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Abstract

Several lines of evidence suggest that
the Wilms’s tumour susceptibility gene,
WT]1, has an important role in genital as
well as kidney development. WT1 is
expressed in developing kidney and geni-
tal tissues. Furthermore, mutations in
WT1 have been detected in patients
with the Denys-Drash syndrome (DDS),
which is characterised by nephropathy,
genital abnormalities, and Wilms’s tu-
mour. It is possible that WT1 mutations
may cause genital abnormalities in the
absence of kidney dysfunction. We tested
this hypothesis by screening the WT1
gene for mutation in 12 46,XY patients
with various forms of genital abnormal-
ity. Using single strand conformation
polymorphism (SSCP) we did not detect
any WT1 mutations in these patients.
However, in addition to the 12 patients,
three DDS patients were also analysed
using SSCP, and in all three cases hetero-
zygous WT1 mutations were found which
would be predicted to disrupt the DNA
binding activity of WT1 protein. These
results support the notion that DDS re-
sults from a dominant WT1 mutation.
However, WT1 mutations are unlikely
to be a common cause of male genital
abnormalities when these are not
associated with kidney abnormalities.

(¥ Med Gener 1993;30:767-72)

Abnormalities of the genital system resulting
in an intersex phenotype are known to arise
through a number of genetic mechanisms.!
When the affected subject has a normal male
karyotype (46,XY) the condition is described
as male pseudohermaphroditism. Clinical mal-
formations include micropenis (or clitorome-
galy), cryptorchidism (undescended testes),
and hypospadias (a misplaced urethral open-
ing). Such phenotypes can arise from andro-
gen biosynthetic defects, for example, 178-
hydroxysteroid dehydrogenase and 5a-reduc-
tase deficiency. Alternatively, there may be a
defect in the response to hormonal signals, as is
seen in the androgen insensitivity syndrome,
caused by mutations in the androgen receptor
gene.? In many cases neither hormonal syn-
thesis nor the response appears defective, sug-
gesting that a mutation in a gene which func-
tions in another aspect of genital development
may be the cause of the phenotype.

A recent addition to the genes currently
known to be involved in genital development is
WT1, which was originally isolated as a candi-
date for the Wilms’s tumour predisposition

gene on chromosome 11 band p13.2¢ Wilms’s
tumour is a childhood malignancy of the kid-
ney, and in several tumours intragenic muta-
tions of the WT1 gene have been found, thus
confirming that WT1 is one of the genes
involved in the development of Wilms’s tu-
mour.>” The WT1 gene comprises 10 exons
which encode a protein with amino acid se-
quence motifs characteristic of a transcription
factor.?* The four 3’ exons each encode zinc
finger structures involved in DNA binding,
and the WT1 protein has been shown to bind
specifically to the DNA sequence recognised
by the early growth response gene, EGRI1.®
Furthermore, in transient transfection assays
WT1 functions as a transcriptional repressor
of genes containing the EGRI1 target se-
quence.’ A subset of Wilms’s tumours is there-
fore thought to arise from loss of function of
WT1, leading to the deregulated expression of
growth promoting genes and the uncontrolled
growth of embryonic kidney cells.

