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Autosomal dominant polycystic kidney disease (ADPKD) exhibits a genetically heterogeneous transmission
involving at least three different genes. PKD1 gene linked mutations are responsible for the disease in
about 85% of ADPKD cases. The search for mutations is a very important step in understanding the
molecular mechanisms underlying ADPKD. We undertook this study using denaturing gradient gel
electrophoresis (DGGE), after a stage of long range PCR, to scan for mutations in the duplicated region of
the PKD1 gene in French ADPKD families. This allowed us to identify eight novel mutations and several
polymorphisms: among the mutations, three are nonsense mutations, two are deletions in the coding
sequence leading to frameshift mutations, one is a splice mutation and two are highly probable missense
mutations. In this paper, we also provide a review of the mutations reported so far which are widespread
throughout the gene. Although no clear hot spot for mutation is apparent, we will focus on some
clustering observed. European Journal of Human Genetics (2000) 8, 353–359.
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Introduction
Autosomal dominant polycystic kidney disease (ADPKD), a
common genetic renal disorder exhibits a genetically hetero-
geneous transmission1 with at least three different genes
involved. PKD1 gene linked mutations, located on chromo-
some 16p13.3,2 account for 85% of ADPKD; those in PKD2, at
locus 4q21–23,3,4 are responsible for the disease in about
10–15% of cases, and at least a third locus still unidentified is
involved in the transmission of the disease in some reported
families.5

Whatever the gene involved in the transmission of the
disease, the disorder is characterised by the progressive
development of renal cysts leading to end stage renal disease
(ESRD) in about 60–80% of ADPKD patients.6 However,
ADPKD displays a great inter-familial phenotypic variability
in the course of the disease, partly explained by the genetic
heterogeneity in the transmission of the disease.7,8 PKD1-
linked disease is associated with a poorer renal prognosis
than the PKD2 form: the median age at onset of ESRD was

shown to be later in PKD2 than in PKD1 (74 vs 54 years) in a
recent European multicentric study.9 Nevertheless, the intra-
familial phenotypic variability is not explained by the
inheritance of the same stable DNA change as has been
reported in families with an identified mutation.10,11 The
two-hit mechanism, with a loss of heterozygosity displayed
by 17–24% of the examined cysts from ADPKD1 patients,12,13

represents an alternative explanation to this phenomenon of
phenotypic variability; the factors governing the rate of
second hits have yet to be identified. In the same way,
recently, second-hit mutations in human PKD2 cysts have
been identified.14,16 The largest known polypyrimidine tract
of about 2.5 Kb is considered partly responsible for the high
mutability of the PKD1 gene.12 The PKD1 gene segregation
with other modifying genes or the role of environmental
factors could be also hypothesised.

The identification of mutations is one of the most impor-
tant steps towards improving our knowledge of the physi-
opathology of the disease. To date, about 65 mutations have
been identified in the PKD1 gene2,10,17–30 with only four
mutations reported more than once.17,19,21,28,31 Most of them
are located in the non-duplicated region of the gene. Some
authors have developed strategies to specifically analyse the
duplicated region of the gene,20,23,26,32 using the protein-
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truncation test (PTT)33 or the RNase-cleavage assay20 with or
without a preliminary step of long-range PCR, which requires
one specific primer located either in the duplicated area or in
the non-duplicated region. However, despite intense efforts
on the part of researchers, the mutation detection rate
remains disappointingly low,23,34 illustrating the difficulty in
correctly characterising mutations in this particular gene. In
a previous study, we undertook a screening for mutations by
DGGE in 146 unrelated patients within the 3' non-duplicated
area of the gene;24 this allowed us to identify novel muta-
tions. We have now extended our mutation screening to
analyse a part of the duplicated region from the 3' end of
exon 15 to exon 33 (except for exon 22) by the same
technique.

We report here some additional novel mutations in this
gene and we also provide a review of mutations reported so
far.

Patients and methods
Patients
Our cohort of 146 unrelated ADPKD patients and the criteria
for the enrolment of the patients in the study have been
previously described.24 Briefly, ADPKD diagnosis was estab-
lished by a nephrologist and supported by widely used
criteria reported by Bear35 rather than those more recently
reported by Ravine,36 in view of the fact that some blood
samples and family studies were realised before 1994. For
each family, pedigrees and clinical data with the age of end-
stage renal disease were collected.

A systematic screening of 150 normal chromosomes were
performed to determine the frequency of the DNA variants in
the normal population.

