


andcopperexcretionviathebiliary system.Whenin excess,coppercanbehighly toxicand
caninduceoxidativestressby theformationof reactiveoxygenspecies(ROS)[3±5].Copper
inducedhydroxylradicalscanleadto DNA damage,oxidationof bases,andlipid peroxidation.
Therefore,copperuptake,distribution,andexcretionaretightly regulatedandmediatedby
severalcopperbinding proteins[6](Fig1).Copperuptakeby theenterocyteandhepatocyteis
mediatedbyCTR1[7].Intracellularcopperis immediatelyboundandtransportedbyglutathi-
one,whichhasanimportant role in thecellulardefenceagainstoxidativestress,or storedand
incorporatedinto metallothioneins(MT)[4]. Specificcopperchaperonesescortcopperto their
destinationmolecules.ThechaperoneCOX17directscopperto cytochromeC oxidasein the
mitochondria[8,9].CCSis thechaperonefor Cu/Zn superoxidedismutase(SOD1),which
playsanimportant role in thedefenceagainstoxidativestress[10].ATOX1deliverscopperto
thecoppertransportingATPases,ATP7AandATP7B.ATP7Bispredominantlyexpressedin
theliver andfacilitatesincorporationof copperin theferroxidaseceruloplasmin(CP)[11].
Further,studiesin humancelllinesindicatethatATP7Bmediatesexcretionof excesscopper
viatheapicalmembraneinto bilecanaliculi[12,13].Thebiliary excretionof copperalsode-
pendson COMMD1, whichinteractswith theaminoterminusof ATP7Bandisapresumed
regulatorof ATP7Bstability[14,15].Although,it seemsclearthatCOMMD1 hasarole in cop-
perhomeostasis,theexactmechanismsof its actionsin biliary copperexcretion,still needto
beelucidated[16].

Theimportanceof thetight regulationof copperhomeostasisisshownbydiseasescaused
bymutationsin thecoppertraffickinggenes.Mutationsin ATP7A,resultin theX-linked
recessivedisorderMenkesdisease[17].Mutationsin ATP7Bareresponsiblefor theautosomal
recessiveWilsondisease[18].Familialcoppertoxicosisisalsocommonin severaldogbreeds
[19±24].Dueto thelimited geneticvariabilitywithin inbreddogpopulations[25],dogsare
usedaslargeanimalmodelto dissectgeneticsbasisof (complex)inheriteddiseases[26±29].A
deletionof exon2of theCOMMD1 genewasfound in affectedBedlingtonterriers[24],leading
to undetectableprotein in leverhomogenatesof affecteddogs[30].A differentform of copper
associatedhepatitisis recognizedin otherdogbreeds,including theLabradorretriever.Pedi-
greestudiesin theLabradorretrievershowedacomplexgeneticbackground[23,31],but no
mutationsin theCOMMD1 genehavebefound.Recentlytwo missensemutationsin copper
transportersATP7B(Wilson diseasegene)andATP7A(Menkesdiseasegene)thatwerere-
spectivelypositivelyandnegativelyassociatedto hepaticcopperlevelswereidentifiedin Labra-
dor retrievers[28].Besidesageneticbackground,hepaticcopperconcentrationsin Labrador
retrieversarealsoinfluencedbydietarycopperintake[32],exemplifyingthesimilaritieswith
bothWilsonsdiseaseandnon-Wilsonianecogeneticformsof humancoppertoxicosis.Af-
fectedLabradorretrieversaccumulatecopperin their liversandcanreachcopperlevelsof
over4,000mg/kgdry weightliver[33,34],whereasnormalcopperlevelsin dogliver are< 400
mg/kgdry weightliver (dwl)[35]. In bothhumansanddogs,hepaticcopperaccumulationmay
leadto hepatitisandeventuallycirrhosis.Althoughit isassumedthatcopperis theprimary
eventtriggeringhepatocellularinjury, goodsupportingevidenceisstill lacking.Whenthe
diseaseprogresses,regeneration,apoptosisandfibrosispathwaysappearto dominate[36].
Althoughsomeconceptsin thediseaseinitiation andprogressionof copperaccumulatingdis-
easeshavebeenshared,theexactmolecularmechanismsandpathwaysleadingto copperaccu-
mulation,hepatocellularinjury anddiseaseprogressiontowardchronichepatitisstill remain
unclear.To gainmoreinsightsin thediseaseinitiation andpathogenesisof hereditarycopper-
associatedhepatitisin Labradorretrievers,weinvestigatedtranscriptomicalterationsin liver
tissueof affectedLabradorretrieversin variousstagesof copper-associatedhepatitis.In addi-
tion, by includingdogswith normalhistologybut increasedhepaticcopperconcentrationswe
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canexploreif copperaccumulationis indeedaprimary eventtriggeringsubsequentinflamma-
tory processes.

