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Background Background
Methods Autosomaldominantpolycystickidney diseasg ADPKD) is a geneticallyheterogeneoudisorder
Results causedby mutationsn atleasttwo differentloci. Prior toperformingmutationscreeningijf DNA
Discussion samplesof sufficient numberof family membersareavailable,it is worthwhileto assign theggene
Conclusion involved indiseasgrogressiorby thegeneticlinkageanalysis.

Competing interests
Authors' contributions
Pre-publication

Methods
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PKD1 (KG8, AC2.5,CW3andCW?2) andfive for PKD2 (D4S1534 D4S2929 D4S1542 D4S1563
andD4S423. PartialPKD1 mutationscreeningvasundertakerby analysingexons23 and31D46
andPKD?2.

Results

Lod scoredndicatedlinkageto PKD1in six familiesandto PKD2in two families.Onefamily was
linked tononeandin sevenfamilieslinkageto both genesvaspossible PartialPKD1 mutation
screeningvasperformedn 33 patientgincluding 20 patientsrom the familieswherelinkage
analysiscould not be performed) We analysed”KD2in 2 patientsvherelod scoresndicated
linkageto PKD2andin 7 familieswherelinkageto both geneswvaspossible We detectedsix
mutationsandeight polymorphism#n PKD1 and one mutationandthreepolymorphismsn PKD2.

Conclusion

In our studygroupof ADPKD patientswe detectedsevenmutationsthreeframeshift,one
missensetwo nonsensandone putativesplicing mutation.Threehavebeendescribedoreviously
and4 arenovel. Threenewly describedramesfift mutationsin PKD1 seemto be associatedvith
moresevereclinical courseof ADPKD. Previouslydescribedhonsensenutationin PKD2 seemgo
be associatedvith cysts inliver andmilder clinical course.
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Autosomaldominantpolycystickidney diseas€ ADPKD; MIM:173900)is a common genetic
diseaseof the kidney, with a populationfrequencyof ~0.1%[1]. It is characterizedby progressive
renalcystic diseasetypically leadingto end stagerenaldiseasd ESRD)in late middle age.
ADPKD accountdor approximatelys5% of ESRDin westerncountries.Therateof progression
towardskidneyfailure is variableandwhilst end stagerenalfailure (ESRF)mostcommonlyoccurs
in thefifth decadd?2] it canpresentasearlyasin uterowhereassomeindividualsmay never
progresdo renalfailure [3-5]. Thedisorderis geneticalyheterogeneouwith two genes
implementedPKD1 on 16p13.3 (MIM:6013133ndPKD20on4g21-23 (MIM:173910)[6,7]. Cases
of families unlinked toeitherof theloci havealsobeendescribed 8]. PKD1 accountdor
approximately85% of casesandis associatedvith a moreseverediseasecourse(averageageat
onsetof ESRDof 53 comparedo 69 yeardor PKD2) [9]. Renalcysts ardikely to developonly
after a secondhit or somaticmutation,which inactivateghe inheritednormalallele of the same
locus,or occasionallyan allele of anothercounterpartocus,giving rise to a transheterozygousvent
[10)].

Polycystin1, theproteinencodedoy PKD1, is predictedto be a largetransmembranglycoprotein
[11,12]. PKD2 codesfor polycystin2 which functionsasa non-selectivecationchannekhat can
conductcalciumions[7,13]. It hasbeenshownthat thetwo proteinsinteractwith eachothervia
their C-terminalregionsandpossiblyfunction asflow-sensitive mechanosensansthe primary
cilium of the renalepitheliumcells[14]. A failure of fluid-flow sensatiorof the cells maydisturb
tissuemorphogenesiandtriggerabnormalcell proliferationand cystformation.

