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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 presentin 191 control genomes (chr14:5,731,405T !G or MKLN1:c.400+3A IC). 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 MKLNL1 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

LethalacrodermatitigfLAD) is anautosomatecessiviereditarydiseasén dogs It is
characterizedy poor growth,immune deficiencyand characteristiskin lesionsof
the pawsandof theface We mappedthe LAD locusto a~1.11Mb segmenbn canine
chromosomel4.Wholegenomesequenceataof anLAD affecteddogand191con-
trols revealedh candidatecausativevariantin the genegencodingmuskelinil.
Theidentified variant,asinglenucleotidesubstitution, :c.400+3A>C, altered
the5'-splicesiteatthe beginningof intron 4. We experimentallyconfirmedthatthis
variantleadsto completeskippingof exon4in the MRNA in skin.Various
cellularfunctionshavebeenpostulatedor muskelinl including rolesin intracellular
transportprocessesellmorphology,cellspreadingandcelladhesionOur datafrom
dogsrevealanovel role for muskelinl thatis relatedto theimmune systemand
skin. thusrepresentsnovelcandidategenefor humanpatientswith unsolved
acrodermatitisand/orimmune deficiencyphenotypesLAD affecteddogsmayserveas
modelsto gainmoreinsightsinto the function of muskelinl.

Introduction

Acrodermatitisenteropathican humans(OMIM #201100)s aninheriteddisorderof zinc
metabolismAffectedpatientsdisplayaninflammatoryrash,diarrheaand agenerafailureto
thrive [1+3]. This diseasés causedy variantsin the geneencodingazinctrans-
porterthat mediateghe uptakeof dietaryzincin the gut. Clinical signsin patientswill amelio-
rateor evenresolveupon oral supplementatiorwith zinc[4]. A similar associated
hereditaryzinc deficiencyexistsin cattle[5].

In Bull Terriers,arelatedphenotypeermedlethalacrodermatitifLAD) hasbeenreported
in the scientificliteratureasearlyas1986[6]. LAD isinherited asamonogenicautosomal
recessivérait. Affectedpuppiesshowcharacteristiskin lesionson the feetandon the face,
diarrheabronchopneumaia, andafailureto thrive. The skin lesionsconsistof erythemaand
tightly adherentscaleserosionsor ulcerationswith crustsinvolving primarily thefeet,distal
limbs, elbowshocks,andmuzzle Lateron, hyperkeratosisf the footpadsand deformationof
thenailsoccur.LAD affecteddogsalsoshowacoatcolor dilution in pigmentedskin areasAn
abnormallyarchedhard palateimpactedwith decayedmalodorousfood is acharacteristic
clinicalmarkerfor the diseaséFig 1) [6+8].

LAD dogsareimmunodeficientwith areductionin serumlgA levelsandfrequentlysuffer
from skininfectionswith or [9,10].LAD manifestlinicallyin thefirst
weekof life. Affectedpuppiestypicallydie beforetheyreachan ageof two yearsgitherdueto
infectionssuchasbronchopneumoniar becaus¢heyareeuthanizedvhentheir pawpad
lesionshecomeveryseverandpainful. Theygrow slowerthantheir non-affectedittermates
andatthe ageof oneyearhaveabouthalfthe bodyweightandsizeof anunaffectedlog[8].
Someput not all studiesfound reducedevelsof zincin the serumof LAD affecteddogs
[6,8,11].In contrastto acrodermatitissnteropathican humansral or intravenoussupple-
mentationof zincdoesnot leadto animprovementof the clinical signsin LAD affecteddogs
[6]. A proteomicanalysigeportedchangeselatedto inflammatoryresponsén theliver of
LAD affectedpuppieq12].
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Fig 1. LAD phenotype.(A) Inflammatay skinlesionsn thefaceof anaffectedBull Terrier.(B) Similarlesionsn theinguinalregion.(C)
LAD affectechuppyin the middle of two non-affeted littermates.A pronouncel growthdelayandasubtlecoatcolor dilution arevisible.(D,
E) Forepawsof anLAD affectedBull Terrier puppyat necropsySymmeérical scalingandcrustingof the skinincluding interdigital areasand
foot padsis visible(F, G) Histopathobgicalmicrograghsof thejunction of interdigital hairedskin anddigital padfrom an affectedBull Terrier
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puppy(F) andacontrol dog(G). Markedthickening of the epidermis excessilayersof non-cornifying epitheliumandalargepustuleare
evidentin the affectecddog.Hematoxyin-eosin,bar= 400 m.

