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chaperone bridging the gap between inherited canine copper
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Background and Objective: Various insults on the liver eventually lead to the formation of scar tissue,
fibrosis. Patients presenting with rare metabolic diseases are facing specific clinical and scientific challenges,
amongst others related to low patient numbers. To present a novel approach to tackle challenges related
to rare inherited metabolic diseases associated with liver fibrosis. In the two past decades knowledge of
molecular genetics in dogs has tremendously improved. The unique population structure with strong
inbreeding works as a genetic magnifying glass to find causative and modifier genes involved in (rare)
inheritable copper toxicosis. These two aspects combined make it is possible to dissect genetic pathways with
a small number of patients.

Methods: This English narrative on the comparison between Wilson disease and canine hepatic copper
toxicosis is based on data retrieved form peer-reviewed publications that appeared in PubMed, covering
publications between January 1979 and October 2021 of canine copper toxicosis. To emphasize the power
of canine genetics was have added a special box to highlight the development of genetics tools designed for
research on dogs.

Key Content and Findings: This narrative review presents similarities and differences between Wilson
disease and canine copper toxicosis. The clinical downside of selected inbreeding is well-known. On the
other hand, this review describes the scientific benefits of selected inbreeding as exemplified by the discovery
COMMDI causally involved in copper toxicosis and of the counter balancing of ATP7A and ATP7B
mutations, positioning ATP7A as a modifier gene for ATP7B mutations.

Conclusions: Together this review shows that challenges related to rare metabolic diseases can be
addressed in inbred dog strains. In the near future, a closer collaboration between human and canine
geneticists at the level of genetics screens and in combined grant applications will be mutual beneficial for
men and dog.
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Introduction

To accommodate the various functions of the liver, such
as biotransformation, lipid homeostasis, glutamine, and
urea production, the different cell types in the liver are
structured in an orderly way and the functions are zonally
distributed. For instance, the periportal area covering the
portal vein, the hepatic artery, and the bile duct is involved
in gluconeogenesis, beta-oxidation, cholesterol biosynthesis,
and ureagenesis, whereas the central vein area is mainly
responsible for glycolysis, bile acid production, glutamine
synthesis, and biotransformation. Midway the Portal-
Central axis the iron homeostasis is regulated, whereas
the copper concentration is highest in the periportal zone
(1,2). The very first in-depth single-cell RNA sequencing
results confirmed the zonation pattern and indicated that
around 50% of all liver genes are zonally distributed (3).
The most abundant liver cell type is the hepatocyte,
accounting for 2-thirds of all liver cells. Liver sinusoidal
endothelial cells (blood vessel lining) around 15-20%,
slightly more than the percentage of Kupffer cells (the liver-
specific macrophages), and hepatic stellate cells (HSC)
responsible for vitamin A storage. Cholangiocytes, the cells
of the bile duct, are the least numbered cells in the liver,
5% at max (4-7). The crucial cell and driving force in liver
fibrosis is the HSC. In a healthy liver, the HSCs are the
main storage cells for vitamin A stored as Retinyl-Esters in
large lipid droplets (LDs). LDs are intracellular organelles
consisting of a hydrophobic core containing neural
lipids (triacylglycerols, cholesteryl esters, retinyl esters)
surrounded by a phospholipid monolayer and a specific
set of proteins such as perilipins (8-10). In case of liver
damage, the HSCs rapidly lose their LDs and transactivate
into a profibrogenesis phenotype that is responsible for the
production of extracellular matrix (ECM) proteins. This
highly dynamic phenotypical shift, or transactivation, is the
hallmark of fibrosis and occurs irrespective of the type of
damage trigger. It is important to realise the crucial role
of fibrogenesis in the deteriorating progression of liver
diseases which often follows a pattern of (I) initial hepatitis,
(IT) liver fibrosis that extends to (III) liver cirrhosis which is
correlated with (IV) increased risk to develop liver cancer.
Hepatic diseases have various underlying causes, for
instance, (I) viruses like HAV, HBV, HCV, HDV, HEV,
and (II) toxins, such as the peanut mold-derived aflatoxin,
and drugs like the frequently used paracetamol, but also
(IIT) inherited liver diseases caused for instance by elevated
levels of intrahepatic copper. With on the one hand greatly
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improved prevention and treatment options for virally-
induced hepatitis as a good sign of clinical achievements
in recent years, the rise in nonalcoholic fatty liver diseases
(NAFLD) is very worrisome. The importance and global
burden of NAFLD do not need further introduction in this
special issue given the fact that the quality of life of around
1 in every 4 humans worldwide is affected by some form of
NAFLD, which includes simple steatosis or more advanced
nonalcoholic steatohepatitis (NASH) (11,12). Taking into
account that NAFLD is associated with an increased risk
to develop type 2 diabetes, cardiovascular diseases, chronic
kidney failure, and hepatocellular carcinoma (HCC) the
term metabolic-associated fatty liver diseases (MAFLD) is
suggested as being more appropriate (13). Surprisingly, in
developed and developing countries the numbers are equally
rising at a disturbing pace. In sharp contrast to the enormous
large part of the world population affected by hepatic diseases
presenting as a form of NAFLD/MAFLD, are the rare
inherited copper-related hepatic disorders. This rarity might
be explained by the specific chemical properties of copper.
The trace element copper is indispensable for various
biochemical processes, yet at the same time, copper is
involved in deleterious reactions caused by the involvement
of copper in the formation of reactive oxygen species (ROS)
(14,15). The transition element copper can be present in a
reduced form as Cu’ and in an oxidized state as Cu™, this
makes copper ions particularly strong mediators of ROS
formation in Fenton and Haber-Weiss chemistry. Because
of these opposing positive and negative effects of copper in
biological systems, intracellular free copper concentrations
need to be kept within very narrow limits (16). The intricate
intracellular copper homeostasis occurs at various levels such
as the site of uptake, intracellular-binding and -distribution,
and excretion. Uptake of copper is mediated via Copper
Transporter 1 (CTR1), the main transmembrane copper
import protein (17). CTR1 does not only transport copper; it
can also transport zinc, which explains some of the protective
effects of dietary zinc on copper toxicosis. Once inside the cell,
copper-binding proteins maintain intracellular free copper
levels low, these copper-chaperones include Cytochrome c
Oxidase Copper Chaperone (COX17), Copper Chaperone
for Superoxide Dismutase (CCS), and Antioxidant proteinl
(ATOX1) (14,16). In addition, intracellular copper can be
sequestered by glutathione and metallothionein, to minimize
its disastrous radical-mediated impact on cellular components
such as lipids, proteins, and DNA. To excrete copper
the P-type ATPases ATP7A and ATP7B are crucial (18).
Generally speaking, ATP7A determines the excretion of
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Specification

