Hepatic copper accumulation
in Labrador retriever and

N

7EI OT1 60 AEOAA

Wherehuman and canine diseases come together

Yara Roelen

Honours Program 20122013
Department of companion animals
Faculty of veterinary medicine, Univesity of Utrecht




Hepatic copper accumulation in
human and dog

(ADPAOEA AT PPAO AAAOI O1 AGET T EI
disease in human patients

This research project is embedded in the Tissue Repair research program of the Department of
Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine, Utrecht University, the
Netherlands.

Yara Roelen

Principal investigator: Yara Roelen
Cambridgelaan 283
3584 DZ Utrecht
y.s.roelen@students.uu.nl
Daily supervisor: Drs. Hille Fieen
Supervisors: Dr. Bart Spee
Dr. P. Leegwater
Prof. Dr. Jan Rothuizen




Contents

Chapter 1: General introduction
Copper and copper transport
Body copper homeostasis
First phase of copper transport
Cellular cqper transport
Copper toxicosis and oxidative stress
Copper related diseases
Human diseases
Menkebds disease
Genetics
Phenotype and genotype
Diagnosis, treatment anmognosis
Wil sonds disease
Diagnosis
Treatment
Prognosis
Genetics

Canine diseases
Canine copper related diseases
Copper accumulation in the Labradoriever
Copper accumulation over time
Genetics
Diagnosis
Therapy
Prognosis
Biomarkers for hepatic copper status
References

Chapter 2: Objectives

Chapter 3Testing specificity of CCS and SOD1 antibodies for biomarker assays in the dog
Abstract
Introduction
Material and methods
Results
Conclusion
Discussion
Referemes

Chapter 4CCS protein levels and CCS/SOD1 ratio in erythrocytes reflect hepatic copper status
in Labrador retrievers

Abstract

Introduction

Material and Methods

Results

Discussion

References

Chapter5Copper transporter ATP7A as modifier gene
Abstract
Introduction
Material and Methods
Results
Discussion
References

Chapter 6: General discussion
References

Appendices

OO WwWww

© © © 0w

10

11
12
12

15
17
17
18
18
18
18
19
20

27

29
30
30
31
33
38
38
40

41
42
42
43
45
53
57

@60

62
63
63
66
68

71
73

74

Wi

| sonds



Chapter 1

General introduction




Chapter 1: General introduction

Copper and copper transport

Copper plays an essential role in a variety of biological processes including mitochondrial respiration,
antioxidant defense, neurotransmitter synthesis, connective tissue formation,tptgmeand iron
metabolism(1).

Copper is a transition metal able to cycle between two redox states; oxidizemi@nic ion, stable)

and reduced Cu2+(cuprous ion, unstable). Therefore copper can function as an electron donor and
acceptor for different enzymdsagcluding cytochrome-c-oxidase, superoxide dismutag&OD1) and
ceruloplasmin(2).

Copper is amssentiaklement but toxievhenoverloadd Therefore copper metabolism has to be
tightly regulatedo preventaccumulabn of free copper.
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Figure 1: Copper transport in the body.

After oral intake copper is absorbed by enterocytes and is transported via the portal circulation to t
liver and kidney. In the portal circulation copper is bound to albumin, transcupreiather plasma
proteins for transport to the liver (Gollan JC et al, 1998)

Body copper homeostasis

Copper distribution in the body is a biphasic process. In the first phase dietary copper is absorbed by
enterocytes and transported e portal circulabn to predominantly the livewhereasa small

proportion enters thikidney. Copper loosely bound to amino acids is filtered in the kidney and
reabsorbed in the tubulB). In the second phase hepatic copper is distributed to othersgdyan

(Figure 1)

First phase of copper transport
Copper uptake from the diet occurs in the small intesti@egper enters the enterocytethe
intestine.In this first step copper homeostasis is already beingtaredsince thantestine is able to

modulate the rate of copper absorpt{bh

After absorption in the enterocytes, copper entbesportal @culationandis bound with high affinity
to albumin and transcuprefmacroglobulin) for transport to the liver. Albumin and transcuprein have




accessible binding sites for €x(1l) and can rapidly exchange copper with each otéeAlbumin is
an amino acid store and carrier fordifatty acids, bilirubin and contains 15% of the tatabunt of
plasmacopper. Transcuprein is responsible for trapping and inactivating proteases, Ziroddsnd

10% of the totahmount ofplasmacopper(7).

Copper eters the hepatocytes via copper transporter 1(CTR1) and may be stored within hepatocytes,

secreted into plasma, or excreted in bile.

Second phase of copper transport

To facilitate the excretion of copper fraire livercopper isncorporated into ceruloasmin which is
facilitated by ATP7B(16) . Copper bounded ceruloplasmin is tlsecreted into the plasnid).
Ceruloplasmin comprise’0% of the total plasma coppeool anddelivers copper tothertissues
such aghe heart and the brain. Other functions of ceruloplasminraetraliation of radicals,
catalysation of oxidation reactions involving molecular oxygamd various natural and synthe
amines ferroxidase activify). Ceruloplasmiris synthesized in hepatocytes and secreted into the
plasma following the incorporation of six atoms of copper in the secretory pathway. Incorporation of
copper leads taconformational change of apoceruloplasifwiithout copper) to coppdound
holoceruloplasmirf9) which is enzymatically activédnce copper is incorporat@uo ceruloplasmin,
this structure is not dialyzable at neutral pH and only extractable with disruptive pro¢g@ures
Certain organgreferably accept copper from ceruloplasmin comg@tr albumin or transcupregi6).

Cellular copper transport

In the cell, different copper binding protsimnansport coper and help to maintain copper
homeostasis. The copper held by hepatocytes is mostly bound to copper chai¢emukes
metallothionén, orincorporatednto cuproenzymeélL1)Figure 2).

Copper enters the enterocyte g@pper transporter 1 (CTR1R), probably copper transporter

2(CTR2)13)and divalent cation
transporter(DMT 1(14) after reduction
from ++ to + state. Copper is transported
from the enterocytes into the portal
circulation by ATP7A, that is located at
the basal membrane of the enterocyte
under high copper conditiofid).

In the hepatocyt€opper transport protein
ATOX1 shuttles copper to ATP7B and is
required for proper biliary excretion of
excess copper delivering copper to
transgolgi network. In tissues other than
liver ATOX1 also interacts with ATP7A.

ATP7Aand ATPB are located in the
final compartment of the Golgi complex,
known as the trans golgi netwoTP7A

is expressed in many tissues, including
musck, kidney, heart, intestirend plays an
important role in neurons and astrocyEs).
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Figure 2: Copper metabolism in the hepatocyte
Copper enters the hepatocyte via CTRL1. In the
hepatocyte copper is shuttled by copper chaperones

However, ATHA has a low expression in the liver destinaion molecules. Copper can be stored in the
(18). ATP7B is predominantly expressed in the livehepatocyte, secreted into the plasma or excreted int

the bile. Figure derived from Fieten et al(20X2)




and kidney and has minor expression in brain, lung and pla@nBoth ATP7A and B have a

copper dependent localization. During elevated copper levels, AilfRélvcated from the trans golgi
network to thebasalmembrane. ATP7B is not recruited to the plasma membrabjilbtransfer to
cytoplasmic vesicles and apical vacuoles of the bile canaliculi. This trafficking of ATP7A and B is a
reversible process if the copper concentratidhnormalize to basal leve{$9). ATP7A is ako

required for the transfer of copper to other cuproenzysuek as peptidylglycine amidating
monoxygenase (PAMB).

Copper chaperone for superoxide dismu{&eS) shuttles copper to superoxide dismutase 1($OD1
after entering the celSuperoxide dismutase 1(SOD1) is a 154 amino acid protein and is present in
both cytosol and mitochrondrial intermembrane space((B08)SODL1 is one of the first lines of
defense against akative damage catalyzing the dismutation of superoxide to hydrogen peroxide and
oxyger(21). Free copper ions are responsible for toxic sufiéecanion radicals, which are boubgd
SOD1. SOD1 binds one atom of coppgifour histidine residues in the SOD1 moleciiHer the

activity of SOD1, SOD1 requires three posttranslational modifications; copper and zinc acquisition,
intramolecular disulfide bond formation and dimerization. SOD1 resegper molecules from its
copper chaperone, CCS in the cytosol and mitochondria.

CCS is a homodimer of 33 kDA subunits and is mainly localized in the cytq@2asi8CS has

striking homology to SOD1 in its amino acid sequef®%) Human CCS is a 27dmino acid protein
that contains three domains. CCS is responsible for copper insertiaisatfide bond formationf
SOD1 Whether SOD1 is fully dependent on CfoBactivity is not clear yet. Mammalig®OD1 can

be dependent on CCS for activif@4), but lecent studies found that SOD1 can be activated in a CCS
and oxygen dependent man(2s).

Proteins COX17 and COX11 are coppbaperones fo€ytochrome C OxidasgeCO). CCO is the

key enzyme of the respiratory chain of eukaryotic mitochondria that catalyzes reduction of molecular
oxygen to waterCCOrequiresseveral cofactorsncluding three copper ions. COX17 and 11 deliver

and insert copper int€CO(26).

In the hepatocyte COMMD1 may interact with ATRTBOMMD1 (previouslycalled Murrl) plays a
critical role in copper excretion as it is able to bind to ATRAB ATP7Awhich isprobalty regulated
by X-linked inhibitor of apptosisXIAP(27). Data suggest that COMMD1 and ATP7B cooperate in
the excretion of copper from hepatod2&).

Copper toxicosis and oxidat ive stress

As described before, copper can exist in a cupric and cuprous state. Transitio@s {ijrto Cu(l)
can in certain circumstances also results in the generation of reactive oxygen(§@8gBoth
cupric and cuprous copper ions can pgrtte in oxidation and reduction reactions. This radical
forming is done via the Hab&¥eiss reactiof29)Figure 3)

0, +Cu™ —0,+Cu*

- . Fi 3.
Cu* +H02 — Cu™* +OH +OH oo

Weiss

Dé_ +HEDE — DE+DH_ +0H’ reaction




This reaction results in several produatsl one of thensithetoxic hydroxyl radicald H)OThe

hydroxyl radicalis the most powerful oxidizing radical in biological systems and is capable of reacting
with practically every mlogical moleculg30). Hydroxyl radical carextractthe hydrogen from an
aminabearing carbon to form protein radieed well agrom an unsaturated fatty acid to foenipid
radical(31).

Because free copper results in toxic radicappermetabolism is tightly regulated preventing
cellular free copper accumulaticdBopper homeostasis msaintainecby anincreased intestinal copper
absorption or urinargxcretionand endogenous excretion via primarily the biliary r(@)tel his
protectsthe bodyagainstrespectivelycopper toxicity or deficiencyBut when copper reaches an
extremely high concentration, this mechanisms protecting the body from copper overload will fail.
Copper toxicity primarily affectthe liver because this is the first site of copper depositions after it
enters the bloq@2).




Copper related diseases

Human copper related diseases

Menke & disease
Menkes diseas€éMD) is an X-linked multisystemic lethal disorder of copper metabolism. There are
several forms of MDPatients can die in early childhood, but variable forms &Ristipital horn
syndromg OHS) is the mildest fornThe dassical form can be recognized by progressive
neuralegeneration and connective tissue dysfunction, and deatts before the third yeg#t3) OHS

is characterized by radiographic observation of occipital horns, where exostoses can #3pund

MD is caused bynutatiorsin ATP7A44). In patients with MD copper is trapped in enterocytes due to
adysfunction ofATP7A leading tesystemiccopper defiaency(43). The incidence of this diseasel
in 298.000(100. Symptomscan be related to the lack of activity of copdependent enzymé$able

1),

Mutations in ATP7A protein lead to a less functional ATPTAppemwill accumulateto abnormal
levelsin organs except for brain and liver tisstrethe liver the low copper content is due to

requirement of the metal in other tissues, rather than disturbed copper metabbissim because
ATP7Bis the main copper transporiarthe liver(44).

Enzyme

Biological activity

Symptom

Cytochrome ¢ oxidase

Superaxide dismutase
Ceruloplazmin
Hephaestin
Tyrosinase

Dopamine

fi-hydroxyl ase

Peptidyl x-amid ating
ENZYMe
Lyzyl oxidase

Sulfhydryl oxidase

Cellular respiration

Free radical scavenging
Iron and copper transport
Iron transport

Pigment formation
Catechalamine
praduction

Activation of peptide
harmones

Caollzagen an elagtin
cross-linking

Cross-linking of keratin

CM5 degeneration
Ataxia

Muscle weakness
Respiratory failure
CN5 degeneration
Anemia

Anemia
Hypopigmentation
Ataxia
Hypothermia
Hypotension
Diarrhea

Wide spread effects

Premature rapture of fel

membranes
Cephalohematoma
Abnarmal facies
High-arched palate
Emphysema

Hernias

Bladder diverticula
Arterial aneurysms
Loose skin and joints
O=teopomsis
Petechial hemarrhage
Poor wound healing
CNS degeneration
Abnarmal hair

Dy skin

Tablel: Consequences of loss of ATP7A function for enzyme Figure 4 Kinky hair disease, picture fromiier et al, 201(44). a.
leading to different symptoms figure of Tumer et al(200244).
CNS = central nerve system

Ot Ay AOl
microscope.
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Genetics

In total 370 mutations iIATP7Aare found in relation to Menke’s dise&44). Out of 370 mutations
identified in Menke”sliseasegatientsthe mostfrequently encounteremiutation isa missense
mutation Gly727ArgMutation analysis reveale2B1 mutationshataffect the mRNA transcription
resulting in a nonfunctional truncated protein or nonsemséiated decay mechanism

Phenotype and genotype

There is naorrelation identifiebetwve e n  t he mut ati ons and clAi nical C «
inter and intrafamilial phenotype variability is seen in MD/OHS patients carrying the/SERA

mutation(44). In generalone m@tientwith OHS have more mutiansin ATP7A but leads to a

partially functional protein or reduced amount of hormal protein.

Diagnostics and treatment, prognosis

Menkeds di diagneassdy typieahhaifckanges and poor muscular development. Typical
hair changes can also beenat 1-:2 months of agaith a microscope, where a twisted hair shaft is
seerfd4) (Figure 4. At this age only subtle changes in the skin and muscle are present, which is very
often overseen. Around2 months patiestdevelop seizures and additional symptoms of failure
thriveincludingpoor eating, vomiting and diarrhea. Muscular tone is often decreased in early life, but
is laterworsenedy spasticity and weakness of extremi(#s).

A reduced level of copper and ceruloplasimiplasmais seen, however these findings are not
speci fi c f orsindteopperaidseruloplasmimasedow in newbangway(46).
Identification of mutdbns inATP7Ais the ultimate diagndis method

Treatment of Menk@ disease is mainly symptomatic and is based on providing copper to tissues and
copperdependent enzymes. Copper should be supplemented parenterdiigoanzde wheoopper is
supplemerdd orally it istrapped in the intestin€d6). Early treatmend f Me n k e thhayhavéas e a s e
beneficial effect on neurodevelopment, but does not remibggmptoms Thereis no cure for

Menkes disease. Response t@per treatment is also dependent on the type of undedyiRy A

mutations. Patients with mutations resulting in partial activithefATP7Aprotein are likely to have

a better prognosis with treatme(6).
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Wi | s o n 6 s ndutosomatecessivigisordar of copper metabolism caused by mutatiotisein
ATP7BgeneWi | sonds di sease occurs on average in 30 i

population(3).