The evidence that implicates WT1 in genital
as well as kidney development comes from
expression studies of WT1 and from genetic
data.' WT1 is expressed in fetal kidney, geni-
tal ridge, and fetal gonad.!!'!? The precise cell
specific pattern of expression has led to the
suggestion that WT1 is involved in mesenchy-
mal—epithelial transitions in embryonic kidney
and genital structures.!! More recently, WT1
mutations have been identified in subjects with
Denys-Drash syndrome (DDS).!>'¢ This rare
condition is characterised by a specific nephro-
pathy, often accompanied by gonadal/genital
abnormalities or Wilms’s tumour or both.!”
The syndrome affects both males and females.
The genital phenotype is very variable but
most often presents as male pseudohermaph-
roditism, with micropenis, cryptorchidism, or
perineal hypospadias. True hermaphroditism
has also been reported in DDS.!® In almost all
cases studied, DDS subjects carry a heterozy-
gous mutation in WT1 which is predicted to
affect the ability of the WT1 protein to bind
DNA. Constitutional mutations in WT1 were
also reported in two subjects with Wilms’s
tumour, hypospadias, and cryptorchidism, but
without nephropathy.!” These observations
suggest that the genital abnormality in the
WAGR syndrome (Wilms’s tumour, aniridia,
genitourinary abnormalities, mental retard-
ation), which is associated with constitutional
deletion of 11p13 is caused by deletion of the
WT1 gene itself. Constitutional WT1 muta-
tions therefore appear to act as dominant mu-
tations and are associated with nephropathy or
Wilms’s tumour or both, in the presence or
absence of genital abnormalities.
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The purpose of this study was to determine
whether WT1 mutations cause genital abnor-
malities in the absence of nephropathy or
Wilms’s tumour. As part of a previous study,
the androgen receptor gene was screened for
mutation in a group of 46,XY patients with
various genital abnormalities compatible with
a diagnosis of androgen insensitivity syn-
drome.? In the majority of patients with phe-
notypes such as cryptorchidism, micropenis,
and hypospadias, mutations in the androgen
receptor gene were not found. It is therefore
possible that other genetic defects account for
the phenotypes in these patients. Given the
association between WT1 mutations and the
genital abnormalities in DDS, we screened
WT1 for mutation in a cohort of 46,XY
patients with various genital abnormalities,
but without any kidney dysfunction.

Patients

PATIENTS WITH GENITAL ABNORMALITIES

The phenotypes of the patients studied are
summarised in table 1. Each had a normal
46,XY karyotype. All non-DDS patients were
also analysed for androgen binding activity,
and qualitatively normal binding was seen.
Two patients (P1 and P4) had low levels of
binding, but since this phenomenon has been
observed in Denys-Drash syndrome, these
patients were included.” The androgen recep-
tor gene had also been screened for mutation
by PCR-SSCP in some of the patients, and in
each case no evidence for mutation was found.
The majority of the patients presented with
severe undervirilisation (either predominantly
male with perineal hypospadias, crypt-
orchidism, and micropenis, or predominantly
female with clitoromegaly). The majority of
patients also had apparently normal testes by
histology or the hCG stimulation test which
provides a measure of the ability of the testes
to synthesise androgen in response to gonado-
trophin.?? We also included one patient with
true hermaphroditism (F14). This patient also
presented with other congenital abnormalities,
which included liver and CNS defects, and
died shortly after birth.
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DENYS-DRASH SYNDROME PATIENTS

Three DDS patients were included in this
analysis, since mutations in WT1 were
expected. Subject S12 was born with perineal
hypospadias and cryptorchidism, suggestive of
an undervirilised male. The karyotype was
46,XY and ultrasound showed normal male
internal genital anatomy and no Muiillerian
structures. There was a normal response to a
three day hCG stimulation test. The initial
diagnosis in this patient was partial androgen
insensitivity syndrome (PAIS). At 9 months of
age, however, S12 presented with Wilms’s
tumour and diffuse mesangial sclerosis, typical
of DDS. This patient was investigated in an
independent study.? Patient R6 (also 46,XY)
was born with the appearance of virilised
female external genitalia (clitoromegaly, in-
complete fusion of the labia, and rugose labio-
scrotal folds). Gonadal histology showed nor-
mal infantile testes, and there was a normal
testosterone response to hCG. Pelvic ultra-
sound showed no Muiillerian structures and a
diagnosis of PAIS was again made. At 5
months of age she presented in established
renal failure. A renal biopsy showed diffuse
mesangial sclerosis, and a diagnosis of DDS
was made. While awaiting renal transplantation,
she developed peritonitis and overwhelming
sepsis as a complication of her dialysis and died
at 64 months of age. Patient CAM114 (46,XY)
was born with normal external female genitalia
and presented at 6 months of age with nephro-
tic syndrome. Histological examination of a
renal biopsy showed diffuse mesangial sclero-
sis and a diagnosis of DDS was made.?*
CAMI114 was found at laparotomy to have
internal female genital structures. This patient
was also investigated in an independent study
(corresponding to patient LB)."

