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Abstract

The Wilms' turnor suppressor gene 1 (wt1) encodes a transcription

factor belonging ta the Early Growth Response (EGR) family of proteins. The

gene produces an mRNA that is altematively spliced ta yield four different

species. In this thesis. it is shawn that the wt1 gene has two sites of

translational initiation, an AUG codon and a CUG codon that is upstream of

and in frame with the AUG codon. The combination of alternative initiation

sites and altematively spliced exons allows the gene to encode eight

different isoforms. It was previously shown that heterozygous mutations of

wt1 , predicted ta result in a reduction in dosage of WT1. are associated with

a predisposition to Wilms' tumor and mild abnormalities of the genitourinary

system. However, other mutations of wtt, primarily missense mutations

predicted ta disrupt the ability of WT1 ta bind ta DNA, are associated with the

severe disease of Denys-Drash syndrome (DOS). Ta explain the different

disease states associated with mutations of wtt. it has been suggested that

the mutations in DDS individuals must be acting other than as nul! alleles,

Le. in a dominant or dominant-negative fashion. In this thesis, an individual

with DOS is reported ta have a splicing mutation of wit, predicted to

drastically alter the ratio of WT1 isoforms. Because no altered forms of WT1

are produced in this individual. we were able ta eliminate the possibility that

DOS is caused by a gain of function of mutated WT1. In this thesis it is also

shawn that WT1 can form dimers through a domain encoded by its tirst two

exons, and that mutated WT1 proteins are able to antagonize the function of

wild-type WT1 by binding ta and inactivating the wild-type proteins. This

dominant-negative activity is hypothesized to reduce the dosage of

functional WT1 to very low levels and to thus cause the severe disease of

DOS. The work reported in this thesis also shows that WT1 is imported into

the nucleus by a signal contained within its tirst zinc finger. a region

encoded by its seventh exon. It is demonstrated that nuclear localization of

mutated WT1 proteins is necessary for dominant-negative activity of mutated

WT1, and presumably for development of DOS.



Résomé

Le gène 1 suppresseur de tumeur de Wilm (wcI) exprime un facteur de

transcription appartenant à la famille de protéines uEARLY GROWfH RESPONSE".

Ce gène produit un ARN messager épissé altemativementpour générer quatre transcrits

différents. Le travail décrit ci-après démontre qu'il existe deux sites d'initiation de la

traduction, soit un codon AUG, et un codon CUG situé en aval et dans le même cadre

de lecture que le codon initiateur AUG. L'utilisation de divers sites d"initiation et

l'épissage alternatif des exons pennet au gène d'exprimer huit isoformes différents.

Les mutations hétérozygotes de WEI nous permettant d'anticiper une baisse de la

quantité de WT 1, prédisposent les patients au développement de tumeurs de Wilm et à

de légères anomalies du système urogénital. De plus, les mutations de type non-sens

de wtI qui devrait vraisemblablement perturber l'association entre WTI et l'ADN sont

associées au syndrome plus sévère de Denys-Drash (DOS). Puisque différentes

maladies sont liées aux mutations de wtI, les mutations responsables du DOS doivent

agir de façon dominante ou dominante-négative. Dans cette thèse, nous décrivons le

cas d'un patientaneintdu DOS et possédant une mutationd'épissage de wtl qui devrait

grandement affecter la proportion des différentes isoformes de Wfl. La maladie ne

découle pas d'un gain de fonction de la wr1 mutante puisque la mutation n'altère pas la

protéine elle-même. Nous démontrons également que Wfl fonne un dimère par

1ïnteraction du domaine codé par les deux premiers exons et que des mutants de wrl

peuvent se lier à la WTl de type sauvage et en inhiber ainsi le fonctionnement. On

suppose que cetteactivité dominante-négative réduit la quantité de WTl fonctionnelle à

un niveau suffisamment bas pour provoquer le DOS. Le travail qui suit démontre aussi

que wr1 est importée dans le noyau par le biais d· un signal contenu dans son premier

domaine à doigt de zinc codé par le septième exon. On démontre finalement que la

WIl mutante doit être localisée dans le noyau pour exercer son activité dominante

négative ainsi que le DOS qui semble en en découler.

n
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Preface

Candidates have the option of including, as part of a
thesis, the text of one or more papers submitted or to be
submitted for publication, or the clearly-duplicated text of
one or more published papers. These texts must be bound as
an integral part of the thesis.

If this topic is chosen, connecting texls that
provide logical bridges between the different
papers are mandatory. The thesis must be written in
such a way that it is more than a mere collection of
manuscripts; in other words, results of a series of papers
must be integrated.

The thesis must still conform to ail other
requirements of the "Guidelines for Thesis Preparation".
The thesis must include: A Table of Contents, an
Abstract in English and French, an introduction which
clearly states the rationale and objectives of the study, a
review of the literature, a final conclusion and summary,
and a thorough bibliography or reference list.

Additional material must be provided where
appropriate (e.g. in appendices) and in sufficient detail to
allow a clear and precise judgement to be made of the
importance and originality of the research reported in the
thesis.

ln the case of manuscripts co-authored by the
candidate and others, the candidate is required to
make an explicit statement in the thesis as to who
contributed to such work and to what extent.
Supervisors must attest to the accuracy of such statements
at the doctoral oral defense. Since the task of the
examiners is made more difficult in these cases, it is in the
candidate's interest to make perfectly clear the
responsibilities of ail the authors of the co-authored
papers.
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Chapter 1: Introduction

Part 1. Review of the relevant literature

Wilms' tumor, or nephroblastoma. is an embryonic malignancy

of the kidney. Nephroblastoma is the second most common solid

tumor among children, afflicting one in 10,000, with a peak incidence

at 3-4 years of age (Matsunaga 1981). After studying the age of

onset of Wilms' tumors, Knudson and Strong (1972) suggested that

Wilms ' tUffiors follow the same genetic model previously proposed

for retinoblastoma. According to this model, two rate-limiting

events are required for tunlor formation. The simplest scenario IS

that these two events consist of mutational inactivation of both

copies of a gene, a tumor suppressor gene.

Although most cases of Wilms' tumor appear to be isolated

events, sorne occur in the contéxt of congenital defect syndromes,

primarily W AGR syndrome (Wilms' tumor, aniridia, genitourinary

defects, and mental retardation; Miller et al, 1964), Denys-Drasb

syndrome (Wilms' tumor, intersex disorders, and renaI nephropathy;

Drash et al, 1970), and Beckwith-Wiedemann syndrome (Wilms'

tUffiors, hemihypertrophy, and other overgrowth disorders;

Beckwith, (963). Riccardi et al (1978) found that individuals with

WAGR syndrome had deletions of chromosome Il band p13.

Analysis of the extent of the Ilp13 deletions from WAGR patients

led to the identification of the Wilms' tumor suppressor gene 1 (wt J)

(Call et al, 1990).

1. The wt 1 2ene: characterization

1.1 The w t 1 gene is a member of the E G R gene family

The EGR (early growth responsive) genes encode a family of
transcription factors characterized by three Cys2-His2 zinc fingers

(Sukhatme 1991). The zinc fingers of each member of the family are

almost identical, and in fact aIl members of the family may bind to

the same or very similar DNA sequences within the promoters of the

1.1
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gcnes that they regulate (Lemaire et al, 1988). Outside of the zinc

finger region, EG R genes bear linte resemblance to each other.

Five nlanlmalïan EGR gcnes (EGR-I, 2, 3,4, and wr/) and a

yeast version (Ml G -1) have been cloned and characterized (Call et al,

1990; Joseph et al, 1988; Nehlin et al, 1990; Patwardhan et al, 1991;

Sukhatnle et al, 1987). Most members (EGR 1,2, and 3) of the EGR

family are inlmediate-earty responsive, i.e. tbey are rapidly and

transiently induced by mitogenic stimulation (Herschman 1989). ln

tissue culture, EGR-l (also called Zif268. Krox-24, NGFI-A, and TI 58)

and EGR-2 (also called Krox-20) can be induced in practically ail cell

types, but in vivo ail E GR genes are expressed only in restricted

patterns, particularly during fetal development (McMahon et al,.

