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Abstract
Background Autosomal recessive polycystic kidney disease
(ARPKD) constitutes an important cause of pediatric end
stage renal disease and is characterized by a broad phenotypic
variability. The disease is caused by mutations in a single
gene, Polycystic Kidney and Hepatic Disease 1 (PKHD1),
which encodes a large transmembrane protein of poorly un-
derstood function called fibrocystin. Based on current knowl-
edge of genotype–phenotype correlations in ARPKD, two
truncating mutations are considered to result in a severe phe-
notype with peri- or neonatal mortality. Infants surviving the
neonatal period are expected to carry at least one missense
mutation.
Case-Diagnosis/Treatment We report on a female patient with
two truncating PKHD1 mutations who survived the first

30 months of life without renal replacement therapy. Our pa-
tient carries not only a known stop mutation, c.8011C>T
(p.Arg2671*), but also the previously reported c.51A>G
PKHD1 sequence variant of unknown significance in exon
2. Using functional in vitro studies we have confirmed the
pathogenic nature of c.51A>G, demonstrating activation of a
new donor splice site in intron 2 that results in a frameshift
mutation and generation of a premature stop codon.
Conclusions This case illustrates the importance of functional
mutation analyses and also raises questions regarding the cur-
rent belief that the presence of at least one missense mutation
is necessary for perinatal survival in ARPKD.
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Introduction

Autosomal recessive polycystic kidney disease (ARPKD) is a
rare disorder with an estimated incidence of 1 in 20,000.
Autosomal recessive polycystic kidney disease (ARPKD) is
a rare disorder with an estimated incidence of 1 in 20,000 and
one of the most severe conditions leading to end stage renal
disease in childhood. The ARPKD phenotype is characterized
by collecting duct tubular dilatations and progressively devel-
oping renal cysts that result in bilateral massive renal enlarge-
ment. There is also congenital hepatic fibrosis due to ductal
plate malformation [1, 2]. Current treatment approaches are
aimed at treating symptoms and are based on expert recom-
mendations [3]. ARPKD is caused by mutations in a single
gene, Polycystic Kidney and Hepatic Disease 1 (PKHD1),
which encodes a ciliary protein of poorly understood function
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called fibrocystin [4]. Genotype–phenotype correlations in
ARPKD remain loosely defined, and interpretation of geno-
types is challenged by the large number of more than 700
known—mostly private—mutations [5, 6] and a complex
PKHD1 splicing pattern [7, 8]. The widely accepted current
understanding is that patients with two truncating mutations
show a severe phenotype with peri- or neonatal mortality,
whereas patients surviving the neonatal period carry at least
one milder non-truncating missense mutation. However, the
presence of two missense mutations does not guarantee neo-
natal survival [5, 9].

Case report

We report on a patient with an unexpected genotype–phe-
notype correlation. The female patient was born as the
fourth child of healthy, non-consanguineous Turkish par-
ents (mother G7P4) after 31 + 1 weeks of pregnancy by
spontaneous delivery. Birth weight was 2010 g with
APGAR scores of 6/8/8 after 1, 5 and 10 min, respectively.
After 26 weeks of gestation oligohydramnion and enlarged
echogenic kidneys with cysts had become evident. Due to
pulmonary hypoplasia with pulmonary hypertension, the
patient required high-frequency oscillation ventilation with
nitric oxide.

Despite the complicated clinical course with massively en-
larged kidneys (Fig. 1a), pulmonary hypoplasia, progressive
portal fibrosis, arterial hypertension, multiple episodes of sep-
sis and renal mycosis within the first year of life, renal func-
tion remained relatively stable without the need of renal re-
placement during the first 30 months of life (Fig. 1b). Platelet
counts showed a slow continuous decrease compatible with
portal hypertension (Fig. 1b). At age 30 months body weight
was between the 50th and 75th percentile and height was at
the 10th percentile. In summary, the patient showed a satisfac-
tory clinical development despite her severe renal, hepatic and
pulmonary phenotype.

