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ABSTRACT

Autosomal dominant polycystic kidney disease (ADPKD) is typically a late-onset disease caused by

mutations in PKD1 or PKD2, but about 2% of patients with ADPKD show an early and severe phenotype

that can be clinically indistinguishable from autosomal recessive polycystic kidney disease (ARPKD). The

high recurrence risk in pedigrees with early and severe PKD strongly suggests a common familial

modifying background, but the mechanisms underlying the extensive phenotypic variability observed

among affected family members remain unknown. Here, we describe severely affected patients with

PKD who carry, in addition to their expected familial germ-line defect, additional mutations in PKD

genes, including HNF-1�, which likely aggravate the phenotype. Our findings are consistent with a

common pathogenesis and dosage theory for PKD and may propose a general concept for the modifi-

cation of disease expression in other so-called monogenic disorders.
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Autosomal dominant polycystic kidney disease

(ADPKD) is the most frequently inherited renal

disease and one of the most common Mendelian

human disorders with a prevalence of 1/400 to

1/1000.1,2 This approximates to about 12.5 mil-

lion affected individuals worldwide. About 5 to

10% of all patients requiring renal replacement

therapy are affected by ADPKD. As the name im-

plies, ADPKD is transmitted in an autosomal

dominant, fully penetrant fashion, i.e. virtually

all individuals who inherit a mutated PKD allele

in their germ-line will develop sonographically

detectable renal cysts by age 30 or slightly later.
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Clinical symptoms usually do not arise until middle age.

The majority of ADPKD patients carry a germ-line muta-

tion in the PKD1 gene on chromosome 16p13, and 15 to

20% of patients harbor a PKD2 mutation on 4q21. ADPKD1

causes more severe disease with an average age of 54 years

(versus 74 years for ADPKD2) at ESRD.3

In a minor subset of patients, ADPKD manifests very early

in life and as a much more severe disorder.4,5 We recently dem-

onstrated that early and severe ADPKD is not strictly confined

to persons with a PKD1 mutation as previously thought but

can also occur in patients with a PKD2 mutation.6,7 Homozy-

gosity for PKD1 and the coinheritance in trans of an incom-

pletely penetrant PKD1 allele with an inactivating PKD1 mu-

tation may explain some of the cases of early-onset PKD;

however, other mechanisms for early-onset ADPKD are still

unknown.8,9 Among those cases with early-onset PKD are fe-

tuses with Potter sequence and significant perinatal/neonatal

morbidity and mortality sometimes clinically indistinguish-

able from those with a typical presentation of autosomal reces-

sive polycystic kidney disease (ARPKD) and mutations in the

PKHD1 gene on chromosome 6p12.9 Several lines of evidence

corroborate these clinical observations and suggest a common

pathogenesis for these diseases.

First, most cystoproteins, among them the ADPKD pro-

teins polycystin-1 and polycystin-2 and the ARPKD protein

fibrocystin/polyductin, colocalize in primary cilia and related

organelles. Polycystin-1 and polycystin-2 directly interact, and

polycystin-2 and polyductin form a common protein complex

in which polyductin is crucial for polycystin-2 channel func-

tion.10,11

Figure 1. Pedigree of family A with clinical information, genotypes, multisequence alignments, and bioinformatic data for both
missense changes detected. Renal histology shows much more severe changes in the second-born fetus than in the first-born as regards
size and number of renal cysts. (Top right panel) MR cholangiogram (T2-weighted gadolinium-enhanced coronal projection) of the
mother of both fetuses in family A at 35 years of age showing multiple cysts of various sizes. The multiple hepatic cysts do not
communicate with the biliary tree. Liv, Liver; R Kd, right kidney; S, superior; I, inferior; LA, left anterior; RP, right posterior.
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On a cellular level, a recessive two-hit disease model has

been proposed for ADPKD with a PKD1 or PKD2 germ-line

mutation on one allele and a transheterozygous somatic PKD1

or PKD2 mutation. In keeping with a recessive disease model,

Pkd1 mice harboring a hypomorphic missense change on both

alleles develop severe PKD that interestingly is confined to dis-

tal nephron segments and thus mimic the pattern typically

seen in ARPKD.12 Likewise, ARPKD patients and mice with

cysts not confined to distal tubules and collecting ducts but

present in all nephron segments are also known (our unpub-

lished data).13 Hepatic ductal plate malformation is an invari-

able feature of ARPKD but can also be found in some patients

with ADPKD.

