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Wilson disease (WD) is a rare disorder caused by mutations in ATP7B, which leads to a defective biliary excretion
of copper. Subsequent gradual accumulation of copper in different organs produces an extremely variable clinical
picture, which comprises hepatic, neurological psychiatric, ophthalmological, and other disturbances. WD has
specific treatment, so that early diagnosis is crucial in order to avoid the progression of the disease and its
devastating consequences. The clinical diagnosis of WD is based on the Leipzig scale, which considers clinical,
histological, biochemical and genetic data. However, even patients with an initial WD diagnosis based on a high

Leipzig score result to suffer from other condition that mimics the WD’s phenotype (Wilson-like).

Wilson'’s disease Leipzig scale ATP7B gene Wilson-like

| 1. Introduction

Wilson's disease (WD; MIM 277900) is an autosomal recessive disorder related to the metabolism of copper, a
metal that accumulates in tissues, mainly in liver and brain. WD is caused by mutations in the ATP7B gene, which
encodes for a copper transporter that is responsible for biliary excretion of copper and its incorporation into
ceruloplasmin. WD was first described by the British neurologist Samuel Alexander Kinnier Wilson as a "
progressive lenticular degeneration accompanied by cirrhosis in the liver” 2. The manuscript included four cases
who presented with involuntary movements, spasticity, dysarthria, psychiatric disturbances and advanced cirrhosis.
In the first half of the 20th century, several researchers made important contributions to the knowledge of the
pathophysiological mechanisms of the disease. Rumpel reported excess copper in the liver of a patient with WD for
the first time, and Cumings corroborated it and established that copper accumulation in the liver and in the basal
ganglia were the etiological basis of the disease 23], In |ess than 50 years since its discovery, WD became the first
chronic hereditary liver disease that had a specific treatment, which made it possible to stop the devastating
progression of the disease and prevent the eventual death. Despite these initial advances, diagnosis has remained
a challenge and WD is currently an infradiagnosed disorder. Epidemiologic estimates have indeed established
notable differences between clinical and genetic prevalence, which may be due to multiple factors including genetic
modifiers, epigenetics and habits. The main underlying problem lies in suboptimal diagnostic tests and elusive
biomarkers to diagnose a rare genetic disease characterized by incomplete penetrance and highly variable

expression.

| 2. Clinical picture of Wilson’s disease
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Wilson’s disease (WD) is a multisystemic disorder characterized by abnormal deposits of copper. Clinical signs
depend on the organs where the copper is accumulated over the course of the pathological process (Figure 1).
Accordingly, WD can present as a liver, neurological or mixed disease. Most pediatric patients usually exhibit a liver
presentation, whereas patients diagnosed in adulthood predominantly manifest with a mixed presentation. While
diagnosis is typically made in childhood, adolescence or early adulthood, between 5 and 35 years old, late

presentations have been described.

Treatment is life-long and should never be interrupted. In most patients, a favorable response is reached with
normalization of liver enzymes within 2-12 months from treatment initiation. Improvement of neurological
manifestations may take longer up to 2-3 years. Treatment is divided into 2 phases, one initial decoppering phase
and a second maintenance phase. Treatment is currently based on chelators (D-penicillamine or trientine) which
promote renal copper excretion and zinc salts which block intestinal copper absorption and also stimulate
cytoplasmic production of metallothionein, a protein that fixes copper in the cytoplasm of hepatocytes in a non-toxic
way . In some severe neurological cases, ammonium tetrathiomolybdate, an experimental drug, has been used
for short periods of time. The choice of drug depends on the type and severity of clinical presentation, as well as
center experience Bl Newer formulations of trientine and tetrathiomolybdate are currently being evaluated in
international trials . In addition, gene therapy, which has shown to be effective in animal studies [, is also

entering the human arena.
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Figure 1. Copper toxicity in the pathogenesis of Wilson’s disease. Main signs and symptoms observed in patients

are included in green boxes and circles, while secondary findings are contained in blue circles.