Although presymptomaticiagnosisof ADPKD is possibleby variousimagingmethodsandis
relatively reliablein adult patientsgeneticdiagnosids importantfor pre-symptomaticdiagnosisn
youngerindividualsandin caseswith no family history of the diseaseMutation screeningn
ADPKD is a cumbersomandexpensiveprocessasPKD1is largeandmostof it is reiteratedn the
form of homologuegeneqHG) at leastsix timeson thesamechromosomg15]. The presencef
HG complicateanutationscreeningn PKD1 asclassicPCRamplifiesbothPKD1 aswell asHG
sequencesSeveralgroupshavealreadysuccessfullyscreenednostof the codingregionof PKD1
[15-22]. Fromthesestudiesit is apparenthat mutationsaredispersedicrosghe entirePKD1 and
PKD2 geneswith no clusteringn mutation'hot spots'.The majority of them arefoundto be private.
It is thereforeworthwhileto first assign thegeneinvolved ina particularADPKD family before
proceedingwith mutationscreeningNeverthelesgess tharhalf of our ADPKD familiesfitted to
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the criteriafor performinglinkage analysisandonly in thosefamilies could we preselecthe ones
suitablefor PKD1 or PKD2 screeningDueto a limited budgetwe havescreeneanly a partof the
PKD1geneandtheentirePKD2 gene.
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Patients and families

We collectedsamplesof 36 SloveneADPKD families. Linkage studieswere performedin 16
families (comprising48 patientand41 healthyfamily membersivheresamplesof at leastthree
affectedmembersor two affectedandtwo unaffectednembersvereavailable Ultrasound
examinationand confirmedhistory of ADPKD in the familieswasrequiredto enterthe study.
Diagnosis ofADPKD wasbasedon ultrasonographicriteriadescribedoy Ravineatal., 1994 R3].
The studywasapprovedy theSlovenian MedicaEthicsCommitteeandresearctwasconductedn
accordancevith the Helsinki Declaration.

Linkage analysis

GenomicDNA wasextractedrom white blood cells by thestandardsaltingout procedurd 24]. We
developedhreefluorescentmultiplex PCRreactiondor simultaneousamplificationof 9
polymorphicPKD1 andPKD2 associateanicrosatellitesD16S3252(KG8), D16S665(SM6),
D16S291(AC2.5),D16S664(CW3),D16S663(CW2),D4S1534 D4S2929 DAS1563andD4S423
We determinedamplified productlengthsusingcapillary electrophoresiDetailsaboutprimer pairs,
labelling, cycling conditionsand capillary electrophoresigrocedurehavebeendescribed
previously[25].

In addition,we alsoanalysedwo intragenicRFLPs,p.A4058V andp.A4091A asdescribed
previously[26]. Prior toperforminglinkage analysiswe characterisethe numberof alleles,their
sizes,frequenciesandheterozygositycontentfor eachmicrosatellitein a groupof 2742 unrelated
individuals. Thenwe calculatedwo-point Lod scoresusingMLINK andILINK optionsof
LINKAGE 5.1 [27]. In orderto be ableto calculatelod scoresn batchedor all familiesand pairs
of loci we addedtwo smallsubprogramso the LINKAGE 5.1pedin.bataccordingly.

A genefrequencyof 0.001 wasassumedor PKD1and 0.0001 forPKD2. For PKD1, threeliability
classesvereassumedgorrespondindgo genepenetrancesf 0.64, 0.92, an®.99 foragegroups0b
10, 10b30 andver 30 yeargespectively{28,29]. For PKD2, theliability classesassumedvere
0.50, 0.85, an®.95 foragegroups0b20, 20D30 araler 30 yeargespectivelyf 3]]. Linkage
calculationswere carriedout underan assumptiorof no differencebetweernthe femaleandmale
recombinatiorrateandthe absencef geneticinterference.

