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Clinical and genetic characterization of
patients with late onset Wilson’s disease

Check for updates

Wenming Yang1,3, Yue Yang1,3, Han Wang1,3, Jiuxiang Wang2 & Shijie Zhang 2

Wilson’s disease (WD) typicallymanifests in children and young adults, with little knowledge of its late-
onset forms. In this study, we performed a retrospective cohort study of 105 WD patients (99 index
cases, 6 siblings) with an onset age ≥35 years. We compared 99 index late-onset patients with 1237
early-onset patients and analyzed the ATP7B variant penetrance referring to theGenomeAggregation
Database (gnomAD). Sixty-twoATP7Bvariantswere identified in the late-onsetpatients, amongwhich
A874V, V1106I, R919G, andT935Mwere correlatedwith late presentation ofWD.Regarding gnomAD,
V1106I and T935M exhibited significantly low penetrance, and there is a lack of patients carrying a
genotype of V1106I/V1106I, R919G/R919G, T935M/T935M, V1106I/T935M, V1106I/R919G, or
T935M/R919G. Our data revealed that patients carrying a combination of two late-onset variants may
be overlooked due to atypical or lack of WD symptoms, which may provide valuable insights into the
genetic basis and diagnosis of WD.

Wilson’s disease (WD; OMIM #277900) is a rare autosomal recessive dis-
order of copper metabolism caused by variants in ATP7B, which encodes a
copper-transporting P1B-type ATPase located in the trans-Golgi network1.
ATP7B ismainly expressed in the liver, and functional defects in the protein
lead to failure of ceruloplasmin biosynthesis and biliary copper excretion,
with copper accumulatingfirst in the liver and then in the brain, cornea, and
other tissues2,3. As a result, patients withWDmay present with hepatic and/
or neurological symptoms, corneal Kayser–Fleischer (K–F) rings, and low
ceruloplasmin levels1.

ATP7B is an 8-transmembrane (TM) domain protein comprising
six metal-binding domains, an actuator (A) domain, a phosphorylation
(P) domain, and a nucleotide-binding (N) domain. Copper transport is
facilitated by conformational changes associated with ATP phosphor-
ylation and dephosphorylation of D1027, involving the interaction of
various domains of ATP7B4, and this process can be affected by variants
in different domains to varying degrees. Hundreds of variants have been
identified in patients with WD5,6, and their various effects on ATP7B
stability, catalytic and transport activities, and intracellular localization
have been reported7–9. Variants with partially affected ATP7B function
may be accompanied by a slower accumulation of copper in the liver
and other organs, and patients may develop symptoms at a later age or
even never become symptomatic throughout their life, exhibiting low
penetrance characteristics that affect the genetic and clinical prevalence
of WD10,11.

Generally, patients withWD present with symptoms between the ages
of 5 and 35 years, and only sporadic cases of late-onset WD have been
described. In Europe, the prevalent variantH1069Qhas been reported to be
associatedwith late andneurological presentationsofWD12, andaEuropean
study including 46 patients with an onset age over 40 years revealed no
difference in diagnostic features or variant frequency compared to early-
onset patients13. Chinese patients with WD exhibit completely different
genetic characteristics, and our previous work indicated that the prevalent
variants R778L and P992L, as well as protein-truncating variants (PTV),
were predominant in patients with early-onset WD6. This work also pro-
vided us with a glimpse into the relationship betweenA874V and late-onset
symptoms6; however, due to the limited number of cases, there is still a lack
of comprehensive understanding of late-onset WD in China.

In the present study, we recruited a cohort of patients with an onset age
greater than 35 years from our institution, and their genetic and clinical
characteristics were collected and compared with those of patients with an
earlier onset (less than 35 years)6. The penetrance of the variants of interest
was assessed based on the East Asian allele frequencies of the Genome
Aggregation Database (gnomAD, http://gnomad-sg.org/)14, and the phe-
notypic effects of the most common variants, represented by hepatic/neu-
rologic presentation at onset, were evaluated based on our previous
consecutive patients (collected betweenAugust, 2016 and September, 2019)
who were examined with two potentially pathogenic ATP7B variants and
onset with hepatic (n = 276) or neurological (n = 665) symptoms (Fig. 1)6.