https://da.org/10.1371durnal.pge.1007264.g00

In the presentstudy,weperformeda genome-widessociatiorstudy (GWAS)followedby
awholegenomesequencingpproacho unravelthe causativgieneticvariantfor LAD in Bull
TerriersandMiniature Bull Terriers.

Results
Mapping of the LAD locus

We performeda GWASwith genotypedrom 78Bull TerriersandMiniature Bull Terriers.
After quality control, the pruneddatasetonsistedf 22LAD cases48controlsand 76,419
markers We obtaineda singlestrongassociatiorsignalwith 57 markersexceedinghe Bonfer-
roni-correctedgenome-widssignificancehresholdafteradjustmentor genomicinflation
(Pgont.= 6.5x107). All significantlyassociatedharkerswerelocatedon chromosomel4
within anintervalspanningfrom 0.9Mbz+ 10.6Mb. Thethreetop-associatecharkersall hada
P-valueof 1.4x 10° andwerelocatedbetweerb.2Mb+ 5.9Mb on chromosomel 4 (Fig 2).

To narrowdowntheidentified region,wevisuallyinspectedhe genotype®f the caseso
performautozygositynapping.We searchedor homozygousegionswith allelesharingand
found oneregionof ~1.11Mb, whichwassharedbetweerall 22 casesT hecritical intervalfor
the causative. AD variantcorrespondedo the intervalbetweerthefirst flanking heterozygous
markerson eithersideor chrl14:5,248,244+6 3383(CanFan3.1assembly).

Identification of acandidatecausativevariant

We sequencethe genomeof anaffectedBull Terrier at 24xcoverageand calledsinglenucleo-
tide variants(SNVs)andsmallindel variantswith respecto the referencegenomgCanFam
3.1).Wethencomparedhesevariantsto wholegenomesequenceéataof 3wolvesand 188
control dogsfrom geneticallydiversebreedsThis analysisdentified five privatehomozygous
variantsin thecritical intervalin the affecteddog(Tablel,S1Table).

Four of thesefive variantswereintergenicand classifiecas®modifier® by the SNPeffsoft-
ware.Theremainingfifth variantwaslocatedwithin the 5'-splicesiteof intron 4 of the

geneandits SNPefimpactpredictionwas?low®. Theformal designatiorof this vari-
antischrl4:5,731,405T>@r :c.400+3A>C (S1Fig).

We confirmedthe presencef this variantby SangesequencingFig 3).As  :¢.400+3A>C
representedhe only plausiblecandidatecausativerariant,we genotyped®51Bull Terriers,89
Miniature Bull Terriers,and462dogsfrom 62 otherbreeddor this variant(Table2). Thevar-
iant showedperfectassociatiomith the LAD phenotypan Bull Terriersand Miniature Bull
Terriers(Pgisher= 4.8X 1058). All 46availablecasesverehomozygoudor thevariant,whereas
theunaffectedlogswereeitherhomozygousvildtypeor heterozygousThetestdogsincluded
asubseof unaffectedBull Terriersand Miniature Bull Terriersfrom Finland,whichwerenot
specificallycollectedior this studyandthereforeconsideredepresentativéor the general
population.The 166Finnishdogscontained37heterozygousogs(22%).Thevariantwasnot
foundin anyof thetesteddogsfrom otherbreeds.

