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Abstract. It is estimated that approximately 15% of families

with autosomal dominant polycystic kidney disease (ADPKD)

have mutations in PKD2. Identification of these mutations is

central to identifying functionally important regions of gene

and to understanding the mechanisms underlying the patho-

genesis of the disorder. The current study describes mutations

in six type 2 ADPKD families. Two single base substitution

mutations discovered in the ORF in exon 14 constitute the most

COOH-terminal pathogenic variants described to date. One of

these mutations is a nonsense change and the other encodes an

apparent missense variant. Reverse transcription-PCR from

patient lymphoblast RNA showed that, in addition, both mu-

tations resulted in out-of-frame splice variants by activating

cryptic splice sites via different mechanisms. The apparent

missense variant produced such a strong splicing signal that the

processed transcript from the mutant chromosome did not

contain any of the normally spliced, missense product. A third

mutation, a nonconservative missense change effecting a neg-

atively charged residue in the third transmembrane span, is

likely pathogenic and defines a highly conserved residue con-

sistent with a potential channel subunit function for polycys-

tin-2. The remaining three mutations included two frame shifts

resulting from deletion of one or two bases in exons 6 and 10,

respectively, and a nonsense mutation due to a single base

substitution in exon 4. The study also defined a novel intra-

genic polymorphism in exon 1 that will be useful in analyzing

“second hits” in PKD2. Finally, the study demonstrates that

there are reduced levels of normal polycystin-2 protein in

lymphoblast lines from PKD2-affected individuals and that

truncated mutant polycystin-2 cannot be detected in patient

lymphoblasts, suggesting that the latter may be unstable in at

least some tissues. The mutations described will serve as

critical reagents for future functional studies in PKD2.

The identification of mutations in human disease genes, espe-

cially those that encode proteins of unknown function, can be

instructive for identification of functionally important domains

and can serve as guideposts for experimental investigation into

the pathogenesis of disease. Almost all cases of autosomal

dominant polycystic kidney disease (ADPKD) result from mu-

tations in either PKD1 or PKD2. PKD1 and PKD2 encode

integral membrane proteins whose functions remain unknown.

Mutations in PKD2 occur less frequently (1) and manifest with

a less severe form of ADPKD (2,3) than mutations in PKD1.

PKD2 is encoded in at least 15 exons spanning approximately

68 kb on chromosome 4q21–23 (4). Exons 2 to 14 are ame-

nable to mutation detection by single-strand conformational

analysis (SSCA) using intronic primers flanking 39 and 59

splice sites. This approach is suitable for detecting sequence

variation within the coding region and in intronic regions,

including splice sequences, immediately flanking the exons

(4). Exon 1 is at least 660 bp and very GC-rich and is therefore

best amplified for SSCA in three overlapping segments (4).

Polycystin-2, the PKD2 gene product, is a widely expressed

integral membrane glycoprotein (5) with structural similarity to

cation channel subunit proteins. A polycystin-2 homolog has

been identified (6,7), and proteins with structural similarity,

including polycystin-1, have been found in several lower mul-

ticellular organisms (5,8,9). Polycystin-2 interacts with poly-

cystin-1 via its cytoplasmic COOH-terminal domain, and nat-

urally occurring human mutations have been shown to interfere

with this function (10,11). It has been postulated that the

polycystins participate in a cellular signaling pathway, with
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polycystin-1 acting as a receptor that modulates the activity of

polycystin-2. Polycystin-2 contains an EF hand and several

putative phosphorylation sites in the COOH terminus (5).

Thirty-seven mutations in PKD2 have been described in the

literature (5,12–16). Mutations have been found throughout the

gene, although no mutations have been reported in exons 9, 10,

14, and 15. The majority of mutations have been premature

chain terminations due to nonsense codons, frame shifting

oligo-bp insertions/deletions, or splice site mutations with al-

tered reading frames. No clustering of mutations has been

described and only a few mutations have been found to occur

in more than one family. One missense variant has been

implicated as a pathogenic change (14).

One intragenic polymorphism has been identified by SSCA

(14). Cyst formation in both forms of polycystic kidney disease

is thought to occur by a “two-hit” mechanism (17–19). Loss of

heterozygosity at intragenic polymorphic loci in human tissues

has been used to demonstrate this mechanism in type 1 ADPKD

(17,18,20), while the evidence in type 2 ADPKD comes from

an animal model (19). Second hits may explain the intrafamil-

ial variation in disease presentation and may account for the

apparent absence of genotype/phenotype correlation in type 2

ADPKD (12).