1Department of Neurology, the First Affiliated Hospital of Anhui University of Chinese Medicine, Hefei, China. 2Experimental Center of Clinical Research, the First
Affiliated Hospital of Anhui University of Chinese Medicine, Hefei, China. 3These authors contributed equally: Wenming Yang, Yue Yang, Han Wang.

e-mail: zhangsj8708@126.com

npj Genomic Medicine |            (2024) 9:71 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41525-024-00459-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41525-024-00459-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41525-024-00459-z&domain=pdf
http://orcid.org/0000-0003-1842-770X
http://orcid.org/0000-0003-1842-770X
http://orcid.org/0000-0003-1842-770X
http://orcid.org/0000-0003-1842-770X
http://orcid.org/0000-0003-1842-770X
http://gnomad-sg.org/
mailto:zhangsj8708@126.com
www.nature.com/npjgenmed


Results
Demographic and clinical profiles
In total, 105 patients with an onset age over 35 years (average: 42.6 ± 7.3,
range: 35.1–64.8), including 68 patients (65 index, 3 siblings) who had been
reported in our previous study6, were recruited (Fig. 1). The patients were
from 20 provinces in China (Supplementary Table 1), and their demo-
graphic and clinical data are summarized in Table 1. No significant differ-
ences were observed in sex, age at onset, age at diagnosis, or serum
ceruloplasmin levels between the neurological and hepatic groups. How-
ever,we observed a greater proportionof patientswithK–F rings (p = 0.025)
and abnormal MRI findings (p < 0.0001) in the neurological group and a
significantly greater proportion of patients with liver cirrhosis in the hepatic
group (hepatic vs. neurological: 35/38 vs. 27/55, p < 0.0001). Among the
6 siblings, 3were asymptomatic, 2 had anonset of hepatic symptoms similar
to their probands but with a different onset age, and 1 had distinct symp-
toms and a different age at onset. Individual differences in copper accu-
mulation in hepatocytes and intolerance to copper toxicity, as well as
differences in allele dominance of ATP7B protein expression, might play a
role in their clinical differences15. Moreover, compared to patients whose
onset age was younger than 35 years (Supplementary Table 2), there was a
lower proportion of males, a higher serum ceruloplasmin levels, and a

greater proportion of patients with K–F rings in the late-onset cohort
(Table 2).

ATP7B variant spectrum
Overall, 62 potentially pathogenic ATP7B variants, including 4 novel var-
iants (Supplementary Fig. 1), were identified: 44 missense, 10 frameshift, 5
splice site, 2 nonsense, and 1 in-frame deletion (Supplementary Table 3).
The variants were mostly distributed in TM5 and its adjacent areas (11,
17.74%), followed by theN-domain (9, 14.52%), P-domain (8, 12.90%), and
the region aroundTM6 (8, 12.90%) and TM4 (7, 11.29%) (Fig. 2). Themost
common variant was R778L (allele frequency: 17.68%), followed by A874V
(10.61%), V1106I (9.09%), P992L (6.57%), R919G (5.56%), and T935M
(5.05%) (Fig. 2). Therewere 91patients (91.92%)with twopotential disease-
causing variants, 7 patients (7.07%) with one potential disease-causing
variant, and 1 patient with no variant. A summary of patient genotypes is
outlined in Supplementary Table 4.

Genetic differences and diagnostic implications
Compared with those of patients with an onset age less than 35 years, the
allele frequencies ofA874V(A-domain/TM5, exon11),V1106I (N-domain,
exon 15), R919G (TM5, exon 12), and T935M (TM5, exon 12) were

Fig. 1 | Cohort overview and flow chart. Con-
secutive patients withWDbetweenAugust 2016 and
September 2019 (n = 1366), as well as patients with
an onset age over 35 years between September 2019
and September 2022 (n = 37) were recruited. The
late-onset cohort included index patients with an
onset age over 35 years from these two periods,
whereas the early-onset control only included index
patients with an onset age below 35 years from
August 2016 to September 2019. Binary logistic
regression analysis was performed in the con-
secutive cohort of patients who were identified with
two potential pathogenic ATP7B variants and onset
with hepatic or neurological symptoms. ATP7B
variant penetrance analysis was performed by
comparing the allele frequencies of the variants in
our consecutive cohort with the gnomAD allele
frequencies of the East Asian subgroup.