Mutation screening

We screenedPKD1 exons23 and31D46 fomutationsusingdirectsequencingPrimersequences
and PCRconditionsareavailableon requestPrior tosequencingwe purified PCRproducts
throughQIAquick columns(QiagenQIAquick PCR PurificationKit). We analysedsequencesn a
PerkinElmer Thermocyclei9600 usingreadyBig Dye TerminatorCycle Sequencingit according
to the protocolof the producer(Applied Biosystems).

Primersequenceand PCR conditionsfor PKD2 exonamplificationareavailableon requestWe
performedheteroduplexanalysis(HA) usingHydrolink Mutation DetectionEnhancementMDE,
BMI) gel solution.CompletePCRproducts(50 !l) weremixed with0.5 !l 0.5 M EDTA, denatured
at 95;C for 5 minandfinally cooledat 37;C for atleastl hour.We analysedb:1 ratio of sample
andloading dyeby electrophoresithrough25 cm1 " MDE gelwith 15% ureaat 250 V for 1624
h. Thenwe stainedgelswith ethidiumbromideandphotographethem undetJV light. DNA
samplesexhibiting shiftedbandswe amplified and sequenceéh bothdirectionsusingABI Prism?
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310 Genetidnalyzer(Applied Biosystems)accordingto the manufacturer'snstructions.The
detectedchangesve testedfor segregatiorn eachfamily by eitherHA or directsequencing.

Data analysis

Putativemissensehangesn PKD1 we furtheranalysedor their site conservationn mouse
(GenBankuU70209, rat(GenBankAF277452, cat(GenBankAFE48321(0 andpuffer fish
(GenBankAF013619 cDNA sequencesysingBLAST [31]. Theeffectof thesemutationson the
predictedsecondanstructureof the proteinwasanalysedy PHDsec
http://cubic.bioc.columbia.edu/dR@2,33).
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Linkage analysis

We calculatedinkageto PKD1 by only four out of the five microsatellitemarkersused(/PKD1/-
KG8-AC2.5CW3-CW2). We excludedSM6 from Lod scorecalculationsasthe correct
determinatiorof alleleswasimpossibledueto stutter productandappearancef newallelesduring
pedigreeanalysis(alsoreportedby Peraletal., 1994 R9)). In addition,we usedtwo intragenic
RFLPs,p.A4058V andp.A4091A,which helpedin deducingallele segregatiorin someof the
families that werenot very informativefor KG8. Subsequentlyve did notincludethem in
calculationof Lod scoresdueto their low informativity. Linkageto PKD2 we analysedisingfive
microsatellitemarkers(D4S1534D4S52929D451542/PKD2/-DAS1563D4S423.

In six families Lod scoresand segregatiomf allelesindicatedprobabldinkageto PKD1 (pedigrees
05, 11, 21, 24, 25 an8b) andin two familiesto PKD2 (pedigreeslO and31). Linkageto both
geneswaspossiblein sevenmostly smallfamilies, wherethe co-segregatiorns likely to be dueto
chance(pedigree®?2, 12, 14, 18, 27, 47 ad®). In oneof the 16 familiesanalysedpedigree4?),
Lod scoresnvere mostly negativeandlinkageto neitherof thetwo PKD loci could be assumed[see
Figurel] Fromsegregatiorf alleleswe concludedexclusionof linkageto both PKD loci in this
pedigree.Tablel summariseslinical datafor the patientsof the family 42. All familiesindicating
linkageto PKD1to PKD2 or to eitherPKD1 or PKD2 were selectedor further mutationscreening.

Mutation screening

Altogether33 patientsvereincludedin the PKD1 mutationscreeningWe selectedne patientfrom
eachfamily wherecalculated_od scoredid not indicateexclusionof linkageto PKD1 (6 families
with indicatedlinkageto PKD1 and 7 familieswherelinkageto both geneswvaspossible)and 20
patientsfrom familieswherelinkage analysiswasnot possibledueto lack of family member
samplesWe screenedhe PKD2 genefor mutationson 9 patientérom familieswherelinkageto
the PKD2 genecould not be excluded(2 familieswith linkageto PKD2 and 7 familieswhere
linkageto both geneswaspossible) We identified sevenlikely ADPKD causingchangesand
elevenpolymorphismsn both genesTheyaresummarisedn Table2. Thenwe checkedor
segregatiorof the putativemutationwith the ADPKD statuswhereDNA samplesf otherfamily
membersvereavailable.Table3 summariseglinical dataof the patientsfrom the familieswhere
pathogeniamutationwasdetected.