In the current study, we report screening for mutations in the

entire coding sequence of PKD2 in 12 families, with the

identification of mutations in six of them. Two mutations were

found in exon 14 and constitute the most COOH-terminal

pathogenic variants described to date. One mutation is a mis-

sense change that is likely pathogenic and defines a highly

conserved residue of potential functional importance. In a pair

of families, we examine the transcriptional consequence of the

genomic mutations and demonstrate two separate mechanisms

of cryptic splice site activation. We define a novel intragenic

polymorphism that will be useful in analyzing “second hits” in

PKD2. Finally, we demonstrate the occurrence of reduced

levels of polycystin-2 protein expression in lymphoblast lines

from affected individuals.

Materials and Methods
Family Selection and DNA/RNA Preparation

Twelve ADPKD families with either demonstrable linkage to

PKD2 markers or exclusion of linkage to PKD1 markers were

screened for mutations in PKD2. At-risk individuals participating in

this study were examined by ultrasonography (21). DNA from one

affected individual of each family was selected for SSCA (see below).

DNA was isolated from blood leukocytes or Epstein-Barr virus

(EBV)-transformed lymphoblasts using the Puregene DNA isolation

kit (Gentra Systems, Research Triangle Park, NC). RNA was isolated

from lymphoblast cell lines of ADPKD4, PK9505, and controls using

TRIzol reagent (Life Technologies, Gaithersburg, MD). Reverse tran-

scription (RT)-PCR template was produced using SuperScipt II (Life

Technologies), according to the manufacturer’s recommendations.

Mutations were found in families collected in the United States

(ADPKD4), The Netherlands (PK5147, 5109), Spain (family 9,

Oviedo 23), and Iceland (PK9505).

SSCA and Identification of Mutations and
Polymorphisms

Oligonucleotide primers complementary to intronic sequences

flanking exons 2 to 14 (4) were used to amplify the exons and adjacent

splice junction sites of the PKD2 gene. Exon 1 was amplified in three

overlapping fragments of 248, 249, and 210 bp, because the entire

coding region of the exon is too large for efficient SSCA and it cannot

be reliably amplified due to GC richness (4). Only the ORF portion of

exon 15 was analyzed by SSCA (4). Amplification was performed

using 20 to 50 ng of template DNA under conditions as described

previously (4). The mutation in ADPKD4 was initially detected in

RT-PCR products from lymphoblast RNA and then screened in

genomic DNA; all other variants were initially detected in genomic

DNA. The PK9505 mutation was further analyzed by RT-PCR in

cDNA from lymphoblasts and has been used in studies of PKD2

protein interactions (10). The PCR primers used in this study were

those described previously (4), in addition to primers shown in Table 1.

SSCA was performed as described previously (5). One affected

individual from each of the 12 families and two unrelated, healthy

control subjects comprised the screening panel. All samples were run

under at least two different gel conditions. Exons exhibiting aberrantly

migrating SSCA fragments were reamplified, and PCR products were

gel-purified using the QIAquick kit (Qiagen, Santa Clarita, CA).

Table 1. Primers used for detection of mutations and polymorphism

Exon
Primer

Pair
Sequence (59 3 39)a Size

(bp)
Tm

(°C)

1 1bpoly2F TGA GCT CCG TGG GCG CGC GGA GCC tGa G 111 72b

R49 CTG GGC TGG GGC ACG GCG GG

6 6BspF1/IR8c CAG GAG TTT CTG GAA TTG TCc G 84 55

13–15 F12 TAG TGG CGT TTC TTA CGA AG 243d 55

R12 TCT TCA CGT ACT AGC CGT TC

14–15 F17/R12 ATT CCA TCG GCA GCA TAG 684 55

a Lower case, bold, underlined bases differ from the sequence in GenBank accession (U50928) and are designed to introduce restriction
sites into the amplification products (Table 2).

b Amplification of this product in the GC-rich exon 1 requires use of the rTth DNA polymerase XL (Perkin Elmer, Norwalk, CT).
c The primer sequence for IR8 is published (4).
d This is the product size when these primers are used to amplify cDNA template; in genomic DNA, these primers would amplify

across introns 13 (.5 kb) and 14 (499 bp).

