the supernatant transferred intoEpptanderf
tube. 225 pl 4 M NaCl were added, the solutasmixed and centrifuged for 5 min at
13000 rpm. The supernatant was transferred into a Bpgédedorftube and 420 pl
isopropanol were added. The components were mixed and centrifuged for 5 min at 13000
rom. The supernatant was discarded and the [2Né&t washed with 250 pl 70 % EtOH,
centrifuged briefly and the supernatant was discarded. This last wash step was repeated
second time. The pellet was therdaed after which the DNA was diluted in 50 pl TE
buffer (10 mM Tris pH 8 and 1 mM EDTA).

1.4.2. DN A extraction from single embryos
DNA extraction from single embryos was necessary for various applications, such as
sequencing fish imaged on the lightsheet.

Single embryos were dechorionated, placed individually in sterile tubes and 50 pl of embryc
digesion buffer (10 mM Tris HCI pH 8, 1 mM EDTA, 0.3 % Tween20 and 0.3 % NP40)
were added. The embryos were subsequently heated for 10 min to 98 °C after which 2 p
proteinase K stock solution (25 mg/ml stock) were added. The embryos were then kept at
55 °C fa 3h, whichwas followed by an inactivation step for 10 min at 98 °C. 2 ul supernatant
was subsequently used for PCR reactions.
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1.4.3 DNA extraction from fin clips
DNA extraction from fin clipped tissue is typically used to identify carriers of recessive
phenotypes such pkd2?"%or elipsa

Fin clips were conducted according to Home Office recommendations and clipped materials
were transferred directly into 3@rgsh base solution (1.25 M KOH and 10 mM EDTA in
MilliQ H:0) in a 96well plate. The removed tissue was then incubated for 30 minutes at 95
C and the plate vortexed for 5 seconds. Subsequently 50 pl neutralisation buffer (2 M
TrisHCI in MilliQ HO) wereadded to each sample and the plate vortexed again for 10
seconds. Lastly, the extract was centrifuged for 2 min at maximum speed and 1.5 pl

supernatant used per PCR reaction.

1.5. Bacterial cultures, plasmid isolation and restriction digests

Plasmid or circuldNA can easily be propagated and multiplied in bacteria such as New
Engl and Metaklcaldiraird Th# Bansformation of plasmids intdéd@ cells
occurred according to manufacturerods spec
pg/ml kanamycin, 100 pg/ml carbenicillin or 12.5 pg/ml chloramphenicol depending on
plasmidic antibioticesistance genes. Glycerol stocks were prepared with a 1:1 ratio of
culture and 80 % filter sterilized glycerol and storéd3@t°C. For most subsemi
applications the plasmid DNA waergracted from the bacteria. For small bacterial cultures

(up to 10 ml) this was done using the QIAprep Spin Miniprep Kit (Qiagen/the Netherlands)
according to the manuf act ur emliheNuceaBonda |

Xtra Midi Kit (Macherelagel / Ger many) was employed a

instruction for higkcopy plasmid purification protocol.

Restriction enzymes digests, e.g. to test whether a plasmid contains expected sequences, w
perffd med wi th New England BiolLabs (USA) |

instructions.

1.6.PCR

PCRs were conducted according to manuf ac
Thermo Scientific/lUSA, 5x Firepol Master Mix by SolisBioDyne/Estonia or Phugiien Hi
Fidelity DNA Polymerase by New England BioLabs/USA.-fitighty polymerases are

less likely to produce mistakes while amplifying and were used in sensitive applications suc
as cloning. The subsequent table Tiats€11) the oligonucleotides (designed with Primer3)

used in various PCR applications. Generally, an annealing temperature of 50 °C was used.

Primer name Primer sequence

Aa changes 1_for CGCATTTTCGCATTAAGACAGA
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Aa changes 1 _rev TCTCCAGTATCCTCTTCCCAC

Aa changes 2_for AGCAGATGGACAGGTTGGTT

Aa changes 2_rev GTTGATTTGTGCAAGCTGTGT

attB1Rpodocin GGGGACTGCTTTTTTGTACAAACTTGCCGTGATCAGAGATCTGTTG

attB4Fpodocin GGGGACAACTTTGTATAGAAAAGTTGTCTTGAAGACAATCGCGGGTT
A

elipsa for new TGTCTGTTTTCCAGGAGAGGA

elipsa ID for TGTCTGTTTTCCAGGAGAGGA

elipsa ID rev CTTCTCTCGTTCCCGCTCTT

elipsa rev new TCTCTTTCTCGGCCTTTGTC

Gal4 probe For primer] TCTATCGAACAAGCATGCGA

Gal4 probe Reprimer | TAATACGACTCACTATAGGGACCTTTGTTACTACTCTCTTCCG

pkd2 seq for TTTGTGTGGGTCTGGAATGA

pkd2 seq for new ATGAGGATCTGCGAGACGAG

pkd2 seq new new for| CAATGAGGACAAGGCACCAT

pkd2 seq rev CTGGGATCGACAACAAGACA

pkd2 seq rev new GAAGTCCAAGAACACCGCTC

Seq enpepahes For | TGAGGAGAGTGTGTGGGTTC

Seq enpep clones Rey CGACGGCCAGTGAATTATCA

Seq podocin clones F¢ GCACTGGCCTCCTGATATACT

Seq podocin clones R{ CGACGGCCAGTGAATTATCA

Table 11List of oligonucleotides ordered from IDT (Integrated DNA Technologies, USA) used in various PCR
applications.

1.6.1. PCR purification
PCR products have to be purified and cleaned of salts and residual nucleotides for certait
applications such as DNA sequenciiigs was done for cloning purposes by either using
the MinElute PCR Purification Kit (Qiagen/the Netherlands) or, if unspecific amplification
had occurred, the MinElute Gel Extraction Kit (Qiagen/the Netherlands) according to the
manuf act ur &or euenaiagn it ol uaspecific amplification occurred, PCR
product was purified by adding 5 pl product to 3.95 pl Mid@R ®105 pl Exonuclease |
and 1 pl SAP (shrimp alkaline phosphatase) before incubation for 45 min at 37 °C and
inactivation for 15 m at 80 °C.

1.7. Measurement of glomerular and tubular dilation
To measure the pronephrp&d2v273M21B.\wtl1h:GFRembryos andvtlb:GFiositive
siblings were anaesthetised and immobilised in methylcellulose. Imaging occurred dorsall
and glomerular areatubular diameter was measured using ImageJ. Statistical analysis was
conducted with GraphPad Prism.

1.8. Antibody staining
To assess cellular proliferation in the pronephric kidney a plbsfume H3 (pH3)

antibody was chosen to stain cells-phisise.

Embryos were fixed overnight in 4 % PFA and transferred into methanol (MeOH) via a
series of increasing concentration. Embryos were stog@i°&t in 100 % MeOH. Staining
commenced by rehydrating the embryos with a series of increasing concentrfions of P
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(PBS with 0.1 % Twee®) in MeOH followed by 4 washes of 5 min in PBTw. To improve
permeabilisation embryos were incubated for 1 h in 10 pg/ml proteinase K, refixed in 4 %
PFA for 20 min, washed 5 times for 5 min in PBTw and subsequently incudiaeahin

form 7 min a® 20 °C. This was followed by 5 washes of 5 min in PBTw and a 2 h incubation
step at room temperature in blocking solution (2 % blocking reagent, 0.1 % v/v-Triton X
100, 1 % DMSO). The primary antibody then was applied at a cancenfrdt200
(ab5176) in blocking solution overnight at 4 °C. The following day the solution was removed,
followed by five 2@ninute washes in PBTw, a second 2 h block in blocking solution and
incubation with the secondary antibody at a concentratid®@® {Alexa Fluor 488). This

was followed by five Zflinute washes, refixation in 4 % PFA for 30 min and transfer to 80

% glycerol via a series of increasing glycerol concentration. Stained embryos were stored

0 20 °C until imaging.

1.9. /n situ hybridisation

To image gerexpression patterria situhybridisation was performed which allows

visualisation of mMRNA expression.

In sityorobe synthesis was achieved by mixing the following reagents at room temperature
(in order) before incubation for 2 h at 37 °C 1 ug linearised template DNA, MOII{®@ H

13 pl total), 2 pl 10x DK TP NTP labelling mix, 4 pl 5x transcription bufférpDRNAse

inhibitor and 1 pl T7 RNA polymerase. Afterwards 1 pl of RiMées®NAsel was added

before continuing incubation at 37 °C for another 20 min and stopping the reaction by
adding 1 ul 0.5 M EDTA. Removal of DNA was checked on an agarose gebingifauing

as follows: add 80 pl MilliQ® and vortex, precipitate RNA with 33 pl 10 M NH4Ac and

350 ul ice cold EtOH by incubating2 °C for 2 h, spin at 13,300 rpm an&4or 30

min and wash pellet with 0.5ml 70% ETOH before a final spin@® t33 at 4C for 10
minutes. The supernatant was then removed, the paltgdiiior ca. 5 min, resuspended
in 100 pl MilliQ HO and stored at80 C. Typically 1 ul probe was used for 200 pl

hybridisation mix.

Embryos were fixed overnight in 4 % P&Ad transferred via a series of increasing
concentration into methanol. Embryos were stoi@@@fC in 100 % MeOH at least over

night. Staining commenced by rehydrating the embryos with a series of increasing
concentrations of PBTw in MeOH followed byashes of 5 min in PBTw. To improve
permeabilisation embryos were incubated for 30 min in 10 pg/ml proteinase K (in 48 hpf
embryos, 24 hpf embryos require no proteinase K treatment), refixed in 4 % PFA for 20 min

and washed 3 times for 5 min in PBEmbryoswhere then incubated in grgbridisation
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mix (50 % formamide, 5x SSC (samaium citrate buffer), 0.1 % Tween20, 9.2 mM citric
acid, 50 mg/ml heparin, 500 pg/ml tRAll diluted in MilliQ KO) for 1 h at 70 °C. The
hybridisation mix was subsedlyereplaced with pieybridisation mix containing 500 ng

probe and incubated over night at 70 °C. Next day the following washes occurred at 70 °C:
100% hybridisation buffer (50 % formamide, 5x SSC, 0.1 % Tween20, 9.2 mM ditric acid
all diluted in Mil@ H,O) for 5 min, 75% hybridisation buffer/25 % 2x SSC for 15 min, 50%
hybridisation buffer/50 % 2x SSC for 15 min, 25% hybridisation buffer/75 % 2x SSC for
15 min and 2x SSC for 15 minb&:quently the following waslesurred at room
temperature: 75%2x SSC/25 % PBTw for 10 min, 50% 0.2 x SSC/50 % PBTw for 10
min, 25% 0.2 x SSC/75 % PBTw for 10 min and PBTw for 10 min. The samples were then
incubated in blocking buffer (2 % blocking reagent in PBTw) at room temperature for several
hours before a 1:60 solution of anDIG antibody in blocking reagent was applied and
samples transferred onto a shaker at 4 °C in the dark. On the third day of staining all steps
were conducted at room temperature in the dark: First, a quick rinse with PBTw and four
halthour washes with PBTwere done,dllowed by applying an alkaline phosphate (AP)
buffer (100 mM Tris pH 9.5, 100 mM NacCl, 0.1% Tween20 in MiD§¥ét 15 min which
wassubsequentklgxchanged for AP buffer with 50 mM Md@&mainder as before) in two
washes of 10 min. For the final stainingitBNBT and 3.5 pl BCIP were added per ml of

AP buffer and the staining developed in the dark and checked regularly. Once the staining
had reach sufficient colouring, the reactienstegoped by washing embryos three times for

5 min at 4 °C in the dark.

