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Abstract
Background & Aims: Genetic factors underlie a substantial proportion of paediatric 
liver diseases. Hereditary liver diseases have considerable genetic heterogeneity and 
variable clinical manifestations, which bring great challenges to clinical and molecular 
diagnoses. In this study, we investigated a group of paediatric patients with varying 
degrees of liver dysfunction using a hierarchical genetic testing strategy.
Methods: We first applied a panel encompassing 166 known causal genes of liver dis-
ease. We then used exome sequencing (ES) in those patients whose cases remained 
undiagnosed to identify the genetic aetiology of their symptoms.
Results: In total, we enrolled 131 unrelated paediatric patients with liver disease of 
Chinese Han ethnicity. We first applied targeted gene sequencing of 166 genes to all 
patients and yielded a diagnostic rate of 35.9% (47 of 131). Eighty-four patients who 
remained undiagnosed after target gene sequencing were subjected to ES. As a re-
sult, eight (8/84, 9.5%) of them obtained molecular diagnoses, including four patients 
suspected of abnormal bilirubin metabolism and four idiopathic cases. Non-typical 
genetic findings, including digenic inheritance and dual molecular diagnosis, were 
also identified. Through a comprehensive assessment of novel candidate variants 
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1  |  INTRODUC TION

Paediatric liver diseases cause approximately 15 000 hospital-
izations costing a total of $350 million every year in the USA,1 
and have necessitated 12 046 liver transplants in European chil-
dren from 1988 to 2015,2 with 17% metabolic liver diseases and 
49% cholestatic congestion. Hereditary disorders are important 
causes of paediatric liver diseases, comprised of a variety of 
Mendelian syndromes, including Wilson disease, glycogen stor-
age disease, hereditary hemochromatosis, alpha-1 antitrypsin 
deficiency, and tyrosinemia type 1.3–5 These diseases are often 
caused by genetic variants affecting genes essential for critical 
metabolic pathways.

With the development of next-generation sequencing, genetic 
testing has emerged as an efficient tool for the diagnosis of many 
hereditary diseases, including those affecting the liver. For patients 
with clinically suspected genetic disorders, targeted sequencing of 
candidate genes has demonstrated a considerable diagnostic utility, 
as exemplified in Wilson disease,6 hereditary tyrosinemia type 1,7 
and hereditary hemochromatosis.8

Nevertheless, in clinical practice, hereditary liver diseases have 
considerable genetic heterogeneity and variable clinical manifesta-
tions, which bring challenges to the design of appropriate gene pan-
els for sequencing.9–17 Exome sequencing (ES) represents a relatively 
more comprehensive genetic testing method. Although more costly 
than panel sequencing, ES has been shown to substantially increase 
the diagnostic rate in cohorts of various metabolic diseases and devel-
opmental disorders. ES also enables the classification of more compli-
cated conditions, e.g., dual diagnosis, where two molecular diagnoses 
are simultaneously observed in a single individual, resulting in blended 
phenotypes.18

In this study, we investigated a group of paediatric patients with 
liver disease. We first applied panel sequencing encompassing 166 
causal genes of liver diseases. Then we used ES in the remained 
cases without a diagnosis from panel sequencing, which allowed us 
to identify more disease-associated variants.

2  |  PATIENTS AND METHODS

2.1  |  Patients

Paediatric patients (age ≤18) with paediatric liver disease were re-
cruited from the Fifth Medical Center of Chinese PLA General 
Hospital from January 2015 to May 2018.

Patients with either of the following conditions were included 
in our study: (1) abnormal liver function examination, i.e., exceeding 
the 2× upper limit of normal (ULN) range in alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), γ-glutamyl transpeptidase, 
total bile acid (TBA), total bilirubin or direct bilirubin or (2) abnormal 
findings in imaging, such as cirrhosis or hepatic fibrosis.

