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Background: Children presenting with chronic liver disease or acute liver failure often

have an underlying genetic disorder. The aim of this study was to analyze the clinical and

genetic spectra of inherited liver disease in children in a tertiary hospital.

Methods: A total of 172 patients were classified into three groups according to

their clinical presentation: cholestasis (Group A), liver enzyme elevation (Group B), and

hepato/splenomegaly (Group C). Next-generation sequencing (NGS) was performed on

all patients recruited in this study. The genotypic and phenotypic spectra of disease in

these patients were reviewed.

Results: The median age at enrollment of the 172 patients was 12.0 months (IQR:

4.9, 42.5 months), with 52.3% males and 47.7% females. The overall diagnostic rate

was 55.8% (96/172) in this group. The diagnostic rates of whole-exome sequencing

(WES) and targeted gene panel sequencing (TGPS) were 47.2% and 62.0%, respectively

(no significant difference, p = 0.054). We identified 25 genes related to different

phenotypes, including 46 novel disease-related pathogenic mutations. The diagnostic

rates in the three groups were 46.0% (29/63), 48.6% (34/70), and 84.6% (33/39). ATP7B,

SLC25A13, and G6PC were the top three genes related to monogenic liver disease in

this study.

Conclusion: WES and TGPS show similar diagnostic rates in the diagnosis of

monogenic liver disease. NGS has an important role in the diagnosis of monogenetic

liver disease and can provide more precise medical treatment and predict the prognosis

of these diseases.
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INTRODUCTION

Children with chronic liver disease or acute liver failure often have underlying genetic disorders
that not only caused by liver-based diseases but also systemic diseases (1). Liver diseases caused by
gene mutations are defined as inherited liver diseases or monogenic liver diseases. These diseases
often present with overlapping phenotypes and lack specific laboratory testing indicators, which
may lead to delays in diagnosis and improper treatment. The diagnosis of inherited liver diseases
relies on extensive biochemical and histologic studies, which are often expensive, time consuming,
and affected by the availability of specific biochemical tests and the experience of the researchers.
In recent years, next-generation sequencing (NGS) has been widely used in clinical activities,
especially using targeted gene panel sequencing (TGPS) and whole-exome sequencing (WES), to
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detect causative mutations of monogenic diseases. Studying the
clinical and genetic spectra of these diseases can lead to a better
understanding of the relationship between them. The precise
disease type can be classified according to the genetic results,
and a timely diagnosis promotes prompt specific treatment and
a better outcome. To the best of our knowledge, no such large
study has focused on the genotypes and phenotypes of pediatric
inherited liver diseases. The aim of this study was to analyze the
clinical and genetic spectra of inherited liver diseases in children
by using WES and TGPS, and to compare the diagnostic yield of
these two methods in a tertiary hospital in China.

MATERIALS AND METHODS

Patient Samples
Patients aged from onemonth to 16 years old were retrospectively
recruited from the Gastroenterology Department, Children’s
Hospital, Zhejiang University School of Medicine, from May
2005 to October 2019. They were classified based on their
clinical presentation as follows: cholestasis (Group A), liver
enzyme elevation (Group B), and hepato/splenomegaly (Group
C). Cholestasis was defined in the presence of a serum conjugated
bilirubin level >1 mg/dL (2). Liver enzyme elevation was defined
as isolated transaminase elevation and combined elevation of
alkaline phosphatase (ALP) and gamma-glutamyl transpeptidase
(GGT). The diagnostic algorithm was as follows: first, liver
diseases caused by biliary atresia, infection, drug hepatotoxicity,
autoimmune hepatitis (AIH), and alcohol liver disease were
excluded according to the history, physical examination and
initial workup for viruses, bacteria and autoantibodies associated
with autoimmune diseases. Second, patients in all three groups
underwent liver function tests, including tests to determine
the levels of the liver enzymes alanine aminotransferase (ALT),
aspartate aminotransferase (AST), GGT, andALP, serum albumin
level, lipid metabolism profile, coagulation profile, serum/urea
tandem mass spectrometry analysis, blood ammonia level, blood
lactic acid level, and blood gas analysis. Patients with suspected
genetic diseases such as Alagille syndrome (AS), Wilson disease,
glycogen storage disease (GSD), progressive familial intrahepatic
cholestasis (PFIC), bile acid metabolic disease, and citrin
deficiency were studied via TGPS or WES, and patients without
suspected genetic diseases were studied via WES.