1.10./n vivocompound screen onpkdZ2’/- zebrafish

1.10.1.High -throughput compound screen
To conduct a higthroughput chemical screen expogikdf - zebrafish to two chemical
libraries, Micmour ce Di scoveryo6s Spectrum | ibrar:
(PKIS, formerly GlaxoSmithKline and subsequently transferred to the University of North
Carolina), zebrafish embryos were exposed in the following manner:

At ca. 24 hpf chorions veeremoved with pronase (2 mg/ml for 13 minutes), embryos were
washed briefly and transferred back to 28 °C. As the curly tail phenotypeajpesanbt

the same stage in all embryos (onset appréx3@Hipf),pkd2mutants were sorted into a
separateish containing screening medium (E3 medium, 0.75 x PTU and 1 % DMSO) as
the curvature became apparent. Three embryos were subsequently transferred in 150 |
screening medium to each well of a8l plate and 100 pl prepared compound solution
(compound diuted in screening medium, prepared the day prior and &gt &) were
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added to a final compound concentration of 10 uM. Exposed plates were incubated at 28 °C
for 24 hpf before imaging each well with the Ash Phenosight system (autowated 96
platemicroscope taking a single brightfield and GFP fluorescent image of each well allowing
image acquisition of one plate in 10 minutes). Curvature analysis commenced using Image
software with the method describe@Mangost al.2010) DMSO exposed controls were
eventually combined as no significant differences between experimental days were observe
and a large control group was established

hi

all compounds were-tested where more than one embryo had died in the previous

Il ni ti al t s wesrttest anchréested i asdcand raunds Addittbrallyt 6
exposure round. Compounds were eithégsted at 10 uM (if it was apparent that one
decaying embryo had deprivedatieers of oxygen needed for development) or 0.3 uM if

the compound was toxic, after careful assessment of the images. Final hit compounds wer

determined using ofvgay anova analysis combining all data collected.

Subsequently hit compounds wererderedand retesting commenced using the same
conditions as before, also testing a variety of concentrations, or by starting exposures at lat
epiboly stages, in the latter embryos were not dechorionated. Imaging always commence
between 4%2 hpf (curvature ifully developed by 48 hpf and remasteblg. Hit
compound sources are listed belowable12 and further compounds ofterest, which

were ordered for mechanistic studisscatalogued Trablel3

Table 13Further compounds to study mechanistic functions.

Chemical Supplier Cat no.
2,5di-tertbutyl4-hydroxyanisol SigmaAldrich 447323
diclofenac SigmaAldrich 93484
zinc pyrithione SigmaAldrich H6377
5alphaandrostas8,17dione | Microsource Discovery Systems, | 0010710¢
5, #riméti@oxyflavone Microsource Discovery Systems, | 00300384
hexamethoxyquercetagetin| Microsource Discovery Systems, | 01505384
prenyletin Microsource Discovery Systems, | 00100101
pimpinellin Microsource Discovery Systems, | 00300017
sphondin Microsource Discovery Systems, | 00300004
Table 12Hit compounds re-ordered due to screen
Chemical Supplier Cat no.
flutamide SigmaAldrich | F9397
naringenin SigmaAldrich | W530098
nifedipine SigmaAldrich | N7634
sodium pyrithione| SigmaAldrich| H3261
testosterone | SigmaAldrich| R1881
11-ketotestosteron| SigmaAldrich | K8250
Bay K8644 SigmaAldrich| B112
Tolvaptan SigmaAldrich | T7455
Zinc chloride BDH 103794P
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All  chemical structures shown in this thesis watgined from PubChem

(https://pubchem.ncbi.nim.nih.goyand carstill be accessed there.

1.10.1.Compound exposure with more than three larvae
After initial saeening was completed and exposure of more than three embryos per
treatment group became desirable, in particular for exposure of renal GCaMP7a embryos
exposures were conducted with up to 20 embryos per weélirptates with 3 ml medium
while keepingll other conditions the same unless otherwise stated. For earlier exposures,
for example from epiboly, dechorionating was not an option as the embryos are too fragile
at these states and exposures were conducted without removing the chorion. Thapsigargil
treatments occurred by exposing the fish to 5 puM thapsigargin for 25 misPah¢22
aminoethoxydiphenyl borate) was exposed for 2 h.

1.11 Cell culture

Cells were thawed after removal from the liquid nitrogen tank by heating them gently until
semiliquid, addhg medium and transferring them to a prepared T75 flask with medium. To
freeze cells confluent flasks were trypsinized, cells centrifuged for 5 min at 1000 rpm anc
resuspended in 90 % growth medium/10 % DMSO before rapidly transferring@m to

°C in a appropriate box.

Cell lines were maintained in T75 flasks with the appropriate medium at the appropriate
temperature. Canine MDCKII cells (first describ@8arkeret al.1981) were grown at 37

°C in Gibco DMEM/F12 medim with 10 % FBS, 1 % Penicillin/Streptomycin and-1% L
glutamine. Immortalised, patigetived Ox161cl cells (first describe@Parkeret al.

2007) were grown at 33 °C in Gibco DMEMIR medium with 5 % N8erum, 1 %
Penicillin/Streptomycin and 1%glutamine

1.12 Three-dimensional cyst culture

Threedimensional cyst assays have been-atlmdjng method of studying cyst formation
processe@VicAteeret al.1986; Yamaguahi al.1995)In 3D assays, cells are seeded into a
matrix (i.e. collagen or matrigel) where they grow into sphericalaystsen(ca. 20 days)

and are supplied with nutrients and/or drugs from the medium abdvig(set?). After

the growth/exposure period, the cysts are imagetyshsize can be analysed as a marker

for expansion or reduction processes. Two cell lines, which have been used during this
project, will be described in more detail in the next two paragraphs.
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Figure 12Schematic depiction of ahree-dimensional cyst assay.

1.12.1.MDCKII cells
MDCKII cells were isolated in 1958 from normal renal epithelial cells of a female Cocker
Spanie(Barkeret a].1981) This cell line is able to form cysts in a collagen matrix and has
been shown to exhibit a weditablished cell polarity with distinct basolateral and apical
polarizationMcAteeret al.1986; O'Brieet al.2002) Forskolin, an activator of adenylate
cyclase, has been shown to hearg strong cystogenic effeCtamaguchet al. 2000)
(Hanaoka & Guggino, 2000; Yamageichj.1995). Although MDCKII cells have not been
derived from an ADPKD model, the common undgglyprocesses of cystogenesis have
been studied in depth using this IiFigurel3 depicts an example of typical DMSO and
forskolin treated MDCKII cyst cells afterdeys of exposure.

DMSO control, day 19 5 puM forskolin, day 19

Figure 13Example images at the endpoint of 3D cyst culture with MDCKII cells. (Left) DMSO control at day 19.
(Right) 5 uM forskolin positive control at 19 days of exposure.

Cells were grown to confluenwashed in PBS, trypsinized before centrifuging for 5 min at
1000 rpm and resuspended in small amount of medium (ca. 400 pul). 70 % rat tail collagen
20 % 11.76 mg/ml NaHCfand 10 % 10 x MEM (minimum essential medium) were mixed
gently on ice and 20,000Igenl matrix were added. 70 pl of collagen/cell mix was
subsequently added to each well inveefigplate which polymerised in the incubator for ca.

10 min. Afterwards medium was added (Gibco DMEM/Fhedium with 10 % FBS, 1 %
Penicillin/Streptomycin dn 1% L-glutamine) containing DMSO as control or the
compounds of interest. 5 puM forskolin served as positive control. The medium (with
compound) was prepared at the day of seeding the cells in a quantity sufficing the entirety o
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the assay. Medium on tlei€ was exchanged eveBydays for 19 days. Cysts were imaged
on days 10, 14 and 19 and analysed with ImageJ.

The rat tail collagen (enriched with colldgbad been extracted previously by one of my
colleagues using the following protocol: Ratetailons were removed with forceps and

kept in PBS on ice before discarding the PBS and adding 100 ml of 0.1 % acetic acid per re
tail. This mixture was stirred at 4 °C for a minimum of 72 h before centrifugation at 27,000
g for 20 min at 4 °C. The supeamtwas used in subsequent experiments and stored at 4
°C.

1.12.2.0x161c1 cells
Ox161cl cells were derived from cystic renal tubules of a female ADPKD patient with a
PKD1nullF-mutation in the Nerminal extracellular domain. The cells were subsequently
immortalizd and found to form cysts when grown in a matrigel ifitdrieset al, 2007)
The Ox161cl cell line was obtained by transducing a primaryweitituaereplication
defective retrovinavector(containing the temperatwsensitive LT antigen and tregalytic
subunit of human telomeraséhe LT antigemesabilizes at higher temperatures whereas
ashift to 33°C allowshormal proliferative grow{streets et al., 200BhePKD 1mutation
in this cell line is predicted to cause a truncating mutation and the cells can therefore be
described @&KDZ Human Ox161c1 cells form markedly smaller cysts and forskolin has a
less pronounced effect in comparison to canine MDCKII cefisuglt this cell line is less
robust, it carries BKD1mutation and thus can more closely the diseasd-gjatel14
displays Ox161c1 cells exposed to DMSO ordiardkr 20 days.

(Right) 5 uM forskolin positive control at 20 days of exposure.

Cells were grown to confluence, washed in PBS, trypsinized before centrifuging for 5 min at
1000 rpm and resuspended in small amount of medium (ca. 400 pl). Matrigel and 20,00(
cells/ml matrix were mixed gently on ice. 100 pl of matrix/cell mix was suligespded

to each well in a 9@ell plate which polymerised in the incubator for ca. 10 min. Afterwards
supplement medium was added (Gibco DMEWMZFmedium with 10 % FBS, 1 %
Penicillin/Streptomycin, 1%dlutamine, 10 ng/ml hEGF, 5 pg/ml Hydrocortisand 1x
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ITS) containing DMSO as control or the compounds of interest. 5 uM forskolin served as
positive control. The supplement medium (with compound) was prepared at the day of
seeding the cells in a quantity sufficing the entirety of the assay. Matieiwets was

exchanged every32days for 20 days. Cysts were imaged on days 10, 14 and 20 and

subsequently analysed with ImageJ.

1.13Lightsheet microscopy

Alternatively to confocal microscopich illuminates the entire sample at once, usually
with ahigh laser power, lightsheet microscopy has been established in recent years anc
commercial microscopes have become available such as the Zeiss Lightsheet Z.1 system.
lightsheemicroscopyonly a very thin plane of the embryo is illuminated at a veighibw |
intensity, causing less damage to the animals and a lower amousiileaGHRy.

For lightsheemicroscopyanaesthetised embryos were immobilised usidd. 08 low

melt agarose, whicivas drawn up with the embryo into a thin glass capillary itvhere
polymerised. During the imagprgcessthe embryos were suspended from the capillary in

an agarose cylinder into the imaging chamber containing embryo medium with tricaine.