Materials and methods

ANDROGEN BINDING ASSAY

Fibroblast cell lines were established for all
patients from genital skin biopsies, obtained at
surgery, as previously described.? Genital skin
fibroblasts were assayed for androgen binding
activity using a whole cell binding assay.?” The

Table 1 Summary of patient phenotypes.

hCG AR gene
Patient code Genital phenotype Gonadal histology stimulation test screened
Male pseudohermaphrodites
P1 Male with micropenis, bifid scrotum, hypospadias Not done Not done Yes
P4 Female with clitoromegaly Testes Not done Yes
Y7 Female with clitoromegaly Immature testes Normal response Yes
C7 Male with micropenis, cryptorchidism, perineal hypospadias Dysplastic testes Normal response Yes
H16 Male with perineal hypospadias Not done Normal response Yes
Hé6 Female with clitoromegaly Not done No response No
F12 Male with perineal hypospadias, bifid scrotum Not done Not done Yes
X14 Male with micropenis, cryptorchidism, perineal hypospadias Not done Normal response Yes
Gl4 Male with micropenis, bifid scrotum, perineal hypospadias Testes Normal response No
Al5 Female with clitoromegaly Testes Normal response Yes
H8 Female with clitoromegaly Testes Normal response No
True hermaphrodite
Fl4 Female with clitoromegaly One testis, one ovary Not done No
DDS patients
S12 Male with cryptorchidism, perineal hypospadias Not done Normal response No
R7 Female with clitoromegaly, labial fusion Testes Normal response No
CAMI114 Normal female external genitalia Not done Not done No

All patients have a normal male 46,XY karyotype and, with the exception of the DDS patients who were not assayed, have normal androgen binding activity.
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radioactive ligand was >H-dihydrotestoster- DNA SEQUENCING

one, and the method has been described in

detail previously.?

PREPARATION OF NUCLEIC ACIDS

DNA was prepared either from fibroblast cell
lines or from whole blood using standard
methodology. Aliquots of genomic DNA were
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Variant fragments detected on SSCP gels were

amplified for direct sequencing using the con-
ditions described above, but excluding the
radioactive dATP, scaled up to a total volume
of 50 pl. The fragments were purified from low

diluted to a concentration of 100ng/ul for (Promega).
PCR. RNA was prepared from fibroblasts by
the method of Chomczynski and Sacchi.?

PCR-SSCP ANALYSIS OF THE WT1 GENE

The WT1 gene was screened for mutation by
examining each exon amplified from genomic
DNA by the polymerase chain reaction (PCR)
for single strand conformation polymorphism
(SSCP).#”2® Intronic oligonucleotide primers
were designed flanking each exon based on the
published DNA sequence.?? The sequences
of the oligonucleotides are given in table 2.
The PCR fragments were all less than 300 bp.
Exon 1 was analysed in two overlapping frag-
ments because of its large size relative to other

REVERSE TRANSCRIPTION-PCR (RT-PCR)

ANALYSIS OF WT1 TRANSCRIPT

melting point agarose gels using the Magic
PCR Preps™ system (Promega), and then
sequenced directly using a cycle sequencing kit

Patient F14 was found to carry a heterozygous

exons. Each PCR reaction contained 100ng RT (HT Biotechnology

genomic DNA, 4 pmol of the relevant oligo-
nucleotide pair, 0-2 units Taq polymerase
(CamBio), 1 ul Parr Excellence buffer (Cam-
Bio), 200 umol/l deoxyribonucleotides, and
2uCi o*P labelled deoxyadenosine triphos-
phate (dAATP). The only exception to this was
exon 1. The 1S2/1A2 fragment of exon 1 was
amplified using a buffer containing 10 mmol/1
Tris (pH8'8), 50 mmol/l
MgCl,, 0-:001% gelatin, 0-5% Tween 20, 0-1%
Triton X-100. The first part of exon 1 could
not be reproducibly amplified, presumably
owing to the high GC content of this region,
and it was therefore not possible to analyse this
region for mutation. After a three minute de-
naturation at 95°C, PCR was carried out for
thirty cycles as follows: 95°C denaturation for
30 seconds, annealing for one minute (temper-

KCl,

1 mmol/1

atures given in table 2), extension at 72°C for agarose gel electrophoresis.
one minute. This was followed by a final

extension at 72°C for five minutes. Samples

were analysed for mutation by SSCP analysis Results

as described previously.? Electrophoresis was

carried out using a 20 x 40 cm, 6% polyacryla- BY PCR-SSCP

mide gel, run at 25 W, and incorporating fan
cooling. Every sample was analysed using two
sets of electrophoresis conditions: one gel was
run at 4°C and the other was run at room
temperature using a gel containing 10% gly-

cerol.