This study was approved by the Ethical Committees of
Children’s Hospital, Zhejiang University School of Medicine
(Identifier: 2019-IRB-167). Written consent for participation was
collected from the parents of some patients.

Next-Generation Sequencing
The processes of WES and TGPS have been described previously
(3). The candidate causal mutations were then confirmed
by Sanger sequencing, and cosegregation analyses among the
families were also conducted. The processes of Sanger sequencing
have also been described previously (3).

Variant Analysis
Interpretation of variants was based on recommended standards
from the American College of Medical Genetics and Genomics
(4), and all variants were categorized as pathogenic, likely

pathogenic, variants of unknown significance, likely benign or
benign. The variants classified as pathogenic or likely pathogenic
related to disease were defined as pathogenic variants.

Statistical Analysis
Categorical variables are presented as numbers (percentages).
Continuous variables with a normal distribution are presented as
the mean ± SD or as the median and interquartile range (IQR).
The normality test was performed by the Shapiro-Wilk test.
The difference in diagnostic yield between WES and TGPS was
assessed by the chi-square test. The significance level was 0.05.
All statistical analyses were conducted with SPSS 22.0 statistical
software (SPSS Inc., IBM Corp., Armonk, NY, United States).

RESULTS

Demographic Features of the Patients
In all, 172 patients were enrolled in this study. There were 90
(52.3%) males and 82 (47.7%) females. A total of 93.8% of the
patients were within six years of age at the time of enrollment, and
56.3% of the patients were within two years of age. The median
age at enrollment was 12.0 months (IQR: 4.9, 42.5 months).
No consanguineous marriage was found in our cohort. Detailed
information on the patients in the three groups is listed in
Table 1. Only one patient died, with a mortality rate of 0.6%, and
two patients underwent liver transplantation during follow-up.

Diagnostic Yield of Next-Generation
Sequencing
In this study, WES and TGPS were performed on 72 and 100
patients, respectively. Monogenic liver diseases were confirmed
in 96/172 (55.8%) patients, including 34 cases identified by WES
and 62 cases by TGPS. The diagnostic rate was not significantly
different between WES and TGPS (p = 0.054). There were
25 genes related to genetic liver disease in this study cohort.
Eight genes were identified in Group A, and nine genes each
were identified in both Group B and Group C. The gene
distributions and numbers of identified gene mutations with
different ages and different phenotypes are shown in Figure 1.
ATP7B, SLC25A13, and G6PC were the top three genes related
to monogenic liver disease in this study. Moreover, among
the identified monogenic liver disease patients, 22 patients
carried homozygous mutations, 56 patients harbored compound
heterozygous mutations, and 18 patients had heterozygous
mutations, which included 10 hemizygous mutations and eight
autosomal dominant mutations. Twenty-three patients carried
a heterozygous pathogenic variation, and no pathogenic variant
was found in 53 patients. Among these pathogenic variants, 46
variants were identified as novel (Supplementary Table 1).

Phenotypes and Genotypes in the Three
Subgroups
Patients With Cholestasis
The diagnostic rate in the cholestatic liver disease group was
46.0% (29/63). The most frequent disease was citrin deficiency,
which accounted for 25.4% (16/63) of the cases. Seven patients
had homogeneous mutations, and nine patients had compound
heterozygous mutations in the SLC25A13 gene (NM_014251).
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TABLE 1 | The basic information of the three groups of patients.

Group A, n = 63 Group B, n = 70 Group C, n = 39 Total, n = 172

Male/Female, n 35/28 35/35 20/19 172

Age (median, IQR), (month) 4.7(2.3, 10.0) 36.0(12.0, 51.0) 13.0(11.6, 28.0) 12.0(4.9, 41.7)

Monogenic liver disease, n 29 34 33 96

Mortality, n 1 0 0 0

Group A, cholestasis; Group B, liver enzyme elevation; Group C, hepato/splenomegaly.

FIGURE 1 | The number of different genes identified among different groups. SLC25A13, ATP7B, and G6PC were the most frequently identified genes in Group A,

Group B, and Group C.