Sympt oms s een iresultWon ceopper écsumuatio & sissues ead be divided in
neurologic and hepatic symptom$shougha mixture of these symptoms is often seen. Clinical signs
of liver disease canavy between asymptomatic forms with elevated liver enzymes or liver
enlargement, chronic hepatijtead chronic liver failure. Also hemolytic anga, coagulpathy and
acute liver failure areftenseen(47). Neurol@ical symptoms are characterized by motoric
dysfunction and can be unspecific, mild and therefore mayteeognize8). Symptoms can vary
from changes in behavior, tremor, dystonia and spagdaity

Also psychiatric symptoms can be present in Wisdisease patients, where depression is the most
common symptom. Also neurotic or aggressive behavior may (8cur

Age at the onset of symptoms is usually from 6 yearsoldto 45 yeg®old but Wi |l sonés di ¢
hepatic involvement is found in patients intheir7®). Wi | sonébés di sm@@se i s man
commonlyas liver disease in children, but should be considered as the cause of any acute or chronic

liver disease in adulf®). Signs and sympms of Wilsor® disease are rarely observed before age of 3

years, reflecting capacity of the liver to store excess copper.

I n children hepatic symptoms of WilBywars)ddecadki sease
younger than patients with menlogical diseas€1). Approximately 45% of all affected individuals

present with liver disease, 35% with neurological sighs and symptoms and 10% with psychiatric

symptoms.

Diagnosis
Di agnosing Wi lsonds di sease darslThe didgrosissuslialy because
based on clinical findings and laboratory measurements.

Di agnosing neurol ogi c Wi | tsvoohthedollodvingssgnptomsaies st r ai g
present: KayseFleischer rings, typical neurologic symptgraad low seum ceruloplasmin levels.

Granular copper deposition in the cornea causes the KBlgisher ringseen with a slit lamp
examination. Al most all n e uHleshernriggs, howdier| onlp50% s di s e
of the Wil son 6w this Clisicaldeatere. plso patients with biltarg cirrhosis can show
KayserFleisher ringg50).

Ceruloplasmin is an important copper transporter, which comprise 70% of all copteesma In

Wi | s on 6 s iedt$, less af &P 7Boirapkirs holoceruloplasmin synthesis and biliary copper
excretbn. Because copper is trapped into the cell, copaerot be incorporated into ceruloplasmin
whichresults in no holoceruloplasmin and a degradation of theaative cerubplasmin
(apoceruloplasmin). Therefore, low ceruloplasmin concentration can be a useful indicator of copper
statug(51). However, ceruloplasmin is an acute phase protein and therefore patients with chronic

active heptitis can have a normal ceruloplasmin acti\f).

Al so hepatic and wurinary copper could help diagn
have their limitations. Urine copper excretion will be increasgd@nt i ent s wi t h Wil soné:

10



copper excretiofis also increagkin other hepatic disorders andneis often incorrectly collected

(50)

A liver biopsy is needed for hepatic copper measurement. Hepatic ésjpaeased in 82% of

patients with WD and usually exceeds 250 pg/g dry weight. In some patients livaediopse a
coagul opathy

highriskb e cau s e

cirrhosig3).

Because of the genetic background of this disease, the use of mutation an#@y$t3Bin patients
could be usful. However, this approach is tinsensuming and very costly. But, with alledpecific

of

or

asci

tes.
measurement of hepatic copper is ledmble because of unequally distribution of copghee to liver

Al

probes or haplotype analysis mutation diagnosis would be much easier and may bl clhésaint

(50).
Gitinetal (2003)d evel oped a scoring system for
and results of diagnostic tegtable2) (51).
Typical clinical symptoms and signs Other tests
Kayser-Fleischer rings Liver copper (in absence of cholestasis)
Present 2 =5 % ULN (>250 pg/g) 2
Absent 0 50-250 pg/g 1
MNeurologic symptoms Normal (<250 pg/g) -1
Severe 2 Rhodamine positive granules? 1
Mild 1 Urinary copper (in absence of acute hepatitis)
Absent 0
Serum ceruloplasmin Normal (0]
Normal (>0.2 g/L) 0 1-2x ULN 1
0.1-0.2 g/L 1 =2x% ULN 2
<0.1 g/L 2 Normal, but =5x ULN after D-penicillamine 2

Coombs’ negative hemolytic anemia
Present
Absent

Total score
4 or more
3
2 or less

Evaluation
Diagnosis established
Diagnosis possible, more tests needed
Diagnosis very unlikely

Mutation analysis
Mutations on both chromosomes
Mutation only on one chromosome
No mutations detected

[l =

Wi

ULN, upper limit of normal.
4If no quantitative liver copper available.

Table 2: Scoringystemfor diagnosing Wilson Disease from Gitlin et al, 2053)

Treatment
Treat ment
acetate.

of

Wi

sonos

d i s e a-peaicillaninstriemtiiset or zin€

Both d-penicillamine and trientine are chelators that bind copper resulting in an increase of urinary
excretion of coppef69). Trientine also enhances fecal excretion of coppgyaticillamine causes a

greater negative copper balance than trientine and is also morér@xitogether with chelation
therapy zinc supplementation is recommen@&)becaus zinc interferes with the absorption of

copper in the gastrmtestinal trac(71). Side effects seen duringpgnicillamine treatment are
hypersensitivity reactions, bone marrow suppression and developmentiofraute diseasgbl).
Zinc acetate is used to inhibit copper absorption in the gastrointestinal tract and thus maintain neutral
or negative copper balance in patigff®). Zinctreatment alone is recommended in patients after the
return of normal copper balance with chelation thef@py Liver transplantation may be necessary in

cases with

sever e

SO in
sonos
chel at

f

ci r r h disease are gene therapgandcelle r api es
transplantation. These therapies are fully described elsefBgre

11
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Prognosis

Patients with Wil sonbds disease have a good progn
consistently. The best time to treat Wil sonds di.
hepatic disease have a generally favorable diagnosis. Severe neurologic disease may not resolve

entirely with treatmeng3). Prognostic factors for Wi lsonds di s
ascitespothassociated with a higher mortaliid). Future therapies may help treat patients suffering

from severe hepatic or neurologic clinical signs.

Genetics

Mutations in the ATP7B gene
The Wil s o (\D}gern(OMIk 275300) was identified in 1993 and codes for a copper
transporting Rype ATRase, ATP7B. ATP7B is a large gene of 1411 amino acids witblacular
mass of 16%Da (3). It contains several functional domails# copper binding domains, a
transduction domain involved in the i

transduction of the energy of ATP hydrolysi

to catian transport, a cation channel and
phosphorylation domain, an ATiitnding
domain anckighthydrophobic
transmembrane sequen¢B8). Each domain
has his own function and contribute to copp
transport ATP7B links coppeto
ceruloplasmin and remosexcess copperia

Other tissues, proteins:

Brain
Connective tissue
Muscle

Plasma albumin/ Enzymes

histidine
A
b \- Rapid clearance

Protein synthesis

Apoceruloplasmin

P
the bile. Both functions of ATP7B are 4 i
impaired in Wilson’s disease, leading to (storage) 3 ;
copper accumulatinip liver tissue and brain ey e T“%E’”"
(Figure 5). This figure also shows copper reabsorpiion mobilization
disorder Menkés disease. g
Molecular gnetic analysis of patients with i st
WD has revealed motéan 518 variants
(379 probable diseasmusing and the Figure5: Simplified overview of the pathways for copper ion transport,

remainder possible normal variants) from with excretion predominantly via b||¢. MT, metalloth|qne|n (copper
. . . g storage), represents copper. Two sites of transport disorders are showr
populations worldwide (Available at: Menke® diseas€ATP7Agene); B, Wilson disease. Figure from Roberts ¢

www.medicalgenetics.med.ualberta.ca/wils«(3)

/index.php; Last accessezh June 2007)

(52)The mutations include deletions,

insertions and missense and nonsense mutations, whadte uphalf of all mutations. Which
mutation occurs wst differs amongpopulationareas(Table3).

12



| Area Most common mutation(exon)

Central Eastern, Northwestern Europe H1069Q(14)

Sardinia 441/num RSEOpQ!' ¢wo
Canary Islands L708P(8)

Spain M645R(6)

Turkey R969Q, A1003T(13)

Brazil 3400delC(15)

Saudi Arabia Q1399R(21)

Far East R778L(8)

Table3: Common mutations of Wilson's Disease Gene in different populatiofigure derived from Feremnet
al(2012)50)

Depending on the domaimherea mutation is located, each mutation leads to a different dysfunction
of ATP7B For exampleATP7Bwith mutation E1064A | loses to the ability to bind ATP entirely,
whereas H1069Q mutant showed minimal bindB®@). In contrast, the R1151H mutant exhibits only

a 1.3 fold reduction in affity for ATP. The C1104F mutation alters protein folding, whereas C1104A
mutation does not affect the structure or function of tkdohhain at all.

Relation between ATP7B mutations and phenotype of WD patients

Many articles have focused on explaining pinenotype of a patient with the ATP7B mutation they
have.

Homozygosity for H106Q is known to be associated with neurologic disease or late @Gdset
56)50). Contrary on this findingpo associationwasfoundbetween H106Q and onset or occurrence
of neurologic diseas®7). R969Q appeared to show a late onset of disease with milder sg4rity
contrast, patients with 17AGA C shovedan earlier onset diver diseas€s6). Mutations in exon 8
commonlyare also associated tiver diseas€50).

Nonsense and frameshift mutations are associgitch severe phenotypearly disease onset and
lower ceruloplasmin valug$4,58,59)

Inmostcasen 0 association between genotype and phenot
patient$60,61) Results of studies indicate that factors other (N&R7Bmutations play a significant

role in the pathogeesig60). The age of onset is also hard to determine, as the diagnosis can be

overlooked inassymptomatic patients. Also the absence of neurologic disease in patients with liver

disease in childhood is often explairtadthe limited exposure time of the central rerssystem, it is

surprising thatlate ns et neur ol ogic Wil sonbés disease can oc
involvement.

This wide range of this disease cannot be explained just by different mutatiohB7B. The number

of differentmutations makes it hard fimd a clear association, becausksihard to determine which

mutation or mutations cause the phenotyjsomanyWi | sondés di sease patients
mutationg(so-called compound hetozygous

Environmental, epigenetic and other genetic factors are thought to playirapateogenesis of
Wil sonb6&2disleassegender is thought to play a role
occurs more frequently in women and women tgyvéhe neuropsychiatric form of this disease also

13



on averagéwo years latecompared tanen. This maypedue to the protective effect of estrogens and
iron metabolism differencg$3).

Modifier genes ET 7 E1 Olade6 O AEOA

A modifier geneaffectsthe gene expression othergenes. Over the last years many articles have

been published about modifier genes for certain disease. A new disease therapy has been proposed

which is based on mimicking and perhapgsnhance theffects of naturdl occurring genetic

modifiers which can baotfunctional in a certain diseasghis could improve the prediction,

treatments and prevention of human diseé®¢s For example; if ATP7A is less fational in

Wil sonbés di sease patients, therapy can be focuse

Nonsynamymous single nucleotide polymorphism(nsSNP) affect the amino acid sequence of a gene

product and this can change protein function and contribute to dise&s@élblon disease. Different

studies focused on COMMDZ1(Murrl) as modifier gehes r Wi | s ¢butéak cortludedkttaats e

this gene is not implicated in the pathogené&sss67). Also BIRC4/XIAP andATOX1(67) havebeen

tested as modifier genes. In the BIRC4/XIAP gene only significant differences in exon 6 concerning

white blood cells count and lymphocyteenefound (68). However, this difference could only be

linked to XI AP function and not to phenotype and

Based on literature it can be concluded that there’s probably a modifier gene for Wilson’s disease,
however, the questioremainswhi ch gene modi fies the phenotype o
Therefore research has to be focused on finding this modifier genes which will unravel the genetic
background of Wilson’s disease.

14



Canine copper related diseases

Canine copper toxicosis

In inherited primary copper storage disease copper accumulation is always centrolobularly localized
(33). In secondary copper storage disease, due to cholestasis, copper is localized in thal peripor
parenchymg3). Also hepatic copper values differ among primary and secondary copper storage
disease; whereas secondary hepatic storage never accumulate much copper, hepatic copper values in
primary copper diseaskseases can be extremely h{gd).

In 1968 normahepatic cpper concentrations in the dog were already reported to be 88yudg

(same as ppmyet weight(35), which is extremely high in comparison with human and rat ({\2r

and 19 times lessiHoffman et al found even higher hepatic copper concentrations in different
breeds(Table 1(86). In Dobermanns a wide range of hepatpper concentrations is found, 1000

ppm dw in healthy dogs. This is because copper in Doberman pinschers copper is often increased
before the development of clinical hepatitiepatic copper concentration in affected dogs with
primary storage diseavary from 600 to aboveZ00 ppn{33).

Typically, primary defects results in higher hepatic copper concentraiiomgared tsecondary

defects due to decreased hepatic function. However, the amount of hepaticacoppaulation does

not reflect the severity of the hepatic disease in all cases. The proliferation of scar tissue during the
development of cirrhosis dilutes the hepatocyte copper and this results in a relative lower hepatic
copper concentration. Besidéwdst scar and cirrhotic tisswamottakeup coppe(37).

The copper content found in the canine liver is from the same order of magnitude that is found in some
patients wit h(35Wiisldesoribedl that due ® a ligh kepatic copper concentration,

dogs are more sensitive to copper accumulating and are more sensitive to develop disease when
dietary copper intake is higB5). This can be the resulf a lacK38) or les$39) specific binding of

copper to albuminvhich is specific for the dgdput more recent studies comtiet this(40).

Canine copper associated liver diseases

Dogs with hepatic copper accumulation can appear normal over years before developing clinical signs,
although copper may begin to accumulatdibg to six months of age. In heradry copper related

diseases the severity of copper accumulation depends on severity of dysf(B&}tidiso perbreed

hepatic coppevalue can diffeftable4).

‘ Range ppm dw Reference range Dogs Breed Method
120304 <400 6  Labrador retriever NAA
100700 197+113 13 Doberman pinschers NAA
91-358 206+56 22 Bedlington terriers SP
94-270 190+56 15 Mix breed dogs SP

Table 4: Normal hepatic copper range per breed, listed by Hoffman et al, ZBEONAA: neutron activation analysis,
SP: spectroscopy, ppm: parts per million(ug/g, mg/kg)

In Bedlington terrier copper toxicodscaused by deletions in exon 2tloé COMMD1 gene.
However the presence of one or two normal come€OMMD1exon 2 does not exclude BT from

15



copper toxicosi¢l). These dogs accumulate hepatic copper, with values rising as hig/o@8 ppm
dry weight(37).

Also in West Highland White Terri¢lVHWT) a hereditary copper accumulation is fouddwever,

in this breed the highest hepatic copper value recorde@ 586 ppm. Also a difference is found in
symptoms where some affected WH\Wdcumulate moderate excess and never develop liver damage
whereasaffected Bedlington terriers always develop hepdfiits.