Table 1 | Diagnostic findings in patients with WD with an onset age ≥ 35 years (n = 105)

Characteristic Hepatic (n = 38) Neurological (n = 55) Asymptomatic (n = 6) Siblings (n = 6)

Males, n (%) 16 (42.11) 26 (47.27) 5 (83.33) 4 (66.67)

Age at onset, years ± SD 43.7 ± 8.1 41.3 ± 6.8 46.4 ± 6.2 43.4 ± 5.2

Age at diagnosis, years ± SD 44.6 ± 8.3 42.5 ± 6.9 47.6 ± 6.0 43.8 ± 4.9

Serum ceruloplasmin (N available, 100%) 37 53 6 6

<0.1 g/L 29 (78.38) 39 (73.58) 3 (50.00) 5 (83.33)

0.1-0.2 g/L 8 (21.05) 13 (23.64) 2 (33.33) 1 (16.67)

>0.2 g/L 0 1 (1.82) 1 (16.67) 0

Mean ± SD, g/L 0.084 ± 0.037 0.084 ± 0.042 0.113 ± 0.076 0.081 ± 0.028

K-F ring positive, n (%) 34 (89.47) 55 (100) 6 (100) 3 (50.00)

Abnormal MRI, n/N (%) 14/29 (48.28) 36/41 (87.80) 2/6 (33.33) 2/3 (66.67)

Liver disease severity

CLD without cirrhosis 3 (7.89) 28 (50.91) 5 (83.33) 3 (50.00)

Child-Pugh A 14 (36.84) 16 (29.09) 1 (16.67) 1 (16.67)

Child-Pugh B 15 (39.47) 9 (16.36) 0 1 (16.67)

Child-Pugh C 6 (15.79) 2 (3.64) 0 1 (16.67)

SD standard deviation, K-F rings Kayser-Fleischer rings,MRImagnetic resonance imaging.
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significantly greater in late-onset patients, whereas the allele frequencies of
R778L (TM4, exon 8), PTV, and P992L (TM6, exon 13) were significantly
lower (Fig. 3a). Accordingly, there was a greater allele frequency of variants
in the A-domain/TM5 junction region, TM5 domain, and N-domain of
ATP7B and a lower allele frequency of variants in the TM4 and TM6
domains (Supplementary Fig. 2a); as well as a greater allele frequency of
variants in exons 11, 12, and 15, and a lower allele frequency of variants in
exons 8 and 13 (Supplementary Fig. 2b) in patients with late-onset disease.
Notably, of the patients with two potential variants identified, approxi-
mately 39.56% (36/91) of the patients carried one variant ofA874V,V1106I,
R919G, or T935M in combination with R778L (21/33), PTV (8/17), or

P992L (7/12), and there was no homozygote of R778L, the most common
genotype in China (Fig. 3b).

According to gnomAD, there are comparable allele frequencies of
T935M, R778L, and V1106I, as well as R919G, P992L, A874V, and I1148T,
in East Asian populations (Supplementary Table 5). However, no homo-
zygotes of V1106I, R919G, or T935M, nor compound heterozygotes of
V1106I/T935M, V1106I/R919G, T935M/A874V, or T935M/R919G were
identified in our 1237 early-onset and 99 late-onset patients (Fig. 3b),
implying an inexplicit pathogenicity of these variant combinations or
overlooking patients with these genotypes under the current diagnostic
criteria. On the assumptions that R778L, P992L, A874V, V1216M, I1148T,
M769H-fs, N1270S, and S975Y have 100% penetrance and that there is
Hardy–Weinberg equilibrium,weconstructed a regression line basedon the
allele frequencies of these variants in gnomAD and our consecutive cohort
of 1302 patients6. We found that variants T935M, V1106I, S518S, E1293K,
G869R, L1083F, and D196E deviated significantly from the regression line
(Fig. 3c), indicating a lower penetrance or nonpathogenicity of these
variants.

Correlation between ATP7B variants and the WD phenotype
The current data suggest a relationship between the variants A874V,
V1106I, T935M, and R919G and the late onset of WD, as well as a corre-
lation between R778L, P992L, and PTV and the early onset of WD, among
which A874V, R778L, P992L, and PTV were confirmed in our previous
study6. We evaluated the distribution frequencies of V1106I, T935M, and
R919G in our previous consecutive cohort (n = 1302)6. The results indicated
that the allele frequencies of V1106I and T935M increased with increasing
age at onset, whereas variant R919G, although exhibiting the highest allele
frequency in patients aged more than 35 years, did not show a clear trend
(Supplementary Fig. 3). According to univariate logistic regression, a neu-
rological presentation was associated with age at onset (odds ratio [OR]:
1.026, 95% confidence interval [CI]: 1.009–1.044, p = 0.004) and theV1106I

