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Abbreviations 
 

ACMG American College of Medical Genetics and Genomics 

ATOX1 Antioxidant 1 copper chaperone  

ATP7A ATPase copper transporting alpha 

ATP7B  ATPase copper transporting beta 

BKUS Children Clinical university Hospital 

BLAST Basic Local Alignment Search Tool 

COMMD1 Copper metabolism domain containing 1  

CP Ceruloplasmin 

del Deletion 

DNA Deoxyribonucleic acid 

HFE Human homeostatic iron regulator protein 

HGMD Human Gene Mutation Database 

HGVS Human Genome Variation Society 

IQR Interquartile range 

KRIT1 Ankyrin repeat containing  

MAF Minor allele frequency 

MLPA Multiplex ligation – dependent  probe apmlification 

mRNA Messenger ribonucleic acid 

OMIM Online Mendelian Inheritance in Man 

P.Stradins 

KUS 
Pauls Stradins Clinical University Hospital 

PAGE Polyacryl gel electrophoresis 

PCR Polymerase chain reaction 

PCR Bi-

PASA 

Bidirectional PCR (polymerase chain reaction) amplification of 

specific alleles 

qPCR Quantitative polymerase chain reaction 
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RAKUS Riga East Clinical University Hospital 

RFLP Restriction fragment length polymorphism analysis 

rs Reference SNP (single nucleotide polymorphism) 

RSU SLMG 
Rīga Stradiņš University Scientific Laboratory of Molecular 

Genetics 

SD Standard deviation 

Taq Thermus aquaticus 

UTR Untranslated region 

WD Wilson’s disease 
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Introduction 

 
Wilson’s disease (WD) is an autosomal recessive disorder of copper 

metabolism caused by approximately 800 allelic variants of the gene ATP7B 

with prevalence of 1 per 30,000 individuals in Europe (HGMD, n.d.).  

Clinical manifestations of WD are very different, mostly including 

hepatic pathology and neurological symptoms. WD can be symptomatic at any 

age, but predominantly the first symptoms appear between five and 35 years of 

age (Ferenci et al., 2003). Although the disease is monogenic (a single gene is 

involved in the pathogenesis), there are significant differences in clinical 

manifestation and age at onset of first symptoms in patients of the same 

genotype, even within a single family. 

Although the disease is caused by various allelic variants of the ATP7B 

gene, studies are ongoing to explain the variability of Wilson’s disease. There 

are several studies on the different effects of the ATP7B gene allelic variants on 

the function of the ATP7B protein. There have been various studies on the 

association of the genotype-phenotype within the ATP7B gene – several with a 

positive finding [3,(Gromadzka et al., 2005), several with a negative finding 

(Moller et al., 2011; Mukherjee et al., 2014).  

The possible effect of other genes on the WD phenotype has been 

discussed as well, with the main focus on genes encoding proteins involved in 

copper metabolism, e.g., ATOX1 and COMMD1, as well as genes containing 

pathogenic variants that can influence inflammation in liver cells, e.g. HFE. 

The ATOX1 protein is a copper chaperone (small corrector molecule) that 

delivers copper to the metal binding domains of ATP7A and ATP7B (ATPase), 

while the COMMD1 protein is involved in the regulation of copper 

homeostasis, and changes have been found in Bedlington terriers suffering from 

copper toxicosis. Both genes have been studied among WD patients in different 
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populations, but results are inconsistent [7,(Lovicu et al., 2006) 9, (Simon et al., 

2008; Czlonkowska et al., 2018).  

WD diagnosis is based on diagnostic guidelines adapted in 2001 (EASL, 

2012), where reduced levels of ceruloplasmin in the blood are one of the main 

diagnostic criteria. Other reasons, such as allelic variants of the CP gene 

encoding ceruloplasmin, may also cause this change.  

Several studies have found an association between allelic variants in the 

CP gene that, by altering blood levels of ceruloplasmin, may be associated with 

increased iron accumulation in the brain, affecting the clinical course of 

multifactorial diseases such as Parkinson’s disease (Zhao et al., 2015).  

Topicality of the Study 

Wilson’s disease is one of the rare genetic diseases that can be 

successfully treated. Often, clinical diagnosis is delayed until copper has 

already accumulated in the tissues and irreversibly damaged them. DNA 

diagnostics provide the opportunity to diagnose WD presymptomatically (more 

often with relatives of already-diagnosed patients through sequential 

testing/cascade screening of family members). Detecting this disease and 

initiating preventive therapy before the onset of liver or neurological 

dysfunction can save a person’s life and prevent disability. In Latvia, DNA 

diagnostics of Wilson’s disease have been performed since 2004, mainly based 

on the detection of the most common pathogenic allelic variant, H1069Q, 

which causes 35–45 % of cases in WD (Hedera, 2017). Direct sequencing of 

the ATP7B gene is required to detect other WD-causing allelic variants. The 

ATP7B gene has 21 exons (coding parts of the gene), the direct sequencing of 

which is a time-consuming and costly process, which is why molecular analysis 

of Wilson’s disease patients in Latvia, identifying allelic “hot spots”, would 

help develop the algorithm for Wilson’s molecular diagnostics, diagnosing WD 

in other patients faster and cheaper. 
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If other genes were found to influence the clinical course of Wilson’s 

disease, a more complete picture of the disease’s pathogenesis would probably 

be obtained, leading to a better understanding of the disease’s progression, 

paving the way for a more complete prognosis of disease progression. 

Novelty of the Thesis 

The present study first investigates allelic variants of CP gene among 

WD patients. Analysis of these variants in association with Parkinson’s disease 

and atrial fibrillation is described in the literature before. For the first time, 

Wilson's disease prevalence in newborn cohorts in Latvia was determined. 

Aim of the Study 

The aim of the study was to investigate genetic factors characterising 

Wilson’s disease and determine their association with clinical manifestations of 

the disease. 

Study Objectives 

1) To detect the most common Wilson’s disease-causing ATP7B gene 

allelic variant H1069Q by PCR-BiPASA in patients with clinically 

confirmed or suspected Wilson’s disease and to determine the 

incidence of this variant;  

2) to perform direct sequencing of exons (coding regions), promoter 

region (non-coding part) and to perform MLPA (multiplex ligation – 

dependent probe apmlification) of the ATP7B gene in patients with 

clinically confirmed or suspected Wilson’s disease which is not 

molecularly confirmed, and to detect the most common allelic 

variants; 

3) to determine the prevalence of Wilson’s disease in Latvian neonatal 

cohorts; 
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4) to compare clinical data of Wilson’s disease patients with allelic 

variants of the ATP7B gene; 

5) to determine allelic variants of the ATOX1, COMMD1, CP and HFE 

genes among molecularly confirmed patients with Wilson’s disease 

and to estimate their possible association with the WD phenotype. 

Hypothesis 

Wilson’s disease is a monogenic genetic disorder caused by various 

pathogenic allelic variants of the ATP7B gene, but different clinical courses are 

influenced by various pathogenic allelic variants of the ATP7B gene as well as 

changes in other genes involved in copper and iron metabolism (ATOX1, 

COMMD1, CP and HFE). 
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1. Material and methods 

 

1.1  Study Groups 

The study was approved by the Central Ethics Committee of the 

Republic of Latvia and was conducted in accordance with international law, 

Latvian law, and the Helsinki and Taipei Declaration. Prior to commencement 

of the study, each patient became familiar with the “Information for the patient” 

and confirmed their consent by signing a “Confirmation of consent”. If the 

individual was a minor at the time of collection of their biological material, one 

or both biological parents had signed the informed consent form. Prior to 2016, 

the study was conducted within the framework of a study entitled 

“Polymorphisms of Gene Encoding Genes Involved in Xenobiotic Metabolism 

in the Population of Latvia and Their Role in Choosing Therapy for Liver-

Metabolized Medicines” (courtesy of the Central Ethics Committee of the 

Republic of Latvia). 

The study identified data from all patients whose biological samples 

were sent to the RSU Scientific Laboratory of Molecular genetics (SLMG) for 

WD DNA diagnostics. In a further study, patients were enrolled on the basis of 

Leipzig’s diagnostic criteria: 64 patients with confirmed WD (four points or 

more according to the criteria); 14 patients with clinically suspected WD (2–3 

points according to Leipzig diagnostic criteria), and eight patients with WD 

detected by family screening. 

Blood samples for DNA analysis were taken from peripheral blood at 

various medical facilities: various inpatient and outpatient units of Children’s 

Clinical University Hospital (BKUS), various inpatient and outpatient units of 

Riga East Clinical University Hospital (RAKUS) (mostly from the stationary 

“Infectology Centre of Latvia”) during the period from 2001 till 2019. 
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A control population was used to test the new allelic variants of the 

ATP7B gene: 93 individuals aged 39–82 with no clinical data on Wilson’s 

disease who had signed their confirmations of consent to unrestricted use of 

their biological material in various studies, and data about the incidence of 

ATP7B gene allelic variants from 42 individuals of various ages without known 

hepatic or neurological diseases from the RSU SLMG internal database based 

on analysis of clinical exome data (these individuals had also signed 

confirmations of consent to unrestricted use of their biological material in 

various studies). 

Acquisition of Clinical Data 

Disease history, clinical symptom characterisation, laboratory analysis 

and other diagnostic test results were obtained from physician-filled genetic 

examination submission forms, as well as from outpatient and inpatient cards of 

WD patients at RAKUS “Infectology Center of Latvia” inpatient unit and 

BKUS. 

