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Summary

X-linked nephrogenic diabetes insipidus (NDI) is a rare
disease with defective renal and extrarenal arginine-vaso-
pressin V2 receptor responses due to mutations in the
AVPR2 gene in Xq28. We analyzed 31 independent NDI
families to determine the nature and recurrence of AVPR2
mutations. Twenty-one new putative disease-causing mu-
tations were identified: 113delCT, 253del35, 255del9,
274insG, V88M, R106C, 402delCT, C112R, Y124X,
S126F, W164S, S167L, 684delTA, 804insG, W284X,
A285P, W293X, R337X, and three large deletions or gene
rearrangements. Five other mutations-R113W, Y128S,
R137H, R181C, and R202C-that previously had been
reported in other families were detected. There was evi-
dence for recurrent mutation for four mutations (R113W,
R137H, S167L, and R337X). Eight de novo mutation
events were detected (274insG, R106C, Y128S, 167L
[twice], R202C, 684delTA, and R337X). The origins were
maternal (one), grandmaternal (one), and grandpaternal
(six). In the 31 NDI families and 6 families previously re-
ported by us, there is evidence both for mutation hot spots
for nucleotide substitutions and for small deletions and
insertions. More than half (58%) of the nucleotide substi-
tutions in 26 families could be a consequence of 5-methyl-
cytosine deamination at a CpG dinucleotide. Most of the
small deletions and insertions could be attributed to
slipped mispairing during DNA replication.
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Introduction

X-linked nephrogenic diabetes insipidus (NDI; MIM
304800 [McKusick 1990]) is generally a rare disease in
which the affected male patients do not concentrate their
urine after the administration of the antidiuretic hormone
arginine-vasopressin (AVP) (Reeves and Andreoli 1989; Bi-
chet 1992). The cDNA and genomic sequences encoding
the human V2 receptor have been isolated and character-
ized (Birnbaumer et al. 1992; Seibold et al. 1992). The se-
quence of the cDNA predicts a polypeptide of 371 amino
acids that has seven transmembrane, four extracellular,
and four cytoplasmic domains (Birnbaumer et al. 1992).
The gene contains three exons and two small introns (Sei-
bold et al. 1992). Eighteen mutations segregating with the
NDI phenotype have been reported (Pan et al. 1992; Ro-
senthal et al. 1992; van den Ouweland et al. 1992; Bichet
et al. 1993; Holtzman et al. 1993a, 1993b; Merendino et
al. 1993a, 1993b; Tsukaguchi et al. 1993). One of the mu-
tations (R137H) has been expressed in cultured mamma-
lian cells; the mutant receptor exhibited a normal binding
affinity for vasopressin, compared with the normal recep-
tor, but failed to stimulate the G,/adenylyl cyclase system
(Rosenthal et al. 1993). In the present communication we
report the identification of 21 additional AVPR2 muta-
tions considered to cause NDI, which were found in a
study of 31 independent NDI families. We combine this
information in the present study with our previous studies,
to discuss the nature, recurrence, and mechanisms of mu-
tagenesis of 30 AVPR2 mutations.

Subjects and Methods

NDI Families
The 31 families are from diverse ethnic groups (table 1).

The nomenclature used in previous reports (Bichet et al.
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Figure I Schematic representation of the V2 receptor and identification of 27 AVPR2 mutations in 37 unrelated families (three large deletions
are not included). Six mutations described elsewhere by us (Rosenthal et al. 1992; Bichet et al. 1993) are included. Families are designated by "Q,"
"O," and "F" denominations (see text and table 1). The mutations are distributed throughout the entire V2 receptor gene sequence.

1992, 1993; Rosenthal et al. 1992) is continued here (i.e.,
"Q" for families from Quebec, "F" for families from
France, and "O" for other families). The pedigrees and
Xq28 haplotypes for families Q1, Q4, and 02-06 have
been described elsewhere (Bichet et al. 1992). We have in-
formation on the disease segregating for at least three gen-
erations in seven families. The segregation of NDI in all
the pedigrees was compatible with X-linked inheritance.
All affected male patients had a documented lifelong his-
tory of polyuria and polydipsia, normal or elevated plasma
concentrations of arginine vasopressin, and unconcen-
trated urine despite administration of arginine vasopressin
and/or dDAVP (Bichet et al. 1988).

