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Abstract More than 80 mutations of the PKD1 gene have
been reported, mostly in patients from Western Europe.
New techniques are being used to detect an increasing
number of mutations, even in the homologous region of the
PKD1 gene. Polymerase chain reaction–single-strand conformation polymorphism (PCR-SSCP) or denaturing highperformance liquid chromatography (DHPLC) analyses
were performed in the present study to screen mutations
from exon 23 to exon 46 in the PKD1 gene and in the entire
PKD2 gene. When an abnormal pattern was found in PCRSSCP or DHPLC, the PCR products were directly sequenced. Four mutations were identified in the PKD1 gene:
a missense mutation (C47413T causing T3509M in exon 35),
a splicing mutation (del 20 bp in 75 bp of intron 43), and two
nonsense mutations (C48566A causing C3693X in exon 38,
and C51237T causing Q4124X in exon 45). The nonsense
mutation Q4124X existed in only two of three affected sib
members in family K68. The pattern of the restriction enzyme digest and the haplotype analysis confirmed the presence of a heterozygous mutation in the family. Fifteen
single nucleotide polymorphisms were identified in this
study. Two of them (C50439A and C51659T) can be used as
intragenic polymorphic markers.
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Introduction
Autosomal dominant polycystic kidney disease (ADPKD)
is one of the most common hereditary diseases, affecting
approximately 1 in 1000 Caucasians. Mutation analysis
of the PKD1 gene has been complicated because at least
three PKD1-like homologous genes exist on chromosome
16p13.1. Several improved strategies have been developed
to detect mutations in the entire PKD1 gene including the
duplicated region (Peral et al. 1997; Roelfsema et al. 1997;
Watnick et al. 1997; Thomas et al. 1999; Rossetti et al. 2001).
More than 80 mutations, mostly in patients from Western Europe, were identified in the PKD1 gene. These mutations resulted in various alterations of amino acids by
substitution, deletion, or insertion of nucleotides (nt). Previous reports suggested that new mutations of the PKD1
gene occur at a significant rate (Peral et al. 1997; Rossetti
et al. 2001). Approximately 80% of the mutations in the
3⬘PKD1 unique region (exons 34–46) were predicted to
truncate the protein, and 37% of mutations in the 5⬘part of
the gene were missense mutations (Bogdanova et al. 2000).
More mutations were found in exons 15, 23, 25, and 44, but
these exons are not considered hot spots for mutations.
Because the correlation of PKD1 mutations with genotypes
and phenotypes of ADPKD is unclear, it is necessary to
accumulate data on PKD1 mutations, especially in different
populations.
Although exons 2–22 have been successfully amplified to
analyze the duplicated region of the PKD1 gene (Thomas
1999), it has been difficult to amplify the remainder of the
region due to the presence of a 2.5-kb polypyrimidine tract
in intron 21. Therefore, as a first step, in this study we
screened mutations in exons 23–46 of the PKD1 gene and in
the entire PKD2 gene from 176 Japanese ADPKD patients.
We found four different mutations of the PKD1 gene, one
of which was a heterozygous mutation identified in members of the same ADPKD family.
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Subjects and methods

6% polyacrylamide gel. The gels were stained with silver
staining kit (Pharmacia) or ethidium bromide.

Patient recruitment. Affected individuals and family members were recruited nationwide through their family physicians at the request of the ADPKD research group, which is
supported by the Ministry of Health and Welfare in Japan.
Family physicians obtained blood samples from individuals
after obtaining their informed consent. Patients were diagnosed at the clinic of their family physician by confirming
the presence of more than three cysts in bilateral kidneys by
ultrasonography.

Denaturing high-performance liquid chromatography
(DHPLC). The nesting PCR products were analyzed
by WAVE (Transgenomic, Omaha, NE, USA). The
manufacturer’s solution A [0.1 M triethylammonium
acetate (TEAA)] and solution B (0.1 M TEAA with 25%
acetonitrile) buffer systems were used.