Table 2 | Comparison of clinical characteristics between
patients with late- and early-onset WD

Characteristic Late-onset
(n = 99)

Early-onset
(n = 1237)

p value

Males, n (%) 47 (47.47) 753 (60.87) 0.009

Age at onset, years ± SD 42.5 ± 7.4 15.7 ± 7.4 <0.0001

Age at diagnosis, years
± SD

43.6 ± 7.5 16.6 ± 7.9 <0.0001

Serum ceruloplasmin (N
available, 100%)

96 1214 n.a

< 0.1 g/L, n (%) 71 (73.96) 1147 (94.48) <0.0001

Mean ± SD, g/L 0.086 ± 0.043 0.039 ± 0.035 <0.0001

K-F ring positive, n (%) 95 (95.96) 1054 (85.21) 0.003

Abnormal MRI, n/N (%) 52/76 (68.42) 698/939 (74.33) 0.259

SD standard deviation, K-F rings Kayser-Fleischer rings,MRImagnetic resonance imaging, na not
applicable.

Fig. 2 | ATP7B variant spectrum of patients with late-onsetWD.ATP7B variants were visualized in relation to the ATP7B protein regions. The number of alleles for each
variant is displayed in brackets, and the most common variants are depicted in light blue with their number of alleles and allele frequencies displayed in brackets.
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variant (dominant; OR: 0.374, 95%CI: 0.178–0.786, p = 0.009) but not with
theR919GorT935Mvariant.Multivariate analysis revealed that age at onset
(OR: 1.035, 95% CI: 1.016–1.054, p < 0.0001) and V1106I variant (OR:
0.240, 95%CI: 0.108–0.533, p < 0.0001)were independent factors associated
with neurological presentation in patients with WD (Table 3).

Discussion
Patients withWDmay become symptomatic at any stage of life, with most
reported symptoms occurring between the ages of 5 and 3516. According to
our consecutive cohort of 1302 patients, approximately 92.70% (1207/1302)
of Chinese patients withWD develop symptoms under the age of 30 years,
2.84% (37/1302) of the patients had symptomatic onset between 35 and 39
years old, and only 2.15% (28/1302) of the patients became symptomatic at
≥ 40 years old (Supplementary Table 6). The percentage of patients with an
onset age ≥ 40 years old is significantly lower than those of European
patients13,17. In Europe, a symptomatic onset age of 40 years has been set as
the cut-off age for late-onset WD, resulting in 3.8% or 8% of patients being
classified as having late-onset WD13,17. Considering that the majority of
Chinese patients with symptomatic WD have an onset age under 30 years
old and that there is a 4.5-year difference in onset age between patients with
neurologicalmanifestations in China (19.3 ± 8.0) and Europe (23.8 ± 9.1)3,6,
we chose an onset age of 35 years as the cut-off age for late-onsetWD.Based
on these criteria andour largeWDdatabase (n = 2132), 105patients (4.92%)
were included, which facilitated our investigation of the clinical and genetic
characteristics of late-onset WD.

In the present study, most patients with late-onsetWD presented with
neurological symptoms, and there was a greater proportion of hepatic
presentation patients exhibiting liver cirrhosis, which is consistent with the
findings of a recent study in France17. In East Asia, a predominance of male

patients in the WD cohort has been observed in several studies6,18–20; how-
ever, we identified comparable numbers of male and female patients with
late-onset WD. As less estrogen may be secreted in older patients, our data
support the hypothesis that it plays a protective role21. Overall, 97 index
patients were diagnosed based on K–F rings, serum ceruloplasmin levels,
and extrapyramidal symptoms/abnormal brain MRI, and 2 of the patients
were diagnosed based on additional 24 h urinary copper. Our data showed
that 97.91% (94/96) of patients with late-onset WD had ceruloplasmin
concentrations lower than 0.2 g/L, and 95.96% (95/99) of the patients had
positive K–F rings, highlighting their role in diagnosing late-onset WD.
However, the serum ceruloplasmin levels were significantly greater in the
older onset patients (Table 2), and abnormal brain MRI could only be
identified in 48.28% of patients with hepatic presentations; additional
laboratory data, such as 24 h urinary copper, should help establish the
diagnosis. In total, 91.92% of the index patients (91/99) were genetically
diagnosed with two potentially pathogenic variants, and 7.07% of the
patients (7/99) had one potentially pathogenic variant, with a total of 62
variants identified. As large hemizygous deletions, variants within the
promoter, 3′ untranslated region, and far intronic regions of ATP7B have
not been screened, not all variants may have been detected in the current
cohort.

