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Abstract

Lethal acrodermatitis (LAD) is a genodermatosis with monogenic autosomal recessive

inheritance in Bull Terriers and Miniature Bull Terriers. The LAD phenotype is character-

ized by poor growth, immune deficiency, and skin lesions, especially at the paws. Utilizing

a combination of genome wide association study and haplotype analysis, we mapped the

LAD locus to a critical interval of ~1.11 Mb on chromosome 14. Whole genome sequenc-

ing of an LAD affected dog revealed a splice region variant in the MKLN1 gene that was

not present in 191 control genomes (chr14:5,731,405T�!G or MKLN1:c.400+3A�!C). This

variant showed perfect association in a larger combined Bull Terrier/Miniature Bull Terrier

cohort of 46 cases and 294 controls. The variant was absent from 462 genetically diverse

control dogs of 62 other dog breeds. RT-PCR analysis of skin RNA from an affected and

a control dog demonstrated skipping of exon 4 in the MKLN1 transcripts of the LAD affec-

ted dog, which leads to a shift in the MKLN1 reading frame. MKLN1 encodes the widely

expressed intracellular protein muskelin 1, for which diverse functions in cell adhesion,

morphology, spreading, and intracellular transport processes are discussed. While the

pathogenesis of LAD remains unclear, our data facilitate genetic testing of Bull Terriers

and Miniature Bull Terriers to prevent the unintentional production of LAD affected dogs.

This study may provide a starting point to further clarify the elusive physiological role of

muskelin 1 in vivo.
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Author summary

Lethalacrodermatitis(LAD) is anautosomalrecessivehereditarydiseasein dogs.It is
characterizedby poor growth,immunedeficiencyandcharacteristicskin lesionsof
thepawsandof theface.WemappedtheLAD locusto a~1.11Mb segmenton canine
chromosome14.Wholegenomesequencedataof anLAD affecteddogand191con-
trols revealedacandidatecausativevariantin the����� gene,encodingmuskelin1.
Theidentifiedvariant,asinglenucleotidesubstitution,�����:c.400+3A>C, altered
the5'-splicesiteat thebeginningof intron 4.Weexperimentallyconfirmedthat this
variantleadsto completeskippingof exon4 in the����� mRNA in skin.Various
cellularfunctionshavebeenpostulatedfor muskelin1 including rolesin intracellular
transportprocesses,cellmorphology,cellspreading,andcelladhesion.Our datafrom
dogsrevealanovel�� ���	 role for muskelin1 that is relatedto theimmunesystemand
skin. ����� thusrepresentsanovelcandidategenefor humanpatientswith unsolved
acrodermatitisand/or immunedeficiencyphenotypes.LAD affecteddogsmayserveas
modelsto gainmoreinsightsinto thefunction of muskelin1.

Introduction
Acrodermatitisenteropathicain humans(OMIM #201100)isaninheriteddisorderof zinc
metabolism.Affectedpatientsdisplayaninflammatoryrash,diarrheaandageneralfailureto
thrive [1±3].Thisdiseaseiscausedbyvariantsin the
���
�� geneencodingazinctrans-
porter thatmediatestheuptakeof dietaryzinc in thegut.Clinicalsignsin patientswill amelio-
rateor evenresolveuponoralsupplementationwith zinc[4]. A similar 
���
�� associated
hereditaryzincdeficiencyexistsin cattle[5].

In Bull Terriers,arelatedphenotypetermedlethalacrodermatitis(LAD) hasbeenreported
in thescientificliteratureasearlyas1986[6]. LAD is inheritedasamonogenicautosomal
recessivetrait. Affectedpuppiesshowcharacteristicskin lesionson thefeetandon theface,
diarrhea,bronchopneumonia,andafailureto thrive.Theskin lesionsconsistof erythemaand
tightly adherentscales,erosionsor ulcerationswith crustsinvolvingprimarily thefeet,distal
limbs,elbows,hocks,andmuzzle.Lateron,hyperkeratosisof thefootpadsanddeformationof
thenailsoccur.LAD affecteddogsalsoshowacoatcolordilution in pigmentedskinareas.An
abnormallyarchedhardpalateimpactedwith decayed,malodorousfood isacharacteristic
clinicalmarkerfor thedisease(Fig1) [6±8].