In the Dalmatian a primary metabolic defect is described causing hepatic coppenlatonnwith
hepatic copper above 3,000 pphine mechanism and genetic basis of this defect is unki@@yn
Copper accumulation is also described for Sky te(¥ié); Anatolianshepherd78), and Doberrann
(79)
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Copper accumulation in the Labrador retriever

Symptoms of copper accumulation in Labrador retrieaes very norspecfic, resulting from liver
dysfunction. Symptoms start with mild decrease of activity or appetite with periods of normal
behavior. After months till years, symptoms can vary from intermittent vomiting and nausea, polyuria
and polydipsia, icterus, diarrhesnd ascite§36). There is a strong female predisposition and also
nutrition plays an important roia the development othis diseas€80). Labradors are often

presented to theeterinarian in endtage liver disease, when presence of liver cirrhosis precludes
successful treatme(@1).

Copper accumulation over time in Labradors

Affected Labradors start to accumulate copper arodddronthsof age, and these dogs will

accumulate copper over time and this occurs in three $8&jdsirst, excess copper accumulate in
hepatocytes of zone 3, but will not result in inflammation. As the copper conceninatieases

further, the zone of hepatocyte with histochemically demonstrable copper grexpaeshg to zone

2. At the highest copper concentration, even the zone 1 hepatocytes contain hepatocytes with copper
accumulatiof37). After a period of several years, the second stage begins when copper accumulation
results in inflammation, but no clinical signs are see(¥{&tThis copper accumulation will

eventually causes hejia. In this third stage, inflammation of the liver causes clinical signs. In this
stage norspecific clinical signs such as anorexia, vomiting and weight loss can l{é2elémo

treatmentg given in this stageatreversible liver damage will be develop due to liver cirrhosis, which
can be fatal.

Genetics

Copper accumulation in Labrador retriever is a disease with a complex genetic background. In 2008
Hoffman et al found82) a complex inheritance pattern with a calculated heritability for copper
accumulation traits of up to 0.85. In 2009 it veagjgest to reveal the genetic defect causing hepatic
copper accumulation in Labrador retriever. In 2013 Fieten(88adid thisand found mutations in
copper transporte’sTP7AandATP7Bassociated with respectively lower and higher hepatic copper
levels. In bot)ATP7AandATP7Ba missense mation was found, respectively T3271 anti4%2Q.

These mutations weadsoevaluatedunctionally (99).

Diagnosis

Laboratory findings reveal an increase of ALT and ALP, which sugtiest disease and is not
specific for hepatic copper accumulati@®). Currently, the only way to diagnose this disease in
breeds other than Bedlington terriand to monitor treatment efficadg by quantitative evaluation of
copper inhepatic biopsie1). Histologically the disease is characterized by centrolobular copper
accumulatiortogether with inflammatory cell infiltrat®9). However, as said before, it is possible to
find a copper lower than 2,000 ppm dw if significant cirrhosis is present. In this situation, primarily
centrolobular inflammation is presésit).

Therapy

Therapy of copper accumulation is mainly focused on two goals; decrease copper intake and increase
copper excretion. To decrease copper intake, caggéricted diets are available for dogs. These diets
are also enrichedith zincsincezinc suppressscopper uptaké4?2). An increased copper excretion

can be achieved by chelation therapy wibeshicillamine, a highly soluble degtation product of

penicillin. dpenicillamine binds @pper and promotes urinary copper excre(&#). Monitoring is

needed during treatment since there is an-ingividual variation in treatment respon@s), this

may be dued variation in mutations iIATP7AandATP7B Copper and zinc deficiency are possible
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side effects otherapywith d-penicillamine therefore monitoring during treatment is nece8a)yI
is recommended to use a comdxl therapy with both diet andpenicillamine.Other side effects seen
in human are not described in the dog except from nausea and vomiting.

Prognosis

When cirrhosis is present, the prognosis is very uncertain; however, preliminary data suggests that
chelation therapy is even at this late time point benefia)l When the liver is not cirdtic yet, the
prognosis is good with treatment epdnicillamin.
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Biomarkers of copper status for in t he dog

Evaluation of hepatic copper status

A biomarker for copper status the dogwould helpto diagnog this disease at subclinical stage, or
when the dog is presentatlaclinical stageA biomarker couldilsobe used for monitoring during
treatment bd-penicillamin.

Serum or plasma copper and ceruloplasmin are widely used to evaluate hepatic copper status
human However, serum plasma daast correlate to hepatic copper status and ceruloplasmin only
reackon severe copper deficien(84) or in péients with dysfunction of ATP7BAIso both
measurements are influenced by age, sex andowper related processes like inflammatory
disease®85).

A recent study shows there is no correlation between hepatiaiardcapper value@0), but there is

a correlation between urine Cu/Zn ratio and hepatic copper status. Platelet cytectacimiy
(CCO)86)and damine oxidase(DAQB7,88)are described to reflect hepatic copper status. However,
these enzymes have their limitations; CCO is a labile enzyme and DAO activity is also an indicator of
tissue njury(89).Therefore these enzymeannotfunction as biomarksifor copper status.

Some of these enzymes are already tested in the dog, but most of them not in relation to copper status.
One study focused on blood cope@zymes during sustained strenuous exercise in sleq2@gs

Copper decreased during exercise, this might be due to increased urinary copper excretion. Also
diamine oxidase, ceruloplasmin and SOD1 activitgsehdecreased. No study has been performed

which measures these enzymes during copper overload.

CCS and SOD1

Erythrocyte protein levels of CCS and SOD1 are known to reflect copper deficiency in rats, mice
(91,92) and cattlg93). Whereas CCS levels tend to increase during copper deficiency, SOD1protein
levels decrease during copper deficiency. However sttescribe that protein levedd CCS tend to

be moe sensitiveeompared t&aOD1 protein leve(®2), or even that SOD1 protein levels it

reflect copper deficienc{94).

Limited data is available about the effect of copperloagl on erythrocyte CCS and SOD1
protein/mRNA levels. In rats CCS protein levels are influenced by an increased body copper load,
leading to a decrease in CCS protein lg@8¥ In humais SOD1 protein levels decreaduring

copper deficiendp6).

On mRNA levels not all studies find a consistent result; It is reported that copper deficiency decrease
SOD1 expression in organs of I(@8), but other studies report no change in MRNA le{23s95,98)

Since erythrocytes daot possess a nuclei, MRNA levels must be effeat posttranscriptiondévels

It is described that copper loaded CC8eagradedaster than apoCCS and therefore CCS protein

levels decreaseith high copper level§22).

However, as biomarker for copper accumulation for Labrador retriever CCSCGAD@ protein levels
have not beetested yet in relation to hepatic copper levélserefore the question remains; are CCS
and SOD1 biomarkers for hepatic copper status in the Labrador retriever?
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Chapter 2: Objectives

Scientific field

The research groups at faculty of Veterinary Maud are divided over five thematic and
interdisciplinaryprogramsThis research program is embeddedhe fiTissue Repairgroup which
focusses on the pathophysiology of tissue dysfunction and potential repair mechhbatsihslt stem
cells could preide.

The TissueRepairgroup contains three different research lines. The first research line focus on
muscoskeletal system, the second on internal organs, especially the liver. The third research line focus
ontumourigenesis

This project is part of #nsecond research line, the liver research gidepause of the great
similarities between certain inherited and spontaneous diseases in animals and human patients,
animals can be used as a model for comparative studies of pathogenesis and therapeeitant
This type of research is called translational medicine.

This project uses the similarities between animal and human patients for inherited liver diseases,
where canine inherited copper storageeandas@ase i s
the other way around.

Objectives
The objectives of the current honours program project werddigdo

In the first part of the project, biomarkers for hepatic copper status in human, erythrocyte CCS and
SOD1 protein levels, were tested in thdotaaor retriever. Also in other species including mice, rats,
cattle erythrocyte CCS and SOD1 protein levels are known to reflect both copper deficiency and
overload.Therefore thaim of this projects to investigate whether erythrocyte CCS and SOD1
protein levels reflect hepatic copper staitusabrador retrieverErythrocytes and liver biopsies
Labrador retrieverareused for quantifying CCS and SOD1 protein levels by WesternAlkai
erythrocyte followup samples will be tested for erythrocyt€®;, SOD1 and CCS/SODL1 protein

levels. First correlation is tested between liver CCS, SOD1 protein levels and hepatic copper. After
this correlation is tested between erythrocyte and liver @8& SOD1) protein levels. Last

correlation will be tested betwa erythrocyteCCS, SOD1 protein levels, CCS/SOD1 ratio and hepatic
copper statysalso in followrup samples.

A hypothesis that was generated in the dog was tested in human pAtigeneme wide association

study was performed on Labrador retrievers imvealed missense mutationsAMP7AandATP7B

associated with respectively lower and higher hepatic copper l&Wedypothesis that ATP7A could

be a modifier gene in copper accumulatiisordersvas generatefibr Wilson’s disease patient&/D

patiens with mutations ilARTP7A that partly impair the function of the gene, may have a later age of

onset than patients with no mutation\ifiP7A. Therefore the aim of thigroject was to investigate

whether copper transportaif P7Acould be a modifier genwith a gatekeeper function for copper

absorption and this way influence aged@gnosis n Wi | son 6 s Shingeresegercingodt i ent
the exons and intreexon boundaries &TP7Awi | | be performed on Wil sonod:
Association between nation and age of diagnosis will be tested.
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Testing specificity of CCS and SOD1 antibodies for biomarker assays in

the dog
Roelen Y and Dirksen K, Fieten H, Spee B, Rothuizen J

1. Department of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine, Utrecht
University, 3584 CM Utrecht, The Netherlands

Abstract

Keywords:CCS, SOD1, transfection

Background: Copper toxicosis is agneditary disease in the Labrador retrie¥enon-invasive

biomarker for hepatic copper status is needed to detect increased hepatic copper levels before clinical
signs become apparent. Two promising biomarkers are copper chaperone for superoxideedismutas
(CCS) and superoxide dismutase 1 (SOD1) which can be quantified in erythrocytes. CCS and SOD1
levels are known to reflect copper status in mice and rat. However, CCS and SOD1 antibodies are not
validated for use in protein quantification of canine exythtes.

ObjectivesiTo prove specificity of antibodies directed against human CCS and SOD1 and test whether
they are applicable for use in protein extracts from canine erythrocytes.

Material and Methodsfthe specificity of antibodies for CCS and SODIswested with siRNA

mediated knocklown in canine bil@uct epithelial (BDE) cells and human hepatocellular carcinoma
(HepG2) cells. Knockdown of CCS and SOD1 wesedon mRNA and protein level using gPCR and
Western blot.

Results:gPCR confirmed a knodown on mRNA level for CCS and SOD1 of respectively 93 and 73
percent in BDE cells compared to rtamget SiRNA controls 48 hours after transfection. In HepG2

cells, knockdown for CCS and SOD1 mRNA was respectively 97 and 94 percent. Western blot
confirmedthe knockdown in both BDEs and HepG2s given by the disappearance of the
immunoreactive band for CCS and SOD1tfaeeconsecutive days after transfection.

Conclusion: The loss of the immunoreactive band of CCS and SOD1siRNA treated cells confirmed

the specificity of the antibodies. Therefore these antibodies can be used for CCS and SODL1 protein
guantification in canine erythrocytes to investigate their use as biomarkers for copper toxicosis.

Introduction

Copper toxicosis is a hereditary disease inLiigrador retrieve(l). Due to a disturbed copper
metabolism copper accumulates in the liver leading to liver damage. Currently, the only way to
establish the diagnosis is by means of a liver biopsy. Therefore;iavasive biomarker is needed.
Two promising biomarkers in erythrocytes are CCS and SOD1, which are known to reflect copper
status in mice and rafg-4). Antibodies for hman CCS (FL274, Santa Cruz Biotechnology, Santa
Cruz, CA) and SOD1 (F154, Santa Cruz Biotechnology, Santa Cruz, @& available for

Western blotting. However, CCS and SOartibodiesvere not validated for use in canine samples.
Both antibodies araised for detection of CCS and SOD1 of mo{@@and humar{6,7)origin. This
study provd specificity of antibodies for CCS and SOD1 by knockdown of botkems incanine
bile-duct epithelial (BDE) cells and human hepatocellular carcinoma (HepGZ2) cells. g°PCR confirmed
knockdownin HepG2 and BDE cells after siRNA mediated transfection and diminished protein
levels were confirmed by Western blot analysis.
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Material and methods

Cell-lines

In this study canine bile duct epithelial BDE cells, developed by the AMC experimental liver group,
were used. These cells display characteristics of hepatocytes such as production of albumin and
ceruloplasmin(8). As acontrol, human HepG2 cells (ATCC, HB 8065) were ustghG2 and BDE

cells were grown in DMEMLife Technologies Inc., Invitrogen, Breda, The Netherlands)
supplemented with 1%®enicillin streptomycin and 10% fetal calf serum (FBS; Harlan-$dra
Loughlorough, United Kingdom).

Establishment of CCS and SOD1 knockdown

Canine and human specific siRNAs against CCS and SOD1 were transfected into BDE and HepG2
cells. For subsequent experiments, HepG2 cells were seedeekihghd 96well plates at a
conceftration of respectively 200,000 and 7,500 cells per well on the day of transfection (reversed
transfection). BDE cells were seeded iwéll and 96well plates at a concentration of respectively
30,000 and 1,000 cells per well one day pridsdthtransfetion techniquegforward transfection).

For silencing experiments, specific Stealth RN/A§iRNA duplex oligoribonucleotides were obtained

from Invitrogen (Invitrogen Life Technologies) using the BLOGK" RNAI Designer. Specific

sequences for silencingere selected for canine and human CCS and Sibvere designed based

on their corresponding Genbank accession numbers (Table 1). Canine siRNA for CCS and SOD1 were
used to establish knockdown in BDE cells and human siRNA for CCS and SOD1 were used to
edablish knockdown in HepG2 cells. A predesigned nonsense StealtH RSIRNA, which is not
homologous to the vertebrate transcriptomas wsed as a negative control (NT). Besides CCS,

SOD1land NT siRNA transfected cells, a fourth group consisted ofaatett transfected cells as these
were only transfected with the transfection reagent and not with siRNA. Transfection was performed

in triplicate on 96well plates for mMRNA analysis and in duplicate on thedll plates for protein

isolation.

Canine CCS CAGGCAUCCAGAGUGUUAAAGUGCA
Canine SOD1 UGUACUAGUGCAGGUCCUCACUUUA
Human CCS GCAACAGCUGUGGGAAUCACUUUAA
Human SOD1 AGGGCAUCAUCAAUUUCGAGCAGAA

Table 1: Sequares of canine and human siRNAs for CCS and SOD1.

HepG2 cells were transfected with a reverse transfection techaigoeding to th manufacturés
instructions. For HepG2 cells, complexes of 10 nM siRNAZaldml lipofectaminé” RNAIMAX

were prepared inside the wells. After an incubation period of 20 minutes at room temperature, cells
and medium were addedifter 24 hours of incubation growth media including antibiotics replaced the
transfection media.

For BDE cells, two transfection techniques were used. First BDE cells were transfected a forward
transfectionusing complexes of 10 nM siRNA aBa|/ml lipofectaminé” RNAIMAX were

prepared outside the wells. After an incubation period of 20 minutes at eogmetaturecomplexes

of 10 nM siRNA and lipofectamine were added to the cali®r 24 hours of incubation growth

media including antibiotics replaced the transfection media.
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The second transfection technique that was useBDE cells, a forward transftion with

Lipofectamine 2008" (Invitrogen)was performed in combination with a Magnet Assisted
Transfection (MATra) techniqu@BA BioTAGnology/Westburg b.v., Leusden, The Netherlands).
Lipofectamine 2008 (1.5¢l/ml), Lipofectamine MATRa enhancer reageh6(el/ml ), andsiRNA
molecules (50nM) were added to the cells and incubated for 20 minutes on the plate magnet under
cell-culture conditions. After 24 hours of incubation growth media including antibiejtaaed the
transfection media.