1990; Rackley et al, 1995; Wilkinson et al, 1989). Unlike the

majority of immediate-early responsive proteins, EGR proteins do not

promote or cause transformation or celI growth; in fact,

overexpression of EGR genes inhibits transformation and cell growth

(Huang et al, 1994; Huang et al, 1995). It is thought that EOR

proteins perform two functions: downregulation of responses to

mitogenic stimulation, and maintenance of the differentiated state of

certain cell types (Huang et al, 1995).

1.2 The structure and expression pattern of the w t 1 gene
The Wilms' tumor suppressor gene 1 (wt 1) is an atypical

member of the EGR gene family. In addition ta the defining three

zinc fingers of an EGR protein, WTl has a fourth zinc finger (its fifst

zinc finger; see Figure 1) (CaU et al, 1990). The w t 1 gene

encompasses 50 kb of genomic DNA al human chromosome Il band

p13. lt encodes an mRNA of 3 kb containing 10 coding exons flanked

by long (over l kb and over 300 bp in length, respectively) 3' and 5'
untranslated regions (UTRs). Two alternatively spliced exons, exon 5

and three amino acids (KTS) that are inserted or deleted between the

third and fourth zinc fingers, allow the gene to produce four different

mRNAs (see Figure 1) (Haber et al, 1991). The gene is highly

conserved among vertebrates, with the exception of the

alternatively spliced exon 5, which is only present in placental
mammals (Kent et al, 1995).

1.2
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Figure 1: The Wilms' tumor suppressor gene 1 (wt7)
The structure of the wt 7 gene. The ten exons are indicated by white boxes; the long 3'
and S' UTRs by gray boxes; the alternatively spliced exons 5 and the KTS between zinc
fingers 3 and 4 are indicated by black boxes; the alternatively initiated amine terminal
extension is also indicated by a black box; the three characteristic EGR zinc fingers,
tingers 2, 3, and 4, are indicated by striped boxes, while the wt1-unique zinc finger, finger
'. is indicated by a stippled box. The combination of altematively spliced exons and alternative
initiation allows the gene to produce eight different isoforms.
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The ",'( 1 gene is expressed in the developing gonads, kidneys,

lining of the coclamic cavity, and parts of the nervous system. In the

adult, WT 1 expression is primarily confined la the gonads, uterus,

and the decidua of the placenta (Armstrong et al, 1992; Zhou et al,

1993). The wt 1 gene is a1so expressed in the blastemal canlponent of

Wilms' tumors (Pritchard-Jones and Fleming, 1991). in many avarian

tumors (Bruening et al, 1993), and in immature acute leukemias

(Miwa et al, 1992).

1.3 WTl binds to DNA

The zinc finger is a well-characterized and common motif. The

classical zinc finger contains the sequence Cys X2-4 Cys X3 Phe Xs Leu

X 2 His X3-4 His X7 and is predicted to recognize a 3 bp sequence of

DNA or RNA (for a review, see Pabo and Sauer, 1992). Most zinc

finger proteins contain a tandem array of zinc fingers, which are

thought to lie in the major groove of DNA and recognize a continuous

stretch of nucleotides, 3 bp per finger (see Figure 2) (Pavletich and

Paho, 1991).

Two alternatively spliced isoforms of WTl (-/- and +/-, where
the first symbol denotes the presence or absence of exon 5, and the

second symbol indicates the presence or absence of KTS between the

third and fourth zinc fingers; see Figure 1) have been shown to he

able to bind to the sart1e DNA sequence as EGR-I: GCGGGGGCG

(Rauscher et al, 1990). This result is somewhat surprising because a

protein with four zinc fingers would he expected to recognize a 12 bp

sequence. not a 9 bp sequence (Nardelli et al, 1991). Other groups

have identified a (TCC)s motif to which WTl can bind (Wang et al,

1993a) as weIl as a 10 bp sequence GCGTGGGAGT similar to the EGR-

1 binding site (Nakagama et al, 1995). The (-/+) and (+/+) WT 1

isoforms are able to recognize DNA sequences containing EGR-l like
sites but appear to require additional, as yet undefined, flanking

sequences for binding (Wang et al, 1995).

1.4
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~-sheet binds
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backbone

.J'zn/i
NHl / '" nH--COOH

Figure 2. Zinc finger/DNA binding

The zinc finger motif forms a structure that chelates
a molecule of zinc between two cystidines and two
histidines. Flanking the chelating residues are a l3-sheet
structure and an alpha helix. When binding ta DNA, the cx-helices
tuck into the major groove of the DNA to contact the
base pairs. Most zinc fingers occur in tandem, several
fingers wrapping around the DNA helix, each finger
contacting 3 bp in sequence.

1.5



l 2. The w t 1 eene: function

2.1 The w t 1 gene regulates transcription

A number of genes have been found to contain WT 1 binding

sites in their promoters. When tested in co-transfection assays, WT 1

is able to repress the transcription of these genes (Table 1). Evidence

that any of these genes are really regulated by WT 1 during

development is scanty at best. Interestingly, most of the proposed

downstream targets of WT 1 are growth factors. receptors of growth

factors, or transcription factors involved in regulation of growth.

Table 1. Genes whose promoters are repressed by WTl

1

transforming growth factor ~ 1

(TGF-~ 1) Dey et al, 1994

retinoic acid receptor ex (RAR-a) Goodyer et al, 1995

insulin-like growth factor II

(IGF-II) Drummond et al, 1992

platelet-derived growth factor A Gashler et al, 1992; Wang et al,
{PDGF-A} 1992

human wt J Malik et al, 1994

insulin-like growth factor 1 (IGF-

1) receptor Werner et al, 1995

a-inhibin Hsu et al, 1995

pax-2 Ryan et al, 1995

c-myb McCann et al, 1995

c-myc Hewitt et al, 1995

bcl-2 Hewitt et al, 1995

colony stimulating factor 1(CSFI) Harrington et al, 1993

epidermal growth factor (EGF)

receptor Englert et al, 1995

WTl has not been round to activate transcription of any native
promoters. One group deleted parts of the PDGF-A promoter and

1.6



1
found that WT 1 would activate transcnptlon if one binding site \\'as
present and repress transcription if two binding sites, one

downstream and one upstream of the transcription initiation site,
were present (its native state) (Wang et al, 1993b), but this result is

applicable only to the PDGF-A promoter. Other promoters, regardless
of the p1acenlent of WTl binding sites, are rcpressed by WT 1

(Madden et al. 1991).
Mahes\\'aran et al (1993) reported that a Jack of functional p53

converted WTl into an activator of transcription. This group
explained this effeet by postulating a direct interaction between p53
and WT l, which they demonstrated by performing co-

immunoprecipitations. Maheswaran et al (1995) also reported the
curious observation that over-expression of WTl caused a

stabilization of p53. They attributed this effecl to WTl 's postulated

interaction with the p53 protein, but we suspect overexpression of

WTl stresses the cell, causing an induction and stabilization of p53
(see Vogelstein and Kinzler, 1992, for a review of p53).

Repression of transcription is not as weIl characterized as is
activation of transcription. Repression has been proposed to occur by
four methods: direct DNA competition, disruption of the transcription
eomplex, quenching, and squelching (see Figure 3) (for a review, see

Levine and Manley, 1989). WT 1 may repress transcription through
several of these mechanisms. Many WTl binding sites overlap SPI
binding sites, and il is likely that displacement of SPI, a general
aetivator of transcription, would repress transcription (Ackerman et
al, 1991; Harrington et al, 1993; Khachigian et al, 1995). Several
groups have also proposed that WTl causes repression by blocking
EGR-l from binding to the same site (Madden et al, 1991; Sukhatme

1992). While this may oeeur in sorne cases, as a general mechanism
for WTI 's repressive ability it has several flaws, primarily by
assuming that EGR-I is always an activator of transcription, which is

definitely not correct (Ackerman et al, 1991), and by assuming that
EGR-l is expressed at the same limes and locations as WTl, which is
aiso Dot correct (McMahon et al, 1990; Raekley et al, 1995). The

1.7
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Figure 3. Methods of transcriptional repression.
A number of mechanisms for transcriptional repression
by a repressive transcription factor have been described. Here
the repressive transcription factor is depicted as white with an
"R"; activator transcription factors are depicted as black with an
"A"; DN A is indicated as the bar under the transcription factors;
binding sites for repressors are white bars; binding sites for
activators are black bars; the start site of transcription is indicated
with a bent arrow; and the RNA polymerase Il complex is sho\\'n
as a large box. In direct competition, the repressor factor
physically blocks activators from binding to DNA, either by steric
hindrance or by covering up the activator binding site. In
disruption of activation, the repressor directly blocks the
formation of an activation complex, by physically being in the way
or by covering up essential DNA sites. In quenching, the repressor
binds to both DNA and activation factors, and prevents the activation
factors from recruiting an activation complex. In squelching, the
repressor binds to essential factors and titrates them away from
their binding sites on the DNA.