We found 3 changeén exon23 of PKD1. Thefirst changeis a silentpolymorphismc.8509C>Tthat
wasdetectedn family 02. Thesecondchangep.E2771Kc.8522G>Ais a missensanutationalready
identified in 4 British families[18]. The mutationchanges glutamateresidueto a lysine causinga
net chargechangeof the predictedprotein.Using the PHDseccomputerpredictionanalysistool
[32,33] we predictedthe changeto affectthe secondangtructureof up to40 amino acidesidues
upstreamSegregatiorwith the diseasevasconfirmedin the family. Table3 summariseshe

clinical dataof the four patientsand Figure2. showsa pedigreeof thefamily 25 [seeFigure2]. All
four affectedrelativeshaveenlargedivers whilst blood pressurgemainswithin normalvalues.
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Thethird changen exon23 (PKD1) we detecteds the substitutionfrom valine to methionine
€.8675G&#x0003e;/.V2822M.We could not analysefor segregatiomecausao additional
samplesrom otherfamily membersvere available.The valine residueis only conservedn the
cDNA sequencesf the speciescat, mouseandrat, but not puffer fish. Oursecondarstructure
analysiswith PHDsed[32,33] showsno drasticeffecton theproteinstructureof this helicaldomain.

In patient148 offamily 41 wefound the duplicationof five basepairsin exon41l (PKD1)
€.11693_11697duplhe predictedconsequencef this duplicationis mostprobablyterminationof
proteinsynthesisl16 amino acidesiduesafter glutamate3828. Patien148 hagjallstonesandshe
starteddialysistreatmentat the ageof 44 (rapidprogressor)Patient'daughtethasenlargedkidneys
with multiple cysts athe ageof 23 andshesuffersfrom hypertensiorandproteinuria.Blood
sampleof the patient'sdaughtemwasnot avaliablethereforewe could not confirm segregatiorof the
mutationin the family.

In family 38 wefoundthe duplicationof 3 basepairsin intron 41 (PKD1) ¢.11745+3_5dupThe
mutationwasdescribedoreviouslyin a Frenchpatientunderdifferentnamell1745+2ins334]. We
adaptedhe nameof the mutationto the updatedecommendationf the HumanGenomeVariation
Society HGVS(May, 2005). The mutationpossiblyinfluencessplicing of intron 41. Wecould not
analysesegregatiomlueto lack of sampledrom the family 38.

In two siblings(patients77 and161) from family 20 weidentified the deletionof 26 basepairsin
exon42 (PKD1) c.11820_11845del he mutationmostprobablyresultsin proteinterminationafter
80 amino acidesiduesBoth patientshavealreadyratherearly startedwith dialysistreatment:
patient77 atthe ageof 48 andpatient161 atthe ageof 44. Inpatient77 cysts intheliver and
idiopathicdilated cardiomyopathyvere detectedwhile sibling 161 hagpersistenhepatitisB.

Previouslydescribedpolymorphismin exon44 (PKD1) ¢.12341A>Gp.14044V[35] we foundin
nine apparentlyunrelatedpedigreesn the presentstudy(families11, 19, 21, 25, 27, 39, 43, 46, 4¢
In all thesefamilies polymorphismc.12341A>Gp.14044V co-segregatedvith anotheralso
previouslydescribedsilentpolymorphismin exon46 (PKD1) ¢.12838T>(37].