2.1. Clinical signs
2.1.1. Liver disease

Liver damage ranges from steatosis to chronic hepatitis, fibrosis and cirrhosis. Clinically it may present as
asymptomatic hypertransaminasemia, with any of the manifestations of liver cirrhosis, or as severe acute liver
failure (ALF). ALF may be the initial manifestation of latent WD or may develop weeks to months following
treatment non-compliance. Although most patients have an underlying cirrhosis, the clinical picture is
indistinguishable from that observed in the course of viral or toxic hepatitis. Urgent liver transplantation is generally
required in these cases. Although not always present, Coombs negative hemolytic anemia, Kayser-Fleischer (KF)
ring (present in about 50%), an AST/ALT ratio above 2 and low alkaline phosphatases serum levels are findings

that help in reaching a diagnosis in patients with severe acute presentation.

2.1.2. Neurological and psychiatric disease
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Neurological presentation is rarely seen in childhood, but may present in adolescence or early adulthood. It
encompasses a wide spectrum of movement disorders caused by the degeneration of the basal ganglia (Figure 1)
B, The more common are tremor, dystonia, parkinsonism, dysarthria, drooling and/or dysphagia. Moreover,
additional features may also happen such as cerebellar dysfunction, chorea, hyperreflexia, seizures, restless legs
syndrome, sleep disturbances, myoclonus and cognitive impairment . Psychiatric symptoms secondary to
neurological deterioration tend to go unnoticed in the early stages of disease. In adolescents, behavioural changes,
emotional instability and poor academic performance are relatively common, while adult patients may show

personality disorders, depression, anxiety, psychosis, and schizophrenia 19,

2.1.3. Additional clinical manifestations

When the copper concentration is excessive, this metal is released to the bloodstream in its free form, not bound to
ceruloplasmin (NCC; non ceruloplasmin bound copper), and then, is deposited in other organs (Figure 1). A
relevant ophthalmologic feature of WD is the KF ring, a greenish-brown opacity at the periphery of each iris. KF
ring is detected in more than 90% of patients with neurological and/or psychiatric presentation, but only in ~50% of

patients with liver symptoms, and rarely in those asymptomatic (2,

Excess of copper can lead to additional clinical features in other organs, including renal, osseomuscular, endocrine
and cardiac manifestations, although these are rarer signs. Finally, other rare clinical manifestations include

hypoparathyroidism, pancreatitis, amenorrhea and recurrent miscarriages 2.

| 3. Diagnosis: just a matter of the Leipzig scale?

WD clinical manifestations are diverse and not always present, potentially mimicking other diseases. In addition,
none of the laboratory markers indicative of copper accumulation are 100% sensible and specific of the disease;
hence, the need to combine clinical findings and biochemical parameters to reach a diagnosis. The diagnosis of
WD is currently based on the score developed at the 8th International Meeting on Wilson Disease in Leipzig 11,
which includes clinical signs, histopathological studies, biochemical tests and genetic analysis. A score =4 points
would be confirmatory of WD, and this is already achievable if two deleterious mutations in ATP7B are detected
segregating with the disease. Unfortunately, the clinical assessment and other tests included in the Leipzig score
not always yield clear findings, and genetic testing is currently not available in all settings. Below we describe the

tests commonly used in the diagnosis of WD, which are further discussed in 22!,
Ceruloplasmin

Ceruloplasmin (Cp) is a copper-binding protein responsible for 75-90% transport of this metal in blood. When
recently synthetized by hepatocytes, it is named apoceruloplasmin (Apo-Cp) and can bind six to eight copper ions,
thus turning into its active form, holoceruloplasmin (Holo-Cp). ATP7B is the main protein which “shuttles” copper to
Apo-Cp, and if this event does not occur, Apo-Cp will be rapidly degraded due to its low stability.
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To measure circulating Cp levels, immunoassays are the most extended in clinical laboratories; yet, they can yield
overestimated values, since both Apo-Cp and Holo-Cp are detected. Reference values for immunoassays vary
between 0.15 and 0.20 g/L; levels below 0.20 g/L are suggestive but if lower than 0.10 g/L, a WD diagnosis is
probable 111,