1.8



1
FiKure 3. Methods of transcriptions. repression

Direct competition for DNA binding
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amine terminus of WT 1 is essential for transcriptional regulation
(Wang et al. 1993b), indicating that WT 1 may also cause repression
by quenching.

2.2 The wt 1 gene cao suppress growth
Like aIl EGR proteins, overexpression of WT1 is able to block

cellular division and inhibit transformation (Luo et al, 1995; Kudoh et
al, 1995). Although the region of WTI responsible for this effect has
not been identified, it is likely to he mediated by the zinc fingers
(Huang et al, 1995). Two groups have reported that different
isoforms of WT 1 affect growth differently, but their results are not
consistent. Menke et al (1996) found that the presence or absence of
exon 5 had Httle effect on WTI's growth suppression, wbile Kudoh et
al (1995) reported that isoforms containing exon 5 suppressed
growth to a higher level than did isoforms lacking exon 5. Kudoh et
al (1995) found that the presence or absence of the KTS alternatively
spliced exon had no effect on WTl 's growth suppression, while
Menke et al (1996) found that isoforms lacking KTS inhibited tumor
growth and isoforms with KTS actually promoted tumar growth. Two
other groups reported no isoform-specific differences in growth
suppression (Englert et al, 1995; Haber et al, 1993), making it
difficult to determine the trutb of the matter.

An interesting set of experiments performed by Kudoh et al
(1995) has shown that WTl blocks the cell cycle at the G 1
checkpoint. This block was found to he independent of p53 and Rb.
If WTl represses transcription of growth factors and growth factor
receptors, one might speculate that WTl simply prevents cells from
responding to mitogenic stimuli, but Kudoh et al (1995) have
eliminated this possibility-- they show that WTl-expressing cells
can be induced to divide, but are forced to pause before entering S
phase due to inactive cyclinlCDK complexes. Overexpression of
certain combinations of cyclins and CDKs were able to overcome
WTl's blockage of cell division. As shown in Figure 4, the activity of
cdklcyclin complexes is partially regulated by inhibitory proteins,
which bind to and inactivate the complexes (Sherr 1994). If WTl
induces expression of such factors, either by direct transcriptional
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control or as a downstream effect, cdk/cyclin complexes would be

inactivated and the cel1 cycle would come to a stop. Overexpression

of cdk./cyclin camplexes wauld titrate out the inhibitory factors and

allow sorne cdk/cyclin complexes to become active, exactly as is

observed. lt is, however, important ta keep in mind that a11 of these

growth-suppression experiments involve over-expression of WT l,

and may be an artifact due ta the excess WTl binding to sites

normally bound by EGR-l, 2, or 3, immediate-early responsive genes

thought to dawn-regulate mitagenic responses (Huang et al, 1994;

Huang et al, 1995).

3. The w t 1 Kene is mutated in severa' kinds of tumors

3.1 Wilms' tumors

Consistent wi th w t1 having a role in regulatian of grawth is its

involvement in tumors. Mutational inactivation of the wt J gene is

estimated to oceur in about 20% of Wilms' tumors, a common

childhood malignaney of the kidney (Table 2). However, recent

reports suggest that w t 1 alterations may be involved in the majority

of Wilms' tumors. One study round that alternative splicing of wt1 is

disrupted in 70% of tumors, causing an excess of the (-/+) and (-/-)

isoforms (Simms et al, 1995). The significance af this finding is

unclear. Another recent study found that 5% of tUffiors had smal1

deletions and insertions of di- and trinucleotide repeats within the

first exon of wt1 (Huff et al, 1995), bringing the total to 25% of

Wilms' tumors containing mutations of wt l, and 70% of Wilms'

tumors with splicing abnormalities of wt 1 . It would be interesting to

see if these two categories are exclusive or overlapping.

Wilms' tumors are thought to arise from pockets of abnormal,

partially differentiated kidney ceUs called nephrogenic rests

(Beckwith 1993). Nephrogenic rests have been found to cantain
mutationally inactivated wt1 (Park et al, 1993a), suggesting that

inactivation of w t 1 is an early event in Wilms' tumor formation. It

also indicates that inactivation of wt1 does not actively promote

tumor growth (most nephrogenic rests are thought to simply regress

during ehildhood); rather, a lack of WTl prevents kidney cells from
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1 cell cycle
stage cyclin/cdk complex inhibitors

Gl edk4/cyclin D p27,p1S,p16,p18,p21

Gl/S edk2/cyclin E p21,p2?

S edk2/cyclin A p21

B

- cdk2/A
.-------.------t..------Icdk4/D

t
mitogenie
stimulation

t
Gl/S
boundary

Figure 4. Regulation of the cell cycle

A. A number of proteins, many listed here, have been
found ta bind ta and inactivate cdk/cyclin complexes.

B. Mitogenic stimulation induces the degradation of
these inhibitors and allows activation of each cdkl
cyelin complex at the appropriate stage in the cell
cycle.
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.T.. fully differentiating, and further mutations are necessary for

transformation .

Table 2. Rates and types of mutations of wt 1 in Wilms'
tumors.

'~~~";~~:~.~~.~<~," ~~..
type of' ,";mutation

genomlc
rearrangement

truncation of a11 or

part of the zinc

fi ngers

missense mutations

of the zinc fingers

truncation in the

amino terminus

r- ';" --'1 ,='-0._';..-.• -.,...._

round· in'· %

tu mors
12%

13%

60/0

5%

1%

1%

study

Kikuchi et al, 1992

Cowell et al, 1991

Coppes et al, 1993a

Varanasi et al, 1994

Varanasi et al, 1994

Varanasi et al, 1994

3.2 Mesotheliomas, gonadal tumors, and leukemia
Mutations of wt J have been found in a few other types of

tumors. Tumors derived from the mesothelium, a site of WTI

expression in the fetus, express large amounts of WTl. One

mesothelioma was found ta contain a homozygous point mutation of

wt1 (Park et al, 1993b), but no large-scale screenings of

mesotheliomas for wtl abnormalities have been reported, 50 it is

difficult to say if wt 1 is important in these tumors. A juvenile

granulosa cell tumor that arose in a Denys-Drash patient was found

to have lost the normal w t J allele, suggesting that wt1 may be

involved in tumors of gonadal origin (Pelletier et al, 1991 a).

However, a number of studies have shown that although WT 1 is

highly expressed in tumors of gonadal origin, mutations of wt 1 have

not been found (Bruening et al, 1993; Coppes et al, 1993b; Viel et al,

1994). The wt1 gene is also highly expressed in acute leukemias, but

not in chronic leukemias (Menssen et al, 1995; Miwa et al, 1992).
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Mutations of the wtl gene are found in 15% of cases of acute myeloid

leukemia (King-Undcrwood et al. 1996). Interestingly. leukemia is a
malignancy frequently found in survivors of Wilms' tunlor and their

relatives, suggesting that a common genetic predisposition underlies

both types of cancer (Hartley et al, 1994). The w t J gene has also

been found to be highly expressed in melanomas, but no mutations

have been found (Rodeck et al, 1994).

3.3 Desmoplastic small round cell tumor

The w t 1 gene is nlodified in the highly aggressive desmoplastic

snlall round ccll tumor (DSRCT), a sarcoma that arises in the

abdomen, most often in adolescent boys (Gerald et al, 1991). Like

many sarcomas, DSRCT is characterized by a specifie chromosomal

translocation. In the case of DSRCT, this translocation's effect is to

fuse the last three zinc fingers of WT 1 to part of the EWS gene (for a
review, see Ladanyi, 1995). The EWS gene encodes a ubiquitously

expressed RNA binding protein of unknown function COhno et al,
1994). Fusions of transcription factors and the EWS gene are found

in several sarcomas (Ladanyi 1995), and are thaught ta creale

po\\'erful, unregulated activators of the genes normally regulated by

the transcription factor. Thus, in DSRCT, the EWSIWTl fusion would

be predicted to activate many of the genes nornlally repressed by

WTI.