DNA and RNA preparation. Genomic DNA was extracted
from peripheral lymphocytes by standard phenol/chloroform extraction and isopropanol precipitation. RNA was
isolated from established lymphoblast cell lines by using the
reagent Trizol LS (GIBCO-BRL, Rockville, MD, USA).
Polymerase chain reaction (PCR) and reverse transcriptase
(RT)-PCR. Genomic DNA (50 ng) was used as a template
and amplified by PCR in a 10-µl reaction volume, containing 10 pmol of each primer and the manufacturer’s buffer
system in the presence of 10% dimethylsulfoxide and 0.25
units of rTaq DNA polymerase (Takara, Shiga, Japan) or
Pyrobest polymerase (Takara). Eighteen sets of primers for
exons 34–46 of the PKD1 gene (nt 44328–52160, accession
number L39891) (Peral et al. 1996) and 17 sets of primers
for the PKD2 gene were used (Hayashi et al. 1997). PCR
was performed according to the method of Peral et al.
(1996) with slight modifications. Long-range PCR (Expand
Long Template PCR system, Roche, Mannheim, Germany)
was performed by using primer set E23F4 (nt 38145–38165)
(Koptides et al. 1998) in exon 23 and primer set E34R1 (nt
44403–44422) (Watnick et al. 1997) in exon 34. PCR was
performed according to the manufacturer’s buffer system 3
method with slight modifications. Amplified DNA products
were diluted 1000–10,000 times and were used as templates
for nested PCR. Primers were designed to produce 200–
600 bp by dividing them from exon 23 to exon 34. RT-PCR
was performed using random oligonucleotide primers.
PCR-single-strand conformation polymorphism (SSCP).
PCR products were diluted 1 :10 with solution (95%
formamide, 10 mM NaOH) and heat-denatured at 98°C
for 5 min. Then they were run on GeneGel 12.5/24 gel
(GenePhor System, Pharmacia, Buckinghamshire, UK) or

Sequencing. PCR products by Pyrobest polymerase were
used as templates in the big-dye dideoxy terminator cycle
sequencing method (PRISM 377, ABI).
Restriction enzyme digests. Mae1 restriction enzyme digests
were separated as described earlier.
Haplotype analysis. The haplotype analysis was performed
by using four flanking markers (D16S521, 16AC2.5, CW2,
and SM7) and two intragenic markers (KG8, I42) for PKD1
and six flanking markers for PKD2 (D4S231, D4S1534,
D4S1542, D4S1563, D4S1544, and D4S414) (Harris et al.
1991; Mills et al. 1992; Thompson et al. 1992; Snarey et al.
1994; Viribay et al. 1994; Coto et al. 1995). The 5⬘end of
one of paired primers was labeled with X-rhodamine
isothiocyanate (XRITC) and used for PCR. The PCR
products were separated by 6% polyacrylamide gel electrophoresis. Allele patterns were analyzed by FMBIO 100
fluoro-imager (Takara).

Results
Four mutations in the PKD1 gene were identified from
Japanese ADPKD patients (Table 1).
Missense mutation in patients #250 and #325
DHPLC analysis showed an abnormal pattern for products
in patient #250 by using primer set I34F/I35R in exons 34–
35 (Fig. 1a). From direct sequencing analysis, a change of C
to T at nt 47413 in exon 35 (Fig. 1b) was found. This alteration caused a missense mutation from threonine to methionine at codon 3509, T3509M. The same mutation was
found in patient #325. Because only patients #250 and #325

Table 1. PKD1 mutations identified in this study
Mutation type
Missense
Splicing
Nonsense

Family (K) or
patient (#)