Mutation c.851_854del4 p. Met285Profs∗2 was the predominant
variant identified in this cohort. A total of 46.9% of variants
were c.851_854del4 p. Met285Profs∗2, which was lower than
previous reports ranging from 63.7% to 80.6% in the Chinese
population (5, 6). Two novel mutations, c.475C>T p. Q159∗ and
c.401T>A p. V134E, were not previously reported. Cholestasis
was resolved in all patients within six months after starting
dietary treatment. The second most frequent disease was Alagille
syndrome (AS), which is caused by a JAG1 mutation. Among
seven JAG1 mutations, four were de novo mutations. We
identified five new variants: c.887-2A>G splicing, c.694+1G>A
splicing, c.487C>A p. P163T, c.2850delT p.Asp951Thrfs∗19
and c.35_45delGCCCCCTAAGC p. R12Pfs∗57. One patient
with a heterozygous mutation in ABCB11 underwent liver

transplantation, and all other patients presented with cholestatic
hepatitis. Jaundice resolved during follow-up, and no patients
developed hepatic cirrhosis. Thirty-three patients had negative
findings by NGS.

Four patients were clinically diagnosed with citrin deficiency,
and NGS did not confirm the diagnosis. Three patients with low
GGT levels were suspected to have PFIC; however, NGS detected

heterozygous mutations in the TJP2 and ABCB11 genes in two
patients and negative mutations in one patient. The diagnosis in
19.0% (12/63) of the patients in this group could not be made
based on initial laboratory workup and was finally diagnosed by
NGS; these patients included one with an SLC25A13 mutation,
one with a POLG mutation, five with a JAG1 mutation, one
with a CYP27A1 mutation, two with an HSD3B7 mutation and
one with an SLCO1B1/SLCO1B3 mutation, and one with an
ABCC2mutation.

Patients With Liver Enzyme Elevation
The diagnostic rate in Group B was 48.6% (34/70), and 25
patients were diagnosed with Wilson disease in this subgroup.
A total of 96.0% (24/25) of the patients with Wilson disease
harbored compound heterogeneous mutations; only one patient
was confirmed as having a homogeneous mutation. Five novel
mutations were identified in the patients with Wilson disease.
The median age at diagnosis was 46.0 months (IQR: 37.0,
59.5 months). All the patients presented with liver enzyme
elevation without other systemic involvement, except one patient
who presented with acute liver failure and underwent liver
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transplantation. Ten patients in this group had one pathogenic
heterogeneous mutation, and no pathogenic variant was found
among the remaining 27 patients.

Four more patients (5.7%) were diagnosed by NGS, including
one patient with an NBAS mutation, one with an MOGS
mutation, one with an IFIH1 mutation and one with an LAMP2
mutation. Among the five patients suspected of having Wilson
disease, three patients had negative results, and two patients had
one heterozygous mutation. One patient diagnosed with Wilson
disease who developed hepatic cirrhosis was identified as having
a homozygous mutation in ABCB4.

Patients With Hepato/Splenomegaly
The diagnostic rate in this group was 84.6% (33/39), which was
the highest among the three groups. GSD was the predominant
disease in this group. Twenty-six patients were diagnosed with
GSD. Among them, 12 patients had type Ia caused by a G6PC
mutation, seven patients had type IXa caused by a PHKA2
mutation, and three had novel mutations. Four patients had type
III disease caused by an AGL mutation, and one had a novel
variant. Three patients had type VI caused by a PYGL mutation,
and two had novel variants. All GSD patients were under dietary
treatment with raw corn starch. None of the patients developed
liver failure during follow-up.

One patient diagnosed with GSD was identified as having a
homozygous mutation in GPD1 by NGS. Six patients did not
have any disease-related mutations, including three clinically
diagnosed GSD patients, one patient with Niemann-Pick disease
(NPD), and one patient with Gaucher disease.

Discussion
Because of the complex clinical manifestations and lack of proper
laboratory examinations for some monogenic liver diseases, the
incidence of monogenic liver diseases is not known. Nearly half
of the chronic liver disorders presenting in childhood have a
genetic basis, and ∼20% of liver transplantations in children are
performed as a consequence of liver-based monogenic disease
(7). Most chronic progressive liver diseases except biliary atresia
and autoimmune liver disease are inherited liver diseases (8). In
different genetic backgrounds, the disease spectrum is completely
different. Due to the lack of specific laboratory examinations,
most of these diseases could not be precisely diagnosed according
to their clinical manifestations before the widespread use of NGS.
The disease onset of nearly all inherited liver diseases is within
six years of age. A total of 93.8% of the patients diagnosed with
monogenic liver disease in this study were enrolled before six
years of age. Thus, a proper diagnostic step would help identify
monogenic liver disease at an early age.