Functional confirmation

To assesthe putativeimpactof the varianton splicing,weanalyzedhe frequencyof the
wildtypeand mutantsequencenotifs in acompilationof 186,63thuman5'-splicesiteq13,14].
Thecaninewildtype sequenc@ AGgtaaggvasidenticalto the sequencef 276human5'-splice
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Fig 2. Mapping of the LAD locus.(A) A GWASwasperformedin acohortof 22LAD casesind48controls.The
Manhattan plot showsasinglesignificantsignalat the beginningof chromosane 14. Theredline indicateshe
Bonferrori significancethreshold(Pgons = 6.5x 107). Thequantile-quatile (QQ) plot in theinsetshowsthe obsered
versuexpectedtg(p) valuesThestraightredline in the QQ plot indicatesthe distribution of p-valuesunderthe null
hypothesis.Thedeviation of p-valuesattheright sideindicateshatthesemarkersarestrongerassociatedith thetrait
thanit would beexpectedby chance(B) Haplotypeanalysisn the 22LAD casesEachhorizontalbarrepresentshe
chromasomel4haplotypes of onedog. TwentyBull Terriersandtwo Miniature Bull Terriers(MBT) hadlarge
homozygaisintervalswith allelesharingon chromosomel4indicatedin blue.Thehomozygaishaplotypesegment
sharedbetweerall 22dogsspanned-1.11Mb. Thecritical intervalfor the causativé. AD variantcorresponédto the
intervalbetweerthefirst flankingheterozygusmarkerson eithersideor chr14:5,24244+6,355,3 CanFanm3.1
assembly)C) Geneannotatbn for thecritical interval. The NCBI annotaton releasé 05listed4 protein codinggenes
(indicatedin blackor red) and 11genedor non-codingRNAs(indicatedin blue).

https://abi.org/10.1371durnal.pgr.1007264.902

Tablel. Variants detectedby whole genonere-sequencig of an LAD affecteddog.

Filtering steg® Number of variants
Homozygasvariantsin thewholegenome 3,061,192
Homozygasvariantsin the 1.11Mb critical intervalon chromosone 14 1,445
Privatehomozygos variants(absenfrom 191control genomegin critical interval 5

2Thesequenceserecomparedo the referenceggenomeg(CanFan3.1)from aBoxer.

https://abi.org/10.1371djurnal.pge.1007264.t0D
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Fig 3. Sangerconfirmation of the :¢.400+3A>C variant. (A) Electropheogramsfrom dogswith thethree
differentgenotypegB) Wildtype and mutantallelecomparedo the consensusequencéor thehumanU2 GT-AG
type5'-splicesiteq13]. Subscripnumbersin the consensusequencndicatethe percentagef therespective
conservd nucleotidein 183,682nvestigatechuman5'-splicesitemotifs of the U2 GT-AG type.Theadditional
differenceto the optimal consensui the U1 spliceosmal RNA recognitionsitein the mutantalleleis highlightedin
red.In human5'-splicesitesthe mostfrequentbaseat position3isanA (60%).G is alsocomman atthis position
(35%) while CandT arebothrare(<3%) [13].

https://cbi.org/10.1371djurnal.pge.1007264.903

siteswhile the mutantsequencenotif TAGgtcaggrccurredin only 3 human5'-splicesitesThe
verylow frequencyof the mutant sequencenotif suggestethat  :c.400+3A>C might
affectthe efficacyof the splicingprocessSeverabther pathogenidA>C transversionsit5'-splice
sitesposition+3 with subsequengxonskippinghavebeendescribedn theliterature[15+17].

We experimentallyanalyzed transcriptsin skin RNA from anLAD affecteddog
with thehomozygousnutant C/C genotypen comparisorto ahealthycontrol dog (A/A
genotype)RT-PCRwith primerslocatedat the exon2/3 andexon5/6 boundariesjieldeda
cDNA fragmentof the expectedizein the control dog,but not in the LAD affecteddog.In the
LAD affecteddog,averycleancDNA ampliconlackingexon4 wasobtained.This experiment
demonstratec completeskippingof exon4in transcriptsasconsequencef the
genomic :c.400+3A>C variant(r.312_400del8%;ig 4). If translatedthe mutanttran-
scriptwaspredictedto resultin aseverelyruncatedprotein containingonly thefirst 1050f a
total of 735aminoacidsof the wildtypeprotein (p.(Gly105SerfsTer1032Fig).