Cp levels tend to increase in case of inflammation, infection and hyperestrogenemia during pregnancy or as a
consequence of contraceptive treatments. In addition, WD heterozygous carriers occasionally present with
abnormally reduced Cp levels. Other considerations for low Cp levels are malabsorption, fulminant hepatic failure
or aceruloplasminemia caused by mutations in CP. Therefore, the predictive value of Cp as a unique marker for

diagnosis of WD is questionable, principally because many WD patients show bordering levels.
Serum copper

Total serum copper comprises NCC as well as copper contained in Holo-Cp. Total serum copper and Holo-Cp
concentrations are positively correlated, and hence, decreased values of Holo-Cp are likely in WD patients.
However, higher levels of Holo-Cp are detected for instance, in Wilsonian acute liver failure onset as a result of
accumulated hepatic copper release to bloodstream. Moreover, increased NCC is also observed in cases of acute
hepatic failure of different aetiology, chronic cholestasis and idiopathic copper toxicosis 13, High or normal serum
copper along with low Cp indicates an increment of serum copper’s NCC fraction, suggestive finding of WD.
Copper belonging to the NCC fraction, sometimes not well-named as “free”, becomes harmful when deposited in
tissues, mainly in liver and brain. As expected, the results depend on proper Holo-Cp determinations on the same
sample. As a result, if Cp levels are determined by immunoassays that include the detection of Apo-Cp and Holo-

Cp, NCC estimation for diagnosis and monitoring might be misleading 24!,
Urinary copper

In treatment-naive WD patients, urinary copper excretion (UCE), a reflection of serum NCC, is elevated, and thus,
measure of copper in 24-hour urinary collection is a common test for diagnosis of WD. In symptomatic patients,
values higher than 1.2 to 2 times the upper limit of normal (ULN, established on 100 pg/24h) are registered, which
may indicate possible WD. Urinary copper measurement after stimulation with 1,000 mg D-penicillamine is a test
proposed for diagnosis in children, with expected levels >1,600 pg/24h in WD children 13,

Additional blood tests

Typically, persistently elevated liver enzymes, specifically aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), is the first disease manifestation that should alert medical specialists of a possible WD
case in absence of any known etiology, particularly in young patients. Biochemical parameters, as serum alkaline
phosphatase (ALP) and total bilirubin, may be informative at some point to distinguish ALF due to WD from that of

different aetiology (22!,

Liver biopsy
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Clinical practice guidelines only recommend intrahepatic copper quantification if remaining evidences are
insufficient to achieve a diagnosis, or if other liver pathology is suspected apart from WD. If other disorders are
discarded, a hepatic copper content higher than 250 pg/g dry weight is considered confirmatory of WD. Other
studies suggest that this threshold could be fixed in 75 pg/g dry weight for better sensibility 9. Specific stains
(rhodanine or orcein) are only useful in case of copper deposition in lysosomes, a finding rarely present. Since
copper deposition across liver structures is dependent of disease stage, quantification of intrahepatic copper is not
always reliable. At cirrhosis stage, copper deposition is not homogeneous, so liver sample is usually not

representative and copper concentration results are generally underestimated (121,

Early liver histological findings resemble those representatives of non-alcoholic fatty liver disease (NAFLD) and
non-alcoholic steatohepatitis (NASH), comprising simple steatosis, glycogenated hepatocyte nuclei and focal
necrosis. In untreated or late-diagnosed patients with advanced liver disease, copper overload and toxicity lead to

major inflammation, fibrosis and eventually cirrhosis.
Neurologic evaluation

Apart from patients with predominant neurological manifestations, clinical evaluation by a neurologist or specialist
in movement disorders is recommended in all cases. Two score systems have been developed and validated to
help on the assessment of neurological impairment: Unified Wilson’s Disease Rating Scale (UWDRS) and Global
Assessment Scale for Wilson’s Disease (GAS for WD). Brain magnetic resonance imaging (MRI) is essential to
assess presence of copper deposits and damage on basal ganglia. Common recognized abnormalities include
detection of hyperintensities on T2 sequences, mainly in putamen and caudate nucleus; the “face of the giant
panda” on the midbrain is considered a characteristic sign. Alterations in brain MRI at diagnosis are present in all