LAD dogsareimmunodeficientwith areductionin serumIgA levelsandfrequentlysuffer
from skin infectionswith ���������� or ������� [9,10].LAD manifestsclinicallyin thefirst
weeksof life.Affectedpuppiestypicallydiebeforetheyreachanageof two years,eitherdueto
infectionssuchasbronchopneumoniaor becausetheyareeuthanizedwhentheir pawpad
lesionsbecomeverysevereandpainful.Theygrowslowerthantheir non-affectedlittermates
andat theageof oneyearhaveabouthalf thebodyweightandsizeof anunaffecteddog[8].
Some,but not all studiesfound reducedlevelsof zinc in theserumof LAD affecteddogs
[6,8,11].In contrastto acrodermatitisenteropathicain humans,oralor intravenoussupple-
mentationof zincdoesnot leadto animprovementof theclinicalsignsin LAD affecteddogs
[6]. A proteomicanalysisreportedchangesrelatedto inflammatoryresponsein theliver of
LAD affectedpuppies[12].
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Fig 1. LAD phenotype.(A) Inflammatory skin lesionsin thefaceof anaffectedBull Terrier.(B) Similarlesionsin theinguinalregion.(C)
LAD affectedpuppyin themiddleof two non-affectedlittermates.A pronounced growthdelayandasubtlecoatcolordilution arevisible.(D,
E) Forepawsof anLAD affectedBull Terrierpuppyatnecropsy.Symmetrical scalingandcrustingof theskin including interdigital areasand
foot padsisvisible(F, G) Histopathologicalmicrographsof thejunction of interdigital hairedskinanddigitalpadfrom anaffectedBull Terrier
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In thepresentstudy,weperformedagenome-wideassociationstudy(GWAS)followedby
awholegenomesequencingapproachto unravelthecausativegeneticvariantfor LAD in Bull
TerriersandMiniature Bull Terriers.

Results

Mapping of the LAD locus
WeperformedaGWASwith genotypesfrom 78Bull TerriersandMiniature Bull Terriers.
After qualitycontrol, thepruneddatasetconsistedof 22LAD cases,48controlsand76,419
markers.Weobtainedasinglestrongassociationsignalwith 57markersexceedingtheBonfer-
roni-correctedgenome-widesignificancethresholdafteradjustmentfor genomicinflation
(PBonf.= 6.5x 10�7 ). All significantlyassociatedmarkerswerelocatedon chromosome14
within anintervalspanningfrom 0.9Mb± 10.6Mb. Thethreetop-associatedmarkersall hada
P-valueof 1.4x 10�9 andwerelocatedbetween5.2Mb± 5.9Mb on chromosome14(Fig2).

To narrowdowntheidentifiedregion,wevisuallyinspectedthegenotypesof thecasesto
performautozygositymapping.Wesearchedfor homozygousregionswith allelesharingand
foundoneregionof ~1.11Mb, whichwassharedbetweenall 22cases.Thecritical intervalfor
thecausativeLAD variantcorrespondedto theintervalbetweenthefirst flankingheterozygous
markerson eithersideor chr14:5,248,244±6,355,383(CanFam3.1assembly).

Identification of acandidatecausativevariant
Wesequencedthegenomeof anaffectedBull Terrier at24xcoverageandcalledsinglenucleo-
tidevariants(SNVs)andsmallindel variantswith respectto thereferencegenome(CanFam
3.1).Wethencomparedthesevariantsto wholegenomesequencedataof 3wolvesand188
control dogsfrom geneticallydiversebreeds.Thisanalysisidentifiedfiveprivatehomozygous
variantsin thecritical intervalin theaffecteddog(Table1,S1Table).

