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Abstract

Background: Hepatic copper accumulation causes chronic hepatitis in dogs. Muta-
tions in the copper transporters ATP7A and ATP7B were, respectively, associated
with attenuation and enhancement of hepatic copper concentrations in Labrador
Retrievers. There is a predisposition of Dobermanns to hepatitis with increased
hepatic copper concentrations.

Objectives: To investigate whether the ATP7A:c.980C>T and ATP7B:c.4358G>A muta-
tions identified in Labrador Retrievers were associated with hepatic copper concentra-
tions in Dobermanns.

Animals: Dobermanns from the Netherlands (n = 122) and the United States (n = 78).
Methods: In this retrospective study, mutations in ATP7A and ATP7B were investi-
gated as risk factors for hepatic copper accumulation in Dobermanns. Liver biopsies
of 200 Dobermanns were evaluated by histochemical copper staining, quantitative
copper measurement, or both modalities. ATP7A and ATP7B genotypes were
obtained by Kompetitive Allele Specific PCR. A linear regression model was used to
investigate an association between genotype and hepatic copper concentrations.
Results: The ATP7A:c.980C>T was identified in both Dutch (2 heterozygous individ-
uals) and American Dobermanns. In the American cohort, the minor allele frequency of
the mutation was low (.081) and a possible effect on hepatic copper concentrations
could not be established from this data set. A significant association of the ATP7B:
¢.4358G>A variant with increased hepatic copper concentrations in Dobermanns was
observed.

Conclusions and Clinical Importance: The ATP7B:c.4358G>A variant could be a con-
tributor to hepatic copper accumulation underlying the risk of development of

copper-associated hepatitis in breeds other than the Labrador Retriever.
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1 | INTRODUCTION

A high prevalence of chronic hepatitis, accompanied by increased
hepatic copper concentrations was recognized in Dobermanns decades
ago. Affected dogs generally have abnormally high serum activities of
liver enzymes alanine aminotransferase and alkaline phosphatase, and
there is a clear female predisposition.»>*

Histologically, both centrolobular inflammatory infiltrates associated
with copper deposits around the central vein, which is typical for pri-
mary copper toxicosis,> and predominant lymphoplasmacellular infiltra-
tion and piecemeal necrosis in the portal areas, which is a hallmark for
autoimmune hepatitis? occur in Dobermann hepatitis (DH) cases.
Involvement of the immune system in etiology of DH was suggested by
the female predisposition, the presence of lymphocyte proliferation,
aberrant expression of major histocompatibility complex class Il anti-
gens on hepatocytes,® homozygosity for the risk allele DRB1#00601 of
the dog leukocyte antigen system,” as well as presence of antihistone
autoantibodies® and detection of autoantibodies against the liver
related enzymes GAPDH and ADH.? However, autoimmune hepatitis is
not typically accompanied by hepatic copper accumulation in the
centrolobular area, and there is no evidence that dogs accumulate
copper secondary to chronic liver disease.

Copper homeostasis relies on regulation of uptake of copper in
the small intestine, cellular metabolism executed by a variety of cop-
per transporters and chaperones, as well as excretion of excessive
copper via the biliary tract. The P-type copper-transporting ATPases,
ATP7A and ATP7B, are crucial for the regulation of copper homeosta-
sis in mammals.’® ATP7A mainly resides at the basal membrane of
enterocytes and facilitates copper transport into the portal circula-
tion.1¥12 ATP7B is located at the Golgi complex in hepatocytes and
moves to the endo-lysosomal cellular compartments upon copper
overload. ATP7B has a dual function. In terms of its biosynthetic role,
ATP7B facilitates incorporation of copper into apo-ceruloplasmin
within the trans-Golgi network to form ceruloplasmin. Furthermore,
ATP7B facilitates excretion of copper into the bile via the apical mem-
brane of hepatocytes. In humans, mutations (MUTs) of ATP7A and
ATP7B result in recessively inherited disorders Menkes disease and
Wilson disease, respectively.*>*> Menkes disease is characterized by
copper deficiency* whereas copper overload is typical for Wilson dis-
ease.'>% |t was previously reported that copper-associated hepatitis
in the Labrador Retriever is a complex disease, involving multiple
genes and environmental factors.!”"1? Mutations in 2 genes (ATP7A:
¢.980C>T and ATP7B:c.4358G>A) leading to amino acid substitutions
ATP7A:p.Thr327Ile and ATP7B:p.Arg1453GIn have been identified in
Labrador Retrievers.