Theresultsof thisstudyrepresentatargetedcandidategeneapproachaswellasatranscrip-
tomeanalysis.It describestherangeof eventsin coppermetabolism,oxidativestress,inflam-
mation,andcelladaptationstowardschronichepatitisandfibrosisin theLabradorretriever.
SinceLabradorretrieversareanaturalnon-rodentmodelfor Wilsonandnon-Wilsoncopper
toxicosistheresultsof thisstudycanaid in improvedmanagementof humancopperstorage
disordersandon humanchronichepatitiscasesin general.

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 ATP7B[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://doi.org/10.1371/journal.pone.0176826.g001
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Materials and methods

Animals

All Labradorretrievers(n = 31)(S1Table)werereferredto theDepartmentof ClinicalSci-
encesof CompanionAnimals,UtrechtUniversity.MostLabradorretrieverswereclient-
ownedclinicalhealthydogsthatparticipatedin theongoingresearchprograminto copper-
associatedhepatitis.A subsetof Labradorretrieverswasreferreddueto clinicalsignsof hepa-
tobiliary disease.Dogsunderwentaphysicalexaminationandbloodwascollectedto check,
alanineaminotransferase(ALT, ref< 70U/L),alkalinephosphatase(ALP,ref<89U/L) and
pre-prandialbileacids(BA, ref< 10μmol/L),andcoagulationparametersprior to thebiopsy
procedure.No treatmentwasinitiatedprior to tissuecollection.

Liverbiopsiesweretakenunderultrasoundguidancewith a14G needleusingaTru-cut
deviceasdescribedpreviously[37].Onebiopsyspecimenwasfixedin 4%neutralbuffered
formaldehydeandembeddedin paraffin.Fivemicron thick slideswerecut andstainedwith
haematoxylinandeosinfor routineevaluation,with rubeanicacid(RA)[38] for semi-quantita-
tivecopperscoringandfor fibrosisaccordingto GordonandSweet'sstainingprotocol[39]
basedon reticulin expression.All histologicalevaluationswereperformedbyoneboardcerti-
fiedpathologistaccordingto theWSAVAstandards[40].Dogswith hepatitiswerecharacter-
izedbyacombinationof inflammation,hepatocellularapoptosis,necrosisandpossibly
regeneration,of whichtheextentandpatterncanvary.A chronichepatitiswasidentified
whenadditionalfibrosiswaspresent,whetheror not leadingto architecturaldistortion.

An adjacentsampleof at least5 mgwascollectedin ametalfreecontainerandfreeze-dried
prior to thedeterminationof quantitativecoppercontentby instrumentalneutronactivation
analysis[41].Thethird tissuesamplewasstoredin RNAlater(AppliedBiosystems,Nieuwer-
kerka/d IJssel,TheNetherlands)for 24hoursat4ÊCandafterremovingsupernatantsubse-
quentlystoredat -80ÊCuntil analysis.All sampleswerecollectedaccordingto theAct on
VeterinaryPractice,asrequiredunderDutch legislation.Samplesweretakenwith informed
consentof theownersandall procedureswereknownandapprovedby theAnimal Welfare
Bodyof theUniversityof Utrecht.

Dogswereconsideredto havenormalhepaticcopperwhencopperconcentrationswere
<400mg/kgdry weightliver (dwl)[35]. Basedon hepaticquantitativecopperconcentrations
andhistopathologicevaluationof liver biopsyspecimens,dogsweredividedinto four groups.
Dogswithout histologicabnormalitiesandnormalhepaticcopperconcentrationswere
includedinto thecontrol group(N, normal liver).Thehighcoppergroup(HC) consistedof
dogswithout histologicabnormalitiesbut with increasedhepaticcopperconcentrations.Dogs
with histologicalevidenceof hepatitisandincreasedhepaticcopperconcentrationswere
includedinto thehighcopperhepatitisgroup(HCH), anddogswith chronichepatitisand
highcopperconcentrationswereincludedinto thehighcopperchronichepatitisgroup
(HCCH). Liver tissuewith normal liver histologyandnormalhepaticcopperconcentrations
(absenceof copperon rubeanicacidstainedslides;score= 0) weretakenfrom 10healthyBea-
gledogs.Thesedogswereeuthanizedfor otherunrelatedresearchwhichwasapprovedby the
localethicscommittee,asrequiredunderDutch legislation(ID 2007.III.08.110).Liver tissue
wasobtainedassurplusmaterial(University3Rpolicy).