Date of search (specified to date, month and year)
Databases and other sources searched

Search terms used (including MeSH and free text
search terms and filters)

Timeframe

Inclusion and exclusion criteria (study type, language
restrictions etc.)

Selection process (who conducted the selection,
whether it was conducted independently, how

Monthly, latest October 15", 2021

PubMed

COMMD1

Canine copper toxicosis

Wilson disease (reviews only in first round)

Authors: Lutsenko, Weiss, Stremmel, Czlonkowska, van de Sluis, Weiskirchen

For reviews last 5 years was used, for others no time limit was set so from
January 1979 onwards, up to October 15", 2021

Language: English
Exclusion: case report
Additional screen: on specific authors to make sure the topic was covered well

Selection on WD and coper toxicosis by LCP, FGvS was responsible for the
papers on genetic screens as presented in the figure legend. Consensus was

consensus was obtained, etc.)

Any additional considerations, if applicable

reached after two rounds of bilateral discussions

It is always possible that papers may have been missed

copper from the intestine into the bloodstream, whereas
ATP7B, highly expressed in hepatocytes, dictates hepatic
excretion. Once copper is excreted, ceruloplasmin mediates
copper transport through the bloodstream. When the
intrahepatic levels raise above 250 mg/kg dry weight liver
(dwl) it may lead to the development of Wilson Disease (WD)
in men (19). Clinical cases of hepatic copper accumulation
are not restricted to men, but also are often observed in mzen’s
best friend, the dog.