The amino acid substitution ATP7A:p.Thr327lle is associated with
lower hepatic copper concentrations in Labrador Retrievers. Func-
tional studies in canine dermal fibroblasts showed that cells with the
mutant protein accumulated more copper than cells with the wild-
type (WT) protein, probably because of impaired copper efflux in cells
harboring the MUT. For ATP7A, this would implicate that copper

N
accumulates in enterocytes and is lost in feces, thereby preventing
uptake in the portal circulation.?”

In a mutagenized cell model, overexpression of the human ortholog
ATP7B:p.Argl1453GIn resulted in mislocalization of the protein in the
endoplasmic reticulum and inefficient trafficking of ATP7B to the apical
membrane in polarized cells.}” To investigate if the variants ATP7A:
c.980C>T and ATP7B:c.4358G>A are present in Dobermanns and
whether they are associated with hepatic copper concentrations, we
evaluated the distribution of these gene variants in 200 Dobermanns

with known copper status from the Netherlands and the United States.

2 | MATERIALS AND METHODS

2.1 | Dogs

The Dobermanns included in this study were recruited from the Neth-
erlands (n = 122) and the United States (n = 78). The Dutch cohort was
previously used to investigate the prevalence of subclinical hepatitis in
the Netherlands between 1995 and 1996. Dobermanns were randomly
selected from 150 litters and 1 female and 1 male dog were drawn from
each litter.®> Besides 113 randomly selected Dobermanns (male 45,
female 68), 9 Dobermanns (male 2, female 7) with clinical signs of DH
were included in the investigation as well. The American cohort primar-
ily contained dogs that underwent a liver biopsy because they were
suspected of liver disease. From all Dobermanns in this study, liver
biopsies were available for copper quantitation. From the Dutch dogs,
DNA was isolated from blood and from the American dogs DNA was
isolated from formalin-fixed paraffin-embedded samples.?® All dogs
were client-owned and data were collected after obtaining informed

consent of the owners.

2.2 | Phenotypes

From the Dutch cohort, histological biopsies were stained with rubeanic
acid (RA) and a grade of O to 5 was assigned by the pathologist to score
the amount of copper in the liver.2! In 91 dogs, additional quantitative
copper (CuQ) measurement by instrumental neutron activation analysis
was available.?? The correlation between histological grade (RA) and
CuQ measurement by instrumental neutron activation analysis was .73
(P-value <2.2e-16, 95% confidence interval [.60-.82]) using Spearman's
rank correlation method.

For the American dogs, no histochemical staining scores were
available, but copper was quantified, either by atomic absorption
spectrometry or by digital image analysis.2*

Quantitative copper was reported in mg/kg copper per dry weight
liver (mg/kg dwl) as described. A concentration above 400 mg/kg dwl

in dogs was considered abnormally high.24

2.3 | Genotyping

Genotyping for ATP7A:c.980C>T (XM_005641519.1), corresponding
to ATP7A:Thr327Ile and ATP7B:c.4358G>A (XM_005633826.1),
corresponding to ATP7B:Arg1453GlIn, was carried out by Kompetitive



1648 | Journal of Veterinary Internal Medicine AC\}’/I M

WU ET AL.

Open Access,

American College of
Veterin: ternal Medicine

Allele Specific PCR according to the manufacturer's instructions (LGC
Genomics, United Kingdom) using 2 allele specific forward primers and
1 common reverse primer for each of the genes.

The primer set for the ATP7A variant was: 5-GACCAAGTTCATGC
TAGTAAAGTACAATGCAAGCTTAGTCAC-3, 5-CGGAGTCAACGGATT
ATAGTAAAGTACAATGCAAGCTTAGTCAT-3, and 5-CCTGGTGATAT
GGCCTCTATTGCTT-3'.