Analysis ofXq28 Haplotypes and AVPR2 DNA Sequencing
Analysis of the Stl4 VNTR and DNA sequencing were

done as described elsewhere (Bichet et al. 1992, 1993; Ro-
senthal et al. 1992). In addition to the Xq28 polymor-
phisms St14 (DXS52) and DX13 (DXS15), used in previous
studies (Bichet et al. 1992, 1993), we analyzed an EcoRI
polymorphism 20 kb downstream of G6PD and a HindIII
polymorphism within F8C (Filosa et al. 1993). Intragenic
AVPR2 sequence variants were detected by direct se-
quencing. Together, these markers encompass a 5-Mb re-
gion that also includes the AVPR2 gene (Schlessinger et al.
1993).

For each family (except the three families with large de-
letions), the entire AVPR2 gene of at least one affected
male and, where possible, at least one obligate carrier and
one unaffected brother of a patient was sequenced. In each
family, the mutation was confirmed by sequencing the re-
gion containing the mutation in all other affected males
and obligate carriers. In the three families with large dele-
tions, no fragment was obtained after amplification using
our nested primers, described elsewhere (Bichet et al.
1993). We used different primers (sequences available from
D.G.B.) covering the entire AVPR2 gene to characterize
each large deletion.

Restriction-Enzyme Analysis ofAVPR2 Mutations
The Sequence Analysis Software Package (Genetics

Computer Group) was used to identify the abolition or
creation of restriction sites by the mutations. Analysis of
restriction-enzyme-digestion products was done by using
electrophoresis on 1% agarose gels. Restriction enzymes
were purchased from New England BioLabs.

Results

NDI Mutations
Twelve missense mutations (V88M, R106C, C112R,

R113W, S126F, Y128S, R137H, W164S, S167L, R181C,
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codon 16

A.
108

IA. ~~~~~cA T C C i3 2 G C C C

1 13deICT

codons 62 63 64
249 _

B. GCGGCCC agctcggc gc9cagcggg cactgggcq3TB.~~~~~~~~~~~~~
1. _ 2

255de19 2i4insG

253de135

codos247 28 249 250

c. 801 1

I ICCTGGGGGGgc gcaggggaCjcGGACA
8b4deiG --1-d-d- - --
804insG 81 Odell2

1187+

D. 47GCCT cctggg gctggtCCTGGGAGCCA

11 87+52de1 2

codon 111
393

E. CCAGA CqCTGJCGGGCCGTgAAGTAT
Sla Sib S2

402delCT

codon 205
672 7

7GGCCGTCGICACCC¢TGCACCTGATTGCC
Sla - S1b S2

684delTA
Figure 2 Proposed mechanisms of mutagenesis. Boxes enclose repeat units considered to be directly involved in the generation of a deletion.
Longer dashes indicate a region where nucleotides were deleted, and shorter dashes indicate a region where a single nucleotide was inserted or deleted.
The number over the first nucleotide in the sequence is the number according to the sequence of GenBank entry Z11687, which corresponds to the
nucleotide position plus 71 bases in Birnbaumer et al. (1992, fig. 1). The codons are numbered according to the protocol of Birnbaumer et al. (1992).
Horizontal braces above the sequence indicate other repeat units. A, 113delCT mutation that could result from slipped mispairing within repeated
sequences. Deletion of a CT repeat could occur following a backward slip of the template strand during DNA replication (Sinden and Wells 1992, fig.
2). B, Slipped mispairing stabilized by a hairpin, which could generate the 255del9 mutation. Transient complementary base-pairing between box 1
and box 2 could form a hairpin stem; the 12 bp in the loop are excised; and the sequence is linearized and ligated (modified from Sinden and Wells
1992, fig. 3). Note that, by convention, the nucleotide position of the most 5' nucleotide is used in the mutation name. For example, for purposes of
nomenclature, nucleotides 255-263 (codons 62-64) are considered to be deleted. However, if the proposed mechanism is responsible for the deletion,
nucleotides 256-264 would be deleted. The mechanism generating the 253del35 mutation is consistent with the slipped-mispairing model (Krawczak
and Cooper 1991, fig. 5). The mechanism involves the misalignment, during DNA replication, of short direct repeats of 2-8 bp. If the direct repeat in
box 3 forms base pairs with the complementary box 1 repeat, a single-stranded loop containing one of the repeats (box 1) and the intervening sequence
between box 1 and box 3 is generated. Excision of the loop and rejoining of the sequence would generate the 35-bp deletion 253del35. The 274insG



