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Abstract

Background: Wilson's disease (WD) is an autosomal recessive disorder of copper metabolism caused by ATP7B
(encoding a copper-transporting P-type ATPase) variants that shows various characteristics according to race and
geographical region. This study was aimed to provide a comprehensive analysis of ATP/B variants in China and to
investigate a plausible role of common variants in WD manifestations.

Methods: A total of 1366 patients (1302 index patients and 64 siblings) clinically diagnosed with WD (Leipzig

score > 4) were recruited. They underwent ATP/B gene sequencing and information of age and symptoms at onset
was collected. The genotype—phenotype correlation was assessed in the index patients who were examined with two
pathogenic variants and onset with hepatic (n=276) or neurologic (n =665) symptoms.

Results: We identified 294 potentially pathogenic ATP7B variants (112 truncating, 174 missense, 8 in-frame) in

the 1302 index patients, including 116 novel variants. The most frequent variant was ¢.2333G>T (R778L, allele fre-
quency: 28.96%), followed by c.2975C>T (P992L, 13.82%), c.2621C>T (A874V, 5.99%), c.2755C>G (R919G, 2.46%),

and c.3646G>A (V1216M, 1.92%). In 1167 patients, both pathogentic variants were identified, of which 532 differ-
ent variant combinations were found. By binary logistic regression analysis, the factor associated with neurological
presentation was high age-at-onset, but not sex, protein-truncating variant (PTV), or the common missense variants
(R778L, P992L, and A874V). In the neurological group, low age-at-onset was a factor associated with dystonia, gait
abnormality, and salivation; high age-at-onset was a factor associated with tremor; and the sex, low age-at-onset and
A874V were independent factors associated with dysarthria. In addition, PTV, R778L, and P992L were predominant in
early-onset patients, whereas A874V was predominant in late-onset patients, and patients with R778L/A874V geno-
type displayed a higher age-at-onset than patients with R778L/R778L or R778L/P992L genotype.

Conclusions: Our work expanded the ATP7B variant spectrum and highlighted the differences among patients with
WD in age-at-onset and ATP/B variants, which may provide some valuable insights into the diagnosis, counseling, and
treatment of patients with WD.
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Background

Wilson’s disease (WD, OMIM #277900) is an autosomal

recessive disorder of copper metabolism caused by vari-
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24-h urinary copper levels [4]. The clinically estimated
prevalence of WD is 1/30,000 to 1/50,000 in the USA,
Europe, and Asia, which is lower than the genetic preva-
lence due to factors such as above-zero onset age, short-
ened life expectancy, delayed diagnosis, overlooked cases,
and low penetrance of some ATP7B variants [5, 6].

The canonical transcript of ATP7B (Ensembl
ENST00000242839.10) contains 21 exons and encodes
an eight-transmembrane-domain protein consisting of
1465 amino acids that is located on trans-Golgi networks
(TGN). The protein is abundantly expressed in the liver
and is expressed at lower levels in the kidneys, placenta,
brain, lungs, and heart [2, 3, 7]. In the liver, ATP7B is
responsible for copper incorporation into apoceruloplas-
min and excretion of copper through bile; therefore, the
inactivation of ATP7B leads to copper accumulation in
the liver and subsequently in the brain, cornea and other
tissues [8]. Currently, 782 pathogenic variants consisting
of substitutions, deletions, insertions, and duplications
have been identified in the ATP7B gene [9], and various
effects such as altered intracellular localization, defective
enzyme activity and reduced stability of the protein have
been reported [10-13].

Patients with WD usually present with various phe-
notypes, with hepatic and/or neurological presentation
being the main feature, and their ages of onset range from
8 months to 74 years [14—16]. The phenotype of WD is
believed to be a comprehensive result of combinations of
genetic, environmental and dietary factors, and several
studies have reported that ATP7B truncating variants are
associated with early onset of WD [17, 18]. So far, several
common missense variants have been found all over the
world, and a meta-analysis showed that H1069Q in Cau-
casians is associated with late and neurologic presenta-
tion of WD [19]. However, the effect of other common
variants on the phenotype of WD is still elusive. In this
study, we present a large cohort of patients with ATP7B
variants in the aim to extend the variant spectrum and
decipher the relationship between the phenotype and the
genotypes of the most common variants in China, which
are distinct from those in Caucasians.