The primer set for the ATP7B variant was as follows: 5'-GAAGGTG
ACCAAGTTCATGCTGTCCCAGGGCGTGGCCC-3, 5-GAAGGTCGGAG
TCAACGGATTGGTCCCAGGGCGTGGCCT-3, and 5-ATTGGCATGGA
TGACCGGCGGT-3.

The fluorescence signals were detected by a CFX384 Touch
Real-Time PCR Detection System (Bio-Rad, Hercules, California)
and the results were analyzed by Bio-Rad CFX manager 3.0
(Bio-Rad).

2.4 | Statistical analysis

The genotype data were analyzed using RStudio.?®> A multivariate
linear model was used to assess the association between either
CuQ or RA staining score with the genotype of ATP7A and ATP7B.
Genotypes were modeled additively, and the effect estimates were
estimated for the number of copies of the nonreference allele. In
the case of the X-chromosomal ATP7A gene, hemizygous dogs were
scored O (CY) or 2 (TY). Sex and age were added to the model as
covariables, because copper could accumulate over time, depending
on dietary copper intake. R-squared values for each independent
variable in univariate model were summarized in Table 4. A com-
bined analysis for all Dobermanns of both countries was performed
for CuQ, and the country of origin was added to the model as a

covariable (Table 4).

TABLE 1 Phenotype summary of Dobermann cohorts from the Netherlands and the United States
Population Sex Age? (y) Rubeanic acid staining score® Quantitative copper® (mg/kg dwl)
The Netherlands 47 M 4(1.1-10.0) n =47 1.5(0-3.5) n=37 201 (94-981)
75 F .6 (2.4-10.4) n=75 2.0 (0-4.0) n =54 240 (82-1660)
United States 32M 0(0.2-11.0) NA n=32 735 (195-2449)
46 F 0 (1.0-12.0) NA n =46 839 (206-3488)

Note: NA indicated rubeanic acid staining score not available for American cohort.

Abbreviations: F, female; M, male.
?Median age in years (range).

PMedian rubeanic acid staining score (range), values were available for all dogs.
“Median quantitative copper level as mg/kg dry weight (range), number of dogs for which quantitative copper levels were available indicated.

TABLE 2 Copper score in relation to ATP7A and ATP7B genotypes in Dobermanns from the Netherlands

ATP7A:c.980C>T genotypes
Males (n = 47) Females (n = 75)
ATP7B:c:4358G>A genotypes CY (n =47) TY (n=0) CC(n=73) CT(n=2) TT (n=0)
AA n=8 1.75(0-2.5) 0 n=10 2.5(1.5-4.0) 0 0
AG n=22 2.0 (0-3.5) 0 n=25 2.0 (0-3.5) n=1 () 0
GG n=17 1.5(0-3.5) 0 n=38 1.5(0-3.5) n=1 (2.5 0

Note: Copper scores based on rubeanic acid staining were shown in the form of median with their ranges in the brackets and number of dogs was

wn

indicated; superscript letter “a

indicated individual dog, corresponding copper score presented in brackets.

TABLE 3 Quantitative copper in relation to ATP7A and ATP7B genotypes in Dobermanns from the United States

ATP7A:c.980C>T genotypes

Males (n = 32)

Females (n = 46)

ATP7B:c:4358G>A genotypes CY (n=32)

AA n=5 751(396-2250) O
AG n=9 803 (616-2449) O
GG n=18 650(195-2060) O

Notes: quantitative copper was shown in mg/kg dry weight liver in the form of median (range); n, number of dogs; superscript letter “a

TY (n=0)

CC(n=37) CT(n=28) TT(n=1)
n=2 1782 (1163-2400) O 0
n=5 1099 (222-3488) n=4 1467(721-3040) O
n =30 705 (206-2884) n=4 1230(351-2691) n=1 683°

wn

indicated individual

dog encountering and the corresponding quantitative copper value was shown.
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Validity of the final model was checked by studying the residuals
on normality and constancy of variance. Phenotype of CuQ was log
transformed to meet the requirements for the residuals. The cutoff

value for significance was set as an alpha of .05.