This chapter in the special issue “the pathogenesis
of hepatic fibrosis: basic facts and clinical challenges”
addresses the role of COMMD1 (COpper Metabolism
Murrl Domain-containing protein 1) which was discovered
20 years ago in a specific dog breed with inherited copper
toxicosis (20), a disease, to a large extent similar to human
WD. The key questions addressed here focus on how
mutations in the COMMDI gene lead to a COpper
Mineral Mediated Disease in dogs and highlight how
the promiscuous behavior of the COMMDI1 protein
explains a phenotype that is similar to WD which is caused
by mutations in the ATP7B gene (21-23). The clinical
challenges for WD are exemplary for the challenges
most patients and researchers coping with rare diseases
are confronted with. These typical challenges will be
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addressed and the overlap between ATP7B and COMMD1
might provide a solution for some of these hurdles such
as difficulties in genetic screens and lack of proper animal
models will be appreciated. The rational for this narrative
is based on the promise that dogs can bridge between
fundamental research findings and clinical practice. We
present the following article in accordance with the
Narrative Review reporting checklist (available at https://
dmr.amegroups.com/article/view/10.21037/dmr-21-96/rc).

Methods

A monthly PubMed-search is done every month (latest time
point for this manuscript October 2021), with keywords
such as COMMD1, Wilson diseases, modifier genes, copper
toxicosis and combinations hereof. Selected language
was English. In addition, a search was done including
specific authors such as Lutsenko, Weiss, Stremmel, and
Czlonkowska, van de Sluis, Weiskirchen, to make sure to
include as much as possible potentially relevant papers.
Second screen was based on the abstract text of the papers
in the first two searches. Lastly, whole manuscript text was
analyzed of the selected group of papers that was finally
included in this manuscript (7able 1).
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Discussion

The unique population structure of dog breeds facilitates
genetic research on rarve inberited diseases

Domestication of dogs occurred thousands of years ago, but
it was only in the latest century that selective inbreeding
resulted in severe phenotypic features, such as excessive
muscle formation, short limbs, or specific coat color in
dogs (24). Several examples demonstrate how selection for
phenotypic characteristics resulted in severe health issues
for canines like the selection for a short nose leading to
breathing problems (25). Fast-growing canine breeds may
develop osteosarcoma, and breeds with long backs often
get hernias. Different diseases occur in extraordinarily high
prevalence within specific breeds selected for phenotypic
extremes. Selective breeding has also resulted in increased
prevalence of more complex genetic disorders including
cancer, epilepsy, and cardiovascular diseases. The canine
and human genome show high conserved synteny of over
95% similarity. The combination of this high similarity with
the increased prevalence makes the dog a suitable naturally
occurring genetic disease model.

Essential to note: diseases in the dog arise spontaneously.
Therefore, these diseases are more comparable to human
disease than artificially induced rodent models. Clinical
presentation of disease and genomic structure in dogs is
much more homogeneous than in humans (26), which
increases power in genetic mapping studies. Mapping a
complex trait is performed using a few hundred cases and
controls. In humans, many thousands of patients are needed,
and the number of necessary SNPs is 10-fold higher than in
dogs (27). Also, the dog’s unique genomic structure allows
for the detection of genetic modifiers. Especially, when
due to inbreeding, fixation of a disease-causing variant
occurred, the difference between being healthy and affected
is determined by such a modifier, changing it into a disease-
determining variant. After identification of new mutations
in the current approach, canine models can be used in pre-
clinical therapeutic intervention studies, for example for
gene therapy (28).

Besides the benefit of being bred in a genetically isolated
population, the dog has another benefit: the availability
of affected tissue originating from a spontaneous disease
model. Since the patients are no experimental animals,
but client-owned animals, we are allowed under informed
consent to isolate tissue upon euthanasia. This tissue can
be used for research purposes and resembles the human
affected tissue by means of pathological criteria, and size.
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Moreover, the size of dogs permits preclinical studies on e.g.,
liver stem cell transplantations (29,30).

The discovery of the causative mutation leading to
inberited copper toxicosis in Bedlington terriers

As a result of selective inbreeding, hepatic copper toxicosis
arose in several dog breeds. Veterinarians were aware of
copper disorders in dogs for decades (31). The increased
levels of hepatic copper are described in several dog breeds
including Bedlington terriers, Skye terriers, West-Highland
White terriers, Dobermanns, Dalmatians, and Labrador
retrievers (32-37). Often this copper-mediated hepatitis is
passed over to the next generation by a complex mode of
inheritance, as pedigree studies revealed in most breeds,
except the Bedlington terrier where a simple Mendelian
mode of inheritance is observed.