Images were processed with the ZEN black software from Zeiss.

1.14Statistical aralysis
All statistical analyses were performed using the GraphPad Prism software. The relevan
analyses, as required for the individual datasets, were conducted and detailed informatio
about the tests used is stated in the legend of each figure wingneaégapbata that did
not reach statistical significance but exhibited a recognisable behaviour, judged by eye, a
referred to throughout this thevalieswagas 0

applied for such a statement.

48



Results and Discussan Chapter 1: Characterisation of
zebrafish PKD models

Introduction

Zebrafishpkd2mutants and morphants share some phenotypes, like L/R patterning defects
and acurly upail, other traits, however, such as renal dilations, have been described
exclusively in knockdown animgsee Introduction Chapter.9.2n order to select a trait

for chemical library screens, the main aim of this project, a detailed charaaiéttsation

pkd2?'"3allele animals ap#td2morphants was carried out.

Furthermore, ADPKD is described to be a ciliopathy although a variety of arguments can
be made against such a classification (see Introduction Chapter 8.). However, as PC2 and tt
PGcomgex are localised to a large extent in primary cilia, the effectadiotitian is of

interest irpkd2". Particularly so, as a previous publication in a mouse model described that
loss of cilia inPkdmutants improved the renal cystic phenotiyfgeet al. 2013) This
pubicationreports that crossirRkdmutant lines, which develops very large renal cysts, to

a ciliary mutant lin&if33, which develops small kidney cysts, led to a less severe cystic
phenotype in the double mutant animals comparedR&dsangle mutants (buysts were

still more severe than in thH@f3amutart line). This research suggests that loss of
malfunctiomgciliary polycystins is benefiaiehn ADPKD model

Theelipsi®referred to aslipsanutant strain was first describe(Drummondet a.1998)

ard further characterised ([@mori et al. 2008)as a ciliary mutant. It probably has early
ciliogenesis (since there are no observed L/R polarity defeEiguse27 A), but lacks
cilia from at least 30 hpf (personal communication Niedharsan Pooranacledipdéan).
traf3iplencodes a ciliary trafficking protein that mediates interactions fétQeeirab8

and this complex in turn facilitates IFT (intraflagellar transport) particle movement along the
ciliary axoneme. Lossadipstherefore leads to loss of ciliogenesiselipsranscript was
reported as enriched in ciliated tissues suttte adfactory pits, lateral line organs and
pronephric duct@Omoriet al.2008)elipsanutants developed dilated pronephric glomeruli
and tubules as well as a ventral axis curvature, whigtacgeristic for many ciliary mutants
((KramerZuckeret al.2005; SullivaBrownet al.2008) example ifrigure24B). A curly
down tail is not always accompanied by pronephric dil@ranslet al. 1996; Sullivan
Brown et al. 2008)but it is commonly associated with disrugtiof the intraflagellar
transport, like ielipsenutants.
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In the following chaptgrkd2mutantspkd2morphants and the ciliagjpsanutant, as well
as a cross of the two mutant lines, will be described in detalil.

Results

11.Characterisation ofpkd2models
11.1. pkdZ™*”mutation

The pkd2-2173hu2l# zeprafish mutanhenceforth referred to akd2-, was created during

an ENUmutagenesis screen and carries a point mutation in exon 5, leading to a truncated
protein (Freek van Eeden, unpublished). In this mutant allele a guanine base is replaced wit
an adenine base in position 1327 of the mMRNA-(@ee15A), resulting in a stop codon

at amino acid 302 of 904. The truncation occurs in the first extracelluBiglo@i%B).

The channel pore of the PC2 protein is formed by the two transmembrane domains closest
to the Gterminus(Pavelet al.2016)and as thg@kd2'*"3allele is predicted to result in a
truncation in the first extellular loop, well before the channel pore, presumably causing

a null mutation. Phenotypically, fiel2- zebrafish mutant shows the typical body axis
deformationwith its upward curled tail describedghd2morpholineinjected embryos
(chemical gene knockdown, originally descril{€dimet a.2004), seeFigurel?.

ITITGTAAGGTGGAGGTTCAAGGA

A B

" bl

'TGTAAGGTNGAGGTTCAAGGA

J

” J N
=t )
Polycystin 2

NH,

pkd2*/- ||

COOH
pkd27-
zebrafish WT GPENGTAWRFKDESSLGESSYWGQVSTYGGGGYYQDLSRTREKSANQLQELKNNLWLDRG
zebrafish_pkd2hu2173 GPKNGTA
human GPRNGTAWIYTSEKDLNGSSHWGIIATYSGAGYYLDLSRTREETAAQVASLKKNVWLDRG
mouse GPRNGTAWMYTSEKELNGSSHWGIIASYSGAGYYLDLSRTREETAAQLAGLRRNFWLDRG

Figure 15(A) Aligned DNA sequences of WT pkd2” - and pkd2/-; mutation of pkd2vz17%ramed by orange box.
(B) Schematic depiction of polycystin 2 with the approximate site of truncation ipkd2w2173marked with red
arrow. (C) PC2 amino acid alignments for zebrafish WT angkd2v2173 human and mouse.
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11.1.1 .Mutant development
pkd2- zebrafsh embryos develop the characteristic dorsal axis tail curvature previously
described ipkd2morphantgCaocet al.2009; Schottenfedtla].2007; Suet al.2004which
has been attributed to excessive extracellular matrix deg®Mstngoset al. 2010)or
production(Le Correet al.2014) This unique tail phenotypd ke the original dubbing of
t he mut ancurly &t r caur@réamdesal.1®96) The first indications of the tail
cuwvature can be observed by-2b hpf in some embryoBigurel7 A), although the
phenotype does nappeasimultaneously in all individuals and onset can be detéied
about 29 hpf. Following initial onset, the curly tail becomes increasingly pronounced; by 48
hpf (Figurel7C) the curvature has fully matured. There is svelef correlation between
a delayed curvature onset and a less pronounced curvature phenotype, but this was nc
significantKigurel6A).
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Figure 16(A) Correlation of pkd2/-curvature onset and severity. 180%traight tail, 0° - tail crosses body axis;

example images of curvature next to-gxis. No significances via oneway anovawith Tukeyd s mul tiple
comparison test Error barsindicate SD.(B) Heart looping ratios in WT, pkd2/-and pkdZsiblings. n = 100 for

each group.

Left/right polarity randomisation, another phenotype previously described in morphants,
was confirmed fopkd2 with a rate of 49.3 % heart looping reveEsglie16 B). This

indicates a full gene knockout, or null mutant, as there was complete randomisation.

Cardiac, trunk and head oedema became apparent &iguipf TF and I) and continued

to develop during the next 24 h. By 5 Bafurel7G and K) oedema severity increased to

the point where cardiac function was strongly impaired upon which the embryos were
sacrificed.
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Figure 17Morphology of pkd2/-and WT embryos during development (A) 24 hpf, (B) 32 hpiC) 48 hpf, (D) 53
hpf, (E) 3 dpf, (F) 4 dpf, (G) 4.5 dpf, (H) 5 dpf. (I, J, K) Dorsal view of head region at 4, 4.5 and 5 dpf respectively.
Arrowheads indicate oedema.

As cystic expansions in the kidneys were not initially obseskdd imutants, although it

had been described in morphd@&oet al.2009; Schottenfedd al.2007; Suat al.2004)

a more detailed anafysias performed. Glomerular sizes were measup&dZnand

siblings utilizing the re@FPexpression of thetlb:GFRne for imaging. The results are
depicted ifFigurel8 At 2 dpf, just after renal filtration onset, and 3 dpf glomerular size was
similar betweepkdZ-and siblings. At 4 dpf and 5 g@{d2 glomeruli were significantly
smallercomparedtbte i r si bl ingsd. I nterestipkgdy, t
'-over time, but nottahe rate of sibling controls.
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Figure 18Glomerular sizes in 2 to 5 dppkd2--and siblings. Mean glomerular areas with S®: 2 dpf, 2856 + 436
pkd2’/-and 2847 + 404 sibs; 3 dpf, 3396 + 6@8d2/-and 3447 + 856 sibs; 4 dpf, 3647 + 5pkd2/-and 4035 +
1040 sibs; 5 dpf, 4341 + 138R02/-and 5026 + 1128 sibs. Significances via unpairede st ; *n=20fo0 0. 05
each group and day with both glomeruli measured, i.e. 40 measurements per time and genotype.
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11.2. pkdZmorphant

Morpholino (MO) knockdown experiments were performed using a previously published
morpholino sequence (first description(Sanet al. 2004). Several publications since
reported a dorsal axis curvature, L/R polarity defects and cystic kidneys in morphant animals
(Francescattetal, 2010; Schottenfett al. 2007) Injections with an initial morpholino

batch ordered from GeneTools, LCC, USA resulted in none of the above described
phenotypes and high rates mortality. Correspondence with the manufacturer revealed
improper synthesis and a second haashobtained. Subsequent injections apRd#y1O

per embryo (as {{Caoet al.2009) produced the described phenotypes at high penetrance,
with the exception of renal cysts. Cystic kidneys, or rather dilated glomeruli, were observec
infrequently, at approximately -120% of injected embryos (example,Fsgere19 A).
Concentrations lower than 2 ng caused great phenotype varfayility10 B) and
injections wh 4 ng morpholino per embryo as previously reportgthottenfelet al.

2007; Sus al, 2004)esulted in high lethality and severd¢aoffet effects (not shown).
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Figure 19pkd2MO injections into WT strains compared topkd2--. (A) Cystic kldney (white arrowhead) at 2 dpf
in pkd2MO. (B) Phenotype variability of 0.25 ng MO injected LDWT fish. Variability inokd2/- (C, E) and 2 ng
Ppkd2MO injected AB fish (D, F) at 53 hpf ad 5 dpf, respectively.

Body axis curvature, hydrocephalus and L/R randomisation were faithfully recapitulated in
pkd2MO as previously describ@@tancescattet al.2010; Schottenfeéd al.2007) The

high prevalence of cystic kidneys in previous publichtevesjer, was not observed. Most
publications have reported between 60 % and 90 % glomerular dilgio2snorphant
embryos, but only 1®20 % of embryos were observed with the phenotype during this
project. As hydrocephalus and cystic kidneys wepeesent irpkd2mutants (also noted

by (Caocet al.2009) this might indicate they were the result efaoffet morpholino effects.

Both features have been observed asrgfét effects in a variety of other morpholinos
(Freek van Eeden oral communication).

Cardiac, trunk anctolar oedema were less pronounced in morphants compared to mutants,
especially with regard to ocular oedema, a phenotype which was completely lacking in thi
morphants. Known offarget effects such as smaller eyes and necrosis in the brain were
observed iMO-injected embryd&igurel9F) and subsequently thkd2morpholino was
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coinjected with @53MO to negate thigRobuet al. 2007) Coinjections with thg53
morpholino are commonly done to minimizetaf§et effects. In this case, however, it did
not result in visible improvemerfgylure20). This indicatethe offtarget effects observed
in pkd2morphants were not mediatedp&&induced apoptosis.