Bichet ct al.: Mutations in the AVPR2 Gene

Table 2

Xq28 NDI Haplotypes in Unrelated Families Carrying the Same AVPR2 Mutation

Xq28 HAPLOTYPE

AVPR2 DXS52 DXS15
FAMILY Mutation (bp) (kb) 998A/G G6PDa F8Cb

Q .............. .............. R113W 1,690 5.8 A 2 1
Q3 .......................... . R113W 700 2.8 A 2 2
Holtzman et al. 1993a ........... R113W 1,690 5.8 A 1 1
Q2 ................... R137H 2,400 2.8A 2 1
015 ................... R137H 700 5.8A 2 1
016 .. R137H 2,900 5.8 A 2 1
023, F4 de novo ................... S167L 1,690 2.8 A 2 2
012 .*--------------................... S167L1,390 2.8 A 2 2
F3 de novoc .................... S167L 1,300 5.8 G 2 2
Oil ............. ............. R337X 1,300 5.8 A 2 2
F. de novo ................... R337X 700 5.8 A 1 1

'G6PD (1 = 400 bp; and 2 270 + 130 bp).
b F8C (1 = 320 bp; and 2 = 250 + 70 bp).
' Haplotype of maternal grandfather (origin of the S167L mutation) and mother; the affected male has a recombinant haplotype-1300 5.8 G 1 1.

R202C, and A285P), four nonsense mutations (Y124X,
W284X, W293X, and R337X), three large deletions or

gene rearrangements, one in-frame deletion (255del9),
four other deletions (1 13delCT, 253del35, 402delCT, and
684delTA) and two insertions (274insG and 804insG)
causing a frameshift and premature stop codon constitute
a total of 26 different putative disease-causing mutations in
31 NDI families (table 1 and fig. 1). Of these, five mutations
(R113W, Y128S, R137H, R181C, and R202C) have been
identified elsewhere by us and others (R113W [Bichet et
al. 1993; Holtzman et al. 1993a; Merendino et al. 1993a,
1993b], Y128S [Pan et al. 1992], R137H [Bichet et al.
1993], R181C [Pan et al. 1992], and R202C [van den
Ouweland et al. 1992; Merendino et al. 1993b]). The
R181C mutation was previously found in an allele also
containing a 12-bp in-frame deletion in the third cyto-

plasmic loop (Pan et al. 1992). Since the NDI allele in fam-
ily 03 harbors only R181C, we suggest that it is sufficient
to cause disease. Three large deletions all affecting the 3'
end of the gene are incompletely characterized. The extent

of the deletions is 1-2.5 kb; the breakpoints have not

yet been sequenced.
In family 08 three different mutations were identified in

one NDI allele: a deletion mutation (402delCT) and two
missense mutations, a Thr-to-Ser substitution at codon 7
and a Ala-to-Val substitution at codon 147. The deletion
causes a frameshift 3' to codon 111, which results in a pre-

mature stop codon at position 190; thus, this mutation is
likely responsible for the disease, and the two missense mu-
tations are provisionally considered to be sequence variants
and are assigned the names "T/S7" and "A/V147." The
two missense mutations occur in residues predicted to be in
positions in the first extracellular and second cytoplasmic
domain, positions at which amino acid substitutions may

not seriously affect V2 receptor function.
The mutation V88M has been ascribed, by Pan et al.

(1992), to be a sequence variant. However, since it was the
only mutation detected in the entire AVPR2 gene in the
patient of family 013, we tentatively consider it to be the
disease-causing mutation.
AVPR2 sequence variants not causing NDI are also pre-

sented in table 1. The R/W64 missense mutation was pres-

ent in the non-NDI chromosome of the father and his two
daughters in family 08. The 998A/G silent substitution
first reported by Pan et al. (1992) was observed in 38% of
49 independent, normal AVPR2 alleles.