 

1.2 Molecular Investigations 

 
All molecular investigations were carried out at the RSU SLMG from 

2006 to 2018. 

DNA Extraction from Peripheral Blood 

From 2006 to 2015, DNA was extracted using the phenol-chloroform 

method. The method was adapted by the SLMG according to the DNA 

extraction method described by John and colleagues (John et al., 1991). Since 

2015, DNA extraction has been performed using a commercial kit – the Innu 

Prep DNA mini kit (Analytic Jena, Germany) – using the manufacturer’s 

protocol. 
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Detection of the ATP7B Gene Allelic Variant H1069Q by PCR Bi-PASA 

This method was adapted from Polakova et al., 2007 (Polakova et al., 

2007).  

All patients with clinically confirmed or suspected WD were subjected 

to the PCR Bi-PASA method to detect the most common WD-causing allelic 

variant in Europe – c.3207C> A (p.H1069Q). 

Direct Sequencing of the ATP7B Gene 

Exon sequencing of ATP7B gene exons and adjacent introns (± 20 

nucleotides) was performed in all WD patients with clinically confirmed or 

suspected WD and not having the most common allele (p.H1069Q) in both 

gene alleles. For the sequencing of exons of the ATP7B gene and their adjacent 

introns (± 20 nucleotides), primers were selected by using the free-access 

software “Primer 3” (Primer3 Input (Version 0.4.0), n.d.). Exon sequencing 

was done by using adapted manufacturer’s protocol (Zarina et al., 2017). 

Sequencing electropherograms were analysed using “Chromas” version 2.4. 

The resulting sequences were compared with the available reference sequence 

from “BLAST” database – NG_008806.1; NM_000053.3 and NP_000044.2 

(BLAST: Basic Local Alignment Search Tool, n.d.).  

Analysis of Pathogenicity of Allelic Variants 

All of the detected allelic variants were screened in the “Wilson Disease 

Mutation Database” developed by the University of Alberta (active 

replenishment and maintenance of the database was discontinued in 2010) 

(University of Alberta, n.d.) and the “ClinVar” database of the National Center 

for Biotechnology Information (NCBI) (NCBI, n.d.). Guidelines for the 

interpretation of novel sequence variants from the American College of 

Medical Genetics and Genomics (ACMG) were used to test the pathogenicity 

of previously undescribed allelic variants (Richards et al., 2015). Polyphen-2, 
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SIFT, Mutation Taster and Panther software (Adzhubei et al., 2010) were used 

for criterion PP3, and previously undescribed variants were tested in the control 

group. In turn, primers from the previously described study were used for direct 

sequencing of the ATP7B gene promoter (5’UTR) region (Cullen, Prat and Cox, 

2003). The ATP7B gene promoter was sequenced in all patients with clinically 

confirmed or suspected WD with no pathogenic allele variants in both gene 

alleles using PCR-BiPASA and ATP7B gene exons sequencing. 

Direct Sequencing of the ATOX1 gene 

Gene sequencing was performed on all patients for whom WD was 

molecularly confirmed (two pathogenic allelic variants in the ATP7B gene were 

identified) to determine the possible association of ATOX1 gene variants with 

the variable WD phenotype. For the sequencing of exons of the ATOX1 gene 

and their adjacent introns (± 20 nucleotides), primers were selected by using the 

free-access software Primer 3 (Primer3 Input (Version 0.4.0), n.d.). The 

resulting sequences were compared with the available reference sequence from 

“BLAST” – NC_000005.10, NM_004045.3 and NP_004036.1 (BLAST: Basic 

Local Alignment Search Tool, n.d.). 

Direct Sequencing of the COMMD1 gene 

Gene sequencing was performed on all patients for whom WD was 

molecularly confirmed (two pathogenic allelic variants in the ATP7B gene were 

identified) to determine the possible association of COMMD1 gene variants 

with the variable WD phenotype. Primers from previously published data were 

used for gene sequencing (Gupta et al., 2010). The resulting sequences were 

compared with the available reference sequence from “BLAST” – 

NC_000002.12, NM_152516.3, NP_689729.1 (BLAST: Basic Local 

Alignment Search Tool, n.d.). 

http://www.ncbi.nlm.nih.gov/nuccore/NM_152516.2
http://www.ncbi.nlm.nih.gov/nuccore/NP_689729.1
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Direct Sequencing of the CP gene  

Gene sequencing was performed on all patients for whom WD was 

molecularly confirmed (two pathogenic allelic variants in the ATP7B gene were 

identified) to determine the possible association of CP gene promoter variants 

with WD clinical symptoms. The CP gene promoter region (not all of the gene) 

sequencing was selected based on the information in other studies concluding 

that changes in the CP gene promoter may be associated with altered levels of 

ceruloplasmin thus the CP gene changes might lead to WD like phenotype 

(Zhao et al. 2015). For the sequencing of the CP gene promoter, primers were 

selected by using the free-access software “Primer 3” (Primer3 Input (Version 

0.4.0), n.d.), but the other two primers were selected from previously published 

information (Zhao et al., 2015). Four primers were used for analysis: outer – for 

the PCR product, internal (along with the external) for the sequencing reaction. 

The resulting sequences were compared with the available reference sequence 

from “BLAST” – NC_000003.12 (BLAST: Basic Local Alignment Search 

Tool, n.d.).  

Multiplex Ligation-dependent Probe Amplification (MLPA)  

MLPA was performed on patients with clinically confirmed or suspected 

WD that were not molecularly confirmed after ATP7B gene sequencing. The 

protocol for performing MLPA was adapted from the reagent manufacturer’s 

website (MRC-Holland, n.d.).  

Quantitative PCR (qPCR) 

Quantitative polymerase chain reaction (qPCR) and the comparative CT 

method (“Delta Delta C (T) method”) according to recommendations by Livak 

et al. (Livak and Schmittgen, 2001) and Qiagen were performed in order to 

validate the possible duplications detected by MLPA. Primer sequences of 

interest were selected to amplify the region analysed by MLPA probes, while 

exon 2 of ATP7B was used as a reference region, with copy changes excluded 
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by MLPA and Sanger sequencing, along with the KRIT1 gene fragment (KRIT1 

selected as a reference because it has very rare changes in the number of 

copies). The primer sequences were designed using the NCBI Primer BLAST 

free-access software (BLAST: Basic Local Alignment Search Tool, n.d.). For 

primer sequences, annealing temperature and product lengths, see the Table 

1.1. Prior to conducting qPCR, all PCR conditions were optimised and the 

efficiency and equivalence of the amplification was tested using a Standard 

curve obtained at four ten-fold serial dilutions. In turn, the specificity of the 

reaction was verified using high-resolution melting (HRM) analysis. 

The qPCR included the following: 1) samples suspected of altering copy 

number in the ATP7B gene from MLPA results; 2) samples from clinically 

healthy individuals for whom copy number changes in the ATP7B gene were 

excluded by MLPA; 3) samples without DNA – negative control samples. All 

reactions were performed at least four times (i.e. with four successive 

repetitions). The norm was considered to span “Delta Delta C (T)” values 

ranging from 0.7 to 1.3, which corresponds to two copies in the particular area 

of interest. 

 

Table 1.1 

Primer sequences, annealing temperatures and PCR product lengths of the 

ATP7B exons for qPCR 

 

Ex.1 Primer 1 (5’–3’) 

 

Primer 2 (5’–3’) 

T.2 

(°C) 

L.3 

(bp) 

16 
AGTCCCCCAGACCTTCT

CTG 

CGTGGTCTGTCATAGC

GTCA 

60 101 

18 
TTTGCAGAGGTGCTGC

CTT 

CAATGGCCACACCCAT

GTCT 

63 136 

19 
GATTTGCTGGATGTGG

TGGC 

TGCAATGGGTATCCCA

ACCA 

63 111 

2 
GTGGTCACCCTCCAAC

TGAG 

GAAGTGCCTCGATAGC

CCTC 

61 190 

1 – exon; 2 – primer annealing temperature; 3 – length of the PCR product.  
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Detection of Allelic Variants of the HFE gene 

Analysis of the gene variants: C282Y (c.845G>A; p.Cys282Tyr) and 

H63D (c.187C>G; p.His63Asp) was performed on all patients for whom WD 

was molecularly confirmed (two pathogenic allelic variants in the ATP7B gene 

were identified) by using PCR-RFLP (Mura, Raguenes and Ferec, 1999; Garry 

et al., 1997). 

 

1.3 Birth Prevalence Detection of WD  
 

In the approximate birth prevalence detection of WD in Latvia the 

previously reported approach was used (Reilly, Daly and Hutchinson, 1993). 

The number of patients (symptomatic and asymptomatic siblings detected in 

family screening) with WD was divided by the total number of births (the data 

were obtained from the Latvian Central Statistical Bureau) (LCSP, n.d.) during 

the period of time from 1964 till 2012. Patients born before 1964 were 

excluded from prevalence estimation since biochemical diagnostics of WD in 

Latvia have been available since 1980 only (data obtained by telephone contact 

with representatives of P. Stradins KUS Joint Laboratory). The preceding 16 

birth years were included because 16 is the average age for WD expression 

(Coffey et al., 2013), so 1964 was taken as the initial point of reference (1980 – 

16 = 1964).  