Currently, themost commonly used genetic testing techniques
include TGPS, clinical exome sequencing (CES) and WES.
TGPS is focused mainly on a limited number of suspected
diseases, and it has better coverage of the genes and is low
cost (9). CES includes all genes associated with known diseases,
usually including ∼4,000 genes (8); here, it is included in the
TGPS group. WES is particularly recommended to improve
the diagnostic yield in cases of an uncertain phenotype and
to discover probable new phenotype-related genes (8). In our
cohort, patients with suspected inherited diseases according to

initial laboratory tests were studied via TGPS orWES. Otherwise,
they were studied viaWES. The diagnostic rate betweenWES and
TGPS did not show a significant difference in this study.

Patients With Cholestasis
The diagnostic rate in the cholestasis group was nearly 50%
in our cohort, which was similar to previously reported data
(60%) (10). It was mainly dependent on the criteria to perform
sequencing and the sequencing strategy. The disease spectrum
in our cohort was different from that in other reports (10). In
the study of Nicastro et al. the predominant diagnosis by genetic
testing in 50 cholestasis patients was AS, followed by PFIC (six
PFIC2 patients, two PFIC3 patents, and one PFIC1 patient). The
main population was white people, while in our study, the most
common disease found in our cohort was citrin deficiency, which
was attributable to the genetic background. Citrin deficiency is
common in East Asia and Southeast Asia (11). It is especially
common in Northeast China. The most common mutations in
our cohort were c.851_854del4 and a 3 kb insertion intron 16.
The two pathogenic mutations (c.851_854del and c.1177+1G4A)
are mainly seen (30–70%) in the Japanese population (12),
while IVS16ins3kb (33%), c.851_854del (30%) and c.1177+1G4A
(12%) are the most common pathogenic alleles in the Korean
population (13).

AS was the second-ranked disease in Group A in our study.
AS is an autosomal dominant disorder with a wide variability
in penetrance of clinical features. Approximately 90% of cases
are caused by a JAG1 mutation. However, there is no correlation
between genotype and phenotype (14, 15), as not all patients
have bile duct paucity (16). In our cohort, seven patients had
a JAG1 mutation, one of whom was diagnosed with AS when
he presented with liver dysfunction and portal hypertension.
Another six patients had cholestasis, two of themhad liver biopsy,
and one had bile duct paucity. Notably, the AS patients had
unusually highGGT levels. Patient 26 in our cohort with a genetic
diagnosis of AS had a normal GGT level. Four mutations were de
novomutations, and three of the patients inherited the mutations
from their parents, while their parents had no symptoms. All
patients of AS with cholestasis were treated with ursodeoxycholic
acid, and the jaundice gradually resolved.

Patient 35 was an Alpers syndrome patient. This disease
is an inherited disease with both dominant and recessive
mutations, which are known to cause a wide spectrum of
clinical diseases. Alpers syndrome is caused by mitochondrial
DNA depletion and reduced polymerase-γ enzyme activity. It is
characterized by intractable seizures, developmental regression,
and liver dysfunction (17). Liver dysfunction was reported
to occur preceding seizure onset or at the terminal stage of
the disease (18). In our cohort, the patient presented with
cholestasis, and lactic acidosis preceded the seizure. The patient
also had growth failure and developmental retardation. He had
intractable epilepticus at the age of six months, and therapy
was discontinued.

Patient 31 was considered to have Cerebrotendinous
Xanthomatosis (CTX) caused by a CYP27A1 mutation, which
has been associated with infantile cholestasis in several studies
(19–21), and it can present as a benign course or severe course.
The CYP27A1 gene encodes CYP27A1 (sterol 27-hydroxylase)
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(22). The mutation in CYP27A1 reduces the synthesis of primary
bile acids (BA), cholic acid (CA), and chenodeoxycholic acid
(CDCA) (23). In our case, the patient was treated with UDCA
and had a benign clinical course.