The exclusion criteria for our study were as follows: (1) patients 
with viral hepatitis (i.e., hepatitis A virus, hepatitis B virus, hepatitis 
C virus, Cytomegalovirus, or Epstein–Barr virus); (2) patients with 
autoimmune hepatitis; (3) patients with a definitive history of drug 
and toxin-related liver disease; (4) patients with diseases primarily 
affecting other systems; (5) patients meeting the diagnostic scoring 
standards for Wilson disease; (6) patients with hepatic neoplasm; (7) 
patients with a definitive history of abdominal trauma.This study was 
approved by the Research Ethics Committee of the Fifth Medical 
Center of Chinese PLA General Hospital (IRB ID: 2020078D). 
Consent forms were obtained from all patients or guardians.

2.2  |  Sequencing and bioinformatic analysis

The gene panel used for targeted gene sequencing of liver disease 
includes 166 causal genes for 223 monogenic disorders, which 
are divided into 12 categories (Table S1). ES was performed on 
probands in cases where the targeted panel sequencing failed to 
identify any pathogenic variants. In this process, genomic DNA ex-
tracted from peripheral blood was prepared into Illumina paired-
end libraries, and then subjected to exome capture using xGEN 
targeted capture kit (IDT) or All Exon V6 (Agilent), depending on 
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of uncertain disease association, 11 patients of the remaining undiagnosed patients 
were able to obtain likely molecular diagnoses.
Conclusions: Our study presents evidence for the diagnostic utility of sequential ge-
netic testing in a cohort of patients with paediatric liver disease. Our findings expand 
the understanding of the phenotypic and mutational spectrum underlying this hetero-
geneous group of diseases.

K E Y W O R D S
genetic testing, liver disease, molecular diagnosis, novel variants
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the time of enrollment in our cohort, followed by sequencing on the 
Illumina X-TEN platform.

Variant-calling and annotation were performed by the in-
house developed Peking Union Medical College Hospital Pipeline 
(PUMP).19 Single-nucleotide variants and internal duplications and/
or deletions (indels) were called using the HaplotypeCaller of the 
Genome Analysis Toolkit (GATK), version 3.4.0.

Population allele frequency (AF) of each variant was obtained 
from the Genome Aggregation Database (gnomAD) (https://gno-
mad.broad​insti​tute.org/) and an in-house database of 4983 exomes. 
Combined annotation dependent depletion (CADD) was used for in 
silico prediction of variant deleteriousness.

2.3  |  Variant interpretation

The protocol for interpretation of single nucleotide variants (SNVs) 
and indels was adapted from the American College of Medical 
Genetics and Genomics (ACMG) guidelines.20 For dominant disor-
ders, one pathogenic or likely pathogenic variant in a gene that can 
account for a patient’s phenotype(s) is required for a molecular di-
agnosis. For the molecular diagnosis of recessive disorders, bi-allelic 
pathogenic or likely pathogenic variants are required. In this study, 
we also reported novel clinically relevant candidate variants associ-
ated with observed phenotypes, particularly in cases where patients 
carry one pathogenic variant and one variant of uncertain signifi-
cance (VUS) in recessive genes. Intragenic copy number variants 
(CNV) in suspected genes were detected by manual review of bam 
files using the integrative genomics viewer (IGV).21

2.4  |  PCR and Sanger sequencing

When a suspected variant was identified in the proband, Sanger se-
quencing for SNV or quantitative PCR(qPCR) for CNV was performed 
on family trios and other affected family members for validation. 
Additionally, we conducted PCR on four patients and one control to 
verify a long-range insertion to intron 3 of SLCO1B3 found through 
ES. For PCR, we designed a forward primer complementary to the 
insertion’s terminal sequence (5′-CTAAGCAAGCCTGGGCAATG−3′) 
and a reverse primer complementary to the flanking inversed-exon 
4 sequence (5′-TCAATGGAACATCACCTGAGA-3′). PCR products 
were then sequenced by Sanger sequencing.