3 | RESULTS

Clinical results from dogs are summarized in Table 1. From all Dutch
Labrador Retrievers (n = 122; 47 M, 75 F), RA staining scores of liver
biopsies were available. Additional CuQ concentrations were available
in 91 Dobermanns (37 M, 54 F). From all American Dobermanns
(32 M, 46 F), CuQ values were available from measurement by atomic

absorption spectrometry or from digital imaging.2®

Dutch cohort

Copper Score
N

T T
WT/MUT MUT/MUT

ATP7B genotypes

T
WT/WT

FIGURE 1 Boxplot of association between ATP7B:c.4358G>A
genotype and rubeanic acid staining score of Dobermanns from the
Netherlands (n = 122). The copper scores were plotted against the
genotypes. The red horizontal line is the threshold of copper score
which is 2. The genotypes are wild type (WT/WT), heterozygous
(WT/MUT), and homozygous mutant (MUT/MUT)

(A)
7.3 ©
FIGURE 2 Boxplots of association 6.9
between the ATP7B:c.4358G>A genotype
and quantitative copper concentrations
of liver biopsies of Dobermanns. The °

copper concentrations were plotted
against the ATP7B:c.4358 genotype of

o
N
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In the Dutch cohort, 27 dogs had normal hepatic copper concentra-
tions (RA staining scores <2, CuQ concentrations <400 mg/kg dwl) and
normal histology. In the American cohort, 12 dogs had CuQ concentra-
tions <400 mg/kg. Both the ATP7A:c.980C>T and the ATP7B:c.4358G>A
variants were identified in Dobermanns. The ATP7A:c.980C>T variant
was identified in 2 heterozygous dogs. In the American cohort, the minor
allele frequency of the ATP7A:c.980C>T variant was .081 (8 heterozygous
and 1 homozygous female dogs with the ATP7A:c.980C>T variant were
present, all other dogs were hemizygous or homozygous for the reference
allele). Summary of copper score in relation to ATP7A and ATP7B geno-
types in Dutch Dobermanns was shown in Table 2. Summary of CuQ in
relation to ATP7A and ATP7B genotypes in American Dobermanns was
shown in Table 3.

The ATP7B: c.4358G>A variant had a minor allele frequency
of .34 in the Dutch cohort and of .20 in the American cohort.

Two American dogs with normal hepatic copper concentrations
harbored the ATP7B:c.4358G>A MUT. Both of them were WT for
the ATP7A:c.980C>T MUT. One of them was a young male (1 year
old) that was homozygous for ATP7B:c.4358A and had a hepatic cop-
per concentration at the upper concentration of normal (396 mg/kg
dwl). The other dog was a female of 6 years old that was heterozy-
gous for ATP7B:c.4358G>A and had a hepatic copper concentration
of 222 mg/kg dwil.

The generalized linear model analysis of Dutch Dobermanns showed
a significant association between the ATP7B:c.4358 genotype and the
copper staining score with a P-value of .01 (Figure 1). The CuQ values of
the Dutch cohort rose with the increase of the number of mutant alleles
with a P-value of .08 (Figure 2A). Female dogs accumulate more CuQ
than male dogs with a P-value of .02. Age was positively associated with
CuQ with a P-value of .001 (Table 4). In the American Dobermanns, there
was a significant association between the ATP7B:c.4358 genotype and
CuQ with a P-value of .005 (Table 4). However, sex and age were not

significantly associated with CuQ in the American cohort (Table 4).

=

dogs from the Netherlands (A, n = 91)
and the United States (B, n = 78). Dual y-
axes represented log transformation of
hepatic copper concentration on the left

y-axis and hepatic copper concentration
on the right y-axis. The genotypes are

wild type (WT/WT), heterozygous
(WT/MUT), and homozygous mutant

log(Hepatic copper concentration (mg/kg dwl))
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4 | DISCUSSION

We identified a significant association between the ATP7B: ¢.4358G>A
variant and hepatic copper concentrations in Dobermanns from the
Netherlands and the United States. Based on the generalized multivari-
ate linear regression model, which contained independent covariants in
the combined data set as shown in Table 4, ATP7B: c.4358G>A variant
MUT and age showed a significant positive association with hepatic
copper concentrations.