J Am Soc Nephrol 10: 2342–2351, 1999 PKD2 Mutations 2343



Products were sequenced in both directions by cycle sequencing using

the PCR primers and dye terminator chemistries on an ABI 377 Prism

automated sequencer. Heterozygous variants were identified as double

peaks in the sequence electropherogram. Variants were taken to be

pathogenic mutations if the sequence changes clearly resulted in

premature termination of the putative translation product. Evidence

for the latter was obtained in genomic DNA for PK5147, Oviedo 23,

PK5109, and PK9505 and from RNA for ADPKD4 and PK9505. In

the case of the missense variant, the occurrence of a nonconservative

codon change that exclusively segregated with the disease phenotype

(family 9) and was not observed in 101 normal chromosomes and 11

other affected chromosomes was taken as proof of pathogenicity.

Sequence changes observed in affected and normal chromosomes

constituted polymorphisms.

The nucleotide location of mutations in the cDNA sequence (Gen-

Bank accession no. U50928) is designated with the A in the initiation

codon as base number 1. Codons are designated with the initiation

codon as number 1.

Restriction Enzyme Analysis
The mutation in family PK5147 created an NlaIII site and the

mutation in PK9505 destroyed a Cac8I site. The mutation in family 9

and the exon 1 polymorphism did not alter naturally occurring restric-

tion sites. To address this, primers were designed that incorporated

one or two nucleotide sequence alterations, respectively, to introduce

restriction sites into the published sequence (GenBank accession no.

U50928) that are absent in the variant sequences (Table 1). PCR

amplification was performed in triplicate 50-ml reactions at annealing

temperatures shown in Table 1, and the PCR products were purified

using the QIAquick kit and eluted in a 50-ml final volume. Restriction

digests were performed in 25-ml reactions containing 15 ml of eluted

PCR products, 15 units of enzyme, and the buffer recommended by

the manufacturer (New England Biolabs, Beverly, MA). Digests were

visualized by ethidium bromide staining after separation on agarose or

polyacrylamide gels.

Antibodies Immunoblotting and Glycosylation Analysis
The production and characterization of the YCC2 and YCB9 anti-

sera are described elsewhere (19) (Y. Cai, unpublished data). Briefly,

fusion proteins C2 (amino acids 687 to 962) and B9 (amino acids 103

to 203) containing most of the cytoplasmic COOH- and NH2-terminal

portions of polycystin-2, respectively, were produced by subcloning

PCR-generated fragments of the PKD2 cDNA into the pGEX2T

expression vector (Pharmacia Biotech, Piscataway, NJ). The fusion

proteins were expressed in bacteria and purified with glutathione-

agarose before being used to immunize New Zealand rabbits to raise

polyclonal antisera (HRP, Inc., Denver, PA). The specificities of both

antisera have been confirmed by immunoblotting, immunoprecipita-

tion, peptide competition, and cell transfection studies (19) (Y. Cai,

unpublished data).

For immunoblot analysis of lymphoblast protein, 20 to 150 mg of

membrane fraction protein obtained after 100,000 3 g centrifugation

of a precleared lysate was solubilized in sample buffer (125 mM Tris,

pH 6.8, 200 mM dithiothreitol, 6% sodium dodecyl sulfate [SDS],

20% glycerol, and 0.2% bromphenol blue) and separated by electro-

phoresis on 5 or 8% SDS-polyacrylamide gel electrophoresis gels

without boiling. Fractionated proteins were electrotransferred to Poly-

screen polyvinylidene difluoride membranes (Du Pont/New England

Nuclear, Boston, MA) and detected with the YCC2 (1:5000) or YCB9

(1:1000) polyclonal antisera, using ECL enhanced chemilumines-

cence (Du Pont/New England Nuclear).

Membrane fraction protein was treated with endoglycosidase H

(Endo H) following the manufacturer’s protocols (New England Bio-

labs). Reactions were incubated at 37°C overnight with 1 ml (500 U)

of Endo H in the appropriate buffer in 20 to 40 ml of total reaction

volume. After the overnight incubation, an equal volume of 23 SDS

sample buffer was added to each reaction, and incubated at 37°C for

30 min before SDS-polyacrylamide gel electrophoresis and immuno-

blot analysis.

Results
Intron-based PCR primers were used to screen all 15 exons

of the PKD2 gene in 12 families with non-PKD1 forms of

ADPKD. Six variants (50%) were identified that are likely to

be pathogenic in this group (Table 2). All six variants are

distinct from each other and five are novel.

Nonsense Mutations
The mutations in PK5147 and PK9505 in exons 4 and 14,

respectively, are C to T transitions in arginine codons produc-

ing TGA stop codons (Table 2). The mutation in PK5147

introduces an NlaIII restriction site, and digestion of exon 4

PCR products with this enzyme demonstrates segregation of

this mutation with the disease phenotype in this family (Figure

1).