The first description of copper toxicosis in US-
based Bedlington terriers, a mid-sized dog breed, was
reported as early as in the late seventies of the previous
century with intrahepatic copper to 2,000 mg/dwl (32).
The histological similarities with WD were obvious,
regarding high hepatic copper levels and hepatic fibrosis.
It should be noted that the intrahepatic copper levels in
European Bedlington terriers have been observed as high
as 12,000 mg/dwl which is way above the levels observed
for human WD patients. Whereas in 1993 the causative
mutation leading to WD was described (21-23), it took
an additional eight years before the causative mutation
for Bedlington terrier copper toxicosis was found. Tools
in those days for dog genetics were lagging behind the
tools available for human genetics (see legend Figure 1).
One of the first successes of a microsatellite approach in
canine genetics screens was the localization of the gene
causing Bedlington terrier copper toxicosis with a set of
as little as 213 microsatellite markers (59). A few years
later, in 1999 a genetic mapping study proved that the
copper toxicosis locus in Bedlington terriers was located on
canine chromosome 10 region 2p26 (60). Using positional
cloning, a large deletion of about 40 kB covering exon-2 of
the MURRI gene was identified as the causative mutation
of Bedlington terrier copper toxicosis in 2002 (20). The
precise breakpoints were described three years thereafter
in 2005 (61). The current name for MURR1 is COMMD1
(COpper Metabolism Murrl domain-containing protein 1),
which is more in line with the mechanism of action of
COMMDL in hepatic copper homeostasis. A few studies
unequivocally proved that COMMDI activity reduces
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Figure 1 The translational power of canine patients in the investigation of challenges related to rare hepatic diseases. The unique
population structure in specific dog breeds creates a genetic magnifier glass for gene discovery (and subsequent genetic counseling) studies
that are hampered in men due to high genetic variability and low case numbers. In addition, the size of dogs, the physiological similarities,
and their naturally occurring diseases make this species a pre-clinical bridge between mice and men (transplantation studies, gene editing,
drug testing). These two specs point towards an important role dogs offer in the investigations on hepatic fibrosis, especially where it
comes to challenges related to rare inborn errors of metabolism. This is an original figure. Two decades of canine genetic tools. The OMIA
database (OnLine Mendelian Inheritance in Animals: www.omia.org) lists almost 800 traits or disorders described in dogs. The initiatives for
more concerted investigations of the dog genome were first described in 1990 in the project entitled Canine Genome Project (doi: 10.1126/
science.248.4960.1184). Three years later, Rine and Ostrander founded the Dog Genome Project, to take benefit from the often breed-
specific cancers in dogs to advance human and canine cancer research (38). Canine-specific genetic tools were developed, such as radiation
hybrid mapping, comparative chromosome maps, and microsatellite studies to facilitate canine genetic research [historical reviews (39-41)].
In 2004, a set of 327 canine chromosome-specific microsatellite markers was created to improve linkage studies (42). More advanced high-
resolution SNP arrays were developed (43) which solidified the basis for the Illumina CanineHDarray and the Affymetrix 50kPlatinum array
(44-48). At present, the most advanced marker platform is the Axiom Canine Genotyping Array with 460k markers (49). The landmark
paper by Lindblad-Toh described a draft sequence covering +99% of the dog genome (one Boxer with the name Tasha) combined with a
single nucleotide polymorphism (SNP) map across 11 breeds (50). This was a strong improvement compared to the low coverage of the
Poodle genome (51). The European Union realized the scientific potential of canine genetics for human genetics resulting in the LUPA-
consortium (52). Apart from disease-specific discoveries this consortium focused on 44 genomic regions with extreme variations between
breeds (53). More in-depth sequencing (CanFam 3.1) and RNA Seq data sets from 10 different tissues revealed over 175,000 expressed loci,
21,000 coding loci, in addition 4,600 antisense transcripts and over 7,000 non-coding transcripts (54). One of the last more generalized (not
for a specific disease) discoveries was a set of canine-specific microRNAs based on CanFam3.1 (55). In order to aid in the annotation of
long non-coding RNA sequences, FEELnc, was developed by several LUPA consortium members (56). The recently established Dog10K
Consortium (http://www.dogl10kgenomes.org/) aims to describe the enormous phenotypical variation between dogs breeds in molecular

