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andcopperexcretionviathebiliary systemWhenin excess;oppercanbehighly toxic and
caninduceoxidativestresdy the formation of reactiveoxygenspecie$ROS)[3+5] Copper
inducedhydroxylradicalscanleadto DNA damageoxidationof basesandlipid peroxidation.
Therefore copperuptake distribution, andexcretionaretightly regulatedand mediatedby
severatopperbinding proteins[6](Fig 1). Copperuptakeby the enterocyteand hepatocytas
mediatedoy CTR1[7].Intracellularcopperis immediatelyboundandtransportedby glutathi-
one,whichhasanimportantrolein the cellulardefenceagainsoxidativestressor storedand
incorporatedinto metallothioneingMT)[4]. Specificcopperchaperonegscortcopperto their
destinationmoleculesThe chaperone€COX17directscopperto cytochromeC oxidasdn the
mitochondria[8,9].CCSisthe chaperondor Cu/Zn superoxidedismutas¢SOD1) which
playsanimportantrolein the defenceagainsxidativestress[10]JATOX1 deliverscopperto
the coppertransportingATPasesATP7Aand ATP7B.ATP7Bis predominantlyexpresseth
theliver andfacilitatesncorporationof copperin theferroxidaseceruloplasmin(CP)[11].
Further,studiesn humancelllinesindicatethat ATP7Bmediateexcretionof excessopper
viathe apicalmembrandnto bile canaliculi[12,13]The biliary excretionof copperalsode-
pendson COMMDZ1, whichinteractswith theaminoterminusof ATP7Bandis apresumed
regulatorof ATP7Bstability[14,15]Although, it seemglearthat COMMD1 hasarolein cop-
perhomeostasighe exactmechanism®f its actionsin biliary copperexcretion still needto
beelucidated[16].

Theimportanceof thetight regulationof copperhomeostasis shownby diseasesaused
by mutationsin the coppertrafficking genesMutationsin ATP7A,resultin the X-linked
recessiveisorderMenkesdisease[17Mutationsin ATP7Bareresponsibldor the autosomal
recessivaVilson disease[18Familialcoppertoxicosisis alsocommonin severatlogbreeds
[19+24].Dueto thelimited geneticvariability within inbred dogpopulations[25]dogsare
usedaslargeanimalmodelto dissecgeneticdasisof (complex)inheriteddiseases[26+2A.
deletionof exon2 of the COMMD1 genewasfound in affectedBedlingtonterriers[24],leading
to undetectablgroteinin leverhomogenatesf affecteddogs[30] A differentform of copper
associatetiepatitisis recognizedn otherdogbreedsincluding the Labradorretriever.Pedi-
greestudiesn the Labradorretrievershowedacomplexgeneticbackground[23,31ut no
mutationsin the COMMD1 genehavebefound. Recentljtwo missensenutationsin copper
transportersATP7B(Wilson diseasgene)and ATP7A (Menkesdiseasgene)thatwerere-
spectivelypositivelyand negativelyassociatetb hepaticcopperievelswvereidentifiedin Labra-
dor retrievers[28]Besides genetidbackgroundhepaticcopperconcentrationsn Labrador
retrieversarealsoinfluencedby dietarycopperintake[32],exemplifyingthe similaritieswith
both Wilsonsdiseas@and non-Wilsonianecogenetiéorms of humancoppertoxicosis Af-
fectedLabradorretrieversaccumulateopperin their liversand canreachcopperlevelsof
over4,000mg/kgdry weightliver[33,34] whereasiormal copperlevelsn dogliver are< 400
mg/kgdry weightliver (dwl)[35]. In both humansanddogs hepaticcopperaccumulatiormay
leadto hepatitisand eventuallycirrhosis.Althoughit is assumedhat copperis the primary
eventtriggeringhepatocellulamjury, goodsupportingevidencas still lacking.Whenthe
diseas@rogressesegenerationapoptosisandfibrosispathwaysappeatto dominate[36].
Althoughsomeconceptsn thediseasénitiation and progressiorof copperaccumulatingdis-
easepavebeensharedthe exactmoleculamechanismand pathwaydeadingto copperaccu-
mulation, hepatocellulamjury anddiseas@rogressiortowardchronic hepatitisstill remain
unclear.To gainmoreinsightsin thediseasénitiation and pathogenesisf hereditarycopper-
associatetiepatitisin Labradorretrieversweinvestigatedranscriptomicalterationsn liver
tissueof affected_abradorretrieversin variousstage®f copper-associateuepatitis.In addi-
tion, by including dogswith normal histologybut increasedepaticcopperconcentrationsve
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Fig 1. Cellular copper metabolism. Copper enters the cell via CTR1 and is immediately bound by metallothioneins (MT) and/or GSH to prevent cellular
damage. COX17, CCS, and ATOX1 transfer copper to its destination molecules CCO, SOD1, and ATP7A/ATP7B respectively. In the enterocyte ATP7A
facilitates copper transport over the basolateral membrane into the portal circulation[92,93], while in the hepatocyte it mobilizes hepatic copper stores in the
case of peripheral copper deficiency[94]. ATP7B functions in the export of copper to the blood bound to ceruloplasmin (CP) or to the bile when copper levels
are high[11,12]. The biliary excretion of copper also depends on COMMD1, which interacts with the amino terminus of ATP7B. In addition COMMD1 may be
involved in quality control of ATP7A and ATP7BJ[14,15,95]. COMMD1 interacts with also with other proteins, including SOD1 and CCS, in the regulation of
intracellular copper levels. XIAP inhibits COMMD1 functioning by promoting its degradation, resulting in rising cellular copper levels[96]. In turn, XIAP is
regulated by intracellular copper levels. Under basal copper conditions XIAP-mediated ubiquitination of CCS leads to enhanced copper acquisition and
positively regulates SOD1 activation by CCS[90]. When copper levels are elevated, CCS delivers copper to XIAP, resulting in degradation of CCS and XIAP
and decrease in caspase inhibition, which may result in enhanced apoptosis[90,91]. APP is proposed to have a role in the copper efflux pathway, and
intracellular copper levels have shown to modulate cellular APP trafficking in neuronal cells[83,84,97]. APP, amyloid beta (A4) precursor protein; ATOX1,
antioxidant 1 copper chaperone; ATP7A, ATPase, Cu++ transporting, alpha polypeptide; ATP7B, ATPase, Cu++ transporting, beta polypeptide; CCO,
cytochrome C oxidase; CCS, copper chaperone for superoxide dismutase; COMMD1, copper metabolism (Murr1) domain containing 1; COX17, cytochrome
C oxidase copper chaperone; CP, ceruloplasmin; CTR1, copper transporter 1; GSH, glutathione; MT1A, metallothionein 1A; MT2A, metallothionein 2A;
SOD1, Cu,Zn superoxide dismutase 1; XIAP, X-linked inhibitor of apoptosis.