RNA isolation and reverse -transcription polymerase chain reaction

For both BDE and HepG2 cdihes total RNA was isolated for each group (CCS siRNA, SOD1
siRNA, nonsense siRNA, neneated control) at day 2, 3, 4, and #Eaftansfection. Hereto cells were
washed twice with sterile filtered PBS, incubated witteR@ell Sample Preparation Reagent (SPR;
Bio-Rad, Veenendaal, the Netherlands) for 1 minute before transfer to RNAse fred-sbripsll

RNA samples cDNA was synthesized with the the iSBffddNA Synthesis Kit (BieRad).

Quantitative measurements of m RNA levels after transfection
Quantitative reatime polymerase chain reaction (QPCR) was performed on CCS, SOD1 and three
endogenous reference genes; ribosomal proteif(Ff2819), bet2 microglobulin (B2M) and

ribosomal protein S5(RPS5) as describedipresly (9). Perlprimer v1.1.14 was used for primer

design on Genbank annotated transcripts and the amplicon was tested for secondary structures using
MFold (The RNA Institute, University at Albany, http://mfold.rna.atpaedu). Primer specificity was
validated by DNA sequencing and meltrves of the amplicon. Primesgise listed in table ZThe

gPCR reaction was performedtiiplicate and was based on the high affinity double stranded
DNAbinding dye SYBR green | (iQ &R green Supermix, BioRad, Veenendaal, The Netherlands)

using a 2step gPCR protocol. Standard curves, automatically constructed by plotting the relative
starting amountersusthreshold cycles, were generated using seffaldidilutions of pooled cDNA.

The endogenous reference genes were used to normalize the expression of the genes of interest, CCS
and SOD1Normalized expression of the target genes was calculated using<meezhod, corrected

if efficiencies were not 100%. The average gene exmmesghs normalized to the corresponding non

target transfected to account for effects associated by the experimental transfection procedure.

Primers { Slj dzSyo@6 p Q@ Tm(°C) Product  Accession no

size

Canine Forward tggtggtccacgagaaacgagat( 64 99 NM_001003035.1
SOD1

Reverse tcagcaaaccgaacaccacagts
Canine Forward tgtggcatcatcgcacgctctg 64 96 NM_001194970.1
CCSs

Reverse ctcctcgectccggeecggg
Human Forward cgagcagaaggaaagtaatgg 60 146 NM_000454.4
SOD1

Reverse caggagtgaaattaggagatagg
Human Foward tcactttaaccctgatggagc 62,7 141 NM_005125.1
acs

Reverse dcacttccacaccctaca

Table 2: Sequences of primers for CCS and SOD1 used for gPCR

Western blot analysis

At day 2,3,4and 7 after transfection BDE and HepG2 cells were washed twice with HBSS,
centrifuged and resuspended in 35&RIPA buffer contaimg 1 % Igepal, 1 mM,

PhenylMethylSulfonyl Fluoride (PMSF),glg/ml aprotinine, and 1 mM sodium orthovanadate (Sigma
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chemical Co., Zwijndrecht, The Netherlands) for 30 minutes on ice. Protein concentrations were
obtained using a Lowrpased assay (DC Pratef\ssay, BieRad) and subsequently proteins were
denatured for 2 min &5°C. If protein concentrations were too low, samples were concentrated using
Amicon Ultra0.5 Centrifugal Deviceg\s a control also canine erythrocyte were taken for Western
blot andysis (Chapter 4)For the detection of SOD1&4 and for CCS 60 pg of protein from either

BDE or HepG2 cells were separated over 15%-Hf3 polyacrylamide gels (Bi&kad) and

transferred onto Hybor@ Extra Nitrocellulose membranes (Amersham Biosciences Europe,
Roosendaal, The Netherlands). The meanbs were blocked in TBBrveen(0.1%) supplemented

with 4% wi/v nonfat dry milk (BieRad) for 1 hour at room temperature. Membranes were incubated
with a polyclonal antibody against CCS (Blz4, Santa Cruz Biotechnology, Santa Cruz, CA) and
SOD1 (FL-154, Sata Cruz Biotechnology, Santa Cruz, A dilution of 1:1,000 in TBST with 4%
BSA overnight at 4C. After washing with TBSTween (0.1%), membranes were incubated with a
mouse antrabbithorse radish peroxidas®njugated secondary antibody (RD systeNetherlands)

at a 1:5,000 dilution in TBS with 4% BSA for 1 hour at room temperature. As a loading control a
BetaActin antibody (Pan Actin AB5, Neomarkers, Fremont, USA) in a 1:2,000 dilution was used.
After washing with TBSTween (0.1%), antibody bounmtoteins were detectaging the ECL

Western blot analysis system, performed according to the manufacturer's instructions (Amersham
Biosciences Europe). Images were captured with ChemiDoc XRS Chemi Luminescent Image Capture
(Biorad). Density of immunoretige bandsveremeasured using Quantity ofiersion 4.6.9,

Biorad). Density of immunoreactive bands were correfiietdackground and normalized to actin.

Statistics

Knockdown of CCS and SOD1 was compared between target siRNA attdrgetsiRNA, where

non target was treated as 100% and on this basis knockdown of siRNA treated cells was calculated in
percentage(Table 1, column 6). gPCR results were analyzed with the statistical environment R (R
2.7.2. package for Windows, http://www.Rproject.org).eheralized linear model with relative
expression as outcome variable was used with day and target protein (SiRNA CCS or siRNA SOD1,
and nonrtreated cells) as factopvariatesThe best fitted model was chosen based on lowest AIC
values. If there was a gprotein interactionestimateknockdownwith 95% confidence intervaisas
described per day includiregstimate knockdown in protein expressitbthe best fitted model was

only with target protein as covariate, estimateckdownwith 95% confidence imrvalswas
describeccomparing non treated cells and CCS or SGBRNA treated cellgompared talay 2.

Results

Establishment of CCS and SOD1 knockdown
Knockdown of CCS and SOD1 in HepG2 cells wadormedusing SiRNA mediated knockdown
usinglipofectanine™ RNAIMAX . HepG2cells wered0 % confluence dime of transfection

The first knockdown of CCS and SOD1 BDE cells wagerformedusing SIRNA mediated
knockdown usindipofectaminé” RNAIMAX . BDE cells were 706 confluence aime of
transfection.

The second fockdown of CCS and SOD1 in BDE celias performedisingLipofectamine 2000
(Invitrogen)in combination with a Magnet Assisted Transfection (MATra) techniBD& cells were
30% confluence dime of transfection.
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Quantitative measurements o f mMRNA levels after transfection

A linearmodel was used with relative expresstdiCCS or SODXs outcome variable and day
target protein(either non target or CCS/SGIRINA treated cellsand the interaction between day
and target proteiascovariate. First the best fitted model was chod@sed onAlC values.

For CCS and SOD1 expression in BDE cells SIRNA mediated knockdownlipsifegtaminé"
RNAIMAX was below 60%(data not shown). Therefore the second transfection tedhsiitgeas
performed.

For CCS and SOD1 expression in BDE cells the best fitted model was with interaction between day
and target proteias covariates. For CG&pression in HepG2 cells the best fitted model was with
target protein as covariatéor SOD1 expression in HegG&ells the best fitted model included day

and target protein interaction.

For all models significant knockdown of CCS and SOD1 was established, for CCS in BDE cells at day
two, for SOD1 in BDE cells at day 4 andFar HepG2 cells significant knockdowh ©CS was
establishedt day 3,4,7 and for SOD1 at day 4 afEigure 1).
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Western blot analysis

gPCR results of BDEs mRNA showed a low relative mRNA expression of CCS and &@driot
shown) Therefore protein sangs of BDE cells were concentrated using Amitittnai 0.5

Centrifugal Filter devicesWestern blotting yielded a 35 kDA and 16 kDA immunoreactive band of
respectively CCS and SOD1 in ntarget siRNA transfected sampiesBDE and HepG2 cells

(Figure 2A1 and 2A.2). Specificity was proven in controls without primary antibody, which were
deemed negative (data not showi)e first lane shows canine erythrocytes as a contliglnibtable
that canine SOD1 is smalleompared tduman SOD1(Figure 2.A.2pensitometric analysis

indicated a strong reduction of both CCS and SOD1protein levels in siRNA treated samples in both
BDE and HepG2 cell line. Knockdown was calculated comparingarget and CCS or SOD1

SiIRNA treated cells, where ndarget was treatedsd00%. CCS knockdown at protein levels was
highest at day 4 for BDE cells with 75 percent (Figure 2B.2nd for HepG2 cell line at day 7 with

74 percent compared to control (Figure 2B).1SOD1 knockdown at protein level was highest at day
4 for BDE cdis with 77 percenfFigure 2B.22) and for HepG2 cells highest at day 4 with 88 percent
(Figure 2B.12).
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Figue 2: Western blot of knockdown of CCS and SOD1

A.1l: Western blot of knockdown of CCS and SOBREnellsat day 2,3,4, and 7, normalized to actin. First
lane shows canine erythrocyté$.T. is an abbreviation for non treated.

A.2: Western blot of knockdown of CCS and SOBépGells at day 2,3,4,N.T. is an abbreviation for nc
treated.
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Figue 2B1.1:Quantificationof Western
blot: Knockdown of CCS in HepG2 cell
line. Density oimmunereactive bands
was corrected with background staining
and normalized to actirHighest
knockdown on protein level is establisF
at day 7 with 74% knockdown

Figue 2B12: Quantificationof Western
blot: Knockdown o5OD1n HepG2 cell
line. Density ofimmunereactive bands
was corrected with background stainin
and normalized to actirHighest
knockdown on protein level is estighed
at day 7 with 88% knockdown.

Figue 2B2.1 Quantification of Western
blot: Knockdown o€CS in BDtell line
Density oimmunereactive bands was
corrected with background staining and
normalized to actinHighest knockdown ¢
protein levelis established at day 4 with
75% knockdown.

Figue 2B2.2 Quantification of Western
blot: Knockdown o80D1 in BD&ell line
Density ofimmunereactive bands was
corrected with background staining and
normalized toactin. Highest knockdown ¢
protein level is established at day 4 with
77% knockdown.
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Conclusion

Disappeagnceof the immunoreactive band with CCS and SOD1 siRNAdckaells confirmed the
specificity of the antibodies used for CCS and SOD1. Therefore these antibodies can be used for
biomarker assays in canine samples.

Discussion
Knockdown of CCS and SOD1 resultedlisappeagnceof the immunoreactive band of CCS and
SODL1. This proves the specificity of the antibodies for CCS and SOD1

The first transfectiotechnique witHipofectaminé” RNAIMAX used orBDEs was not successful.
Knockdown of CCS and SOD1 were less th@#b percent. Together with the wrong transfection
technique for this cell line, this low knockdown can be due to-ocwefluene of cells at day 0. It is
known that oveconfluene at day 0 negatively influences siRNA transfection efficiency. HepG2 cells
grow less fast compared to BDES so this problemndicppear with HepG2 cells. In general it is
recommended to start a transfection of BDEs with & 80% confluene. The Matra siRNA

transfection technique used in teisidywas already proven to be successful on BDE cells, therefore
this result is nosurprising(10).

Western blot analysis showed a difference in the molecular weight between human and canine SOD1
protein. Human SOD1 protein showed an immunoreactive band on 23 kDa, where canine SOD1
shows an immunoredce band on 1&Da. The difference in molecular weight of canine SOR%
alreadybeenreported befor¢l1) but not shown on Western blot. The human SOD1 antibody is
applicable for canine erythrocytes due similanitydrget sequence between both species. Despite of
this weight difference, BLAST analysis showed 80% similarity between human and canine SOD1 at
the protein level. The difference in molecular weight might therefore be explained by difference on
protein leel. Human SOD1protein contains 154 amino acids, whereas canine SOD1 protein contains
150 amino acids. Ensemble shows a molecular weight of 15.5 kDA for canine SOD1, and 15.9 for
human SOD1. Why this difference seems to be greater than 0.4 kDa, hasrthdrarfuestigated.

QPCR analysis of CCS and SODIBDE cells, transfectedith MATra techniqueshowed a low

relative mRNA expression, even in nseated and noetarget transfected cells. Also Western blot
analysis of CCS and SODL1 in BDE cells showdalnaprotein level. This result is not shown in other
studies, but magnetic beats may increase cytotoxicity. In this transfection technigue siRNA and
magnetic beats are drawn onto cells using a strong magnetic field. Magnetic beats may have a
cytotoxic sideeffect. When cells have cellular stress, SOD1 mR&&Is will increase, because

SOD1 prevents cellular damag@?). Our data indeed show an increase of SOD1 on mRNA level over
time. Due to low mRNA levels of CC$id SOD1, CCS and SOD1 protein levels were also low. How
this MaTra transfection technique leads to low mRNA levels of CCS and SOD1, has to be further
investigated. The cytotoxic side effects could be investigated with a MTT assay which will prove the
effed of the MATRA transfection technique on the BDE cells.

Antibodies for CCS and SOD1 are shown to be applicable for canine erythrocytes. As said before,
differences between canine and human SOD1 makes this result surprising. This is also the case in
CCS, wtere canine CCS has two transcript variants amdam only oneEnsemble,database version
72). The antibodiesire probably designed on parts of the canine and human antigen that are similar
and do not have a mismatch.
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Erythrocyte CCS and SOD1 levels will tessted as a potential biomarker of copper toxicosis in the
Labrador retrievenf they show a correlation with hepatic copper, they will be used to identify dogs at
risk so illness can be prevented. Moreover, this biomarker could be useful in monitqey status
during and after treatment.
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Abstract

BackgroundCopper associated hepatitis is a hereditary disease in the Labrador retrielv@owint
diagnosis can only be made by means of a liver biopsy. A biomarker that can be obtained non
invasively and that correlates with hepatic copper concentration is necessary to identify dogs at risk in
the subclinical phase, in which treatment is nedfgctive. Promising biomarkers are erythrocyte CCS
and SODL1 protein levels. Both are described to reflect both copper deficiency and copper
accumulation in mice and rats.

ObjectivesTo determine whether CCS and SOD1 protein levels in erythrocytes tefleatic copper
status in the Labrador retriever.

Material and method€rythrocytes of 25 Labrador retriever with hepatic copper ranging from 28 till
1,445 mg/kg dry weight liver were used for quantifying CCS and SOD1 protein levels by Western
blot. Linear regression was performed and the model of best fit (with hepatic copper as a continuous
variable or as a factor variable), including the covariates: sex (M,F) and previous treatment (nothing,
D-penicillamin, diet) was determineBollow up samples otwo Labrador retrievers/ere used to test
effects of CCS and SOD1 protein levels in association with hepatic copper levels over time
ConclusionsBoth erythrocyte CCS protein levels and CCS/SOD1 ratio showed-énean

relationship with hepatic coppgupm) in which hepatic copper was entered as a factor variable.
Hepatic coppefppm) was divided in three groups; hepatic copper of <40638800and >800 ppm.
Erythrocyte CCS/SOD1 protein levels distinguish between hepatic copper <400 and >400 ppm
whereagerythrocyte CCS protein levels distinguish between hepatic copper-@&000pm and >800
ppm. Erythrocyte SOD1 protein levels were not significantly associated with hepatic copper
concentration. Follovup samples in Labrador retriewéid not alwayshowthe same trend as

individual animals. Further research has to focus on testing erythrocyte CCS protein levels and
erythrocyte CCS/SODL1 ratio in more follayp samples of Labrador retrievers and replicating these
results in a biggecohortof Labradorgetrievers

Clinical relevance:

Erythrocyte CCS protein levels and CCS/SODLI ratio are significantly associated to hepatic copper
levels and can serve as biomarkers for hepatic copper. these parameters can be very useful for
early diagnosis of hepatmpper toxicosis and can aid in rimwvasive monitoring of chelation

therapy.