terms (57). Thereto, they target to generate a 20-time coverage of 10,000 dogs (58).
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hepatic copper levels and mutations in the COMMD1
gene resulted in elevated intracellular copper levels (62-65).
siRNA-mediated COMMD1-gene silencing in HEK293
cells (human embryonic kidney cells) and BDE-cells
(canine liver cells) resulted in elevated intracellular copper
levels, even in short-term cultures (62,63). Liver-specific
COMMDI1 knock-out mice had moderate levels of hepatic
copper accumulation, although by no means as high as in
the Bedlington terrier dogs (29,64,66). In liver organoids
cultured from COMMD1-deficient dogs, lentiviral
reconstitution of a functional COMMDI1 protein resulted
in a normalization of intracellular copper levels and survival
of these cells under high copper culture conditions (65).
These were solid proofs to verify the crucial role of
COMMDI in hepatic copper homeostasis. Ever since the
2002 discovery of COMMDI, a plethora of functions have
been linked to COMMDV, for a recent review on the multi-
potency of COMMDI1, the readers are directed elsewhere
(67-70).

The work on copper toxicosis in Bedlington terriers
resulted in the discovery of a novel copper homeostasis
gene product, COMMDI1 (20). This prompted geneticists
to screen for COMMD1 mutations in copper storage
diseases with thus far unknown genetic backgrounds such
as Indian Childhood Cirrhosis, Endemic Tyrolean Infantile
Cirrhosis, or Idiopathic Copper "Toxicosis, very rare diseases
with hepatic copper accumulation. No mutations in the
COMMDI gene were discovered in these patients (71).
In WD patients COMMD1 mutations are described at
very low frequencies and the COMMD] variants seemed
unrelated to the clinical presentation of the patients (72-76).
Together, the involvement of COMMDI1 mutations in
human copper-related disorders is very limited, but this
does not mean that the work on COMMDI is of little value
for WD research.

Challenges in WD diagnosis and partnering of the ATP7B
and COMMIDI1 proteins

The timeline of milestones for WD, first described as early
as 1912, is described in a historical review (77). The main
drive of this disease, which presents with large clinical
variations, is excessive hepatic copper accumulation. The
ERN RARE-LIVER database (www.rare-liver.eu) states WD
as a rare disease, with an estimated clinical prevalence of 1
per 30,000 in the general European population. A higher
prevalence is described in several isolated communities
(consanguinity) within Europe, such as Sardinia or the
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Canary Islands, with a 5-10 fold higher prevalence
compared to the general European population (78).
In several Asian regions, the prevalence of WD is doubled
compared to the general European population (79,80).
More recent population-based estimates suggest that the
genetic prevalence in some areas might be 3 to 4 times the
clinical presentation (81). Even larger differences in the
prevalence in heath registers (+1.6/100,000) compared to
mutation in the general population (x20/100,000) were
reported (82). This points to the involvement of additional
factors mediating genotype-phenotype differences, such as
the activity of modifier genes, and or environmental factors.

The causative gene for WD was discovered in 1993, as
the copper transporter ATPase2 (ATP7B) (21-23). The
organ-specific expression of ATP7B, high in the liver but
also other organs such as the brain, and parts of the small
intestine, explains the clinical variations of WD including
hepatic and neurological presentations (83-86). Around half
of WD patients present with a clear hepatic phenotype,
which has a gender predisposition, four times higher in
females than in males in the case of the severe acute liver
failure form. Liver-related features present already in
childhood and young adults. Neurological symptoms occur
later in life in a broad range of WD patients (20-65%),
depending on the characteristics. A wide spectrum of
movement disorders, including tremor, dystonia, and or
parkinsonism present as early as the age 20-30 (80,86-88).
As these neurological and psychiatric symptoms are
separated from the hepatic presentation, the readers are
directed to specific reviews on these aspects elsewhere
(89-95). One very characteristic visual sign of WD is the
presence of Kayser-Fleischer rings in the cornea, which
is observed in most neurological WD patients, in hepatic
or presymptomatic patients these ocular disturbances are
less frequently observed (89). The variation in clinical
presentation and the rarity of WD often results in a delayed
clinical diagnosis with severe consequences (94).