https:/Hoi.org/10.13¥/journal.pon€176826.g001

canexploreif copperaccumulatiorisindeedaprimary eventtriggeringsubsequeninflamma-
tory processes.

Theresultsof this studyrepresentitargetedcandidategeneapproachaswell asatranscrip-
tomeanalysislt describesherangeof eventsn coppermetabolismpxidativestressinflam-
mation,and celladaptationgowardschronic hepatitisandfibrosisin the Labradorretriever.
Sincelabradorretrieversareanaturalnon-rodentmodelfor Wilson and non-Wilson copper
toxicosisthe resultsof this studycanaidin improvedmanagementf humancopperstorage
disordersand on humanchronic hepatitiscases general.
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Materials and methods
Animals

All Labradorretrievers(n = 31)(S1Table)werereferredto the Departmentof Clinical Sci-
encef CompanionAnimals,Utrecht University.Most Labradorretrieverswvereclient-
ownedclinical healthydogsthat participatedin the ongoingresearckprograminto copper-
associatetiepatitis A subsetf Labradorretrieverswasreferreddueto clinical signsof hepa-
tobiliary diseaseDogsunderwenta physicalexaminationand bloodwascollectedo check,
alanineaminotransferasALT, ref < 70U/L), alkalinephosphataséALP, ref <89U/L) and
pre-prandialbile acids(BA, ref < 10umol/L),andcoagulatiorparametergrior to the biopsy
procedureNo treatmentwasinitiated prior to tissuecollection.

Liver biopsieswveretakenunderultrasoundguidancewith a14 G needleusinga Tru-cut
deviceasdescribedpreviously[37] Onebiopsyspecimerwasfixedin 4%neutralbuffered
formaldehydeandembeddedn paraffin.Fivemicron thick slideswerecut andstainedwith
haematoxylirand eosinfor routine evaluationwith rubeanicacid(RA)[38] for semi-quantita-
tive copperscoringandfor fibrosisaccordingto Gordonand Sweet'stainingprotocol[39]
basedn reticulin expressionAll histologicakevaluationsvereperformedby oneboardcerti-
fied pathologistaccordingto the WSAVA standards[40]Dogswith hepatitiswerecharacter-
izedby acombinationof inflammation,hepatocellulaapoptosisnecrosisand possibly
regenerationpf whichthe extentand patterncanvary.A chronic hepatitiswasidentified
whenadditionalfibrosiswaspresentwhetheror not leadingto architecturaldistortion.

An adjacensampleof atleastc mgwascollectedn ametalfreecontainerandfreeze-dried
prior to the determinationof quantitativecoppercontentby instrumentalneutronactivation
analysis[41]Thethird tissuesamplevasstoredin RNAlater(Applied Biosystemd\ieuwer-
kerk a/d IJsselTheNetherlandsfor 24hoursat 4ECand afterremovingsupernatansubse-
quentlystoredat-80EQuntil analysisAll samplesverecollectedaccordingto the Act on
VeterinaryPracticeasrequiredunderDutch legislation Samplesveretakenwith informed
consenf theownersandall proceduresvereknown andapprovedoy the Animal Welfare
Bodyof the Universityof Utrecht.

