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Abstract. Autosomal recessive polycystic kidney disease 
(ARPKD) is a hereditary fibrocystic disease that primarily 
involves the kidneys and hepatobiliary tract. The polycystic 
kidney and hepatic disease 1 (PKHD1) gene is the only gene 
implicated in ARPKD. The present study aimed to identify 
PKHD1 mutations causing ARPKD in a Chinese family. 
A couple that underwent prenatal genetic diagnosis for 
ARPKD and their families were recruited for the present 
study. Genomic DNA was collected from the amniotic fluid 
of the fetus (proband) and from peripheral blood of all other 
available family members. Targeted exome sequencing was 
performed on the couple and the proband, followed by direct 
Sanger sequencing on other family members and normal 
controls to confirm candidate pathogenic variants. Two novel 
compound heterozygous mutations in the PKHD1 gene were 
identified as causative in the proband, including maternally 
inherited c.2876C>T (p.Ser959Phe) and paternally inherited 
c.5772C>A (p.Phe1924Leu). Each mutation was found to 

co‑segregate with the ARPKD phenotype in the family. Other 
family members either carried one of the two mutations or 
lacked both mutations, while the mutations were not found in 
576 ethnically matched normal controls. Therefore, two novel 
compound heterozygous PKHD1 mutations were implicated in 
causing ARPKD in a Han Chinese family. The results expand 
the mutation spectrum of PKHD1 that leads to ARPKD, which 
may improve genetic counseling and prenatal diagnosis for 
families with ARPKD.

Introduction

Autosomal recessive polycystic kidney disease (ARPKD) 
is a rare hereditary form of polycystic kidney disease that 
typically presents in the perinatal period and occurs in 1 in 
20,000‑40,000 live births worldwide (1). The polycystic kidney 
and hepatic disease 1 (PKHD1) gene is the only gene that has 
been identified to cause ARPKD. The longest PKHD1 tran-
script encodes a 4,074 amino acid protein called fibrocystin 
or polyductin (1‑3). This protein is present in fetal and adult 
kidney cells, and is also expressed in the liver and pancreas (3), 
albeit at lower levels. Similar to other cystoproteins, polyductin 
is localized to the basal body and primary cilia of renal and bile 
duct epithelial cells (1,4). Defects in polyductin may disrupt the 
normal function of renal cilia. ARPKD is caused by mutations 
in the PKHD1 gene, located at the chromosome 6p12.2 (1,2). 
The largest PKHD1 gene mutation database contains 748 
different mutations (http://www.humgen.rwth‑aachen.de). 
The most common mutation is a missense mutation in exon 3 
(c.107C>T), accounting for 20% of all cases (http://www.
humgen.rwth‑aachen.de). Most patients with ARPKD present 
compound heterozygosity, carrying two mutations in two 
different alleles. Due to the diversity of PKHD1 gene muta-
tions, it is difficult to associate the genotype with the phenotype 
of ARPKD. At present, it is not understood how genetic 
alterations in PKHD1 lead to the formation of numerous cysts 
characteristic of polycystic kidney disease.

Recently, targeted exome sequencing has been successfully 
used to identify genes that cause Mendelian disorders (5). Together, 
DNA capture technology and next‑generation sequencing (NGS) 
analysis allow for the rapid and cost‑effective parallel sequencing 
of specific genes of interest. In previous studies, targeted exome 
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sequencing has been used as a tool for the molecular diagnosis of 
ARPKD (1,5,6). Using this approach, the present study identified 
two novel compound heterozygous mutations in the PKHD1 gene 
causing ARPKD in a Chinese family. 

Materials and methods

Subjects. A couple (age, 26 and 27) that underwent prenatal 
genetic diagnosis for ARPKD were recruited from Sichuan 
Provincial People's Hospital for the present study (Fig. 1). 
The patients, one male and one female, were recruited in July 
2016. All the subjects underwent comprehensive examina-
tions and had no other related diseases. The present study 
was approved by the Institutional Review Board of Sichuan 
Provincial People's Hospital. Written informed consent was 
obtained from all subjects prior to the present study. There 
was no history of genetic diseases in the other family members 
recruited for the present study. Renal ultrasonography in the 
father (II:4) and mother (II:3) returned normal findings.