4. Sorne isoforms of WTl are located in the interchromatin
particles

4.1 The ioterchromatin particles
The interchromatin particles are 20-50 structures located

throughout the nucleus (for a review, see Spector 1993). These

particles are composed of granular clusters connected by fibrils. The
interchromatin particles are aIl interconnected by a latticework of
nuclear matrix. Splicing factors, snRNPs, and certain nuclear matrix

proteins are a11 located within interchromatin particles (Nyman et al,
1986; Carcer et al, 1995; Spector et al, 1991), and an arginine/serine
rich signal has been found to specifically direct proteins into the
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intcrchromatin particles (Li and Bingham. 1991). Splicing and

transcription of RNA polymerase Il genes is thought to oceue in

"transcription domains" located adjacent to but not overlapping

interchromatin particles (Xing and Lawrence.. 1993). Interchromatin

particles are speculated to be sites of spliccosome assembly, active

splicing locations, or si mply si tes of storage (Spector 1993).

4.2 WTl in the interchromatin particles

A recent report has shown that while the (-/-) and (+/-)

isoforms of WTI are diffuse \vithin the nucleus. the (-/+) and (+/+)

isoforms are specifically located within the interchromatin particles

(Larsson et al, 1995). As the function of interchromatin particles is

not clear, it is difficult to determine the meaning of WTI 's presence

in them. Mutation or partial deletion of the zinc fingers of WTl

actually increased the proportion of WT 1 in the structures, perhaps

indicating that WTl must bind to DNA to rernain outside

interchromatin particles (Larsson et al, 1995). This theory is

consistent with the observation that WTI isoforms containing the

KTS motif, isoforms apparently less able to bind DNA, are found

predominantly in the interchromatin particles (Larsson et al, 1995).

Larsson et al (1995) conclude that WT 1 must he involved in

splicing because it is found in the same place as many splicing

factors, but this conclusion is unwarranted. The zinc fingers of WTl

are not involved in localization to the particles, ruling out the

possibility that they are binding to certain RNA molecules. The fact

that WTl can be co-immunoprecipitated with splicing factors

probably indicates that the entire interchromatin particle structure

can be co-immunoprecipitated. Another tumor suppressor protein,

the product of the retinoblastoma gene, appears to also be present in

the interchromatin particles via direct binding to nuclear matrix

proteins (Durfee et al, 1994). The retinoblastoma protein, whose

activity is regulated by phosphorylation, is found in the

interchromatin particles only when in an active form. Durfee et al

(1994) speculate that interchromatin particles are a mechanism for

concentrating factors together in a smal1 area to aid interactions;

perhaps something of the sort occurs with WTl.
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•.. 5. The role of WTl in development

5.1 wt 1 -null mice fail to develop a urogenital system
The expression pattern of wt1 suggests that it is involved in

the development of the urogenital system. Confirmation that this is
true was provided when a mouse Hne was engineered to lack a
functional wt1 gene (Kreidberg et al, 1993). Heterozygous null mice

were apparently normal, but homozygotes died before birth in mid
gestation. During normal kidney development, two precursor kidney

structures form along the urogenital ridge, the pronephros and the
mesonephros. The pronephros degenerates, but an offshoot of it, the
Wolffian duct, persists and is important for later development. The
mesonephros forms the adult kidney in fishes and amphibians, and
may function during embryonic stages in reptiles and birds. The
gonads and Mullerian ducts forrn from offshoots of the mesonephros,

which then degenerates. The kidney itself, the metanephros, forms
when the uteric bud grows out from the Wolffian duct and induces
the surrounding mesenchyme, the metanephric blastemal celIs, ta
differentiate into nephrons (Gilbert 1991).

In the wt 1-nu11 mice, the pronephros was normal, but the
mesonephros was underdeveloped, the uteric bud failed to form, the
gonadal ridge degenerated, and the metanephric biastemai cells
underwent apoptosis. Further experiments revealed that the mutant

metanephric blastemal cells were incapable of responding to
artificially supplied induction signaIs. These w t I-null mice indicate

that w t 1 is essential for the very earliest stages of kidney and gonad
formation.

In addition to renai agenesis, the wt 1-nu11 mice suffered from
abnormalities of the mesothelium, the membrane that Hnes the
abdomenal cavity, a site of high WT 1 expression (Armstrong et al,
1992). The lungs and hearts of the mutant mice were abnormal as
weB, but these defects may be a secondary effect of mesothelial
abnormalities (Kreidberg et al, 1993).
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S.2 Congenital defects associated with mutations or wt 1
Hunlans with heterozygous mutations of ""1 J suffer from

abnormalities of the urogenital system and a predisposition to forrn

Wilms' turnors. Two disease states are recognized: mild

abnormalities and the severe disease Denys-Drash syndrome. In the

mild disease. the patients frequently develop multiple Wilms' tumors

and males suffer from mild genital defects such as hypospadias

(penis does not form properly) and cryptorchidism (undescended

testicles). Since male genital formation is dependent on hormones

released from the gonads but female genital formation is not. the

syn1ptoms observed are consistent with a disturbance of gonadal

formation; i.e., females appear normal and nlales have incompletely

masculinized genitals, even though in both cases there is presumably

an underlying gonadal abnormality (Gilbert 1991). It would he

interesting ta see if these patients experience puberty norrnally, and

if they are completely fertile, but such data are not available. An
other systems in these individuals, including the kidneys, appear to

be normal. These children are usually found to have mutations of

wt 1 that would eliminate the function of one allele of the gene

(Pelletier et al, 1991 b; reviewed in Bruening et al, 1995). Thus, a

reduction in dosage of WTl during development in humans has only

minor consequences, resu lting only in perturbations of gonadal

development. In mice~ a reduction in dosage of WT 1 has no effect al

a11 (Kreidberg et al, 1993), perhaps due to differences in regulation of

WT 1 expression.

The disease Denys-Drash syndrome (DDS) is a serious

congenital syndrome characterized by Wilrns t tumors, disruption of

gonadal formation, and progressive kidney failure due to

glomerulosclerosis (reviewed in Bruening and Pelletier~ 1994). These

children often develop multiple Wilms' tumors and progress to end

stage renal failure early in life, usually before age 5. Their gonads

fail to develop~ and as explained above females (XX) appear normal

externally but males (XY) either appear to have female genitalia or

have ambiguous genitalia. The kidney failure these children

experience is due to sclerosis and scarring of the glomeruli, possibly

due to aberrant heavy deposition of extracelluJar matrix (van den
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Heuvel et al, 1995). Individuals with DOS have been found to have

heterozygous mutations of the wC J genet most often missense

mutations of the zinc fingers (Pelletier et al, 1991 a; Bruening and

Pelletier, 1994). The presence of missense mutations of wl J in

patients with severe disease and a reduction of dosage of WT 1 ln

patients with mild disease suggests that the mutations found in DOS

are acting in a dominant or dominant-negative fashion.

Part II. Rationale and objectives of the presented work

The structure of the WTI nlRNA suggests that the w( J gene

should encode four polypeptides of about 50 kOa in nlass, but this

had never been confirmed to be true in vivo. In addition, the long
(over 350 bp), G/C rich 5' UTR of the wti mRNA suggests that the

wt] rnRNA would be inefficiently translated, leading to lower levels

of WT 1 protein than would he expected from observations of rnRNA

levels. Studies undertaken to confirrn or reject these predictions are

presented in Chapter 2.