2.5  |  In-house exome database

An in-house database of 4983 Chinese individuals who under-
went ES was collected through the Deciphering disorders Involving 
Scoliosis and COmorbidities (DISCO) study (http://www.disco​study.
org/). Exome data were processed and joint-called using the Peking 
Union Medical College hospital Pipeline (PUMP).19

2.6  |  Cost-effectiveness analysis

A simulation-based method was used to compare the cost-
effectiveness of the hierarchical strategy implemented in this study 
and a counterfactual first-line ES strategy, in which all patients di-
rectly undergo diagnostic ES without prior tests (Figure  S1). The 
detailed cost and diagnostic time for each strategy were consist-
ent with the Chinese Medical Service Price Regulations (Table S2). 
Chinese Yuan (CNY) was converted into American Dollars (USD) 
based on the exchange rate of 0.155 on 31 July 2021. We calcu-
lated the mean cost differences and the mean diagnostic time dif-
ferences with 95% parametric confidence intervals for effectiveness 
comparison for the whole cohort and clinical subgroups with n > 10. 
We then performed n = 500 bootstraps to test the robustness of the 
parametric assumptions. Each bootstrap included n = 500 individu-
als randomly selected from the cohort (n = 131).

2.7  |  Statistics

We used the Pearson chi-squared analysis module in IBM SPSS 
Statistics 26 to compare allele counts between different population 
databases (i.e., all populations in the GnomAD exome database and 
the Chinese population represented by our in-house database of 
4983 individuals). We performed Fisher’s exact test in the event of 
an expected count below 5 in 2 × 2 contingency table. Differences 
with a p <0.05 were reported as significant.

3  |  MAIN OUTCOMES AND ME A SURES

3.1  |  Cohort demographics and molecular 
diagnostic yield

After excluding patients who were diagnosed based on clinical exami-
nations (Table S3), we enrolled 131 unrelated paediatric patients with 
unexplained liver dysfunction (Figure  1, Table  1). The mean age of 
symptom onset is 5.7 ± 5.3 years, and 38.1% of the patients are female. 
While 80 out of 131 patients were clinically suspected of having a ge-
netic disorder such as Wilson disease or glycogen storage disease, the 
rest of the patients (51/131, 38.9%) were not specifically likely to have a 
specific genetic disorder, and these were considered as idiopathic cases.

We first applied targeted gene sequencing, surveying 166 genes 
to all 131 patients, and yielded a diagnostic rate of 47 out of 131 
(35.1%) (Figure  2, Table S4, Table  3). Most patients clinically sus-
pected of having Wilson disease (11 of 15) or glycogen storage dis-
ease (19 of 23) obtained genetic diagnoses. Fourteen cases out of 19 
patients diagnosed with glycogen storage disease were further sub-
classified. Most of them (8 of 14) were found to be affected by gly-
cogen storage disease IXa. Notably, seven out of 51 (14%) patients 
in the idiopathic group were also molecularly diagnosed through the 
targeted gene sequencing (Figure 2).
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Pathogenic CNVs identified by manual review of bam files were 
revealed in three patients (Table  3). A homozygous exon 1 loss in 
PHKA2 enabled the diagnosis of glycogen storage disease, type 
IXa1, of one idiopathic patient. A heterozygous deletion, involving 
the entire exon 1 to exon 10 of the OTC gene, confirmed the clini-
cally suspected diagnosis with urea cycle disorder in another patient. 
One male patient (DISCO-H16070594) simultaneously harboured an 
exon 51 deletion in DMD and a pathogenic mutation in ATP7B. The 
details of the dually diagnosed patient (DISCO-H16070594) were 
provided in the later section.