DNA extraction. Genomic DNA was collected from the 
amniotic fluid of the fetus (proband, III:1) and from peripheral 
blood of all other subjects. Genomic DNA was extracted using 
a QIAamp DNA Blood Midi kit (Qiagen GmbH), according to 
the manufacturer's protocol. DNA samples were stored at ‑20˚C 
until use. DNA integrity was evaluated using a NanoDrop 
spectrophotometer (NanoDrop Technologies; Thermo Fisher 
Scientific, Inc.).

Targeted NGS. DNA samples from the couple and the proband 
were analyzed using targeted NGS as reported previously (5). 
A customdesigned gene panel, synthesized using the Agilent 
SureSelect Target Enrichment technique (Agilent Technologies, 
Inc.), was used to capture the coding regions of 356 genes, 
including their exons and exon‑intron boundaries (1.285 Mbp 
in total). The variants detected were annotated and filtered 
based on public and inhouse databases: i) Variants within 
intergenic, intronic and untranslated regions, and synonymous 
mutations were excluded from downstream analysis; ii) vari-
ants in dbSNP138 (www.ncbi.nlm.nih.gov/projects/SNP), the 
1000 Genomes Project (ftp.1000genomes.ebi.ac.uk/vol1/ftp), 
and HapMap Project (ftp.ncbi.nlm.nih.gov/hapmap) were 
excluded. Homozygous and compound heterozygous gene 
variations with autosomal recessive heredity were regarded 
as likely causative variations. Validation and parental origin 
analysis were performed for the identified variations using 
conventional Sanger sequencing. Causative mutations were 
verified using direct sequencing in all family members and 
576 normal controls. Primers [PKHD1‑exon 27‑forward (F), 
5'‑ggggcagagaaggaacatttg‑3', and reverse (R), 5'‑aga​ccc​tcc​
cca​gat​tac​ca‑3'; PKHD1‑exon 36‑F, 5'‑caa​tac​tta​tac​tat​ccc​gcc​
ca‑3' and R, 5'‑aag​ttt​ccc​tcc​tcc​atc​cc‑3'] were designed based 
on genomic sequences from the Human Genome database 
(www.ncbi.nlm.nih.gov/genome) and were synthesized by 
Invitrogen (Thermo Fisher Scientific, Inc). Direct sequencing 
was performed by Sanger sequencing according to the ABI 
Big Dye sequencing protocols (cat. no.  4376484; Applied 
Biosystems; Thermo Fisher Scientific, Inc.) and processed 
samples were sequenced using an ABI3130XL genetic 
analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.). 

Finally, the possible damaging effects of the mutations were 
predicted using SIFT (http://provean.jcvi.org/index.php) and 
PolyPhen (http://genetics.bwh.harvard.edu/pph2). The human 
PKHD1 protein was aligned with other PKHD1 proteins to 
examine the conservation of the residues using homologene 
(www.ncbi.nlm.nih.gov/homologene).