The top six most common variants were R778L, A874V, V1106I,
P992L, R919G, and T935M in the late-onset cohort, which displayed sig-
nificant differences in allele frequencies compared to those in patients with
early-onset WD. Our data strongly suggest that A874V, V1106I, and
T935M are associated with late-onset WD, with V1106I and T935M exhi-
biting low penetrance. According to gnomAD, the V1106I and T935M
variants exhibit allele frequencies comparable to those of R778L in the East
Asian subpopulation, and there is also a high allele frequency of R919G.

Fig. 3 | Genetic analysis of ATP7B variants in Chinese patients with WD.
a Comparison of allele frequencies of common ATP7B variants between patients
with late- and early-onset WD. The p value was adjusted by the
Benjamini–Hochbergmethod and indicated as follows: NS, not significant (adjusted

p > 0.05); *, adjusted p < 0.05; **, adjusted p < 0.01; ***, adjusted p < 0.001.
b Characterization of ATP7B variant combinations in patients with late- and early-
onsetWD. cCorrelations betweenATP7B variant allele frequencies in the EastAsian
population and those in 1302 Chinese patients with WD.

Table 3 | Univariate and multivariate logistic regression of factors associated with neurological presentation in consecutive
patients onset with hepatic or neurological symptoms

Hepatic (n = 276) Neurological (n = 665) Univariable Multivariate

Mean ± SD or n (%) Mean ± SD or n (%) OR (95% CI) p value OR (95% CI) p value

Age at onset (Cont.) * 17.3 ± 10.4 19.2 ± 8.0 1.026 (1.009-1.044) 0.004 1.035 (1.016–1.054) <0.0001

R919G# 11 (3.99) 42 (6.32) 1.624 (0.823-3.203) 0.162

V1106I# 15 (5.43) 14 (2.11) 0.374 (0.178-0.786) 0.009 0.240 (0.108-0.533) <0.0001

T935M# 4 (1.45) 13 (1.95) 1.356 (0.438-4.195) 0.597

ATP7B& 44 (15.94) 121 (18.20) 1.173 (0.804-1.711) 0.408

CI confidence interval, OR odds ratio, Cont. continuous variable; *the data was adopt from our previous work 6; #Dominant model; &Homozygous versus compound heterozygote.
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However, there were no homozygotes of V1106I, T935M, or R919G iden-
tified in multiple large Chinese cohort studies6,19,22,23, and there were also no
variant combinations of A874V/T935M, V1106I/T935M, V1106I/R919G,
or T935M/R919G identified in the present study (Fig. 3b). The absence of
these variant combinations in patients with WD implies that they may be
nonpathogenic or that patientswith these genotypesmay be overlookeddue
to atypical clinical features. However, this conclusion was established based
on several premises. One concern is that the genetic background of the East
Asian subgroup in gnomADmay not represent the Chinese population, as
there are differences in hotspot variants among different regions of China6.
Other issues include a lack of Hardy–Weinberg equilibrium, the relatively
small number of patients with late-onsetWD included in the current study,
and the limited number of patients with WD with acquired genetic infor-
mation; therefore, these results should be confirmed in more patients
with WD.

Our previous data support the conclusion thatR778L, PTV, andP992L
are associated with the early onset ofWD, and the current data indicate that
approximately 58.06% of these variants (36/62) occurred in combination
with A874V, V1106I, T935M, or R919G in patients with late-onset WD.
Additionally, we found that two patients carried a variant combination of
R778L and PTV (R778L/L1395P-fs and R778L/V937G-fs), where L1395P-
fs (c.4183dup, exon 21) was located at the end of ATP7B, and V937G-fs
(c.2810del, exon 12) was reported to cause exon 12 skipping during ATP7B
pre-mRNAprocessing24. Moreover, the alternative splice variant of ATP7B
encodes a protein that lacks the entire TM5 domain and retains 80% of the
biological activity of thewild-type protein, thereby eliminating the influence
of the disease-causing variant in exon 1224, which may play an important
role in the mild symptoms of WD. Variants R919G and T935M are also
located in exon 12, and in vitro experiments have indicated that the T935M
variant exhibits a trafficking pattern similar to that of wild-type ATP7B
under copperpressure,which is distinct from that of theR778L, R919G, and
P992L variants25. Notably, the R919G variant has also been shown to cause
exon 12 skipping26, which may explain the higher allele frequency of the
R919G variant in late-onset patients and raises speculation about the role of
T935M and other exon 12 variants in the alternative splicing of ATP7B.