 

1.4 Statistical Analysis of the Data  

 
Statistical processing of the data was performed using IBM SPSSv22.0 

and PLINK 1.07 software. Normal distribution of the data was checked using 

histograms and the Shapiro-Wilk test. Central tendencies of normally 

distributed data were characterised using mean values with standard deviations, 



17 

 

while data that did not correspond to normal distributions were characterized 

using median values and interquartile ranges. 

ANOVA and Chi-square, or Kruskal-Wallis and Fisher’s exact tests were 

used to assess the impact of patient genotypes on the phenotype, for continuous 

and categorical data, respectively. The frequency of the CP and COMMD1 

gene alleles was tested for Hardy-Weinberg equilibrium prior to further data 

analysis. The association of CP and COMMD1 gene variants with the Wilson’s 

disease phenotype and the ATP7B gene genotype were analysed by the allelic, 

dominant, recessive, and genotypic birth patterns (type). The significance level 

α = 0.05 was used to test the hypotheses. 



18 

 

 

2. Results 

 

2.1 Prevalence of Wilson’s Disease in Newborn Cohorts  

Prevalence in neonatal cohort included 59 patients with molecularly 

confirmed WD as well as eight patient relatives who were initially 

asymptomatic. Between 1964 and 2012, there were 1,463,083 live births in 

Latvia (LCSP, n.d.). Calculation: 67 patients/1,463,083 live births = 4.58 cases 

per 100,000 live births, or 1:21,800. 

 

2.2  Characteristics of Wilson’s Disease Patients  
 

Clinical and genetic data from 64 patients with clinically and/or 

molecularly confirmed WD (Leipzig’s diagnostic criteria of at least 4 points) 

were used in the study. Data from the first case of WD in a given family were 

used in the study, and relatives were excluded. The following clinical and 

laboratory data in WD patients were analyzed: type of first symptoms; age at 

onset of first symptoms; serum ceruloplasmin (g/dl); 24 hour urinary copper 

(µg) – the first measurement was taken into account. 

Gender and Age at Onset of First Symptoms 

Male to female ratio was 1.13:1 (34 males and 30 females). The age at 

onset of first symptoms of WD was between 3 and 54 years, with a mean age of 

24.00 years (SD = 11.55 years), although most patients were in the 25–30 age 

group. The distribution of WD patients by age is shown in Figure 2.1. 
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Figure 2.1. Distribution of patients by age at the onset of the first WD 

symptoms 

 

Description of First Symptoms in WD patients  

All patients were divided into three groups according to the first type of 

WD clinical symptoms: 1) hepatological symptoms; 2) neurological and/or 

psychiatric symptoms; 3) mixed (hepatologic and neurological and/or 

psychiatric symptoms). WD characteristic symptom – the Kayser-Fleischer ring 

was not included in the analysis due to the lack of data.  

Liver disease as the first manifestation of WD among patients was 

observed as: chronic hepatitis, liver cirrhosis, or acute liver failure (fulminant 

hepatitis). The most common complaints with liver disease were: abdominal 

pain, bloating, nausea, jaundice, nasal bleeding, increased abdominal volume, 

fatigue, weakness and/or itching. Neurological symptoms manifested as: 

tremors of the hands and/or body, ataxia, cognitive impairment and speech 

disorders. A combination of chronic hepatitis or liver cirrhosis with hand and/or 

body tremor, intellectual disability, dysarthria and dysphagia has been reported 
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under mixed symptoms. Two of the patients also had a history of less-frequent 

first manifestations which have been described in the literature as possible signs 

of WD: one had amenorrhea, another had a late pregnancy termination, and 

both had liver cirrhosis at the time of diagnosis. For distribution of the first WD 

symptoms, see Table 2.1. 

 

Table 2.1  

 

Distribution of the first WD symptoms in Latvian patients 

First symptoms 

of WD 

Symptoms and/or nosological form 

of a disease 

Number of 

patients  

(absolute 

numbers) 

Total 

number 

of 

patients 

 

Liver disease 

Chronic hepatitis 27  

42 Liver cirrhosis 13 

Acute liver failure 2 

 

 

Neurological 

and/or 

psychiatric 

symptoms 

Hand and/or body tremor  12  

 

17 
Dysarthria + hand and/or body tremor 3 

Paranoid-hallucinatory syndrome 1 

Ataxia + cognitive impairment 1 

 

 

 

Mixed 

symptoms 

Chronic hepatitis + hand and/or body 

tremor 

1  

 

5 Liver cirrhosis + hand and/or body 

tremor 

2 

Liver cirrhosis + intellectual disability 1 

Liver cirrhosis + dysarthria, dysphagia 1 

 

The patients’ first clinical symptoms (by symptom group) were 

compared with: blood levels of ceruloplasmin; 24 hour urinary copper (µg); 

gender; age of onset. For results see Table 2.2. 

No association of the first symptoms with changes in laboratory 

parameters was found. Neurological symptoms (both alone and in combination 

with hepatologic symptoms) were observed later, but no statistically significant 

difference was observed (p = 0.066). Comparison of clinical symptoms 
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between the sexes revealed the tendency for men to have a higher incidence of 

neurological symptoms, while women displayed a higher incidence of 

hepatological symptoms, but there was no statistically significant difference in 

the data. 

 

Table 2.2 

 

Relationship between first WD symptoms and other laboratory and 

clinical findings 

Clinical and 

biochemical 

parameters 

Hepatological  

(n = 42) 

Neurological 

and/or 

psychiatric 

(n = 17) 

Mixed 

(n = 5) 

p-value 

Serum 

ceruloplasmin, 

g/dL; median 

(IQR) 

0.11 

(0.08–0.13) 

0.13 

(0.08–0.15) 

0.08 

(0.07–0.15) 

0.562 

24-hour urinary 

copper, µg; 

median (IQR*) 

197 

(136–373) 

163 

(96–268) 

374 

(365–384) 

0.370 

Males : females; 

absolute numbers 

19 : 23 

(p = 0.09) 

12 : 5 

(p = 0.081) 

3 : 2 

(p = 0.192) 

- 

Age at onset, 

years; average (± 

SD**) 

20.21 (± 9.10) 29.82 (± 13.25) 36.00 

(± 8.75) 

0.066 

*IQR – interquartile range; **SD – standard deviation 

 

2.3 Analysis of the ATP7B Gene 

 

Analysis of the ATP7B Gene Exons (Coding Parts)  

WD was molecularly confirmed in 51 patients, as well as their seven 

first-degree relatives, 37 of whom were homozygous and 14 compound 

heterozygous; in five patients, the pathogenic allelic variant was found in a 

heterozygous state, while no pathogenic variants were found in eight patients. 

For genotypes of patients and their relatives, see Table 2.3. 
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Table 2.3 

 

Genotypes of the ATP7B gene in Wilson’s disease patients in Latvia and 

their relatives 

Genotype according to the HGVS 

nomenclature* 

Number of 

patients 

Number of 

relatives 

Total 

number 

c.[3207C>A];[3207C>A]; 

p.[His1069Gln];[His1069Gln] 

37 4 41 

c.[3207C>A];[c.2304dupC]; 

p.[His1069Gln];[p.Met769Hisfs*26] 

3 1 4 

c.[213_214del];[c.1934T>G]; 

p.[Val73GlufsX4];[p.Met645Arg] 

1 0 1 

c.[3207C>A];[c.213_214del]; 

p.[His1069Gln];[p.Val73GlufsX4] 

1 0 1 

c.[3207C>A];[c.2293G>A]; 

p.[His1069Gln];[p.Asp765Asn] 

1 0 1 

c.[3207C>A];[c.2305A>G]; 

p.[His1069Gln];[p.Met769Val] 

1 0 1 

c.[3207C>A];[c.3402delC];  

p.[His1069Gln];[p.Ala1135GlnfsX13] 

1 0 1 

c.[3207C>A];[c.3472_3482del]; 

p.[His1069Gln];[p.Gly1158Phefs*2] 

1 2 3 

c.[3207C>A];[c.3800A>G]; 

p.[His1069Gln];[p.Asn1267Gly] 

1 0 1 

c.[3207C>A];[c.3971A>C];  

p.[His1069Gln];[p.Asn1324Thr] 

1 0 1 

c.[3207C>A]; [c.4106C>T];  

p.[His1069Gln];[p.Ser1369Leu] 

1 0 1 

c.[2304dupC];[2605G>T]; 

p.[Met769Hisfs*26];[Gly869*] 

1 0 0 

c.[3649_3654del];[2817G>T]; 

p.[Val1217_Leu1218del];[p.Trp939Cys] 

1 0 0 

c.[3106G>A];[=];  

p.[Val1036Ile];[=] 

1 0 1 

c.[3207C>A];[=];  

p.[His1069Gln];[=] 

4 1 5 

c.[=];[=]; p. [=];[=] 8 0 8 

*reference sequence: NM_000053.3 and NP_ 000044.2.  

 

One patient was found to have compound heterozygous with two 

pathogenic allelic variants of the ATP7B gene (p.Met769Hisfs * 26; Gly869 *), 

one resulting in a protein amino acid frame shift and the other a terminating 
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variant resulting in premature stop codon formation. The genotype found is the 

only one containing two pathogenic allelic variants, one of which is not a non-

synonymous amino acid change and therefore it was not used in further 

statistical analysis of the data. However, when analysing the clinical parameters 

of this patient, the patient first developed symptoms of WD at a relatively late 

age of 32, had a very low level of ceruloplasmin at first measurement of 0.043 

g/dl (normal > 0.20 g/dl), and 2122 µg (normal < 70 µg) copper in 24-hour 

urine after receiving D-penicillamine; patient was diagnosed withe 

decompensated liver cirrhosis. 