Interestingly, phenotypes alsnaedibetween injections into two different syifae strains

LDWT and AB (se€igure20A and B). AB fish exhibited a more pronounced curvature
and fewer deaths as W& reduced othrget effects (small eyes and necrosis in the brain).
Subsequent sequencing of the morpholino target region revealed a single base mutation i
LDWT (sed-igure20C). The less sevangpnduction in LDWT could be the result of this
mismatch between morpholino and DNA sequence. Further experiments were hence
conducted utilising the AB wildtype straimpfa2MO injections.

pkd2 MO curvature in AB and LDWT and p53 MO pkd2 MO eyes in AB and LDWT and p53 MO
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g g - 180° gg - sick
& 504 i 8 8 50 - small
§ ::2 | ! . 90°-180° T .o = normal
5w mm 45°90° S
=35 ' 23
2 | below 45° =
0 1 — 0 WT 0
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v Vv
C MO target GATGAGCTCCAGTCGCGTTCGTCCT
LDWT GATGAGCTCTAGTCGCGTTCGTCCT
AB GATGAGCTCCAGTCGCGTTCGTCCT

Figure 20Phenotype analysis inpkdZmorphants (2 ng per embryo) at 4 dpf in LDWT and AB background with

and without coinjection of p53MO (1 pmol/embryo) to negate offtarget effects (A) Curvature in respective

embryos classifiedaccodng t o severity i n de4dembrgospergroup®470embrigos)i ng WT
(B) Eye phenotypes in respective embryos. (A) and (B) No significant differences viatwm@y anovavi t h Tukey 6 s
multiple comparison test N O 3 6peregmbpr(3¢-dlembryos) (C) Sequences of the morpholino and

LDWT and AB target sequences with the mutation in LDWT in red.

Quantification of the cystic kidney phenotypkd®2morphants revealed an early expansion
at 2 dpf and 8pf, whichthen plateaued while thblsg glomeruli caught up in size by 4
and 5 dpfFigure2]).
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Figure 21 Glomerular sizes in 2 to 5 dpfpkd2 morphants and siblings injected with 2 ng/embryo. Mean
glomerular areas with SEM: 2 dpf, 2801 + 21Fkd2/-MO and 1618 + 50 sibs; 3 dpf, 3665 + 34842/- MO and
2474 + 55 sibs; 4 dpf, 3155 + 14R02/-MO and 2992 + 93 sibs; 5 dpf, 3515 + 2p6d2/-MO and 3136 + 119 sibs.
Significances via unpairedt est ; ****: p O,*®: 0p 0= 20 forédch gropp add day.wdh0 1
both glomeruli measured, i.e. 40 measurements per time and genotype.

11.3. Model disparities d kidney phenotype
As desdbed above, zebrafiglikd2mutants and morphants exhibited several differences,
particularly with regard to the cystic kidney and oedema phedat§iesiutants never
developing the former but more severe oedema (oedema depicted aFkyaE2RA).
To evaluate whether the renal mutant phenotype could be rescued through the presence o
maternal mMRNA deposited in the egg, injections with-phsulotypic dosage pkd2
morpholino into the mutant embryos were performed. Alsebotypic dose wasoden
to distinguish maternal effects from potentiatawfet MO effects. This low dose should
be sufficient to reduce materpktl2RNA levels, which has previously been described as
nondetectable via situhybridisationBisgroveet al. 200%. The pkd2morpholino used
during this project was an ATG MO and targeting the transcription start site of a protein
ensures knockdown of both embryonic and maternal RNA message.-fiinenstypic
working dose of 0.05 ng/embryo was established by injecting a range of conganttvation
WT embryos, assessing for lack of curvature and heart looping defects. 0.05 ng/embryo wa
the highest concentration not showing above phenotypes and injectioqkd®o ia-
cross commenced. These-phknotypic injections significantly enharthedcurvature
phenotype in MO injected mutants but had no effect on glomerul&igize2Q). These
results demonstrate likely effects of matpkt®mRNA on thetail curvature but not on
glomerular dilatation. Generally, this indicated the possibility thed#aorpholino
caused offarget effects in the glomerulus.
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Figure 22(A) pkdZmutant and morphant embryos at 5 dpf, arrowheads indicating oedema. (B) Curvature severity
comparing siblings, MO injected siblings, pkd2/- and MO injected pkdZ2/- at 3 dpf. 180°- straight tail, 0°- tail

crosses body axis; example images of curvaturexi to y-axis. Significance via unpairedi# est ; * *Egrorp O 0.
bars indicate SD.(C) Glomerular dilation of siblings, MO injected siblings,pkd2/- and MO injected pkd2/- at

days 2, 3, 4 and 5 = 20 for each groupNo significant differences via tvo-way anovawi t h Tmuktipley 6 s
comparison test Error bars indicate SEM.

In the absence of observable pronephric dilations pkd2eutants, the possibility of an

earlier cellular phenotype was considered i.e. upregulated proliferation. In murine models o
cystic renal disease, an early increase in proliferation is often seen before the onset of cy
formation (BellecReuss, 2007; Ramasulgbwal. 1998; Saa#iheddouciet al. 200} To

assess whether increased cell proliferation was present in zebrafish anodels,
phosphohistoneH3 (pH3; -phase marker) antibody staining was conductgukash

mutant and morphant embryos and respective coriiglse23 shows a increase in
proliferation in the glomeruli at 2 dpf (not significant) and 3 dpf (significant) in the morphant
embryos compared to their siblings. Renal filtratiorcomgnenceat around 4048 hpf

and glomerular dilation occurs afterwards in morghtameruli, hence earlier time points

were not evaluated. The renal tubules were not dilptetPmorphants (similar to reports

in (SullivarBrownet al.2008) and showed no change in proliferation rpkeimutants

showed no significant difference in proliferation anywhegethk pronephros compared

to the controls at 2 dpf and 3 dpf, suggesting therepled@regulation of proliferation in

the pronephros at these stages.
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Figure 23Proliferative cells inpkdZmutant and morphant embryos with respective controls at 2 and 3 dpf in the
glomeruli (A), the tubules (as far asvt1b.GFHFis expressed) (B) or the entire proximal pronephros (@entified

by pH3 antibody staining n = 6-13 per group Significances via umpaired -t e s t ; * ke om @rrd. 091
bars indicate SD.An example of a successful pH3 antibody stain can be seen in Figure 39.

As the main aim of this project was to conduct a compound screen on an-AddR&dD
phenotype in zebrafigtkd2mutants and morphants were exposed to 10 different chemicals

at different concentrations. Further to the differences in glomerular dilation and proliferation
in mutant and morphant embryos, an initial compound test found that the morphants
collectively fieed worse during drug exposures. Specifically, exposed morphants exhibited
higher rates of necrosis, in particular in the brain, and a generally delayed developmen

compared to unexposed controls (data not shown).

Due to these marked differences betypédBmutant and morphant phenotypes, it was
decided to abandon the original plan of conducting sstaigecompound screen on the
cystic kidney phenotype of morphants in favour of using the dorsal axis curvature in mutants
as a readout. Thaurly uphendype is unique and all knockout or knockdown models
described so far in the literature causingufgghenotype in zebrafish goed1 or pkd2
relatedBisgroveet al.2005; Mangaat al.2010; Suat al.2004.)

12.Characterisation ofe/jpsaand eljpsa/pkd2 double mutants

The lack of a cystic phenotyp@ka2mutants contrasts with that reported for other ciliary
mutants in zebrafisiihere pronephric cysts are a constant fe@tamerZucker, Olale
et al. 2005; SullivaBrown et al. 2008) Sincepkd2and the PC complexre localised to

primary cilia (although not exclusively), the lack of a cystic phenotype was surprising.

To test the hypothesis thatd2could modify the phenotype of a cystic zebrafish mutant,
elipsenutants, which develop a cystic phenotypee crossed with tipkd2mutant line to
obtain double mutants.
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121. A cl assical oOcystic ekpsachutamty 6 zebr afi s
The curvature ielipsanutants phenotype first became apparent a2&pf Figure24
A), when interestingly, it looked like the ememgkdgcurly uphenotype. Until about 32
hpf the curvature continued to curl upwards, but by 48 hpf, the phenotype had transformed
to a downward curl.HE exact timing of this transition was not observed. The tail curvature
subsequently matured until ca. 72 hpf.

elipsa/elipsa

Figure 24Morphology of elipsa/eljpsa. (A) Curvature onset at 26 hpf compared to sibling. (B) Matured curvature
at 5dpf in contrast to sibling.

Most ciliary mutants reported in the literature exhibit dilated glomeruli and kuboies
Zucker, Olaleet a).2005; SullivaBrownet al.2008)in comparisompkd2morphants have
dilated glomeruli but normal tubules. The arrowhedegure25 A depict dilateelipsa
glomeruli at 52 hpf, not long after the onset of renal filtratiorffignce25 C indicates a
dilated pronephric tubuiequantifications of these phenotypes will beiged in the next
chapter.

elipsa/elipsa sibling ;
Figure 25 Detailed pronephric images at 52 hpf of (A) dilated glomeruli (indicated with white arrowheads) in
eljpsamutant, (B) and (C) renal tubules in sibling ande/jpsa mutant, respectively. White bars in (B and C)

indicate the width of dilated renal tubules.
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12.2. eljpsa/pkd2 double mutantd enhanced renal and curly up phenotypes
pkd2mutants, as described above, exhibited a pronaturbedphenotype, whereas the
ciliary elipsenutantsverecharacterized by a curly down phenotype, which has been observed
in various ciliary trafficking mutants with similar sevditramerZuckeret al. 2005;
SulivanBrownet al.2008) Interestinglypkd2/elipsaouble mutants displayed an enhanced
dorsal axis curvature comparedoka?2siblings from as early as 32 Hpfre26 A,
guantified irFigure27 C). This phenotype continued to become more pronounced until 50
hpf (Figure26 B, quantified irFigure27 F) at which point thekd2curvature was fully
developed. In the double mutants, however, the tail curvature continued to develop until
about 72 hpfRigure26 C) which is similar in duration to thigpsaurvature maturation.
Since analysise@fpsandpkd2mutants necessitated a distinctiarudfy ujpom curly down,
a draight tail was defined with a 0° angle and dorsal curvatures resulted in positive angles

and ventral curvatures showed negative values (more deigiielv B).

3 dpf

A B C

elipso/elipsa
elipsa/elipsa; pkd2

W@b\w

pkd2 elipsa/elipsa; pkd2” pkd2” elipsa/elipsa

32 hpf m==m 50 hpf =rm elipsa/elipsa; pde/
Figure 26 eljpsa pkdZ2and double mutants with siblings at 32 hpf (A) and 50 hpf (B). (C) Severe dorsal axis
curvature in 3 dpf double mutants.