We noticed that the K866–H880 region, where the G869R, A874V,
A874P, and G875R variants are located, is not present in monkey ATP7B
(Supplementary Fig. 4), implying that this regionmay not be important for
ATP7B function. This region is located within the flexible loop between the
TM5 and A domains, and the A874V variant still exhibits partial copper
transport and ATP hydrolysis7. The destabilization and endoplasmic reti-
culum (ER) retention caused by ATP7B variants also play key roles in the
pathogenesis of WD7. However, the A874V variant displays different
characteristics from other ER retention variants, since inhibition of the p38/
JNK pathway involved in the degradation of the H1069Q and R778L var-
iants, and copper treatment in correcting G875R localization both failed to
rescue the A874V variant9,27. Another intriguing region is the N-domain of
ATP7B, as it displays little sequence homology to other P-type ATPase
families but appears to share the same core nucleotide-binding structure28.
There are four invariant residues (E1064, H1069, G1099, G1101) in P1B-
type ATPases, and the V1106I variant is located near segment P1098-
G1103, which is mostly affected by ATP binding28. Our data indicated that
V1106I is negatively associated with the neurological presentation of WD,
implying that patients carrying the V1106I variant may exhibit a low ten-
dency to accumulate copper in the brain. The lowpenetration of theV1106I
variant in patients withWD indicates weak damage to the ATP7B protein,
and it is possible that a large number of patients carrying theV1106I variant
may exhibit no or only mild WD symptoms.

In conclusion, the current study highlighted the value of K–F rings,
serum ceruloplasmin levels, and extrapyramidal symptoms in the diagnosis
of patients with late-onset WD and highlighted the correlation between
variants A874V, V1106I, T935M, and R919G and the late onset of WD.
However, we must realize that serum ceruloplasmin levels in patients with
late-onset WD are significantly higher than those in patients with early-
onsetWD, and a large number of patients carrying homozygotes ofV1106I,

T935M, and R919G or compound heterozygotes of A874V/T935M,
V1106I/T935M, V1106I/R919G, or T935M/R919Gmay bemissed because
of atypical or a lack ofWDsymptoms.Additionally, in the late-onset cohort,
27.42% (17/62) of the variants were located in the K866–H880 region, TM5
domain, and N-domain of ATP7B, and 71.72% of the patients (71/99)
carried at least one variant from these regions, indicating that these may be
hotspot areas involved in the late presentationofWD.Our research revealed
distinct clinical and genetic characteristics of patients with late-onset WD,
which may provide valuable insights into the genetic basis and diagnosis of
this disease.

Methods
Ethics statement
The study was approved by the Ethics Committee of the First Affiliated
Hospital of Anhui University of Chinese Medicine and adhered to the
DeclarationofHelsinki. Informedconsentwas obtained fromall individuals
on whom genetic testing were performed.

Patients and phenotype evaluation
In this single-center observation study, consecutive patients who sought for
diagnosis and treatment ofWD between August 2016 and September 2019,
as well as patients with WD with an onset age of over 35 years between
September 2019 and September 2022, were recruited from the Department
of Neurology at the First Affiliated Hospital of Anhui University of Chinese
Medicine. Each patient had a Leipzig score of 4 ormore16, and their detailed
demographic and clinical characteristics, including sex, birthplace, age at
onset, age at diagnosis, onset of symptoms, laboratory findings, and mag-
netic resonance imaging (MRI), if available, were recorded.As of September
2022, 105 patients (99 index, 6 siblings) with an onset age of over 35 years,
including 68 patients (65 index, 3 siblings) who had been reported in our
previous study (1302 index, 64 siblings) between August 2016 and Sep-
tember 20196, were selected (Fig. 1). Patients with an onset age less than 35
years between August 2016 and September 2019 were considered as early-
onset cohort (n = 1237), and the total cohort of index patients collected
between August 2016 and September 2019 was considered as consecutive
cohort (n = 1302)6. The index patients were divided into hepatic, neurolo-
gical, and asymptomatic subgroups based on the onset of symptoms, as
previously described6. Liver disease staging of late-onset patients at diag-
nosis was classified according to the Child–Pugh grade (A, B, or C), and
structural brain abnormalities, including focal hyperintensity lesions and
atrophy, were investigated using brain MRI scans.