A total of 23 allelic variants were identified among WD patients, 15 of 

which were identified as disease-causing. Of all the ATP7B gene alleles in 

patients, 83.59 % were identified as pathogenic or likely pathogenic, while 

16.41 % remained unidentified. Analysis of allele frequencies revealed that 

only three allelic variants were present in more than one individual: c.3207C>A 

(p.His1069Gln); c.2304dupC (p.Met769Hisfs*26) and c.213_214del 

(p.Val73GlufsX4). For the percentage of alleles, see Table 2.4. 

Allelic variants in the ATP7B gene were found in 12 (out of 21) exons. The 

most common allelic variants were found in three exons: 14, 8 and 2, 

accounting for 76.56 % of the detected variants. For variant c.3620A>G 

(p.His1207Arg), the pathogenicity described above was considered 

controversial – it is described as both pathogenic (Abdelghaffar et al., 2008) 

and benign (Loudianos et al. 1999), but according to the ACMG guidelines the 

variant is being classified as benign by the following criteria (P – evidence of 

pathogenicity; B – evidence of benign impact): 

1) PP2 (supporting evidence of pathogenicity) – missense variant in a 

gene that has a low rate of benign missense variation and in which missense 

variants are a common mechanism of disease; 
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2) BA1 (stand alone evidence of benign impact) – allele frequency is > 5 

% in general population; the frequency of the current allelic variant in GnomAD 

database is 0.148 (GnomAD, n.d.); 

3) BP4 (supporting evidence of benign impact) – Benign computational 

verdict because 5 benign predictions from computational prediction tools – 

DANN, EIGEN, MutationAssessor, PrimateAI and REVEL (Varsom, n.d.); 

4) BP6 (supporting evidence of benign impact) – Reputable source 

recently reports variant as benign – the particular varianti s described as benign 

in databases “ClinVar” (BLAST: Basic Local Alignment Search Tool, n.d.) and 

“UniProt” (Blastp on UNIPROTKB_HUMAN, n.d.). 

 

Table 2.4 

 

Percentage distribution of ATP7B gene pathogenic allelic 

variants 

Allelic variant* ATP7B 

exon 

Number of 

alleles 

% of alleles 

 

c.3207C>A (p.His1069Gln) 14 89 69.53 

c.2304dupC (p.Met769Hisfs*26) 8 4 3.13 

c.213_214del (p.Val73GlufsX4) 2 2 1.56 

c.1934T>G (p.Met645Arg) 6 1 0.78 

c.3106G>A (p.Val1036Ile ) 14 1 0.78 

c.2293G>A (p.Asp765Asn) 8 1 0.78 

c.2305A>G (p.Met769Val) 8 1 0.78 

c.3402delC (p.Ala1135GlnfsX13) 15 1 0.78 

c.3472_3482del (p.Gly1158Phefs*2) 16 1 0.78 

c.3800A>G (p.Asn1267Gly) 18 1 0.78 

c.3971A>C (p.Asn1324Thr) 19 1 0.78 

c.4106C>T (p.Ser1369Leu) 20 1 0.78 

c.2605G>T (p.Gly869*) 11 1 0.78 

c.3649_3654del 

(p.Val1217_Leu1218del) 

17 

1 0.78 

c.2817G>T (p.Trp939Cys) 12 1 0.78 

Unidentified - 21 16.41 

*Reference sequence: NM_000053.3 and NP_ 000044.2.  
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For the locations of allelic variants (in association of the protein 

structure) identified in patients in the ATP7B gene, see Figure 2.2. 

 

 
 

Figure 2.2. Location of allelic variants of the ATP7B gene in association of 

the protein structure 

 
Pathogenic variants marked in red; non-pathogenic in blue; variant with controversially 

described pathogenicity in black; new, previously undescribed pathogenic variants – 

with purple 

 

Most allelic variants have been previously described in literature, but 

two of the variants found – c.3800A>G (p.Asp1267Gly) in exon 18 and 

c.3971A>C (p.Asn1324Thr) in exon 19 – have not been previously described. 

Guidelines for the interpretation of novel sequence variants of ACMG were 

used to test the pathogenicity of both of the above allelic variants (Richards et 

al., 2015). Four pathogenicity prediction tools or programs were used along 

with the pathogenicity criteria: Polyphen-2, SIFT, Mutation Taster and Panther 

software, which identified both as likely pathogenic and pathogenic (see Table 

2.5.)  

Both novel variants were also tested in the control group. An 

unspecified variant of exon 18 was found in one control allele (with a minor 

allele frequency of 0.005) that did not differ from the allele frequency in the 
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patient group (p > 0.05). In contrast, the allele of exon 19 was not found in any 

alleles of the control groups. For results of the pathogenicity test for allelic 

variants, see Tables 2.6. and 2.7. 

 

Table 2.5 

 

Results of pathogenicity prediction for two novel variants 

Allelic variant (according to 

the HGVS nomenclature) 

Allelic variants pathogenicity prediction tools 

Reference: 

NM_000053.3 

Reference: 

NP_000044.2 

Polyphen-

2 

Mutation 

Taster 

SIFT Panther 

software 

 Prognosis Prognosis Prognosis Prognosis 

c.3800A>G p.Asp1267Gly Probably 

damaging 

Disease 

causing 

Damaging Probably 

damaging 

c.3971A>C p.Asn1324Thr Probably 

damaging 

Disease 

causing 

Damaging Probably 

damaging 

 

Analysis of the ATP7B Gene Promoter 

Analysis of the ATP7B gene promoter revealed five allelic variants: 

rs28362532, rs9563084, rs145371060, rs749629764 and rs1055659322, none 

of which are pathogenic. 

ATP7B Gene Screening with MLPA 

The MLPA was prepared on all WD patients, which did not have two 

pathogenic variants on the ATP7B gene. The MLPA results showed suspected 

alterations (duplications) in the number of copies of the ATP7B gene in one 

patient (coefficient of relative fluorescent signal = 1.31), as well as changes in 

the number of copies of copies 18 and 19 in another patient (coefficient of 

relative fluorescent signal = 1.34). The results obtained were tested using 

qPCR. 
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ATP7B Gene Assay with qPCR 

No changes in the number of ATP7B gene exon 16, 18 and 19 copies 

were confirmed by qPCR in the two patients mentioned in the previous 

paragraph. 

Impact of ATP7B Gene Allelic Variants on the WD Phenotype 

To evaluate the effect of allelic variants of the ATP7B gene on the 

phenotype, the variants were divided into two groups: “mild” (M) or missense 

(non-synonymous single nucleotide substitution) and “severe” (S), which 

included both nonsense (with STOP codon creation) and frame-shift variants. 

Both types were compared with clinical manifestations and laboratory findings 

of WD. For detailed results, see Table 2.8.  

 

Table 2.6 

 

Pathogenicity characterisation of novel allelic variants of the ATP7B gene 

(c.3800A>G; p.Asp1267Gly) according to ACMG guidelines 

Evidence of 

pathogenicity (note) 

Explanations for the evidence of pathogenicity 

PS4 (proof is not 
fulfilled) 

Frequency in WD patient 
population 

Frequency in control group 

0.0078 0.0037 

p = 0.5163; OR = 2.2990 

PM1 (proof is 
fulfilled) 

The variant alters the protein metal-binding domain (“Blastp on 
UNIPROTKB_HUMAN” n.d.) 

PM2 (proof is 

fulfilled) 

The specific variant was not found in the “1000 genome project” 

database (“Chr13: 52.51M-52.51M - 1000 Genomes Browser” n.d.) 

PM5 (proof is 
fulfilled) 

Pathogenic variants found in WD database (“Home Page” n.d.): 
c.3800A>C (p.Asp1267Aal) and c.3800A>T (p.Asp1267Val) 

PP3 (proof is fulfilled) Four pathogenicity tools describe the variant as likely pathogenic or 

pathogenic (see Table 4.5) 

PP4 (proof is fulfilled) The patient has clinical symptoms characteristic of WD and the 
pathogenic variant p.H1069Q has also been detected in the other allele 

Conclusion: 3 moderate proofs (PM1 + PM2 + PM5) + 2 supporting (PP3 + PP4) = likely 

pathogenic 
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Table 2.7 

 

Pathogenicity characterisation of novel allelic variants of the ATP7B gene 

(c.3971A>C; p.Asn1324Thr) according to ACMG guidelines 

Evidence of 

pathogenicity 

Explanations for the evidence of pathogenicity 

PS4 (proof is not 

fulfilled) 

Frequency in WD patient 

population 

Frequency in control group 

0.0078 0.0000 

p = 0.2038; OR = undefined 

PM1 (proof is fulfilled) The variant alters the transmembrane domain of the protein (“Blastp 

on UNIPROTKB_HUMAN” n.d.) 

PM2 (proof is fulfilled) 
 

The specific variant was not found in the “Exome Aggregation 
Consortium “database, but there is another variant in the same position 

– c.3971A>G (p.Asn1324Ser) – rs760285767, with a minor allele 

frequency of 0.000008 (“Reference SNP (RefSNP) Cluster Report: 
Rs760285767” n.d.) 