Three patients received molecular diagnoses unexpected 
from the suspected clinical diagnoses. They presented with 
atypical phenotypes in the context of their underlying genetic 
disorders (Table S5). Patient DISCO-H17044399, molecularly 

diagnosed with Wilson disease, presented high urinary copper 
concentration (172.7  μg per 24  h, higher than 2× upper limit 
of normal [ULN]), but normal serum ceruloplasmin concentra-
tion. Patient DISCO-H171110226, molecularly diagnosed with 
Polycystic kidney disease 4, presented hepatic fibrosis with rel-
atively low serum ceruloplasmin concentration. Another patient, 
DISCO-H16050225, molecularly diagnosed with Alagille syn-
drome 1, had hyperlipemia and foam cells in his bone marrow bi-
opsy, which is frequently seen in lipid metabolic disorders (e.g., 
Niemann-Pick disease).22

Eighty-four patients who remained undiagnosed after target 
gene sequencing were subsequently subjected to ES, and eight pa-
tients obtained a molecular diagnosis through ES (Figure 2, Table 2), 
including four patients out of nine that were initially diagnosed to 

F I G U R E  1  Diagram of the hierarchical 
genetic testing workflow
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    |  1101WANG et al.

have abnormal bilirubin metabolism (44%), and four patients of the 
51 that had idiopathic liver diseases (8%).

These four patients presenting with abnormal bilirubin metab-
olism were all diagnosed with Rotor syndrome. Rotor syndrome is a 
digenic-recessive bilirubin metabolism disorder caused by bi-allelic 
loss-of-function variants in both SLCO1B1 and SLCO1B3, which en-
code for the protein OATP1B1 and OATP1B3, the main transport-
ers for conjugated bilirubin uptake in hepatocytes.23 In SLCO1B1, a 
homozygous stop-gain variant c.1738C > T (p.R580*) was found in 
all four patients. In SCLO1B3, we identified a long-interspersed ele-
ment (LINE-1, L1) insertion in intron 3 and the consequent inversion 
of exon 4 (NM_001349920.2), which has been previously reported 
in Chinese patients with Rotor syndrome (Figure 3).24 These find-
ings highlight the importance of a comprehensive analysis of multi-
genetic mutations and recurrent structure variations in the bilirubin 
metabolism pathway.

The diagnoses of four idiopathic patients were comprised of one 
case of familial hypercholesterolemia (MIM: 143890), one case of 
Schwachman-Diamond syndrome (MIM: 260400), and two cases of 
transient infantile hypertriglyceridemia (MIM: 614480). The panel 
sequencing did not cover these genetic disorders due to the non-
typical hepatic presentation (fatty liver cirrhosis in two patients 
with transient infantile hypertriglyceridemia caused by GPD125 and 
elevated ALT/AST/TBA in the patient with Schwachman-Diamond 
syndrome caused by SBDS26), or lack of updated inclusions based 
on associations described in recent literature (liver cirrhosis in the 
patient with familial hypercholesterolemia caused by LDLR 27).

3.2  |  Dual molecular diagnoses

One male patient (DISCO-H16070594) from a consanguineous 
family (Figure  S2) had a homozygous c.2333G  >  T (p.Arg778Leu) 

pathogenic variant in the ATP7B gene (Table S5) and a hemizygous 
pathogenic CNV (exon 51 deletion) in DMD (Table 3), resulting in a 
dual molecular diagnosis of Wilson disease and Duchenne muscular 
dystrophy. The mutation, C.2333G > T (p.Arg778Leu) of ATP7B was 
reported in more than five previous cases of Wilson’s disease,28–30 
and was shown to cause a reduction in ATP7B protein expression 
and copper export capacity.31 The deletion of exon 51 in DMD also 
has been reported in more than five patients affected by DMD,32–35 
and putatively led to LoF of the DMD protein. The patient’s serum 
aminotransferase was self-reported to be elevated during the past 
3 years, and his liver biopsy showed the features of chronic hepati-
tis (Figure S3). Copper staining of the liver was positive; his urinary 
copper was 105.8 μg per 24 h (higher than 2× ULN). He also had low 
serum ceruloplasmin (0.02 g/L). Additionally, muscle magnetic reso-
nance imaging showed fatty infiltration and multiple edemas in the 
bilateral gluteus maximus and thigh muscle. Blood tests showed high 
serum creatine kinase (7711 U/L), high ALT (429 U/L) and high AST 
(356 U/L). Taken together, the dual molecular diagnosis in this pa-
tient resulted in a blended phenotype, emphasizing the importance 
of genetic testing in diagnosing complex liver disorders.