Methods

Patients and data collection

Consecutive patients who sought diagnosis and treat-
ment for WD between August 31, 2016 and September 2,
2019 at the Department of Neurology of the First Affili-
ated Hospital of Anhui University of Chinese Medicine
were recruited. Each patient was assessed by several
neurologists, and their detailed clinical characteristics,
including age at onset (the time of occurrence of initial
symptoms attributable to WD), symptoms at presenta-
tion (distinguished as hepatic, neurologic, osteomuscular,
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renal, and asymptomatic subtypes), presence of K-F
rings, age at diagnosis, and laboratory findings, were
reviewed. Clinical diagnosis of WD was based on the
Leipzig score [8, 20], and only patients who had a Leip-
zig score >4 were included for ATP7B variant analysis
(Fig. 1).

Variant analysis

Genomic DNA was extracted from the peripheral blood
leukocytes of the patients using a standard protocol. For
the index patients, exonic sequences and the intron—exon
boundaries of ATP7B were amplified with the prim-
ers (Additional file 1: Table S1) and sequenced using an
ABI3730x] DNA Analyzer (Applied Biosystems, Carls-
bad, CA) following an order of exon 8, exon 13, exon
10_12, exon 18_19, exon 16, exon 5, exon 3, exon 15,
exon 17, exon 2, exon 14, exon 20, exon 4, exon 7, exon
9, exon 6, exon 21, and exon 1 until at least two patho-
genic variants were identified, or all of the 21 exons were
sequenced. For patients identified with novel or ambigu-
ous variants, all of the 21 exons were sequenced. Besides,
the pathogenic variants in the probands were confirmed
in their siblings with sequencing.

The variants identified in this study were compared
with the list of reported pathogenic variations in the
Human Gene Mutation Database (HGMD, accessed 18
August, 2021, http://www.hgmd.cf.ac.uk/ac/index.php)
[21], the Wilson Disease Mutation Database (accessed 20
August, 2021, http://www.wilsondisease.tk/) [9], and the
Ensembl database (accessed 20 August, 2021, https://asia.
ensembl.org/index.html). The pathogenicity of the vari-
ants was identified with InterVar (http://wintervar.wglab.
org/) or artificially by applying the American College of
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Fig. 1 Flowchart of study participants
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Medical Genetics and Genomics (ACMG) Standards and
Guidelines [22, 23], and all the missense variants were
assessed with SIFT (http://provean.jcvi.org/index.php)
and PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/
index.shtml) [24, 25].

Phenotype definition and genotype-phenotype
assessment

The age and the symptoms at onset were used as mark-
ers of phenotype of WD as suggested previously [8, 26].
The patients presenting with active clinical hepatic symp-
toms (jaundice, anorexia, nausea, coagulopathy, ascites,
etc.) were classified as having a hepatic subtype, and the
patients who presented with neurological features (dys-
tonia, tremor, gait abnormality, swallowing difficulty,
dysarthria, salivation, mental illness, etc.) with or with-
out hepatic features were classified as having a neuro-
logical subtype [8]. The patients identified incidentally
during physical examinations were classified as having
an asymptomatic subtype, as they could develop either
symptomatic hepatic or neurologic disease [26]. A small
proportion of patients who had arthralgia, arthritis or
renal symptoms at onset were classified as ‘Others; and
the siblings were analyzed separately. Index patients with
the hepatic phenotype were further divided into groups
with acute liver disease and chronic liver disease as rec-
ommended in a previous study [20], and those with the
neurological phenotype were further analyzed in groups
with predominant clinical signs of dystonia, gait abnor-
mality, swallowing difficulty, dysarthria, tremor, and
salivation. The genotype—phenotype assessment was
performed within index patients presenting with liver or
neurologic diseases, and only patients who were identi-
fied with two potential pathogenic ATP7B variants were
included (Fig. 1).

Statistical analysis

All statistical analyses were performed using SPSS ver-
sion 23 (IBM, Armonk, NY). Quantitative data (age at
onset and diagnosis) are expressed as mean=+SD, and
categorical variables are given as absolute (number) and
relative frequencies (%). To compare continuous vari-
ables, Student’s ¢-test was used for 2-group comparison,
and one-way analysis of variance followed by Scheffe
multiple comparison test was used for comparison of 3
or more groups, as appropriate. For categorical variables,
the y* test or Fisher’s exact test was used, as appropriate.
Binary logistic regressions were performed to identify
the factors (sex, age at onset, and presence of protein-
truncating variants [PTV] or hotspot variants R778L,
P992L, and A874V [dominant model]) associated with
neurologic/hepatic presentation, acute/chronic hepatic
disease, or specific neurological symptom (dystonia,
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tremor, gait abnormality, swallowing difficulty, dysar-
thria, or salivation). Only factors that showed significant
associations in univariate analyses were included in the
multivariate analysis. To control type I errors caused by
multiple-hypothesis test, the P-value was adjusted by the
Benjamini-Hochberg method [27]. The criterion for a
significant difference was P <0.05.