The renal dilation phenotypepikd?2/elipsautants was enhanced beyond thelijpskevels
(significant at 2 and 3 dpfigure27 C and D)), indicating that losspid2in the elipsa
mutants enhanced the cystic kidney phenotype. Theresadstamgar spread of glomerular
size in the double mutants comparee@lifgsaingle mutants and average cystic size was

significantly enhanced.

elipsanutants have been confirmed to lack cilia from the age of 30 hpf (Niedharsan
Pooranachandran, persomaimmunication) but the fact that heart looping was not
randomizedHigure27 A), suggests early stage cilia were present as they are required in the
Kupf f ertdontrolbaly agid fermatigkramerZuckeret al.2005)pkd2mutants,

on the other hand, lack the {détermining signal during early body axis formation in the
Kupfferds vesicle and PC2 in its role as
cascades during this developmental pr@8ssgoveet al.2005; Schottenfedd al.2007)
Considering the functions efipsand pkd2 it was not surprising that double mutants
exhibited body axis randomization as determineeiollooping randomisatidfiqure27

A).
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Figure 27 Various comparisons of siblingspkd2/-, elipsa/elipsaand elipsa/pkad2. (A) Heart looping ratios.n O

13 for each group(B) Schematic indication of tail curvature measurements. (C) and (D) Glomerular size at 2 and

3 dpf respectively. Significances with oneay anovawvi t h Tukey ds mul ti pl*reé *cofp Or i0s O
p O ,0. ®1 QE)and FBSeverity of tail curvature at 32 hpf and 50 hpf respectively. Box on left: Examples

of curvature severity with corresponding scale in degrees. Significances with Kruskéallis testwi t h  Dunnd s
multiple comparisontest * * *¢F.: 0 @0 1O, * ***: mp Eror®ardrbidate SD.

Since the glomerular dilation phenotygkd2morphants was accompanied by an increase

in proliferation, proliferation rates were subsequently quantegiggs&ingle mutants and
elipsa/pkd@ouble mutants at 2 dpf. Interestingly, both showed an increase in proliferation
in the glomeruliHigure28 A) with the double mutants having a slightly lower proliferation
rate compared to thredipsaingle mutants (not significant). This diverged from the level of
glomerular expansion, where double mutants surpadipsdation phenotype. Tubular
proliferation levels showed the same trend (not signifi€muire 28 B). Overall
proliferation in the pronephros (as identifiable viawtid:GFRransgene) was only

significantly increased mlipsanutants; the double mutants showed a trend towards an
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increase in proliferation. This suggests the increase in dilation was not solely driven by
proliferation.

A proliferation 2 dpf glomeruli B proliferation 2 dpf tubules C proliferation 2 dpf pronephros total
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Figure 28 Average proliferation levelsassessed via pH3 antibody staining irelipsa/elipsa, pkdZ/elipsa and

siblings at 2 dpf. (A) Average proliferation in the glomeruli, (B) in the pronephric tubules and (C) in the entire
pronephros as determined bywt1b.GFPexpression.Siblings: n = 7, pkd2/elipsa n = 14, eljpsa/eljpsa. n = 7.
Significances with oneway anovawi t h Tukey 6s mul t;i p*l*e: ¢po n(p aQOE@dbads5t. e s t
indicate SEM. An example of a successful pH3 antibody stain can be seen in Figure 39.

Interestingly, pronephric tubular dilation was also more sesgyearutants compared to

the double mutants at 5 dpf (not signifidaigtire29. Glomerular ardaeyond day 4 could
unfortunately not be measured, as the distorted tissues above the kidney made it impossibl
to get clear images of WB&Pexpression below. It was difficult at these stages to capture
measurable imagegpkd2embryos as thaurly uphenotype refracted the light, but became
completely unfeasible in the double mutants due to the severe tail curvature. It is therefore
possible that double mutants showed an aggravated early phenotype which was subsequen
surpassed by the ciliary mutant.
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Figure 29Renal tubular dilation at 5 dpf inokd2/-, eljpsa/elipsa, pkdz/eljpsa and siblings. Significances via one
wayanovawi t h Tukey &s mul ti pl*e *c o mpp & i10s @m @dadsignificant(ns): > O 0. 0 (
0.05.Error bars indicate SEM.
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Discussion

1. Disparities betweenpkdZ2zebrafish models
pkd2- zebrafish embryos have been used to pkat#unction by several groups although
they have consistgntbeen reported not to dgup pronephric cysts. Describing cystic
kidneys in the zebrafish embryo pronephros is generally burdened with inaccuracy. What ha
been described in the |iterature as 0cys
regard tgokd2morpholino knokdown, is not, in truth, a cystic kidney. In general, cysts are
definedasflul i | | ed sacs surrounded by a membr a
are merely dilateglomeruli, whichremain part of the embryonic pronephros. Dilated
glomeruli coulde caused by a variety of factors, such as an increase in proliferation, an
occlusion of renal tubules as suggestédidaraet al.2006)n pkd2morphants, or the lack
of cilia (abolishing filtrate mowent). The latter two could both cause a-ogpildf fluid
into the glomeruli, potentially inflating these structures due to hydrostatic pressure. With
respect to zebrafigfkd2modelsthis raises the possibility of maternal mRNA contribution

in mutants poff-target effects in morphants.

There are several possibilities pkd2mutants and morphants differ with regard to their
phenotype. All publications to date, described glomerular dilatpkammorphants to
varying degrees of penetrafCaoet al.2009; Francescatbal.2010; Obarat al.2006;

Sunet al. 2004)whereapkd2mutant alleles did not exhibit this t@toet al. 2009;
Schottenfel@t al.2007; Suat al.2004)In recent years, zebrafish morphant data has come
under scrutiny for failing to adequately predict mutant phenotypes. More precisely, many
morphants exhibited novel traits which weterexapitulated in respective mutant strains
(reviewed in(SchulteMerkeret al. 2014). This could be due to the fact that chemical
knockdowns can cause unpredictabkaafet effects other thahet classical necrosis in

the brain and eye, both of which are widely obs@Radmliet al. 2007) Furthermore,
morpholinos targeting thieanslatiorstat site of a protein also remove matenm@aNA
contributions deposited in the eggs upon lagiogkingthe maternal contribution the

case ofpkd2caused an enhancement of the curvature phenotype but did not induce

glomerular dilatiorgruling out theeffect of maternal effects on the latter.

A recent study bjrosset al.2015proposed a different explanation for mutant/morphant
disparities: Genetic knockout of a gene could lead to compensatory changes in other
members of the same protein family therefdewiating knockout phenotypes. They
supported their hypothesis by injecting morpholinos into respective mutant strains and
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showing that the homozygous mutants had a higher resistance towards the knockdown by
exhibiting milder phenotypes than their hetgmzy or WT siblings. This suggests other
genes were compensatfog gene loss to some degree. Experiments carried out in this
project only targeted maternal mRNA contributions and no inference to compensatory
effects inpkd2mutants can be made. Therefangections of thgpkd2morpholino (2
ng/embryo rather than a sphenotypic dose) into tipd2mutant strain would need to

be carried out to shed light on whether there are genetic, compensatory effects preventing
glomerular dilation.

Interestinglypkd® mutants not only had no dilated renal phenotypé¢hbirtglomeruli

actually decreased in size compared to siblings from day 4. This development of smalle
glomerular size pkd2mutants could potentially be explained by the orsedeima, which
corresponds in timing (see above). Trunk oedema especially could increase hydrostatic
pressures compressing the nearby kidney and prevent proper inflation of the glomeruli.
Another explanation could be reduced blood pressure: Blood flow might be restreeted in t
tail area due to the curvature and severe cardiac ced&peevent normal cardiac output.

Both of these factors combined would result in decreased renal blood flow, hindering normal

inflation of the glomeruli.

Of note, the pronephric phenotypgku2morphants did not show a persistent increase in
glomerular size over all time points measured. Quantification of the cystic kidney phenotype
in pkd2morphants revealed an early expansion at 2 dpfdpfdwhichthen plateaued

while sibling glomerulaaght up in size by 4 and 5 dpf. Morpholino effects, both targeted
andoff-target, wear off over tinine capacity for binding new RNA transcripts diminishes

and morphant phenotypes are therefore often transient. In thisecgkmmerular data also
suggests that no tubular occlusion occurred, contrary to previously publigdxhiceta

al, 2006) since the same individuals were imaged over the entire course of the experiment.
If the tubules were obstructed, glomerular dilation should continue to persist and increase in
severity beyond 3 dpf, which was nottse.

2. Classic O0cyst i c pkivapsadpuble knockoatnt and
Aspkd2mut ants did not exhibit an obvious r
ki dney 6 mu telpsautant,twhselsocevaluatihsélyaf3iplinutations cause
abolition of renal cilia from 30 hpf by disrupting IFT from this time point (in earlier
development cilia are unaffected but fail to be maintained from(@0rigofet al.2008).

Like all oher IFT mutants, this line exhibited a downward curly tail and renal dilations.
Pronephric glomeruli and renal tubules along the entire length of the embryo were dilated.
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Sinceelipsenutants did not have laterality defects, it can be assumed thatncdiaetarly
stages of development and become abolished subsequently. Interestingly, the axis curvatu
in its early stages looked exactly like the dorsal curlyptadlafutants. How this then

transformed into a down curl was not evaluated

A genetic study in mi¢Maet al.2013 suggested that abolition of cilia in PKD mutants
improved renal outcomes)dicatingthat improper polycystin function in the cilia
contributesd cyst severity. In that study sevekalmutant lines were crossed tit8a
knockout line (IFT disruptl)d both mouse strains form renal cysts but I03kdilor Pkd2
causes the more severe phenotype. In double knockout mice, however, renal outcomes wet
alleviated compared Rkd " (but enhanced comparedKif3d). Of note, kidnegpecific
Pkdlknockout micgShibazalket al.2008)exhibited a more severe and earlier phenotype
than the kidnegpecificKif3a ciliogenesis knockoytin et al. 2003) The zebrafish
pkd2/elipsdouble mutants exhibited an aggravately uphenotype compared pid2-

and an increase in glomerular dilation compaesigsa/elipsehis suggested a likely genetic
interaction between these twroteins, whickvill be discussed below.

A graphic scheme of the interactions described in the two paragraphs above, is depicted i
Figure30. In order to explain the phenotypes, it might be useful to think of the various
players in basic genetic functions: Wpd pkd2generally serves to counteractdhe
phenotype and its loss results in an upwalditcilverefore can be described as having a
downtcurling function. It could be speculated that the downward curl in thessdigsa

mutants is driven by a loss of inhibitioplaf2function and the oveactivateghkd2causes

as the curly down phagpe. This would suggest there is an inhibitory faqikd@bcated

in the cilia. If this, however, were the only factor influencing tail curvature, double mutants
should exhibit the same severigka@mutants in this trait. The fact that the douhléant
phenotype is aggravated is somewhat difficult to explain and it would need to invoke a
second partially redundant signal specifically from the eilronrciliary function opkd2

after ciliary abolitionThis ciliary factor also promotes dowdwaurling but to a lesser

extent tharpkd2itself. Thus in a double mutant, fflel2and the ciliary function, both
originally promoting a downward curl, are lost and the dorsal curvature phenotype becomes

aggravated.