RNA isolation and reverse transcription

TotalcellularRNA wasisolatedfrom liver tissueusingRNeasyMini Kit (Qiagen,Leusden,
TheNetherlands)accordingto themanufacturer'sinstructions.An on-columnDNase-I(QIA-
FEB,RNase-freeDNasekit) treatmentwasusedto digestresidualgenomicDNA. RNA
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concentrationsandqualityweremeasuredspectrophotometricallyusingtheNanodropND-
1000(IsogenLifeScienceBV, IJsselstein,TheNetherlands).RNA integrity wascheckedon a
Bioanalyzer2100(AgilentTechnologies,Amstelveen,TheNetherlands).TheRNA integrity
numberof all sampleswasaboveavalueof 7.CommonreferenceRNA for microarrayanalysis
consistedof mixedRNA isolatedfrom liver samplesfrom 10Beagledogs(controls).Persam-
ple3μgof RNA wasusedfor further workup.cDNA wassynthesizedfrom all RNA samples
with theiScriptTM cDNA SynthesisKit (Bio-Rad,Veenendaal,TheNetherlands)containing
botholigo-dTandrandomhexamerprimers.A totalof 600ngof RNA wasincubatedwith
iScriptreactionmix, iScriptreversetranscriptaseandnucleasefreewaterat42ÊCfor 30min,
in a60μl reactionvolume.

Targeted gene approach

mRNA expressionof coppermetabolismrelatedgenes(APP, ATOX1, ATP7A, ATP7B,
COMMD1, COX17, CP, CTR1, MT1A, MT2A, andXIAP) andgeneswith arole in theprotec-
tion againstoxidativestress(GCLC, GPX1, GSHS, GSHR, GSTP1, MAT1A, MAT2A) or both
(CCS andSOD1) (S2Table)weremeasuredwith quantitativereal-timepolymerasechain
reaction(qPCR)in 28dogs(four groups,n = 7 for eachgroup).RNA expressionof sixen-
dogenousreferencesgenes;ribosomalproteinS19(RPS19), beta-2microglobulin(B2M),
hypoxanthine-guaninephosphoribosyltransferase(HPRT), ribosomalproteinL8(RPL8),
glyceraldehyde-3-phosphatedehydrogenase(GAPDH), andribosomalproteinS5(RPS5) was
performedin orderto normalizeexpression[42].Primersequencesfor specificsequence-con-
firmed amplicons(S3Table)andqPCRconditionswereasdescribedpreviously[43].The
qPCRreactionswereperformedin duplicateusingaBio-Raddetectionsystem.Amplifications
werecarriedout in avolumeof 25μl containing12.5μl of SYBRgreensupermix(BioRad),
0.4μM of forwardandreverseprimer and1μl cDNA in milliQ water.Cyclingconditions
were:denaturationat95ÊCfor 3minutes,followedby45cyclesof denaturation(95ÊCfor 10s)
andannealing/elongation(temperaturesin S3Table)for 30s.A melt curveanalysiswasper-
formedfor everyreactionto verifyampliconspecificity.IQ5 Real-TimePCRdetectionsystem
software(BioRad)wasusedfor dataanalysis.A no templatecontrol wasalsorun in duplicate
with eachplateasanegativecontrol.Expressionlevelswerenormalizedbyusingtheaverage
expressionlevelsof thereferencegenestakinginto accountthePCRefficienciespergene
product.