Dogswereconsideredo havenormal hepaticcopperwhencopperconcentrationsvere
<400mg/kgdry weightliver (dwl)[35]. Basedn hepaticquantitativecopperconcentrations
andhistopathologievaluatiorof liver biopsyspecimensjogsweredividedinto four groups.
Dogswithout histologicabnormalitiesand normal hepaticcopperconcentrationsvere
includedinto the control group (N, normalliver). The high coppergroup (HC) consistedf
dogswithout histologicabnormalitiedut with increasedepaticcopperconcentrationsDogs
with histologicalkevidenceof hepatitisandincreasecepaticcopperconcentrationsvere
includedinto the high copperhepatitisgroup (HCH), anddogswith chronic hepatitisand
high copperconcentrationsvereincludedinto the high copperchronichepatitisgroup
(HCCH). Livertissuewith normalliver histologyandnormal hepaticcopperconcentrations
(absencef copperon rubeanicacidstainedslidesscore= 0) weretakenfrom 10healthyBea-
gledogs.Thesedogswereeuthanizedor otherunrelatedresearclwhichwasapprovedoy the
localethicscommittee asrequiredunder Dutch legislation(ID 2007.111.08.110)Livertissue
wasobtainedassurplusmaterial(University 3Rpolicy).

RNA isolation and reverse transcription

Total cellularRNA wasisolatedfrom liver tissueusingRNeaswlini Kit (QiagenLeusden,
TheNetherlandskhccordingto the manufacturer'snstructions.An on-columnDNase-I(QIA-
FEB,RNase-fre®Nasekit) treatmentwasusedto digestresidualgenomicDNA. RNA
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concentrationsandqualityweremeasuredpectrophotometiallyusingthe NanodropND-
1000(IsogenLife ScienceBV, IJsselsteinT he Netherlands)RNA integrity wascheckedn a
BioanalyzeP100(Agilent TechnologiesAmstelveenTheNetherlands)The RNA integrity
numberof all samplesvasaboveavalueof 7. CommonreferenceRNA for microarrayanalysis
consistedf mixed RNA isolatedfrom liver sampledrom 10Beaglalogs(controls).Persam-
ple 3 ug of RNA wasusedfor further workup.cDNA wassynthesizedrom all RNA samples
with theiScript™ cDNA SynthesiKit (Bio-Rad,VeenendaalThe Netherlands)ontaining
botholigo-dT andrandomhexamerprimers.A total of 600ng of RNA wasincubatedwith
iScriptreactionmix, iScriptreversdranscriptas@ndnucleasdreewaterat 42EGor 30min,

in a60ul reactionvolume.

Targeted gene approach

MRNA expressiorof coppermetabolisnrelatedgenegAPP, ATOX1, ATP7A, ATP7B,
COMMD1,COX17,CP,CTRI, MT1A, MT2A, and XIAP) andgeneswith arolein the protec-
tion againsioxidativestres{GCLC, GPX1, GSHS, GSHR, GSTP1, MAT1A, MAT2A) or both
(CCSandSODI) (S2Table)weremeasuredvith quantitativereal-timepolymerasehain
reaction(qPCR)in 28dogs(four groups,n = 7 for eachgroup).RNA expressiorof sixen-
dogenouseferencegenesribosomalprotein SIYRPS19), beta-2microglobulin (B2M),
hypoxanthine-guanin@hosphoribosyltransfese(HPRT), ribosomalprotein L8 (RPLS),
glyceraldehyde-3-phosphalehydrogenas@zAPDH), andribosomalprotein S5(RPS5) was
performedin orderto normalizeexpression[42]Primer sequencefor specificsequence-con-
firmed amplicons(S3Table)and gPCRconditionswereasdescribedoreviously[43] The
gPCRreactionswereperformedin duplicateusinga Bio-RaddetectionsystemAmplifications
werecarriedout in avolumeof 25ul containing12.5ul of SYBRgreensupermix(BioRad),
0.4uM of forwardandreverserimer and 1 ul cDNA in milliQ water.Cyclingconditions
were:denaturationat 95Eor 3 minutes,followedby 45 cyclesof denaturation(95EGor 10s)
andannealing/elongatioftemperaturesn S3Table)for 30s.A melt curveanalysisvasper-
formedfor everyreactionto verify ampliconspecificity IQ5 Real-TimePCRdetectionsystem
softwarg(BioRad)wasusedfor dataanalysisA no templatecontrol wasalsorun in duplicate
with eachplateasanegativecontrol. Expressionevelsverenormalizedby usingthe average
expressiorevelsof the referencegenegakinginto accountthe PCRefficienciegpergene
product.