Williams et al.13 described an ARPKD mouse model with a

homozygous Pkhd1 mutation in which Pkd1 and Pkd2 expression

was considerably reduced. Direct evidence for genetic interactions

between ADPKD and ARPKD loci came from two other mouse

studies in which Pkhd1/Pkd1 and Pkhd1/Pkd2 transmutants

showed a much more severe renal cystic phenotype than mice

bearing a mutation in only one of these genes.11,14

The high recurrence risk for early and severe polycystic kidney

disease in affected pedigrees suggests a common familial modify-

ing background.15 Here we present the data of eight pedigrees in

which the severely affected patients are the only family members

that carry other PKD alleles in trans and/or de novo in addition to

the familial germ-line mutation (see Figures 1 through 8).

Family A

The mother showed several renal and hepatic cysts of various

sizes in accordance with a clinical diagnosis of ADPKD (Figure 1).

Figure 2. Pedigree of family B with genotypes, clinical and ultrasonographic data, multisequence alignments, and bioinformatic data
for all three missense changes identified in this family. (Top panel) At age 65 years, the grandmother’s kidneys were slightly decreased
in size but morphologically normal without any cyst. (Middle panel) The father’s kidneys showed one small cyst on the left and four cysts
on the right side at the age of 33 years. (Bottom left panel) Prenatal ultrasound revealed oligo/anhydramnios and enlarged
hyperechogenic fetal kidneys with a so-called “pepper-salt pattern.” (Bottom middle panel) Post mortem findings in the severely
affected male fetus of this family with facial features typical of Potter sequence (termination of pregnancy in the 26th week of gestation
[TOP 26th gw]). Abdominal situs with bilaterally enlarged kidneys (weight, 12.5 g; reference range for respective gestational age, 5.5
to 9.3 g). *Kidneys; �adrenal glands; arrows, ureters. (Bottom right panel) Renal histology (2.5� hematoxylin and eosin staining) with
small tubular and glomerular cysts. The collecting ducts were not considerably dilated.
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Both of her pregnancies were complicated by Potter sequence

with enlarged hyperechogenic kidneys and oligo/anhydram-

nios and terminated in the 24th gestational week, respectively.

Post mortem performed in both fetuses was in line with

ARPKD. However, notably, pathologic changes were much

more severe in the second-born fetus (Figure 1). By PKHD1

mutation analysis, two convincing mutations were found that

both have been described in the literature: paternally, the non-

conservative, an evolutionarily highly conserved amino acid

affecting missense mutation c.5912G�A (p.G1971D), and

maternally, the frameshifting mutation c.3761_3762delCC

insG (p.A1254fs). However, heterozygosity for PKHD1

could not explain the clinical features suggestive of ADPKD

in the mother. Thus, we proceeded with sequencing of

PKD1 and PKD2 and detected the novel PKD2 missense

mutation c.1444T�G (p.F482V) that was not present

among 200 tested controls and alters a conserved polycys-

tin-2 residue. In line with a dosage theory for PKD, only the

more severely affected second fetus inherited this PKD2 al-

lele.

As regards the next families discussed, it is of importance

that HNF1�/TCF2 mutations can mimic polycystic kidney dis-

ease and that phenotypic variability, even within a family, is

often extensive (our unpublished data).16 –18 HNF1� directly

regulates the transcription of PKD2 and PKHD1.19 In line,

mice with renal-specific inactivation of Hnf1� develop poly-

cystic kidney disease and renal cyst formation is accompanied

by a drastic defect in Pkd2 and Pkhd1 expression.20 Thus, it can

be postulated that early and severe PKD phenotypes in patients

with HNF1� mutation may, at least in part, be due to in trans

coinheritance of changes in the genes for ADPKD and ARPKD.

Family B

The couple’s first pregnancy was affected with Potter sequence.

The ultrasonographic “pepper-salt pattern” of the fetal kidneys

was suggestive of ARPKD (Figure 2). The couple decided to

Figure 3. Pedigree of family C with genotypes, in silico information on both missense changes detected in this family, and clinical and
ultrasonographic data. Mother and son presented with hyperechogenic normal-sized kidneys with small cysts, whereas the daughter
additionally displayed some large subcapsular cystic lesions.
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terminate the pregnancy in the 26th gestational week. Post

mortem showed cystic kidneys resembling ADPKD, but no

evidence of ductal plate malformation in the liver. The mother

displayed normal renal ultrasound, whereas the father had one

small cyst in his left kidney and four cysts in the right kidney at

the age of 33 years. Clinically, he showed slightly increased

levels of creatinine, uric acid, liver transaminases, and glucose.

His mother developed gestational diabetes and later on type 2

diabetes. At the age of 65 years, she showed morphologically

normal kidneys slightly decreased in size by ultrasound and a

creatinine of 1.5 mg/dl.