neurological patients, between 40-75% of hepatic patients and in 20-30% of asymptomatic individuals 26,

| 4. A Mendelian disease caused by mutations in ATP7B

WD is a well-established monogenic condition caused by deleterious variants in ATP7B inherited in an autosomal
recessive manner I ATP7B exhibits a high allelic heterogeneity. To date, more than 900 variants have been
described in ATP7B (HGMD Professional version 2021.1, accessed June 2021). The vast majority are located in
the coding and flanking intronic sequences throughout the entire gene, the most frequent being missense and

nonsense mutations (>60%).

Stratified genetic analysis is recommended in order to achieve a reasonable diagnostic success rate with the aim
to cover the whole ATP7B sequence and the different possible mutations types 1829 First, it is advisable to
perform the study of the 21 coding exons and flanking intron sequences, since they harbour the majority (~95%) of
the clinical variants. This approach can be done by Sanger sequencing, which allows the detection of point
mutations as well as small deletions and insertions. In populations in which a small number of pathological
changes predominate, the prioritization of these likely founder events is a cost-effective strategy. If no diagnosis is

achieved, the possibility of large deletions or insertions must be examined by MLPA (multiplex-ligation probe
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amplification), in addition to sequencing the promoter. These clinical variants represent ~4% of the total known
ATP7B mutations. Finally, the study of the introns must be taken into account if no biallelic mutations have been
detected in ATP7B in a patient with clinical suspicion of WD. The diagnostic tools based on NGS (next generation
sequencing) allow for studies of large tracts, and hence, the analysis of the entire 75 kb sequence of ATP7B
(exons, introns, 3’ and 5-UTR regions, and promoter) 28l In fact, using a custom NGS tool, one deep intronic
deleterious mutation was published located in intron 12, ¢.2866-1521G>A (291 Of note, NGS tools also allow the

identification of large CNVs (copy number variants).

The widely accepted prevalence of WD was estimated in 1984 by Scheinberg and Sternlieb [24: 1:30,000 (=
3.3/100,000). The frequency of carriers, calculated according to Hardy-Weinberg equilibrium and full penetrance, is
considered to be 1:90 22, Of course, prevalence increases in closed/isolated populations, as is the case of the
islands of Canary (Spain; 8.1/100,000), Sardinia (Italy; 37/100,000), or Kalymmos (Greece; 135/100,000) [23! [24],
Many studies have intended to establish accurate values of prevalence with findings related to the strategy applied
such that higer prevalence rates have been described in mutational screening studies compared to those based on
public health registries. These discrepancies are mainly due to differences between genetic and clinical
prevalences. As aforementioned, diagnosis of WD is based on the Leipzig score and relies on imperfect clinical,
biochemical, histological, and genetic findings. Despite technological advances, only one mutation or no mutation
is identified in a relevant proportion of patients (~1-27%) 22!, Gao et al. 24 established a clinical prevalence of 1.38
and a genetic prevalence of 12.7 per 100,000 in a meta-analysis of previous epidemiological and genetic studies,

respectively. As a whole, genetic prevalence is much higher and highlights that WD is an underdiagnosed disease.

5. Wilson-like: genetic diseases that mimic the Wilson
phenotype

WD is clearly established as a monogenic disorder caused by ATP7B mutations. However, disparate inherited
diseases that mimic a Wilson-like phenotype are known.