3.3  |  Cost-effectiveness of the hierarchical genetic 
testing strategy

To evaluate whether this hierarchical strategy is superior to the 
direct ES strategy in our paediatric liver disease clinical setting, 
we performed a cost-effectiveness analysis based on our realistic 
unexplained-liver-dysfunction cohort (n = 131). As a result, we found 
that the hierarchical strategy could averagely save 2.6 days (95%CI: 
−0.5  days to 5.8  days) in diagnostic time per patient, but needed 
an extra expense of $149.8 (95%CI: $61.6–$238.0), compared with 
the direct ES strategy (Table 4, Figure S4). In subgroup analysis, we 

TA B L E  1  Cohort demographics and molecular diagnostic yield

Clinical suspicion
No. of 
cases

Female, 
no.

Age of presentation, 
mean (SD)

Diagnostic rate 
by PANEL

Additional 
diagnostic rate 
by ES

Overall 
diagnostic rate

Idiopathic 51 19/51 5.1 (5.4) 7 (14%) 4 (8%) 11 (22%)

Glycogen storage disease 23 9/23 3.6 (3.5) 19 (83%) 0 (0%) 19 (83%)

Wilson disease 15 4/15 7.1 (2.6) 11 (73%) 0 (0%) 11 (73%)

PFIC 11 4/11 8.1 (6.7) 0 (0%) 0 (0%) 0 (0%)

Abnormal bilirubin metabolism 9 4/9 8.6 (6.6) 0 (0%) 4 (44%) 4 (44%)

Alagille syndrome 4 3/4 5.5 (7.1) 2 (50%) 0 (0%) 2 (50%)

Gilbert syndrome 4 1/4 5.8 (7.5) 2 (50%) 0 (0%) 2 (50%)

Urea cycle disorder 4 4/4 3.1 (2.0) 4 (100%) 0 (0%) 4 (100%)

Congenital hepatitis fibrosis 3 1/3 14.3 (3.1) 0 (0%) 0 (0%) 0 (0%)

Niemann–Pick Disease 2 1/2 8.5 (4.9) 1 (50%) 0 (0%) 1 (50%)

Other 5 0/5 3.3 (5.0) 1 (20%) 0 (0%) 1 (20%)

Overall 131 50/131 5.7 (5.3) 47 (36%) 8 (6%) 55 (42%)

PFIC: Progressive familial intrahepatic cholestasis; Other: Hemochromatosis (one case), Mitochondrial DNA depletion syndrome, hepatic (one case), 
Citrin deficiency (one case), Cystic fibrosis (one case), Maple syrup urine disease (one case).
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found that the hierarchical strategy could save money and time in 
clinical entities with a relatively high panel-based diagnostic rate, 
i.e. Glycogen storage disease and Wilson disease. However, for the 
idiopathic group where panel sequencing had a low diagnostic rate, 
direct ES Strategy showed better effectiveness in both time and cost 
(Table 4).

3.4  |  Potential novel candidate variants

For patients highly suspected of having a specific disease but re-
mained undiagnosed after genetic testing, we prioritized 19 novel 
clinically relevant candidate variants in 11 patients (Figure 2, Table 
S6). These candidate variants included 17 missense variants, one 
splice variant, and one promoter variant. All variants were absent 
from public databases. As a result, these patients achieved likely 
molecular diagnoses for several recessive disorders, including 