Fourof thesefivevariantswereintergenicandclassifiedasªmodifierº by theSNPeffsoft-
ware.Theremainingfifth variantwaslocatedwithin the5'-splicesiteof intron 4 of the
����� geneandits SNPeffimpactpredictionwasªlowº. Theformaldesignationof thisvari-
ant ischr14:5,731,405T>Gor �����:c.400+3A>C (S1Fig).

Weconfirmedthepresenceof thisvariantbySangersequencing(Fig3).As�����:c.400+3A>C
representedtheonly plausiblecandidatecausativevariant,wegenotyped251Bull Terriers,89
Miniature Bull Terriers,and462dogsfrom 62otherbreedsfor thisvariant(Table2).Thevar-
iant showedperfectassociationwith theLAD phenotypein Bull TerriersandMiniature Bull
Terriers(PFisher= 4.8x 10�58 ). All 46availablecaseswerehomozygousfor thevariant,whereas
theunaffecteddogswereeitherhomozygouswildtypeor heterozygous.Thetestdogsincluded
asubsetof unaffectedBull TerriersandMiniature Bull Terriersfrom Finland,whichwerenot
specificallycollectedfor thisstudyandthereforeconsideredrepresentativefor thegeneral
population.The166Finnishdogscontained37heterozygousdogs(22%).Thevariantwasnot
found in anyof thetesteddogsfrom otherbreeds.

Functional confirmation
To assesstheputativeimpactof the����� varianton splicing,weanalyzedthefrequencyof the
wildtypeandmutantsequencemotifs in acompilationof 186,630human5'-splicesites[13,14].
ThecaninewildtypesequenceTAGgtaaggwasidenticalto thesequenceof 276human5'-splice

puppy(F) andacontroldog(G). Markedthickeningof theepidermis,excessivelayersof non-cornifying epitheliumandalargepustuleare
evidentin theaffecteddog.Hematoxylin-eosin,bar= 400�m.

https://doi.org/10.1371/journal.pgen.1007264.g001
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Fig 2. Mapping of the LAD locus.(A) A GWASwasperformedin acohortof 22LAD casesand48controls.The
Manhattanplot showsasinglesignificantsignalat thebeginningof chromosome14.Theredline indicatesthe
Bonferroni significancethreshold(PBonf = 6.5x 10-7). Thequantile-quantile (QQ) plot in theinsetshowstheobserved
versusexpected±log(p)values.Thestraightredline in theQQ plot indicatesthedistribution of p-valuesunderthenull
hypothesis.Thedeviation of p-valuesat theright sideindicatesthat thesemarkersarestrongerassociatedwith thetrait
thanit wouldbeexpectedbychance.(B) Haplotypeanalysisin the22LAD cases.Eachhorizontalbarrepresentsthe
chromosome14haplotypesof onedog.TwentyBull Terriersandtwo Miniature Bull Terriers(MBT) hadlarge
homozygousintervalswith allelesharingon chromosome14indicatedin blue.Thehomozygoushaplotypesegment
sharedbetweenall 22dogsspanned~1.11Mb. Thecritical intervalfor thecausativeLAD variantcorrespondedto the
intervalbetweenthefirst flankingheterozygousmarkerson eithersideor chr14:5,248,244±6,355,383 (CanFam3.1
assembly). (C) Geneannotation for thecritical interval.TheNCBI annotation release105listed4proteincodinggenes
(indicatedin blackor red)and11genesfor non-codingRNAs(indicatedin blue).

https://doi.org/10.1371/journal.pgen.1007264.g002

Table1. Variants detectedby wholegenomere-sequencing of anLAD affecteddog.