Transcriptome analysis

CanineGeneExpressiorMicroarraysV1 (Agilent TechnologiesBelgium)representingt2,034
canine60-merprobesin a4x44Klayoutwereused.Theexperimentwascarriedout in dye
swapset-upin 18Labradorretrieverdogs(N: n=4,HC:n=5,HCH: n=4,HCCH: n=5,ran-
dom samplegpergroup).RNA amplificationsandlabelingwereperformed[44]on an auto-
matedsystem(CaliperLife SciencedlV/SA, Belgium)with 3 pgtotal RNA from eachsample.
Hybridizationsweredoneon aHS4800PRQ@ystenmsupplementedvith QuadChambers
(TecanBeneluxB.V.B.A. GiessenThe Netherlandslsing1000ng labeledcRNA perchannel
[45]. Hybridizedslideswerescannedn an Agilent scannef(G2565BAt 100%daserpower,
100%PMT. After automateddataextractionusinglmagenes.0(BioDiscovery)printtip Loess
normalizationwasperformed[46]on meanspot-intensitiesDye-biaswvascorrectechasedn a
within-setestimate[47]Geneenrichmentbasedn biologicalprofilesand pathwaysvasper-
formedusingthe MetaCoreprogram(GeneGo;ThomsonReutersSt.JosephMl, USA) by
rankingthe significantontologyand pathwaysiominantin eachstageof diseas@rogression.
All datahavebeendepositedn NCBI'sGeneExpressiorOmnibus[48]andareaccessible
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through GEO SeriesaccessiomumberGSE8693¢http://www.nchi.nim.nih.ge/geo/query/
acc.cgi?acc=GSE86932).

Statistical analyses

All gPCRdatawereanalyzedisingR statisticsversion3.1.2(R CoreTeam2014) Relativegene
expressiomnf eachgeneproductwasusedasthe basisof all NRNA comparisonsA Mann-
Whitney U testwasusedto determinestatisticabifferencedetweereachsuccessivpheno-
typein diseas@rogressionP valuesvereadjustedor multiple comparisonaisingthe Bonfer-
roni correction.

MicroarraydatawasanalyzedisingANOVA. In afixed effectanalysissamplearrayand
dyeeffectasveremodeled P valuesveredeterminedby a permutationF2-testjn whichresidu-
alswereshuffled5,000timesglobally.Geneswith P < 0.05aftereitherfamily wiseerror cor-
rection(FWER)or determinationof falsediscoveryrate (FDR) wereconsideredsignificantly
changedResultinggene-listgrom indirect comparisondetweerthe diseasegroupsnormal
vshigh copper high coppervshigh copperhepatitis high copperhepatitisvshigh copper
chronic hepatitiswereusedfor subsequengenesetenrichmentanalysis.

Results
Animal characteristics

Labradorretrieverswveredividedinto four groups basedn their hepaticquantitativecopper
concentrationandhepatichistologyresults(S1Table).TheN groupincludedseverdogsall
of whichwereclinically healthydogswith normal ALT (median40U/L), ALP (median21 U/
L), BA (median3umol/L) and copperconcentrationgmedian260mg/kg dwl, rangel195+335
mg/kg dwl). Eightdogswereincludedin the HC (mediancopperl,035mg/kg/dw,range745+
2,050mg/kgdwl) andHCH (mediancopper2,380mg/kg/dw,range530+3,870ng/kg dwl)
groups.In both groupsall dogswereclinically healthyand hadnormal ALT (median32U/L
and44U/L respectively)ALP (median25U/L and27U/L respectively)and BA (median

4 umol/L both). Fiveout of eightdogsin the HCCH groupwereadmittedbecausef clinical
signs Mostcommonclinical signswereanorexiayomiting, lethargy icterusand polyuriaand
polydipsiaDogshadincreasediver enzymegmedianALT 236U/L, medianALP 103U/L)
and/or bile acids(medianBA 164 pmol/L). Mediancopperconcentrationsn deHCCH
groupwerel,435mg/kg/dwl,rangel,080+2,21hg/kg dwl.

Gene expression of copper metabolism related gene products

RelativemRNA expressiorf genesncodingproteinsimportantin coppertrafficking and
metabolismwasmeasuredo gaininsightinto the pathogenesisf copper-associatduepatitis
in Labradorretrievers After Bonferronicorrectionfor multiple testing(S4Table),no signifi-
cantdifferentialmRNA expressiowasfound in ATOX, ATP7A, ATP7BA, COX17,CP, CTR1,
XIAP,andSOD1. APP, CCS, COMMDI1, MT1A,and MT2A, weredifferentiallyexpresseth
oneor moregroupscomparedo the precedingliseasataggFig 2 andFig 3). In the HC
groupCOMMD1 and MT1A wereboth upregulateccomparedo the N group. COMMD1
MRNA levelsvereincreased.8times(rangel.6+2.0P<0.01) while MT1A levelswere
increased..9fold (rangel.4+2.1P = 0.02).In the HCCH group,APP levelsvereincrease®.5
times(rangel.8+4.1P<0.01)comparedo the HCH group,whilelevelsof CCS (1.8range
1.4+2.4p<0.01) MTIA (1.4rangel.1+1.8P<0.01),and MT2A (1.5rangel.1+2.8,P<0.01)
wereall decreased.
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Fig 2. Quantitative PCR results. Liver tissue of Labrador retrievers with normal copper (N; n = 7), high