Results

Clinical data. A three‑generation family was recruited from 
Sichuan Provincial People's Hospital (Fig.  1). Ultrasound 
examinations identified two affected individuals (III:1 and III:2) 
among the eight examined family members. The two affected 
members in this family exhibited similar clinical features and 
both died before birth. The first pregnancy of the couple (for 
the proband, III:1) ended with an induced abortion at 26 weeks. 
Ultrasound examination for the bilateral kidneys of the fetus 
(III:1) exhibited enlargement of the kidneys, and polycystic 
alterations were identified by an abdominal B scan. The echo 
of the renal parenchyma was increased diffusely, the demarca-
tion of the cortex and medulla was not clear, and the volume of 
amniotic fluid was also decreased (Fig. 2). In the current preg-
nancy (for III:2), repeated prenatal ultrasound examinations 
during weeks 22‑26 of gestation exhibited enlargement of the 
kidneys and polycystic alterations; in addition, the parenchymal 
echo was enhanced and the boundary of the cortex and medulla 
was not clear (Table I and Fig. S1). The size of the left kidney 
was 48.3x30.6 mm, the left renal parenchymal thickness was 
uneven and ~1.7 mm thinner than normal. The left kidney also 
revealed renal sinus separation with a diameter of 18 mm and 
caliectasis. The right kidney was 35.1x22.5 mm in size, renal 
sinus separation was observed with a diameter of ~8.4 mm 
with caliectasis. Furthermore, the thickness of the right renal 
parenchymal was 3.7 mm. Double renal parenchymal echo-
genicity was obvious. Since ultrasound examinations could not 
produce conclusive results, the couple was referred for genetic 
counseling and molecular prenatal diagnosis. 

Mutation analysis. The percentage of readable bases and the 
coverage depth in the targeted region were used to assess 
the quality and reliability of the targeted NGS data, and to 
ensure complete sequencing coverage of all coding regions in 
candidate genes. The coverage depth was <200X and 100% 
of bases in coding regions were readable. On average, 645 
variations within the 356 genes were covered in the samples 
analyzed. In this family, the disease exhibited a pattern of 
recessive inheritance. Under the autosomal recessive model, 
the filtered data were reduced to two compound heterozygous 
variants, c.2876C>T (p.S959F) and c.5772C>A (p.F1924L) in 
the PKHD1 gene (NM_138694.3), which exhibited complete 
co‑segregation with the disease. The two compound hetero-
zygous variants were further validated using the Sanger 
sequencing method in other family members and 576 normal 
controls. Finally, it was revealed that the uncle (II:1), mother 
(II:3), father (II:4) and grandmother (I:2) were heterozygous 
carriers (Table II). The two mutations were absent in the unaf-
fected family member (I:1) and the normal controls. Therefore, 
the two mutations co‑segregated with the phenotype in this 
family. The results demonstrated that the compound hetero-
zygous mutations c.2876C>T (p.S959F) and c.5772C>A 
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(p.F1924L) in the PKHD1 gene are responsible for ARPKD 
(Fig. 3). Comparative amino acid sequence alignment of other 
PKHD1 proteins across different species revealed that the 
mutations occurred at highly conserved positions in exons 27 
and 36 (data not shown). Furthermore, the two compound 
heterozygous mutations were predicted to be damaging by the 
SIFT and PolyPhen tools (Table II). The substituted amino 
acid was predicted to alter the hydrophobicity of the PKHD1 
protein. For c.2876C>T (p.S959F) mutation, the hydrophilic 
serine is changed to a hydrophobic phenylalanine at position 
959, while the phenylalanine is changed to leucine at position 
1,924, potentially affecting the structure of the protein, for 
c.5772C>A (p.F1924L) mutation.

Discussion

As increased echogenicity and renal enlargement are the 
main indicators of ARPKD from an ultrasound (1,7); notably, 

Figure 1. Pedigree of the family with autosomal recessive polycystic kidney 
disease. Solid symbols indicate affected individuals; open symbols indicate 
unaffected individuals; squares indicate male individuals; circles indicate 
female individuals; crosses indicate miscarriages; the arrow indicates the 
proband and the slash indicates a deceased individual.

Figure 2. Abdominal ultrasound examinations for the fetus (III:1) at 
26 weeks. (A) On the coronal section of the abdomen of the fetus, the size of 
the two kidneys was increased markedly, the echo of the renal parenchyma 
was increased diffusely and the volume of amniotic fluid was decreased. 
(B) A cross‑section of the abdomen of the fetus exhibited microcystic altera-
tions in both kidney parenchyma and fibrocystic alterations in the portal vein 
area of the liver parenchyma. LK, left kidney; RK, right kidney.
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prenatal diagnosis of ARPKD using ultrasound alone is not 
reliable (8). For 35% of patients with only medullary abnor-
malities, the standard ultrasound exhibits a normal signal (9). 
The family in the present study underwent repeated antenatal 
ultrasound examinations and fetal diagnosis of ARPKD was 
confirmed at week 23. 