With regard to the renal dilation pbtypes, loss of cilia causes an expansion of glomerular
areahence some sort of cil i pkd¥elizsdouple mdtants n hi L
this phenotype became exaggerated and it could be hypothegie@itealf also has a

weak cyssuppressing function, which is not strong enough to drive renal dilation on its own

if lost, but can enhance an already cystic phenotype.
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To comply with the rule of maximum parsimony, implying the solution with the fewest
factors required is the most likehe ciliary signal inhibiting renal dilations and repressing
thecurlyuphenot ype have be e friguseBOnithaugh tsaefuhctiens 0 c
could stenfrom one or more multiple proteins in the cilia. It could be speculated at this
protein with a paralogous functionpkad2be apkd2| (pkd2 likpyotein, i.epkd2l1dpkd2

like 1 aorpkd2l1igpkd2ike 1 hbor another calcium ahnel, although we have proofof

either.

renal dilations

T

cilia ﬁ pkd2

__\_J_

curly down curly up

Figure 30 Schematic network ofpkd2and cilia, depicting the complex interactions used to explaipkdZ, eljpsa
and pkdZ/eljpsa mutant phenotypes.

Additionally to this complex network, there seem to be-$igsuaiic differences regarding

the levels gbkd2andelipsgene interaction. The exaggerated renal dilation phenotype in the
zebrafish double mutants suggestspkd®andelipsaonverge othe same pathway and
therefore enhance each other. Considering the slightly different premise of the experiments
this also does not entirely contradict the mouse publi®ddtenal.2013ps thePkdKif3a

double mutant mice were also reported to exhibit a more severe phenotype than the ciliary
mutation on its own. The increase in severity eolieuphenotype in the double mutants
suggestgkd2to be downstream of the ciliary pathwagkd&roduceshe dominant trait.
Conversely, the duration of curvature formation in the double mutants correlates with that

of elipsaingle mutants (lasting until 3 dpf), rather pka@deficient animals.

It is possible that depending on the tissue and/or phersligpandpkd2act in different
manners. The curvature phenotype sugpgkd®&to be downstream of a ciliary signal,
whereas the cystic phenotype indigad2and cilia act in parallel the same pathway with
the loss of both enhancing a cystic pheroflipese differences strongly suggest a context

specific function.
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Results and Discussion Chapter 2: Screens for chemical
modulators of thepkdZcurly phenotype in zebrafish and
validation in cell culture 3D cyst assays

Introduction

The main aim of thigroject wa$o find novel therapeutic targets for treatment ADPD
conducing hightthroughput chemical library screens on an ADRK&Ied phenotype in

a zebrafish moddt. was shown that theystic kidney phenotype gkd2morphants was

not recapit@dted inpkd2mutants in addition to a range of other discrepancies (see Results
and Discussion Chapter 1). As a consequence, and in order to avoid potential morpholino
artefacts, the curly tail phenotyp@laiZmutants was chosen as ADPKdédated readout

in subsequent chemical scre&msortunately, this trait showgh phenotypic variability
(Figure32C). In addition, the curvature phenotype did not appear in all embryos at the same
time but its onset was spread across ca. 4 hodr&92pf). Also, the later the onset, the

less pronounced the curvature (Results and Discussion Thaptereforerigorous re

testing was necessary to reduce the risk of obtaining false posiine itsaHmolecule

libraries were screened for their effects on the curly tail phenotype, the Spectrum collection
and the PKISPublisheKinasd nhibitor Set) set.

The Spectrum compound collection provided by Microsource Discovery Systems, Inc.
contains 2000 compound@50 % of which are clinical treghge drugs, 12 % are
internationallynarketeadhemicals and the remaining 38 % are natural pr{Riecteekamp

et a].2015) In recent years this set of chemicals has been used in multipéh zeiveains

with a variety of phenotypic readqitaxendalet al.2012; Kitambet al.2012; Ridgest

al, 2012; Saydmohamneida].2011)

ThePKIS librarywas utilised in a second screen ompkid@curvature during this project.

This compound collection was originally developed by GlaxoSmithKline (GSK) and
subsequently transferred to the University of North Carolina (UNC) within the timeframe
of the projet The particular version of the PKIS collection used here was PKIS 1, consisting
of 367 kinasénhibiting compoundscovering a wide range of the 518 known kinases
(Manninget al.2002)

Since only small amounts of compound were available from the drug libraries, testing
commenced at a fixed concentration of 10 uM. Screening at 10 uM ensurédraruaida
could be performed where necessary. Screening the effects of comppka2iauants
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commenced in 9%ell plates, with three embryos per compound, exposed to 10 uM
concentrations for 24 h (more detailed information is given in the Materhistlzous

section). A schematic depiction of the screen workflow can be féiga&3 1

Collection of eggs

Identification of pkd2
mutants at 28 hpf

Sorting into
96-well plate

— Exposure to 10 uM

| Imaging 24 h post
exposure

——  Analysis and re-test

Figure 31Workflow of compound screen orpkadZtail curvature phenotype.

Results

1. Utilising pkdZ2’/- zebrafish as ADPKDrelated screening tool
TSA (trichostatin A) had been described previously as repressor of the curvature phenotype
in a smalkcale compound screenpka2mutants and served as pesicontroCaoet al.
2009) The analysis method of curvature severity was also derived from this publication and
will be described in detail below. TSA, a HDAC inhibitor, proved to have a very narrow
therapeutiindex with a rapid onset of toxicity (400-mgtardation of grotl) and loss of
curvaturerepressing properties at slightly lower dosages (100 nM). Additionally, TSA caused
an accumulation of blood in the area of the duct of Ctger€32 B). Nevertheless, it
was possible to utilise TSA as positive control, but the narrow therapeutic range and sever
adverse effects discounted it as a promising candidate for further study. A quantification of
TSAOs effect odepittddarigure82D. cur vatur e
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The analysis gikd2tail curliness commenced by drawing a line from the lens in the eye to
the end of the yolk extension and a second line from the yolk extension to the tip of the tail
d the angle between those two lines served a measure of severity (exaigpte32ég.

WT embryos therefore have an angle oB1I&D degrees, andpkd2larvae, the smaller

the angle, the more severedhghenotype. Negative values indicat¢aihéad crossed
the body axis
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Figure 32(A) pkd2/- embryo at 3 dpf with schematic indication of curvature measurement. (B) Accumulation of
blood in 2 dpf embryo exposed to 200 nM TSA from 27 hpf. Arrowhead indicates pooleddol in the duct of
Cuvier (C) Curvature analysis at 2 dpf ipkd2mutants, morphants and siblings. Significances via KruskaVallis
testwithDunnés mul tiple tdmpar ps Onsignifiadtgns): pa>r0.05. (DoAmalysis of
curvature of pkd2mutants exposed from 27 hpf to DMSO or 200 nM TSA. Significance via Maklivhitney test;
**xx n O 0. 000 istraight@)l, 0O°ataildrossed hodylagis) ekample images of curvature next toy
axis. Error bars indicate SEM.
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2. Screen othe Spectrum collection

2.1. Zebrafish screen of Spectrum compounds
After the initial testing round was concluded, 200 compounds of interest were identified via
t-test (see Materials and Methods) aitesteng commenced. The second test round and
more rigoroustatistical analysis (see Materials and Methods) reduced that number to 20
drugs and further testing with a cheicked batch of additional compound material
(provided with the screening plates) eliminated another 7 chemicals. In the end, 13
compounds ere identified to significantly and reproducibly alter the curvature phenotype
(Figure33. Of these 13 chemical® aggravated the curvature and three repressed the
phenotype. Interestingly, most of the enhancing compounds clustered into three distinct
chemical classes: three compounds were steroids, another three chemicals were coumari
and two compounds weflavonoids. Another flavonoidaringenin, was subseqlient
included in further studies as it had been previously observed to induce dorsal curvature
(Robert Wilkinson, personal communication).

Spectrum library hits
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Figure 33Combined data on hit compounds of the Spectrum library after initial compound s@m, validation and
cherry-picked compound exposures. Enhancers gfka2 curvature in red, repressors in green. Chemical classes

as indicated. Mean of DMSO baseline indicated with black line. Significances via Kruskalallistestwi t h  Dunnd s
multiple comparisontest ****: p O 0.0001, ***: Eporb@rsddicat®IEM. * *: p O

Hit compounds and more detailed descriptions, including relevant literature, can be found
in Tablel4
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Effect on
pkd2”

Chemical
class

Compound name

Additional information

CAS number

enhancer

enhancer

enhancer

steroid

norethynodrel

progestin, formerly used as component in
oral contraception!

68-23-5

5alpha-androstan-3,17-
dione

androgen, precursor of testosterone and
estrogen, can function as bypass to anti-
testosterone cancer treatment?

846-46-8

epiandrosterone

androgen, precursor of testosterone and
estrogen, non-competitive GABA 4
antagonist®

481-29-8

enhancer

enhancer

enhancer

coumarin

prenyletin

isolated from Praeroxylon obliguuns, antifangal*

15870-91-4

sphondin

1solated from Heracleum maxcimnn root (mp
191-192 °C), Cox2 expression inhibition and
PGE?2 release inhibitor?, antimycobacterial®

483-06-9

pimpinellin

1solated from Heraclenm mascimnm root (mp
118-119 °C), GABA, modulator’,

antimycobacterial®

131-12-4

enhancer

enhancer

enhancer

flavonoid

5,7 4-trimethoxyflavone

isolated from Cassia siamia and Cifrus reticulata,

antioxidant®, antihyperglycemic?, adipocyte

hypertrophy suppressorm

5631-70-9

hexamethylquercetagetin

1solated from Citras spp, antifungal, quercetin
(very similar) inhibits EGFR pathway and

prevents prostate cancer [.n.’og[es.sion23

1251-84-9

naringenin

highly prevalent in grapefruit!?,
cardioprotective effects in cardiorenal
syndrome’? suppression of cytokine 3
expression’®, downregulation of AKT
pathway'#, antihypertensive'®, interaction with
PC2 in Dictyostelinm and MDCK cells?®

67604-48-2

enhancer

carboxylic ester

xanthoxylin

antifungal®

90-24-4

enhancer

chalcone

2" 4'-dihydroxychalcone

isolated from Flemingia chappar, Ceratiola
ericoides, Acacia neovernicosa and Flonrensia spp,
Cox?2 inhibition"’, cell division inhibitor!®,
induction of apoptosis*® antileishmanial®

1776-30-3

Iepressor

phenylacetate

diclofenac sodium

NSAID, preferential Cox2/PGE?2 inhibitor,
L-type calcium channel inhibitor?!

15307-79-6

repressor

pyridine

pyrithione zinc

antifungal, antibacterial, active ingredient in
anti-dandruff shampoo, treatment for
hidredenitis suppurativa’? and seborrhoeic
dermatitis®

13463-41-7

repressor

anisole

2,5-di-t-butyl-4-
hydroxyanisole

3,5-di-t-butyl-4-hydroxyanisole (very similar)
described to have Calcium antagonistic
properties?*

1991-52-2

Table 14List of Spectrum library hit compounds, their effect orpkd2/- curvature phenotype, the chemical class,

CAS number and further information? https://pubchem.ncbi.nlm.nih.gov/compound/norethynodrel,

2(Chang

etal, 2011Li et al, 2015; Sharifi, 2012 (Imamura et a/, 1998; Maningeet a/, 2009) 4 (Stein et al, 2006)5 (Yang
et al, 2002) ¢ (O'Neill et al, 2013)7 (Singhuber et al, 2011)8 (Bala et al, 2014)° (Takahashi et a/, 2006) 10
(Okabe et al, 2014)1Y(Erlund et al, 2001)12(Liu et al, 2016)13(Wu et al, 2016)14(Bao et al, 201§, 15(Alam et
al, 2013; lkemuraet al, 2012)18(Vaz et al, 1996)17(Salaser al, 2016)18(Xie et al, 2014)19(Shenget al, 2015,
20(Passalacqueet al, 2015)21(Yarishkin et al, 2009) 22(Danesh et al, 205), 23(Naldi et a/, 2015)24(Fusi et al,
2001; Fusigt al, 2001; Sgaragkt a/, 1993)25(Firdous et al, 2014)26(Waheedet al, 2014)
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2.2. Effects of Spectrum library and related compounds in zebrafish

2.3.  Further testing in pkdZmutants

Following the initial screen, chemicals wermrdered from different suppliers where
possible (to eliminate the possibility thataturenodulatingeffects were due to batch
impurities). Manufacturers of new batches can be found in the Materialghaas$ Me
section and in the Materials List. Furthermore, new compound material was obtained to
ensure that the effects observed were not due to breakdown products.