The remaining chapters are concerned with clarifying how

germline mutations of wl] cao in sorne cases cause only mild

congenital abnormalities while in other cases the serious Denys

Drash syndrome oceurs. Previous work had suggested that Denys

Drash syndrome is the result of dominant or dominant-negative

activity of mutated WTl. Which mechanism is at work, how mutated

WTl is able to act in such a way, and why ooly certain types of wt]

mutations are able to act in such a way are the questions addressed

in Chapters 3, 4~ and 5.
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The Wilms' tumor (WT) suppressor gene, WTI, is mu·
tated in a small set of WTs and is essential for proper
development of the urogenital system. The gene has
three sites of transcriptional initiation and produces
mRNA transcripts containing 5'-untranslated regions of
more than 350 nucleotides. The mRNA. tbrough two al
ternative splicing events, is predicted to direct the syn
thesis of four protein isoforms with molecular masses of
47-49 kDa. [n this report, we identify and characterize
novel WTl protein isofonns having predicted molecular
masses of 54-56 kDa. Mutational analysis of the murine
wtl mRNA demonstrates that the novel isoforms are the
result of translation initiation at a CUG codon 204 bases
upstream. of and in frame with the initiator AUG. We
show that these isoforms are present in both normal
murine tissue and in WTs. Like WTl. the larger i80forms
localize to the ceU nucleus and are capable of mediating
transcriptional repression. Our results indicate that
regulation of WTI gene expression is more complex
than previously suspected and have important impli.
cations for normal and abnormal urogenital system
development.

Wilms' tumor 1\VTI l is a embryonal malignancy ofthe kidney
that amicts one out of every 10.000 children 1~[atsunaga.

19811. Approximately 7-15~ of sporadic WTs contain detecta
ble mutations in the tumor suppressor gene lVT! ICoppes et al.•
1993: Little et al.. 1992: Varanasi et al.. 19941. The lVT! gene
encodes a transcription factor belonging to the early growth
response family of Cys2-His'! zinc finger proteins. The
pre-mR.'J'A is altematively spliced at two exons to produce four
\VTI isoforms t Haber et al.. 19911. The first alternativeIv
spliced exon inserts or removes 17 residues upstream of th~
four zinc fingers and is capable of mediating transcriptional
repression when fused to a DNA binding domain 1Wang et al..
1993a 1. The second altematively spliced exon inserts or re
moves 3 amino acids. KTS. between zinc fingers III and IV and
alters the DNA binding specificity of the protein. as well as its
subnuclear localization (Drummond et al.. 1994: Larrson et al..
1995: Rauscher et al.. 1990>' The - KTS WT1 isoforms recog
nize a GC-rich motif (S' -GCGGGGGCG-3 'l. as well as a (TCC)n
repeat 1Rauscher et al.. 1990: Wang et al.. 1993bl. and can
affect expression of a number of genes harboring these motifs

• This work was supported by a grant from the ~[edical Research
Council of Canada Ito J. P.l. The costs of publication ofthis article were
defrayed in part by the payment of page charges. This article must
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frame; UTR. untranslated region; PAGE. polyacrylamlde gel electl'O
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in their regulatory regions (for a review see Rauscher 11994)1.
These genes include insulin-like growth factor II (Drummond et
al.. 19921. insulin-like growth factor 1 receptor 1Werner et al..
1993 J. platelet-derived growth factor A-chain (Gashler et al..
1992: \Vang et al.. 1992 J. colony-stimulating factor-1 gene (Hal'·
rington et al.. 1993). transforming growth factor-1311 Dey et al..
19941. the retinoic scid receptor-a 1Goodyer et al.. 19951. and
the wtI gene itself (Rupprecht et al.. 19941. WTl can mediate
bath transcriptional repression and activation. depending on
the architecture of the promoter under study l Madden et al..
1991: Drummond et al.. 1992. 1994: Wang et al.. 1992>. Activa
tion and repression are mediated by distinct domains \vithin
the \VTI protein 1Wang et al.. 1993al.

In addition to its raIe as a tumor suppressor gene. WT! plays
an essential raIe in the normal development of the urogenital
system. The expression pattern ofWTI is not ubiquitous. being
mainly restricted ta components of the urogenital system: the
gonads. developing glomeruli. and the uterus (Pelletier et al..
1991al. ~Iany children with gennline WTl mutations suffer
from malfonnations of the urogenital system. ranging in sever·
ity from minor genital anomalies to streak gonads and renal
nephropathy 1for a review see Bruening and Pelletier 1 199411.
Consistent with a l'ole for \\-71 in the development of the
urogenital system is the observation that this system fails to
differentiate in wtl-null mice 1Kreidberg et al.• 1993 J.

Similar to Many other genes involved in growth regulation.
the wt 1 mRNA transcript contains an AlJG-initiated open
reading frame t ORF) preceded by a long. GC-rich. 5' -untrans
lated region 1L'TRJ INagpal et al.. 1992>. There are three sites
of transcription initiation within the murine wt! promoter.
producing mRNA species with 5' -UTRs of 375. ïOO. Or 720
nucleotides. In the course of characterizing the protein iso
forros produced from these transcripts. we noted the presence
of isoforms having molecular masses greater than expected. In
this report. we demonstrate that these isofonns arise from
translation initiation at a CeG codon upstream ofand in frame
with the wt1 initiator AUG. These novel isoforms are present in
normal and malignant tissue and are capable of repressing
transcription.

Although AGG codons are essentially exclusively used as
initiation codons for eukaryotic mRNAs. there are rare exam
pIes of cellular rnRJ.'lAs where other codons 1GUG. ACG. and
CUG'l are also used for this purpose. These include proto
oncogenes (Mye. INT-2. PDtf-l. and LYL-ll (Acland et al..
1990: Hann et al.• 1988: Saris et al.. 1991; Mellentin et al..
19891. as well as the basic fibroblast growth factor gene (Prats
et al.. 1989). retinoic acid receptor (34 INagpal et al.. 1992).
krox-24 (also a member of the early growth response family 1

(Lemaire et al.. 1990). and the ltk receptor 1Bernards and de la
Monte. 1990 ,. The nature of the signaIs that dictate the use of
a CUG codon as an initiation codon \vithin the S'-UTR are not
weIl understood. but immediate downstream sequences can
influence the efficiency with which CUG codons are selected
/Boeck and Kolakofsky. 1994: Gmnert and Jackson. 19941. Our
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land Nuclearl. In vitro translations were performed in rabbit reticulo
cyte lysate using [3$Slmethionine as directed by the manufacturer
1Promegal.

RESl'LTS

The wtl Gene Encodes Nouel 54-56 kDa Isoforms-1'0 gain
better insight into the regulation of wt 1 gene expression. we
screened a number of mouse cell lines for expression of wt1
m&~A. Of the fines t€'~tcd. one of these. TM3 Iderived from

FIG. 1. Detection of a Dove! WU isoform in t·ivo. A. Northem blot
analysis of RNA isolated from 3-day-old murine testis lIane Il and n13
cells (Lane 21. The arrows indicate the positions of migration of the /L'Il
mRNA species. The position of migration of the 28 S and 18 S rRlloOA
species is indicated to the nght. The upper panel has been hybridized
\Vith a murine wt l cDNA fragment. The bottom paneL is the :lame blot
reprobed with':!P-labeled J3-actin. B. immunoprecipitation from n13
œlls using the polyclonal anti-Wtl 605 antibody. Immunoprecipitations
performed on [:J.5Slmethionine-labeled cell extracts were resolved on ;l

lOt} SOS-PAGE geL The 47-49-kDa \Vtl isoforms are indicated by a
dot and are not weil resolved on tbis geL The -57-kDa related protem
is denoted by a )(. Extraets were prepared from untransfected COS-l
cells lianes 1 and 41. COS-I cells transfected with CMVlwt1( -1- 1 lianes
2 and 5). or Th13 cells lianes 3 and 61. Samples were immunoprecipi
taled \\'Îth the antibody 60S ILanes 1-3) or \Vith preimmune serum
(Lanes 4-61. FoUowing electrophoresis. the gel was treated with
EN3 Hance l~ew England Nuclearl. dried. and exposed to X-Omat
lKodak) film at -ïO·C for 2 da)o'S. C. Western blot analysis ofnuc1ear
extraets prepared from COS-l and Th13 cells. Blots were probed \Vith
monoclonal antibodies 8A7 lianes 1-3) and 13BS (Lanes 4-6). which
recognize WTl isoforms lacking or cootaining the first altematively
spliced eXOn. respectively. Extr.iets .....ere prepared from untransfected
COS-l ceUs lianes 1 and41, COS-l ceUs transfected \\'Îth CMV/wtIi -1-'
llane 2). CMVlwtIl +/-) liane 5). or Dl3 eeUs ILanes 3 and 61. The dot
indicates the position of migration of the 47-49-k.Da WU isoforms:
whereas the x delineates the position of the -57-kDa isoforms. Blats
were exposed ta X-Omat film tKodakl for 2 min. D. expression ofWtl'
in murine ovaries. Extracts were prepared from untransfected COS-l
eeUs lLane il. COS-l cells transfected with c~rv/IL·t1l-I-) liane 21.
COS-l cells transfected Wlth CMVlIL·t 1( -1 .... ) tlane 3). and adult murine
ovaries dane 4 ,. The arrows indicate the positions of migration of the
WU isoforms. The blot was probed with the antibod~·C-19 and exposed
to X-Omat 1Kodakl film for 5 min.
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Aresults show that WT1 gene expression is more complex than
previously suspe<:ted and that the aetivity of these novel \\'Tt
isofonns needs ta be considered in biological assays invol"tng
WTl.