copper (HC; n = 8), high copper hepatitis (HCH, n = 8), and high copper chronic hepatitis (HCCH; n = 8) was
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used for mRNA quantification of genes involved in copper metabolism. Gene expression of APP (A), CCS (B),
COMMD(1 (C), MAT1A (D), MT1A (E), MT2A (F), and GSTP1 (G) was significantly changed between two
successive stages of the disease. The thick black line represents the median (50th percentile), also the first
and third quartile (25th and 75th percentile respectively) are displayed. Outliers are depicted with an open

dot, representing values higher than 1.5 times the interquartile range. APP, amyloid beta (A4) precursor
protein; CCS, copper chaperone for superoxide dismutase; COMMD1, copper metabolism (Murr1) domain
containing 1; GSTP1, glutathione s-transferase pi 1; MAT1A, methionine adenosyltransferase | alpha; MT1A,
metallothionein 1A; MT2A, metallothionein2A. P 0.05, P 0.01.

https://i.org/10.1371durnal.por.0176826.402

Gene expression of oxidative stress related gene products

To gaininsightin the occurrenceof oxidativestresgluring theinitiation andprogressiorof
hepaticcopperaccumulationmRNA levelsof MATI1A, MAT2A, SOD1, GCLC, GPX1, GSHR,
GSHS, and GSTP1 weremeasuredAfter correctionfor multiple testingthe only significantdif-
ferencesverefoundin the genesodingfor MATI1A and GSTP1, whichis part of the GSTfam-
ily. In theHC group,GSTP1 wasdecrease8.6times(rangel.5+4.5P = 0.04)comparedo the
N group(Fig 2G andFig 3). Comparedo the HC group, MAT1A levelsnveredecreased.3
timesin theHCH group(rangel.1+2.0P = 0.04,Fig 2D).

Whole transcriptome microarray

Expressiortifferencesorrelatedwith diseas@rogressiorweredetectedisingthegene
expressiomicroarray(Fig4). Clearclusteringwasdetectecbasen phenotypicdifferences.
Phenotypespecificexpressionvasdetectedn thedifferentstage$1C group (293genes)HCH
group(99)andHCCH group(1,079)comparedo the normal Labradorretrievergroup (Fig
5). Ninety-fivegenesvereonly expresseth theHC andHCH group,whencomparedo the
N group.In theHCH andHCCH group,130genesverespecificallydifferentiallyexpressed
comparedo the normalliver group.

Geneenrichmentbasedn biologicalfunctionallevelwasassessaasingMetacore(Thom-
sonReuters)Most networksfitted into eighttypesof biologicalfunctions:inflammation,
developmentcelladhesiongcytoskeletonprotein folding, blood coagulationproteolysisand
apoptosisin the HC groupanenrichmentwasfound for pathwaysnvolvedin celladhesion,
developmentainflammatory,andcytoskeletometworks(Fig 6A). Theencodedoroteinsin
thesenetworksmainly includemembersof the NF-xB family, signaltransducerdike mitogen-
activatedoroteinkinasefMAPK) and Syk,interleukins(IL-12, IL-2), TGF-alfaandcelladhe-
sionandcytoskeletorelementsuchasplectin,cadherinsandtalin. In the HCH group,most
of the detectechathwaysnvolvedin this stageof diseaséncludeinflammatorypathwaygFig

APPA

COMMD14A CCswv
Normal liver MT1AA High Copper MAT1A4 High Copper Hepatitis MT1AwW High Copper Chronic Hepatitis
GSTP1VW MT2AW

»

Fig 3. Copper metabolism adaptation in disease progression. A schematic overview of up- or downregulated of genes, involved in copper metabolism
and oxidative stress within the different stages of disease progression. APP, amyloid beta (A4) precursor protein; CCS, copper chaperone for superoxide
dismutase; COMMD1, copper metabolism (Murr1) domain containing 1; GSTP1, glutathione s-transferase pi 1; MAT1A, methionine adenosyltransferase |
alpha; MT1A, metallothionein 1A; MT2A, metallothionein 2A.

https:/Hoi.org/10.13X/journal.pon®176826.9g003
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N HC ~ HCH HCCH

Fig 4. Heatmap of genes regulated through disease progression. 216 probes (listed in rows) were
expressed significantly (P 0.001) different samples in the four different stages (listed in columns) compared
with the common reference pool (Beagles). HC, high copper; HCH, high copper hepatitis; HCCH, high copper
chronic hepatitis; N, normal liver.