Given the clinical data and family history, we started with mu-

tation analysis of HNF1� and detected the missense mutation

c.883C�T (p.R295C) in the fetus, father, and paternal grand-

mother. This mutation has been described in the literature, affects

an evolutionarily conserved amino acid, and is bioinformatically

predicted to be “highly likely pathogenic.”21 To explain the severe

fetal phenotype suggestive of ADPKD, we additionally performed

sequencing of the known PKD genes and identified the PKD1

missense change c.8087T�G (p.L2696R) on the maternal allele,

classified as neutral in the ADPKD database, in linewiththenormal

renal phenotype of the mother. In addition, only the fetus was shown

to carry the novel PKD1 mutation c.9222C�G (p.N3074K) that

arose de novo and affects an evolutionarily highly conserved residue.

Inaccordance, insilicodatapredicts thismutationtobe“likelypatho-

genic.”

Family C

Both pregnancies of this couple were complicated by en-

larged hyperechogenic kidneys. Postnatally, small cystic le-

sions were present in the son, whereas large subcapsular

cystic lesions were additionally noted in the daughter

(Figure 3). We initiated HNF1� mutation analysis because

kidney biopsy revealed glomerular cysts. This resulted in de-

tection of the novel missense mutation c.478A�G (p.M160V) that

was absent from 200 controls, affects an evolutionarily

highly conserved residue, and was categorized in silico as

“(highly) likely pathogenic.” Segregation analysis revealed

this mutation to be of maternal origin. The mother was

clinically healthy but showed hyperechogenic, normal-sized

kidneys with small cysts. No other HNF1�-related feature

was present in her. Sequencing of the mother’s parents

proved the mutation to be de novo in her. To explain the

clinical variability in this family, we proceeded with se-

quencing of PKD1, PKD2, and PKHD1. By this, we identi-

fied the novel and putatively hypomorphic PKD1 missense

mutation c.6878C�T (p.P2293L) on the daughter’s pater-

nal allele, for which her brother and mother showed the

wild-type sequence. In line with recent data on incomplete

PKD1 penetrance and normal ultrasound data of the father

in this family, heterozygous PKD1 alleles like P2293L are

assumed to be not sufficient to cause ADPKD but can exert

an aggravating effect in concert with other changes, a hy-

pothesis that is further corroborated by

the findings obtained in the pedigrees de-

scribed below.8,9

Family D

The family’s propositus already displayed in-

creased serum creatinine values and ultrasono-

graphic features of PKD with bilaterally en-

larged hyperechogenic kidneys postnatally

(Figure4).At theageof8years,heproceededto

ESRD and received peritoneal dialysis for al-

most 3 years before he was successfully trans-

planted. Since then he has been doing well with

borderline glucose tolerance and slightly in-

creased values for serum creatinine and uric

acidattheageof14years.HecarriestheHNF1�

nonsense mutation c.931C�T (p.Q311X) on

his maternal allele, and the novel nonconserva-

tive PKD1 missense mutation c.9484C�T

(p.R3162C) on his paternal allele. This change

affects an evolutionarily highly conserved resi-

due and is predicted by all bioinformatic tools

used to be “highly likely pathogenic.” Surpris-

ingly, neither the mother nor the father showed

anyclinicalorultrasonographicfeatures intheir

mid-thirties.

In addition to the above pedigrees

with mutations in more than one PKD

gene, we also identified ADPKD families

Figure 4. Pedigree and genotypes of family D. Renal ultrasound of the propositus at
the age of 10 years with polycystic, considerably enlarged hyperechogenic kidneys.
(Bottom panel) Bioinformatic data obtained for the PKD1 mutation R3162C.
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in which the early and severely affected index patient har-

bored an in trans or de novo PKD1 change in addition to

the familiar PKD1 germ-line mutation (see Figures 5

through 8).

Family E

The most severely affected eldest son of this family (Figure 5)

carries PKD1 mutations on both parental alleles: the nonsense

mutation c.8259C�G (p.Y2753X) on his paternal allele

and the nonconservative missense mutation c.6763C�T

(p.R2255C) on his maternal allele, whereas his two siblings

have only inherited the hypomorphic missense allele from her

mother which obviously leads to mild disease with incomplete

penetrance.

Family F

Inthis family(Figure6), thenovel2-bpdeletion

inPKD1c.4051_4052del(p.R1351fs)segregates

with ADPKD, whereas the son’s early and se-

vere phenotype with histologically proven duc-

tal plate malformation is thought to have been

further aggravated by occurrence of the pater-

nallyinheritednonconservativePKD1missense

change c.8087T�G (p.L2696R) (same muta-

tion as in Family B).