EXPERIMENTAL PROCEDl'RES

Cel! Lmes-TIr!3 and COS-l ceUs were obtained from the American
Type Culture Collection IATCC}. TM3 cells were maintained in a 1:1
mixture of Dulbecco's modified Eagle's medium and Ham's F-12 me
dium supplemented \Vith 5'if: horse serum and 2.SI:l- fetaI calf serum.
COS-l ceUs were maintained in Oulbecco's modified Eagle's medium
j high glucose' supplemented \Vith 10% fetaI calf Serum.

.Vorthern Blots-Total RNA was isolated from mouse testis and Th13
cells by the LiCVurea procedure 1Auffray and Rougeon. 19801. 10~ of
RNA was electrophoresed into a 1.2~ agarosel37Cfé formaJdebyde gel
and blotted to mtrocellulose 1Schleicher & Schuelll. Filters were probed
\Vith a l2p-Iabeled murine wt 1 cONA as described previously (Pelletier
et al.. 1991al.

ImmunopreclprtatlOns and Western Blots-Crude nuclear extnlets
were prepared by resuspending washed ceUs into an equal packed ceU
volume of 10 m.\1 Hepes. pH ï.9. 1.5 m.\1 ~lgCl:!. 10 nul KCf. 0.1<:<:
Nonidet P-lO. 0.5 m!ol dithiothreitof. O.Sl-4tIml aprotinin. 0.2 OUI EDTA.
0.5 m.\1 phenylmethylsulfonyl fluoride. Following a 10-min incubation
on ice. the suspension was passed ten times through a 23 G Del'dle. The
nuclei were pelleted and resuspended in three times the packed cell
\l'olume of RIPA butTer 150 mM Tris-HCI. pH 7.5. 150 nul NaCl. l~

~onidet P40. 0.1'1- SOS. 0.5% sodium deoxycholatel. For Western blots.
30 ~ of the nuclear extraet was fractionated on a L{)lX SDS-PAGE gel.
Following transfer to Immobilon-P 1Millipore J. the membranes were
probed with the indicated antibodies. and proteins were visualized by
chemiluminescence using an ECL kit lAmersham COrp.l.

For immunoprecipitations. cells were grt'wn to 80Ci confluency,
washed in PBS. and preincubated in methionine-free medium for 1 h.
Cellular protein was labeled with 200 JLCilml of (:.J.5Sl methionine for 12
h. Fol1o....'Îng a wash with PBS. the cells .....ere lyse<! in RIPA buffeT. For
each immunoprecipit3tion. approximately lOg cpm of lysate was pre
cleared \\'Îth protein A-8epharose (Pharmacia Biocech Inc.' and preim
mune serum for 1 h at 4 oC. Incubation with spectfic antibody and
protem A-Sephnrose was then performed for 4 h at 4 cC. aller which
time the immunoprecipitate was washed three times Wlth RIPA buffer
and once with PBS. Elution was performed in SDS-PAGE sample
butTer. The e[uted proteins were fractionated on a lOt} SOS-PAGE gel.
treated with EN:1HA..-..rCE 1New England NucleaTl. and deteeted by
exposure to X-Omat film 1Kodak,.

Antzbodies-The anti-Wil polyclonal antibody C-19 wu purchased
from Santa Cruz and was generated against a peptide iLVRHH.~

MHQRmlTKLQLU.l at the carboxyl terminus ofthe \VTl protein. The
anti-\\i"Tl monoclonal antibodies l3B5 and 8Aï were raised against
peptides designed to mimic \V1'l isoforms containing or lacking the first
alternatively spliced exon. Their characterization has been previously
discussed (~lundlos et al.. 19931. The rabbit anti-Wtl polyclonal anti
body 605 was raised against a GST-Wt1 fusion protein containing exons
2-9 of the murine u:t l gene. The rabbit polyclonal antibody S3. which
recognizes only the CUG-initiated WTl isoforms. was raised against
the multiple antigenic peptide tPosnett et al.. 19881 P.,\STCVPEPAS
QHTLR. located within the unique amino-terminaJ region produced by
the Cl:G-initiated \Vfl isofonns. and present in both mouse and hu
man sequences <Fig. 2). {WTI isofonns containing or lacking the first
alternative splice site wiU be referred to as - or - L7 aa in the text.'

Plasmld Construcls-Restriction enzymes and other DNA-modifying
enzymes were purcbased from New England Biolabs. CMV-IL'cI and
pSP6S constructs lacking the 5'-UTR have been previously described
1Goodyer el al.. 1995: Pelletier et al.. 1991bL To construct SP6S-wt1
plasmids containing various 5·-UTRs. clones isolated from a mouse
cDNA library that terminated at various regions within the 5'-UTR
were used. The 5' emis of these clones were excised from pKSII + with
EcoRI (which deaves at the 5' end of the cDNA> and .veoI (which
deaves at position 541 downstream of the initiator AUG) and subcloned
into the same sites ofSP65-wcI. To generate point mutations within the
5' -UTIl site-directed mutagenesis was performed using the polymerase
chain reaction and overlapping oligonudeotides harboring the desired
change 1Pel1etier et al.. 1991bl.

In Vitro Transcriptions and Translations-RNA polymerases were
purchased from Promega. For in vitro transcriptions. plasmids were
linearized with the indicated enzymes. and transcriptions were per
formed as described previow;ly (Pelletier et al.. 1991bt RNA trnnscripts
were quantitated by monitorin~ mcurpm:ltinn nI' iHIC7P 1New Eng-
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FIc. 2. Detection of WU' in sporadic WTs. A. schematic diagram of the genomic organization of the human WTI gene. The nudeotide
sequence and predieted polypeptide sequence of both the human and murine genes upstream of the AUe codon is indicated. The white boxes
represent aJtematively spliced exons. whereas hatched Mzes represent the zinc fingers. Each exon is numbered with a roman numeral. The relative
position of two CUG axions present upstream from and in frame with the initiatar AUG codon in the human and murine 5'·UTRs is shown. The
putative eue initiation codons are underlined. whereas the initiator AUe codon is WUÜ!rlined and in bold, The peptide sequence used ta generated
the polyc:1onal serum 53 ia bczed. Amino acid bomology orthe predicted amino-tenninal extension from the human and murine cl>NAs is presented.
Black cire/es signify identity, whereas open cireks signify conservative changes. The methionine encoded by the initiator AUC is denoted in boldo
hWTI. human WTl c:DNA sequence: m WTI, murine 1L't1 cDNA sequence: hwtl, human WTI polypeptide sequence; mwt1, murine Wtl polypeptide
sequence. B. analysis of WTI' in WTs. A Western blol of nuc1ear extraets from murine TM3 ce1ls (Jane 1) or whole ceil extraets from Wfs lianes
2-81 were probed with antî-Wfl· serum. 53. The WTI' isofonns are indicated by two arrows. Molecu1ar mus markers (in kDal are indicated ta
the right of the panel.

mouse testisJ, reveaIed significant levels of wt1 mRNA by
Northem blot analysis cFig. lA, lane 2). In addition ta the
expected 3.1-kilobase wtl mRNA, a second mRNA species of
-2.5 kilobases is present in testis cFig. lA. fane 1) and in TM3
ceUs (lane 2). The nature of the 2.5-kilobase cross-hybridizing
mRNA species is not well defined but has been previously noted
ta be testis-specific and may arise from the use of an alterna·
tive polyadenylation site within the wt1 3'·UTR (Pelletier et al.,
1991a).