Results

Demographic features of the patients

Based on the inclusion and exclusion criteria, 1366
patients (1302 index patients and 64 siblings) were
enrolled for ATP7B sequencing (Fig. 1). Of the 1302 index
patients, 307 (23.58%) presented with hepatic symptoms,
737 (56.61%) presented with neurologic symptoms, 15
(1.15%) presented with osseomuscular symptoms, and
5 (0.38%) presented with renal symptoms. The remain-
ing 238 (18.28%) patients were diagnosed with elevated
transaminases or K-F rings, and were categorized as
asymptomatic subtype. Of the 64 siblings, a majority of
them were asymptomatic and the others presented with
hepatic, neurologic, or osseomuscular symptoms. The
demographic characteristics are summarized in Table 1.

Characterization of genetic variants in the ATP7B gene
Collectively, 294 underlying pathogenic variants (Addi-
tional file 2: Table S2), excluding synonymous vari-
ants, SNPs with high allele frequencies, and previously
mentioned nonpathogenic variants (Additional file 3:
Table S3), were identified in the 1302 index patients,
among which 116 were novel (Fig. 2a). The variants con-
sisted of 174 (59.18%) missense variants, 59 (20.07%)
frameshift variants, 31 (10.54%) splice-site variants, 22
(7.48%) nonsense variants, 6 (2.04%) in-frame deletions
and 2 (0.68%) in-frame insertions (Fig. 2b). Variants were
distributed throughout exons of ATP7B, with a major-
ity of variants before mental binding domain 5 (MBD5)
being PTV (Additional file 2: Table S2). The most com-
mon variant was ¢.2333G>T (R778L, exon 8), account-
ing for 28.96% (754/2604) of the total alleles, followed by
¢.2975C>T (P992L, exon 13, 13.82%), ¢.2621C>T (A874V,
exon 11, 5.99%), ¢.2755C>G (R919G, exon 12, 2.46%),
and ¢.3646G>A (V1216M, exon 17, 1.92%) (Fig. 2¢). In
this cohort, the 1302 index patients came from 30 differ-
ent provinces in China, mostly from Anhui (337, 25.88%),
Jiangsu (127, 9.75%), Henan (126, 9.68%), and Shandong
(114, 8.76%) Provinces, and the hotspot variants varied
slightly by geographic regions (Fig. 2d).

The 116 novel variants included 64 missense vari-
ants (Additional file 4: Fig. S1), 35 small insertions and
deletions (Additional file 4: Fig. S2a), 12 splice-site
variants (Additional file 4: Fig. S2b), and 5 nonsense
variants (Additional file 4: Fig. S2c). According to the
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Table 1 Diagnostic findings in patients with WD (n = 1366)
Hepatic (n=307) Neurologic (n=737) Asymptomatic Others (n=20) Siblings (n=64)
(n=238)
Males (%) 173 (56.4) 437 (59.3) 161 (67.6) 12 (60.0) 38(594)
Age at onset (years)
Range 2.6-64.8 5.5-62.6 1.8-50.9 4.7-26.0 -
Mean +SD 176104 19.3+80 95480 120+55
Age at diagnosis (years)
Range 3.1-65.6 5.5-62.8 2.0-54.2 53-26.8 2.8-48.0
Mean +SD 18.5+10.8 20.2+84 104+87 13.245.1 13.8+109
Presented symp- Acute hepatic WD (39/35) Dystonia (289/193) Elevated transaminases  Osseomuscular (8/7)  Asymptomatic (29/24)
toms (male/female)  Chronic hepatic WD Tremor (325/200) (160/73) Renal (4/1) Hepatic (3/0)
(134/99) Gait abnormality K-F rings (1/4) Neurologic (5/2)
(204/153) Renal (1/0)
Dysarthria (298/228)
Swallowing difficulty
(88/55)
Salivation (166/125)
CPL<0.1 g/l (%) 275/303 (90.8) 698/728 (95.9) 208/227 (91.6) 19/20 (95.0) 58/60 (96.7)
K-F ring (%) 273 (88.9) 708 (96.1) 117 (49.2) 17/3 (85.0) 36 (56.3)