https://bi.org/10.1371durnal.por.0176826.g04

HC HCH HCCH

293 S5 99 130 1079

Fig 5. Total number of genes involved in specific stages of disease progression. The Venn-diagram depicts the number of
genes that are differentially expressed compared to the normal liver group (N) within the specific phenotypes. Selected genes were
filtered on log2 Fold Change under -0.5 or over 0.5, and a P value of 0.001. HC, high copper; HCH, high copper hepatitis; HCCH, high

copper chronic hepatitis.
https://cbi.org/10.1371durnal.por.0176826.906
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(B), and high copper chronic hepatitis (C).
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6B).Genesn the networksof the HCH group mostlyinvolvedthoseof the kinin-kallikrein
systemgcomplementactors(C9,factorB), andchemokinesFor the chronicform of hepatitis
(HCCH), themostsignificanttranscriptionaldifferencesverefound in celladhesioradapta-
tionsand cytoskeletomemodelling(Fig 6C). Apoptosisdevelopmentind proteolysisvere
otherimportant biologicalprocessewith multiple pathwaysnvolved.Differentiallyexpressed
genesn the celladhesiorand cytoskeletomemodellingpathwaysncludeextracellulamatrix
(ECM) constitutors(collagensgalectinslaminins), ECM remodellingenzymegADAM
metallopeptidased,IMP), cytoskeletortomponentgtubulin, vimentin, myosin,actin),integ-
rins, andamyloid proteins(APP,APLP2) Numerousgenegncodingfor proteinsinvolved
inflammation,coagulatiorandimmune responseaverepresentExamplesncludecytokines,
chemokinesgrowthfactors,coagulatiorcomponentssignaltransducersandtranscription
factors.

Discussion

This studyshowsranscriptomicalterationsn four well-definedgroupsof Labradorretrievers,
representingpnenormal groupandthreesuccessivstage®f copper-associatduepatitis.Tar-
getedgeneapproachshowedhe relativelyminor effectof transcriptionalregulationof cellular
coppermetabolismduring diseasewhereasnicro-arraystudyhighlightedtheimmediate
involvementof inflammatorypathwaysfollowedby matrix remodelingpathwayslmportantly
theseresultselucidateaspect®f copperasaninitiating factor,introduceAPPascandidate
genefor copper-associatethronic hepatitis andlastlyshedight on the molecularback-
groundof (chronic) hepatitis.

In this studyweshowthat Labradorretrieversin the HC groupalreadyhadchangesn cop-
per metabolismgenesand multiple cellularpathwaysincluding inflammatory,cellstructural
anddevelopmentabathwayswhile no appreciabléistopathologicasignsof hepatocellular
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injury werevisibleat histology Evidencesuggestthatthe upregulationof the copperscaven-
gerMT1A with increasingcopperlevelss the cell'sfirst responséo try to maintainhomeosta-
sisandprotectthe cellfrom coppertoxicity. Theseindingsarein line with previousstudiesn
Wilson diseas@atients[49]LECrats[50,51]and COMMD1-deficientdogs[29)with high
copperconcentrationsThe copperinducedMT transcriptionis initiated through both metal-
andoxidativestresgesponsiveignaltransductionpathways[52]COMMDI mRNA levels
werealsoincreasedn the HC group. COMMD1 specificallybindscopper(1)[53] andis
believedo beinvolvedin the quality control of both coppertransportingATPaseandin the
biliary excretionof copperin case®f high hepaticcopperconcentrations[14,154]. Asboth
theincorporationof copperinto ceruloplasmin[55,56dnd ATP7Btrafficking form the Trans
GolgiNetwork (TGN) is not affectecoy COMMD1[14,57],COMMDL1 is thoughtto actin the
final stepof biliary copperexcretion[16].Thereforethe combinedincreasesf MT1A and
COMMDI1 mRNA levelscouldbean effectivewayof loweringhepaticcopper.

Althoughtwo non-synonymousnutationsin ATP7Aand ATP7B togetherexplaining
12.5%of the geneticvariability, wererecentlyidentifiedin Labradorretrievers[28]no signifi-
cantdifferentialexpressiowasfound in neitherof thetwo coppertransportersn neitherdis-
easestageThis canbeexplainedoy the factthat both missensenutationsdo not influence
MRNA expressionevelsThefunctionaleffectof ATP7B:p.Arg1453Glwasexertedoy mislo-
calizationof the mutant proteinto the endoplasmigeticulum. ATP7A:p. Thr327Iledid not
resultin aberranttrafficking or retention,but likely exertsits effectvia aberrantcatalyticactiv-
ity dueto distortion of the phosphorylatiorsite.(ref DMM.)