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

‘c .400+3A>C genotype AIA AIC C/C
CasesBull Terrier (n = 41) - - 41
CasesMiniature Bull Terrier (n = 5) - - 5
Controls,Bull Terrier (n = 210) 132 78 -
Controls,Miniature Bull Terrier (n = 84) 59 25 -
Controls,otherbreedgn = 462) 462 - -

https://abi.org/10.1371djurnal.pge.1007264.t0D
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Fig 4. Experimentd verification of the splicedefect.(A) Thegenomicorganizatdn of the gene.
Exons2+6areenlargecandthe positionof the primersusedfor RT-PCRisindicated.(B) RT-PCRwasperformed
usingskin cDNA from acontrolandan LAD affectedBull Terrier. The picture showsa Fragmen Analyzergelimage
of theexperimentIn thecontrolanimal,only the expected®66bp productis visible.In the LAD affecteddog,a277bp
productrepresentig atranscriptlackingexon4 is visible.Theidentity of the bandswasverifiedby Sangesequencing
Thus,ithe :c.4  00+3A>Cvariantleadso completeskippingofexon4 ( :r.312_  400del89).

https://cbi.org/10.1371durnal.pge.1007264.904

Discussion

In the presenistudyweidentified asplicedefectin the canine genein Bull Terriers
with LAD. The combinationof GWASandhaplotypeanalysidocalizecthe causativevariant
to arelativelysmallchromosomalegionwith only afewcharacterizedienesncluding

Thespliceregionvariantin wasthe only plausiblevariantwithin this critical
intervalthat showedhe expectedjenotypeconcordancevith the LAD phenotypen alarge
cohortof morethan 300Bull Terriersand~500dogsfrom otherbreeds.

Theidentified :c.400+3A>C variantresultedin exon4 skippingandaframeshiftas
89nucleotidesveremissingfrom the mutanttranscriptsIt thereforeseemdikely that mutant
transcriptsaredegradedy nonsense-mediatathRNA decay Consideringthe stronggenetic
associatiorof the variantwith the phenotypeandthefactthatwedemonstratedfunctional
defectonthe transcriptlevel,wethink that our datastronglysuggesthe causalityof
the :c.400+3A>C variantfor LAD in Bull Terriersand Miniature Bull Terriers.

encodeshewidelyexpressethtracellularprotein muskelinl, alsoknown as
TWAZ2. Thefunction of muskelinlis only partiallyunderstoodIt wasoriginally describedas
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aproteinthatmediatesadhesiveandcell-spreadingesponses thrombospondinl, anextra-
cellularmatrix adhesiormoleculg[18]. However differentstudiessuggestethat the function
of muskelinl goesbeyondthis pathwayandarealsosupportedby the factthat muskelinl,
whichhashomologsin invertebratesand evenfissionyeastevolvedearlierthanthe verte-
brate-specifithrombospondinl [19,20].Muskelin 1 is amultidomain protein with an N-ter-
minal discoidindomain,alLisH/ CTLH tandemdomain,andsix C-terminalKelchrepeats,
whichformshomotetramerg21]. TheLisH domainwasshownto becrucialfor muskelinl
dimerizationandcytoplasmidocalization,and,togethemwith the head-to-tailinteractionvia
thediscoidindomain,alsofor the tetramerizationof muskelin1 [20,21].

Consistentith its multidomain structureand ubiquitousexpressiondiversebinding part-
nershavebeenreportedfor muskelinl. It bindsprostaglandirEP3receptorisoform [22]
andheme-oxidasé, which counteractsnflammatoryandreactiveoxygenspeciesnduced
damagd?23]. It is part of the CTLH complexthe homologof yeasE3ubiquitin ligasewhere
it bindsto RanBPMand Twal [24+26]andinteractswith the cardiogenidranscriptionfactor
TBX-20[27]. In therat lens,muskelinl is asubstrateof Cdk5andinteractswith the Cdk5acti-
vatorp39[28]. Alsoin lens,it wasshownthat p39links muskelinl to myosinll andstress
fibers[29].