Methods
DNA extractions were performed according to conventional
salting-out procedure.37 Two different long-range PCR ampli-
fications of genomic DNA were performed to generate locus-
specific templates as has been previously described.32,38 For
these LR amplifications we used rTth DNA-polymerase-XL
(Applied Biosystem, Foster City, CA, USA) according to the
manufacturer’s guidelines. These LR-PCRs required a single
specific primer, located either in the duplicated or in the non-
duplicated region. For the first LR-PCR, performed from
exon 23 to exon 34, we used a specific primer located in
exon 34 (e34i3 previously reported24) in combination with
TWF1, a primer positioned in intron 22 reported previously
by Watnick.32 For the second, extending from the 3' end of
exon 15 to exon 21, we used a PKD1 specific primer (FQF 26)
located in exon 15 in combination with TWR2 in intron 21
previously reported by Watnick et al.38 The cycling parame-
ters and the primers used in the LR-PCR are available upon
request.

Internal nested PCRs were then performed exon by exon
after a 10–5 fold dilution of the long-range product to avoid

genomic contamination. Nested PCRs were performed in a
50 µl reaction mixture containing 50 pmoles of each appro-
priate primer, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 10%
DMSO, 200 µM of each dNTP, 1.5 mM MgCl2, one unit of Taq
polymerase and 1 µl of diluted PCR products; 35 cycles of 30 s
at 94°C, 30 s at 75°C and 30 s at 72°C were performed.

Sequences of the primers used for the nested PCRs are
available upon request together with gradient conditions and
migration times for electrophoresis. The DGGE and sequenc-
ing were performed as previously described.24 Figure 1 indi-
cates samples displaying altered migration pattern in
exon 28. Segregation analysis was performed by DGGE in the
families of patients with an identified mutation.

Mutation designation The mutations described in this
study were designated following the recommendations of
Antonarakis.39 Nucleotides and codons were numbered
according to the sequence published by Hughes40 (GenBank
accession number L39891).

Results
The novel mutations reported here are summarized in
Table 1.

9867del T
This frameshift mutation (after amino acid 3219) results from
the deletion of a nucleotide T at position 9867 in exon 28

Figure 1 DGGE analysis of exon 28 where electrophoresis
optimisation enabled the detection of two altered patterns
producing homoduplex and heteroduplex band
displacements. N corresponds to a normal allele. Patient 81:
4 bands are detected corresponding to the two heteroduplexes
(upper bands), and to the two homoduplexes (lower bands).
The sequencing data is Q3206X(C > t at 9827). Patient 130:
the 4 bands observed correspond to the two homoduplexes
(lower bands) and to the two heteroduplexes (upper bands).
The sequencing data is 9867delT.
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(Figure 2) that leads to a premature stop codon at amino
acid 3315. This mutation is reported in a woman who started
renal replacement therapy at 47 years of age. This DNA
variant segregates with the disease, since the same abnormal
DGGE pattern was found in her affected brother and was
absent in her two unaffected daughters.

Q3206X
This nonsense mutation was discovered in a woman from a
severely affected family with three members who reached
end-stage renal failure before the age of 40 (37, 38 and
39 years). Her son of 28 years, affected by the disease, has
been treated for renal failure for 2 years. This mutation is due
to a modification of a C > T at position 9827 in exon 28
leading to the substitution of a glutamine for a stop codon at
amino acid 3206. A DNA sample from her dead affected
mother was not available.

R2639X
This mutation is due to the modification of a C > T at
nucleotide position 8126 in exon 21, inducing a stop codon
at amino acid 2639 instead of an arginine. A DNA sample
from the patient’s affected dead mother was not available.
The disease was diagnosed in this man through the diagnosis
of hypertension when he was 36 years old. He currently
presents moderate renal failure at 44 years.

8030del 5
This frameshift mutation results from the deletion of
5 nucleotides (CACGT), in exon 20, beginning at nucleotide
position 8030. This deletion should produce a premature stop
codon at amino acid 2659. This DNA variant was identified in
a woman who started renal replacement therapy at 43 years
of age.

The same DNA variant was found in her two affected
children (diagnosed with the disease at 15 and 17 years).