In two apparenthunrelatedpedigreegfamilies 12 and27) we found previouslydescribedntronic
deletionin intron 44 (PKD1) ¢.12346+22de]36]. In bothfamiliesthe changedoesnot segregate
with the diseasenevertheles# co-segregatewith a silentpolymorphismin exon43 (PKD1)
€.12124C>T.

In patient198 (family 50) we found nonsensenutationin exon45 (PKD1c¢.12375G>Ap.W4055X.
We arelacking clinical datafor the patient198 neverthelessltrasoundvasperformedfor the
patient'sdaughterShe hasmallcysts inthe kidneysthat weredetectedat theageof 5 years.
Mother of the patient198 hasa transplantekidney. Blood samplef the two relativeswere not
availablethereforewe could not confirm segregatiorof the mutationin the family.

In family 11 [seeFigure2] we foundthe 1 basepair duplicationin exon46 of PKD1¢.12772dup.
The mutationmostprobablyresultsin prematuregproteinterminationafter 20 amino acidesidues.
The duplicationsegregatewith the diseaséan thefamily 11. PatienB7 diedat the ageof 58 years.
He wasoperatedn kidneystones andufferedfrom liver cirrhosisaswell asobstructiveicterus.
His daughter(23 years)hassmallcysts inkidneysthat weredetectecat the ageof 11.

In PKD2 genewe found four changeslin family 10 [seeFigure2] we detecteda nonsensenutation
in exon4 (PKD2) ¢.916C>T p.R306X.The mutationwasalreadydescribedn threeBulgarian
families[40] andin two Czechfamilieswith a mild clinical courseof thediseasd41,42]. We
confirmedsegregatiorof the mutationwith the diseasén thefamily 10. PatienB5 (age51 years)
lives without dialysistreatmentHe hasenlargedkidneyscontainingnumeroudargecysts. He
suffersfrom cardiachypertrophyaswell asfrom a malfunctionof the mitral valve. Focalnodular
hyperplasiavasdetectedn theliver of his olderdaughterpatient35).
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In family 31 wedetectedhreechangesn the PKD2 gene.In exonl (PKD2) we foundthe
sequencehangec.362C>G p.G121A.This variationsubstituteglycine for alanineat the N-
terminalregionof polycystin2. Thesequencehangehoweverdoesnot segregatevith the disease
in thefamily 31. Inthe samefamily we alsoobservedhe presencef two alreadydescribed
polymorphisms.83G>C,p.R28Pin exonl andc.84422 G>Ain intron 3 [39,40].
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As bothgenesassociatedvith ADPKD arelargeand mutationscreenings time consumingand
costly, it is prudentto assessinkageto eitherPKD1 or PKD2 prior to performingmutationanalysis
in ADPKD families. Of the 16 familiesincludedin linkage analysisLod scoresand segregatiorof
allelesindicatedprobabldinkageto PKD1in six families (four two-generatiorfamilies;andin two
threegeneratiorfamilies; pedigree®5, 11, 21, 24, 25 ar8b) andlinkageto PKD2 wasindicated
in two families(two two-generatiorfamilies; pedigreesl0 and31). Linkageto both genesvas
possiblein sevenmostly smallfamilies, whereco-segregatioris likely to be dueto chance
(pedigree®?2, 12, 14, 18, 27, 47 ad®). For oneout of the 16 familiesanalysedpedigree42), Lod
scoreswere mostly negativeandlinkageto neitherof thetwo PKD loci could be assumed.

We consequentlyperformedmutationscreeningn eitherPKD1 or PKD2 in patientsfrom families
with indicativelinkageto eitheroneor the othergeneandin patientsfrom familieswherelinkage
to both geneswaspaossible In additionwe includedpatientsfrom familieswherewe could not
performlinkage studiesdueto a lack of sampledrom family membersin total we screene@®3
patientsfor PKD1 mutationsand9 patientfor PKD2 mutations.