knockoutmiceareviableanddo not haveskin lesionscomparabléo thosein Bull
Terrierswith LAD. However theyexhibita subtlecoatcolor dilution phenotypesimilarto
thatseenn LAD affecteddogs.In these knockoutmice,muskelinl wasidentified as
aproteinrequiredfor GABA, receptorendocytosiandtrafficking in neuronsviadirectinter-
actionwith the 1 subunitof GABA, receptorsandthe motor proteinsdyneinandmyosin

VI. Thedilute coatcolor of knockoutmicesuggestethat muskelinis atrafficking
factorinvolvedin severadlifferentintracellulartransportprocessegossiblyincluding mela-
nosometransport[30].

Thelackingskinlesionsin knockoutmiceraisethe questionsvhethermuskelinl

depletiondoesnot resultin diseasén mice;whethertheir clinical signswould only manifestat
a(much)olderageppr whetherthe sterileenvironmentof the laboratoryanimalsprevented
infectionsandthusthe developmenbf skinlesionsin thelattercasel AD would beaprimary
immunodeficiencydisorder,in agreemenwith the observatiorof lowerIgA levelsand higher
susceptibilitto microbialinfectionin LAD affecteddogs[8+10,12]. Giventhe diverseknown
protein-proteininteractionsof muskelinl, it is howevelikely thatabsencef muskelinl leads
to dysfunctiondbeyondtheimmune system.

In humans anintronic SNVin wasassociatewvith urinary potassiumexcretion
in Koreanadultsandanotherintronic SNV with earlybipolardisorder[31,32].
Furthermore, hasbeenassociatewith asthman independeniGWASsA SNVin

rankedamongthe top 100SNVsassociatedvith childhoodasthmain astudysam-
ple of 429affected-offspringrios from a EuropeanAmericanpopulation[33]. A different
SNVin the5'-UTR of wasassociatewvith asthmain apopulationincluding
patientswith severeor difficult-to-treat asthmg[34].

In the ExACdatabasegnly one missensehut no nonsenseframeshiftor splicesite
variantspresentin ahomozygoustatewerefound [35,36].Furthermore the probability of
lossof function (LoF,specifiedasnonsensespliceacceptorand splicedonor variants)toler-
ancewasestimatedo be1.00,indicatingthatthe geneis extremelyLoFintolerant
[37]. Thereforejt is conceivablehat lossof function variantson both allelesmight leadto
severghenotypesn humans.

To our knowledgeno link betweermuskelinl andzinc or coppermetabolismhasbeen
reportedto date.While acrodermatitisenteropatican humansandacrodermatitisn cattle
clinicallyresembld.AD in dogs thesadiseasemaybecausedy completelyifferent
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molecularmechanismsThefactthatfindingson zinclevelsin thefewpublishedstudieson
LAD affecteddogswerecontradictoryandzinc supplementatiordid not leadto improve-
mentof lesiong6] supportthis hypothesis.

In conclusionweidentifiedthe :c.400+3A>C variantleadingto asplicedefectin
the geneascandidatecausativevariantfor LAD in Bull Terriersand Miniature Bull
Terriers.Themoleculampathogenesisef LAD remainsunclear.Our datafacilitategenetictest-
ing of Bull Terriersand Miniature Bull Terriersto preventthe unintentionalbreedingof LAD
affecteddogs LAD affecteddogsmayserveasmodelsto further clarify the elusivephysiologi-
calrole of muskelinl

Materials and methods
Ethicsstatement

All animalexperimentsvereperformedaccordingto the localregulationsThedogsin this
studywereexaminedwith the consenbf their owners.The studywasapprovediy the2Can-
tonal CommitteeFor Animal Experiments{Cantonof Bern;permits22/07,23/10,and 75/16).

Animals and samples

Bull Terrierswith their characteristi@gg-shapetieadwerefoundedasadogbreedin the
1850sn the United Kingdom. Originally, therewereno sizestandardsn this breedand
smallerdogswerebredasavarietyof theregularBull Terrier. Eventuallyfwo sub-populations
formedandthe Miniature Bull Terrier with amaximumheightof 35.5cm wasrecognizedas
anindependenbreedin 1991bythe AmericanKennelClub (AKC) andin 2011bythe Euro-
peanF&l&ation Cynologiquenternationale(FCI). Therefore Bull Terriersand Miniature

Bull Terrierssharea commonancestragjenepool, but representndependentlosedoopula-
tionstoday.