PP3 (proof is fulfilled) Four pathogenicity tools describe the variant as likely pathogenic or 

disease causing (see Table 4.5) 

PP4 (proof is fulfilled) The patient has clinical symptoms characteristic of WD and the 
pathogenic variant p.H1069Q has also been detected in the other allele 

Conclusion: 2 moderate proofs (PM1 + PM2) + 2 supporting (PP3 + PP4) = likely pathogenic 

 
A statistically significant difference was found between the ATP7B gene 

genotype and blood ceruloplasmin levels when comparing single nucleotide 

substitution to the terminating (nonsense) or frame-shift variants – the blood 

level of ceruloplasmin was more significantly reduced when the nonsense 

variant was combined with the frame-shift allele. 

While comparing the presence of the H1069Q allele variant in the 

genotype with other variants, a statistically significant difference was found 

between the more reduced level of ceruloplasmin in the blood and the non-

H1069Q allele variant in the genotype (see Table 2.9). 

 

2.4 Analysis of the ATOX1 Gene 

 
During analysis of the coding regions of the ATOX1 gene and adjacent 

non-coding regions (exon-intron boundaries), four patients were found to be 
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carriers of a single allelic variant – rs571657964 (NM_004045.3: c.7-15delC) 

in the heterozygous state (MAF = 0.023 in WD patients; MAF = 0.012 in the 

Estonian population (NCBI, n.d.). This allelic variant is located in the non-

coding part of the gene, intron 2, 15 nucleotides downstream of exon 2. 

(BLAST: Basic Local Alignment Search Tool, n.d.) By analysing the variant 

using free-access software Human Splicing Finder (Human Splicing Finder - 

Version 3.1, n.d.), where it is possible to find the possible effect of allelic 

variants on splicing, the conclusion was made that this allelic variant has no 

effect on splicing. Taking all of the above into consideration, the variant was 

excluded from further statistical analysis because it most likely has no effect on 

ATOX1 gene expression. 

 

Table 2.8 

 

Relationship of allelic variants of the ATP7B gene to clinical symptoms and 

laboratory findings of WD 

Clinical and 

biochemical 

parameters 

ATP7B genotype* p-value 

M/M* M/S** or S/S***  

Total frequency; 

absolute numbers (%) 

42 (82.35 %) 9 (17.65 %) - 

Serum ceruloplasmin, 

g/dL (median (IQR)) 

0.11 (0.08–0.14) 0.068 (0.02–0.10) 0.015 

24-hour urinary 

copper, µg (median 

(IQR*)) 

264 (160–389) 156 (94–438) 0.332 

Age at onset (years ± 

SD) 

24.24 (± 11.20) 18.11 ± 7.36) 0.101 

Hepatological 

symptoms, absolute 

numbers (%) 

30 (58.82 %) 8 (15.69 %) 0.571 

Neurological 

symptoms, absolute 

numbers (%) 

7 (13.73 %) 1 (1.96 %) 0.417 

Mixed symptoms; 

absolute numbers (%) 

5 (9.80 %) 0 (0 %) 0.206 

*M/M – missense/missense; **M/S – missense/nonsense or frame-shift; ***S/S – 

nonsense or frame-shift/nonsense or frame-shift 
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Table 2.9 

 

Relationship of allele variants of the ATP7B gene (depending on the 

presence of H1069Q) to WD clinical symptoms and laboratory findings 

Clinical and 

biochemical 

parameters 

ATP7B genotype* p-value 

H1069Q/H1069Q 

(n = 36) 

H1069Q/other variant 

or other variant/other 

variant 

(n = 3) 

 

Total frequency; 

absolute numbers (%) 

36 (70.59 %) 12 (23.53 %) - 

Serum ceruloplasmin, 

g/dL (median (IQR)) 

0.107 (0.080–0.135) 0.080 (0.070–0.110) 0.003 

24-hour urinary 

copper, µg (median 

(IQR*)) 

268 (161–470) 188 (125–185) 0.263 

Age at onset (years ± 

SD) 

24.889 (± 10.980) 19.000 (± 9.502) 0.064 

Hepatological 

symptoms, absolute 

numbers (%) 

26 (68.42 %) 12 (31.58 %) 0.488 

Neurological 

symptoms, absolute 

numbers (%) 

7 (87.50 %) 1 (12.50 %) 0.569 

Mixed symptoms; 

absolute numbers (%) 

3 (60.00 %) 2 (40.00 %) 0.654 

 

 

2.5  Analysis of the COMMD1 Gene 
 

By analysing the coding parts of the COMMD1 gene, three allelic 

variants were identified: rs569267407, rs55677935 and rs9096. The frequency 

of allelic variants of the COMMD1 gene found in this study was compared with 

the GnomAD database. (GnomAD, n.d.) For results, see Table 2.10. 
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Table 2.10 

 

Variants of the COMMD1 gene found in WD patients 

Variant  NM_ 

152516.

3 

NP_ 

689729.

1 

Location in 

COMMD1  

MAF* MAF**  p-value 

rs 

56926740

7 

c. -

68_67de

lTT 

- Intron 1  0.0088 0.0020 0.1469  

rs 

55677935 

c.358C>

T 

p.Arg 

120Trp 

Exon 2 0.0440 0.0215 0.1553  

rs 

9096 

c.492C>

T 

p.Asp 

164= 

Exon 3 0.0968 0.1263 0.3247  

*MAF – minor allele frequency in the current study; **MAF – minor allele frequency in 

the GnomAD – in European (non-Finnish) population (GnomAD, n.d.) 

 

Frequencies of COMMD1 variants did not significantly differ from the 

frequencies listed in the GnomAD database. Since the variant rs569267407 is 

located in the non-coding part of the gene, its potential effect on gene splicing 

was analysed (using Human Splicing Finder software) (Human Splicing Finder 

- Version 3.1, n.d.). Since impact was not predicted, this variant was not further 

analysed. The two remaining variants were tested for Hardy-Weinberg 

equilibrium. As all variants had p-values of > 0.005, their distribution 

corresponds to the Hardy-Weinberg equilibrium (see Table 2.11 for p-values 

and genotype distributions). 

Frequency of alleles or genotypes (by different inheritance models) was 

compared to the first clinical symptoms of WD patients (taking into account 

only those patients with molecularly confirmed WD, n = 49) and ATP7B gene 

genotype (taking into account all patients with clinically confirmed or 

suspected WD, n = 62). For results, see Table 2.12. 
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Table 2.11 

 

Correspondence of allelic variants of the COMMD1 gene  

to Hardy-Weinberg equilibrium in WD patients 

Variant Allele Genotype p-value 

rs55677935 C/T 1/3/58 (TT/TC/CC) 0.0803 

rs9096 T/C 1/10/51 (CC/CT/TT) 0.4444 

 

No statistically significant differences were found between 

allele/genotype frequencies and first clinical manifestations of WD. During 

comparison of the incidence of both variants (in the dominant inheritance 

model) and the age at onset of symptoms, no differences were observed (rs9096 

– p = 0.112; rs55677935 – p = 0.146). 

 

Table 2.12 

  

Relation of the allelic variants of the COMMD1 gene  

to the WD phenotype and the ATP7B genotype 

Variant A1 

* 

A2 

** 

Inheritance 

model 

Neurological 

symptoms 

n = 7 

Hepatological 

symptoms 

n = 42 

p-

value 

 

 

rs55677935 

C T Genotype 

(TT/TC/CC) 

0/0/7 1/2/39 0.9999 

C T Allelic 

(T/C) 

0/14 4/80 0.9999 

C T Dominant 

(TT + 

TC/CC) 

0/7 3/39 0.9999 

C T Recessive 

(TT/TC + 

CC) 

0/7 1/41 0.9999 

 

 

 

rs9096 

T C Genotype 

(CC/CT/TT) 

0/1/6 1/6/35 0.9999 

T C Allelic 

(C/T) 

1/13 8/76 0.9999 

T C Dominant 

(CC+CT/TT) 

1/6 7/35 0.9999 

T C Recessive 

(CC/CT + 

TT) 

0/7 1/41 0.9999 
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Table 2.12 continued 

 
Variant A1 

* 

A2 

** 

Inheritance 

model 

Non-WD*** 

n = 13 

WD**** 

n = 49 

p-

value 

 

 

 

rs55677935 

T C Genotype 

(TT/TC/CC) 

0/1/12 1/2/46 0.6202 

T C Allelic 

(T/C) 

1/25 4/94 0.9999 

T C Dominant 

(TT + 

TC/CC) 

1/12 3/46 0.9999 

T C Recessive 

(TT/TC + 

CC) 

0/13 1/48 0.9999 

 

 

 

rs9096 

C T Genotype 

(CC/CT/TT) 

0/3/10 1/7/41 0.5510 

C T Allelic 

(C/T) 

3/23 9/89 0.7142 

C T Dominant 

(CC + 

CT/TT) 

3/10 8/41 0.6847 

C T Recessive 

(CC/CT + 

TT) 

0/13 1/48 0.9999 

* – allele 1; ** – allele 2; ***Non-WD – patients with at least one unidentified allelic 

variant in the ATP7B gene; ****WD – patients with two allelic variants in the ATP7B 

gene  

 

 

2.6 Analysis of the CP Gene 
 

Seven allelic variants were analysed by focusing the non-coding 

portions (promoter) of the CP gene: rs66508328, rs67870152, rs16861642, 

rs73020328, rs73956813, rs66703613 and rs11708215. All variants were tested 

for Hardy-Weinberg equilibrium. Since all variants had p-values of > 0.005, 

their distribution corresponds to the Hardy-Weinberg equilibrium (see Table 

2.13 for p-values and genotype distributions). As the first six of these variants 

are inherited together, and no differences have been found between their allele 
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frequencies (see Table 2.13 for allele frequencies), the one that differed from 

the other variants – rs66508328 and rs11708215 – was chosen for analysis. 