To detect WU protein from TM3 cells. we made use of the
polyclonal anti-Wtl antibody, 605. This antibody, directed
against amino acids 123-299, is capable of immunoprecipitat
mg [35Slmethionine-Iabeled WU from COS-1 cells transfected
with a CMV-wtl expression vector<denoted by a dot in Fig. lB,
lane 2). This polypeptide is not recognized by preimmune se
rum <Fig. lB, lane 5), nor is it immunoprecipitated from un
transfected COS-l cells <Fig. lB, lane n. In immunoprecipi
tates from TM3 cells with the 605 antibody, we noted the
presence ofWt1 protein ([ane 3, denoted by a dot) as well as a
polypeptide of -57 kDa (indicated by a x in Fig. lB, lane 3).
Like WU, this polypeptide is not visible in immunoprecipitates
of TM3 cells with preimmune serum <Fig. lB, lane 6).

Ta extend these results and determine whether the -57-kOa
polypeptide species was related to WU, we .~ade use of two

anti-WT1 monoclonal antibodies (Mundlos et al., 1993). Anti
body BA7 specifically recognizes WT1 isofonn.s lacking the 17
amino acids introduced by alternative splicing of exon 5 (- 17
aa), whereas 1385 specifically recognizes WTl isoforms con
taining this altematively spliced exon (+ 17 aa) (Mundlos et al.,
1993). On Western blots of COS-l cells transfected with CMVI
wt1< -/-), 8A7 recognizes the WU( -/-) protein isofonn as
expected (denoted by a dot, Fig. le, lane 2). This polypeptide is
not present in untransfected COS-l cells <Fig. lC,lane 1). In
TM3 cells, a -57-kDa polypeptide is aIso recognized by this
antibody (indicated by a x in Fig. 1C, lane 3). Antibody 1385
recognizes the Wt!( +/-) isofonn produced in COS·l cells
transfected with CMV/wtl{ +/-) (indicated by a dot in Fig. lC,
lane 5). In TM3 ceUs, a-57-kDa polypeptide is aIso detected
with this antibody (indicated by a x in Fig. lC,lane 6). Upon
prolonged exposure ofthese blots, the 47-49-kDa wtl isofonns
can aIso he detected in extracts ofTM3 cens (data not shawn).
These results strongly suggest the existence of novel WU iso
forms containing or laC'king the WU exon V and having molec
ular masses -10 kDa higher than WU. In this manuscript, we
will refer ta these larger isoforms as WU· ta distinguish them
from the 47-49·kDa WU isofonns.

Ta determine whether WU- could be deteeted in normal
tissues. nuc!ear extrtlcts were prepared from murine avaries
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FIG. 3. In vitro synthesis of Wtl"••-\, diagram of Ul vitro wtl
expression ...ectors. The black bous represent the coding regions,
whereas the sllppled and hatched boxes represent the murine and
human 5·-UTRs. respectively. Thedotted andcheckered boxes represent
the T7 and SP6 RNA polymernse promoters. The small Mack rectangle
above the munne 5'-UTR represents a small ORF pre~ent in this
portion of the cDNA. The two black dots represent the upstream eUG
codons highlighted in Fig. 2A. B, ln Ultro translation products obtained
from RNA generated by 5' -UTR deletion mutants. a.."';A was generated
from construets shown in A and translated in rabbit reticulocyte lysate
at a mRNA concentration of 16 JlWml. RNA prepare<! from the following
vectors was used as input template: lane 1. no DNA~ lane 2. pKSl
mwt1[-1821; (ane 3. pKSlmu.'tIl-4i5); {ane 4, pSP/h\\Tl[·200!: fane
5. pKSlhWTI[ ~3781. 3 ,lÙ of the translation reaction were fractionated
on a lOf} SOS-PAGE gel. Following electrophoresis, the gel was treated
with ENJHance. dried. and exposed to Fuji ,,-ray film at - ïO oC for
12 h.

and probed with the anti-WTl antibody. C-19. directed against
the \VTl carboxyl terminus. Extracts prepared from COS-1
ceIls transfected with CMV/wtl( -/-\ <Fig. ill.lane 2) or C"MVI
wtl( -/~) Œig. ill. fane 3) produced the appropriate wtl iso
forms and acted as standards on this blot. No WU protein was
present in untransfected COS-l cells lFig. ill.lane Il. Western
blot analysis of nuclear extracts from murine ovaries revealed
the presence of the 47-49-kDa WU isofornlS. as well as the
WtC isoforms lFig. W./ane 4). A similar result was obtained
with nuclear extracts from murine testis (data not shown).
These results indicate that WU" is present in normal murine
tissue,

Expression of WTI" in WTs-We felt it unlikely that WTl"
was being generated from an alternatively spliced transcript
because the structure of this mRNA has been extensively an
alyzed by SI nuclease <Pelletier et al.• 1991a) and RNase pro
tection lHaber et al., 1991). We considered the possibility that
an alternative translation initiation event was responsible for
producing the novel WTl polypeptides because examination of
the murine and human nucleotide sequences upstream of the
initiator AUG reveaIed the presence of two CUG codons -200
nucleotides upstream from and in frame with the initiator AUG
codon <Fig. 2A). These CeG codons are con~ervro between
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human and mouse cDNAs. although their positions relative to
the initiator AUG cliffer slightly. BecauSe CUG codons are used
as translation initiation codons by some eukaryotic mRNAs
1see [ntroduction}. we investigated the possibility that WTl'
was generated by alternative translational initiation. We gen
erated a polyclonal antibody against a peptide representing
amino acids 9-24 of the predicted amino-terminaI extension
lboxed in Fig. 2.4.), This antibody, called S3. was used to screen
a series ofWTs for expression ofWfl·. Two Wt1- isofonns •- /
17 aa) are detected by S3 in murine TM3 cells •Fig. 2B. lane Il.
Two of the tumors examined a1so showed expression of WTl'
1Fig. 28. fanes 2 and 8>. In our small sam.ple cohort. there was
a direct correlation between the presence of WTl· and the
presence ofWTl protein •data not shown). We hypothesize that
WTl- arises from alternative translation initiation on the WTl
mRNA template and contains a unique amino-terminal exten
sion not present in WTl.

WTI- lnitiates at a CUG Codon Upstream. from and in
Frame with the [nitiator AUG Codon-To directly demonstrate
that the amino-terminal extension of WTl- is due to alterna
tive translational initiation. a series of deletion mutants was
generated from the murine and human cDNAS iFig. 3Al. Two
of the constructs (pKSlmwtl[ "'182) and pSPIhWTI[+20011 con
tain shortened 5'-UTRs that lack the above described CUG
codons. whereas others (pKSlmwtI[ +475) and pKS/
hWTI["'3781J had S'-UTRs that included these CUG codons
lFig. 3AL Following in vitro transcription and translation.
[
35Slmethionine-Iabeled protein products were analyzed by

SOS-PAGE. In the absence of exogenously added mR.~A. no
protein product is deteetable (Fig. 38, fane 1). The truncation
mutants. pKSlmwtl['" 1821 and pSPIhWTI[ -2001. produced
only one polypeptide species having a molecular mass of -50
kDa IFig. 3B.Lanes 2 and 4. indicated by an arrowheadl. These
results are consistent with translational initiation occurring at
the predicted AUG codon (underlined and bold in Fig. 2AI.
Translation of rnRNA produced from pKSlmwt11 ~475) and
pKSlhWTI[ +378) produced two polypeptide species. one hav
ing the expected molecular mass for an initiation event occur
ring at the initiator AUG. and one having a molecular mass
identical ta that of WTI' 1Fig. 3B. Lanes 3 and 5), Similar
results were obtained upon translation of these mRNAs in a
wheat genn extract. indicating that the ahove results are not
specifie to reticulocyte Iysate (data not shownJ. These results
are consistent with our hypothesis that alternative transla
tional initiation is responsible for generating the Wtl' protein
isoforms and demonstrate that both the human and murine
mRNAs are competent for producing this protein species,