Filtering stepa Number of variants

Homozygousvariantsin thewholegenome 3,061,192

Homozygousvariantsin the1.11Mb critical intervalon chromosome14 1,445

Privatehomozygousvariants(absentfrom 191control genomes) in critical interval 5

a Thesequenceswerecomparedto thereferencegenome(CanFam3.1)from aBoxer.

https://doi.org/10.1371/journal.pgen.1007264.t001
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sites,whilethemutantsequencemotif TAGgtcaggoccurredin only3human5'-splicesites.The
verylow frequencyof themutantsequencemotif suggestedthat �����:c.400+3A>C might
affecttheefficacyof thesplicingprocess.SeveralotherpathogenicA>C transversionsat5'-splice
sites'position+3with subsequentexonskippinghavebeendescribedin theliterature[15±17].

Weexperimentallyanalyzed����� transcriptsin skinRNA from anLAD affecteddog
with thehomozygousmutantC/C genotypein comparisonto ahealthycontrol dog(A/A
genotype).RT-PCRwith primerslocatedat theexon2/3andexon5/6boundariesyieldeda
cDNA fragmentof theexpectedsizein thecontrol dog,but not in theLAD affecteddog.In the
LAD affecteddog,averycleancDNA ampliconlackingexon4 wasobtained.Thisexperiment
demonstratedacompleteskippingof exon4 in ����� transcriptsasconsequenceof the
genomic�����:c.400+3A>C variant(r.312_400del89;Fig4). If translated,themutant tran-
scriptwaspredictedto resultin aseverelytruncatedproteincontainingonly thefirst 105of a
totalof 735aminoacidsof thewildtypeprotein (p.(Gly105SerfsTer10);S2Fig).

Fig 3. Sangerconfirmation of the ����� :c.400+3A>C variant. (A) Electropherogramsfrom dogswith thethree
differentgenotypes.(B) Wildtypeandmutantallelecomparedto theconsensussequencefor thehumanU2 GT-AG
type5'-splicesites[13].Subscriptnumbersin theconsensussequenceindicatethepercentageof therespective
conserved nucleotidein 183,682investigatedhuman5'-splicesitemotifsof theU2 GT-AGtype.Theadditional
differenceto theoptimalconsensusin theU1 spliceosomalRNA recognitionsitein themutantalleleishighlightedin
red.In human5'-splicesitesthemostfrequentbaseatposition3 isanA (60%).G isalsocommon at thisposition
(35%),whileC andT arebothrare(<3%) [13].

https://doi.org/10.1371/journal.pgen.1007264.g003

Table2. Association of the ����� :c.400+3A>C genotypewith the LAD phenotype.

�����:c .400+3A>C genotype A/A A/C C/C

Cases,Bull Terrier (n = 41) - - 41

Cases,Miniature Bull Terrier (n = 5) - - 5

Controls,Bull Terrier (n = 210) 132 78 -

Controls,Miniature Bull Terrier (n = 84) 59 25 -

Controls,otherbreeds(n = 462) 462 - -

https://doi.org/10.1371/journal.pgen.1007264.t002
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Discussion
In thepresentstudyweidentifiedasplicedefectin thecanine����� genein Bull Terriers
with LAD. Thecombinationof GWASandhaplotypeanalysislocalizedthecausativevariant
to arelativelysmallchromosomalregionwith only afewcharacterizedgenesincluding
�����. Thespliceregionvariantin ����� wastheonly plausiblevariantwithin thiscritical
intervalthatshowedtheexpectedgenotypeconcordancewith theLAD phenotypein alarge
cohortof morethan300Bull Terriersand~500dogsfrom otherbreeds.

Theidentified�����:c.400+3A>C variantresultedin exon4 skippingandaframeshiftas
89nucleotidesweremissingfrom themutant transcripts.It thereforeseemslikely thatmutant
transcriptsaredegradedbynonsense-mediatedmRNA decay.Consideringthestronggenetic
associationof thevariantwith thephenotypeandthefactthatwedemonstratedafunctional
defecton the����� transcriptlevel,wethink thatour datastronglysuggestthecausalityof
the�����:c.400+3A>C variantfor LAD in Bull TerriersandMiniature Bull Terriers.