Nucleotide change

Amino acid change

Exon/intron

#250, #325
K97
#303, #312
K68

C47413T
del 20 bp
C48566A
C51237T

T3509M

Exon 35
Intron 43
Exon 38
Exon 45

C3693X
Q4124X
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Fig. 1a,b. Missense mutation in patient #250. a Denaturing high-performance liquid chromatography (DHPLC) patterns in a normal
sample (left) and in patient #250 (right). b The sequence analysis of the

polymerase chain reaction product of patient #250 showed nucleotide
change C47413T (arrow), which caused the missense mutation T3509M

were available from their families, we were not able to
analyze the segregation of this change. However, the same
abnormal pattern in DHPLC was not found among the 80
normal samples.

confirm the mutation in this family. With this substitution,
a new Mae1 restriction site was created, resulting in two
bands (160bp and 28bp). In members II-3 and II-5, two
fragments (188 bp and 160 bp) were detected, whereas only
one band (188bp) was detected in members II-1 and II-4
(Fig. 3d). Although the change of amino acid from valine
to methionine caused by an alteration of nucleotide at nt
39034 in exon 25 was found in member II-4, this alteration
also existed in member II-1 and in three other unrelated
individuals. The haplotype analysis was performed in this
family by using six markers each for PKD1 and PKD2.
For the PKD1 gene, markers 16AC2.5, CW2, and SM7
were informative. For the PKD2 gene, markers D4S231,
D4S1563, and D4S1544 were informative. Only affected
members II-3 and II-5 shared the haplotype linked to the
PKD1 gene, whereas members II-3 and II-4 shared the
haplotype linked to the PKD2 gene (Fig. 3e). The linkage
data gave maximum logarithm of differences scores of
⫺2.71 (θ ⫽ 0.0178) and ⫺3.14 (θ ⫽ 0.0148), respectively
(Lathrop et al. 1985).
One other nonsense mutation was found in patient #303.
DHPLC analysis using the primer set Gα in exons 37–38
showed an abnormal pattern (Fig. 4a). From the direct sequencing analysis, a change of C to A occurred at nt 48566
in exon 38 (Fig. 4b). This alteration caused the nonsense
mutation cysteine to stop at codon 3693 (C3693X). We
found the same mutation in patient #312. Because only
patients #303 and #312 were available from their families,
we were not able to analyze the segregation of this change.

Splicing mutation in family K97
PCR-SSCP analysis using primer set DD in intron 43
(Fig. 2b) showed that affected members I-2, I-3, and II-2
had abnormal bands but unaffected members I-1, I-4, and
II-1 did not. From the direct sequencing analysis of all affected members of this family, a deletion of 20 bp was found
in a 75-bp length of intron 43 (Fig. 2c). RT-PCR analysis
(Fig. 2d) showed that members I-2, I-3, and II-2 had the
normal size product (188 bp), a 55-bp longer size product
(243 bp), and two additional products (593 bp and 403 bp),
whereas members I-1, I-4, and II-1 had only the normal size
product (188 bp).
Two nonsense mutations in family K68 and in patients
#303 and #312
In family K68, PCR-SSCP analysis using the primer set HH
in exon 45 showed that affected sisters II-3 and II-5 had
an abnormal extra band with two other normal bands,
but unaffected sister II-1 and affected sister II-4 did not
(Fig. 3b). DHPLC and PCR-SSCP analysis using other
primer sets in exons 24–46 showed no other abnormal
pattern for any other member. Direct sequencing analysis
was performed for all members of this family. Sequencing of
II-3 and II-5 (Fig. 3c) revealed a C-to-T substitution
(CAGÆTAG) at nt 51237, resulting in the nonsense mutation glutamine to stop at codon 4124 (Q4124X) in exon 45.
Digestion of restriction enzyme Mae1 was performed to

Polymorphism
During the mutation search, 15 single-nucleotide polymorphisms in the PKD1 gene were found by direct sequencing
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following DHPLC or PCR-SSCP analysis (Table 2). One of
these changes resulted in an amino acid substitution, valine
to methionine, by converting G to A at nt 39034 in exon 25
with a frequency of 3.3%. Although two other polymorphisms, C50439A in exon 43 and C51659T in exon 46, with
frequencies of 6.8% and 8.2%, respectively, caused no
amino acid changes, they might be useful as intragenic
polymorphic markers.
Table 2. Single nucleotide polymorphisms identified in this study
Nucleotide
change