Transcriptome analysis

CanineGeneExpressionMicroarraysV1 (AgilentTechnologies,Belgium)representing42,034
canine60-merprobesin a4x44Klayoutwereused.Theexperimentwascarriedout in dye
swapset-upin 18Labradorretrieverdogs(N: n = 4,HC: n = 5,HCH: n = 4,HCCH: n = 5,ran-
domsamplespergroup).RNA amplificationsandlabelingwereperformed[44]on anauto-
matedsystem(CaliperLifeSciencesNV/SA,Belgium)with 3μg totalRNA from eachsample.
Hybridizationsweredoneon aHS4800PROsystemsupplementedwith QuadChambers
(TecanBeneluxB.V.B.A.,Giessen,TheNetherlands)using1000ng labeledcRNAperchannel
[45]. Hybridizedslideswerescannedon anAgilentscanner(G2565BA)at100%laserpower,
100%PMT.After automateddataextractionusingImagene8.0(BioDiscovery),printtip Loess
normalizationwasperformed[46]on meanspot-intensities.Dye-biaswascorrectedbasedon a
within-setestimate[47].Geneenrichmentbasedon biologicalprofilesandpathwayswasper-
formedusingtheMetaCoreprogram(GeneGo,ThomsonReuters,St.Joseph,MI, USA)by
rankingthesignificantontologyandpathwaysdominantin eachstageof diseaseprogression.
All datahavebeendepositedin NCBI'sGeneExpressionOmnibus[48]andareaccessible
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throughGEOSeriesaccessionnumberGSE86932(http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE86932).

Statistical analyses

All qPCRdatawereanalyzedusingRstatisticsversion3.1.2(RCoreTeam2014).Relativegene
expressionof eachgeneproductwasusedasthebasisof all mRNA comparisons.A Mann-
WhitneyU testwasusedto determinestatisticaldifferencesbetweeneachsuccessivepheno-
typein diseaseprogression.Pvalueswereadjustedfor multiple comparisonsusingtheBonfer-
roni correction.

MicroarraydatawasanalyzedusingANOVA. In afixedeffectanalysis,sample,arrayand
dyeeffectsweremodeled.PvaluesweredeterminedbyapermutationF2-test,in whichresidu-
alswereshuffled5,000timesglobally.Geneswith P< 0.05aftereitherfamily wiseerror cor-
rection(FWER)or determinationof falsediscoveryrate(FDR)wereconsideredsignificantly
changed.Resultinggene-listsfrom indirect comparisonsbetweenthediseasedgroupsnormal
vshighcopper,highcoppervshighcopperhepatitis,highcopperhepatitisvshighcopper
chronichepatitiswereusedfor subsequentgenesetenrichmentanalysis.

Results

Animal characteristics

Labradorretrieversweredividedinto four groups,basedon their hepaticquantitativecopper
concentrationsandhepatichistologyresults(S1Table).TheN groupincludedsevendogsall
of whichwereclinicallyhealthydogswith normalALT (median40U/L), ALP(median21U/
L), BA (median3μmol/L) andcopperconcentrations(median260mg/kgdwl, range195±335
mg/kgdwl). Eightdogswereincludedin theHC (mediancopper1,035mg/kg/dw,range745±
2,050mg/kgdwl) andHCH (mediancopper2,380mg/kg/dw,range530±3,870mg/kgdwl)
groups.In bothgroupsall dogswereclinicallyhealthyandhadnormalALT (median32U/L
and44U/L respectively),ALP(median25U/L and27U/L respectively),andBA (median
4μmol/L both).Fiveout of eightdogsin theHCCH groupwereadmittedbecauseof clinical
signs.Mostcommonclinicalsignswereanorexia,vomiting, lethargy,icterusandpolyuriaand
polydipsia.Dogshadincreasedliver enzymes(medianALT 236U/L, medianALP103U/L)
and/orbileacids(medianBA 164μmol/L). Mediancopperconcentrationsin deHCCH
groupwere1,435mg/kg/dwl,range1,080±2,210mg/kgdwl.

Gene expression of copper metabolism related gene products

RelativemRNA expressionof genesencodingproteinsimportant in coppertraffickingand
metabolismwasmeasuredto gaininsightinto thepathogenesisof copper-associatedhepatitis
in Labradorretrievers.After Bonferronicorrectionfor multiple testing(S4Table),no signifi-
cantdifferentialmRNA expressionwasfound in ATOX, ATP7A, ATP7BA, COX17, CP, CTR1,
XIAP, andSOD1. APP, CCS, COMMD1, MT1A, andMT2A, weredifferentiallyexpressedin
oneor moregroupscomparedto theprecedingdiseasestage(Fig2 andFig3). In theHC
groupCOMMD1 andMT1A werebothupregulatedcomparedto theN group.COMMD1
mRNA levelswereincreased1.8times(range1.6±2.0,P<0.01),whileMT1A levelswere
increased1.9fold (range1.4±2.1,P = 0.02).In theHCCH group,APP levelswereincreased2.5
times(range1.8±4.1,P<0.01)comparedto theHCH group,while levelsof CCS (1.8range
1.4±2.4,P<0.01),MT1A (1.4range1.1±1.8,P<0.01),andMT2A (1.5range1.1±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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Gene expression of oxidative stress related gene products