Introduction

Copper accumulation in the Labrador retriever is a hereditary disease with a complex genetic
background with a strong female predisposi(ib/2) In affected Labrador retrievers copper

accumulation may start atdmonths of age, and these dogs will accumulate copper over time. This
copper accumulation will eventually cause hepatitis. When hepatitis is priegéity non-specific

clinical signs appear, such as anorexia, vomiting and weight loss and when the disease progressed,
clinical signs typical for parenchymal liver disease such as icterus, ascites and hepatic encephalopathy
may appea(3). Diagnostic measurement reveals an elevation of alanine aminotransferase (ALT)
activity. Histologically centrolobular localization of copper accumulation is found. Without chelation
therapy affected Labradors will eventually deyechronic hepatitis and cirrhosis leading to liver
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failure (4). At this stage signs of liver failure will appear, but in this phase treatment will not restore
the normal liver function in most cases. Copper accutionlén Labrador retriever is diagnosed by
means of a liver biopsy. A biomarker that can be obtainedm@sively and that correlates with

hepatic copper concentration will be of great benefit to identify dogs at risk in the subclinical phase
and thus tgrevent clinical illness. Also, a biomarker can help monitoring during treatment to prevent
d-penicillamin overtreatment, leading to copper deficiency (5). However, a biomarker for hepatic
copper status doemt exist yet.

Recent studies revealed promgsiniomarkers for hepatic copper status. Copper chaperone CCS is
shown to reflect both copper deficiency and overload in erythrocytes in mice a(@ignts cattle,
erythrocyte CCS protein levels are described as biomarker for copper defi(®neiiere during

copper deficiency erythrocyte CCS protein levels significantly increase. In humans, copper
supplementation leads to a demse in protein levels of CGH0). Also superoxide dismutase 1

(SOD1) in erythrocytes ,which receives copper molecules from CCS, shows reflection on copper
statugl1), whereduring copper deficiency erythrocyte SOD1 protein levels significantly increase.
Different reviews suggest erythrocyte CCS as most promising potential marker for deficiency as well
as excess of copp€&r2,13) However, both CCS and SOD1 protein levels are not tested yet as
biomarker for copper status in dogs.

The aim of this study was to determine whether erythrocyte CCS and SOD1 protein levels and
CCS/SOD1 ratio reflect hepatic copper status therefore can be applied as biomarkers. First the
correlation between liver and erythrocyte CCS and SOD1 protein levels were tested to see if
erythrocytes protein levels reflect liver protein levels. Furtteee CCS, SOD1 and CCS/SOD1
protein levels weg tested in erythrocytes, and as a proxy for hepatic copper status. Results of this
study can be used to develop a+iwvasive diagnostic test for copper accumulation in Labrador
retriever and may aid in early diagnosis and prevention of clinical iliness

Materials and Methods

Animals

All Labrador retrievers were client owned and presented to the Department of Clinical Sciences of
Companion Animals, Utrecht University, the Netherlands in 2011 and 2012. Diagnosis of copper
associated hepatitis was estabéd through histological assessment of liver biopsy specimens and
guantitative copper determination in liver tissue. Blood and liver samples were obtained after informed
consent of the owners. Procedures weondnnappr oved
Experiments as required under Dutch legislation.

Set up of the study

This study containBur parts. In thdirst part correlation between erythrocyte and liver CCS and
SOD1was testedn the secongbart correlation between liver CCS and hepatigper was tested.

Third, erythrocyte CCS and SOD1 protein levels and CCS/SOD1 ratio were tested for association with
hepatic copper. In the fourth part follayp samples in the same Labrador retriever were tested for
erythrocyte CCS, SOD1 and CS®D1 raio.

Liver biopsies

Liver tissue was collected using a Tru cut device (14G needle) under ultrasound guidance. Two
biopsies were used for histopathological examination and copper staining after fixation in 4% neutral
buffered formalin and paraffin embdidg. Two other biopsies were collected in cryo vials, fixed in
RNAlater (Ambion, Austin, TX, USA) for a maximum of 24 hours or sfragen in liquid nitrogen
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and stored at T70AC. A separate biopsy speci men
guanttative copper determination by instrumental neutron activation analysis. Dogs were considered
to have normal hepatic copper concentrations if concentrations were below 400 mg/kg dry weight liver
(dwl)(14).

Erythrocytes

EDTA blood samples were washed 3 times with PBS in a dilution of 1:10 and then centrifuged at
2,500 rpm for 5 minutes. Supernatant was pipetted off the erythrocyte pellet and the pellet was stored
at-70 degrees until protein isolation.

Protein denaturatio n

The snagrozen liver tissue was suspended in 200f RIPA buffer containing 1 mM
PhenylMethylSulfonyl Fluoride (PMSF, Sigma Aldrich, Steinheim, Zwitserlarady/thl aprotinine

(Sigma Aldrich, Steinheim, Zwitserland), and 1 nsbtliumorthovanadate (Siga Aldrich,

Steinheim, Zwitserland). Erythrocytes were suspended 1:1 RIPA buffer. Protein concentrations were
obtained using a Lowrpased assay (DC Protein Assay, BioRad, Veenendaal, The Netherlands
Protein denaturation was performed by heating thekeior 2 min at 95°@rior to Western blot

Western blot

For the detection of SOD1 g erythrocyte protein andgy liver proteinwasused and for the

detection of CCS loading of protein respectivehe§tand 17%g of protein Electrophoresis and

blotting was performed as described in chaptd&nbranes were incubated with a polyclona

antibody against antabbit CCS (FE274, Santa Cruz Biotechnology, Santa Cruz, CA) andrahhit
SOD1 (FL-154, Santa Cruz Biotechnology, Santa Cruz, CA) in a dilution of 1:1,000 in TBST with 4%
BSA overnight at 4°C. Specificity of the antibodies wested bysRNA mediated knockdown of

CCS and SOD{Chapter 3). As a loading control a polyclonal antuse GAPDH antibody (Sigma
Aldrich, Missouri, USA) in erythrocytes and a monoclonal-amuse Actin (Pan Actin AB

Neomarkers, Fremont, California) limer tissue was used, both in a dilution of 000. Membranes

were probed with GAPDH overnight in 4°C. After washing with TB&een (0.1%), antibody bound
proteins were detected using the ECL Select Western blot Detection Reagent, performed according to
the manufacturer's instructions (GE Healthcare Life sciences, Italy). Images were captured with
ChemiDoc XRS Chemi Luminescent Image Capture(Biorad). Density of immunoreactive bands was
measured using BiRad Version 4.6.9. Density of immunoreactive bandse corrected with

background staining and normalized to the density of immunoreactive bands of GAPDH.

Statistics

Results were analyzed with the statistical environmeiR R.7.2. package for Windows,
http:/www.Rproject.org). First a linear regressimodel with liver CCS, SOQhnd CCS/SOD1

protein expression as outcome variable was used to test the association between the protein levels and
hepatic copper concentration. Second a linear regression model with erythrocyte CCS protein levels as
outcomevariable was used to the test the association between the erythrocyte and liver CCS protein
levels. The same model was used for SOD1 protein levels. Second a linear regression model with
erythrocyteCCS, SOD1 and CCS/SOD1 protein expression as outcomableanas used to test the
association between the protein levels and hepatic copper concentration. For all models age of the dog
at the time of biopsy (years), gender (male, female) and treatment in the period preceding the
collection of biopsy (no treatemt, dietary treatment with Royal Canin hepatic dry digbebicillamin
treatmenin a dose of 20 mg/kg/day) were added in the model as covafiagemodel was compared

to a model without hepatic copper and a model in which hepatic copper was modefadtas by

creating three groups (low coppe00 mg/kg dwl), medium coppé&00-800 mg/kg dwl)and high
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copper8001 000 mg/ kg dwl ). The model of best fit was
criterium.

Results

Animals

Labrador retrievers uddor this study had an average hepatic copper of 559+360.6 ppm and an
average age of 8.61£2.4 yeérsable 1). As said before, this study contains four parts, which are named
1till 4 (Table 1). The treatment six months before liver biopsy is also list€dlle 1. Labrador

retrieves could either receive-genicillamin treatment or diet, or no treatment. Part one and two are
only performed at 15 Labrador retrievers, because only for these samples both liver tissue and
erythrocytes were available. For tifiisirth part of this study, followap samples of two Labrador

retriever were available.

168 9 F 6.5 28 Pen 1,2,3
189 6 F 7.2 177 Diet 3
2367 F 9.5 224 Diet 1,2,3
255 4 F 7.2 229 Diet 12,3
3711 M 115 250 Nothing 1,2,3
377.1 M 7.9 318 Nothing 3
369 1 F 3.6 356 Nothing 3
1415 M 9.3 393 Diet 3
215 6 M 6.5 409 Diet 1,2
3651 F 9.1 444 Nothing 1,2,3
1416 M 9.9 446 Diet 1,2
186 8 F 7.3 482 Diet 1,2,3
283 3 M 10.8 509 Diet 1,2,3
208 7 M 8.4 526 Pen 3
277 4 F 10.9 570 Pen 3
252 6 F 11.9 601 Diet 3
212 7 M 5.8 643 Diet 3
2375 F 6.1 664 Diet 3
208 6 M 7.9 677 Diet 1,2,3
3013 F 5.3 720 Diet 1,2,3
3761 M 12.3 795 Nothing 1,2,3
3621 M 6.2 1146 Nothing 1,2,3
3751 M 10.1 1310 Nothing 3
275 6 F 7.0 741 Diet 3
275 4 F 6.0 55 1 Pen 1,2,3,4
2755 F 6.5 462 2 Diet 3,4
3611 F 10.8 1270 1 Nothing 1,2,3,4
3612 F 11.3 121 2 Pen 3,4
3613 F 11.4 756 3 Nothing 3,4
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Table 1 Table of used Labrador erythrocytes witloicesponding hepatic copper value. Gender(Female or male) and age
when liver biopsy was taken(years) are listed. Follay samples of two Labrador retrievers were available and are
named 1,2 and 3. Labrador retrievers received no treatment(nothingpehicillamine(Pen) or diet(Diet). Samples were
used for different parts of this study. Samples which were used for the first part of the study(1) were used to test
associationbetween erythrocyte and liver CCS/SOD1 protein lev@amples for the second pd#) of this studywere

used to test associatiobetween liver CCS/SODL protein levels and hepatic copper st8asples used for the third part
of this study(3) were used to test association between erythrocyte (ST Iprotein levels andCCBSODIratio and

hepatic copper status. Samples used for the fourth part of this study(4) are follgnsamples of Labrador retrievers and
were used for measurements CCS, S@xdtein levelsand CCS/SODratio over time.

Western blot analysis

Relation between liver and ery throcyte CCS protein levels
Liver and erythrocyte CCS protein levels were positively correlate@.87, p=0.02) (Figure 1).

Relation between liver and erythrocyte SOD1 protein levels
Erythrocyte and liver SOD1 protein levels were positively coredléR’=0.32 p=0.03 (Figure 2).

Erythrocyte and liver SOD1 protein
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Relation between hepatic copper values and liver CCS and SOD1 protein levels

Liver CCS protein levels were negatively correlated with hepatic copper values ranged from 28 to

1,270 ppm(r’=0.37, p=0.02)Figure 3 and ¥ Liver SOD1 protein levels showed a positive
correlation with hepatic copper levels, however this correlation was not sign{ficéh05 (Figure 3
and 5. Betaactin was used as a loading control for both CCS and SOD1.

.
oy ---u—"" b Lk T p——

16 KD S — — — L e ——" ————— — 5001

‘lkm——i—v" h—l~~ — T u-u_hd*'- e
28

55 224 229 250 409 444 445 482 509 o’ 120 795 146 1200 ppm

Figure3: Wedern blot of CCS, SORihd betaactinin liver tissue with hepatic copper(ppm)f 28 to 1270 mg/kgBeta
actin was used as loading control-aé shows hepatic copper(ppm);3s shows on the left the weight(kDa) and on the
right CCS, SOD1 and bedatin.
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Relation between hepatic copper concentration and erythrocyte CCS protein levels

Gender, treatment and age dmt have a significant effect on CCS protein levels. CCS protein levels
and hepatic copper concentration showed alimaar relationship and the model imieh hepatic
copper was entered as a factor variable showed the lowest AIC.

Three groups of erythrocyte CCS protein levels were tité€igure 6and 7. One group of hepatic
copper levels below 400, which had high CCS protein levels, one group ocheyaier levels

between 400 and 800 ppm, which had lower CCS protein levels and one group of hepatic copper
levels above 800 ppm, which had higher CCS protein levels than the medium hepatic copper levels
group. Therefore we used a regression model witthergyte CCS protein levels as outcome and

these three groups as factors. This model showed a significant difference between these groups.
Between the group with hepatic copper <400 and hepatic copper betwe8db@ estimate

decrease of 1.41 CCS printdevels was seef®5% confidence interval[Cl], 1.7221.10). Between

<400 hepatic copper and hepatic copper >400 an estimate decrease of 0.79 was seen(95% ClI, 1.18
0.40)

- — T — — GAPDH

*
; 4
3

Hepatic copper

28 55 1 250 393 482 570 664 677 720 756 795 1146 1310 1445 (ppm)

Figure 6 : Western blot of CS protein levels of different hepatic coppédevels ranged from 28 till 144%pm. GAPDH was
used as loading control.
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Relation between hepatic copper concentration and erythrocyte SOD1 protein level
Erythrocyte SODL1 protein levels were not significantly correlated with hepatic copper vahges]
from 28 till 1,445 ppm(r’=0.23 p>0.05 (Figure8 and9). Gender, treatment and age dai have a
significant effect on SOD1 protein levels. GBIR was used as loading control.
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Figure8: : Western blot of CS protein levels of different hepaticopper levels ranged from 28 till 795 ppm. GAPDH was
used as loading control.
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Relation between hepatic copper concentration and erythrocyte CCS/SOD1 protein level

Gender, treatment and age did not have a significant effect on CCS/SOD1 proteirCle&3OD1
protein levels and hepatic copper concentration showed-ansam relationship and the model in
which hepatic copper was entered as a factor variableed the lowest AICThis model showed a
significant difference between these three gr¢fipare 10) Between the group with hepatic copper
<400 and hepatic copper between-800 the estimate decrease of 2.75 CCS/SOD1 ratio was
seen(95% confidence interval[Cl], 3.B2.13). Between <400 hepatic copper and hepatic copper
>400 an estimate decraof 2.27 was seen(95% Cl, 3i04.49).
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Erythrocyte CCS/SOD1 ratio with hepatic
copper status
6 Figurel0: Graph of
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Relation between erythrocyte CCS protein levels and hepatic copper values in follow -up samples.
In two Labrador retrievers erythrocytes were collected corresponding with two or three liver biopsies
taken at dferent time points.