The mutation in PK9505 is the first found in exon 14,

occurring 35 codons downstream of any previously reported

mutation. The single base change results in loss of a Cac8I

restriction site, and this feature has been used to confirm that

the genomic mutation segregates with the disease phenotype in

the PK9505 family (data not shown). Analysis of lymphoblast

RNA from an affected individual by RT-PCR, however, sug-

gests a more complex mechanism for this mutation. In addition

to the expected 243-bp RT-PCR product generated with prim-

ers F12/R12 (Table 1), a smaller RT-PCR product is also

observed (Figure 2). RT-PCR from unaffected lymphoblast

cell lines produce only the 243-bp product. Sequencing of the

243-bp product from PK9505 revealed heterozygosity at nu-

cleotide 2614, with both the wild-type (C) and nonsense mu-

tation (T) identified in the transcript. Sequencing of the same

product from healthy individuals revealed only the wild-type

sequence. The heterozygous nature of the PK9505 transcript

was further confirmed by demonstration of the Cac8I-resistant

species in the upper band PCR product (Figure 2). The F12/

R12 PCR product cannot result from genomic contamination

since it crosses introns 13 and 14.

Sequencing of the smaller RT-PCR product from PK9505

demonstrated a 58-bp deletion in the cDNA. The C to T

mutation at nucleotide 2614 altered the dinucleotide GC

(2613–2614) to GT resulting in the formation of a novel 59

splice site within exon 14. As a consequence, there is aberrant,

out-of-frame splicing at nucleotide 2612 to the exon 15 splice

acceptor site (Figure 2) with a consequent frame shift to a stop

codon eight residues downstream of the splice junction. It is

significant that the splice variant does not restore the reading

frame and therefore cannot potentially “rescue” the loss of

function mutation in the genomic DNA. The single base

change in the genomic sequence in family PK9505 resulted in
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the formation of three species of processed transcripts: a wild-

type transcript, a transcript with a single base nonsense muta-

tion, and an incorrectly spliced transcript with deletion and

frame shift.

Frame Shifting Mutations
Two genomic mutations with deletion of one (family Oviedo

23) or two (PK5109) bases in exon sequences were identified

(Table 2). Both mutations produce frame shifts with premature

terminations. The deletion of a T in the trinucleotide 1443–

1445 in exon 6 results in an altered reading frame at codon 482

with a termination at codon 513 (Figure 3). This mutation had

previously been identified in two unrelated families (14). The

current family, Oviedo 23, was ascertained in Spain, as was

PK6533 in the previous report (14). Although there is no

known relationship between these families, a common origin

of these two mutations cannot be excluded by the present

study. The dinucleotide deletion (of either AT or TA) in the

dinucleotide pair at bases 2021–2024 in exon 10 results in a

frame shift at codon 675 with a stop at codon 681 of the new

reading frame (Figure 3). The latter is the first mutation re-

ported in exon 10, leaving only exons 9 and 15 without

reported mutations.

Missense Mutations
Two apparent missense variants were identified (Table 2). In

the absence of a functional assay for PKD2, the conclusion that

missense variants are pathogenic is inferential. Family 9 shows

a single base change from A to T at nucleotide 1532 that

introduces the nonconservative change of an aspartic acid

residue at codon 511 to valine (D511V) in the predicted third

transmembrane span of polycystin-2 (5). This aspartate is

highly conserved in voltage-activated cation channel subunits,

in both Caenorhabditis elegans PKD2 homologs (ZK945.9 and

Y73F8A.B) (5) and in the PKD2-related PKD2L protein (6,7).

This mutation demonstrates complete segregation with disease

phenotype in family 9 (Figure 4) and was not identified in 101

normal chromosomes and 11 additional affected chromosomes

examined.