To gaininsightin theoccurrenceof oxidativestressduring theinitiation andprogressionof
hepaticcopperaccumulation,mRNA levelsof MAT1A, MAT2A, SOD1, GCLC, GPX1, GSHR,
GSHS, andGSTP1 weremeasured.After correctionfor multiple testingtheonly significantdif-
ferenceswerefound in thegenescodingfor MAT1A andGSTP1, whichispartof theGSTfam-
ily. In theHC group,GSTP1 wasdecreased3.6times(range1.5±4.5,P= 0.04)comparedto the
N group(Fig2GandFig3).Comparedto theHC group,MAT1A levelsweredecreased1.3
timesin theHCH group(range1.1±2.0,P = 0.04,Fig2D).

Whole transcriptome microarray

Expressiondifferencescorrelatedwith diseaseprogressionweredetectedusingthegene
expressionmicroarray(Fig4).Clearclusteringwasdetectedbasedon phenotypicdifferences.
Phenotypespecificexpressionwasdetectedin thedifferentstagesHC group(293genes),HCH
group(99)andHCCH group(1,079)comparedto thenormalLabradorretrievergroup(Fig
5).Ninety-fivegeneswereonly expressedin theHC andHCH group,whencomparedto the
N group.In theHCH andHCCH group,130geneswerespecificallydifferentiallyexpressed
comparedto thenormal liver group.

Geneenrichmentbasedon biologicalfunctionallevelwasassessedusingMetacore(Thom-
sonReuters).Mostnetworksfitted into eighttypesof biologicalfunctions:inflammation,
development,celladhesion,cytoskeleton,protein folding,bloodcoagulation,proteolysis,and
apoptosis.In theHC groupanenrichmentwasfound for pathwaysinvolvedin celladhesion,
developmental,inflammatory,andcytoskeletonnetworks(Fig6A).Theencodedproteinsin
thesenetworksmainly includemembersof theNF-κBfamily,signaltransducerslike mitogen-
activatedproteinkinases(MAPK) andSyk,interleukins(IL-12,IL-2), TGF-alfa,andcelladhe-
sionandcytoskeletonelementssuchasplectin,cadherins,andtalin. In theHCH group,most
of thedetectedpathwaysinvolvedin thisstageof diseaseincludeinflammatorypathways(Fig

used for mRNA quantification of genes involved in copper metabolism. Gene expression of APP (A), CCS (B),

COMMD1 (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 I alpha; MT1A,

metallothionein 1A; MT2A, metallothionein 2A. � P��0.05, �� P��0.01.

https://doi.org/10.1371/journal.pone.0176826.g002

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 I

alpha; MT1A, metallothionein 1A; MT2A, metallothionein 2A.

https://doi.org/10.1371/journal.pone.0176826.g003
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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://doi.org/10.1371/journal.pone.0176826.g004

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://doi.org/10.1371/journal.pone.0176826.g005
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6B).Genesin thenetworksof theHCH groupmostlyinvolvedthoseof thekinin-kallikrein
system,complementfactors(C9,factorB),andchemokines.For thechronicform of hepatitis
(HCCH), themostsignificanttranscriptionaldifferenceswerefound in celladhesionadapta-
tionsandcytoskeletonremodelling(Fig6C).Apoptosis,developmentandproteolysiswere
otherimportant biologicalprocesseswith multiple pathwaysinvolved.Differentiallyexpressed
genesin thecelladhesionandcytoskeletonremodellingpathwaysincludeextracellularmatrix
(ECM) constitutors(collagens,galectins,laminins),ECMremodellingenzymes(ADAM
metallopeptidases,TIMP), cytoskeletoncomponents(tubulin, vimentin,myosin,actin),integ-
rins,andamyloidproteins(APP,APLP2).Numerousgenesencodingfor proteinsinvolved
inflammation,coagulationandimmuneresponsewerepresent.Examplesincludecytokines,
chemokines,growthfactors,coagulationcomponents,signaltransducers,andtranscription
factors.