SD standard deviation, CPL ceruloplasmin level, K-F rings Kayser—Fleischer rings

ACMG Standards and Guidelines, the 5 nonsense vari-
ants, 34 of the 35 small insertion and deletion variants,
and 9 canonical £ 1 or 2 splice-site variants resulting in
defective ATP7B proteins could be considered as ‘path-
ogenic variants. The shift variant p.1348_1352delins
MDGPIS  (c.4044_4054delinsGGATGGGCCCATCT)
resulting in in-frame insertion could be classified as
‘likely pathogenic variants’ The other three splice-site
variants (2448-5T>G, ¢.3700-3T>G, ¢.3904-3C>Q),
which needed further functional analysis, were clas-
sified as ‘variants with uncertain significance’ at this
stage. The 64 missense variants were all located in
highly conserved regions of ATP7B (Additional file 4:
Fig. S3), and results from SIFT, PolyPhen-2, and Inter-
Var analysis (Additional file 2: Table S2) indicated that
all of them could be classified as ‘likely pathogenic
variants’

Overall, among the 1302 unrelated patients clini-
cally diagnosed with WD, 1167 patients (89.63%) were
characterized with two potential disease-causing vari-
ants (204 homozygotes and 963 compound heterozy-
gotes), 115 patients (8.83%) were characterized with
one potential disease-causing variant, and 20 patients
(1.54%) were characterized with no potential disease-
causing variants (Table 2). There were 532 different
variant combinations identified (Additional file 5:
Table S4), among which the most common genotype
was R778L/R778L, accounting for 9.60% (125/1302) of
the index patients, followed by R778L/P992L (6.91%),
R778L/A874V (4.07%), P992L/P992L (3.00%), and
R778L/R919G (1.92%) (Table 2).

Association of sex, age at onset, and ATP7B variants
with WD manifestations
Next, we focused our attention on index patients who
carry two potential pathogenic ATP7B variants and had
onset with hepatic (n=276) or neurologic (n=665)
symptoms (Fig. 1). We noticed that the male patients
were dominant in both hepatic (male/female: 152/124)
and neurologic groups (male/female: 396/269, P=0.205),
which was different from the previous finding in Cau-
casians that females were more common in the hepatic
group [26]. In addition, in patients incidentally identified
based on elevated transaminase levels at an average age,
there was a male predominance (male/female: 160/73)
compared to those with a hepatic presentation (male/
female: 152/124, P=0.002) and those with a neurologic
presentation (male/female: 396/269, P=0.014), implying
that liver injury tends to start at an earlier age in males
than in females. In fact, males had an earlier age at onset
than females in the hepatic group (males vs females:
15.714+9.15 years vs 19.28+11.39 vyears, P=0.004),
but not in the neurologic group (males vs females:
19.57 +8.66 years vs 18.89 £+ 7.49 years, P=0.298).
Binary logistic regression confirmed that there was
no significant correlation between sex (male) and neu-
rological presentation, and no association between
the presence of PTV or the three common variants
(R778L, P992L, and A874V) and neurological pres-
entation (Fig. 3a). Instead, we did find that the age-
at-onset, which represents the natural progression
time of the disease, was a factor related to neurologic
presentation (Fig. 3a), consistent with the fact that
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Table 2 Genotypes of the index patients (n=1302)
Genotype Index patients Hepatic Neurologic Asymptomatic Others
Total 1302 (100%) 307 (100%) 737 (100%) 238 (100%) 20 (100%)
Homozygotes 204 (15.67) 44 (14.33) 121 (1642) 37 (15.55) 2(10.00)
R778L/R778L 125 (9.60) 24(7.82) 74 (10.04) 26(10.92) 1(5.00)
P992L/P992L 39 (3.00) 7(2.28) 27 (3.66) 4(1.68) 1(5.00)
A874V/A874V 6 (0.46) 2(0.65) 2(0.27) 2(0.84) 0
PTV/PTV 10 (0.77) 1(0.33) 9(1.22) 0 0
Others 24 (1.84) 10 (3.26) 18 (2.44) 5(2.10) 0
Heterozygotes 963 (73.96) 232 (75.57) 544 (73.81) 172 (72.27) 15 (75.00)
PTV/PTV 24 (1.84) 9(2.93) 12 (1.63) 3(1.26) 0
PAV/PAV 645 (49.54) 149 (48.53) 368 (49.93) 118 (46.58) 10 (50.0)
R778L/P992L 90 (6.91) 16 (5.21) 54(7.33) 18 (7.56) 2(10.00)
R778L/A874V 3(4.07) 7(2.28) 9(5.29) 6(2.52) 1 (5.00)
R778L/R919G 5(1.92) 4(1.30) 6(2.17) 5(2.10) 0
R778L/S975Y 6(1.23) 2(0.65) 1(1.49) 2(0.84) 1 (5.00)
P992L/A874V 16 (1.23) 3(0.98) 1(1.49) 2(0.84) 0
R778L/V1106I 3(1.00) 7(2.28) 3(041) 3(1.26) 0
R778L/V1216M 2(0.92) 0 9(1.22) 3(1.26) 0
Others 420 (32.26) 110 (35.83) 225 (30.53) 79 (33.19) 6 (30.00)
PAV/PTV 294 (22.58) 74 (24.10) 164 (22.25) 51(21.43) 5 (25.00)
R778L/PTV 96 (7.37) 25(8.14) 58(7.87) 12 (5.04) 1(5.00)
P992L/PTV 48 (3.69) 12 (3.91) 24 (3.26) 12 (5.04) 0
A874V/PTV 24 (1.84) 1(0.33) 18 (2.44) 4(1.68) 1 (5.00)
R919G/PTV 7(1.31) 4(1.30) 9(1.22) 4(1.68) 0
Others 109 (8.37) 32(1042) 55 (7.46) 19 (7.98) 3(15.00)
One variant identified 115 (8.76) 23 (7.49) 61(8.28) 28(11.76) 3(15.00)
R778L/?7 33(2.53) 10 (3.26) 19 (2.58) 4(1.68) 0
P992L/? 9(2.23) 4(1.30) 3(1.76) 10 (4.20) 2(10.00)
PTV/? 7(1.31) 1(033) 13(1.76) 2(0.84) 0
A874V/? 10(0.77) 3(0.98) 5(0.68) 2(0.84) 0
Other/? 6 (2.00) 5(1.63) 1(1.49) 10 (4.20) 1(5.00)
No variant identified 0(1.54) 8(2.61) 11 (1.49) 1(0.42) 0