����� encodesthewidelyexpressedintracellularproteinmuskelin1,alsoknownas
TWA2. Thefunction of muskelin1 isonly partiallyunderstood.It wasoriginallydescribedas

Fig 4. Experimental verification of the ����� splicedefect.(A) Thegenomicorganization of the����� gene.
Exons2±6areenlargedandthepositionof theprimersusedfor RT-PCRis indicated.(B) RT-PCRwasperformed
usingskincDNA from acontrolandanLAD affectedBull Terrier.ThepictureshowsaFragment Analyzergelimage
of theexperiment.In thecontrolanimal,only theexpected366bpproductisvisible.In theLAD affecteddog,a277bp
productrepresentingatranscriptlackingexon4 isvisible.Theidentity of thebandswasverifiedbySangersequencing.
Thus,the�����:c.4 00+3A>Cvariantleadsto completeskippingof exon4(�����:r.312_ 400del89).

https://doi.org/10.1371/journal.pgen.1007264.g004
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aprotein thatmediatesadhesiveandcell-spreadingresponsesto thrombospondin1,anextra-
cellularmatrix adhesionmolecule[18]. However,differentstudiessuggestedthat thefunction
of muskelin1goesbeyondthispathwayandarealsosupportedby thefactthatmuskelin1,
whichhashomologsin invertebratesandevenfissionyeast,evolvedearlierthantheverte-
brate-specificthrombospondin1 [19,20].Muskelin1 isamultidomainproteinwith anN-ter-
minal discoidindomain,aLisH / CTLH tandemdomain,andsixC-terminalKelchrepeats,
whichformshomotetramers[21]. TheLisH domainwasshownto becrucialfor muskelin1
dimerizationandcytoplasmiclocalization,and,togetherwith thehead-to-tailinteractionvia
thediscoidindomain,alsofor thetetramerizationof muskelin1 [20,21].

Consistentwith its multidomainstructureandubiquitousexpression,diversebinding part-
nershavebeenreportedfor muskelin1.It bindsprostaglandinEP3receptorisoform�� [22]
andheme-oxidase1,whichcounteractsinflammatoryandreactiveoxygenspeciesinduced
damage[23]. It ispartof theCTLH complex,thehomologof yeastE3ubiquitin ligase,where
it bindsto RanBPMandTwaI [24±26]andinteractswith thecardiogenictranscriptionfactor
TBX-20[27]. In therat lens,muskelin1 isasubstrateof Cdk5andinteractswith theCdk5acti-
vatorp39[28]. Alsoin lens,it wasshownthatp39links muskelin1 to myosinII andstress
fibers[29].

����� ��� knockoutmiceareviableanddo not haveskin lesionscomparableto thosein Bull
Terrierswith LAD. However,theyexhibitasubtlecoatcolordilution phenotypesimilar to
thatseenin LAD affecteddogs.In these����� ��� knockoutmice,muskelin1 wasidentifiedas
aprotein requiredfor GABAA receptorendocytosisandtrafficking in neuronsviadirect inter-
actionwith the��1 subunitof GABAA receptorsandthemotor proteinsdyneinandmyosin
VI. Thedilute coatcolorof ����� ��� knockoutmicesuggestedthatmuskelinisatrafficking
factorinvolvedin severaldifferentintracellulartransportprocesses,possiblyincludingmela-
nosometransport[30].