Discussion

Thisstudyshowstranscriptomicalterationsin four well-definedgroupsof Labradorretrievers,
representingonenormalgroupandthreesuccessivestagesof copper-associatedhepatitis.Tar-
getedgeneapproachshowedtherelativelyminor effectof transcriptionalregulationof cellular
coppermetabolismduring disease,whereasmicro-arraystudyhighlightedtheimmediate
involvementof inflammatorypathways,followedbymatrix remodelingpathways.Importantly
theseresultselucidateaspectsof copperasaninitiating factor,introduceAPPascandidate
genefor copper-associatedchronichepatitis,andlastlyshedlight on themolecularback-
groundof (chronic)hepatitis.

In thisstudyweshowthatLabradorretrieversin theHC groupalreadyhadchangesin cop-
permetabolismgenesandmultiple cellularpathways,including inflammatory,cellstructural
anddevelopmentalpathways,whileno appreciablehistopathologicalsignsof hepatocellular

Fig 6. Process networks enriched in the different stages of disease. The unique genes involved in the different stages of disease were used to

determine functional enrichment using Metacore. The most involved and significant process networks are depicted for high copper (A), high copper hepatitis

(B), and high copper chronic hepatitis (C).

https://doi.org/10.1371/journal.pone.0176826.g006
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injury werevisibleathistology.Evidencesuggeststhat theupregulationof thecopperscaven-
gerMT1A with increasingcopperlevelsis thecell'sfirst responseto try to maintainhomeosta-
sisandprotectthecellfrom coppertoxicity.Thesefindingsarein line with previousstudiesin
Wilsondiseasepatients[49],LECrats[50,51],andCOMMD1-deficientdogs[29]with high
copperconcentrations.ThecopperinducedMT transcriptionis initiated throughbothmetal-
andoxidativestressresponsivesignaltransductionpathways[52].COMMD1 mRNA levels
werealsoincreasedin theHC group.COMMD1 specificallybindscopper(II)[53] andis
believedto beinvolvedin thequalitycontrol of bothcoppertransportingATPasesandin the
biliary excretionof copperin casesof highhepaticcopperconcentrations[14,15,54].Asboth
theincorporationof copperinto ceruloplasmin[55,56]andATP7Btrafficking form theTrans
GolgiNetwork(TGN) isnot affectedbyCOMMD1[14,57],COMMD1 is thoughtto actin the
final stepof biliary copperexcretion[16].Therefore,thecombinedincreaseof MT1A and
COMMD1 mRNA levelscouldbeaneffectivewayof loweringhepaticcopper.

Althoughtwo non-synonymousmutationsin ATP7AandATP7B,togetherexplaining
12.5%of thegeneticvariability,wererecentlyidentifiedin Labradorretrievers[28],no signifi-
cantdifferentialexpressionwasfound in neitherof thetwo coppertransportersin neitherdis-
easestage.Thiscanbeexplainedby thefactthatbothmissensemutationsdo not influence
mRNA expressionlevelsThefunctionaleffectof ATP7B:p.Arg1453Glnwasexertedbymislo-
calizationof themutantprotein to theendoplasmicreticulum.ATP7A:p.Thr327Iledid not
resultin aberranttraffickingor retention,but likely exertsits effectviaaberrantcatalyticactiv-
ity dueto distortion of thephosphorylationsite.(ref DMM.)

Multiple humanandanimalstudiesindicatethatoxidativestressisoneof themostimpor-
tant deleteriouseffectsof excesscopper,leadingto hepatocellularinjury[58±65].However,
recentstudiesin fibroblastsfrom ATP7A mousemutantsandliver samplesfrom ATP7B
knock-outmice,did not detectconvincingevidenceof oxidativestresscausedbyexcesscop-
per[66,67].Fromour dataweobserveonly modestevidencefor oxidativestressin theHC
groupexists;differentialmRNA expressionof oxidativestress-responsivetranscriptionfactors
andgeneswasidentifiedwith qPCRandmicroarrayanalysis,includingMT, Syk, MAP kinases,
NF-κBfamily,MAT1A andGSTP1. However,in thepresentstudythepossiblepresenceof oxi-
dativestresswasonly evaluatedon mRNA level.Previousstudiesin copper-sensitiveNorth
Ronaldsaysheepshowedthat therewasevidenceof copper-inducedoxidativestresswith acute
mitochondrialdamageandstellatecellactivationasdetectedwith ultrastructuraltechniquesas
wellaswith proteomics[63±65].Furtherstudieswith similar techniquesshouldrevealif these
changesarealsoseenin Labradorretrieverswith highhepaticcopperconcentrations.