To conduct functionality studies, some chemical classes were augmented with additiona
compound. In the steroid class, apart from androstandione, the most potent human
androgen, DHT (dihydrotestosterof\@glimer, 1963) and the most potent fish androgen,
11-KT (11-ketotestosteron@lossairet al.2008), were tested. Additionally, flutamide, an
antrandrogen, which was delsed previously to counter androgéiects in zebrafish
(Schilleet a].2013; Schillet al.2014)was obtained.

2.3.1.1. Curvature enhancers
In the steroid class, deigure34 A, androstandione proved to be more potent than any of
the other steroids, enhancing the dorsal curvature from 2 uM (lowest concentration tested)
whereas DHT and KT only significantly alted the curvature at 50 uM and 30 uM
respectively. Of note, androstandione was even more potent than observed initially at 10 pM
screening concentratiothe effect plateaued at 30 UM when all embryos exhibited tails that

curled well beyond the body axis.

11-KT has been described as more potent in zebrafish thanHd4$ainet al. 2008,

which was confirmed in this assay. As androstandione was even more potefilthan 11
this suggested the possipilitat this compound could be acting not only via the classical
androgen receptor (AR) pathway alsdoy an additional unknown mechanism. Flutamide

had no effects on the curly phenotype, indicating that intrinsic androgen levels play no role

in body axigurvature.

All three coumaringigure34B) reproducibly enhanced the curvature as seen in the screen.
Pimpinellin continued to be the strongest enhancer indbslgut did not show any dese
response effects at the concentrations tested and neither did sphondin, the weakest coumari

enhacer. The effects of prenyletsached a maximum at 50 pM.

Amongst the flavonoidsFigure 34 C), trimethoxyflavone remained the most potent
curvature modulator but showed no desponse curve at the concentrations tested.
Naringenin caused an enhanced curvature at 55 pM but was diffisslblt@ at higher
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concentrations;

the

compound

precipitated

from

70 uM.  Furthermore,

hexamethylquercetagetin proved very toxic at originally screened concentrations and wa

unable to recapitulate curvatandancing effects at ntwxic levels.
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curvature at2 dpfwith SEM

A

200+

androstandione

=

o

=]
]

11-ketotestosterone

E E * *
Y T .o
£ 100 £ 1007 *.°
E E 0 [ ] v
[=% x Q l%
E 04 o £ ﬁ 50+ #._ N
) v =
E x 4““3‘5 | == T
g .- =+ g " -
c v + c v
=1 x + =3
k = 180 ° 200l——7—T—1—T1—1—1 © s5ol—t T T r
O &FHFHFFPdPFH» o} &
g
oF b o T T T8 & o o oF
- ol
‘%} 90 DHT flutamide
= 1507 = 1509
i . * e W
w 2 1001 2 *
£ . o £ 1004 *o*
o g HEOFAFRESE
B sy . E -
SURETLIITELL . P E =
e F ¢ o .
2 =2 T o
-50+
g g
3 3
= Ll L L T T T L] T T b Ll é: T *I *I
O SfFHdTHrPpdss o
N IS PN S S )
prenyletin sphondin pimpinellin
150 = 2007 = 2007
K kEk kbk kkk Akkk %k ] sk ok ek ok w
* 7] 7] sk KRk Aok Ak Rk Rk kkk
1001 £ 100] % g 1001
N !
50 B - A e B
iy A - vy ., bl
T ee o ] e "t e = 8 HC nw
. - oy
0-.?}‘5}%{_ : . = : {.1‘#-3:——1—%1_:_
v 5 _100 -100+
-504 £ 100 e
u] 2 v 5 [
3
-100 T T T T T T T © -200 T T T T T © -200 ¥ @' @l ¥ ‘:l. ¥ Q: T
O & H & & & o & S S S & F 2 3
0‘{9 ORI IO 0"‘9 RO S NN A AR Ny
trimethoxyflavone hexamethylquercetagetin naringenin
150 1501 150+ e
ekkek Fekdkok ek Fkkk E E il
100] “eeq @ e, 2 1001
£ 1007 *e* £
2 D =
o o o o 5 e ] 5 o
C E o, == 3 e -
[] * 3 o % 5
-50-1 N . i . 50+ L[]
€ g ]
o 3 5 3 4
R - o N o &
o
& B Y Y ¥ o & o

Figure 34 Results of tests with Spectrum library curvaturenhancing compounds. Box in top left corner:
Examples of curvature severity with corresponding scale in degrees. (A) Androgens and flutamide anti
androgen). (B) Coumarins. (C) Fhvonoids. In most compounds more concentrations were tested but proved
toxic; depicted are only concentrations causing no adverse effects. Significancestist (if two groups in graph)

or oneway anovaw i t h
0.001, **:
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p Brorhardirdicate’SEM.p O 0. 05.
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2.3.1.2. Curvature repressors
Within the repressor groupigure35), one compound was a composite of two chemicals:
zinc pyrithione contains both zinc and pyrithione ions. Subsequently sodium pyrithione and
zinc chloride were obtained to determine which qgfathe compound was actively
modulating the curvature phenotypigre35A). Zinc pyrithione was more toxic in re
tests than in the original compound batch andezhefficacy from as little as 0.25 uM and
toxicity above 0.75 puM. Sodium pyrithione was also a potent repressor at 0.75 pM, in a simila
manner to zinc pyrithione, indicating that the pyrithione ion was the active ingredient,
especially as zinc chloridd ha effect on the curly tail.

Diclofenac, the only repressor identified in the Spectrum screen withk@owell
mechanism of action, also proved to be more toxic freshly obtained and had a narrow
therapeutic range, repressing the curvature only at 0.3 piM and losing potency at lower
concentrationg={gure35 B). The effects of dihydroxyanisole were not reproducible with
the reordered compoundrigure35B), suggesting that perhaps it had degraded in the library
aliquot and a product of this process reduced the curvature. Alternatively, there is the

possibilly of impurities or crossontamination being the cause of the original effect.

Brefeldin A (BFA), another described curvature repfgss@orreetal, 2014)and ER to

Golgi transport inhibito(Donaldsoret al. 1992; Klausneat al. 1992) was also tested to

serve as secondary control. Although BFA was mildly toxic at the previously described
concentrations of 1.5 to 2 pg/fhle Correet al.2014)there were no adverse effects at 1

pg/ml and the curvature reducing effect was repli¢atpae35B).
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Figure 35 Further tests of Spectrum library with curvaturgepressing compounds. Box at top: Examples of

curvature severity with corresponding scale in degrees. In most compounds more concentrations were tested but

proved toxic; depicted are only concentrations caing no adverse effects. Significances vigést (if two groups

in graph) or oneway anovawi t h Dunnett ds mul(tiifplneo rceo nmphaarni s20 ng rtoeuspts ) ;
** % p O 0.001, **: -pignificard (ns): p > 0.05ErropbarindatelSEM.and non

As the curvature phenotype had already begun to develop at the time point of the original
compound screerpKdZ™ could only be distinguished from siblings using the curvature
phenotype for sorting), it could be argued that theopevehtal programme of the curly

tail was already established, explaining why the repressors were unable to completely aboli
the phenotype. To test this theory, embryos were exposed to the repressors from earlier time
points, such as late epiboly and#4lhefore curvature onset) up to 2 or 3 dpf. There were,
however, no marked effects on the curvature phenotype at any of the time points tested
(Figure36), suggestmthat the curvatureducing compounds have no effect on the actual
developmental programme but rather inhibit the phenotype once it arises.
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Figure 36 Repressor compound exposures from late epiboly or 24 hpf with comparison ke toriginal screen

setup (exposure from 27 hpf). Box on left: Examples of curvature severity with corresponding scale in degrees.

(A) Diclofenac, (B) pyrithione, (C) dihydroxyanisole and (D) BFA. Significances via or@ay anovawith
Dunnettds nuidontespl €*tomp O 0. 001, Erforbarsipdicdle SEM.01, *: p O

2.3.1.3. Compound coexposures
Further experiments t o study i ndi vidual
commenced by studying combinatiorexposuresHgure37). Here, the most potent
representatives of the chemical classes were chosen: Pimpinellin for the coumarins
trimethoxyflavone amongst the flavonoids and androstandione as an androgen.

First, the enhancing chemicals were testeddarposures and the uéis are depicted in
Figure37A. Combination of either flavonoid or coumarin with the steroid produced additive
effects with regard to the curvature, although balyldavonoid/androgen exposure was
significantly different. The coumarin and flavonoeekposure had no additive effects. This
might indicate that coumarins and flavonoids share the mechanism of action whereas the
steroids are enhancing the curvatura dgifierent pathway.

Figure37 B illustrates that flutamide, an -@amtrogen, had no effect on the curvature

individually and was also unable to overcome thé&seffeandrostandione at any of the
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concentrations tested. Higher amounts of flutamide in combination with the steroid proved

toxic.

Unlike flutamide, diclofenac was able to reduce the effects of androstandione significantly,
as well as the effects of pingdiin Figure37 C). There was no observable influence of

diclofenac on the potency of the flavonoid. This shows that diclofenac was able to reduce
the effect of evethe most potent enhancer; however, it was not able to negate it.
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Figure 37 Co-exposures of various Spectrum compounds. Box in top left corner: Examples of curvature severity
with corresponding scale in degrees. (A) Steroid, cowarin and flavonoid combinations. (B) Antiandrogen and
androgen combinations. (C) Enhancer and diclofenac eexposures. All significancesviat e st s ; * : p

non-significant (ns): p > 0.05.Error bars indicate SEM.
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2.3.1.4. Androstandione and the conneabn to L-type calcium channel
inhibition

As the AR (androgen receptor) is not markedly expressed in zebrafish embryonic tissues &
the stages when the screen was cond{iBeeandet al.2007) and andrstandione was
more potent than 1KT, supposedlthemost powerful fish androgétossairet al.2008)
other mechanisms of action for this steroid were considered. Interestingly,-sgeral L
caléum channel inhibitors such as nifedipine also enhanced the curvature in the screen, bu
were initially rejected as a result of stringewtffsutFurthermore, there is evidence that
DHT is a potent ktype calcium channel inhibif@cragegt al.2004) This, combined with
the consideration th@kd2is acalcium channel and its knockout causes the curly tail
phenotype, led to a-exaluation of the-type calcium channel inhibitors and subsequently
nifedipine and BayK8644{pe channel activator) were ordered. Nifedipine, as in the initial
screen resultavas a weak curvature enhancer, whereas BayK8644 had no effect on the curly
tail Figure38A). Interestingly, although BayK8644 individually did not affect theuceyv
it was able to abolish the enhancing effects of nifedipine, even exhibiting a trend towards

repressing curliness, in@@osures (not significant).