PTV, protein-truncating variants (e.g., frameshift, nonsense, splice sites); PAV, protein-altering variants (e.g., missense, in-frame deletions and insertions); ? second
variants unknown. The data are presented as number and percentage of patients in each group

neurologic symptoms appeared later than hepatic
symptoms (hepatic vs neurologic: 17.324+10.36 years
vs 19.17 £7.99 years, P=0.008). Further analysis was
performed in the hepatic or neurologic presentation
groups with various symptoms, and the results indi-
cated that the low age-at-onset was a factor associated
with acute hepatic disease in patients with hepatic pres-
entation (Fig. 3b), and was a factor associated with dys-
tonia, gait abnormality, and salivation in patients with
neurological presentation (Fig. 3c). Besides, high age-
at-onset was a factor associated with tremor, while sex
(male), low age-at-onset and A874V variant were inde-
pendent factors associated with dysarthria in patients
with neurological presentation (Fig. 3c).

Genotype-phenotype correlation of hotspot variant
combinations
Further analysis was focused on common homozygotes
and compound heterozygotes in the hepatic and neu-
rologic groups. As shown in Table 2, there was no sig-
nificant difference in the distribution of R778L/R778L,
P992L/P992L, R778L/PTV, PTV/PTV, R778L/P992L,
and R778L/A874V genotypes in hepatic and neurologic
groups, implying no association of the hotspot variant
combinations with hepatic or neurologic presentation.
Next, we evaluated the distribution frequencies of sev-
eral common variants (PTV, R778L, P992L, and A874V)
and their percentages in specific ranges of age-at-onset.
As shown in Fig. 4a, PTV, R778L, and P992L were pre-
dominant in early-onset patients, whereas A874V was
predominant in late-onset patients regardless of the
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a Neurologic presentation Padj. OR (95% Cl) b Acute hepatic WD P adj. OR (95% ClI)
Sex (male)+ —— 0.364  1.201 (0.905, 1.594) Sex (male) -—|:'—- 0.919  0.965 (0.557, 1.673)
o Age (cont.)1 L 0.018  1.026 (1.009, 1.044) ) Age (cont.)A L <0.0001 0.888 (0.846, 0.932)
S PTV+ i 0.592 0.881(0.648, 1.198) ] PTVA f——————— 0.171 1.745 (0.983, 3.095)
S R778L+ —t— 0.281 1.252 (0.945, 1.659) S R778L+ t———— 0.172_ 1.696 (0.975, 2.948)
v P992L - H—— 0.323  1.259 (0.903, 1.756) - P992L4{ —+H— 0.642 0.788 (0.397, 1.563)
A874V+ S — 0.175 1.592 (0.998, 2.538) A874VH{——"— 0.286  0.390 (0.113, 1.347)
0 1 2 3 0.0 05 1.0 1.5 2.0 25 3.0
Effect Size and 95% ClI Effect Size and 95% CI
C Dysarthria Padi. OR (95% Cl) Dystonia Padi.  OR (95% Cl)
Sex (male)+ — : 0.016 0.575 (0.397, 0.833) Sex (male)- -—E-|—- 0.749 1.081 (0.779, 1.500)
o Age (cont.)- b 0.0003 0.954 (0.933, 0.975) » Age (cont.)1 K <0.0001 0.864 (0.839, 0.889)
) PTV- ——+———  0.363__ 1.281(0.868,1.891) O PTV+ \——+——— 0.058 1.737 (1.125, 2.682)