Amino acid
change

G38976A
C38997A
G39034A
C47848T
47853delC
C48085T
C48205G
G48509A
G49637A
C49833T
T49942G
C49943G
G50075A
C50439A
C51659T

Ala2988Ala
Leu2995Leu
Val3008Met

Leu3674Leu

Glu3871Glu
Ala3910Ala
Asp4234Asp

Fig. 2a–d. Splicing mutation in
family K97. a Pedigree of family
K97. Filled symbols are affected
individuals and open symbols are
unaffected individuals. Males are
shown as squares and females
as circles. Numbers below symbols represent age in years (ys).
b Polymerase chain reaction–
single-strand conformation polymorphism (PCR-SSCP) analysis
showed extra bands exist only in
affected members II-2, I-3, and
II-2. c Diagram of 75 bp of intron
43 shows two possible regions of a
20-bp deletion with a solid line
and a dotted line. d Reverse transcriptase-PCR analysis showed
188-bp, 243-bp, 403-bp, and 593bp PCR products when cDNA
was used as a template in affected
member I-2 and only a 188-bp
product in unaffected member I-4

Site

Frequency (%)

Exon 25
Exon 25
Exon 25
Intron 36
Intron 36
Intron 37
Intron 37
Exon 38
Intron 40
Intron 41
Intron 41
Intron 41
Exon 42
Exon 43
Exon 46

1/66 (1.5)
1/66 (1.5)
5/149 (3.3)
1/98 (1.0)
1/98 (1.0)
2/96 (2.0)
1/122 (0.8)
1/97 (1.0)
2/147 (1.4)
1/122 (0.8)
2/124 (1.6)
2/124 (1.6)
1/122 (0.8)
9/133 (6.8)
12/146 (8.2)

a

c

Discussion
In the present study, we detected four mutations in 176
ADPKD individuals by analyzing exons 23–46 of the PKD1
gene. From the relatively low rate of mutation detected in
this study, we assume that the majority of mutations exist in
exons 1–23 or in the regulator region of the PKD1 gene, as
suggested in a previous report (Peral et al. 1997).
A missense mutation (C47413T, causing T3509M in exon
35) in patients #250 and #325 has not been identified before.
In this mutation, threonine has a polar OH group but
methionine does not. Therefore it is possible that this
alteration causes the gene to produce a different tertially
structured protein. Patient #250 was a 61-year-old woman
who was having hemodialysis treatment. She also had a
history of hypertension and has been confirmed as having
liver cysts with no symptoms. A sister died from end-stage
renal disease (ESRD). Patient #325 was a 71-year-old
woman with no symptoms except hypertension. The phenotypes of these two patients seemed to be no more severe
than those of average PKD1 patients.
A splicing mutation in intron 43 has been identified in
family K97. From the 20-bp deletion, the size of intron 43
became shortened to 55 bp (Fig. 2c). The same mutation
was reported previously in two unrelated families in Europe

b

d
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Fig. 3a–e. Nonsense mutation
in family K68. a Pedigree of
family K68. Affected individuals
are indicated by filled symbols.
Males are shown as squares and
females as circles. Slashes through
symbols mean decreased individuals. b PCR-SSCP analysis
showed an abnormal extra band
(arrow) in members II-3 and II-5
and not in members II-1 and
II-4. c The sequence analysis of
the PCR product of patient
II-3 showed nucleotide change
C51237T (arrow), which caused
the nonsense mutation Q4124X. d
Restriction enzyme Mae1 digests
created the 160-bp band in members II-3, and II-5. e Haplotype
analysis in family K68 showed
that members II-3 and II-5 shared
“4-3-2”, members II-3 and II-4
shared “3-2-2” in PKD1 linking
markers, and members II-3 and
II-4 shared “2-2-2” and “2-2-1” in
PKD2 linking markers among the
three affected members
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(Peral et al. 1995, 1997). A segment longer than 65 bp is
needed to splice the intron correctly (Wieringa et al. 1984).
RT-PCR analysis showed that there were three longer
bands with a normal sized product (188 bp) in patient I-2.
The 243-bp product was expected not to be spliced out, and
two other larger products (403 bp and 593 bp) are not
known. This deletion probably was produced by misalign-