Multiple humanandanimalstudiesndicatethat oxidativestresss oneof the mostimpor-
tant deleteriouseffectof excessopperJeadingto hepatocellulamjury[58+65].However,
recentstudiedn fibroblastsfrom ATP7A mousemutantsandliver samplesrom ATP7B
knock-outmice,did not detectconvincingevidenceof oxidativestrescausedy excessop-
per[66,67]From our datawe observeonly modestevidenceor oxidativestressn the HC
groupexistsdifferentialmRNA expressiorof oxidativestress-responsiteanscriptionfactors
andgenesvasidentified with gPCRandmicroarrayanalysisincluding M T, Syk, MAP kinases,
NF-kBfamily, MAT1A and GSTPI. However,n the presentstudythe possiblgpresencef oxi-
dativestresavasonly evaluatean mRNA level.Previousstudiesin copper-sensitivélorth
Ronaldsagheeshowedhattherewasevidenceof copper-inducedxidativestresswith acute
mitochondrialdamageand stellatecell activationasdetectedwith ultrastructuraltechniquess
wellaswith proteomics[63+65Furtherstudieswith similartechniqueshouldrevealif these
changesrealsoseerin Labradorretrieverswith high hepaticcopperconcentrations.

In the HC group, 11/32differentiallyexpresse@athwaysreassociatedith inflammation
althoughtherewereno histopathologicasignsof inflammationvisible.Anotherremarkable
finding wasthe differentialexpressiorof cytoskeletahnd celladhesiorrelatedgenesn the
HC comparedo the NL group.Similarresultswerefound in astudyinto copperoverloadin
fibroblastcellsfrom two mousemutants[67].Altogether theresultsin the HC groupcomprise
changegoncerningvariousaspect®f cellularhomeostasisndicating the primary role of cop-
perin thedevelopmenbf hepatocellulamjury. Whenhomeostatidefensenechanismstart
to fail, progressiorniowardsthe nextdiseasstageoccurs.

In thetransitionto the HCH stageof the diseaseinflammatoryandblood coagulatiorpath-
wayswhich areknown to stronglyinteractandinfluenceeachother[68],areenrichedand
playanimportantrole in the diseas@rogressionSimilarresultswerefound during disease
progressionn LECrats,wheregeneselatedto inflammationandacutephaseproteinswere
upregulatedvhencopperaccumulatiorprogressedo hepatitis[51].As shownwith gPCR
analysisMATIA in theHCH groupwassignificantlydecreasedomparedo the HC group.
MAT1A encodedor theisoenzymeMATI andMATIII, responsibldor the synthesiof s-
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adenosylmethioninéSAM), the keymethyldonor involvedin numerousmethylationreac-
tions. Thedecreasa MATIA expressionsin agreemenwith theresultsfoundin LECratsas
wellasin cirrhotic liversof Wilson diseas@atients[69,70]lt wasdemonstratedhatthe
mMRNA reductionor knockoutof MAT1A alsocauseddecreasé proteinlevelsandsubse-
guentlyadecreasef SAM andglutathionelevels[70,71JAsaconsequencéAT1A knockout
mice showedaninduction of manyacutephaseproteinsandinflammatorymarkersandwere
shownto bemore susceptibléo the developmentf liver injury. Themeasuredlecrease
MAT1A mRNA, leadingto adecreasen SAM, maycontributeto the pathogenesisf liver
injury in the HCH groupandthe progressiortowardsHCCH. This wasalsohypothesizedh
North Ronaldsagheepacoppertoxicosissusceptibléreed with adecreasen MAT protein
levelsupon copperchallenge[65]Two studiesn humanswith alcoholicliver diseaseshowed
no convincingevidencdo supportor refutethe benefitof SAM treatment[72] Howevertwo
studiesin dogssuggesbeneficiakeffectsof SAMtreatmentin dogswith hepaticdiseases
[73,74],andthereforefurther studiesof this agentin the treatmentof dogswith chronichepa-
titis arewarranted.

In the HCH group,hepaticcopperconcentrationgeacha maximumlevelatwhich MT1A
and MT2A aremaximallyexpressedn thelaststageof the diseas¢HCCH) both coppercon-
centrationsand metallothionein(MTIA and MT2A) expressiordecreasedomparedo the
HCH group.Thisdecreas@n hepaticcopperhasbeendescribedreviouslyand might bedue
to necrotichepatocytethatreleaseheir copperburdenandregenerativeodulesthatinitially
do not containcopper[75,76]When copperconcentrationsn the HCCH groupdecreaseyiT
leveldecreasalso.Theseaesultsarein agreementvith findings of chronic copperoverloadin
Dobermans[61hndBedlingtonterriers[62]andalongitudinal studyof coppertoxicosisn
five COMMD1-deficiert dogs[29]In this stageof thediseasecopper-loaded T in thelyso-
somesds subjectedo (incomplete)degradationrenderinga possibleeactivedegradation
productwhich could potentiallyfurther amplify liver damage[77,78].