progressive familial intrahepatic cholestasis (PFIC) (n  =  7), Gilbert 
syndrome (n = 1), glycogen storage disease (n = 2) and Wilson dis-
ease (n = 1). Among the 11 patients, five patients had one novel can-
didate variant in trans with a pathogenic/likely pathogenic variant, 
while six patients had one candidate variant in each allele. Two pa-
tients (DISCO-H17087497 and DISCO-H16010413), who received 
likely diagnoses of PFIC, had been previously diagnosed with Wilson 
disease, due to abnormally high urinary copper, and had been taking 
copper-chelating medications. After the likely molecular diagnosis of 
PFIC, they suspended the anti-copper treatments and began symp-
tomatic treatment. Another patient (DISCO-H17012450) had high 
urinary copper (1× upper limit of normal [ULN]) and low ceruloplas-
min (0.03 g/L), scoring 3 points according to Leipzig scoring system 
(“Diagnosis possible, more tests needed”).36 After genetic testing, 
the novel candidate variants in ATP7B suggested a likely diagnosis of 
Wilson disease. This patient began copper-chelating therapy, which 
successfully alleviated his disease symptoms.

F I G U R E  2  The clinical utility of genetic testing in identifying hereditary disorders. (a) The inner ring: suspected clinical diagnoses or 
idiopathic cases. The second-layer ring: the status of the molecular diagnosis. The third layer: “Confirmed” means the molecular diagnosis 
supports the suspected clinical diagnosis; “Sub-classified” cases were molecularly diagnosed in a specific subtype; “Unexpected diagnosed” 
means the molecular diagnosis deviated from the suspected clinical diagnosis; “Candidate VUS”, refers to the potential contributive variant 
of uncertain significance (VUS) in patients with relevant phenotypes. (b) Diagnosed cases spectrum. Inner ring: suspected clinical diagnosis. 
Middle ring: pathogenic gene. The dually diagnosed patient (DISCO-H17033240) is counted in the Wilson disease group. (c) Likely diagnosed 
cases spectrum. Inner ring: clinical suspicion (also the likely-diagnosed genetic disorders), Middle ring: candidate gene. The numbers in the 
circle centres of (a), (b) and (c) are the total case numbers. The numbers in the third-layer rings in (a), (b) and (c) are the numbers of cases of 
each subgroup
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3.5  |  Identification of recessive alleles enriched 
in the Chinese population

We identified eight recurrent recessive alleles with extremely low 
AFs in population databases (GnomAD minor allele frequency 
[MAF]<0.0001). By inspecting their AFs using our in-house database 
of the Chinese population, we found that five variants were signifi-
cantly enriched in our in-house database compared to the gnomAD 
database representing mixed populations (Table 5), suggesting that 
these variants are enriched in the Chinese population and warrant 
attention in carrier screening and genetic counselling.

4  |  DISCUSSION

In this study, we report findings of panel sequencing and ES in a co-
hort of paediatric patients with liver disease. The hierarchical strat-
egy of using gene panel sequencing supplemented by ES allowed us 
to achieve molecular diagnoses in 55 patients and likely molecular 
diagnoses in 11 patients.

As a screening test, panel sequencing provided molecular diag-
nostics to 47/131(36%) in all the patients and 7/51(14%) in the idio-
pathic cases. The diagnostic rate of panel sequencing on idiopathic 
patients is consistent with prior reports: Chen et al. applied a panel 
with 52 genes to 38 unspecified infant cholestasis, and the diagnostic 
rate is 5/38(13.1%).37 Santos Silva et al. used evoluting gene panels 
(from 54 genes to 95 genes) to 13 paediatric patients, and the diag-
nostic rate is 2/13(15.4%).38 Moreover, Lipiński et al. implemented a 
panel with 1000 clinically relevant genes, and the sequencing on pa-
tients with chronic cholestatic liver disease of an unknown aetiology 
led to a molecular diagnosis in 15/22 patients (68%).39

Although most of the patients were successfully diagnosed using 
the gene panel, ES played an essential role in identifying causal vari-
ants in etiologically heterogeneous conditions such as cholestasis. The 
diagnostic utility of ES was also corroborated in a recent study on adult 
idiopathic liver disease, where 5 out of 19 cases of chronic liver disease 
with unknown aetiology were solved by ES.40 Taken together, ES can 
be utilized as a last resort for patients with unexplained liver diseases.