ment because of the 9-bp repeat (GGGCTGGGC) within
the intron. The phenotypes of the affected members in
family K97 were shown to be heterogeneous (Fig. 2a). All
affected members, I-2, I-3, and II-2, had cysts in bilateral
kidneys and hypertension, but only patient I-2 had ESRD
and had undergone hemodialysis treatment. Member II-2
had liver cysts, whereas members I-2 and I-3 did not. Two
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Fig. 4a,b. Nonsense mutation in patient #303. a DHPLC patterns in a normal sample (left) and in patient #303 (right) b The sequence analysis
showed nucleotide change C48566A (arrow), which caused the nonsense mutation C3693X

previously reported families (Peral et al. 1995) also showed
heterogeneous phenotypes. Thus the splicing mutation in
intron 43 may not result in severe symptoms.
We report here a nonsense mutation with a heterozygous
mutation in family K68 (Fig. 3a). This family includes one
unaffected sister, II-1, and three affected sisters, II-3, II-4,
and II-5, who were diagnosed by ultrasonography as having
cyst formation in bilateral kidneys. All of the affected
sisters had hypertension but none of them were treated
with hemodialysis. Their father, I-1, and sister, II-2, died of
ESRD at the age of 82 years and 52 years, respectively. In
our study, two of three affected sisters, II-3, and II-5, had
the same mutation (Q4124X) but one sister, II-4, did not.
This nonsense mutation was predicted to truncate the protein by 179 amino acids, which is predicted to be the
carboxy-terminal domain, which includes the association
region with the PKD2 gene product (polycystin2) and signal transduction activities. Digestion by Mae1 restriction
enzyme was performed to confirm that this alteration occurred only in members II-3 and II-5. The result indicated
that a new restriction site was created only in the two affected individuals. In member II-4, two possibilities — another unknown mutation or a wrong diagnosis — are
suspected. Because patient II-4 was 47 years old and had
cyst formations in her bilateral kidneys, we believe the diagnosis was correct. The haplotype analysis in this family
showed no link to either the PKD1 or the PKD2 gene.
From these results, it is assumed that the mutation in member II-4 happened de novo and that this family has heterozygous mutations of the PKD1 gene because there was
no mutation in all exons of the PKD2 gene. Recently it was
reported that ADPKD was caused by mutation in the
PKD1 gene and/or the PKD2 gene in a large family whose
haplotype analysis showed linkage to neither PKD1 nor

PKD2, although the PKD1 gene mutation was not identified (Pei et al. 2001).
Patient #303 was a 44-year-old woman with another nonsense mutation. She had no symptoms except for liver
cysts. Her family members showed various phenotypes. Her
father inherited ADPKD from his mother, and 3 of his 11
siblings died from ESRD. She had one sister who also died
from ESRD and other three siblings who were healthy.
Patient #312 has the same mutation as patient #303. She was
46 years old and inherited ADPKD from her father. Although this mutation was predicted to truncate the protein
by 610 amino acids, including six transmembrane domains
and the cytoplasmic tail, the phenotype of both patients was
not severe.
Because no conclusion can be drawn about the correlation between the types of mutations and phenotypes, more
data must be accumulated on the mutations of the PKD1
and PKD2 genes. Additional mutation analysis will lead to
a useful DNA-based diagnostic test.
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