Considering the phenotypic variability  (1), clinicians 
should consider the risk of predicting the clinical outcome 
of a child whose parents had already suffered abnormal 
pregnancies. The use of PKHD1 sequencing data for clinical 

decision‑making requires caution, particularly in cases where 
only novel or rare missense variants are identified. In the 
present study, ultrasound results of the first pregnancy of the 
couple (for the proband, III:1) exhibited separation of the left 
renal sinus, enhancement of the right renal parenchymal echo, 
more echo‑free zones in the right kidney, which indicated a 
number of cystic renal dysplasia, and the right cleft lip and 
palate.

 Multiple lines of evidence support that PKHD1 gene 
mutations serve a pathogenic role in ARPKD (1,10). All of 
the identified mutations in PKHD1 are distributed throughout 
the gene without evidence of clustering at specific sites. The 
majority of these mutations are compound heterozygous muta-
tions, which consist of 332 missenses (252 possibly/probably 
pathogenic and 80 single nucleotide polymorphisms), 55 
nonsense, 86 frame shift and 58 silent mutations (1,9,11‑13). 
The two mutations identified in the present study, to the best 
of our knowledge, have not previously been reported. Patients 
with two truncation mutations exhibit a grievous phenotype 
resulting in perinatal or neonatal demise, whereas patients 
escaping from neonatal lethality usually possess no more 
than one amino acid substitution (14). The proband (with two 
mutations) in the present study died, resulting in a miscarriage, 
whereas the parents, with only one of the two gene mutations, 
had no phenotype. It is hypothesized that the expression of only 
a minimal amount of functional protein is required for survival 
during the neonatal period in ARPKD (7). Since there are 67 
exons in the PKHD1 gene, it is not efficient to screen mutations 
for this gene by Sanger sequencing. Therefore, targeted NGS 
which may be of specific interest to identify mutations (2), 
was employed to identify causative mutations in PKHD1. In 
the present study, two newly identified mutations (c.2876C>T 
and c.5772C>A), which caused moderate alterations in the 
genotype and no changes in the phenotype of the parents, were 
identified. These observations were consistent with previous 
reports that patients who survive the neonatal period usually 
have no more than one missense mutation (8‑10). 

 In conclusion, the present study emphasized the impor-
tance of prenatal diagnosis of renal abnormalities by routine 
fetal anatomic ultrasound and genetic testing for ARPKD. 
Furthermore, the present study provided details of the changes 
in fetal biometry over the prenatal and perinatal course of 
ARPKD with two novel PKHD1 mutations. 
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Figure 3. Polycystic kidney and hepatic disease 1 mutations identified in the 
family with autosomal recessive polycystic kidney disease. Two novel compound 
heterozygous mutations, (A)  c.2876C>T (p.S959F) and (B)  c.5772C>A 
(p.F1924L), were identified. Mutations are indicated by a red arrow.

Table II. Two novel polycystic kidney and hepatic disease 1 mutations identified in a family with autosomal recessive polycystic 
kidney disease.

Positiona	 Exon	 Nucleotide change	 Amino acid change	 SIFT score/PolyPhen 	 Mutant type	 Mutation present

51907878	 27	 c.2876C>T	 S959F	 0.03/1.0 (Damaging)	 Het	 II:4, III:1, III:2
51824804	 36	 c.5772C>A	 F1924L	 0.20/1.0 (Damaging)	 Het	 I:2, II:1, II:2, 
						II      :3, III:1, III:2

aGenomic positions are presented according to UCSC hg19 (genome.ucsc.edu). Het, heterozygous.
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