 

Table 2.13 

 

Characterisation of allelic variants of the CP gene promoter identified in 

Wilson’s disease patients 

Variant Alleles MAF*  MAF** p-value Genotypes p-value 

rs66508328 G > A 0.0902 0.1068 0.5500  2/7/52 

(AA/AG/GG) 

0.0608 

rs11708215 A > G 0.175 0.2078 0.3771  2/17/41 

(GG/GA/AA) 

0.9999 

rs67870152       C > T 0.0902 0.1069 0.5541  2/7/52 

(TT/TC/CC) 

0.0608 

rs16861642       G > A 0.0902 0.1071 0.5485 2/7/52 

(AA/AG/GG) 

0.0608 

rs73020328       C > T 0.0902 0.1072 0.5430 2/7/52 

(TT/TC/CC) 

0.0608 

rs73166855       G > A 0.0902 0.1070 0.5485  2/7/52 

(AA/AG/GG) 

0.0608 

rs66953613       T > G 0.0902 0.1069 0.5485  2/7/52 

(GG/GT/TT) 

0.0608 

*MAF – minor allele frequency in the current study; **MAF – minor allele frequency in 

the “GnomAD” – in European (non-Finnish) population (GnomAD, n.d.) 

 

None of the variants among WD patients differed with statistical 

significance from those described in the “GnomAD” database. Frequencies of 

alleles and genotypes (according to different inheritance patterns) were 

compared with the first symptoms of WD patients (considering only those 

patients with molecularly confirmed WD) and the genotype of the ATP7B gene. 

See the comparison in Table 2.14.  
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Table 2.14  

Association of CP gene promoter allelic variants with WD phenotype and 

ATP7B genotype 

Variant A1 

* 

A2 

** 

Inheritance 

model 

Neurolo-

gical 

symptoms 

n = 8 

Hepato- 

logical 

symptom

s 

n = 41 

p- 

value 

rs 

66508328 

A G Genotype 

(AA/AG/GG) 

0/1/7 0/6/35 0.9999 

A G Allelic 

(A/G) 

1/15 6/76 0.9999 

A G Dominant  

(AA + AG/GG) 

1/7 6/35 0.9999 

A G Recessive 

(AA/AG + GG) 

0/8 0/41 0.9999 

rs 

11708215 

G A Genotype 

(GG/GA/AA) 

0/2/6 0/15/25 0.6938 

G A Allelic (G/A) 2/14 15/65 0.4998 

G A Dominant  

(GG + GA/AA) 

2/6 15/25 0.7290 

G A Recessive 

(GG/GA + AA) 

0/8 0/40 0.6938 

 NonWD*** 

n = 12 

WD**** 

n = 49 

 

rs 

66508328 

A G Genotype 

(AA/AG/GG) 

2/0/10 0/7/42 0.0289 

A G Allelic (A/G) 4/20 7/91 0.2240 

A G Dominant (AA + 

AG/GG) 

2/10 7/42 0.9999 

A G Recessive  

(AA/AG + GG) 

2/10 0/49 0.0361 

rs 

11708215 

G A Genotype 

(GG/GA/AA) 

2/0/10 0/17/31 0.0016 

G A Allelic 

(G/A) 

4/20 17/79 0.9999 

G A Dominant (GG + 

GA/AA) 

2/10 17/31 0.3059 

G A Recessive 

(GG/GA + AA) 

2/10 0/48 0.0373 

* – allele 1; ** – allele 2; ***NonWD – patients with at least one unidentified allelic 

variant in the ATP7B gene; ****WD – patients with two allelic variants in the ATP7B 

gene  
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No statistically significant differences were found between the allele 

frequencies and the first clinical manifestations of WD. Statistically significant 

differences were found between the two variants analysed and the ATP7B 

genotype – rs66508328 variant AA and rs11708215 variant GG genotype (both 

by recessive inheritance model) were more common in patients with non-WD – 

WD cases with unconfirmed ATP7B gene genotype. 

 

2.7  Analysis of Allelic Variants of the HFE Gene  
 

Two pathogenic variants were analysed in the HFE gene: C282Y and 

H63D. See Table 2.15 for the distribution of genotypes. 

 

Table 2.15  

 

Distribution of HFE genotypes in WD patients according to the first 

symptoms of the disease 

Genotype 

according to 

HFE allelic 

variants 

First symptoms of WD (n = 61) 

 

Hepatological Neurological Mixed Total 

C282Y/C282Y 1 0 0 1 

C282Y/H63D 1 - 

0 

0 1 

C282Y/N 3 - 

0 

0 3 

H63D/N 17 1 1 19 

N/N 20 13 4 37 

N – wild-type allelic variant in the HFE gene, considering C282Y and H63D variants 

 

While analysing the most common pathogenic variants of the HFE gene 

in WD patients, two patients were found to have HFE gene genotypes that 

molecularly confirm the diagnosis of hereditary hemochromatosis. One of the 

patients was a man diagnosed with WD at the age of 35 who had chronic 

hepatitis, while the other patient was a woman diagnosed with WD at the age of 
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25 with signs of liver cirrhosis. Both patients had extremely low serum 

ceruloplasmin – 0.054 g/L in the male and 0.089 g/L in the female (normal 

range > 0.2 g/L). 

 

Table 2.16 

 

Age and serum ceruloplasmin levels of WD patients in relation to HFE 

genotype 

Sex HFE genotype Parameter Age at 

onset 

Serum 

ceruloplasmin 

(g/L) 

 

 

 

 

 

 

 

 

Males  

N/N 

(n = 12) 

Average 21.67 0.11 

Standard deviation 

(SD) 

10.72 0.05 

 

Pathogenic 

allelic variant/N 

(n = 7) 

Average 23.71 0.11 

Standard deviation 

(SD) 

15.41 0.04 

Pathogenic 

allelic variant/ 

Pathogenic 

allelic variant 

(n = 1) 

Average 35.00 0.05 

Standard  

deviation (SD) 

- - 

 p-value 0.596 0.512 

 

 

 

 

 

 

 

 

Females 

N/N 

(n = 13) 

Average 22.31 0.09 

Standard  

deviation (SD) 

9.30 0.05 

 

Pathogenic 

allelic variant/N 

(n = 11) 

Average 17.82 0.12 

Standard  

deviation (SD) 

7.73 0.04 

Pathogenic 

allelic variant/ 

Pathogenic 

allelic variant 

(n = 1) 

Average 24.00 0.09 

Standard  

deviation (SD) 

- - 

  p-value 0.421 0.367 

N – wild-type allelic variant of the HFE gene, considering C282Y and H63D variants 
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When comparing clinical and biochemical data with HFE gene 

genotypes, no statistically significant differences were found (see Table 2.16 

for the results). 
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3. Discussion 

 
The aim of this study was to investigate genetic factors of WD, 

characterising the spectrum and frequency of disease-causing allelic variants in 

Latvia, their correlation with the clinical manifestations of the disease, as well 

as to identify other possible genetic factors affecting Wilson’s disease. The 

results show that WD in Latvia is relatively common, caused by various 

pathogenic allelic variants in the ATP7B gene, but most of the 

phenotype/genotype association is not observed, suggesting that variability 

between WD clinical symptoms and laboratory findings is affected by allelic 

variants in other genes, but the hypothesis was not approved in the study. 

The prevalence of Wilson’s disease in neonatal cohorts in Latvia is 

approximately 1:21,800 for live births. Note that the prevalence estimate is 

approximate, since the youngest patient in this study was born in 2012. Taking 

into account that the average age at onset of first symptoms of WD is 16 years 

(Coffey et al., 2013), children born with WD during this period are potentially 

asymptomatic and undiagnosed, suggesting that the prevalence may be even 

higher. In literature, prevalence of WD varies in different populations. It ranges 

from 1:7,000 to 1:100,000, but the most frequently cited WD prevalence is 

1:30,000 (Czlonkowska et al., 2018). Over the years, the prevalence of WD 

has, for the most part, increased, which can be explained by the availability of 

genetic tests for adults today and the improved education of clinical physicians 

in genetic diseases, Wilson’s disease among them (Czlonkowska et al., 2018). 

In Latvia, WD prevalence is more common than 1:30,000, which indicates that 

WD diagnostics in Latvia are at a good level. In contrast, in a 2013 study by 

Coffey (UK) the number of carriers of two pathogenic allelic variants of WD 

was set at 1:7000 (Coffey et al., 2013). In that study, WD pathogenic variants 

were tested in 1,000 healthy individuals by sequencing the ATP7B gene. WD 
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patients in Latvia were diagnosed initially based on clinical symptoms or only 

molecularly between asymptomatic relatives of patients; therefore, 

inconsistencies in frequency could be caused by: 1) insufficient recognition of 

WD by clinical symptoms; 2) incomplete penetrance of WD pathogenic allelic 

variants; 3) different age at onset of WD symptoms (Czlonkowska, Gromadzka 

and Chabik 2009; Czlonkowska, Rodo and Gromadzka, 2008).  