In theHC group,11/32differentiallyexpressedpathwaysareassociatedwith inflammation
althoughtherewereno histopathologicalsignsof inflammationvisible.Anotherremarkable
finding wasthedifferentialexpressionof cytoskeletalandcelladhesionrelatedgenesin the
HC comparedto theNL group.Similarresultswerefound in astudyinto copperoverloadin
fibroblastcellsfrom two mousemutants[67].Altogether,theresultsin theHC groupcomprise
changesconcerningvariousaspectsof cellularhomeostasis,indicatingtheprimary roleof cop-
perin thedevelopmentof hepatocellularinjury. Whenhomeostaticdefensemechanismsstart
to fail, progressiontowardsthenextdiseasestageoccurs.

In thetransitionto theHCH stageof thedisease,inflammatoryandbloodcoagulationpath-
ways,whichareknownto stronglyinteractandinfluenceeachother[68],areenrichedand
playanimportant role in thediseaseprogression.Similarresultswerefoundduring disease
progressionin LECrats,wheregenesrelatedto inflammationandacutephaseproteinswere
upregulatedwhencopperaccumulationprogressedto hepatitis[51].Asshownwith qPCR
analysis,MAT1A in theHCH groupwassignificantlydecreasedcomparedto theHC group.
MAT1A encodesfor theisoenzymesMATI andMATIII, responsiblefor thesynthesisof s-
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adenosylmethionine(SAM),thekeymethyldonor involvedin numerousmethylationreac-
tions.Thedecreasein MAT1A expressionis in agreementwith theresultsfound in LECratsas
wellasin cirrhotic liversof Wilsondiseasepatients[69,70].It wasdemonstratedthat the
mRNA reductionor knockoutof MAT1A alsocausedadecreasein protein levels,andsubse-
quentlyadecreaseof SAMandglutathionelevels[70,71].Asaconsequence,MAT1A knockout
miceshowedaninduction of manyacutephaseproteinsandinflammatorymarkersandwere
shownto bemoresusceptibleto thedevelopmentof liver injury. Themeasureddecreasein
MAT1A mRNA,leadingto adecreasein SAM,maycontributeto thepathogenesisof liver
injury in theHCH groupandtheprogressiontowardsHCCH. Thiswasalsohypothesizedin
North Ronaldsaysheep,acoppertoxicosissusceptiblebreed,with adecreasein MAT protein
levelsuponcopperchallenge[65].Two studiesin humanswith alcoholicliver diseasesshowed
no convincingevidenceto supportor refutethebenefitof SAMtreatment[72].Howevertwo
studiesin dogssuggestbeneficialeffectsof SAMtreatmentin dogswith hepaticdiseases
[73,74],andthereforefurther studiesof thisagentin thetreatmentof dogswith chronichepa-
titis arewarranted.

In theHCH group,hepaticcopperconcentrationsreachamaximumlevelatwhichMT1A
andMT2A aremaximallyexpressed.In thelaststageof thedisease(HCCH) bothcoppercon-
centrationsandmetallothionein(MT1A andMT2A) expressiondecreasedcomparedto the
HCH group.Thisdecreasein hepaticcopperhasbeendescribedpreviouslyandmight bedue
to necrotichepatocytesthat releasetheir copperburdenandregenerativenodulesthat initially
do not containcopper[75,76].Whencopperconcentrationsin theHCCH groupdecrease,MT
levelsdecreasealso.Theseresultsarein agreementwith findingsof chroniccopperoverloadin
Dobermans[61]andBedlingtonterriers[62]andalongitudinalstudyof coppertoxicosisin
fiveCOMMD1-deficient dogs[29].In thisstageof thedisease,copper-loadedMT in thelyso-
somesissubjectedto (incomplete)degradation,renderingapossiblereactivedegradation
productwhichcouldpotentiallyfurther amplify liver damage[77,78].