Surprisingly, ecexposure of nifedipine and androstandione resulted in a reduced efficacy
comparedo androstandione and there was a greater variability in phenotypefsguesity (

38B). This could suggest that androstandione is the more potpatihhibitor of the two

and ceexposure led to competitive inhibition, therefore causing a wider spread. BayK8644
was able to reduce axpdsuressbutthis dassignéocars. ef f e
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Figure 38 Effects of L-type calcium channel modulators on: (A)pkdZ2 curvature and (B) steroidinduced
enhancement ofpkdZcurvature in ceexposure with androstandione. Box on left: Examples of curvature severity

with corresponding scale in degrees. All significances via oiveay anovawi t h Dunnet t ds mul ti pl
test; ****: p O 0. 00O 1Erorbarsindgate(SEM.. 01, *: p O 0.05.
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Some evidence in human studies suggest that recdiyiegchlcium @nnel inhibitors
worsens renal outcomes of ADPKD pati¢Atse et al.1983; Astoet al.2008; Fujiwaret

al, 1998; Hommat al. 2013; Sarutat al. 2009) To test the effects of nifedipine on
glomerular expansion in zebrafitd2mutants and siblings were exposed to nifedipine or
DMSO.Figure39A demonstrates that nifedipine slightly reduced glomerular size in siblings
compared to DMSO coniobut more importantlythere was a significant difference in
glomerular area between siblinggp&démutants in the nifedipirexposed group, showing

that nifedipine enlarged renal sizepkd knockout fish. This seems to confirm PKD

knockoutspecift effects of typecalciumchannel inhibitors.

Androstandione has been linked in a few recent publications to increases in proliferation,
especially with regard to prostate cancer patients receiviegt@sittrone treatments
(Changet al.20111i et al.2015; Sharifi, 201Mjechanistically it has been proposed that
cancers convert androstandione to DHT therebyrmnmiag therapy. Apkd2mutants

have a slightly higher proliferation in the ventral parts of the boayhaotismight affect

the tail curliness (see DMSO control&igure39 B), the effectof androstandione on
proliferation levels were analysed. Contrary to expectations, androstandione downregulate
proliferation significantly ipkd2 mutants and proliferation in siblings also showed a

downward trend=igure39B).
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Figure 39 Effects of nifedipine and androstandione on glomerular expansion and overall proliferation
respectively. (A) Glomerular area at 2 dpf ipkd2mutants and siblings exposed to DMSO or 10 uM nifedipine.
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indicate SEM. (B) Example image of pH3 stain used for quantification withwz1b.GFPtransgene to localise the

cells to renal epithelia. (CEffects on proliferation onpkd2mutants and siblings of andostandione and DMSO

controls. Significances via Chs quar ed t e s tDMSO treated siblin@s: 9= 25,5DMSO treateghkad?

mutants: n = 19, androstandione treated siblings: n = 30, androstandione treaggkb/Zmutants: n = 15.

2.3.1.5. Known ADPKD modulatorstolvaptan and triptolide
Lastly, the effects of known PKD modulators tolvaptan and triptolide on the tail curvature
were tested. Tolvaptan is currently the only drug approved for slowing the progression of
ADPKD and triptolide is currently in a phase lilhical trial (https://clinicaltrials.gov/ct2
/show/NCT02115659). Tolvaptan is a vasopressin 2 receptor antagonist and lowers cAMP
levels in patients but may cause severe adverse effects, leadithgppmhigites in clinical
trials (Torreset al. 2012) Although zebrafish have several vasopressin type 2 receptors
(avpr2aavpr2band avpr2l- arginine vasopressin yeodptdr are expressed at these
developmental stag@s least in the central nervous sygtemasakiet al.2013) no other
data was published at the time this thesis was written), tolvaptan did not affect the curly tail

(Figured0A). This could be explained due to tolvaptan not binding to the zebrafish receptor
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variety, or it binding only to one of the paralogues, which might be insufficient to reduce the
phenotype. Rernatively, the zebrafish ADPKBlated phenotype of a curly tail might not
be regulated via the vasopressin/CAMP pathway.

The latter theory is furthered by the observation that exposures with other known ADPKD
modulators, such ash8mocAMP, PGE2 antbrskolin, did not affect thgkd2curvature

at any of the concentrations testedr@@no-cAMP: 10 uM to 1 mM, forskolin: 0.1 to 0.5

UM 0 overall very toxic, PGE2: 0.05 uM to 5duddxic at higher concentrations, data not
shown). Forskolin andomocAMP have both been used previously in zebrafish (10 uM
forskolin and 1 pM-BromocAMP; in 4 dpf larva@umaiet al.2014), but they had no

effect on the curvature phenotype.

Triptolide is a traditional Chinese medicine derived from the Thunder Gddipiag;gium
wilfordand reportedly represses ADPBYactivating C2(Leuenrotlet al.2008)although

other mechanisms are also discussed. Since zgdisbtants have no functional PC2

but triptolide was still able to reduce the curvature phenotype, this suggests that it is not
acting via PC2 in zebrafishgure40B). It was however, also very toxic to embryos and

only the lowest concentration tested (0.5 uM) did not result in noticeable toxicity.
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Figure 40 Effects of ADPKD drugs on pkd2 curvature. Box on left: Examples of curvature severity with
corresponding scale in degrees. (A) Tolvaptan, a vasopressin 2 receptor antagonist. Higher concentrations were
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2.4. Spectrum and related compounds in WTe/jpsaand pkd2’
pkd2mutant zebrafish did not exhibit a discernible renal phenotype but ciliary mutants, such
aselipsacharacteristically have glomerular dilations (see Results Chapter 1). These rene
dilations in zebrafish aegséommonheg Friefer
expanded glomeruli are very different compared to cystfill@didapsules distinct from
the surrounding tissues via a membrane) in an organ. The phenotype most closely resemblir
renal cysts in zebrafish embryos desgriodateare dilated glomeruli. WT contr@psa
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mutants andokd2 mutants were exposed to chemiadlsnterest and glomerular size

evaluated.

Figured1shows the results of these compound exposures with regard to the glomerular area
of WT, pkd2and elipsa&mbryos. In WT embryo&igure4l A) 11KT, flutamide and
nifedipine decreased glomerular area significantly, whereas sphondin and trimethoxyflavon
increased it. Interestingly, androstandione did not significantly affect the glomeruli, but co
exposuravith nifedipine caused an additive effect beyond the potency of nifedipine alone.
This decrease of glomerular size in thexposure could be attributed to thsiag cardiac

oedema phenotypedecreasing cardiac output and subsequently hindering iglomeru

inflation.

In compoundexposegkd2mutants(Figure41B) flutamide caused smaller glomeruli, as it

did in WT embryos, suggesting that, although it had nbagffdee curvature phenotype,

there is some effect on glomerular morphology. Nifedipine and androstandipusace

in

pkdZ- did not cause any oedema but also reduced glomerular area, indicating that perhap
oedema were not the driving force beHhuedshrinkage observed in WT embryos. None of

the tested compounds exhibited the ability to increase glomerulgrksi2miiants.

In elipsanutants igure41 C), which have a glomerular dilation phenotype, none of the
compounds reduced glomerular area significantly. Interestingly, four compounds aggravate
the already dilated renal phenotype: all of the coumarins (prenyletin, pimpinellin and
sphondin) and triptale, with the latter being unexpected. Triptolide decneled2s
curvature (see above) but in this cystic kidney model it exacerbated the phenotype.
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Figure 41Glomerular area of WT (A),pkd2(B) and e/jpsa(C) after exposure to various compound<Chemical
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In additionto renal sizehe effects of compounds on the body axis were also quantified in
WT andelipsanutants Figure42 A and B respectively). For Wihlayos tail curvature
measurements were conducted as previously described, meaning a straight tail correspond

to 170180°. As some of the exposdigsambryos switched from a ventral curvature to a
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curly uphenotype, distinction between positive and negative angles became necessary and

straight tail was defined as 0° (analysis more thoroughly explained in Results Chapter 1).

WT embryos were largely unaffected by most of the compounds with the exception of
androstandione, which caused a significant dorsal axis bend. The phenotype did not so muc
resemble pkd2curly tail but rather the dorsal axis bending of gameonatase inhibitors

such as DAPTArslanovat al.2010) Interestingly, similar to the results in glomerular area,
androstandiorieifedipine ceexposure seemed to exaggerate this effect, although
nifedipine itself did not affect the curvature on its own.

In elipsanutants, androstandione and androstandione/nifedipieeposure both caused

the curvature phenotype to switch fromtrad to dorsal, indicating a very powmty up

effect of androstandione. Pimpinellin, sphondin and trimethoxyflavone reduced the ventral
curl ofelipsaignificantly, suggesting they have a dorsal curling effect on body axis mutants
(elipsandpkd? but not on WT embryos. Of note, triptolide alleviated élgpsandpkd?2
curvatures, suggesting it might activate a pathway enabling embryos to develop a straigt
body axis.
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Figure 42 Curvature of WT (A) and eljpsa (B) after exposure to various compoundsChemical classes as

indicated. Mean of DMSO baseline indicated with black lineSignificances via onevay anovaw i t h
multiple comparison test

*xxxx: p O 0.0001,

* *x * - Egor bars Ddic&tdIEM. * * :  p

Dunnett‘ﬁ
(0]

3. Spectrum compound validation in a 3Ecyst culture assay

In order to extend the findings of the zebrafish compound screen to a mammalian system,
two cell lines were exposed to the Spectrum compounds-ditheasional cyst assdps

these assays, cells are seeded into a matrix and form cysts over the time course of tf

experiment, whiclhan subsequently be analysed by measuring cyst area. The lines usec
during this project comprised canine, renal MDCKII cells and ARRitiénideived
Ox161cl cells withRkdZnull mutation.
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3.1. Cystic MDCKII cells: determination of effective dosages
As there was no literature on any of the Spectrum compounds regarding performance in cys
assays at the time of the experiments, araloge experiment with single replicates was
conducted to test the chemicals with regards to cell toxicity and affett twyst size. The
results are shown fiigure43 All of the compounds showed the behaviour predicted from
zebrafish data and the most efficient concentratioms swbsequently chosen for two
triplicate exposure experiments. The optimal concentrations were determined as follows:
0.01 uM for zinc pyrithione and 0.1 uM for hexamethylquercetagetin (both, as in zebrafish,
were rather toxic); 1 uM for androstandionenydetin, sphondin and trimethoxyflavone;
10 pM for pimpinellin, naringenin, diclofenac and dihydroxyanisole.

Figure 43MDCKII dose-range assay on day 10 of exposure (A) and day 19 of exposure (B). Chemical classes as
indicated. Mean of DMSO baseline indicated with black line. Significances via KruskaVallis testwi t h  Dunnds_
multiple comparison test ~ * * * * : p O 0.0001, ***_: EporhkarshdicAt®@IEM. * * : p O
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