This studyincludedsamplegrom 251Bull Terriers(41LAD case¢ 210controls)and 89
Miniature Bull Terriers(5 LAD case¢ 84 controls).Case/controlstatusvasbaseddn owners'
reports.We additionallyused462dogsfrom 62breedswhichwereassumedo befreeof the
diseasallele(S3Table).Skinbiopsiesveretakenfrom two LAD affectedBull Terriersfrom toe,
noselip, andforearmandfixedin 10%bufferedformalin for 24hours.Biopsiesvereprocessed,
embeddedn paraffinandsectionecat4 m. Skinsectionsverestainedwith hematoxylinand
eosin.Thehistopathologywvasperformedby veterinarypathologist§BR,Dipl.-ECVP,and SH).
Two further biopsiefrom comparablesitesof the samedogsweresubmergedn RNAlatersolu-
tion for subsequenRNA isolation.

DNA isolation and SNV genotyping

WeisolatedgenomicDNA from EDTA blood samplesSeventy-eightogsweregenotypedor
either173,662r 218,256NVson theillumina canine_HDchip. Theraw SNV genotypesre
availableat https://www.aninalgenome.org/repository/pub/BERNED.1208/.

GWAS

Theinitial datasetonsistedf 78dogsand220,853narkers.UsingPlink version1.9[38] we
excludedmarkersthatwerenot locatedon autosomesr the X chromosomen = 2,327)and
markerswith agenotypingratelowerthan90%(n = 49,814)Usingthe R packagé&senABEL
[39] andthe command?check.markers¥ogswith acallrate< 90%(n = 3),ibs> 95%(n = 0),
highindividual heterozygosityFDR = 0.01)(n = 1, includedin dogswith low callrate)aswell
asmarkerswith amaf< 1%(n = 55,931)andagenotypingate< 90%(n = 10,951 )were
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excludedFiveoutliersin the multidimensionalscalingplot basedn agenomicdistancematrix
werealsoremovedIn asecondjuality control step,markersdeviatingfrom Hardy-Weinberg
equilibrium (FDR= 0.2)in controls(n = 1,239) markerswith agenotypingate< 90%(n = 0)
andmaf< 1%(n = 26,215)wereexcludedresultingin afinal datasebf 70dogs(22 case48
controls)and76,419markers A polygenicmodelof the hgim packagg40], with akinship
matrix basedn autosomamarkersin the cleanedlatasetisrandomeffectwasestimatedand
ascoretestfor associatiorusingthe function @mmscore®wasperformed.Thegenomicinflation
factorwasl.16.We correctedfor multiple testingusingBonferronicorrectionwith asignifi-
cancdevelof 0.05.QQ plotswerecreatedusingggmanversion0.1.4[41].

Haplotype analysis

We visuallyinspectedplink tpedfilesfor the regionof intereston chromosomel4usingExcel
andsearchedor homozygousegionswith haplotypesharingin casesvith acallrate>90%.
Thefirst flanking heterozygousnarkerson eithersideof the homozygousegionin 22cases
definedthe bordersof the critical interval.

Whole genomesequencingf an affectedBull Terrier

An lllumina PCR-freeTruSedfragmentlibrary with 350bp insertsizeof an LAD affectedBull
TerrierwaspreparedWe collected219million 2 x 150bp paired-endreadsor 24xcoverag®n
aHiSeq3000nstrument. Thereadsveremappedo the dogreferencagenomeassemblyan-
Fama3.landalignedusingBurrows-WheeleAligner (BWA) version0.7.5d42] with defaultset-
tings.ThegeneratedAM file wasconvertedo aBAM file andthe readsweresortedby
coordinateusingsamtoold43]. Picardtools(http://sourceforge.net/projets/picard/)wasused
to mark PCRduplicatesTo performlocalrealignmentsandto produceacleanedBAM file, we
usedthe GenomeAnalysisTool Kit (GATK version2.4.950)[44]. GATK wasalsousedfor
basequality recalibrationwith caninedbsnpversion139dataastraining set.The sequenceélata
weredepositedunderthe studyaccessio?’RIJEB1601&nd sampleaccessioSAMEA4504844
atthe EuropearNucleotideArchive.