The ATP7B gene spans over 80 kb on chromosome
13, and the longest liver transcript consists of all 21 exons
covering around 8 kb. Smaller transcripts are present
in the brain (95). The ATP7B protein consists of eight
transmembrane regions forming a membrane channel, and
the copper-binding domains are in the N-terminal part
within the cytosol. The ATP7B protein channel function is
responsible for about 95% of the excretion of hepatic copper
into the bile. Taken into account well over 900 different
mutations in the ATP7B gene (Human Gene Mutation
Database professional 2021.3) (84,96,97), leading to variable

Dig Med Res 2022;5:13 | https://dx.doi.org/10.21037/dmr-21-96



Digestive Medicine Research, 2022

activities of the ATP7B protein, and as a consequence, a
large variation in the clinical presentation of WD, diagnosis
of WD is challenging (81,98-100). The vast majority of the
mutations (>60%) are missense and nonsense mutations.
A clear genotype-phenotype correlation is lacking (101-
106). Therefore, it is conceivable that modifier genes and/
or environmental factors that affect the clinical presentation
are into play here. Several potential modifier genes
include ATOX1, XIAP (X-linked inhibitor of apoptosis),
MTHFR (5,10-methylenetetrahydrofolate reductase), and
COMMDI1 (74,83,107-110). Less surprisingly, ATOX1,
XTAP, and COMMDL1 are directly or indirectly involved in
copper binding. In addition to direct copper-binding within
the COMMDI protein, it turned out that COMMD1
interacts with ATP7A and ATP7B, to facilitate intracellular
trafficking of the copper exporting ATPases from the
Trans-Golgi-Network to the plasma membrane (111-113).
Therefore, mutated COMMD1 directly affects ATP7Bs
intracellular localization and the copper excretion function
of ATP7B, explaining the similarities in the hepatic fibrotic
phenotype of WD and canine copper toxicosis.

Discovery of novel copper homeostasis genes and modifier
genes in copper toxicosis

Finding modifier genes in rare diseases is an immense
genetic and clinical hurdle, given the low number of
patients. Whereas copper toxicosis in Bedlington terriers
segregates with a simple Mendelian mode of inheritance,
for most dog breeds copper toxicosis is a more complex
genetic disease. Due to selective inbreeding, genetic variants
express at increased frequencies within specific dog breeds.
As a result, rare human diseases can be highly prevalent in
specific dog breeds.

Labrador retrievers is the most popular dog breed
worldwide. In 2006 copper-associated hepatitis was described
in this breed, presenting elevated ALT levels, and hepatic
copper levels ranging between around 400-2,600 mg/dwl (37).
A complex mode of inheritance was postulated (114). Several
studies indicated that dietary restriction could improve
the hepatic copper accumulation such as low copper diets
especially so if zinc was elevated, and as for WD patients
D-penicillamine was effective to lower hepatic copper levels
(115-119). In view of the risk of hepatic copper and zinc
deficiency, it was not recommended to use D-penicillamine
lifelong (120). Gene expression pattern described the
progression of copper toxicosis in Labrador retrievers,
eluting the similarities between WD and copper toxicosis
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in this breed at the molecular levels (121). Considering
the similarities with WD), researchers aimed to dissect
the genetic background of Labrador copper toxicosis. To
emphasize the power of canine genetics to dissect genetic
causes in complex genetic diseases as little as 235 dogs
were enrolled in a canine-specific genome wide association
study (GWAS). This study revealed that an Argl453Gln
substitution in the ATP7B protein is causing increased
hepatic copper levels, whereas a Thr3271le variant in the
ATP7A protein partially rescued the ATP7B phenotype
(122). Similarly, an ATP7B mutation in Dutch and USA
Dobermann pinchers increased hepatic copper levels.
A mutation in ATP7A was also found in the Dutch
Dobermann pinschers, however, there were too few cases to
draw conclusions for the USA cohort (123). Beauty is in the
eye of the beholder, but the fact that ATP7A is a modifier
gene for ATP7B is astonishing given their high level of
structural homology. In this breed, the high prevalence of
mutations in ATP7A showed the power of canine genetics
to find modifier genes. The fact that these mutations are in
a gene that is causative for Menkes disease (MD), further
highlights the potential of canine research for human
genetics. Unlikely that this would have been discovered
in men where MD is affecting 1 in 300,000 people. It
turned out that COMMD1 mutations were involved in
neither Labrador retrievers nor Dobermann pinchers
copper toxicosis (124). Recently, RETN (coding for protein
RESISTIN) was discovered as a novel modifier gene in
copper toxicosis in Labrador retrievers (125). RESISTIN
is involved in hepatic fat storage and mitochondrial defects,
however, its low expression in the liver makes it difficult
to directly associate RETN mutations with hepatic copper
accumulation.