Table 1 Novel mutations detected in the PKD1 gene

Mutation Exon Amino acid change Nucleotide change

9867 del T 28 Frameshift Del T at NT 9867
Q3206X 28 Glutamine > termination codon C Õ T at NT 9827
R2639X 21 Arginine > termination codon C Õ T at NT 8126
8030 del 5 20 Frameshift del CACGT at NT 8030
Y2336X 16 Tyrosine > termination codon C Õ Aat NT 7219
R2329W 16 Arginine > Tryptophan C Õ T at NT 7196
IVS 15+2 15 Splice mutation T Õ G at NT 7126 + 2
T2250M 15 Threonine > methionine C Õ T at NT 6960

Figure 2 Sequencing data on the mutation 9867delT in exon 28 where a deletion of a T occurs leading to a frameshift mutation.
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Y2336X
The nucleotide change C > A at nucleotide position 7219
leads to the appearance of a stop codon instead of a tyrosine
at amino acid 2336. This nonsense mutation was identified in
a woman who reached end-stage renal disease at 58 years.
The same abnormal DGGE pattern was found in her affected
son.

R2329W
This DNA variant in exon 16 results from a change of C > T at
nucleotide 7196 leading to a substitution of an arginine
(amino acid with basic side chain) for a tryptophan (non-
polar amino acid). The same nucleotide modification was
also found in her affected sister but was absent in her three
unaffected children. She started renal replacement therapy at
44 years. We did not find the same abnormal DGGE pattern
in our series of normal chromosomes.

IVS15 + 2 T > G
This DNA variant is a splice mutation due to the substitution
of a T for a G at nucleotide 7126 + 2. This intronic mutation,
causing the donor site invariant GT to become GG was
described in a woman who was diagnosed with ADPKD at
56 years of age and needed renal replacement therapy from
the age of 65. The segregation of the disease with this DNA
variant was confirmed because the same abnormality was
found in her affected brother (ESRD at 65 years) and in her
affected daughter, whereas a normal DGGE pattern was
present in her other two unaffected children. This abnormal
DGGE pattern was not found in our series of normal
chromosomes.

T2250M
This DNA variant results from a change of C > T at nucleo-
tide 6960 in exon 15, leading to a change from a threonine to
a methionine. This DNA variant was found in three different
patients from three different families. Unfortunately, only
one family study has been done so far, in which the two

unaffected daughters do not share the abnormal DNA variant
of their affected mother. We did not find the same abnormal
DGGE pattern in our series of normal chromosomes. This
DNA variant is discussed below.

Polymorphisms
This screening also allowed us to describe several novel
polymorphisms which are listed in Table 2. These DNA
variants were classified as polymorphisms either because they
do not lead to the modification of the encoded amino acid,
or by the non-segregation of the DNA variant with the
disease in family studies, or because they were found in our
cohort of normal chromosomes.

Discussion
In this study, we report additional disease-causing mutations
detected in the PKD1, identified within the duplicated region
of the PKD1. It concerns mainly frameshift or stop mutations
which are clearly pathogenic changes.

We have attempted to amplify the whole region located
from the 3' end of exon 15 to exon 34 (about 13.9 Kb), under
conditions previously described by Watnick et al,32 with a
modification of the 3' primer, technically feasible with our
rTtH enzyme, but the long polypyrimidine tract located in
intron 21 probably prevented us from achieving this aim.12

Thus we had to perform two separate LR amplifications to
generate specific templates as had been previously under-
taken by Watnick.32,38 As in our first study within the 3'
region, DGGE screening was successfully applied to scan for
mutations in that part of the repeated region of the PKD1
gene. Indeed, the DGGE approach has been particularly
effective (approaching 100%) in terms of the mutation
screening of some reported genes.41

In this study we have identified three nonsense mutations,
two frameshift mutations, two possible missense mutations,
and one splicing mutation. For the missense mutation
R2329W, the segregation of the disease with the DNA