Thelackingskin lesionsin ����� ��� knockoutmiceraisethequestionswhethermuskelin1
depletiondoesnot resultin diseasein mice;whethertheir clinicalsignswouldonly manifestat
a(much)olderage;or whetherthesterileenvironmentof thelaboratoryanimalsprevented
infectionsandthusthedevelopmentof skin lesions.In thelattercase,LAD wouldbeaprimary
immunodeficiencydisorder,in agreementwith theobservationof lowerIgA levelsandhigher
susceptibilityto microbial infectionin LAD affecteddogs[8±10,12].Giventhediverseknown
protein-proteininteractionsof muskelin1, it ishoweverlikely thatabsenceof muskelin1 leads
to dysfunctionsbeyondtheimmunesystem.

In humans,anintronic SNVin ����� wasassociatedwith urinary potassiumexcretion
in Koreanadultsandanotherintronic ����� SNVwith earlybipolardisorder[31,32].
Furthermore,����� hasbeenassociatedwith asthmain independentGWASs.A SNVin
����� rankedamongthetop 100SNVsassociatedwith childhoodasthmain astudysam-
pleof 429affected-offspringtrios from aEuropeanAmericanpopulation[33]. A different
SNVin the5'-UTRof ����� wasassociatedwith asthmain apopulationincluding
patientswith severeor difficult-to-treat asthma[34].

In theExACdatabase,only one����� missense,but no nonsense,frameshiftor splicesite
variantspresentin ahomozygousstatewerefound [35,36].Furthermore,theprobabilityof
lossof function (LoF,specifiedasnonsense,spliceacceptor,andsplicedonor variants)toler-
ancewasestimatedto be1.00,indicatingthat the����� geneisextremelyLoFintolerant
[37]. Therefore,it is conceivablethat lossof function variantson bothallelesmight leadto
severephenotypesin humans.

To our knowledge,no link betweenmuskelin1 andzincor coppermetabolismhasbeen
reportedto date.While acrodermatitisenteropaticain humansandacrodermatitisin cattle
clinicallyresembleLAD in dogs,thesediseasesmaybecausedby completelydifferent
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molecularmechanisms.Thefactthat findingson zinc levelsin thefewpublishedstudieson
LAD affecteddogswerecontradictoryandzincsupplementationdid not leadto improve-
mentof lesions[6] supportthis hypothesis.

In conclusion,weidentifiedthe�����:c.400+3A>C variantleadingto asplicedefectin
the����� geneascandidatecausativevariantfor LAD in Bull TerriersandMiniature Bull
Terriers.Themolecularpathogenesisof LAD remainsunclear.Our datafacilitategenetictest-
ing of Bull TerriersandMiniature Bull Terriersto preventtheunintentionalbreedingof LAD
affecteddogs.LAD affecteddogsmayserveasmodelsto further clarify theelusivephysiologi-
calroleof muskelin1 �� ���	.

Materials and methods

Ethicsstatement
All animalexperimentswereperformedaccordingto thelocalregulations.Thedogsin this
studywereexaminedwith theconsentof their owners.Thestudywasapprovedby theªCan-
tonalCommitteeForAnimal Experimentsº(Cantonof Bern;permits22/07,23/10,and75/16).

Animals andsamples
Bull Terrierswith their characteristicegg-shapedheadwerefoundedasadogbreedin the
1850sin theUnited Kingdom.Originally,therewereno sizestandardsin thisbreedand
smallerdogswerebredasavarietyof theregularBull Terrier.Eventually,two sub-populations
formedandtheMiniature Bull Terrierwith amaximumheightof 35.5cmwasrecognizedas
anindependentbreedin 1991by theAmericanKennelClub(AKC) andin 2011by theEuro-
peanFeÂdeÂration CynologiqueInternationale(FCI).Therefore,Bull TerriersandMiniature
Bull Terriersshareacommonancestralgenepool,but representindependentclosedpopula-
tionstoday.