Analysis of EBV-transformed lymphoblast RNA from the pro-

band in ADPKD4 by RT-PCR with primers F12/R12 revealed the

expected amplification product of 243-bp and a smaller product

with reduced relative intensity (Figure 5). RT-PCR of normal

lymphoblast RNA only produced the 243-bp product. Sequencing

of the smaller product in ADPKD4 revealed a transcript with an

out-of-frame 37-bp deletion. Amplification of the genomic seg-

ment from exon 14 to exon 15 with primers F17/R12 (Table 1) did

not show evidence of a deletion (data not shown), suggesting that

the smaller product resulted from aberrant splicing. Direct se-

quencing of the F17/R12 genomic PCR products (Table 1) iden-

Table 2. PKD2 mutations and polymorphisma

Family Exon Sequence Change Codon Change Restriction Site

PK5147 4 Sub C3T 958 R320X NlaIII created

Oviedo 23 6 Del T 1443 or 1444 or 1445 fs 4823513X

Family 9 6 Sub A3T 1532 D511V BspEI lostb

PK5109 10 Del AT or TA 2021/2022 or 2022/2023

or 2023/2024

fs 6753681X

PK9505 14 Sub C3T 2614 R872X and splice variant

with fs 8723888Xc

Cac8I lost

ADPKD4 14 Sub A3G 2657 Splice variant with fs

8793895Xd

Polymorphism 1 Sub G3A 420 G140G Bsu361e

a sub, substitution; del, deletion; fs, frame shift.
b BspEI site is not a naturally occurring restriction site; it is introduced into wild-type sequence using a modified primer (Table 1).
c The mutation introduces a premature stop codon and also creates a splice donor site.
d The single base change results in an apparent missense change, D886G, based on the genomic sequence; however, analysis of reverse

transcription-PCR products suggests that the pathogenic mutation is actually the splice variant shown and not the missense variant; hence,
the latter is not shown in the table.

e The polymorphism does not alter a naturally occurring restriction site; the Bsu361 site is introduced into the more common allele, G,
but not the less common allele, A, using a modified primer (Table 1).

Figure 1. The mutation in family PK5147. The C to T transition at

nucleotide 958 changes the sequence CACG (nucleotides 956 to 959)

to CATG, thus introducing a novel NlaIII restriction site. Digestion of

the 355-bp exon 4 genomic PCR product (4) with NlaIII shows

segregation of the restriction site with the autosomal dominant poly-

cystic kidney disease (ADPKD) phenotype in PK5147. M, marker

lane.
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tified a change of A to G at nucleotide 2657. This mutation is

predicted to encode a nonconservative change of aspartic acid to

glycine at codon 886 (D886G) and occurs toward the middle of

the 37-bp segment that is deleted in the lower band (Figure 5).

Direct sequencing of the F17/R12 genomic PCR product in

ADPKD4 family members demonstrated segregation of this mu-

tation with the disease phenotype. Sequencing of all of exon 14,

all of intron 14 (499 bp), and the coding portion of exon 15 did not

reveal any other mutations in genomic DNA to account for the

aberrant splicing (data not shown).

In contrast to the finding in PK9505, bidirectional sequenc-

ing of the gel-purified 243-bp (upper) RT-PCR product re-

vealed only a single transcription product corresponding to the

wild-type sequence. No mutant transcript with the single base

change at position 2657 was found (Figure 5). The mutation at

nucleotide 2657 activated a cryptic splice site 24 bases up-

stream of itself, at nucleotide 2633. Interestingly, this is not a

consensus splice donor sequence. However, the mutant allele is

exclusively processed as an aberrantly spliced, out-of-frame

transcript without any of the missense product (Figure 5). The

relative quantitative decrease in transcript intensity from the

mutant allele likely results from decreased mRNA stability

caused by the downstream stop codon (22). This is the second

mutation identified in exon 14 (both in the current study) and

is the most carboxyl mutation in PKD2 described to date.

Polymorphisms
SSCA using exon 1b primers (4) identified a variant in one

of the affected individuals as well as a healthy control subject.

Sequencing revealed a G to A transition at nucleotide 420 that

encoded a conservative change in a “wobble” base (GGG to

GGA) for glycine. To test for this polymorphism directly, we

introduced a two-base change into a PCR primer (Table 1) to

engineer a Bsu36I restriction site (CCTNAGG, bold corre-

sponds to G420) into PCR products amplified from the com-

mon allele, but not the variant allele. Seven of 40 (17.5%)

normal chromosomes tested in this way did not have a G at

position 420.

Polycystin-2 Protein Expression
An unresolved issue regarding all PKD2 mutations detected

in genomic and RT-PCR products is the true effect of these

Figure 2. The mutation in family PK9505. The left panel shows reverse transcription (RT)-PCR products obtained with primers F12/R12. The

upper band is the expected 243-bp size and the lower band is ,200 bp (M, 50-bp ladder). The sequence of the upper band appears in the top

tracing. The arrow indicates heterozygosity at nucleotide 2614. One transcript contains the wild-type sequence, and the other contains the

mutant sequence with T substituted at nucleotide 2614, forming a TGA stop codon. The existence of two transcripts is confirmed by gel

purification of the upper band followed by digestion with Cac8I (right panel). Cac8I (GCNNGC) cuts the wild-type (w.t.) completely, while