Table 2 Polymorphisms detected in the PKD1 gene

Polymorphism Exon Amino acid change Nucleotide change

IVS 34 + 20 Intron 34 G Õ A at 10707 + 20
IVS 31 + 7 Intron 31 A Õ G at 10378 + 7
P3193L 28 Proline > Leucine C Õ T at NT 9789
G3139V 27 Glycine > Valine G Õ T at 9627
P3110P 26 None T Õ C at NT 9541
V3090V 26 None C Õ T at NT 9481
F3066L 25 Phenylalanine > Leucine T Õ C at NT 9407
V3065V 25 None G Õ C at NT 9406
A2988A 25 None G Õ A at NT 9175
IVS 25–17 Intron 24 A Õ G at 9160–17
L2481L 18 None C Õ T at NT 7652
IVS18–27 Intron 17 C Õ A at 7421–27
IVS18–10 Intron 17 C Õ A at 7421–10
L2389L 17 None T Õ C at NT 7376
Y2379C 17 None A Õ G at NT 7347
G2309G 16 None C Õ T at NT 7138
IVS 16–9 16 G Õ A at 7127–9
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variation and its absence in our series of normal chromo-
somes is suggestive of its likely pathogenicity. Indeed, the
substitution of a positively charged arginine for a neutral
residue of tryptophan might be significant. For T2250M one
might also hypothesise that the introduction of a methio-
nine instead of a threonine could well affect the secondary
structure of the molecule which could disrupt α helixes and
â stands. Due to the lack of functional evidence and since the
entire length of the gene was not screened for mutation, it is
difficult to establish with any great certainty the pathoge-
nicity of such variants. Thus, it is not easy to conclude
whether these substitutions are pathogenic mutations or very
rare polymorphisms. However, for T2250M, these amino-acid
changes have been reported as a missense mutation else-
where in the PKD1 gene (M3677T in exon 38). For the very
likely splice mutation – IVS 15 + 2 T > G, –, one may predict
that the disruption of the invariant site will affect this splice
site.

If we take into account our additional PKD1 mutations
reported in this study, about 75 mutations have already been
identified, listed in Table 3. Most of them are point muta-
tions, resulting in a truncated protein linked either to a
nonsense mutation occurring within the gene or a frameshift
mutation inducing a premature stop codon. The mutations
documented in PKD1 are spread throughout the gene from
exon 2 to exon 46. Nevertheless, to date there has been no
report of the analysis of exon 1. Although no clear hot spot
for mutations is apparent, some clustering can be observed. A
large number of mutations (almost one-third) lies within
exons 44 to 46. The reason may be because most reported
studies dealing with the screening of mutations were per-
formed within the 3' unique region of the gene, and the
primers used were described at an early stage. This could be
responsible for a bias in the analysis. However, it could be
equally linked to the fact that the 3' end is a functionally
important region involved in the disease physiopathology.

Table 3 Summary of PKD1 gene mutations described to date

Mutation Location References

Nonsense
W1814X Exon 15 Roelfsema26

Q1922X Exon 15 Thomas23

Y2336X Exon 16 Present study
R2639X Exon 21 Present study
Q2900X Exon 23 Roelfsema26