Variant calling

PutativeSNVswereidentifiedin eachof 192samplegS2Table)individually usingGATK Hap-
lotypeCalleiin g9vVCFmode[45]. Subsequentlgll samplegVCFfileswerejoined usingBroad
GenotypeGVCFwalker(-stand_emit_conf0.0:-stand_call_con80.0).Filteringwasper-
formedusingthe variantfiltration moduleof GATK usingthe following standardfilters: SNVs:
Quality by Depth:QD < 2.0;Mappingquality:MQ < 40.0;Strandfilter: FS> 60.0;Mapping-
QualityRankSumMQRankSunx -12.5;ReadPosRankSui -8.0.INDELs: Quality by Depth:
QD < 2.0;Strandfilter: FS> 200.0Thefunctionaleffectof the calledvariantswerepredicted
usingSnpEFFsoftwardg46] togetherwith the NCBI annotationreleaséd 04on CanFam3.1.For
thefiltering of candidatecausativevariantsin the caseye used191control genomesywhich
wereeitherpublicly availablg4 7] or producedduring other projectsof our groupor contrib-
utedby membersof the Dog BiomedicaVariant Databas€onsortium.A detailedist of these
controlgenomess givenin S2Table.

Geneanalysis

We usedthe dog CanFant.1referencggenomeassemblyor all analysesNumberingwithin
thecanine genecorrespondso theaccessionsxM_005628367.3nRNA) and
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XP_005628424 (protein). Numberingwithin thehuman genecorrespondsgo the
accessionsIM_013255.4mRNA) andNP_037387.Rorotein).

Sangersequencing

We usedSangesequencingo confirm the candidatevariant  :¢c.400+3A>C andto
genotypehedogsin this study.A 797bp fragmentcontainingthe variantwasPCRampli-
fied from genomicDNA usingAmpliTag Gold 360MasterMix (Life Technologiesandthe
primersCCATGCACTGTAGQACATCandTGGAAAAGGTTCCACTTGAAAT. After
treatmentwith shrimp alkalinephosphatasandendonucleask PCRproductswere
directlysequencedn anABI 3730capillarysequence(Life Technologies)We analyzed
the Sangesequenceéatausingthe softwareSequenches.1(GeneCodes).

RNA isolation and RT-PCR

RNA wasextractedrom skin samplesisingthe RNeasyFibrousTissueMini Kit (Qiagen).
Thetissuewasfirst finely crushedoy mechanicameansusing TissueLysefQuiagen) and
RNA wasextractedby centrifugationfollowing the instructionsby the manufacturerTotal
mMRNA wasreversdranscribednto cDNA usingthe SuperScriptV Reversdranscriptasdit
(ThermoFisher)with oligod(T) primers.A PCRon the synthesized DNA wascarriedout
usingprimer MKLN1 ¢ F2CCTCCCCAGTACTTGATCTG,locatedatthe boundaryof
exons2 and3,andprimer MKLN1_c_R2TTCCTGTTCACGGTACT GC,locatedatthe
boundaryof exonss and6 of the geneTheproductswereanalyzeddn aFragment
Analyzercapillarygelelectrophoresisistrument(AdvancedAnalytical). The sequencef the
obtainedRT-PCRproductswasconfirmedby Sangesequencingsdescribedabove.

Supporting information
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(PDF)

S2Fig. Predictedamino acid sequencesf the wildtype and mutant MKLN1 proteins.
(PDF)

Si1Table.Private variantsin the critical interval.

(XLSX)

S2Table.Control dogsusedfor whole genomesequencing.
(XLSX)

S3Table.Control dogsgenotypedfor the variant.
(XLSX)
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