the mutant PK9505 product is not cut by the enzyme; the uncut PK9505 starting product is shown in the far right lane. In addition, the mutation

at nucleotide 2614 (C to T) forms a GT dinucleotide (underlined) that acts as a novel splice donor site. Sequencing of the smaller RT-PCR

product (bottom electropherogram) shows that this processed transcript is the result of aberrant splicing of the novel donor site formed by the

mutation to the wild-type splice acceptor site for exon 15 (4).
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changes at the protein level. To begin to address questions

regarding whether stable translation products are formed from

mutant alleles, we analyzed expression of polycystin-2 by

EBV-transformed lymphoblasts from affected and healthy in-

dividuals using a well-characterized anti-PKD2 antisera (Fig-

ure 6). Based on Northern data (5), the expected level of

expression of PKD2 in lymphoblasts is lower than in other

tissues.

Immunoblot analysis of lymphoblast membrane proteins

using the YCC2 COOH-terminal antiserum identified an ap-

proximately 110-kD protein migrating identically to the band

previously confirmed as polycystin-2 in mouse kidney (19).

Several additional nonspecifically cross-reacting bands were

also seen in lymphoblasts. We have shown previously that

polycystin-2 is an Endo H-sensitive glycoprotein (Y. Cai,

unpublished data), i.e., digestion with Endo H results in a shift

in electrophoretic mobility. Endo H treatment of lymphoblast

membranes resulted in the predicted shift in mobility in the

PKD2 band, confirming that the approximately 110-kD species

identified in the lymphoblast membrane fraction was indeed

polycystin-2.

In lanes loaded with equal amounts of total membrane

protein, lymphoblasts from four patients with mutations in

PKD2 consistently showed reduction in normal polycysin-2

expression compared to unaffected (n 5 4) or PKD1 patient

(n 5 2)-derived lymphoblast lines using either the YCC2 or

YCB9 antisera (Figure 6). Translation products of PKD2

cDNA with the PK9505 truncation mutation R872X introduced

by site-directed mutagenesis can be detected in transiently

transfected cells by both the COOH-terminal YCC2 antiserum

and the NH2-teminal YCB9 antiserum (data not shown). We

did not detect any apparent truncation products in the

ADPKD4 or the PK9505 lymphoblast lines using either anti-

serum under two different gel running conditions (Figure 6).

These data suggest that in the lymphoblast lines from the

PKD2 patients examined, there is little or no stable truncated

mutant polycystin-2 protein expressed and there is no compen-

satory increase in transcription/translation of the normal PKD2

allele.

Discussion
The current study describes six mutations in PKD2, bringing

to 43 the total number of mutations identified in the gene

responsible for the second form of ADPKD. Only two of the

previously described mutations have been investigated at the

transcriptional level by RT-PCR. In one case, a single base

insertion in a polyadenosine tract in exon 11 resulted in a frame

shift that was identified in both genomic DNA and in RT-PCR

product (13). In the second case, a 16-bp genomic deletion

affecting the exon 2 splice acceptor site, no mutant transcript

was identified (14). In the current study, we analyzed the

genomic mutations and their consequences at the transcript

level in two families. The mutations in families PK9505 and

ADPKD4 occurred in exon 14 and are the two most COOH-

terminal mutations described in PKD2. Each mutation was the

result of a single base substitution. In PK9505, the single base

change converted an arginine codon to a stop codon. Analysis

of the transcripts in this patient showed that this mutation also

Figure 3. The mutations in PK5109 and Oviedo 23. The top electro-

pherogram contains sequence of the IF18/IR15b exon 10 genomic

PCR product (4) from family PK5109. The sequence contains the

intron/exon 39 splice site (arrow) with a deletion of an AT or TA

dinucleotide within the exon resulting in a frame shift. The heterozy-

gous nature of the genomic PCR product results in the dual peaks in

the sequence after the deletion. The lower electropherogram shows

exon 6 sequence obtained by from the IF2/IF8 genomic PCR product

(4) in family Oviedo 23. Deletion of a single T in a T trinucleotide

results in an altered reading frame with a downstream premature

termination codon. The tracing again shows the heterozygous nature

of the sequence downstream of the deletion.