E3020X Exon 25 Peral20

Q3206X Exon 28 Present study
Q3474X Exon 34 Perrichot24

Q3513X Exon 35 Peral20

Y3818X Exon 41 Peral10

Q3820X Exon 41 Personal communication
Q3837X Exon 41 Peral19

Q4010X Exon 44 Daniells17

W4011X Exon 44 Roelfsema26

R4020X Exon 44 Rosetti27

E4024X Exon 44 Daniells17

Q4041X Exon 44 Daniells,17 Badenas,21 Turco48

Q4059X Exon 45 Daniells28

C4086X Exon 45 Neophytou25

W4139X Exon 45 Perrichot24

Y4126X Exon 45 Turco30

Q4124X Exon 45 Badenas,21 Daniells28

Y4236X Exon 46 Personal communication
R4227X Exon 46 Peral19

Missense
R324L Exon 5 Thomas23

L845S Exon 11 Thomas23

T2250M Exon 15 Present study
R2329W Exon 16 Present study
L2993P Exon 25 Peral20

Q3016R Exon 25 Peral20

V3375M Exon 31 Koptides22

L3510V Exon 35 Peral20

E3631D Exon 36 Peral19

M3677T Exon 38 Turco30

G4031D Exon 44 Daniells17

R4153C Exon 45 Perrichot24

R4135G Exon 45 Perrichot24

Q4224P Exon 46 Badenas21

R4275W Exon 46 Badenas21

e

Mutation Location References

Deletions
g18177–21076 del3kb Intron–Exon 5 Thomas23

4077delT Exon 15 Roelfsema26

4247del2 Exon 15 Roelfsema26

5225delA Exon 15 Roelfsema26

6434–6461del28 Exon 15 Thomas23

6785del17 Exon 15 Roelfsema26

8030del5 Exon 20 Present study
8657delC Exon 23 Peral20

9299delC Exon 25 Peral20

9867delT Exon 28 Present study
IVS31+25del19 Intron 31 Peral20

10262del2kb Intron 30–34 European Consortium2

11341delC Exon 38 Turco29

11457del15 Exon 39 Peral19

IVS39+266del72 Intron 39–Exon 40 Peral19

10708del15,5kb Intron 34–Exon 46 European Consortium2

IVS43+14del20 Intron 43 Peral18

IVS43+17del18 Intron 43 Peral18

12262del2 Exon 44 Daniells17

12739delA Exon 46 Peral20

12801del28 Exon 46 Badenas21

Insertions
4898–4899insT Exon 15 Thomas23

10947insT Exon 36 Peral19

11284insT Exon 38 Perrichot24

11285insC Exon 38 Perichot24

11549ins10 Exon 40 Turco30

12187ins9 Exon 43 Perrichot24

12416ins20 Exon 45 Daniells28

12511insG Exon 45 Daniells28

12714ins23 Exon 46 Perrichot24

Splicing
IVS14 –1 G>A Intron 14 Thomas23

IVS15 +2 T>G Intron 15 Present study
IVS39 +1 G>C Intron 39 Peral20

IVS41 +2ins3 Intron 41 Personal communication
IVS44 +1 G>C Intron 44 European Consortium2

IVS44 –1 G>C Intron 44 Badenas21

IVS45 –1 G>A Intron 45 Badenas21
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This region in particular binds the G protein activation
peptide recently described.42 This highly evolutionary con-
served region contains a binding domain for the hetero-
trimeric G protein, suggesting that the C terminal cytosolic
domain of polycystin-1 may function by initiating G protein
coupled signal transduction and directly interacts with
signalling proteins. Flanking this peptide, the presence of
serine and tyrosine phosphorylation sites has been
reported,42,43 which could also be of physiological relevance.
This region is equally the site of the coiled-coil domain,
located in exon 46.44 This domain of polycystin-1 binds
specifically to the C terminus of the PKD2 product suggesting
that PKD1 and PKD2 may be partners in a common signalling
cascade; this could explain the similar clinical presentation
of PKD1 and PKD2 diseases. Some clustering is also observed
in exon 15 where some 15% of mutations were reported. This
could be partly explained by the large size of exon 15 (more
than 3.5 kb). The other explanation is the functional rele-
vance of this region containing the ‘immunoglobulin-like’
domains which may be involved in protein–protein inter-
actions or cell adhesion mechanisms as suggested in Bycroft’s
recent work.45 The detection of mutations disrupting one of
these functionally important interactions could help in
improving our knowledge of the physiopathology of the
disease.

Most of the reported mutations in the gene appear to be
unique (specific) to each family with some exceptions to this
rule. The recurrence of Q4041X in different countries with
different ancestral origins,31 has been previously debated as
well as the several descriptions of R4227X,19 R4275W21 and
Q4124X21,28 The T2250M variation described in this report
could be the fifth recurrent mutation if further analyses, such
as geneaological studies, analysis of the complete coding
sequence, and comparison of the haplotypes, confirm that
the three affected patients present different ancestral
origins.

Overall, previous studies with a limited number of identi-
fied mutations have emphasised that no clear correlation
between the severity of the renal disease and the type or
position of the mutation is obvious20 except for TSC2–PKD1
contiguous gene syndrome.46 Three families with ‘clinical
anticipation’ presenting very early onset cases have also been
reported.10,11,24

Despite intense screening using various approaches, the
mutation detection rate remains relatively low, 30–36%
maximum,23,24 in contrast to the high mutation detection
rate (85%) in PKD2 families reported by R Torra et al.47 In our
series this rate is much lower but we have not yet screened
the first 15 exons. Considering these data, it could be
hypothesised that most of the mutations could be localised
either in the PKD1 promoter, in exon 1 or in some intronic
regions that have not yet been correctly analysed. Efforts
must be made to screen the whole coding and non-coding
areas of the PKD1 gene, which could help us to elucidate the
physiopathology of the disease. Moreover, the analysis of all

genetic defects is of key importance in respect of successful
development of therapeutic approaches. The duplicated
regions of the PKD1 gene, the number of exons (46), the
length of the coding sequence (14 kb mRNA) and the GC rich
sequence are strong arguments which contribute to difficul-
ties in systematically analysing the gene for ADPKD diag-
nosis, using current techniques. Until new techniques are
developed, such as DNA chips, or a functional assay imple-
mented, molecular ADPKD diagnosis will still be mostly
performed using linkage disequilibrium analysis.
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