Patients With Liver Enzyme Elevation
The predominant diagnosis in this group was Wilson disease.
Most patients diagnosed with Wilson disease in this group
were screened out by liver function tests when having a
healthy examination at the time of admission to kindergarten
or by accident. Wilson disease could be established by serum
ceruloplasmin levels and 24-h urine copper levels. The serum
ceruloplasmin level was dramatically decreased in all the patients
in this cohort. Monogenic liver disease often presents with
acute liver failure as well. Biallelic mutations in the NBAS gene
have been identified in recurrent acute liver failure in early
infancy. The clinical spectrum of patients with dysfunctions in
the gene NBAS is variable. Some patients had a multisystemic
disease with short stature, skeletal dysplasia, immunological
abnormalities, optic atrophy, and normal motor and cognitive
development resembling SOPH syndrome (24). The patient with
the NBAS mutation in this study had liver failure that was
triggered by fever, which was then accompanied by seizure

and consciousness problems. We did not observe any other
accompanying symptoms. Another two patients with acute liver
failure had a heterozygous NBASmutation in this study.

Congenital disorders of glycosylation (CDG) type IIb is an
extremely rare CDG that has only been reported in six patients
to the best of our knowledge. CDG type IIb has multisystemic
abnormalities and distinct dysmorphic features (25). The patient
in this study presented developmental retardation and liver
dysfunction. His brother had similar symptoms and died, while
his elder sister was normal. He had two novel compound
mutations inMOGS that have not been reported.

Patients With Hepatomegaly or Hepatosplenomegaly
Patients presenting with hepatomegaly or hepatosplenomegaly
have a high susceptibility to metabolic liver diseases. The
diagnostic rate of monogenic liver disease in this cohort was
84.6%, the majority of cases were GSD. There was a high
consistency between the genetic diagnosis and clinical diagnosis
or histology of liver biopsy. Clinical and laboratory findings,
including hepatomegaly, hypoglycemia, hyperlacticaemia,
hyperlipidemia, and growth retardation, are useful in the
diagnosis of GSD. However, genetic tests can precisely identify
the form of GSD according to the gene mutation. Very long-
chain acyl-CoA dehydrogenase deficiency (VLCADD) is a
rare metabolic disorder of mitochondrial fatty acid oxidation.
The clinical manifestation of VLCADD is variable and is
divided into three categories according to severity: the severe
early-onset cardiac and multiorgan failure form, the hepatic or
hypoketotic hypoglycemic form, and the later-onset episodic
myopathic form (26). Our patient presented with mild clinical
manifestations of hepatosplenomegaly, liver dysfunction and
elevation of anomia. Biallelic mutations in the GPD1 gene cause
a rare autosomal recessive inherited disease known as transient
infantile hypertriglyceridemia. To date, fewer than 20 patients
have been reported. Only one adolescent patient presented

obesity, insulin resistance, fatty liver, and short stature (27). Our
patient was misdiagnosed with GSD according to the clinical
findings. The histological study of the liver biopsy in another
hospital indicated fatty liver. Genetic sequencing found a novel
mutation of GPD1, and it is the only homogeneous mutation of
GPD1 reported to date.

The use of NGS in the diagnosis of inherited liver disease has
a high diagnostic rate. The duration to diagnosis is shortened to
two weeks to one month, and the cost of NGS is dramatically
reduced. Most patients could obtain genetic diagnosis reports
within 3 weeks. Parents of patients accept NGS more easily than
other conventional diagnostic methods, such as liver biopsy.
Twelve and four more patients were diagnosed by NGS in
Group A and Group B, respectively. Five patients in group C
were misdiagnosed with genetic liver disease and were mainly
misdiagnosed with GSD by initial laboratory workup. One
rare disease caused by a GPD1 mutation was diagnosed after
NGS testing. Early diagnosis of these patients could lead to
more precise treatment. NGS would help classify the type of
GSD patients as well. The main limitation of this study is
that the diagnosis of these monogenic liver diseases was based
only on clinical, laboratory and genetic findings. To obtain a
definitive diagnosis of some diseases, a functional study is also
required. The second limitation is that the patients were only
recruited from the gastroenterology department of one tertiary
hospital. The disease spectrum here did not include some severe
monogenic liver diseases that had disease onset during the
neonatal period and were diagnosed during the neonatal period
or passed without definite diagnosis.

In conclusion, a large number of pediatric liver diseases are
caused by genetic disorders. NGS showed a high diagnosis rate
in patients presenting with various clinical manifestations. Both
WES and TGPS had similar diagnostic rates, while TGPS was
more economical. Patients with other involved systems or with
obvious hepatosplenomegaly had the highest rate of genetic
disorders in this cohort.
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