mutation could have occurred by a backward slip of the daughter strand during DNA replication. There are also a 9-bp tandem repeat and many other
short repeats, which indicates that this region is likely to be a hot spot for deletion mutations. C, Mechanism generating the 810de112 mutation (Pan
et al. 1992), which is also consistent with the slipped-mispairing model. The 804delG (Rosenthal et al. 1992) and the 804insC mutations could have
been generated by slippage during DNA replication. There is an 8-bp symmetrical element and a 3-bp tandem and direct repeat (CGC), again indicating
that this region could be a hot spot for deletion mutations. D, Deletion in the sequence 3' to the stop codon (1 187+52dell2), which is another example
of a deletion generated by the slipped-mispairing model. E and F, 402delCT and 684delTA mutations, both of which are examples of deletions
generated by the modified slipped-mispairing model (Krawczak and Cooper 1991, fig. 6). Misalignment could occur between a contiguous sequence
(box S2) on one strand and an interrupted homologous sequence on the other strand (box Sla and Sib in the complementary strand). Base pairing
occurs when the nonhomologous nucleotides are looped out.

283



Am. J. Hum. Genet. 55:278-286, 1994

De Novo Mutations and Xq28 Haplotype Analysis
Eight de novo mutation events were detected by testing

for the AVPR2 mutation in the parents, grandparents, and
other relatives, when samples were available. Haplotype
analysis was used to determine the origin of the de novo
mutations. The origins of the mutant gametes were in-
ferred to be maternal (274insG), grandmaternal (Y128S),
and grandpaternal (R106C, S167L [twice], R202C,
684-delTA, and R337X).

Four mutations (R113W, R137H, S167L, and R337X)
were each detected in more than one family (table 2).
Three families (Q1 and Q3 [Bichet et al. 1993] and the fam-
ily described by Holtzman et al. [1993a]) share the R113W
mutation but have haplotypes with markers that differ on
both sides of the AVPR2 gene. The three families who
share the R137H mutation have different haplotypes on
only one side of the AVPR2 gene. The S167L mutation
was found on three different haplotypes: the de novo mu-
tation in family F4 arose on a common haplotype that was
transmitted from the grandmother to the affected male in
family 023.
On the basis of haplotype analysis, a recombination

event was detected or inferred in four families: between
DXS15 and AVPR2 in two families (09 and 017), between
AVPR2 and G6PD in family F3, and between DXS15 and
G6PD in family Q8. In the latter family, the affected male
inherited a de novo mutation on a recombinant chromo-
some.

Discussion

We have identified 30 different AVPR2 mutations (fig.
1) that we consider to cause X-linked NDI in 37 families
or extended kindreds (31 families in the present report,
plus 6 families in previous reports [Rosenthal et al. 1992;
Bichet et al. 1993]). The NDI patients in the many nuclear
families of the Hopewell and Maritime kindreds share the
W71X mutation identical by descent; therefore, we have
counted this nonsense mutation only once. The NDI fam-
ilies constitute a worldwide collection, and the patients
have a well-documented clinical phenotype. The majority
of mutations described are point mutations and include
13 missense mutations, 6 nonsense mutations, 1 in-frame
deletion, 5 deletions, and 2 insertions causing a frameshift
and premature stop codon (Rosenthal et al. 1992; Bichet
et al. 1993; present report). Three different large deletions
or gene rearrangement were also partially characterized.

Evidence for Mutation Hot Spots and Mechanisms of
Mdtagenesis
The R113W, R137H, S167L, and R337X mutations

were each found in at least two unrelated families. The
S167L and R337X mutations were identified as de novo
mutations or were found on different Xq28 haplotypes,
which provides evidence that the appearance in each of the

five families represents a recurrent mutation. The occur-
rence of the R113W and R137H mutation in each of three
families on different Xq28 haplotypes (table 2) indicates
two additional mutation hot spots. The mutations V88M,
Y128S, R181C, and R202C have been reported in other,
presumably unrelated families (Pan et al. 1992; van den
Ouweland et al. 1992; Merendino et al. 1993b). Seven of
these mutations (Y128S excluded) occurred at CpG dinu-
cleotides that are mutation hot spots for genetic disease
(Cooper and Krawczak 1990). Eight (27%) of 30 different
NDI mutations were CG--oTG or CG-*.CA changes. This
occurred in 15 (41%) of 37 families. This high proportion
is consistent with the relatively high proportion of CpG
dinucleotides in the coding region of the AVPR2 gene,
which has 58 (5%) CpG dinucleotides among 1,113 dinu-
cleotides.