Figure 4. The mutation in family 9. The A to T change at nucleotide

1532 does not directly alter a restriction site. Therefore, we engi-

neered a primer with a single nucleotide change that introduces a

BspEI (59TCCGGA39, bold corresponds to A1532) restriction site into

the wild-type allele (Table 1). The mutant allele does not form a BspEI

site when amplified with this primer. The ethidium bromide-stained

polyacrylamide gel shows that the 85-bp amplification product is

completely digested to a 66-bp (and 19-bp, not visible) fragment in

healthy individuals, whereas affected individuals in the family are

heterozygous for the engineered BspEI site, confirming segregation of

the mutation with the disease phenotype.
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formed a potential cryptic splice donor site that spliced out of

frame to the naturally occurring exon 15 splice acceptor se-

quence. This finding highlights the means by which the cell

may escape even apparently unequivocally pathogenic muta-

tions (23). Although not the case in this particular instance, the

aberrant splicing could have occurred in frame. This would

make it possible for the cell to produce a deleted, low-level

transcript that could act as a hypomorphic allele with partial

function and perhaps a variant phenotype. The truncated prod-

uct resulting from the PK9505 mutation has been shown to lack

the capacity to interact with the COOH terminus of PKD1 (10).

Exon skipping, perhaps for the purposes of reading frame

maintenance, can also be associated with stop codons in the

skipped exons (24). We did not find exon skipping in this exon

14 mutation using RT-PCR primers from exons 13 and 15.

The single base change in ADPKD4 further highlights the

importance of establishing the effects of genomic sequence

variants at the transcriptional and, ultimately, translational,

level (25). In this family, the mutation in the genomic DNA

appears to be a nonconservative missense variant that may lead

investigators to consider the functional importance of D886.

However, analysis of the transcripts by RT-PCR reveals that

this mutation results in the formation of a highly efficient

cryptic splice site 24 bases upstream of the mutation itself. In

contrast to the mutation in PK9505 where the major product is

an admixture of the R872X and wild-type transcript, in

ADPKD4 no transcript bearing the missense variant D886G is

found. Recent studies on splicing have demonstrated that G

triplets present in the interior of small vertebrate introns addi-

tively contribute to maximal splicing efficiency and spliceo-

Figure 5. The mutation in family ADPKD4. (A) Sequencing of the genomic PCR product obtained with primers F17/R12 (Table 1) revealed

an A to G transition in exon 14 at nucleotide 2657 as the only variation. This is predicted to change codon 879 from aspartic acid to glycine.

(B) RT-PCR from a lymphoblast cell line of the proband in this family produced a doublet with primers F12/R12. Sequencing of the gel-purified

upper band revealed only wild-type transcript (top electropherogram). Sequencing of the lower band showed aberrant splicing from nucleotide

2633 in exon 14 to the wild-type exon 15 splice acceptor site (lower electropherogram). Thus, a highly efficient cryptic splice donor site was

activated 24 bp upstream of the mutation and resulted in a 37-bp splicing-induced deletion with consequent frame shift.
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some assembly (26). These G triplets cause preferential utili-

zation of 59 (donor) splice sites upstream of the triplets

themselves. The A to G change in ADPKD4 serves to form a

G triplet in a region of exon 14 with two preexisting G triplets

at nucleotides 2643–2645 and 2659–2661. The normal intron

14 is small (499 bp). This sequence alteration is apparently

enough to mark the last 37 bases of exon 14 as intronic and

cause the splicing machinery in the cell to utilize an upstream

cryptic splice site that lacks a good consensus sequence. This

example, as well as the finding that even silent genomic

mutations can result in exon skipping (27), highlights the

potentially complex consequences of simple base substitutions

Figure 6. Immunoblotting of polycystin-2 from patient lymphoblast cell lines. (A) Polycystin-2 identified in total membrane protein fraction

from patient lymphoblast cell lines using the YCC2 antiserum. The approximately 110-kD band (top arrow) shifts mobility after treatment with

endoglycosidase H (Endo-H; lower arrow), confirming its identity with polycystin-2. The level of PKD2 expression in patient lymphoblast lines

is reduced relative to wild type (w.t.). The mutations in family 97 (W380X) (5) and PK5069 (frame shift 1803212X) (14) have been reported

previously. Even protein loading (20 mg on 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE]) is indicated by

Coomassie blue staining of the polyvinylidene difluoride membrane showing a approximately 200-kD band in the panel labeled control. (B)

Absence of the predicted approximately 100-kD translation products of the mutant alleles in the two exon 14 mutant lymphoblast cell lines

(ADPKD4, PK9505) as detected by the COOH-terminal YCC2 antiserum (20 mg protein, 8% SDS-PAGE; top panel) and the NH2-terminal

YCB9 antiserum (150 mg protein, 5% SDS-PAGE; bottom panel). Note that with both YCC2 and YCB9, the level of normal polycystin-2

expression is reduced in PKD2 lymphoblasts compared with wild type, whereas type 1 ADPKD patient-derived lymphoblasts have polycystin-2

expression comparable with wild type. The extraneous bands (arrowheads) migrate at approximately 90 kD and should not obscure the

approximately 100-kD mutant bands in ADPKD4 and PK9505. m. kidney, mouse kidney; PKD1, type 1 ADPKD patient lymphoblast (unknown

mutation) samples.
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in the ADPKD genes. It argues strongly for the need to study

genomic sequence changes at the level of RNA transcripts in

polycystic kidney disease (25).