Thisstudyincludedsamplesfrom 251Bull Terriers(41LAD cases/ 210controls)and89
Miniature Bull Terriers(5 LAD cases/ 84controls).Case/controlsstatuswasbasedon owners'
reports.Weadditionallyused462dogsfrom 62breeds,whichwereassumedto befreeof the
diseaseallele(S3Table).Skinbiopsiesweretakenfrom two LAD affectedBull Terriersfrom toe,
nose,lip, andforearmandfixedin 10%bufferedformalin for 24hours.Biopsieswereprocessed,
embeddedin paraffinandsectionedat4 �m. Skinsectionswerestainedwith hematoxylinand
eosin.Thehistopathologywasperformedbyveterinarypathologists(BR,Dipl.-ECVP,andSH).
Twofurther biopsiesfrom comparablesitesof thesamedogsweresubmergedin RNAlatersolu-
tion for subsequentRNA isolation.

DNA isolation andSNVgenotyping
WeisolatedgenomicDNA from EDTA bloodsamples.Seventy-eightdogsweregenotypedfor
either173,662or 218,256SNVson theillumina canine_HDchip.TherawSNVgenotypesare
availableathttps://www.animalgenome.org/repository/pub/BERN2017.1208/.

GWAS
Theinitial datasetconsistedof 78dogsand220,853markers.UsingPlink version1.9[38] we
excludedmarkersthatwerenot locatedon autosomesor theX chromosome(n = 2,327)and
markerswith agenotypingratelowerthan90%(n = 49,814).UsingtheRpackageGenABEL
[39] andthecommandªcheck.markersº,dogswith acallrate< 90%(n = 3), ibs> 95%(n = 0),
high individual heterozygosity(FDR= 0.01)(n = 1,includedin dogswith low callrate)aswell
asmarkerswith amaf< 1%(n = 55,931)andagenotypingrate< 90%(n = 10,951)were
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excluded.Fiveoutliersin themultidimensionalscalingplot basedon agenomicdistancematrix
werealsoremoved.In asecondqualitycontrol step,markersdeviatingfrom Hardy-Weinberg
equilibrium (FDR= 0.2)in controls(n = 1,239),markerswith agenotypingrate< 90%(n = 0)
andmaf< 1%(n = 26,215)wereexcluded,resultingin afinal datasetof 70dogs(22cases,48
controls)and76,419markers.A polygenicmodelof thehglmpackage[40], with akinship
matrix basedon autosomalmarkersin thecleaneddatasetasrandomeffect,wasestimatedand
ascoretestfor associationusingthefunction ªmmscoreºwasperformed.Thegenomicinflation
factorwas1.16.Wecorrectedfor multiple testingusingBonferronicorrectionwith asignifi-
cancelevelof 0.05.QQ plotswerecreatedusingqqmanversion0.1.4[41].

Haplotypeanalysis
Wevisuallyinspectedplink tpedfilesfor theregionof intereston chromosome14usingExcel
andsearchedfor homozygousregionswith haplotypesharingin caseswith acallrate>90%.
Thefirst flankingheterozygousmarkerson eithersideof thehomozygousregionin 22cases
definedthebordersof thecritical interval.

Whole genomesequencingof anaffectedBull Terrier
An Illumina PCR-freeTruSeqfragmentlibrary with 350bp insertsizeof anLAD affectedBull
Terrierwasprepared.Wecollected219million 2x 150bppaired-endreadsor 24xcoverageon
aHiSeq3000instrument.Thereadsweremappedto thedogreferencegenomeassemblyCan-
Fam3.1andalignedusingBurrows-WheelerAligner (BWA) version0.7.5a[42] with defaultset-
tings.ThegeneratedSAMfile wasconvertedto aBAM file andthereadsweresortedby
coordinateusingsamtools[43]. Picardtools(http://sourceforge.net/projects/picard/)wasused
to markPCRduplicates.To performlocalrealignmentsandto produceacleanedBAM file,we
usedtheGenomeAnalysisTool Kit (GATK version2.4.9,50)[44]. GATK wasalsousedfor
basequalityrecalibrationwith caninedbsnpversion139dataastraining set.Thesequencedata
weredepositedunderthestudyaccessionPRJEB16012andsampleaccessionSAMEA4504844
at theEuropeanNucleotideArchive.