Wilson’s disease was most common in Latvian patients between the 

ages of 25 and 30, with a mean age of 24.00 (SD = 11.55) – the youngest 

patient at the time of diagnosis being three years old and the oldest being 54 

years old. The age distribution of Latvian patients is similar to that described in 

literature – in most cases, the first symptoms of WD appear between the age of 

five and 35 years. The youngest described patient with impaired liver function 

due to Wilson’s disease was eight months old (Abuduxikuer et al., 2015). 

Approximately 3 % of patients develop symptoms after the fourth decade 

(Ferenci et al., 2007), while older patients develop their first symptoms by the 

eighth decade (Ala et al., 2005). Wilson’s disease can manifest at any age, and 

can be considered in any patient with an uncertain liver or neurological disease. 

Mostly, WD can be diagnosed symptomatically and clinically, but 

molecular diagnostics can be extremely important in detecting asymptomatic 

WD patients, especially among relatives, so it is important to detect the most 

common allelic variants in specific populations to facilitate WD diagnosis. The 

most common pathogenic allelic variant of the ATP7B gene in Europe is 

H1069Q (c.3207C>A, p.His1069Gln), which varies in frequency from 15 % in 

France to 72 % in Poland (Gomes and Dedoussis, 2016). In this study, the most 

common allelic variant was also c.3207C>A (p.His1069Gln), found in 69.53 % 

of alleles, which corresponds to the frequency described above in most 

European populations, including Poland (72 %). Kucinskas reported a very high 

incidence of this variant in Lithuania – 92.3 % (Kucinskas et al., 2008) – but 
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the study included only 13 patients and may have rendered imprecise results. 

Other pathogenic variants were much less common in the study, with only three 

variants occurring in more than one allele: exons 2, 8, and 16 of the ATP7B 

gene (c.2304dupC (p.Met769Hisfs*26); c.213_214del (p.Val73Gluff)*4) and 

c.3472_3482del (p.Gly1158Phefs*2)), the latter of which was found in three 

siblings. All of the above findings indicate great allelic heterogeneity in WD 

patients in Latvia. Allelic variants in the ATP7B gene were found in 12 of 21 

exons. The most common allelic variants were found in three exons: 14, 8 and 

2 – accounting for 76.56 % of the detected variants. These data suggest that the 

aforementioned three exons should be tested first when analysing new WD 

cases in Latvia. Given the high degree of allele heterogeneity; however, short 

of finding the most common variant (H1069Q), it would be more cost effective 

and rational to sequence all other exons in the gene. 

Most of the variants found in the current study were described before in 

prior studies. For example, the variant in exon 16 (c.3472_3482del; 

p.Gly1158Phefs*2) is described in only two populations, Poles (Gromadzka et 

al., 2005) and Lithuanians (Kucinskas et al., 2008). 

Two variants found in this study were novel: c.3800A>G 

(p.Asp1267Gly) and c.3971A>C (p.Asn1324Thr). By using the ACMG 

Interpretation Guidelines for New Sequence Variations (Richards et al., 2015), 

it was demonstrated that both variants are “most likely pathogenic” and were 

therefore included in further analysis. For variant c.3620A>G (p.His1207Arg), 

the pathogenicity described before was considered controversial – it was 

described as both pathogenic (Abdelghaffar et al., 2008) and benign (Loudianos 

et al., 1999), but in August 2017 the database “ClinVar” was updated, and this 

variant was declared be benign/most likely benign (BLAST: Basic Local 

Alignment Search Tool, n.d.); it was therefore not included in further data 

processing and analysis. 
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83.59 % of all patients’ ATP7B gene alleles were identified as 

pathogenic or likely pathogenic, but 16.41 % of alleles remained unidentified, 

so the study included non-coding region-promoter analysis of the ATP7B gene, 

and as possible large (multiple-exon) duplications or deletions were searched 

using MLPA method. 

Unfortunately, the latter two methods did not improve the frequency of 

the identified alleles. The reasons for undetected allelic variants could be 

various: 1) possible allelic variants deep in introns or 3’UTR (3’ untranslated 

region) that were not included in this study; 2) WD is caused by some unusual 

mutation mechanism, such as chromosomal translocations or other structural 

aberrations of chromosomes that include the ATP7B gene; 3) “Allelic dropout” 

– presence of benign allelic variants at primer binding sites that do not allow 

for the amplification of a particular gene copy, so that only one copy of the 

gene (inherited from one parent) can be read by direct sequencing (Stevens et 

al. 2017); 4) WD-like phenotype could be caused by changes in other genes; 5) 

other diseases clinically interpreted as Wilson’s disease. However, the first two 

of the aforementioned explanations are highly unlikely, as Coffey identified 98 

% of alleles in clinically confirmed WD patients in their study and concluded 

that “the likelihood that WD is caused by allelic variants in other genes is very 

low” (Coffey et al., 2013).  

In other studies, the frequencies of detected alleles vary: Beom H. Lee  

reported 84.6 % of detected alleles in a large study of Korean WD patients 

(using both direct sequencing and MLPA) (Lee et al., 2011); another study 

identified 68.5 % of alleles (Okada et al., 2000). In a Turkish study, the 

frequency of detected alleles was 71.875 % (Simsek Papur, Akman and 

Terzioglu, 2015). Futher, in Denmark, 100 % (Moller et al., 2011), in China, 

97.1 % (Hua et al., 2016a), and in India only 77 % of alleles were identified – 

including analysis of the ATP7B gene promoter and MLPA (Mukherjee et al., 
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2014). Differences in detected allele frequencies suggest possible differences 

between populations. 

Conflicting findings have been reported in previously published studies 

attempting to establish correlations between phenotype and genotype 

(Stapelbroek et al., 2004; De Bem et al., 2013; Chappuis et al., 2007) 

(Vrabelova et al., 2005). In a meta-analysis study of results from 11 different 

centres, variant c.3207C>A (p.His1060Gln) was associated with later and 

predominantly neurological symptoms (Stapelbroek et al., 2004). In other 

studies, no statistically significant association between the c.3207C>A 

(p.His1069Gln) variant and clinical symptoms was found (De Bem et al., 2013; 

Chappuis et al., 2007; Vrabelova et al., 2005). The results of this study show a 

tendency for neurological and mixed symptoms (neurological and/or 

psychiatric in combination with hepatologic) to appear later than hepatological 

symptoms alone; this is consistent with other studies (Stapelbroek et al., 2004), 

although the finding is not statistically significant. In this study, there was no 

statistically significant association between certain WD-causing allelic variants 

and clinical symptoms or age at onset of disease. 

In another study, Gromadzka classify ATP7B variants into two groups: 

“severe” (including frame–shift and nonsense variants) and “mild” (including 

non-synonymous or missense variants) (Gromadzka et al., 2005). In that study, 

the authors found a strong association between the genetic variant type and the 

WD phenotype, concluding that “severe” allelic variants cause clinically more 

severe symptoms and earlier WD expression than “mild” variants. The current 

study also looked at the relationship between the different allelic variants. The 

data showed a tendency for the “severe” variants to be associated with earlier 

WD expression, but the data were not statistically significant (p = 0.101). A 

statistically significant difference was observed between the presence of 

“severe” variants in the genotype and serum ceruloplasmin – if there was at 
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least one frame shift or nonsense variant in the genotype, the level of serum 

ceruloplasmin was lower than in the homozygous genotype with only the 

“mild” variants. These data partly coincide with the Gromadzka study, although 

it should be noted that, in the present study, the two genotype groups were 

numerically very different (42 patients versus 9 patients). A similar study was 

also carried out by Cocos  reporting the association of frame shift variants with 

earlier WD onset (Cocos et al., 2014).  

Due to the important interaction of the ATOX1 protein with ATP7B, 

there have been several studies looking for possible changes within the ATOX1 

gene in patients with Wilson’s disease, but with negative results elsewhere 

(Simon et al., 2008; Lee et al., 2011; Czlonkowska et al., 2018). In this study, 

no changes were found in the ATOX1 gene that would affect protein activity; 

therefore, it has not been demonstrated that changes in the ATOX1 gene could 

modify the WD phenotype. 

Looking for changes in other genes that could affect clinical 

manifestations of WD, the researchers focused on the COMMD1 gene, which 

has been shown to be pathogenic to copper toxicosis in Bedlington Terriers, 

which is clinically similar to Wilson’s disease in humans (van De Sluis et al., 

2002). There have been several studies analysing the possible effects of allelic 

variants of this gene in humans. Stuehler found that substitution of the 

nucleotide at position 492 from T to C (p.Asn164=) is associated with earlier 

(by about 10 years) manifestation of clinical symptoms of WD. Since this is a 

silent variant (i.e., one that does not change the amino acid in the protein), the 

authors report the possible effects of this variant on the structure, stability and 

processing of mRNA, which may influence further gene expression. The 

authors of this study also mention that the variant found was a marker for some 

other changes that could affect copper metabolism (Stuehler et al., 2004). The 

present study also found the aforementioned variant among Latvian WD 
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patients. An analysis of its possible association with the clinical manifestations 

of the disease did not reveal any association with the hypothesis mentioned 

above. 

In another study in 2010, Gupta reported the effect of another variant 

c.521C>T (p.Thr174Met) on the WD phenotype – they associate this variant 

with more elevated urine copper levels as well as increased cell apoptosis in 

WD patients (Gupta et al., 2010). In the present study, no such variant of the 

COMMD1 gene was found in any of the WD patients in Latvia. 