Small deletion and insertion mutations in the AVPR2
gene were all characterized by short direct repeats, com-
plementary repeats, and/or symmetric sequences in the
immediate vicinity of the mutation (fig. 2). This suggests
that these deletions, like many others that have been de-
scribed in other genes, resulted from slipped mispairing
during DNA replication (Krawczak and Cooper 1991; Sin-
den and Wells 1992; Eng et al. 1993).

Clinical Aspects
It is notable that no significant variation in phenotypic

expression (e.g., polyuric and polydipsic measurements, or
urinary osmolality during dehydration) has been found in
patients whom we have studied (Rosenthal et al. 1992; Bi-
chet et al. 1993; present report), despite the different mu-
tations encountered. In the course of our studies, we con-
tinued to investigate new families through two ap-
proaches: (1) mutation analysis of the AVPR2 gene by
sequencing of the entire gene and (2) Xq28 haplotype anal-
ysis. The AVPR2 gene is relatively small (<2 kb) and con-
tains three exons and two small introns. All the mutations
found were confirmed by additional sequencing and/or
restriction-enzyme-digestion analysis performed on other
family members.
Xq28 haplotype analysis using markers that flank the

AVPR2 gene has been useful to follow the segregation of
the NDI chromosome prior to the identification of an
AVPR2 mutation (Bichet et al. 1992, 1993), to identify the
origin of a de novo mutation, and to obtain evidence for
recurrent mutation. The opportunity for double recombi-
nation or two single-recombinant events in different
meioses in the region between DXS52 and F8C that pro-
duce haplotypes with markers that differ on both sides of
the AVPR2 gene harboring an NDI mutation is diminished
because of selection against these deleterious alleles
(Chakravarti 1992). We observed or inferred four single
recombinants between (a) DXS52 and AVPR2 (twice), (b)
DXS15 and G6PD, and (c) AVPR2 and G6PD. We con-
tinue to use haplotype analysis, preferably with the addi-
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tion of informative markers in or very close to the AVPR2
gene, in parallel with DNA sequencing when perinatal test-
ing is requested.
The family history of a patient with X-linked NDI usu-

ally discloses other affected male patients and/or males
who died early in life with polyuric and polydipsic symp-
toms. However, in a family where a de novo mutation has
occurred in a maternal or grandparental gamete, as de-
scribed here, the proband may be the first affected male.
As a consequence, the absence of a family history of X-
linked NDI does not rule out the disease, and DNA of
sporadic patients and their mothers should be analyzed for
AVPR2 mutations. It is also necessary to consider the pos-
sibility of germ-line mosaicism, since this would increase
the recurrence risk of NDI for brothers and maternal male
cousins of an apparently sporadic case (Jeanpierre 1992).
The results of mutation analysis of relevant members of
the pedigree could provide information that might modify
the calculated recurrence risk.

Prior knowledge of the AVPR2 mutation in NDI fami-
lies has been of direct clinical value. For example, we ob-
tained cord blood at birth from a male infant from family
Q2. The DNA was extracted and analyzed within 48 h;
the newborn inherited the 2,400-bp Stl4 VNTR allele that
segregated with the disease (Bichet et al. 1992). His
AVPR2 gene was sequenced, and 48 h later it was con-
firmed that he had inherited the R137H mutation. The
affected infant developed mild fever and hypernatremia
(Na = 147 mEq/liter) 3 d after birth and was immediately
treated with an abundant water intake, low-sodium milk,
and subsequently with hydrochlorothiazide.
We encourage physicians who follow families with X-

linked NDI to refer them for mutation analysis well before
the birth of an at-risk male infant. The first manifestations
of dehydration occur within the first days of life in affected
male infants. The consequences of recurrent severe-dehy-
dration episodes are physical and mental retardation or
even death. However, early diagnosis and treatment of
male infants affected with NDI can avert these deleterious
consequences.

In summary, in the arginine-vasopressin V2 receptor
gene (AVPR2), we report 21 novel mutations that we con-
sider to cause X-linked nephrogenic diabetes in 31 inde-
pendent families, and we describe possible mechanisms of
mutagenesis. Molecular carrier testing can be offered to
female relatives who are at risk of having a male infant
with NDI, and definitive diagnosis of male neonates can be
accomplished in the majority of families, facilitating early
treatment and prevention of significant morbidity and
mortality. The in vitro expression of mutant AVPR2 se-
quences will lead to useful structure-function studies of
the V2 receptor.
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