S R778L+ —H— 0.824 0.947 (0.674, 1.331) S R778L+ H—t— 0.323 1.254(0.909, 1.732)
w P992L + ————— 0.302  1.360 (0.912, 2.030) - P992L ~ —H— 0.577 0.862 (0.600, 1.238)
A874VH{ —— ! 0.014 0.478 (0.298, 0.768) A874V+ —— 0.730 0.873 (0.521, 1.464)
00 05 10 15 20 00 05 1.0 15 20 25
Effect Size and 95% CI Effect Size and 95% CI
Gait abnormality Padi. OR(95% Cl) Salivation Padj. OR (95% Cl)
Sex (male)+ — 0.602 0.876 (0.642, 1.194) Sex (male)- — 0.588 0.874 (0.638, 1.198)
o Age (cont.)- [ 0.0006 0.958 (0.938, 0.978)  ,, Age (cont.) [H <0.0001 0.920 (0.897, 0.944)
S PTV+ '_i_'— 0.652  1.119(0.797,1.571) S PTV- —— 0.617  1.138 (0.806, 1.605)
b R778L- o — 0.364 _ 1.210(0.892, 1.642) & R778L- H—t——  0.268 1.293 (0.947, 1.765)
w P992L 4 —_— 0.904 1.021(0.723, 1.443) W P992L 4 ———0.282  1.299 (0.917, 1.842)
A874V+ — 0.088 0.569 (0.351, 0.922) A874V+ -—H—- 0.376 0.727 (0.430, 1.230)
00 05 10 15 20 00 05 10 15 20
Effect Size and 95% CI Effect Size and 95% CI
Tremor Padj. OR (95% CI) Swallowing difficulty  padj. OR (95% CI)
Sex (male)- —t 0.061 1.544 (1.093, 2.182) Sex (male)+ — 0.881 1.040 (0.704, 1.536)
) Age (cont.)1 T 0.0003 _ 1.055 (1.029, 1.082) ) Age (cont.)q { 0.261  0.978 (0.953, 1.004)
S PTV{ —i—— 0.882_ 0.959(0.660,1.394) G PTV+ —— 0.732 0.889 (0.576, 1.372)
@ R778Lq —H— 0.795 0.939 (0.670, 1.315) R778L+ —— 0.434 0.810 (0.552, 1.187)
w P992Lq{ —H—— 0.796 1.080 (0.734,1.587) '+ P992L 4 \——+———  0.133 1.556 (1.030, 2.351)
A874V+ H——————————  0.297 1.494 (0.881, 2.532) A874v{ ——— 0.170  0.520 (0.268, 1.008)
05 1.0 15 20 25 00 05 10 15 20 25
Effect Size and 95% CI Effect Size and 95% CI
Fig. 3 Associations of sex (male), age-at-onset, and ATP7B variants with WD manifestations. a Binary logistic regression analysis of factors associated
with neurologic presentation in hepatic and neurologic presentation patients (n=941). b Binary logistic regression analysis of factors associated
with acute hepatic WD in hepatic presentation patients (n=276). ¢ Binary logistic regression analysis of factors associated with dystonia, gait
abnormality, swallowing difficulty, dysarthria, tremor, or salivation in neurologic presentation patients (n=665). Only factors with significant
associations in univariate analyses were included in the multivariate analysis. The P-values were adjusted with the Benjamini—-Hochberg method.
Cont,, continuous variable, PTV, protein-truncating variants (e.g., frameshift, nonsense, splice sites)

hepatic or neurologic group. Interestingly, patients with

Discussion

R778L/R778L and P992L/P992L homozygotes, as well
as patients with R778L/PTV, PTV/PTV, and R778L/
P992L. compound heterozygotes, had comparable age-
at-onset, either in the hepatic or in the neurologic group,
and patients with the R778L/A874V genotype displayed
a higher age-at-onset in both the hepatic and the neuro-
logic groups, compared to patients with R778L/R778L or
R778L/P992L genotype (Fig. 4b, c).