Family G

Patient 1 of this family (Figure 7) experienced

respiratory distress and became cyanotic 1 h

after birth. X-ray showed a pneumothorax on

the right side and a white lung on the left side.

Drainage of the pneumothorax and intuba-

tion with application of surfactant stabilized

the patient. The girl’s abdomen was dis-

tended and ultrasound revealed two enlarged

polycystic kidneys with increased echogenic-

ity and a singular cyst in the liver. Serum cre-

atinine normalized within 4 weeks. Despite

multiple antihypertensive drug therapy, the

girl developed cardiac insufficiency at the age

of 9 months. Addition of carvedilol and oc-

clusion of a persistent ductus arteriosus im-

proved cardiac function. At the age of 5 years,

GFR is normal and BP is under control with a

quintuple combination of antihypertensive

agents. While the girl’s 37-year-old father is

healthy and showed normal abdominal

ultrasound, the 25-year-old, clinically healthy

mother displayed multiple cysts in the liver,

but only a few in the kidneys. Abdominal ul-

trasound of the proposita’s maternal grand-

mother was in line with ADPKD, at the birth

of her granddaughter her serum creatinine

was around 2.0 mg/dl, recently she reached

ESRD. During the mother’s second preg-

nancy, prenatal ultrasound revealed enlarged

hyperechogenic kidneys. Postnatally, the patient was respiratory

stable, and serum creatinine was in normal range, whereas the BP

was elevated and is currently treated by amlodipine, atenolol, and

captopril. Genetically, the novel PKD1 1-bp deletion c.4199del

(p.L1400fs) segregates with ADPKD in this family. In contrast to

their mother and maternal grandmother, both girls additionally

carry a second PKD1 change (c.12413G�A, p.R4138H) on their

other parental allele, which may have aggravated their clinical

course.

Family H
Parental consanguinity and the clinical course of all three af-

fected children were suggestive of ARPKD. However, haplo-

type analysis was incompatible with linkage to PKHD1. After

Figure 5. Pedigree, genotypes, and renal ultrasound data of all children of family E.
Enlarged kidneys with multiple small cysts and one large medial cyst in the right kidney
were present in the eldest son, whereas his younger siblings demonstrated normal-
sized kidneys with slightly increased echogenicity. A few mainly subcapsular cysts were
also seen in the girl. (Bottom panel) In silico data obtained for the PKD1 mutation
R2255C identified in this pedigree.
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HNF1� mutation analysis had been negative, we started with

ADPKD diagnostics and detected the homozygous PKD1 mis-

sense change c.3820G�A (p.V1274M) in all affected children

inherited in cis with c.8716G�A (p.G2906S) on the maternal

disease allele (Figure 8). The parents, although still young

(mother, 25 years old; father, 29 years old), showed no clinical

or ultrasonographic abnormalities. Also, the family history was

unremarkable for kidney diseases and related disorders.

The data obtained from the latter families further strength-

ens the message on incomplete penetrance and a dosage effect

in ADPKD.8,9 Conclusively, heterozygous PKD1 alleles like

V1274M in pedigree H, R4138H in family G, or L2696R in

pedigrees B and F can be expected to be insufficient to cause

ADPKD on their own but are most likely able to worsen the

clinical course in affected individuals with other mutations. In

family H, it is also tempting to speculate whether G2906S fur-

ther impairs the functionality of the maternal disease allele.

Reconstruction of our data by animal models and/or func-

tional assays may corroborate the message; however, these ex-

periments are cumbersome and considerably hampered by the

size and structure of PKD1 and PKHD1. According to the hy-

pothesized recessive disease model on a cellular level in AD-

PKD, Piontek et al.22 recently demonstrated that the develop-

mental age in which the second allele in Pkd1 is inactivated is

crucial for disease severity. Inactivation of Pkd1 in mice before

day 13 resulted in severely cystic kidneys, whereas later Pkd1

inactivation resulted in significantly milder and later onset of

disease. These findings are in accordance with germ-line mu-

tations identified in our early and severely affected patients and

in contrast to ADPKD patients with a “typical” adult disease

Figure 6. Pedigree and genotypes of family F. (Left panel) Renal ultrasound of the propositus at the age of 15 years with increased
echogenicity, one large cyst in the left kidney (bottom panel) and loss of corticomedullary differentiation. (Right top panel) Liver
histology at the age of 9 years showing ductal plate malformation with irregularly distributed, dilated portal vein branches (asterisk), and
dilated bile ducts (cross) in a fibrotic, expanded portal field (hematoxylin and eosin; original magnification, �40). (Right bottom panel)
Liver histology at the age of 15 years in line with ductal plate malformation and congenital hepatic fibrosis and demonstrating a portal
tract with irregular, circular arrangement of widened bile ducts (brown) that extend into the hepatic lobules. Note absence of
inflammation and fibrosis in this portal tract (Cytokeratin 7 immunoperoxidase staining; original magnification, �200). (Bottom panel)
Bioinformatic prediction scores and multiple sequence alignments obtained for the PKD1 change L2696R.
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onset in which stochastically acquired somatic changes during