Genetic analysis
The ATP7B variants of the patients were sequenced and analyzed exon by
exon using previously described primers andmethods6. For ATP7B variant
penetrance analysis, the allele frequencies of the variants in our consecutive
cohort of 1302 Chinese patients were compared with the gnomAD allele
frequencies of theEastAsian subgroup (Fig. 1), assuming that theEastAsian
samples in gnomAD were a relevant background population of Chinese
patients with WD.

Statistical analysis
All of the statistical analyses were performed using SPSS version 23 (IBM
Corp., Armonk, NY, USA). The data are presented as the mean ±
standard deviation (SD) for quantitative data and as numbers (n) and
relative frequencies (%) for categorical variables. Subgroup differences
were analyzed using Student’s t test for continuous variables and chi-
square or Fisher’s exact tests for categorical parameters. Binary logistic
regression analysis was performed for factors associated with hepatic/
neurological manifestations in the consecutive cohort of patients who
were identified with two potential pathogenic ATP7B variants and onset
with hepatic (n = 276) or neurological (n = 665) symptoms (Fig. 1)6. For
the ATP7B variants (R919G, V1106I, and T935M), a dominant model
was used, and the significant univariate analysis result of age at onset was
adopted from a previous study6. Only factors that showed significant
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associations in the univariate analysis were included in the multivariate
model. To control for type I errors caused by the multiple-hypothesis
test, the p value was adjusted using the Benjamini–Hochberg method29,
and the significance level was set at p < 0.05.

Data availability
The data presented in this study are available upon request by email to the
corresponding author (zhangsj8708@126.com).

Received: 20 February 2024; Accepted: 17 December 2024;

References
1. Czlonkowska, A. et al. Wilson disease. Nat. Rev. Dis. Prim. 4, 21

(2018).
2. Harada, M. et al. Role of ATP7B in biliary copper excretion in a human

hepatomacell line andnormal rat hepatocytes.Gastroenterology 118,
921–928 (2000).

3. Ferenci, P. et al. Age and sex but not ATP7B genotype effectively
influence the clinical phenotype of Wilson disease. Hepatology 69,
1464–1476 (2019).

4. Kühlbrandt,W.Biology, structure andmechanismofP-typeATPases.
Nat. Rev. Mol. Cell Biol. 5, 282–295 (2004).

5. Gao, J., Brackley, S. & Mann, J. P. The global prevalence of Wilson
disease from next-generation sequencing data. Genet. Med. 21,
1155–1163 (2019).

6. Zhang, S. et al. Clinical and genetic characterization of a large cohort
of patients with Wilson’s disease in China. Transl. Neurodegener 11,
13 (2022).

7. Huster, D. et al. Diverse functional properties of Wilson disease
ATP7B variants. Gastroenterology 142, 947–956.e945 (2012).

8. Braiterman, L. T. et al. Distinct phenotype of aWilsondiseasemutation
reveals a novel trafficking determinant in the copper transporter
ATP7B. Proc. Natl. Acad. Sci. USA 111, E1364–1373 (2014).

9. Chesi, G. et al. Identification of p38MAPK and JNK as new targets for
correction of Wilson disease-causing ATP7B mutants. Hepatology
63, 1842–1859 (2016).

10. Wallace, D. F. & Dooley, J. S. ATP7B variant penetrance explains
differences between genetic and clinical prevalence estimates for
Wilson disease. Hum. Genet. 139, 1065–1075 (2020).

11. Sandahl, T. D. et al. The Prevalence of Wilson’s Disease: An Update.
Hepatology 71, 722–732 (2020).

12. Stapelbroek, J.M. et al. TheH1069Qmutation in ATP7B is associated
with late and neurologic presentation in Wilson disease: results of a
meta-analysis. J. Hepatol. 41, 758–763 (2004).

13. Ferenci, P. et al. Late-onset Wilson’s disease. Gastroenterology 132,
1294–1298 (2007).

14. Lek, M. et al. Analysis of protein-coding genetic variation in 60,706
humans. Nature 536, 285–291 (2016).

15. Takeshita, Y. et al. Two families with Wilson disease in which siblings
showed different phenotypes. J. Hum. Genet. 47, 543–547 (2002).