In this study, we performed targeted sequencing of
ATP7B in 1302 index patients from 30 provinces of
China, which allowed us to delineate the variant spec-
trum, clinical features, and genotype—phenotype correla-
tions of WD in China. Overall, 294 potential pathogenic
variants were identified in this study, among which 178
have been reported to be disease-causing variants in the
Wilson Disease Mutation Database [9]. The remaining
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116 variants were novel, and the current evidence indi- The top five most common variants were R778L,
cated that 48 of them could be classified as ‘pathogenic ~ P992L, A874V, R919G, and V1216M in our cohort,
variants, 65 of them could be classified as ‘likely patho- and there were slight differences based on geographi-
genic variants, and 3 of them could be classified as cal region. As most of our patients came from Anhui,
‘variants with uncertain significance! These findings Jiangsu, Henan, and Shandong Provinces, the imbalanced
substantially expand the known spectrum of pathogenic  distribution of patients and common variants in different
ATP7B variants. Significantly, two of the previously iden-  geographical areas of China may contribute to the dis-
tified variants (I390V and A476T), which were predicted crepancies in variant “hotspots” between our study and
to be ‘tolerated’ and ‘benign; and two of the novel variants  previous studies in China, where the majority of patients
(L510R and L1154R), which were predicted to be ‘dam- came from Fujian and Zhejiang Provinces [28, 29]. In
aging’ and ‘probably damaging, were found to co-exist total, 532 different variant combinations were identified
with two other known pathogenic variants in the patients  in 1167 patients, which seems to be more complicated
(Additional file 5: Table S4). Their roles should be further  than that in Caucasians [26]. The overall genetic diagnos-
analyzed. tic rate was 89.63% (1167/1302), which was comparable
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to previous results obtained by exon-by-exon sequencing
(919/1172, 78.4%) in Caucasians, whole-exome sequenc-
ing (218/248, 87.9%) in Poland, and whole sequencing of
the 5’'UTR, 21 exons and their flanking regions (569/632,
90.0%) in China [26, 28, 30]. Several previously men-
tioned factors, such as large hemizygous deletions, reg-
ulatory region variants, and genetic alterations outside
ATP7B may contribute to the fact that not all patients are
genetically diagnosed [26, 28].

We noticed that patients with neurologic symptoms
were predominant in our cohort, which was different
from previous studies in Europe and Korea [26, 31]. There
may be a screening effect of our institution; however, the
predominance of neurological patients has also been
noted in another cohort from China [32]. Meanwhile, we
noticed a predominance of male patients in different WD
groups compared to the sex distribution in the general
population (males/females: 105.07/100, according to the
2020 Population Census of China), which was consistent
with the results of several other studies in Asia [31-33].
The predominance of male patients in the neurologic
group was also noticed in Caucasians [26, 34], and was
plausibly explained by the protective role of estrogens
in the brain [30]. However, the opposite phenomenon
was observed in Caucasians with hepatic symptoms [26,
34], which may be a result of the different ATP7B vari-
ant spectrum in our study. In the current study, the pro-
portion of male patients was significantly higher in the
group diagnosed based on elevated transaminase levels
than in the groups of patients diagnosed based on hepatic
or neurologic symptoms. Considering that patients with
elevated transaminase levels were primarily identified
during preschool physical examinations at an average
age, we speculated that hepatic injury may start at an ear-
lier age in males than in females, which was found to be
statistically significant in patients with hepatic presenta-
tion. Besides, it has been reported that the penetrance of
some pathogenic variants in WD may be less than 100%
[5, 6]; a sex-dependent penetrance and unequal concerns
for male and female patients should also be considered.