The variant ATP7A:c.980 C>T first identified in Labrador Retrievers
in association with a decreased copper concentration” was identified
in Dobermanns as well. We were unable to identify a relationship
between the variant ATP7A:c.980 C>T and hepatic copper concentra-
tions in the current Dobermann cohort. We cannot exclude a causal
role of this MUT on hepatic copper concentrations, but because of the
low minor allele frequency and the size of the cohort, we were unable
to draw a conclusion on the effect of the variant on hepatic copper
concentrations.

The ATP7B: c.4358G>A variant was associated with higher copper

for both quantitative measurement and semiquantitative scoring. In
both the Dutch and the American Dobermann population, the ATP7B:
¢.4358G>A variant was associated with hepatic copper concentrations
in Dobermanns as it was in Labrador Retrievers.!” Eleven polymor-
phisms in the ATP7B gene, including c.4358G>A, have been investi-
gated for association with hepatic copper concentrations in Bedlington
Terriers that were not homozygous for the exon 2 deletion in the
COMMD1 gene.?® However, there was no significant association
between specific ATP7B haplotypes and hepatic copper concentra-
tions.2® Possibly, the effects were too small to be identified because of
the limited number of dogs (N = 9) included in this study.
In a study from Spee et al,” mRNA expression concentrations of
both ATP7A and ATP7B were found to be downregulated in DH cases.
A similar observation was made in COMMD1-deficient dogs that were
followed over time?® in which expression of both genes was decreased
compared to a control group in the end stage of the disease. In the
Dutch Dobermann dogs that were used in the study of Spee et al, no
dogs with the ATP7A:c.980 C>T variant were present and therefore it
can be excluded that this MUT was responsible for the observed
decrease in ATP7A mRNA expression. Whether the ATP7B:c.4358G>A
variant influences mMRNA expression of ATP7B and in this way contrib-
utes to hepatocytic copper accumulation in addition to retainment in
the endoplasmic reticulum and aberrant trafficking to the apical mem-
brane could not be concluded from the small number of dogs used in
the study from Spee et al and requires further investigation.

Our study showed that female Dobermanns had higher copper
concentrations than male dogs in both the Dutch and American
cohort. A significant difference between hepatic copper concentra-
tions from male and female dogs was observed in the Dutch cohort
when analyzing the CuQ scores.

Overall, hepatic copper concentrations in the American cohort were
significantly higher than in the Dutch cohort (P-value <2e-16), which

most likely resulted from the way the dogs were recruited. The Dutch
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cohort consisted mainly of subclinical Dobermanns recruited through a
random population survey that contained both affected and unaffected
dogs, in contrast to the American cohort that mainly consisted of dogs
with clinical signs and more progressed stages of disease. Other factors,
like environment or genetic diversity between Dutch and American
Dobermann populations cannot be excluded as cause for the observed
difference in hepatic copper concentrations between the cohorts.

Therefore, of the drawbacks of this study is that we could not
include data on copper intake of our study population, as this could
have influenced the outcome.

Recent studies have shown evidence that the development of
chronic hepatitis in Dobermanns has an autoimmune component.®™?
High hepatic copper concentrations cause or contribute to progres-
sion of chronic hepatitis. In Dobermanns with chronic hepatitis,
there are increased hepatic copper concentrations in the majority of
cases.>® Here, we show that the ATP7B:c.4358G>A MUT is present
in the Dobermann and is associated with increased hepatic copper
concentrations. Therefore, it will be of great importance for treat-
ment strategies and prognosis to address the different etiologies in
the diagnostic process in Dobermanns with chronic hepatitis. This
would include careful histopathological examination for characteri-
zation of the type and localization of the inflammatory infiltration
(copper containing macrophages, lymphocytes, and plasma cells and
their portal or centrolobular localization), histochemical localization
and quantification of copper, genetic evaluation (genotyping for dog
leukocyte antigen risk alleles and ATP7B:c.4358G>A), and testing
for the presence of autoantibodies.

To conclude, we identified an association between the ATP7B:
¢.4358G>A variant and hepatic copper concentrations in Dobermanns
from the Netherlands and the United States. This variant could be a
contributor to hepatic copper concentrations underlying the risk of
development of copper-associated hepatitis in breeds other than the
Labrador Retriever. This finding can help to develop breeding strate-
gies to decrease the incidence of copper-associated hepatitis in
Dobermanns.
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