16. European Association for Study of Liver. EASL Clinical Practice
Guidelines: Wilson’s disease. J. Hepatol. 56, 671–685 (2012).

17. Nilles, C. et al. Diagnosis and Outcomes of Late-Onset Wilson’s
Disease: A National Registry-Based Study.Mov. Disord. 38, 321–332
(2023).

18. Seo, G. H. et al. Biochemical and molecular characterisation of
neurological Wilson disease. J. Med. Genet. 55, 587–593 (2018).

19. Cheng, N. et al. Spectrum of ATP7B mutations and genotype-
phenotype correlation in large-scale Chinese patients with Wilson
Disease. Clin. Genet. 92, 69–79 (2017).

20. Dong, Y. et al. Role for biochemical assays andKayser-Fleischer rings
in diagnosis of Wilson’s disease. Clin. Gastroenterol. Hepatol. 19,
590–596 (2021).

21. Kluska, A. et al.Whole-exomesequencing identifies novel pathogenic
variants across the ATP7B gene and some modifiers of Wilson’s
disease phenotype. Liver Int 39, 177–186 (2019).

22. Dong,Y. et al. Spectrumandclassificationof ATP7Bvariants in a large
Cohort of Chinese patients with Wilson’s disease guides genetic
diagnosis. Theranostics 6, 638–649 (2016).

23. Chen, Y. C. et al. Contribution of intragenic deletions to mutation
spectrum in Chinese patients with Wilson’s disease and possible
mechanism underlying ATP7B gross deletions. Parkinsonism Relat.
Disord. 62, 128–133 (2019).

24. Wan, L. et al. Mutation analysis and characterization of alternative
splice variants of the Wilson disease gene ATP7B. Hepatology 52,
1662–1670 (2010).

25. Zhu, M., Dong, Y., Ni, W. & Wu, Z. Y. Defective roles of ATP7B
missense mutations in cellular copper tolerance and copper
excretion.Mol. Cell. Neurosci. 67, 31–36 (2015).

26. Wang, C. et al. Presumed missense and synonymous mutations in
ATP7B gene cause exon skipping in Wilson disease. Liver Int 38,
1504–1513 (2018).

27. Gupta, A. et al. Cellular copper levels determine the phenotype of the
Arg875 variant of ATP7B/Wilson disease protein. Proc. Natl. Acad.
Sci. USA 108, 5390–5395 (2011).

28. Dmitriev, O. et al. Solution structure of the N-domain of Wilson
disease protein: distinct nucleotide-binding environment and effects
of disease mutations. Proc. Natl. Acad. Sci. USA 103, 5302–5307
(2006).

29. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc.
Series B Stat. Methodol. 57, 289–300 (1995).

Acknowledgements
We thank all patients and their families for their participation in this study.
Thisstudywas fundedby theKeyProject of theAnhuiProvincialDepartment
of Education (2023AH050837 and KJ2021A0548), the National Natural
ScienceFoundationofChina (81903895), theNaturalScienceFoundationof
Anhui Province (1908085QC90), the Regional Innovation and Development
Joint Fund of the National Natural Science Foundation of China
(U22A20366), and the Key Project of Traditional Chinese Medicine Science
and Technology of Anhui Province (202303a07020004). The funder played
no role in the study design; the data collection, analysis or interpretation; or
the writing of this manuscript.

Author contributions
W.Y. and S.Z. contributed to the conception and design of the study. W.Y.,
Y.Y., H.W., J.W. and S.Z. collected and analyzed the data. S.Z. wrote and
substantially revised the manuscript. All authors contributed to the article
and approved the submitted version.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41525-024-00459-z.

Correspondence and requests for materials should be addressed to
Shijie Zhang.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41525-024-00459-z Article

npj Genomic Medicine |            (2024) 9:71 6

https://doi.org/10.1038/s41525-024-00459-z
http://www.nature.com/reprints
www.nature.com/npjgenmed


Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s41525-024-00459-z Article

npj Genomic Medicine |            (2024) 9:71 7

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjgenmed

	Clinical and genetic characterization of patients with late onset Wilson&#x02019;s disease
	Results
	Demographic and clinical profiles
	ATP7B variant spectrum
	Genetic differences and diagnostic implications
	Correlation between ATP7B variants and the WD phenotype

	Discussion
	Methods
	Ethics statement
	Patients and phenotype evaluation
	Genetic analysis
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