As previously recommended, the age and symptoms at
onset were used as phenotype descriptors in this study
[26]. A key factor in finding genotype—phenotype cor-
relation should be timely and definite diagnosis of symp-
toms and age at onset in patients with WD. However,
there is a delay of diagnosis, mild hepatic or neurologi-
cal symptoms may be overlooked by a physician, and the
boundary between neurological and hepatic presenta-
tions is not always clear. In this study, the phenotypic
analysis was performed in patients with active clinical
hepatic and neurological presentation. The asympto-
matic patients exhibiting elevated transaminases were
excluded as they may progress to active clinical hepatic
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or neurological symptoms later without timely diagno-
sis and treatment. The result indicated that PTV, R778L,
P992L, and A874V were not associated with neurologi-
cal presentation, but the high age-at-onset played a role.
This is consistent with the presumed natural history of
WD, in which copper accumulates first in the liver and
then extrahepatic tissues when the hepatic copper stor-
age capacity is exceeded [26]. We also observed that the
low age-at-onset was associated with acute hepatic dis-
ease and some specific neurological symptoms. This may
be a result from different processes involved in copper-
induced hepatocyte apoptosis or oxidative stress in the
liver [4, 35], and distinct susceptibility to copper toxicity
in brain regions at different developmental stages. How-
ever, we did observe an association between A874V and
dysarthria. Since the ATP7B protein is also expressed in
different regions of the brain [36], the properties of vari-
ous ATP7B variants may play a role in the occurrence of
dysarthria. Interestingly, inhibition of the p38/JNK path-
way involved in degradation of the H1069Q or R778L
mutant failed to rescue the A874V mutant, implying dis-
tinct property and metabolic pathway of A874V variant
[13].

In addition, we assessed the allele frequency of PTV
according to age-at-onset, and found that PTV was more
common in patients with a younger age-at-onset in both
the hepatic and neurologic groups, which was consist-
ent with the previous finding that truncating variants are
associated with an early onset of WD [17, 18]. Based on
the same criterion, we performed a frequency assessment
of the variants R778L, P992L and A874V, and found that
the R778L and P992L variants were enriched in earlier-
onset WD, whereas the A874V variant was enriched in
later-onset WD. The results were confirmed by com-
paring patients with the specific genotypes of R778L/
R778L, P992L/P992L, R778L/PTV, PTV/PTV, R778L/
P992L and R778L/A874V in both the hepatic and the
neurologic groups, which revealed that patients with the
R778L/A874V genotype tended to have a later onset than
patients with R778L/R778L or R778L/P992L genotype.
This implies that the role of a specific variant may vary in
different variant combinations.

The different presentations of WD may result from var-
ious properties associated with the ATP7B variant, such
as the subcellular localization, stability, catalytic activ-
ity and copper transport activity. In hepatocytes, nor-
mal ATP7B protein is localized in the TGN, whereas the
truncated ATP7B shows a diffuse, clustered, cytoplasmic
pattern of localization that is distinct from the pattern of
localization in the TGN or endoplasmic reticulum (ER)
[37]. The missense variants display various localization
patterns, with R778L and A874V predominantly located
in ER, and H1069Q located in both the ER and TGN [11,
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12]. The phosphorylation activity is also altered, with
A874V associated with significantly increased ATP7B
phosphorylation and H1069Q associated with defective
ATP-binding ability [11]. In addition, the copper trans-
port activities of the A874V, P992L and H1069Q variants
are reduced to varying degrees [11]. In Saccharomyces
cerevisiae, the ccc2 mutant can be partially rescued by
H1069-ATP7B, whereas only weak complementation
was found with R778L-ATP7B and P992L-ATP7B [38,
39]. Recently, a copper gradient maintained by vesicular
ATP7B in mouse intestine has been reported [40], and
the effects of different variants on the buffering ability of
ATP7B should also be considered.

Conclusions

In summary, our study identified 116 novel variants that
substantially expand the spectrum of pathogenic ATP7B
variants, and demonstrated that PTV, R778L, P992L and
A874V were not associated with hepatic or neurologic
presentation. Besides, we also noted no correlations of
PTV, R778L, P992L and A874V with acute hepatic dis-
ease, dystonia, gait abnormality, salivation, tremor and
swallowing difficulty, except that A874V was negatively
associated with dysarthria. In addition, patients with the
R778L/A874V genotype displayed a higher age-at-onset
than patients with R778L/R778L or R778L/P992L geno-
type. Our research highlights the differences among WD
patients in age-at-onset and ATP7B variants, which may
provide some valuable insights into the diagnosis, coun-
seling, and treatment of patients with WD. Comparing
the clinical features of patients with R778L/R778L and
R778L/A874V genotypes and studying their underlying
mechanisms will be helpful for understanding the pro-
gression of WD.
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