There have been several studies on the effects of COMMD1 gene 

variants on WD, but unfortunately no association has been confirmed in these 

studies (Lovicu et al., 2006; Weiss et al., 2006).  

Several studies have been conducted on the effects of HFE gene variants 

on the development of WD symptoms. Heterozygote genotype of the most 

common pathogenic variants (C282Y and H63D) with hereditary 

haemochromatosis is rarely associated with hepatic injury due only to iron 

accumulation; some studies have suggested that elevated liver iron levels may 

influence the course of other liver diseases (Bulaj et al., 1996).  

The effect of heterozygote genotypes of HFE gene (according to the 

pathogenic variants) on WD pathway is controversial: Hafkemeyer described a 

patient with WD and heterozygote (in most common variants) genotype in the 

HFE gene that showed iron accumulation in the liver (Hafkemeyer et al., 1994), 

but Erhardt et al. found no significant association between iron and HFE gene 

pathogenic variants (Erhardt et al., 2002). Sorbello have demonstrated the 

effect of pathogenic variants of the HFE gene on extra iron accumulation in 

WD patients, which influences the development of liver disease. The same 

study concluded that adjusting the dose of medication in WD treatment to 

prevent additional iron accumulation was only effective in the wild-type variant 

of HFE (Sorbello et al., 2010).  
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Unfortunately, available clinical data were insufficient in order to 

evaluate iron metabolism in the present study, but no statistically significant 

differences were found in the effect of the two most common variants of the 

HFE gene on the early onset of WD symptoms and serum ceruloplasmin levels, 

which does not support the hypothesis that HFE variants affect the 

development of inflammation of the liver. 

The study data are only indicative of the tendency, but in order to further 

analyse hepatic inflammation changes in various HFE gene genotypes, it would 

be necessary to expand the study patient population and to select additional 

clinical and biochemical markers. 

In this study, 83.59 % of ATP7B gene alleles were identified from WD 

patients with a clinically confirmed WD diagnosis, but 16.41 % remained 

unidentified. Some possible explanations have already been mentioned in the 

discussion above, but another explanation could be the fact that WD patients 

with a clinically confirmed WD diagnosis may not have WD at all, but 

Wilson’s disease-like disease. Clinical and laboratory diagnostic criteria for 

WD were developed in 2001 and have not changed since then. Several studies 

on the revision of guidelines and criteria have been published (Hedera, 2017) 

but the diagnostic framework has remained unchanged at the European level 

(EASL Clinical Practice Guidelines: Wilson’s Disease, n.d.). Decreased serum 

ceruloplasmin and neurological symptoms are mentioned as two criteria in the 

diagnosis of WD, although in the current study normal serum ceruloplasmin 

level was not observed in any of the patients. In WD, the level of serum 

ceruloplasmin is reduced due to copper accumulation, but this can also occur 

through other causes such as aceruloplasminaemia and malabsorption (EASL 

Clinical Practice Guidelines: Wilson’s Disease, n.d.). Determination of serum 

ceruloplasmin levels is recommended as a first step in the diagnosis of WD 

(Roberts and Schilsky, 2008). It does serve as a screening method, but even 
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with very low levels of serum ceruloplasmin is not enough to confirm the 

diagnosis. Serum ceruloplasmin levels < 20 mg/dL are useful in WD 

diagnostics, but the overall predictive value for the test diagnosis is very low at 

5.9 % (Cauza et al., 1997).  Ceruloplasmin is the major copper-binding protein 

in plasma (> 90 % bound to copper). It exists in two forms, as copper-bound 

holoceruloplasmin and as non-copper-containing apoceruloplasmin (Hellman 

and Gitlin, 2002). Almost always, it is measured using antibody-based 

radioimmunoassays that are unable to discriminate between the two isoforms of 

ceruloplasmin, leading to an overestimation of copper-binding protein levels. 

The level of serum ceruloplasmin in the blood can also be determined 

enzymatically, by measuring its copper-dependent oxidase activity. This test is 

capable of distinguishing apoceruloplasmin from holoceruloplasmin but is not 

widely used. Very low serum ceruloplasmin (< 5 mg/dL) is highly associated 

with WD, but such low rates may also be found in other diseases, such as 

aceruloplasminaemia caused by pathogenic allelic variants in the CP gene. 

Neurological symptoms in case of aceruloplasminaemia may mimic WD, but 

this is actually due to iron accumulation (Hedera, 2017). In such cases, first-

degree relative serum ceruloplasmin (also reduced in heterozygous carriers of 

the pathogenic allelic variant) should be checked for confirmation of 

aceruloplasminaemia, as well as the usual findings of aceruloplasminaemia 

include finding of reduced serum iron, elevated ferritin, diabetes, and evidence 

of the iron accumulation in the brain by magnetic resonance imaging (Hellman 

and Gitlin, 2002). Taking into account the aforementioned lack of symptoms 

and laboratory abnormalities in WD patients without a molecularly confirmed 

diagnosis, the diagnosis of aceruloplasminaemia is questionable, but alterations 

or allelic variants in the CP gene have been described in various studies: both 

Parkinson’s disease (Zhao et al., 2015) and atrial fibrillation (Adamsson Eryd et 

al., 2014; Arenas de Larriva et al., 2017), which concluded that changes in the 
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promoter (non-coding part) of the CP gene may be associated with altered 

levels of serum ceruloplasmin. In the present study, it was found that the AA 

genotype of the rs66508328 in the CP gene promoter and the GG genotype of 

the rs11708215 variant (both by recessive birth pattern) were more common in 

patients without a WD-confirmed ATP7B gene genotype. This could suggest 

that the above variants in the CP gene may affect gene expression, leading to 

reduced levels of serum ceruloplasmin, which in turn leads to increased iron 

accumulation in the brain, leading to Parkinson’s-like symptoms which are also 

characteristic of Wilson’s disease. Of course, these data are advisory, 

suggesting a possible direction for further development of research by 

increasing the size of the patient population, as the patient groups for the 

present study relatively small and, although the differences were statistically 

significant, given the size of the small groups, the data may include random and 

accidental findings. Zhao also published data on these variants of the CP gene 

promoter and concluded that rare variants of the variants are more common in 

Parkinson’s disease patients and are associated with an earlier onset of the 

disease (Zhao et al., 2015).  

 

3.1. Limitations of the study 
 

Most analyses in the study have been conducted with a relatively small 

group of patients – 64. The small group of patients has several explanations:  

1) Wilson’s disease belongs to the group of rare diseases with the 

most frequently mentioned prevalence – 1:30,000. Taking into account 

this prevalence and the average population of Latvia (1.92 million) 

[31], there should be around 65 patients in Latvia. 

2) Patients with Wilson’s disease in Latvia were mostly referred to 

hepatologists – it is likely that a larger group of patients would be 

covered by an involvement of wider range of specialists. 
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3) There was no great response from first-degree relatives of 

patients – perhaps the group of patients to be analysed could be larger. 

4) Given that patient samples were collected over a relatively long 

period, all patient samples were no longer available for all molecular 

analyses. 

Given the small number of patients, the data in this study are of 

advisable character that should preferably be tested in a larger population, for 

example, in interstate studies.  

 

3.2. Clinical recomendations 

 

1. All patients with clinically confirmed or suspected Wilson’s disease 

should initially be screened for the most frequent allelic variant, but in 

case of negative result – the exons of the ATP7B gene should be 

sequenced. If the diagnosis is not molecularly confirmed, it is 

recommended that the differential diagnosis of the disease be 

reviewed; 

2. Genetic screening of relatives (especially first degree) is 

recommended for Wilson’s disease patients, especially those who are 

molecularly confirmed; 

3. It is recommended that patients with Wilson’s disease, especially 

those with predominant neurological symptomology who are not 

molecularly confirmed, be diagnosed with other possible causes of the 

symptoms and biochemical changes. 
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Conclusions 

 
1. The most common WD-causing allele in the ATP7B gene in Latvian WD 

patients was c.3207C>A (p.His1069Gln) – 69.53 % alleles, which corresponds 

to the European average; 

2. The most common pathogenic allele variants of the ATP7B gene are found 

in three exons: 14, 8 and 2, but high allelic heterogeneity of the ATP7B gene is 

observed among Latvian patients, indicating that all ATP7B gene exons are 

rationally to be sequenced, but direct sequencing of ATP7B gene promoter 

region does not increase the number of pathogenic alleles detected; no 

significant deletions or duplications of ATP7B gene are detected in patients 

with Wilson’s disease in Latvia, indicating that MLPA does not crucially 

improve the number of detected pathogenic alleles; 

3. The prevalence of Wilson’s disease in Latvian neonatal cohorts is 1:21,800 

for live births, which corresponds to the European average; 

4. There is no association between pathogenic allelic variants of the ATP7B 

gene and clinical manifestations in patients with Wilson’s disease in Latvia, 

indicating a lack of phenotype-genotype association, which rejects the 

hypothesis; 

5. Genotypes GG of the rs66508328 variant and AA of the rs11708215 in the 

CP gene promoter region are more common in Wilson’s disease patients with 

non-molecularly confirmed genotype in the ATP7B gene and neurological 

symptoms suggesting the possible association of CP gene promoter variants 

with characteristic neurological symptoms and biochemical changes; the lack of 

association of ATOX1, COMMD1 and HFE gene variants with the Wilson’s 

disease phenotype suggests a minor role for these genes in Wilson’s disease 

pathogenesis, which rejects the hypothesis. 
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