Variant calling
PutativeSNVswereidentifiedin eachof 192samples(S2Table)individually usingGATK Hap-
lotypeCallerin gVCFmode[45]. Subsequentlyall samplegVCFfileswerejoinedusingBroad
GenotypeGVCFswalker(-stand_emit_conf20.0;-stand_call_conf30.0).Filteringwasper-
formedusingthevariantfiltration moduleof GATK usingthefollowingstandardfilters:SNVs:
QualitybyDepth:QD < 2.0;Mappingquality:MQ < 40.0;Strandfilter: FS> 60.0;Mapping-
QualityRankSum:MQRankSum< -12.5;ReadPosRankSum< -8.0.INDELs:QualitybyDepth:
QD < 2.0;Strandfilter: FS> 200.0.Thefunctionaleffectsof thecalledvariantswerepredicted
usingSnpEFFsoftware[46] togetherwith theNCBI annotationrelease104on CanFam3.1.For
thefiltering of candidatecausativevariantsin thecase,weused191control genomes,which
wereeitherpubliclyavailable[47] or producedduring otherprojectsof our groupor contrib-
utedbymembersof theDogBiomedicalVariantDatabaseConsortium.A detailedlist of these
control genomesisgivenin S2Table.

Geneanalysis
WeusedthedogCanFam3.1referencegenomeassemblyfor all analyses.Numberingwithin
thecanine����� genecorrespondsto theaccessionsXM_005628367.3(mRNA) and
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XP_005628424.1(protein).Numberingwithin thehuman����� genecorrespondsto the
accessionsNM_013255.4(mRNA) andNP_037387.2(protein).

Sangersequencing
WeusedSangersequencingto confirm thecandidatevariant�����:c.400+3A>C andto
genotypethedogsin this study.A 797bp fragmentcontainingthevariantwasPCRampli-
fied from genomicDNA usingAmpliTaqGold360MasterMix (Life Technologies)andthe
primersCCATGCACTGTAGCCACATCandTGGAAAAGGTTCCACTTGAAAT. After
treatmentwith shrimpalkalinephosphataseandendonucleaseI, PCRproductswere
directlysequencedon anABI 3730capillarysequencer(Life Technologies).Weanalyzed
theSangersequencedatausingthesoftwareSequencher5.1(GeneCodes).

RNA isolation andRT-PCR
RNA wasextractedfrom skinsamplesusingtheRNeasyFibrousTissueMini Kit (Qiagen).
Thetissuewasfirst finelycrushedbymechanicalmeansusingTissueLyser(Quiagen),and
RNA wasextractedbycentrifugationfollowing theinstructionsby themanufacturer.Total
mRNA wasreversetranscribedinto cDNA usingtheSuperScriptIV ReverseTranscriptasekit
(ThermoFisher)with oligod(T) primers.A PCRon thesynthesizedcDNA wascarriedout
usingprimer MKLN1_c_F2,CCTCCCCAGTACTTGATTCTG,locatedat theboundaryof
exons2 and3,andprimer MKLN1_c_R2,TTCCTGTTCACGGTACTTGC,locatedat the
boundaryof exons5 and6 of the����� gene.Theproductswereanalyzedon aFragment
Analyzercapillarygelelectrophoresisinstrument(AdvancedAnalytical).Thesequenceof the
obtainedRT-PCRproductswasconfirmedbySangersequencingasdescribedabove.

Supporting information
S1Fig.Sequencecontextof the ����� variant.
(PDF)

S2Fig.Predictedamino acidsequencesof the wildtype andmutant MKLN1 proteins.
(PDF)

S1Table.Privatevariants in the critical interval.
(XLSX)

S2Table.Control dogsusedfor wholegenomesequencing.
(XLSX)

S3Table.Control dogsgenotypedfor the ����� variant.
(XLSX)
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