Ltd),

WT1 mutation in intron 8 (see Results). The
WT1 transcript was therefore analysed for a
splicing abnormality at the exon 8/intron 8
boundary in sample F14 by RT-PCR. A single
PCR reaction did not produce a visible band
on an agarose gel, and therefore two PCR
reactions were carried out using nested oligo-
nucleotide primers. Total RNA (2pug) pre-
pared from genital skin fibroblasts was reverse
transcribed (42°C for one hour) in a 20pl
reaction which also included 10 units AMV-
1 mmol/1
dNTPs, 10 pmol antisense primer, and reac-
tion buffer (50 mmol/l Tris pH 8-3, 50 mmol/l
KCl, 1 mmol/l DTT, 1 mmol/1 EDTA). The
sequence of the antisense primer used for RT
was TACCTGTATGAGTCCTGGTGTGG
from exon 9. A 1 ul portion of the RT reaction
was amplified by PCR (10 pl reaction) using
this primer and a sense primer from exon 7
whose sequence was TTGTACGGTCGGC-
ATCTGAGACC. Subsequently, 2 ul of this
reaction was amplified using two internal
primers: CTTCATGTGTGCTTACCCAG-
GCTGC from exon 7, and GTGGTCGGAC-
CGGGAGAACTTTCG from exon 9. The
PCRs were carried out as described above
using an annealing temperature of 60°C, and
an extension time of three minutes. The pro-
ducts (5 pl) of the RT-PCR were analysed by

IDENTIFICATION OF PUTATIVE WT1 MUTATIONS

Each of the exons of the WT1 gene was ana-
lysed in turn on SSCP gels using two sets of
conditions as described in the Methods. Evid-
ence of a sequence variant is indicated by an
aberrant banding pattern on the gel. Such

variation was observed for all three DDS

Table 2 Oligonucleotide primers used for PCR amplification of the WT1 gene.

Sense Antisense Fragment  Temp
Exon oligo Sequence oligo Sequence size (bp) cC
1 181 TCTGAGCCTCAGCAAATGGGCTCC 1A1 CGCTCAGGCACTGCTCCTCGTGC 286
1 182 CATCAAACAGGAGCCGAGCTGG 1A2 TAGGGGCGCTCCCCGGCCTACTT 256 59
2 28 CCGCTGACACTGTGCTTCTCTCC 2A GGGAGAAGGACTCCACTTGGTTC 192 57
3 38 GGCAGCACTCGCTCAGCTGTCTTCG 3A TCCTCCGGTCCCAAGGACCCAGACG 185 59
4 4S AACTCCATTGCTTTTGAAGAAACAG 4A CAGGTATAAGTTACTGTGGAAAGGC 202 62
5 58 GGCTTGCAGATCCATGCATGCTCC 5A AGGTGCCAGTCAGCAAGGCCTACG 167 59
6 6S GACCCTTTTTCCCTTCTTTGTGTTTGC 6A GGGCCAAAGAGTCCATCAGTAAGGAAC 220 61
7 78 CGTGAATGTTCACATGTGCTTAAAGCC 7A GAAAGGAGCTCTTGAACCATGTTTGCC 260 62
8 8S GCCTTAATGAGATCCCTTTCCAGTATC 8A AAGAGAATCATGAAATCAACCCTAGCC 217 58
9 9S8 AAGTCAGCCTTGTGGGCCTCACTGTGC 9A CGCACTATTCCTTCTCTCAACTGAGTC 300 62
10 108 GCCTTGTGATGACTTCACTCGGGCC 10A TGGGACACTGAACGGTCCCCGAGGG 244 59

The temperatures given refer to the optimised annealing conditions used for the PCR reactions.
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samples analysed: S12 and R7 showed abnor-
mal banding in exon 8 and CAM114 in exon 9.
The true hermaphrodite patient also showed
aberrant banding in exon 8. The exon 8 results
are shown in fig 1A. A group of 21 DNA
samples from normal controls was also ana-
lysed for abnormal banding in exon 8, and no
variation was found. These results suggested
that the variation in banding detected on
SSCP gels could account for the clinical phe-
notype in these patients.