Review of the family history revealed a male infant had
been born with Potter’s sequence at 34 + 6 weeks of gestation-
al age in another major hospital in Germany 12 years earlier.
Anhydramnios and enlarged kidneys were detected several
days prior to birth. The postnatal course was complicated by
unilateral tension pneumothorax, contralateral atelectasis of
the lung and progressive renal insufficiency with anuria. The
infant died at 2 weeks of age. Two other children are currently
clinically healthy.

A gene panel analysis of the patient for 4813 known genes
(including PKD1, PKD2, Hepatocyte Nuclear Factor-1Beta,
and multiple ciliopathy genes) causing Mendelian disorders
was performed using a next generation sequencing approach
(TruSight One Sequencing Panel; Illumina Inc., San Diego,
CA). Two compound heterozygous mutations were detected

in the PKHD1 gene: a previously reported nonsense mutation
c.8011C>T (p.Arg2671*) in exon 50 [4] and a potential splice
site mutation c.51A>G close to the splice donor site of exon 2
that had also already been reported [5]. However, the func-
tional relevance of this second mutation remained unclear [5].

To provide functional clarification of this potential splice
site mutation, we performed in silico analysis and in vitro
minigene assays. The results of the in silico studies suggested
an effect on PKHD1 splicing that resulted in the use of an
alternative splice site located 31 bp downstream into intron
2. To assess the functional effect of the c.51A>Gmutation, we
then performed a minigene assay in human embryonic kidney
293 T cells. In short, cells were transfected with cloned wild-
type (WT) or mutated PKHD1 DNA covering the genomic
PKHD1 region from intron 1 to intron 3. PCR amplification of
the WT cDNA showed a normal functionally spliced section
with a 129-bp amplicon compared to a 160-bp amplicon of the
mutant. Sequencing of the larger mutant cDNA fragment
demonstrated activation of the alternative downstream splice
donor site (Fig. 1c, d). The use of this downstream splicing
site leads to a frameshift and an early stop codon in intron 2
which is expected to result in loss-of-function of the protein
either by a heavy truncation or by nonsense-mediated decay.

To analyze the molecular penetrance of the splice site mu-
tation and to exclude remaining activity of the mutated splice
site we performed PCR on cDNA of cultivated primary uri-
nary cells obtained from the patient and from an appropriate
sex- and age-matched control using the primers described for
the minigene assay. PCR confirmed our minigene assay re-
sults. Subsequently, we transformed the WT-sized DNA frag-
ment of the patient and the control into bacteria and sequenced
189 or 100 clones, respectively. Of 189 patient clones we
found that all WT-sized clones were sequenced as WT. Not
a singleWT-sized clone carrying the splice site mutation could
be detected. As expected, the examined 100 clones of the
control were shown to be WT. These findings suggest that
the splice site mutation is highly relevant and most likely leads
to a loss-of-function of fibrocystin.

Sequencing of familial DNA confirmed segregation of the
phenotype with the PKHD1 mutations. We detected the stop
mutation on maternal alleles and the splice-site mutation on
paternal alleles. DNA sequencing of DNA of the deceased
brother showed both mutations, whereas the healthy sister
born in 2004 carries no mutations. No further mutations in
known ciliopathy genes were detected by the next generation
sequencing analysis in our patient (Fig. 1e).

Discussion

The phenotypic scope of ARPKD ranges from fetal mortality
or severely affected newborns with a persistent high mortality
to mildly affected adults [5, 9–11]. Although substantial
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knowledge on ciliopathies has emerged, fibrocystin function
and the pathophysiologic basis for the phenotypic variability
in ARPKD remain unclear. Interpretation of PKHD1 gene
mutations is hampered by its large size, with >700 known
PKHD1 mutations (http://www.humgen.rwth-aachen.de/) in
the entire gene, and an extensive pattern of alternative
splicing. The function of the alternative transcripts remain
unclear [5, 9, 11, 12]. Limited genotype–phenotype
correlations have been proposed. It has been suggested that
patients with two truncatingmutations show severe phenotype
with neo- or perinatal mortality, whereas at least one milder
missense mutation would be required for an infant to survive
the neonatal period [5, 13].