Congenital disorders of glycosylation (CDG) are a heterogeneous group affecting multiple glycosylation pathways
and they can display phenotypic similarities with WD [22l18], Many CDGs show multisystemic clinical outcomes.
Patients with CDG linked to CCDC115 mutations (MIM 616828) present hepatosplenomegaly, neurological
affectations, elevated serum ALT and ALP levels, mild hypercholesterolemia, low serum Cp and Wilson-like copper
disturbances. On the other hand, individuals with TMEM199 mutations exhibit steatosis, elevated serum levels of
ALT and ALP, hypercholesterolemia, low serum Cp and slightly alterations of copper metabolism; they do not

develop hepatosplenomegaly or neuropsychiatric disturbances 28],

Progressive familial intrahepatic cholestasis (PFIC) is a heterogenous group of autosomal recessive liver disorders
characterized by defective bile transport. One of its early onset forms, PFIC3 (MIM 602347), is caused by
mutations in the ABCB4 gene which results in impaired phospholipid secretion, triggering cholestasis, hepatic
fibrosis, cirrhosis and hepatocellular failure (27,
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Aceruloplasminaemia (MIM 604290) is an autosomal recessive disorder caused by mutations in the CP gene,
which encodes ceruloplasmin. Neuropsychiatric manifestations may include dementia, cognitive deficit, behaviour
alterations, tremor, chorea, cerebellar ataxia, nystagmus, dysarthria, rigidity and akinesia (28] Normal concentration
of hepatic copper and in urinary copper excretion can be discriminant indicators between WD and

aceruloplasminaemia.

Menkes disease (MNK; MIM 309400) is an X-linked syndrome caused by mutations in ATP7A. ATP7A, as well as
ATP7B, is a transmembrane copper transporter and its dysfunction turns into deficient copper transfer to secretory
pathway. Allelic disorders of MNK disease are occipital horn syndrome (OHS; MIM 3040150) and X-linked distal
spinal muscular atrophy 3 (SMAX3; MIM 300489). These three entities are best described as a clinical continuum
spectrum from severe to mild forms. MNK is characterized by epilepsy, progressive neurodegeneration, conjunctive
tissue abnormalities, a distinctive hair appearance and short lifespan 22,

MEDNIK syndrome (Mental retardation, Enteropathy, Deafness, Neuropathy, Ichthyosis and Keratoderma; MIM
609313) is a rare neurocutaneous disorder with multisystem involvement, caused by AP1S1 mutations and
inherited in an autosomal recessive fashion. Patients display a perplexing picture of MNK disease and WD. Some
neurological, skeletal and cutaneous signs, as well as low copper and Cp levels in plasma, resemble MNK but in a
milder form. On the other hand, hepatic damage, increased urinary copper excretion and bilateral T2 hyperintensity
of basal ganglia (caudate and putamen) are typical clinical manifestations of WD 9.,

Alagille syndrome (ALGS; MIM 118450) is a multisystem disorder caused by mutations in JAG1 or NOTCH2 genes
transmitted in an autosomal dominant way. ALGS is characterized by the scarcity of bile ducts in liver biopsy and,
at least, the presence of three of five clinical features: cholestasis, congenital heart defects, ocular abnormalities,
bone anomalies and characteristic facies. Renal disease, development and growth retardation may occur less
frequently B2,

Idiopathic copper toxicosis (ICP) is referred to a type of infancy and childhood liver disease with abnormal copper
accumulation whose etiology is poorly understood. Symptoms can include hepatosplenomegaly, marked fibrosis
and abdominal distention, occasionally accompanied by ascites, lethargy, malaise, fever, anaemia and, rarely,

recurrent jaundice. Serum copper and ceruloplasmin concentrations are normal or slightly elevated 32,

| 6. Conclusions

Diagnosis of WD should be suspected when faced with patients, particularly children, adolescent or young adults
with any manifestations of liver disease without known etiological factor and/or when signs of neurological disease
are also present. Nowadays, there are multiple diagnostic and treatment options for patients suffering from this
disorder. While many patients are diagnosed and adequately assessed with current available methods, diagnosis
has revealed to be more challenging in other patients stuck in a diagnostic uncertainty characterized by bordering
ceruloplasmin levels, inconclusive genetic findings and unclear clinical phenotypes. Patient prognosis is based on

early diagnosis and adequate long-life therapy. Delay in diagnosis, and therefore, in starting decoppering treatment
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can result in disastrous consequences. Technological advances in genetics tests, neuroimaging, characterization of
biomarkers, and advanced therapies may provide confidence for a more accurate detection and management of

WD in coming years.
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