Evidence of polymorphism was seen in the
exon 3, 7, and 10 PCR products. The variation
in banding pattern was detected in normal
DNA controls as well as the clinical samples,
and presumably represents neutral polymor-
phism. An example of the exon 7 polymor-
phism is shown in fig 1B. Sequence analysis
showed that this polymorphism changes the
ninth base of exon 7 from A to G, and corres-
ponds to the polymorphism reported pre-
viously at nucleotide 600.> The polymorphism
was also recently reported in a separate SSCP
study of the WT1 gene.* The base change
occurs in the third position of the codon for
arginine and does not result in an amino acid
change in the WT1 protein. Analysis of 44
subjects showed that the allele frequencies
were 15% (G) and 85% (A) (results not
shown). Further polymorphisms have been
previously reported in, or close to, exons 3, 6,
7, and 10571

No other aberrant banding patterns were
detected. In particular, the patients with ab-
normal genital phenotypes alone showed no
evidence of WT1 mutation.

Figure 1 Single strand conformation
polymorphism analysis of the WT1
gene. Both gels shown were run at 4°C.
Part (A) is an analysis of exon 8, and
evidence of mutation is seen in lanes 2
(F14),7 (S12), and 10 (R7). Part
(B) is an analysis of exon 7 and shows
one of the polymorphisms detected by
SSCP. Lanes 1, 3, 5, and 6 are from
subjects homozygous for the upper
allele, lane 2 is homozygous for the
lower allele, and lane 4 is a
heterozygote.
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CHARACTERISATION AND ANALYSIS OF WT1
MUTATIONS

The PCR fragments which migrated aber-
rantly on SSCP gels were sequenced directly.
The sequence of the PCR fragment containing
exon 8 in the true hermaphrodite F14 showed
a heterozygous point mutation in the flanking
intron 8 DNA (results not shown). This
altered the ninth nucleotide in the intron from
G to A. This position is outside the splice
donor consensus sequence,*? but since an effect
on splicing could not be ruled out, an RT-PCR
experiment was designed to test for abnormal
splicing of the WT1 transcript. A single PCR
reaction on cDNA reverse transcribed from
genital skin fibroblast RNA did not give a
product which could be detected on agarose
gels. Nested PCR was therefore carried out
using sense primers from exon 7 and exon 9
antisense primers. When visualised on a 1-2%
agarose gel F14 showed a single band of nor-
mal size (225 bp), present also in an unaffected
control sample. This suggests that splicing is
not affected by the intron 8 mutation in F14.
We conclude therefore that this mutation is
unlikely to have an effect on WT1 expression
and is not the cause of the clinical phenotype in
this patient.

Figure 2 shows the sequencing gels which
showed mutations in the DDS patients. The
exon 8 WT1 mutation in S12 was heterozy-
gous and resulted in the substitution of codon
arginine 362 for a termination codon (fig 2A).
This mutation was identified independently in
Wilms’s tumour tissue from this patient, and
was found to be homozygous in the tumour.??
In patient R7, a heterozygous point mutation
was found in exon 8 which converted codon
cysteine 360 to tyrosine (fig 2B). The third
DDS patient, CAM114, carried the exon 9
mutation which has been found in the majority
of DDS patients and changes arginine 394 to
tryptophan (fig 2C). This patient was investi-
gated in an independent study and the muta-
tion has been reported.!®