A potentiallyimportant finding wasthe strongupregulationof APP in the HCCH group
comparedo theHCH group.In addition,amyloid proteinsalsorepresente@neof the
enrichedprocessetworksin the HCCH group. The APPprotein productsareknown to be
involvedin the pathogenesief Alzheimerdiseaseand seento haveanimportantrolein cop-
perhomeostasiaswell[79]. APPis atransmembrangroteinthatis ableto bind andreduce
copperatthe extracelluladomainatacysteine-riclregionof the N-terminus[80].Several
studiesproposethat APPhasarolein cellularefflux of copperasoverexpressionf APP
resultedin decreasedopperconcentrations[81,82{Converselymutant APPlackingcopper
binding domainresultedin increasedtellularcopperconcentrations[81]ln addition, APP
knockoutmice showedo haveincreasedopperconcentrationsn their liversandbrain[82].
It wasrecentlydemonstratedhat high cellularcopperconcentrationgromotethetrafficking
of APPfrom the TGN to the plasmamembranen epithelialandneuronalcells[83,84]Copper
depletechumanfibroblastsdueto overexpressionf the Menkesdiseas@rotein, presented
with adownregulationof APPgeneexpressiorand decreased PP protein concentrations
[85]. Our findingsaresimilar to astudyof chronic copperoverloadin fibroblastcellsfrom
two mousemutants that found up-regulationof APP andprion protein (PRNP)[67]. These
findingsindicatethatthe relativeabundancef APP transcriptsin our studyis anadaptive
responséo prolongedhighintracellularcopperevels Therefore APPmight beconsideredas
candidategenefor chronic copperassociatedisease.

Histologicalchangesn HCCH arepredominantlycharacterizedby hepatocellulaapopto-
sisandnecrosisamononuclearr mixedinflammatoryinfiltrate, regeneratiorandthe pres-
enceof fibrosisandcirrhosis[40].Two studiesn humanswith chronic hepatitisC alsoshowed
changedn geneencodingcytoskeletororganization ECM productionandremodeling,
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cytokinesgrowthfactorscelljunction, andcellproliferation[86,87]In dogswith chronichep-
atitis, regulationof fibrosis-relatedyenege.g. collagensmatrix metalloproteinased,GFp) cor-
relateswith the degreeof fibrosisand diseas@rogression[88]lt isthereforenot surprising
that processietworksin the HCCH groupshowa strongenrichmentfor celladhesiongyto-
skeletorrearrangementapoptosisgevelopmentandinflammation.

Oneof thelimitations of this studyis the lack of longitudinal biopsiesof the samedogs.The
increasen statisticapowerby alongitudinal studywould beat the costof aseveraeduction
in numberof samplesThereforeliver biopsieof differentdogsin successivdiseasstages
wereusedAlso,in the currentstudy,two approachesvereusedatargetedjPCRapproach
for coppermetabolismand oxidativestresgyenesand agenome-wideexpressiorapproach,
andtheresultspresentecinddiscussedrean overlappingcombinationof thesetwo tech-
nigues.Exceptfor APP,whichwasalsopart of the enrichednetworksin the microarray,no
coppermetabolisnmor oxidativestresgpathwaysvereenrichedin the microarrayanalysisCor-
roboratingdatafrom apreviousstudy[89],no differentialexpressiorin mostof the copper
genewasfound with the more sensitivegPCRtechnique This might implicatethat transcrip-
tional regulationof coppermetabolisnis not the mostimportant mechanisnfor regulating
copperhomeostasidt is known that,upon changingintracellularcopperconcentrations,
alteredtrafficking or posttranslationamodifications,suchasubiquitination, of proteinsare
mechanismgor maintainingcopperhomeostasis[2,90,9 1hterestingly two otherstudies
from our groupwereableto detectdifferentialexpressiorf somecopper-and oxidativestress
relatedgenesn Dobermansand COMMD1-deficientdogswith gPCR[29,61]Thevariation
betweerresultsmight bedueto highercopperconcentrationsn COMMD1-deficientdogsor
to thefactthatweonly lookedfor differentialexpressiometweertwo successivstage ®f
diseases.

Conclusions

Thisis thefirst studyclearlydescribingiranscriptomicalterationsin liversof Labradorretriev-
ers,representingnitial copperaccumulationcopper-inducechepatitis,andlastlycopper-
associatedhronichepatitis.Our resultsshowthat prior to appreciabléistologicalkignsin the
liver,changes$n copperconcentrationis a primary eventleadingto changesn severatellular
pathwaysTheupregulationof MT1A and COMMDI showshe liversfirst adaptiveresponse
to rising intracellularcopperconcentrations.

Increasedexpressiorof APP in the chronic hepatitisphasés presumedo bespecificfor
chroniccopper-accumulatingiseasesthis is thoughtto beanadaptiveresponséo pro-
longedhighintracellularcopperlevelsTranscriptomicalterationsn theliver, histologically
characterizedby fibrosis,aremainly dominatedby changeén cellstructureandarrangements.
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