A potentiallyimportant finding wasthestrongupregulationof APP in theHCCH group
comparedto theHCH group.In addition,amyloidproteinsalsorepresentedoneof the
enrichedprocessnetworksin theHCCH group.TheAPPproteinproductsareknownto be
involvedin thepathogenesisof Alzheimerdisease,andseemto haveanimportant role in cop-
perhomeostasisaswell[79].APPisatransmembraneprotein that isableto bind andreduce
copperat theextracellulardomainatacysteine-richregionof theN-terminus[80].Several
studiesproposethatAPPhasarole in cellulareffluxof copperasoverexpressionof APP
resultedin decreasedcopperconcentrations[81,82].Conversely,mutantAPPlackingcopper
binding domainresultedin increasedcellularcopperconcentrations[81].In addition,APP
knockoutmiceshowedto haveincreasedcopperconcentrationsin their liversandbrain[82].
It wasrecentlydemonstratedthathighcellularcopperconcentrationspromotethetrafficking
of APPfrom theTGN to theplasmamembranein epithelialandneuronalcells[83,84].Copper
depletedhumanfibroblastsdueto overexpressionof theMenkesdiseaseprotein,presented
with adownregulationof APPgeneexpressionanddecreasedAPPproteinconcentrations
[85]. Our findingsaresimilar to astudyof chroniccopperoverloadin fibroblastcellsfrom
two mousemutants,that foundup-regulationof APP andprion protein (PRNP)[67]. These
findingsindicatethat therelativeabundanceof APP transcriptsin our studyisanadaptive
responseto prolongedhigh intracellularcopperlevels.Therefore,APPmight beconsideredas
candidategenefor chroniccopperassociateddisease.

Histologicalchangesin HCCH arepredominantlycharacterizedbyhepatocellularapopto-
sisandnecrosis,amononuclearor mixedinflammatoryinfiltrate, regenerationandthepres-
enceof fibrosisandcirrhosis[40].Two studiesin humanswith chronichepatitisC alsoshowed
changesin genesencodingcytoskeletonorganization,ECMproductionandremodeling,
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cytokines,growthfactors,celljunction,andcellproliferation[86,87].In dogswith chronichep-
atitis,regulationof fibrosis-relatedgenes(e.g. collagens,matrix metalloproteinases,TGFβ)cor-
relateswith thedegreeof fibrosisanddiseaseprogression[88].It is thereforenot surprising
thatprocessnetworksin theHCCH groupshowastrongenrichmentfor celladhesion,cyto-
skeletonrearrangement,apoptosis,development,andinflammation.

Oneof thelimitationsof thisstudyis thelackof longitudinalbiopsiesof thesamedogs.The
increasein statisticalpowerbyalongitudinalstudywouldbeat thecostof aseverereduction
in numberof samples.Therefore,liver biopsiesof differentdogsin successivediseasestages
wereused.Also,in thecurrentstudy,two approacheswereused;atargetedqPCRapproach
for coppermetabolismandoxidativestressgenesandagenome-wideexpressionapproach,
andtheresultspresentedanddiscussedareanoverlappingcombinationof thesetwo tech-
niques.Exceptfor APP,whichwasalsopartof theenrichednetworksin themicroarray,no
coppermetabolismor oxidativestresspathwayswereenrichedin themicroarrayanalysis.Cor-
roboratingdatafrom apreviousstudy[89],no differentialexpressionin mostof thecopper
geneswasfoundwith themoresensitiveqPCRtechnique.Thismight implicatethat transcrip-
tional regulationof coppermetabolismisnot themostimportant mechanismfor regulating
copperhomeostasis.It isknown that,uponchangingintracellularcopperconcentrations,
alteredtraffickingor posttranslationalmodifications,suchasubiquitination,of proteinsare
mechanismsfor maintainingcopperhomeostasis[2,90,91].Interestingly,two otherstudies
from our groupwereableto detectdifferentialexpressionof somecopper-andoxidativestress
relatedgenesin DobermansandCOMMD1-deficientdogswith qPCR[29,61].Thevariation
betweenresultsmight bedueto highercopperconcentrationsin COMMD1-deficientdogsor
to thefactthatweonly lookedfor differentialexpressionbetweentwo successivestagesof
diseases.

Conclusions

This is thefirst studyclearlydescribingtranscriptomicalterationsin liversof Labradorretriev-
ers,representinginitial copperaccumulation,copper-inducedhepatitis,andlastlycopper-
associatedchronichepatitis.Our resultsshowthatprior to appreciablehistologicalsignsin the
liver,changesin copperconcentrationisaprimary eventleadingto changesin severalcellular
pathways.Theupregulationof MT1A andCOMMD1 showstheliversfirst adaptiveresponse
to rising intracellularcopperconcentrations.

Increasedexpressionof APP in thechronichepatitisphaseispresumedto bespecificfor
chroniccopper-accumulatingdiseaseasthis is thoughtto beanadaptiveresponseto pro-
longedhigh intracellularcopperlevels.Transcriptomicalterationsin theliver,histologically
characterizedby fibrosis,aremainlydominatedbychangesin cellstructureandarrangements.
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