Discussion

This study was initially prompted by the large
number of patients with the clinical diagnosis
of the partial androgen insensitivity syndrome,
but in whom normal androgen binding activity
and, by SSCP analysis, a normal androgen
receptor gene were found.* Mutations in
genes other than the androgen receptor gene
may therefore account for the genital pheno-
types in these patients. Given the evidence of a
role for WT1 in genital development, we
screened WT1 for mutation in such patients. A
total of 12 46,XY patients with various genital
abnormalities were screened. Seven patients
had a testosterone response to hCG stimula-
tion or gonadal histology consistent with a
diagnosis of PAIS or both (P4, Y7, H16, X14,
Gl14, Al5, H8). We also included three
patients whose gonadal phenotype was not
consistent with PAIS (C7, H6, F14). Gonadal
histology or hCG stimulation data was not
available for the remaining two patients (P1,
F12). All patients had normal androgen bind-
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Figure 2 Sequence analysis of three of the WT1 mutations detected in DDS patients.
Normal and mutant sequences are shown. The asterisks indicate the position at which a
new band is seen in the mutant sample, indicating the presence of a heterozygous WT1
mutation. The predicted consequences of the mutations on the coding potential of the
gene are shown in the centre. Part (A) shows the mutation detected in S12, part (B)
the mutation in R7, and part (C) the mutation in CAMI114.

ing activity. Based on SSCP analysis we have
not found evidence of WT1 mutations in these
subjects, with the exception of the true her-
maphrodite, F14. However, for the reasons
discussed above, we believe that the intronic
WT1 mutation detected is a rare neutral
polymorphism, unconnected with the clinical
phenotype in this patient. It is possible that
mutations may have been undetected by
SSCP, or that mutations may be present in the
5’ part of exon 1, which was not possible to
analyse owing to difficulties in PCR amplifica-
tion of this region. However, polymorphisms
were detected and mutations were found in all
three DDS patients as expected. We can con-
clude, therefore, that WT1 mutations may
only rarely if ever give rise to genital abnor-
malities, when these occur in the absence of
kidney dysfunction. However, it must be
emphasised that the kidney abnormalities as-
sociated with DDS usually manifest at several
months of age. Infants with ambiguous geni-
talia should therefore be considered at risk
from DDS, as has been noted previously.*
The DDS patients were included in the
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study as positive controls since mutations were
expected in the WT1 gene. SSCP band shifts
were detected and subsequently point muta-
tions were identified in each case. These muta-
tions support the notion that DDS is caused by
a dominant mutation in WT1 which disrupts
DNA binding. The mutation identified in
patient S12 is particularly informative, since
the stop codon introduced at amino acid 362 in
exon 8 would be expected to remove three of
the four zinc fingers, thus completely abolish-
ing DNA binding. A similar mutation which
results in truncation of the WT1 protein as the
result of a frameshift mutation in exon 6 was
recently reported.”” The CAMI114 mutation
has been detected in the majority of DDS
patients and has been shown to reduce DNA
binding activity of WT1!3. The R7 mutation
has not been reported previously and substi-
tutes a tyrosine for cysteine 360 postulated to
coordinate the zinc ion in the third zinc finger.?
Such a change would be expected to have a
profound effect on the structure of this zinc
finger, and thus would also disrupt DNA bind-
ing.

The identification of WT1 mutations in
DDS patients provides strong evidence of a
role for WTI1 in genital as well as kidney
development. However, the variety of genital
phenotypes observed, even among patients
carrying the same WT1 mutation, does not
provide a clear idea of the precise function of
WTI in genital development.!>'> Although the
majority of DDS patients have dysgenetic
gonads, it is not clear whether WT1 has a
primary role in gonadal development which
leads to secondary genital abnormalities. Two
of the DDS patients (S12 and R7) in this
study, for example, have apparently normal
testes on the basis of histological and endocri-
nological investigations, and yet have severely
undervirilised genitalia. Furthermore, these
patients have no evidence of internal Miiller-
ian structures suggesting that the testes also
synthesised sufficient Miillerian inhibiting
substance during development to produce a
normal male internal genital phenotype.
Whatever the role of WT1 in genital develop-
ment, we have not found any examples of
WT1 mutations which cause genital abnor-
malities in the absence of nephropathy. This
may reflect the fact that WT1 performs a
common function in kidney and genital de-
velopment. In genital development, however,
the effects of WT 1 mutations may be mitigated
by genetic background. Our results also
suggest that further genes must be identified
and screened for mutation to understand more
completely the genetic basis of abnormal male
sexual development.
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