Although the ADPKD4 mutation is instructive in a caution-

ary way, it is not proposed as a common mechanism for

mutation. The family 9 mutation, D511V, likely represents a

true missense variant. It is probably transcribed. In cell trans-

fection studies, this mutant protein is stable and its subcellular

distribution is indistinguishable from the wild-type, transfected

expression product (Y. Cai, unpublished data). If a stable

translation product is formed in vivo, it is most likely that this

single amino acid change results in complete loss of polycys-

tin-2 function since loss of function is required for cyst for-

mation (17,19). Loss of function due to the D511V mutation is

consistent with and supportive of the hypothesis that polycys-

tin-2 is an ion channel subunit (5). Any mutation of the Asp

residue, D258, in the K1 channel S3 domain equivalent to

D511 in the third transmembrane domain of polycystin-2 re-

sults in complete loss of the K1 channel activity (28). This is

not true of mutation to the other negatively charged residues in

the K1 channel S2 or S3 domains (28). The very high degree

of conservation of this residue in polycystin-2 homologs

through evolution from nematode to human is consistent with

a critical functional importance for D511. The predicted anti-

parallel orientation of the third and fourth transmembrane

segments in PKD2 suggests that the negatively charged D511

in the third transmembrane domain may form a charge pair

with the positively charged K572 or K575 residues in fourth

transmembrane span of polycystin-2 (5,28). In the K1 or Ca21

channels, these clusters of interacting charged residues within

the membrane participate in voltage sensing.

Northern data suggest that the level of expression of PKD2

in lymphoblasts is relatively low (5). In the current study, we

were able to demonstrate that the polycystin-2 glycoprotein is

detectable in immunoblots of lymphoblast membrane prepara-

tions. There is reduced expression of normal polycystin-2 in

the type 2 ADPKD patient cell lines tested. This suggests that,

at least in lymphoblast lines, germ-line inactivation of one

allele of PKD2 results in reduced expression of polycystin-2

protein. We do not propose that this quantitative decrease in

the protein product is pathogenic. However, if this quantitative

variation can be demonstrated with consistency, then immuno-

blotting of lymphoblast membrane protein may be useful, in

conjunction with clinical presentation and other diagnostic

testing, in distinguishing PKD2 from PKD1. It is presently

unknown whether the PKD2 protein product from the mutant

allele is stable in patient tissues. Several truncated polycystin-2

polypeptides, including R872X, have been successfully ex-

pressed in cellular transfection systems (Y. Cai, unpublished

data). We were unable to detect any truncated polycystin-2 in

the lymphoblast cell lines of our two exon 14 truncation

families. This suggests that in vivo, the mutant polypeptides

may have diminished stability, at least in lymphoblast cell

lines.

Intragenic polymorphisms in PKD1 have proven critical to

studies examining inactivation of the normal allele of the gene

(17). Cyst formation in type 2 ADPKD is also likely to arise by

a two-hit mechanism (19,29). To date, only one intragenic

polymorphism in PKD2 has been described (14). Its sequence

basis is not known and it can only be assayed by SSCA, which

has some degree of operator variability. In the current study,

we define the first polymorphism in the coding sequence of

PKD2 and provide a PCR/restriction enzyme-based assay for

the alleles. This and other intragenic PKD2 polymorphisms

will prove useful in human tissue studies examining the oc-

currence of second hits in PKD2.

We were able to identify mutations in 50% of families in our

screening panel. These results are in keeping with previous

studies (14) and reinforce the utility of SSCA mutation detec-

tion in PKD2. The spectrum of mutations we describe are also

in keeping with those described previously for PKD2. In con-

trast to PKD1, to date no large-scale genomic deletions/rear-

rangements have been associated with the second gene for

ADPKD. Among the mutations in PKD2 identified thus far,

several may prove to be very instructive in investigations of

polycystin-2 function. Three of the mutations described in the

current article, the two most COOH-terminal mutations in

PKD2 and the missense variant in the third transmembrane

domain, are likely to be among those most useful in such

functional studies.
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