Detectionof mutationsin the duplicatedpartof PKD1 hasbeenhinderedoy thehigh (>95%)
sequencadentity with homologouggenesraisingconcernsaboutPCR primer specificityandhence
reliability of theanalysig43]. We havefocusedon alimited areaof the gene.In the presentstudy
we screenedhe unduplicatedegionof PKD1 (exons33b46)aswell asexons31b32 an@éxon23 of
the duplicatedpart. Exon 23 wasanalysedlueto its' proximity to the IVS21 polypyrimidinetract,
whereclusteringof mutationshasbeenproposed44] dueto formationof putativetriplex DNA
structureq45,46]. Althoughno apparenimutation’hot spotswerefoundin PKD1, theregion
aroundthe polypyrimidinetract showsa higherfrequencyof changecomparedo otherpartsof the
gene[18].

Six mutationsandeight polymorphismsvere detectedn PKD1 and one mutationandthree
polymorphismswvere detectedn PKD2. Threemutationswere describedpreviously; p.E2771K
€.8522G>A(PKDY) in four British families[18], ¢.11745+3_5dugPKD1) in a Frenchpatient[34]
and p.R306Xc.916C>T(PKD?2) in threeBulgarian[40] andtwo Czechfamilies[41,42]. Fourout
of 7 mutationsarenovelandprobablyprivate.All four of them (¢.11693_ 11697dup,
€.11820_11845det.12375G>Ap.W4055Xandc.12772dugn PKD1) mostprobablyresultin
prematureproteintermination.

As thereis no functionalassayfor ADPKD andanalysingPKD1in a sufficientnumberof control
chromosomess costly, the distinctionbetweendiseasecausingmutationsand neutralvariantshas
to rely on family segregatiorstudies.Segregationn family we confirmedfor four out of seven
identified mutationswheresamplesat leasttwo patientsfrom the family wereavailable Fromthe
otherthree,one mutationwasdescribedoreviously(c.11745+3_5dup]34], andfrom the othertwo
€.11693_11697dujs a frameshiftandc.12375G>Ap.W4055Xis a nonsensenutation.

Onthe basis ofcollectedclinical dataof the patientswhich is summarisedn Table3. wetried to
assessheinfluenceof theidentified mutationson progressionf the diseaseThreenewly
describedramesfiftmutationsin PKD1¢.12772dup¢.11820 11845delndc.11693 11697dup
seemto be associatedvith the moresevereclinical courseof the diseasaesulting inESRD(End
StageRenalDisease)n therangefrom 44 t048 yeargTable3). Missensemutationin PKD1
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€.8522G>Ap.E2771Kseemdo be associate@itherwith milder or moresevereclinical coursein
the family 25. PatienBl1 reachedESRDearlyat the ageof 43 while patient89 isshowingfirst signs
of insufficiencyat the ageof 65. Nonsensenutationin PKD2 ¢.916C>Tp.R306Xseemsgo be
connectedo the milder clinical course(slow progresgowardsESRD)asalreadyreportedby
Bulgarianand Czechstudieg40-42]. Comparissorio the clinical dataof the threeCzechpatients
with agerangeof 51D81 yearfatanot shownin the Table3) reveiledthat mutatiorseemso be
associateavith cysts inliver.

Top
In our studygroupof ADPKD patientssix mutationsandeight polymorphismsvere detectedn
PKD1 and one mutationandthreepolymorphismsvere detectedn PKD2. Threemutationshave
beendescribedpreviouslyin British, French,Czechand BulgarianpopulationsFour out of 7
mutationsarenoveland probablyprivate. Threenewly describedramesfift mutationsin PKD1
seemto be associatedvith moresevereclinical courseof the diseaseesulting inESRD (End Stage
RenalDisease)n the agerangeof 44 t048 yearsNonsenseanutationin PKD2 seemgo be
associateavith cysts inliver andslowerprogressiotowardsESRD.
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