The first Labradofnumber 275) receivedgenicillamin, a control liver biopsy showed a hepatic

copper of 54 ppm. After this the treatment changed to low copper diet. After a half year a control liver
biopsy was taken and hepatic pepwas increased to 462 ppm. After this thedegcontinued, and

after half a year a liver biopsy was taken. Hepatic copper was increased from 462 to 741 ppm.

For follow-up samples 1 and 2 the same trend was seen as in individual Labrador retretvezenB

time point 1 and 2 hepatic copper increased, which leads to an decrease on erythrocyte CCS protein
levels, increase of SOD1 protein levels and decrease of CCS/SODL1 protein levels. Femgollow

sample 3 a different trend is seen. Between time Radmtd 3 hepatic copper increases, which leads in
these sample to an increase of CCS protein levels, a decrease of SOD1 protein levels and an increase
of CCS/SOD1 protein leve(Figures 11,12, and B).

Erythrocyte CCS protein levels in
follow-up samples of Labrador 275
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Figure 1: Erythrocyte CCS protein levels in follewp samples of Labrador retriever. After-plenicillamin treatment, a

liver biopsy was taken, hepatic copper was 54 ppm(Time point 1). After this diet was given to this Labrador retriever and
after half a year a liver biopsy was taken and hepatic copper waseased to 462(Time point 2). This diet were

continued, and after half a year hepatic copper was increased from 462 to 741 ppm(time point 3).
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Erythrocyte SOD1 protein levels in
follow-up samples of Labrador 275
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Figure 2: Erythrocyte SOD1 protein levels in folleup samples of Labrador retrieveAfter d-penicillamin treatment, a

liver biopsy was taken, hepatic copper was 54 ppm(Time point 1). After this diet was given to this Labrador retriever and
after half a year a liver biopsy was taken and hepatic copper was increased to 462(Time point 2). This diet were
continued,and after half a year hepatic copper was increased from 462 to 741 ppm(Time point 3).

Erythrocyte CCS/SOD1 ratio in follow-
up samples of Labrador 275

08 S

Y
0.6 o,

1
0.4 =0 Diet i

-

02 ™’

Relative erythrocyte CCS/SOD1 ratio
normaized to GAPDH

Hepatic copper(ppm)

Figure B: Erythrocyte CCS/SODL ratio in follewp samples of Labrador retriever. After-genicillamin treatment, a liver

biopsy was taken, hepatic copper was 54 ppnmiE point 1). After this diet was given to this Labrador retriever and after

half a year a liver biopsy was taken and hepatic copper was increased to 462(Time point 2). This diet were continued, and
after half a year hepatic copper was increased from 462741 ppm(Time point 3).

The second Labrador retriever(361) had a hepatic copper of 1270 ppm when the first biopsy was
taken. After this, treatment of metalcaptasgéaicillamin) was given. After a half year control biopsy
was taken, showing a decreasdepatic copper from 1270 to 121 pdmthis Labrador the same

trend was seen as in individual animals in CCS protein levels, where CCS and CCS/SOD1 ratio were
both negatively correlated witlepatic copper values(Figurd and B). SOD1 protein levels ithese
samples did not show the same trenthasdividual animals(Figure@).
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Erythrocyte CCS protein levels in
follow-up samples of Labrador 361
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Figure 4: Erythrocyte CCS protein levels in follewp samples of Labrador retriever. After-genicilamin treatment
hepatic copper decreased from 1270 ppm(time point 1)181 ppm(time point 2).
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Figure B: Erythrocyte CCS/SODL ratio in follewp samples of Labrador retriever. After-genicilamin treatment hepatic
copper decreased from 1270 ppm(time point 1) to 121 ppm(time point 2).
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Figure B: Erythrocyte SOD1 prote levels in followrup samples of Labrador retriever. After-plenicilamin treatment
hepatic copper decreased from 1270 ppm(time point 1) to 121 ppm(time point 2).




Discussion

Currently the only way to diagnose hepatic copper accumulation in the Labe&dorar is by means
of a liver biopsy. Therefore a nénvasive biomarker is needed that correlates with hepatic copper
status.

Many proteins and enzymes in blood plasma or serum are used to evaluate hepatic copper status, but
most of them are nespecifc or not sensitive. Serum or plasma copper and ceruloplasmin are widely
used to evaluate hepatic copper staigsuloplasmin comprise 70% of the total plasma cadpiy
function is todeliver copper to tissuet neutralize radicalgp catalyzeoxidaion reactions involving
molecular oxygen en various natural and syitheminesFurthermore it is an important ferroxidase
(15) However, serum copper plasma daescorrelate to hepatic copper stdfL&) and cerulplasmin

only reacts by decreasing in activity on severe copper defic{@dgyAlso ceruloplasmin is

influenced by ATP7B deficiency. Both serum copper and ceruloplasmin are influenced by age, sex
and noRrcopper relad processes like inflammatory dised$&$ A recent study showed there is no
correlation between hepatic and urine copper vél8gshowever there is a correlation between

hepdic copper and urine copper/zinc ratio. Platelet cytochroraetivity (CCO) and diamine
oxidase(DAO) are described to reflect hepatic copper $1#19) because of their interaction with
copper atoms. Cytochromeoxidase binds two copper and diamine oxidase is responsible from
oxidative deamination of diamines. However, these enzymes have their limitations; CCO is a labile
enzyme and DAO activity is also an indicator of tissue in{f@6). Therefore these enzymes cannot
function as biomarker for copper status.

On western blot CCS antibody detected two immunoreactive bands at 35 kDa and 32 kDa. Only the 35
kDa band is correlated with hepatic copper stathe.second immunoreactive band of 32 kDa is not
described on the antibody datasheet, therefore this immunoreactive bamut @gsected. Only one

study shows this second band of CCS on a Western blot figure and conclude with peptide blocking
experimentghat this band is immunospecific and present in white and red blood cells and iBtelets
All other studies did not notice this second immunoreactive band. This second immunoreactive band
can be explained by the number of transcript of the canine CE&S\ghith has two transcripts, both
protein coding with respectively 350 and 274 amino &Eidsemble) Transcript 1 and 2 have a
molecular weight of respectively 36 and 29 kDa. Why only transcript 1 has a correlation with copper
camat be explained, becaaidoth of transcripts have 3 Cu,Zn,SOD1 binding sites. The difference
between the two transcript has to be further functional investigated.

Based on results of this study erythrocyte CCS protein level reflects hepatic copper status in the
Labrador retriegr. However, the reflection is different than expec@@dS protein levels and hepatic
copper concentration showed a dimear relationshipErythrocyte CCS protein levels significantly

differ between hepatic copper levels <400,-800 and >80@pm However, the biggest difference is
seen between hepatic copper levels<400 and >400 ppm, which shows little.ddepafic copper
levels>800 ppnresult in hidiererythrocyte CCS protein leveilsan hepatic copper levels between
400-800 which was not expedle Other studies already showed that CCS reflects both copper
overload in rats (7), where erythrocyte CCS protein levels significantly decrease by copper overload.
Copper deficiency in mice (11), rats (8d cattle (9) result in a significantly increadesrythrocyte

CCS protein levels. This is because copper bounded CCS is faster degraded by 26S proteasome in
erythrocytes, leading to a decrease of protein levels of erythrocyte CCS (8). High hepatic copper levels
resulting in high erythrocyte CCS pratdevels is not described before. Bertinato et al fed 36 rats

three different copper diets: 5 mg Cu/kg(normalp)00 mg/kg(high) and, Q00 mg/kg (very high)

copper a day for 13 weeks. Erythrocyte CCS protein levels significantly differ between the ayadmal
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very high copper fed groups. Hepatic copper levels ab@@® Jppm were reached, however an

average of all erythrocyte CCS protein levels were taken to calculate the difference between the
groups. Therefore it is hard to determine whether in thig/stigh hepatic copper levels results in

high erythrocyte CCS protein levels. Therefore further research has to focus on the relation of hepatic
copper levels aboved00 and erythrocyte CCS protein levels.

Erythrocyte CCS protein levels weiee times hidier (80%) in hepatic copper of 28 ppm compared to
hepatic copper of 795 ppm. Bertinato found a 30% reduction of CCS when rats where fed with high
hepatic copper diet instead of a normal copper diet (7).Hepburn found even a 65% increase between
cattle fed vith normal and copper deficient diets.(8)reduction of 80% between hepatic copper of 28

and 795 ppm is therefore not surprising, representing a very low(considered copper deficient) and high
(considered copper overload) hepatic copper.

This study showthat erythrocyte CCS, SOD1 protein levels were not influenced by age, treatment or
gender, only by hepatic copper levels, which was expected. Limited data is available about this

subject, so further research with more follapr samples of Labrador retrevwill reveal more about

this. For example, low copper diet contains high zinc values, which has an antioxidant function(30).

This may lead to less SOD1 protein levels and therefore more CCS protein levels, because CCS has an
overcapacity compared to SOD-penicillamin is described to may reduce the rate of liver
fibrogenesis in patients with Wi |l sonbs disease( 3

Measuring erythrocyte CCS protein levels in follagy samples in Labradors did not show the same

trend as in individuals animals, which wag arpected. Protein levels of copper chaperone CCS are
dependent on hepatic copper levels, therefore it is surprising if treatment has an influence on
erythrocyte CCS protein levels. The time between liver biopsies vary per Labrador retriever, this is
important because we suspect erythrocyte CCS protein levels only change in the bone marrow.
Erythrocytes have a turnover of 120 days, changes in CCS protein levels probably after four months or
more, as each erythrocyte has a different age. More falfpgamfes have to be taken from different
Labrador retrievers with different treatments, which makes the results more reliable.

Erythrocyte SOD1 protein levelgere not significantlgorrelated to hepatic copper statiiss

described that erythrocyte SOD1 fwio levels could reflect copper deééacy (24,33). Alsoprevious
studies that describes that erythrocyte CCS levels are more sensitive to coppeostpaued to

SODL1 protein level§22).n the liver this is explained by higher SOD1 protein legelspared to

CCS protein levels2B). Therefore a small fraction of total SOD1 stabilizing CCS in a complex would
be sufficient to produce large fold increases in CCS (£8)is is the same mechanism as for
erythrocytes, has to be further investigated.

Erythrocyte SOD1 protein levels in folleup samples did not show the same trend as in individual
animals. This Labrador had a low copper diet before this biopsy was taken. We expected that in these
follow-up samples erythrocyte SOD1 protein levels werdipgely correlated with hepatic copper

values. The results indicate thapédnicillamin has a negative effect on SOD1 protein levels, or diet

has a positive effect on SOD1 protein levels. SOD1, Cu,Zn Superoxide dismutase, needs both copper
and zinc for itsactivity. May be a high zinc diet leads to more Cu,Zn superoxide dismutase. The effect
of high zinc, low copper diet on erythrocyte SOD1 protein levels has to be further investigated.

Based on results of this study erythrocyte CCS/S@ilid and hepatic @pper concentration showed a
nontlinear relationshipErythrocyte CCS/SOD1 protein levels significantly differ between hepatic
copper<400, 40800 and >800 ppm. We also found that hepatic copper Ibeelseen <400 and
>400ppmare better reflected by ehybcyte CCS/SOD1 protein levels than erythrocyte CCS protein
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levels. It is described that erythrocyte CCS/SODL1 protein levels reflect hepatic copper status (11,24)
and one study proposed that CCS/SOD1 ratio is a better biomarker for copper deficie@@$hen
and SODL1 considered separately.

The mechanism of changes in erythrocyte SOD1 and CCS protein levels as a reflection of copper
status is not yet understood. Latest studies reveal that for both proteins mRNA levels remains
unaffected during copper definicy in several organs including liver tisg@8). Bertinato described

that copper bounded CCS is faster degraded than unbound CCS, leading to a decrease of erythrocyte
CCS protein levels during copper overload. However, West(11) revealed that pretaolysi

erythrocytes is very low, which means a decrease of CO®iche the result of a fast degradation of

CCS. Changes in erythrocyte SOD1 levels can be due to post transcriptional changes in SOD1. SOD1
requires three posttranslational modifications; @v@md zinc acquisition, intramolecular disulfide

bond formation and dimerization(26). During hepatic copper accumulation more copper is present in
the hepatocyte, which leads to activation of more SOD1. This may lead to more SOD1 activity and
this may bealetected on protein level in the hepatocyte and maybe also in erythrocytes. Another
hypothesis can be that unbound SOD1 is degraded by a proteasome, but copper bounded SOD1 is
active and therefore is not degraded. Also changes in protein levels of SObd tbaresult of

changes in protein expression in the bone marrow when erythrocyte are made. This would explain that
CCS only reflects chronic copper deficiency and overload(7). Further research has to be performed on
the exact mechanism of changes in GIb8 SOD1 protein expression in erythrocyte as reflection of
copper status.

As expected, liver CCS protein levels are negatively correlated with hepatic copper values. This
finding is also seen in rats (7). Probably the same mechanism as in erythroegpoissible for this
finding. Copper bounded CCS is faster degraded than unbound CCS by 26S proteasome. As
hepatocytes also contain this 26S proteasome (27), this mechanism is also present in the liver.
However, as said before this mechanism is not fullyeustood yet, so further research is necessary.

Liver SOD1 protein levels are positively correlated with hepatic copper values, however this
correlation is not significant. Also in rats a not significant change in liver SOD1 protein levels is
described (B As said beforein the liver SOD1 protein levels are much higher than CCS protein

levels @8). Also apoSOD1(SOD1 without activity) can accumulate, which makes correlation between
hepatic copper status and SODL1 protein levels less reliable (29). Hoimethés , study Western blot

is used and with this method there is no distinction between apo and holo SOD1. Future research can
focus on measuring SOD1 activity assay in relation to hepatic copper status.

Liver and erythrocyte CCS were positively correthivith each other. As described before, both
erythrocyte and liver CCS decrease when hepatic copper increase, so it is expected that both
erythrocyte and liver CCS correlate. In cattle erythrocyte and liver protein levels are also described
(9). In this sudy both erythrocyte and liver CCS significantly differ between copper sufficient and
copper deficient feed cattle, but no correlation was calculated between these two.

Liver and erythrocyte SOD1 were also positively correlated. This is surprising sedwail liver and
erythrocyte SOD1 protein levels did not correlate with hepatic copjpeited data is available, so
further research has to explain this correlation.

Liver and erythrocyte CCS and SODL1 protein levels were measured using Western i$.anal
However, this method has limitations. First, only samples on the same western blot can be compared,
due to limitations in standardization of Western blottiFigereforeonly 18 samples could be

measured each time. Second, western blot is aGeanittative method and immunoreactive bands
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can badiffuse and therefore hatd quantify. Future steps will focus on develgpaquantitative
diagnostic test for CCS and SODL1 protein levels.

Erythrocyte CCS/SOD1 protein levels betteflecthepatic copperelvelsbetween <400 ppm and
>400-800 ppmthan erythrocyte CCS protein levelerefore gythrocyte CCS/SOD1 could maybe

used as biomarker for copper deficiency during treatmenipeinitillamin preventing overtreatment
However, erythrocyte CCS, CCS/SOpibtein levels in followup samples of Labrador retrievers

often do not show the same trend as in individual animals. Future research will be focused on testing
erythrocyte CCS and CCS/SODL ratio in more folapvsamples of Labrador retrievers and

replicaing these results in a bigger group of Labrador retrievers. After this a diagnostic test can be
developed, which can be tested for sensitivity and specificity.
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Abstract

Keywords:ATP7A Wi | s o nracsifierdgens, eap@eeassociated hepatitis

BackgroundWilson’s disease is a autosometessivalisorder of copper metabolism caused by

mutations in theATP7Bgene, which leads to copper accumulation in liver and brain. Over 500

different mutations have bedatentified in theATP7Bgene, of which the H1069Q mutation is most

commonly encountered in the Caucasian population. Age of onset and symptoms are highly variable

i n Wil sonds dinaleamsnpletelylexplainet y thé variety im mutation&TiP 7B

Patients with identicaATP7Bmutations can differ in age of onset and phenotype. Recently, a genome
wide association study in the Labrador retriever
revealed the candidate modifier gegiEP7A which may perform a gate keeper function for copper

uptake.