later life are to be hypothesized.

Given these results and existing literature data, we find that

there is sufficient evidence that our findings describe a general

principle instead of being just a sequence of single cases. We

postulate that additional PKD alleles in trans and/or de novo

exert an aggravating effect and contribute to early and severe

disease expression in polycystic kidney disease. Oligogenic in-

heritance with changes in different genes and converging

pathomechanistic pathways is well known for syndromic cil-

iopathies like Bardet-Biedl syndrome but has not been de-

scribed in a series of patients with polycystic kidney disease so

far.23,24 We hypothesize that a reduced dosage of PKD proteins

severely disturbs homeostasis and network integrity, and by

this correlates with disease severity in PKD. It is likely that

stochastic and environmental factors and changes in other (es-

pecially ciliary) genes/proteins that converge in common path-

ways may further influence the phenotype. Improved sequenc-

ing facilities (next-generation sequencing) will provide further

rapidly growing insight in this issue and the mutational-load

theory.

Elucidation of molecular mechanisms that may explain

some of the phenotypic variability in these families is of impor-

tance for the understanding of polycystic kidney disease.

Moreover, it is to be expected that similar findings may also

apply for variable disease expression in other so-called mono-

genic conditions, most probably describing a general concept.

These results and the aspect of early and severe disease mani-

festation in ADPKD deserve increased attention, e.g. in genetic

counseling. Only few ADPKD patients and presumably also

attending physicians know about early and severe disease ex-

pression and the considerably increased recurrence risk in af-

fected families. Our findings may thus have important impli-

cations for the clinical and molecular understanding of the

disease and the management of affected families.

CONCISE METHODS

The study was approved by the relevant review board and ethics

committee, and the participants gave informed consent. For hap-

lotype analysis of PKHD1, we used previously described markers

and techniques.25 Mutation analysis involved direct sequencing of

exonic and flanking intronic regions of PKD1, PKD2, HNF1�/

TCF2, and PKHD1. All of the novel splice and missense mutations

detected in one of the aforementioned genes were not present in

400 control chromosomes tested by DHPLC or restriction diges-

tion analysis. The ADPKD and ARPKD mutation databases were

used as a source of information about known PKD1, PKD2, and

PKHD1 variants.26,27 Scoring of likely mutations was performed as

Figure 7. Pedigree and genotypes of family G. (Left panel) Renal ultrasound of proposita postnatally (left top panel) and at the age
of 4 years (left bottom panel). (Right top panel) Renal ultrasound of maternal grandmother at the age of 59 years. (Middle and bottom
right panels) Renal ultrasound of the second-born daughter postnatally (middle right panel) and at the age of 15 months (bottom right
panel). (Bottom panel) Bioinformatic predictions and multiple sequence alignments for the PKD1 variant R4138H identified on the
paternal allele of both severely affected girls.
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described previously28 using a multisequence alignment of or-

thologs and different bioinformatic algorithms (Supplemental Ta-

ble 1). The clinical and genetic data of all of the families discussed

in this study are given in Supplemental Table 2.

ACKNOWLEDGMENTS

The authors would like to thank the patients and their families for

their cooperation and interest in the study. We thank Dr. Cecília

Bagulho (Department of Radiology, Garcia de Orta Hospital, Al-

mada, Portugal), Dr. Maximilian Kellner (Department of Radiology,

Children’s Hospital Cologne, Cologne, Germany), and Prof. Dr. Karl

Schneider (Department of Pediatric Radiology, Dr. von Haunersches

Children’s Hospital Munich, Munich, Germany) for imaging data.

The technical assistance of Elvira Golz-Staggemeyer, Edith von Heel,
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C: Renal phenotypes related to hepatocyte nuclear factor-1beta

(TCF2) mutations in a pediatric cohort. J Am Soc Nephrol 17: 497–

503, 2006

17. Faguer S, Bouissou F, Dumazer P, Guitard J, Bellannè-Chantelot C,
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