Dogs can solve pre-clinical problems associated with bepatic
diseases

Longitudinal studies on COMMD1-deficient dogs
revealed a progressive development of hepatitis similar
to the development of chronic hepatitis, including WD,
in men (126,127). This makes the COMMD1-deficient
dogs a unique pre-clinical model to study the effects of
cell-transplantations for inborn metabolic diseases. Five
COMMD 1 -deficient dogs received autologous liver
stem cells in which the functional COMMDI1 gene was
lentivirally-transduced (30). From a pre-clinical perspective,
it was agreed upon with pediatricians that the portal vein
was the preferred route of administration of the cells, as
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this was an approachable vein even in pediatric patients.
To make a long story short, the transplanted cells could
be recovered even up to two years post-transplantation.
However, no functional recovery was observed on hepatic
copper accumulation and copper excretion, which was
explained by the limited number of transplanted cells
in the recipient's livers. Only at a few locations, small
clusters of transplanted cells were recovered accounting
for less than 1% of the total number of hepatocytes. What
caused this low engraftment is under investigation; either
too few cells were transplanted (4x10°~9x10° per dog in
three consecutive daily injections), or the cells were not
in the optimal differentiation status (partially hepatic, not
purely proliferating stem cell phenotype), or despite being
autologous the cells were rejected (cyclosporin treatment
was given for 6 weeks), or other reasons. As the induction
of ovulation in dogs is difficult, it will take a while before
the offspring of the heterozygous parents will result in a
sufficiently large study colony again.

Although the functional recovery was not achieved,
this pre-clinical experiment in COMMD1-deficient dogs
showed the possibility to provide autologous cells via the
portal vein into the liver and showed long-term survival
of the transplanted cells in the recipient. The 2 years
longitudinal follow-up period provided critical information
on the routing of transplanted cells, a basic question that
could hardly be addressed in mice, given their small portal
vein.

Future perspectives for health professionals and
researchers

The key issue of this narrative is to create awareness that
dogs can be instrumental in solving basic (genetics) and pre-
clinical (transplantations) liver-related problems. First, the
resultant of selected inbreeding is a narrow genetic basis
within specific breeds working as a genetic magnifying
glass, enabling the dissection of complex genetic and/or
(very) rare disorders. Here it is to be realized that still some
very rare copper storage diseases no causative mutations
are discovered, such as for Indian Childhood Cirrhosis,
Endemic Tyrolean Infantile Cirrhosis, or Idiopathic
copper toxicosis (128-130). And the work on Labrador
retrievers has indicated that modifiers genes can be found,
actually a functional titration between ATP7B (WD) and
ATP7A (MD) activities. Second, the size of dogs and the
hepatic fibrosis progression, position dogs as relevant pre-
clinical animal models to test dietary regimens and surgical
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interventions that are readily translatable to human clinical
practice. Obviously, practical (costs, housing, reproduction)
and ethical issues (appreciation of dog is often different
than for mice) exclude large scale experiments in dogs.
In view of the current debate on the utilization of
experimental animals, liver organoid technology promises
precision medicine without experimental animals. The
combination of the gene-editing tool CRISPR/Cas9 with
stem cell technology is gaining momentum (131-135).
These technologies could be specifically rewarding for rare
diseases, including inborn metabolic disorders (136,137).

Summary

WD and inherited canine copper toxicosis have several
features in common. In some dog breeds mutations in
ATPase transporters (involved in WD and MD in men)
are also implicated in copper toxicosis. Genetic screens in
dogs revealed a novel copper transport protein 20 years
ago, COMMDI1. In addition, COMMD1-deficient dogs
were used as a pre-clinical animal model for stem cell
transplantation. The intracellular interactions between
ATP7B and COMMDL1 explain partial overlap in clinical
presentation between WD patients and dogs with copper
toxicosis. As such dogs have had their fair share in solving
some challenges related to rare forms of liver fibrosis. After
all, the dog is men’s best friend. It is likely that in the years
to come additional copper transporters and novel modifier
genes will be discovered in the inbred dog population,
realizing that around 35% of the idiopathic hepatic cases
in dogs are related to copper (138). Mutual beneficial for
patients and pets challenged with rare liver diseases.
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