ObjectivesiTo investigate whether copper transpoA&P7Acan be a modifier gene with a

gatekeeper function for copper absorption and this way influsge®f onsetifVi | sondés di seas«

patiens.

Material and method$anger sequencing of the exons and ingwon boundaries ATP7Awas

performed oDNAof6 0 Wi | sond6s di sease patients, which wer
(n=12) forthe ATP7BH1069Q mutation. In all patients age ofghasis was determineBatients with

an age of onset earlier than 20 years where name

l ater than 19 vye arlsoundataset 26npatieresdhad@n early enset, G4shadta date
onsetof Wl sonds di sease.

The mutation was evaluated for the association with age of diagrotilsear regression model was
used with age of diagnosis as continuous outcome variable and gehB@Bmutation(modeled as
H1069Qhomozygous or heterozygous), andtations found iRTP7Agene(modeled as

homozygous mutant(2), heterozygous mutant(1) andtydd(0)) and origin of patients as covariates.
Also a logistic regression was tested with age of diagribsiemial) as outcome and also variables
were genderATP7Bmutations and mutations foundATP7Agene.

Results Sanger sequencing revealed a-sgnonymous SNIBSNSNP) in exon 10 (V767L). No
association was found between V767L snSNP irAfile7 Agene and the age of diagnosiedeled

either as a continuows as a binomial outcome variabl€onclusion In the current data set of

Wil sonds disease patients, t heATR/Aandage ofonsetoi s soci at
the disease. However, we cahexclude whether mutations in introns or promoggfionsof ATP7A
influenceATP7Aexpression and therefore have an effect on the functiéi B A

Introduction

Wil sonbés di s e aecessivie disordan of eopperongtabolianh cansaétions in ATP7B

gene. Mutation analysis of different Wilserdisease patients revealed more thanrbOtations in

ATP7Bgene Most Wilson’s disease patients are compound heterozygous, which means they carry

more than one mutationljinical symptoms can vary between hepatic, neurologic and psychological
symptomsAge at the onset of syrtgms is usually from 6 yeate 45 yearsoldl)) but Wil sonés
disease with hepatic involvement may be detected for the firstitirpatients in their 7@ (2).

61



Clinical symptoms and age of onset are highly variable between patients. However, this diversity in
clinical symptoms and age of onset cannot be explained by variation in mutation&irPFagene

only. Patients carrying istical ATP7Bmutations can have different clinical signs and age of onset

(3). Environmental, epigenetic and other genetic factors are thought to play a role in the variety of the

phenotypg4).

Gender and modifier genes are thought to play a role in age of onset in Wilson's disease patients.
Women have a later age of onset than man, probably due to hormonal influences of ¢Sjréddsns
other genes thaATP7Bare tested as modifier gene for Wilson’s disease and therefore affect the
phenotype, especially age of onset, of WD patients. Several genes were tested for association with

phenotype of Wi lsondos di(®®ase, but no associatio

A recent study revealed a promising candidate ge
copper accumulation in the Labrador retriever is a hereditary diseasa @dthplex genetic

background8). Recentlyggyenome wi de association study was per
disease like copper associated hepatitis and revealed significant mutationsAiBdBandATP7A

geng(9), known as disease causing gene in the copper deficiency disorder Menke”s(di®ehlsthis

study a mutation il\TP7Awas associated with lower hepatic copper levelsmamidtions inATP7B

were associated with higher hepatic copper levels.

Copper transporte 8TP7AandATP7Bhave an important function in respectively the enterocyte and
hepatocyte. In the enterocyte ATP7A ensures copper transport to the portal cir(lijtad to other
cuproenzymes. Because ATP7A facilitates excretion of copper into the portal circulation, ATP7A may
perform a gate keeper function in protecting the body copper homeostasis. ATP7B links copper to
cerdoplasmir(12)and facilitates excretion of copperintothef@le | n Wi | sonbés di sease
functions ofATP7B are impaired in Wilson's disease, leading to eogzcumulatingn liver tissue

and brain.

Based on the results in the Labrador retriever, we hypothesize tHgERY&\gene may perform a
gatekeeper function in enterocytic copper uptake and that this phenomenon may modify the age of
onset in people with decreased hapeopper excretion caused by mutation&irP7B WD patients

with mutations inATP7A that partly impair the function of the gene, may have a later age of onset
than patients with no mutationsATP7A thiswould explain diversity in phenotype in Wilsen

disease patients. Howey&TP7Ahas not been tested yet as modifier gene in WD.

This study willinvestigate whethekTP7Acan be a modifier gene with a gatekeeper function for
copper absorption arid thisway influence the age of onsetWi | s dseaSepatiethts. Sanger
sequencing of 90 WD patients has established a clear view on the possilility ©has modifier
gene.

Material and methods

Patients

Data from patients with WD were collected from four different institutes in France, Poland, @erman
and the Netherlandk appendix 22ATP7Bmutations, age of onset and age of diagnosis were listed of
al |l Wil son 6 s Ofdli patiendgsssdnownaftheyeveré teeterozygous or homozygous for
the most commoATP7Bmutation, H1069QDiagnosis oMWD was reviewed according to the criteria
of the & International conference on Wilson and Menkes Diggae

Definition of age of onset
The age of onset is the age when the first clinical symptoms attributableto®%%on 6 s di sease o
Age of onset was divided in early and late age of onset. Patients with an age of onset earlier than 20
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years where named O6early onseté, and patients wi
0l ate onseto.

DNA analysis

Twenty-three ewns and introrexon boundaries GATP7Awere investigated by Sanger sequencing

(Table 1)of DNAof6 0 Wi | sonds Himerewere devgiopet in Benl prisner and tested

for their specificity with NCBI Blast. Polymerase chain reawi@CR) for amplification of gDNA

was performed using 1,25 ng/ul gDNA and Tagymerase (Invitrogen, Carlsbad, USA) following

the manufacturerds instructions. PCR product was
PCR product was incubated withul of a forward or reverse primer, 2 ul BigDye(Applied

Biosystems, Foster Cit{;A, USA) mix, 2 pl of 5 x Sequence bufféApplied biosystens, Foster

City, CA, USA) and 4 pl of MilliQ in a volume of 10ul. This reaction was perfed for 25 cycles of

96 °C for 30 seconds, 50 °C for 15 seconds and 60 °C for 2 n{idppesdix 1) The product was

purified using sephadex leomns using a multiscreen$igiration plate and were analyzed on an ABI

Prism 3130xI Genetic analyzer(Applied Biosystems, Foster CAy,USA). The sequences were

analyzed using SegMan Pro(DNA star, Version 10.1.1). Sequences were compared with the reference
genome on NCBI Ensemligieuild 3.1). Polymorphisms were named according to nomenclature
recommendations listed on the Human Genoraga#ion Society website

(http://www.hgvs.org/mutnomen/if polymorphisms were found, mutation analysis of this

pol ymorphi sms were also performed on thirty othe

Statistical analysis

Statistical analysis wergerformed withR 2.7.2 (package for Windowisttp://www.Rproject.or}

The mutation was evaluated for the association with age of diagnosis, where age of diagnosis was
binomial and continugs described for late(1) and early(0) diagnosis. A linear regression model was
used with age of diagnosis as continuous outcome variable and gehB@Bmutation(modeled as
H1069Qhomozygous or heterozygous), and mutations fouddia7 Agenémodeled afiomozygous
mutant(2), heterozygous mutant(1) and witde(0)) and origin of patients as covariates. Also a
logistic regression was tested with age of diagnosis(binomial) as outcome and also variables were
gender, ATP7B mutations and mutations foundTiP7Agene. The best model was chosen based on
Akai kebs information criterium. Vali-doasand of t he
inspecting the residual plots for normality and constance of variance

Results

Patients

Mutation analysisofall28 x ons wer e performed on 60 WD patient
disease patients were male, 30 were female. Age of diagnosis ranged from 4 till 41 years(23+10.6).
Mutation found inATP7Awas al so analyzed i n 30 Rhedepaidnts, Wi | son
6 Wilsonbs disease patients were mal e, 6 were fe
years(41 +7.2). Mutations found ATP7A, age, gender, clinical symptoms and age of diagnosis of

these patients are listed in Appendix 2.

1 NA 55
NA
2 Yara8_Fw GGAAAGATTATTTGCATGGCTG 77,227,068 219 55
77,227,286
Yara8_Rv TGACTTCAGTTTCCAAAGAG
3 Yara23_Fw ACTCTTCTTGAATGTGGTGTG 77,243,648- 593 55
77,244,240
Yara23_Rv QCAGACACATTACCTTTAATTCGC
4 Yaral9_Fw TTTCTGAAGTAGCCCAGGA 77,244,674 525 55
77,245,198
Yaral9_Rv GCTGGAGGGAGAGTTTGAG
4 Yara20_Fw TTATCTGCACTCCAATATGTAAGC 77,245,013 524 55
77,245,554
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Table 3: Sequences of primers used to sequeAdd7Agene. Primers which are not dimized yet are listed as NAZxon 4 is

Yara20_Rv
Yaral5_Fw

Yaral5_Rv
Yara22_Fw

Yara22_Rv
Yaral7_Fw

Yaral7_Rv
Yaral2_Fw

Yaral2_Rv
NA
NA
Yara2l_ Fw

Yara2lRv
Yara4_Fw

Yara4_Rv
Yaral_Fw

Yaral Rv

Yarald Fw
Yarald_Rv
YaralO_Fw

YaralO_Rv
Yara24_Fw

Yara24_Rv
Yaral8_Fw

Yaral8_Rv
NA

NA
Yara3_Fw

Yara3_Rv
Yara6_Fw

Yara6_Rv
Yaral3_Fw

Yaral3_Rv
Yara7_Fw

Yara7_Rv
Yara5_Fw

Yara5_Rv
Yara2_Fw

Yara2_Rv

TACAGTGCCTATGAATCATTTCTC
GAATCTTTCATCTACCAG

TGTCTCACCTTCTTCCCG
TTTCTTATCAATGCTCTTAGGAAT

ATTATCTTCACAACTCTTCTCTG
GCTTTGTCTTTAACAGGTGAGGG

GCCTCTATCTGATGCAAACCA
ACTGTTCTTAATGACAATACCA

TACTTACTGTCTTATTTCTCGTT

AAAGCCAAAGAAAGTGACTAT

TCATTTATCCACCCAACATT
TTTGGGTAAATGCTAAAGATTGTA

AAAGAGAAGAGGGAAGAGT
GGTAGGAAGCATATTATCATGG

GAAAGAACATACCTGTGATGAG
TCTATCTTTACTCTCCATACAGGG
GGTGAAGATTTATACTGAGAAGGC
TTAATTCTAGGCTCCTATCCAGCA

CAAGTCACTTACAGGAAAGTAGGT
GGGCTACAATAGAAGTATCTCC

TCTTACCTTATGAGCCATCTCC
TCTGGAAAGGTGATGTGG

GCAAATCACAGTCAAACAC

ATTTCTGTGCCTACTTTCAG

AAACCTTACCATCAACTGCT
CCCTATATTAGATGAGCTGTG

CCTATCAATTACCTGAGAAGC
TTGCTCAGTTATGTTTCACG

CAGTCTCATACTCCTCAAAGG
GAATGATCTTCTGGATGTAGTG

GTTAAGAGTCAGKEICAGCA
CCATACTTGTTTCTTAGGAG

GCAAGCTATCATACTTACAG
TTGCATATGTCCAGTTACAGG

GTGCATGACAAGTTAAACTG

77,253,954
77,254,189

77,258,550
77,258,814

77,264,583
77,264,847

77,266,581
77,266,756

77,268,276
77,268,658

77,270,066
77,270,281

77,271,203
77,271,390

7727571977275962

77,276,432
77,276,588

77,284,746
77,284,947

77,286,843
77,287,170

77,294,314
77,294,489

77,296,078
77,296,243

77,298,018
77,298,325

77,298,814
77,298,948

77,300,950
77,301,087

77,301,777
77,302,107

236

265

265

176

383

216

188

244

157

202

328

176

116

308

135

138

311

divided into two overlapping fragmentsTm is the optimal temperature used for PCR.

Mutation analysis
Sanger sequencing of 23as and introrexon boundaries revealed a rymonymous single
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nucleotide polymorphisms (snSNP) in exon 10 (Table 3 and figure 1). This polymorphism is located in

64



one of the eight the transmembrane segment of ATP7A prd#inv767L snSNP found was
statistical analyzed. An allele frequency of 0.28 was founthionon referenc€-allele.

SNP Exon 10

SNP on mRNA level 2299 A\ C

Amino acid change 767 \A L

Frequency of observed genotypéa=90 GG: 24(26.7%)
GY 39(43.3%)

GC: 20(22.2%)
CY: 6 (6.7%)
CC: 1(1.1%)

Allele frequency G:0.72
C:0.28

Table 3: Frequency of single nucleotide polymorphisms(snSNP) found in exon 10 within the ATP7A gene.

CD5: Putative 1 40 I L LV RBRMHM Y EU& RUAZEEKEUWNU®ETITTET FT DT

duery 121 TTCTTCTRAGTTECRRTETAT GRGRGRECCRARR CTGRR OCOCTATTACTTTCTTTGRCRACRC 180
FETTETT e e e e e e e e e e e e e e e e er et

Sbjct 2451 TTICTTCTAGTTGCRATGTATGRAGRGLECCRRLCTGRROCCTATTACTTTCTTTGRCACRC 2510

CDS:copper—-transport  Ted I L L WV R M Y EU ERUZLEUWVND®ETITTET FTUDT

Figure4: SNP of guanine in cytosine results in an amino acid change of Valine in Leucine.

snSNP V767L and age of diagnosis

Age of diagnosing showed no correlation with snSNP V767L(Figure 2).alalyzing age of
diagnosisas a binomial trainearlyand | ate (0 or 1), didndét correlat
shown). In statistical analysis gen@erd origin of the sample wetaken as covariate, however no

significant difference was found between age of onset between gerdlerigin of the samplglata

not shown).

Age of diagnosis and V767L SNP

B Figure2: Dotplot of age of
w O diagnosisin relation to snSNP
gz @ o o V767Lx-as shows age of
S 9 - g é diagnosis in years,-gs shows
@ genotype; GG/GY, GC and CC/
g & § No association was fand
T o o between the age of diagnosiand
g o7 8 SnSNP v767L(p>0.05)

o o]

= g o

O
1 1 |
GGIGY GC cecicy
Genotype of SNP V767L
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Discussion

Wil sonbs di s e as dodiagnosafor diffeferit reasomts said thefoseetlzets o

gol den standard f or Tdhe agg of onset imajso hatid Lo sledenndng, asthes e a s e .
diagnosis can beverlooked in asymptomatic and symptomatic patients. Overlooked WD patients

often donot received treatment, which they certainly need.