The case presented in this study challenges this prevailing
belief. We report a female child with progressive chronic kidney
disease and signs of portal hypertension at the age of 1.5 years
but without the need of renal replacement therapy during the first

30 months of life despite the occurrence of two truncating mu-
tations. The case also emphasizes the importance of functional
analysis of mutations with unknown relevance. However, anal-
yses of the functional consequences of a specific mutation are
not performed on a routine basis, but generallywithin the context
of research, explaining why a large number of variants remain
with an unproven or uncertain pathogenicity.

Several aspects need to be considered when presenting
possible explanations for the unexpected clinical course of
the patient described herein. Clearly, medical progress plays
a role in the current management of ARPKD patients. There
have been major advances in the fields of neonatal intensive
care and pediatric nephrology. Perinatal outcome of severely
affected preterm infants in general and ARPKD patients spe-
cifically has improved. The course of our patient may repre-
sent refinement of the possibilities, especially when the de-
ceased sibling is taken into consideration.

Fig. 1 a Magnetic resonance imaging (coronal fat-suppressed and
contrast-enhanced T1-FFE-sequence) of the abdomen shows
pronounced renal hyperplasia, hepatomegaly and dilatation of
intrahepatic bile ducts. b Serum creatinine levels (μmol/l; red line) and
platelet counts (counts/nl; gray line) during the first 30 months of life.
Peaks of serum creatinine levels were detected during infections. c
Functional study approach of the Polycystic Kidney and Hepatic

Disease 1 (PKHD1) c.51A>G mutation. PCR amplification of wild-
type (WT) cDNA shows the normal functionally spliced fragment;
mutated cDNA (Mut) shows aberrant splicing. d Sequencing confirms
the point mutation. Aberrant splicing is expected to result in a truncated
protein due to an early stop codon in intron 2 (AA amino acids). e Pedigree
of the family with PKHD1 genotypes indicates that the phenotype
segregates with the genotype. n.a. Not available, wt wild type
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Furthermore, differences in the severity of clinical
manifestation, especially between siblings with the iden-
tical genotype, might be much more attributable to al-
ternative or dysregulated splicing of PKHD1 than previ-
ously assumed [6, 14]. Alternatively, co-occurring muta-
tions in other PKD-associated genes or epigenetic alter-
ations may modify the phenotype. The identified splice
site mutation c.51A>G, which was initially reported as
synonymous missense variant p.Ala17Ala [5], leads to
the disruption of the natural splice donor site of exon
2 at position c.52, causing retention of nucleotides from
intron 2 with subsequent generation of a premature stop
codon (p.Val18Glyfs*3). Nonsense-mediated decay is
the most likely fate of the mRNA from both parental
PKHD1 copies. Since our functional studies point to
usage of an alternative downstream splice site resulting
in a frameshift with protein truncation with high pene-
trance, we suggest changing the nomenclature for this
mutation to c.51A>G (p.Val18Glyfs*3).

A recent publication reported the survival of four unrelated
patients with homozygous truncating mutations in association
with parental consanguinity [6]. In contrast to these patients,
our patient is a child of non-consanguineous Turkish parents
with compound heterozygous PKHD1mutations, thus adding
important evidence for a potential wider occurrence of
biallelic truncating mutations.

Our case shows that considerable prudence is called for
when the concept of neo- or perinatal mortality in patients
with two truncating mutations is taken into genetic counsel-
ing. Furthermore, prenatal and genetic counseling must keep
pacewith growing understanding of functional ciliary biology.
While neonatal mortality or survival is of obvious importance
in ARPKD, severity of hepatorenal involvement in early
childhood with a potential need for dialysis or transplantation
of kidney, liver or both, may also be an important aspect of
genetic counseling. Detailed observations of large deeply
phenotyped ARPKD cohorts will be needed to add profound
evidence for future recommendations on treatment and pre-
dictions of clinical courses. We have therefore recently
established a web-based registry study that may give valuable
insights within the next years [15].
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