Among the 55 patients with molecular diagnoses, genetic test-
ing confirmed or specified the initially suspected diagnoses of 41 

patients. The remaining 14 patients who received successful mo-
lecular diagnoses were initially idiopathic or received unexpected 
diagnoses. They demonstrated the variable expressivity and in-
complete penetrance underlying these Mendelian disorders. With 
the extensive application of genetic testing in clinical practice, we 
are uncovering an increasing number of such ambiguous condi-
tions. Therefore, a genotype-first approach focusing on pathogenic 
variants over patients' phenotypes has been proposed.41,42 This ap-
proach is able to identify patients with pathogenic or likely patho-
genic variants, despite having only partial phenotypic matches to 
known genetic disorders.42 However, such individuals may not ful-
fil the full clinical diagnostic criteria and require careful evaluation 
and continued monitoring for potential late-onset presentations.

Our data revealed a diverse variety of liver disease-associated 
variants. In addition to SNVs and indels, we also identified short 
tandem repeats, intragenic CNVs, and exon inversion caused 
by transposon insertion. One of the likely diagnosed patients 
(DISCO-H17076878) had a heterozygous dinucleotide-repeat poly-
morphism, (TA)7/(TA)6, in TATA box of UGT1A1 promoter. While 
A(TA)6TAA is the major allele, A(TA)7TAA in TATA box is the sec-
ond common mutation, and homozygosity for A(TA)7TAA has been 
shown to cause lower binding affinity of TATA-binding protein both 
in patients43 and in vitro experiments.44 Although TA 6/7 alone 
may not cause significantly lower UGT1A1 mRNA like pathogenic 
TA 7/7, the combination of TA 6/7 and another single nucleotide 
polymorphism (SNP) (e.g., −3279 T > G) of UGT1A1 can lead to sig-
nificantly lower UGT1A1 mRNA transcription.45 One of our patients 
(NG17076878) provides clinical evidence for the pathogenicity of 
combined variations in the non-exome region of UGT1A1.

Another atypical variant type identified in our study is the 
transposon insertion IVS16ins3kb in SLC25A13, a frequently re-
ported pathogenic insertion variation in Chinese patients with ci-
trin deficiency. A representative Chinese cohort study showed that 
IVS16ins3kb was found in 10.04% of the 522 alleles in all patients 
molecularly diagnosed with citrin deficiency. The variant frequency 
is significantly higher in the north and the border region.46 Therefore, 
tandem repeats and structural variations should not be overlooked 
when analysing sequencing data.

In addition to pathogenic/likely pathogenic variants, we also se-
lected 19 clinically relevant candidate variants and established likely 
molecular diagnoses in 11 patients with highly indicative clinical pre-
sentation. Patients' clinical management is challenging when facing 
a likely molecular diagnosis with novel disease-associated variants. 
The strategic decision should be made based on the medical record, 
family history, physical examinations, and genetic testing results.47 
In vitro functional studies have also proved to be an efficient tool 
to evaluate the pathogenicity of novel disease-associated variant,48 
which may be applied in the clinical context after rigorous validation.

Five recessive alleles were calculated to be enriched in the 
Chinese population. Four ATP7B variants (c.2621C > T, c.2333G > T, 
c.2755C > G, c.2975C > T) were consistent with the previous study 
in the Chinses Han population.49 The AGL variant, c.1735 + 1G > T, 
was previously supposed to be prevalent in Chinese,50 for which we 

F I G U R E  3  LINE-1 insertion and the consequent sequence 
inversion in SLCO1B3. Exons are marked as E. Flanking sequences 
are marked as F1 and F2. The insertion of LINE-1 resulted in the 
reversion of F1, E4 and F2
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provided evidence using our in-house control individuals of Chinese 
Han population.

In conclusion, our study proved the diagnostic utility of gene 
panel sequencing followed by ES in a cohort of patients with paedi-
atric liver disease. We also revealed the broad phenotypic and mu-
tational spectrum underlying this heterogeneous group of diseases.
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