The diversity of clinical symptoms and age of onsehothe explained yet. Obviolysit couldbe

that differentATP7Bmutations lead to different phenotypes and therefore also different age of onset.

Many researches has focused on explaining WD phenotype with most common mutation H1069Q.
However, no consensus about association betA&&7Bmutations and phenotypical @isity in

Wil sonds disease patients i sATH7Bnutatonsiaml clihicalt er at ur e
symptoms has been described for this disease. Homozygosity for HL069Q is described to be

associated with neurologic disease or late disgdsg7), or botl{18), however this mutation is also

described to have no association with any phen¢ige

Also many patients that carry identiéal P7Bmutationsappear to have different clinical symptoms
(3). Clinical signs even differ between identical twi{), which suggst environmental, epigenetic
and other genetic factors are involved in the onset of this digg@ase

Many researcherstiaf ocused on modi fiers genes for Wil sonod:
known tocontribuk to regulation of copper metabolism. Copper metabolism is tightly regulated and

many copper transporting and binding proteins are involved in this process. Variants in genes of these
copper bindingproteins could explain the difference in WD phenotyppatients with identical

ATP7Bmutations BIRC4/XIAR21) andMurrl(COMMDZJ)(6) arealreadytested as modifier gene.

COMMD1 physically interact wittATP7BandXIAP is suggested asragulator of coppeinduced cell

injury. Mutations were found in these genes, butleargenotype phenotype correlatioms

identified, and mutations were also seen in-WD humans. In general no modifier gene for WD is

found yet, which may be duke arity WD and the high occurrence of compound heterozygous

Wil sonbs di sease pphandtypenstudies.i mpede genotype

In this study we found no correlation between age of onset and mutatidm®tAgene We

hypothesized thaaTP7Acould function agiatekeeper and in that way influence age of onset in

Wil sonbés di sease patients. Fieten et al (2013) sh
retriever is caused by mutationsAP7AandATP7B where mutations iATP7Aleads to lower

hepatic coper levels(9). ATP7Atransports copper to the portal circulation. WAGi#P7Ais less

functional, this leads to less copper in the circulation and therefore less hepatic copper accumulation.

We hypothesized thatinWidsn 6 s di sease patients this could res
ot her copper binding proteins that arené6t tested
patient s. However, three exons sATPAdenelsave to be
modi fier gene for Wi lsonds disease yet. Further
patients to investigate wheth&TP7Ais a modifier gene for WD patients.

In this studies only exons and intrerons boundaries were sequencedwveéieer, introns can

influence and enhance gene expression. Iatmmaining and intronless versions of otherwise

identical genes can exhibit dramatically different expression pr#2¢srherefore mutations in
ATP7Acould also be located in introns and are missed in this way of sequencing. If no SNP is found
during sequencing of the other exon#dP7A sequencing of the introns ATP7Amay be a good
approach for identification of mutations.
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One problem in researditer modifier genesinWdlon 6 s d i s e aesage opdamgnossist s i s t
hard to determindMo st st udi es doné6ét explain what thei de
diagnosis for age of onset. Also the difference between late and earlysdmeset to generalize. We

set the age of onset boundary to 20 years, howeyv
of onsetasage above 40y@® , but most studies @6.MB8AWDdsescr i be
often overlooked, so this makes the age of diagnosis less valuable as a reflection of the age of onset.

This could explain why no association is found between snSNP V76XLR7Aand age of

diagnosis. Howver, the mutant allele(CY and CC) was
found in early and late age of diagnosis, from 7 till 48 yeafs (CG) (GG) 28
old. Sequencing more WD patients for this snSNP would
probably reveal the same diversity of age of diagnosis for
the mutant allele.. In future reseaksdly and lateage of CEU
onset has tbedescribed in the report and maybstandard | H-E

oT

boundary has to be sgéneralized. YR

=

B AT

LW

I
]
N
I
I
snSNP V767L, is already known and has an overall ;‘;{I' I'E =
frequency of 0.2én the general populatiotdowever, this Gl ]
differs between countries(FiguB). In accordance to this Ir_Ef __
data, we found in our dataset an allele frequency of h28. | 1 I
Europe this SNP has a frequency of 0.25, which TSl =
corresponds with the allele frequency of our dataset. ‘IH, > 0 30
This snSNP is also dmtesty i bed i n MenkeAes di ceance

Lo . Figue 3 Frequency of GG/GY, GC, CC/CY differs betwee
(24-26) but no association is found between V767L and . yniries CEU=Europe, CHB: China, JPT: Japan, YRI: A

pathogenesis of Menkeos diASW:USA, CHD: Colorado, GIH: Houston, LWK: Kenya,s e
by mutations irATP7Agene. Mutation analysis revealed 37-270mia, MKK: Kenya ST Italia, AVG: average of samplt

) ] . ) ] ] of above groups. Derived from www.snpedia.com(28)
mutatians inATP7Ain MD patient$27). In patients with MD
copper is trapped in enterocytes due to a dysfunction of ATP7A protein, leading to systemic copper
deficiency(10). However, idenh i ¢ a | to Wilsonbdbs disease, nNo associ
MD and mutations iATP7A It is described that phenotype of MD is not influenced by V767L.
However, it is not tested if V767L functionally influence ATP7A expression in enterocypther
cells. V767L as is located one of the eight transmembrane segment of AIAR A other
transmembrane segments are missense mutations as
possible that V767L influares the function ATP7A Al so, as modi fier gene f
dondét expect a SNP that | eads to no copper absor
Menkeods di se aBPéAgeneaasto lead to severely decreasedesagipsorption by
enterocytes. Further research has to focus whether V767L functional infléerfe@édexpression.

In conclusion, these data suggest &aP7Agene is unlikely tanfluence the age of onset piaying

a gatekeeper f ungsepdtients. Howevel\iid stll dikelytlsat nabdifeereganes other
thanATP7Amay be infl uence phenotype and especially ag
patientslf this is the case, finally genotygeh enot ype corr el at iestablisfecar Wi | s
Mutation analysis of modifier genes could predict the phenotype of WD pafiesgsment of

penicillamine could be started before symptoms arise, which leads to less liver damagetsard

prognosis.
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Chapter 6

Gengaal discussion
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General discussion

Canine models are widely used to diagnose and cure human liver disggseavier et al concluded

that man and dog share the same hepatopathidsasaddentical clinical, pathological and

pathogenetic reaction patterns during the development of liver disease. Therefore the dog seems to be
a good model to test new human therapeutic strat@giddéso knowledgeobtainedn human research

can be used in research of canine disedsese at ment of Wi lpenicilladise isdused e a s e
as example for treatment of canine copper toxicosis diseases. This treatment has shown to be effective
for the treatment ofapper toxicosis in Labrador retrigy8). Also biomarkers for copper status found

in human can be an example for biomarker studies in the dog. Erythrocyte CCS and SOD1 protein
levels reflect hepatic copper status imaun(4), therefore these proteins are tested as biomarker during

this honours program.

This honours program combines both canine and human knowledge obtained in research, to fill gaps
in the pathogenesis and gdndtackground of copper associated liver diseases.

To test erythrocyte CCS and SOD1 protein levels as biomarker for hepatic copper status, antibodies
for these protein have to be validated for biomarker assay in the dog. In this honours program
specificityof CCS and SOD1 antibodies were tested using SiIRNA mediated knockdown and was
confirmed qPCR and Western blot(Chapter 3).

The first aim in this honours program was to determine whether CCS and SOD1 protein levels in
erythrocytes reflect hepatic coppeatsts in the Labrador retrieveBoth erythrocyte CCS protein

levels and CCS/SODL1 ratiwere shown taeflect copper statugrythrocyte CCS/SODL1 protein levels
distinguistesbetween hepatic copper <400 and >400 ppm whereas erythrocyte CCS protein levels
distinguistesbetween hepatic copper of 4800 ppm and >800 ppm. Erythrocyte SOD1 protein
levels were not significantly associated with hepatic copper concenttatjdhrocyte CCS/SOD1
couldpossibly beused as biomarker for copper deficiency duringttneat of dpenicillamin

preventing overtreatmerrythrocyte CCS protein levels could possibly be used to identify dogs at
risk. In this study one Labrador recw#ig chelation therapy, turned out to have a hepatic coggae

of 28 ppm, which is extrerhelow. Monitoring erythrocyte CCS protein levels coplossiblyprevent
this overtreatment. Hepatic copper accumulation in Labrador retriever is known to have a very long
subclinical stage, so early detection of hepatic copper accumulation could pliaesst i

In addition it was establishebat follow-up samples in Labrador retriever often do not show the same
trend as individual Labrador retrievers. This is worrying, because this biomarker was meant for
monitoring during treatment. If this is not pddsi the role of erythrocyte CCS protein levels or
CCS/SOD1 ratio as biomarker for copper status becomes debatable.

Further research has to focus on testing erythrocyte CCS protein levels and erythrocyte CCS/SOD1
ratio in more followup samples of Labradoetrievers. This wilincrease th&nowledge on the effect

of treatment on CCS and SOD1 levatswell as theonnectionbetween CCS, CCS/SOD1 and

hepatic copper status.

Another important goal of further research will be replicating the results irgargighortof
individual Labradors. However, the method we use for protein measuremédistlimaisations. In this
method only 18 samples can be measatdtie sameime andvariousWestern blat cannot be
compared with each other, because it is imfbessoaccomplistthis methodeachtime underthe
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same conditions. We tried to use one or two standard samples at each western blot and normalize the
dataset to these standard samples, but thiswetasiccessful. The only way to test more samples for

thes proteins is to use another method. Preferably this method would be ELISA, which is very
sensitive and the same antibodies used for Western blot could be used for this method. However, this
method has to be optimized for the measurement of these prdteituse research will be focused on
quantification of CCS and SOD1 protein levels in combination with hepatic copper status. Standard
lines for these proteins have to be developed for ELISA, by which we could test more samples.

If erythrocyte CCS proteilevels can be used as biomarker for hepatic copper status in Labrador
retriever, monitoring during disease with erythrocyte CCS protein levels or CCS/SODL1 ratio in
Wil sonés di sease patients could also replace 1| iv

Furthermore results of caniset udi es generated a hypothesis for t
diseaseA genome wide association study was performed on Labrador retrievers and revealed

missense mutations MTP7AandATP7B associated with respectively lower and higher hepatic

coper |l evels. The hypothesis that ATP7A could be
patientsSangersequencingevealed a nesynonymous SNP(snSNP) in exon 10 (V767L). In the

current dataset no association was found between V767L snSNPATRAA gene and the age of
onsetatdiagnosisHowever, we camot exclude whether mutations in introns or promotor regans
ATP7AinfluenceATP7Aexpression and therefore have an effect on the functiéiifB7A Also three

more exons have to be sequenced, st her e i s still a possibility wet¢
associated with age at diagnosi s. I't is describe
this may be because this SNP does not influence the ATP7A expression. Holnepéeriotype we

expect is not as extreme as seen in Menkeds dise
transmembrane segment, wher e a g5) Theréfdreitdanmokbe 6 s ¢ au
concludedwh et her this snSNP is associated with age a
whet her ATP7A is a modifier gene for Wi lsonbs di

three more exons, sequence introns and promotor regions that duddde gene function.

Although many similarities are seen between human and canine copper associated liver diseases, many
di fferences are also seen in phenotype of these
accumulation in Labrador retrievare caused by mutations in ATPRBweverclinical symptoms

di ffer between these diseases. Symptoms seen in
psychol ogi cal , W h dervetop hepatic fsyimptents ef@rery lany sudadicalr 6 s

phase. I'n Wil sonbds disease patients h(@)montrayyttoo ¢ anem
Labrador retrieversn whichthese symptoms are never present. Both diseases are treated with
chelationtherapy, however more symptoms are present in human than in the dog. In human
hypersensitivity reactions, bone marrow suppression and development of autoimmune diseases are

seen as side effects of chelation the(@pyn the dog only nausea and vomiting are described as side
effectg3).

In summary, this honours prograesearch projeds a beautiful example of using similarities and
differences betweespeciego fill gaps in patogenesis and diagnosis of different copper associated
liver diseases. It shows that both liver diseases could be used as an example for each other, where
human and canine diseases come together.
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Appendix 1

Protocol sequencing ATP7A

PCR: 10 pl reaction

pl Final
~concentration

10 x PCR buffer 1 1
MgCI2(50 mM) 0.5 2.5 mM 95.00 _ 500
Rb¢t Qaom 0.2 200 pM 95.0C 0:30
Forward 0.5 0.5 uM 55.0°C 0:30 25 times
primer(10uM) 72.0°C 0:30
Rgverse 0.5 0.5 uM 72.0°C 10:00
primer(10uM) _
Taq polymerase 0,05 20.0C °
MiliQ 2.25
gDNA(1,25 ng/ul) 5 6.25
Total 10
Purify reaction: Exo |
PCRproduct 10,0 75.0°C  20:00
Exo 1(2U/pl) 1,0 | 120¢C o
Tercycle reaction
Terminator Ready reaction mix 2 96.0 030 \|
PCR product 1 500C 015 25 time
Primer(Forward or Reverse) 1 60.0C 2:00
5 x sequence buffer 2 4.0C a
MiliQ 4
Total 10
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Appendix2 z7EI OT 160 AEOAAOA PAOEAT 00
Country Gender  age of age of H1069Q mutation in V767L V767L,
diagnosis  diagnosis ATP7B(homozygous=C 0=G,

binomial  not homozygous=1 GC=1,
CC=2

Parijs_1 France F 0 0 1
Parijs_10 France F 22 1 0 GC 1
Parijs_11 France M 23 1 0 GY 0
Parijs_12 France M 24 1 0 GY 0
Parijs 13 France M 28 1 0 GY 0
Parijs_14 France F 28 1 0 GC 1
Parijs_15 France M 29 1 0 CY 2
Parijs_16 France M 31 1 0 GY 0
Parijs_17 France M 31 1 0 GY 0
Parijs_18 France F 31 1 0 GG 0
Parijs_19 France M 32 1 0 GY 0
Parijs_2 France F 16 0 0 GG 0
Parijs_® France M 35 1 0 GY 0
Parijs_21 France M 40 1 0 GY 0
Parijs_22 France F 40 1 0 GC 1
Parijs_3 France M 16 0 0 GY 0
Parijs_4 France F 18 0 0 GG 0
Parijs_5 France F 18 0 0 GG 0
Parijs_6 France F 18 0 0 GG 0
Parijs_7 France M 20 1 0 GY 0
Parijs_9 Frarce F 22 1 0 GG 0
19 Netherlands F 11 0 0 GG 0
26 Netherlands F 9 0 1 GC 1
32 Netherlands M 37 1 0 GY 0
34 Netherlands M 37 1 1 GY 0
43 Netherlands M 13 0 0 GY 0
58 Netherlands M 12 0 0 GY 0
74 Netherlands F 9 0 1 GG 0
75 Netherlands F 38 1 1 GC 1
87 Netherlands F 7 0 0 GC 1
96 Netherlands M 7 0 0 CY 2
116 Netherlands M 7 0 0 GY 0
137 Netherlands F 27 1 0 GG 0
139 Netherlands M 36 1 1 CY 2
144 Netherlands F 27 1 0 GG 0
149 Netherlands F 4 0 1 GC 1
163 Netherlands F 26 1 0 GC 1
179 Netherland M 33 1 1 GY 0
191 Netherlands F 27 1 0 GG 0
214 Netherlands F 9 0 1 GG 0