To define the codon responsible for clirecting translation ini
tiation of WU-, a series of deletion and site~irectedmutants
were generated within the murine S' -tYfR /Fig. 4Al. [n addi·
tian to tnmcating various portions of the S'-UTR. stop codons
were introduced that flanked the CUG codons identified abo\'e
(Fig. 2(\). and mutations affecting the nature of each CUG
codon were generated. Deletions within the tirst 507 nucleo
tides from the S'-UTR of the wt1 rnRNA did not abolish pro
duction of WU- !Fig. 4B, Lanes 2-5). whereas a deletion remov
ing all but 182 nucleotides of S' -UTR generated a transcript
unable ta produce WU- (Fig. 4B. lane Il>' Deletion of the WU
initiator AUG codon abolished production of WU. instead gen
erating a polypeptide having a molecular mass of -37 kDa
!Fig. 48. lane 12. indicated by a smail arrou'l. The molecular
mass of this polypeptide is similar ta that expected from inter
nai initiation of ribosomes at a downstream. in frame AUG
codon at position 378 (relative to the A of the initiator AUG
codon>. Introduction of a UGA codon 229 nucleotides upstream
from and in frame \vith the AUG initiator codon did not affect

TC,,"

543-21
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FIG. 4. Etfect ofUlIl S'·UI'R deietioD
and point mutatio... OD traDalatiOD
initiation. A. diagram of deletion and
point mutations generated within the Ultl
5'·UTIl The blacJc bo:ra indicate the
ORFs. the halclu!d tJœœ8 represent the
S'-UTRa. and the .tippkd bo:œs represent
the SP6 RNA polymerue promoterB. The
two upstream CUGs at nudeotides 204
and 192 are represented"by filkd cirr:Ù8,
and the black~ bœœ8 above the
S'-UTRa represent short ORFs. The posi
tion of the initiator AUG and stop codons
are sh~ as weIl sa the position of a
dawnstree.m, in frame AUG codon. Stan
represent UGA stop c:odons. wbereas
srnall Opt!iI bœa represent CUG ta eue
mutatioDS. B. in uitTO translation of RNA
produced from deletion and point muta
tions within the 5'·UTR. Indicated above
euh lane Ï8 the SP6 construct from whim
the input RNA wu derived. A dt:uJ& rep.
resenta no input RNA. The position ofmi
gration of WU and WU" are indicated.
The llmallu arrow indicates the position
of migration of the truneated WU
polypeptide predicted to arise from tr'ana
lation initiation at the downatream AUG
codon. Following elec:tropboresis in a l~
SDSIpolyacrylamide gel, the gel was
treate<! with EN3Hance. dried. and ex
posed ta X-omat (Kodak) film at -70·C
witb an intensifYing screen overnight.

production of WU- (Fig. 48, lane 6>, indicating that the WU
initiation codon must lie downstream of this site. On the other
band, placing a UGA codon at position 183, in frame, and
upstream of the initia10r codon generated an mRNA no longer
capable of synthesizing WU- (Fig. 4B. Lane 7). These data
suggest that the signaIs responsible for WU- translation initi
ation lie between nucleotides + 183 and + 229. Site-directed

mutagenesis was used tu abolish the individual CUG codons at
position 204 and 192 (see Fig. 2A). Converting CUG204 10
CUC2O& drastically atTected expression of WU- while having
little effect on production ofWU (Fig. 48. Lane 8). Expression of
WU- wu reduced -lO-fold but Dot completely abolished. Mu
tagenesis of CUGl92 to CUCun had no effect on production of
WU- (Fig. 48, lane 9), and mutagenesis of both CUG codons
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FIG. 5. Translation analym of mu
tatiOIU at or upstream !rom CUGM4.
A. schematic diagram of mutations gener·
ated within the wtl S'·UTR. The black
bous indicate the wt1 ORFs. the hctched
bous represent the 5'-UTRs. and the !if;P
pied boxes represent the SPS RNA pol~ m
erase promoter. The two upstream CUGs
at nucleotides 204 and 192 are repre
sented by filLed circks. and the filled ne
tangular boxes above the 5'-UTRa repre
sent short ORFs. The nucleotide sequence
Oanking CUG204 is shawn for each con
struct. The triplet at position 204 is un
derlined. The open triangk signifies a de
letion. A star represents a stop codon. and
an open circle represents an AUG codon.
B. in uitro translation of RNA with muta
tions at or upstream from CUG'Z04. Indi
cated abave each 1ane is the SP6 construct
from which the input RNA wu derived. A
dash represents no input RNA. The posi
tion of migration of WU and WU" are
indicated by an arrow and an arrowMad.
respectively. Translation products were
analyzed as described in the 1egend to
Figs. 3 and 4.
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had the same effeet as altering only CUG204 (Fig. 4B.lane 10).
These results strongly indicate that translational initiation at
CUG204 is responsible for production of WU". We interpret
the residual production of WU- observed with wtI [+475]
(CTC@2Q4) and wtI[+475](CTC@2041192) ta indicate that the
CUG ta CUC mutation is leaky and that nucleotide sequences
flanking the CUG codon are in11uencing translation initiation
at this site (Boeck and Kolakofsky. 1994; Grünert and Jackson.
1994).

It is clear from the translation results obtained with
wtI [+475)(TGA@229) and wtI r+475HTGA@183l <Fig. 4B) that
the WU- translation cod.m must ~:e bctwe(>l1 ~udeoticies + 183

and +229. To rule out the possibility that the initiator codon for
Wt1" was upstream or downstream of CUG204 and that the
effects on translation initiation of mutating CUG204 were not
the result of altering a motif that indirectly influenced the
efficiency of initiation. four additional constructs were gener
ated CFi~. SAl. One ofthese. wtl[+2021. retains 202 base pairs
of 5'-UTR ::00 ~t!rminates at the G residue of CUG204. Should
translation of WU- commence downstream of CUG204• then
this construct should generate RNA competent for WU- pro
duction. Two other mutants alter the identity of CUG204• con
verting it either to the more efficient AUG initiation codon.
wtI[+475!tATG@2Q4). or ta a stop codon. wtI(+475](TGA@204).
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FIG. 6. Nuclear locaJizatioD of WU". A. schematic representation ofexpression vectors used in this study. A black boJ: signifies the wt l ORF.
a hatched box represents the 5'"UTR. and a stlppkd boJ: represents the HA epitope tag <Pelletier et aL. 19918). whereas a checJzered box sigmfies
the CMV promoter. CUG'Z04 is represented by a {illed. circl.e. B. Western blot analysis ofC05-1 tells transfec:ted with wtI expression vectors. CeU
enracts were prepared and proc:essed roI' immunoblotting with the anti·HA antibody 12CA5 as described previously (Goodyer et al.• 1995). C and
D. immunotluroesœnt detec:tion lftl.'tl and IL'rI". COS-1 cells \';ere clectroporated in PBS + 20 mM Hepes. pH 7.5, at 260 V1960 microfarads with
la ~ ofplasmid DNA The teUs were seed.ed iota chamber shdes and allowed to recover for 48 h. After washing with PDS. the tells were fixed for
20 min in 3.7% fonnaldehydeIPBS foUowed by 5 min in Methanol al -20 ·C. Slides were blocked with lQ41: goat serumlO,3% Triton X·IOO and
probed with the anü-HA antibody 12CAS. Protein wu visualized with an fluoresœin isothioc:yanate-eonjugated goal anti-mouse IgG (Jackson
Labsl. After washing. the ceUs were mounted in Immunomount lFisher) and photographed using T·Max 100 black and white film (Kodak). CeLls
were transfected with CMV/wtl[+421 tC> or with CMV/wtlŒWwtl"l (D).

wtl[ +475)(.l229-205) generates a 24-base pair in-frame dele
tion immediately upstream of the CUG204 codon and will aOOl
ish production ofWU" ooly if the initiation codon lies upstream
of CUG204. Following in vitro transcription/translation of these
plasmids and their respective mRNAs. the [35Slmethionine
labeled protein products were analvzed bv SnS-PAGE. Trans
lation of wtll +4751 produced both'WU" ~d Wt1 as expected
(Fig. SB, Lane 2>' Dnly WU was produced following translation
of RNA synthesized from wtl [+ 202]. consistent with the notion
that the WU" initiation codon does not lie downstream of
CUG204 . Mutation of CUG204 ta an AUG codon increased the
production of WU" (Fig. 5B,lane 4). consistent with the assign
ment of CUG204 as the initiation codon. Conversion of CUG204

ta a UGA codon abolished production of WU", whereas produc
tion of WU was still observed lFig. SB, [ane 5>' Removal of
nucleotides 229-205 affected the overa1l translational effi
ciency of the mRNA produced !Fig. SB. compare intensity of
products in [ane 7 with those in [ane 6); however. the produc
tion of ooth WU" and WU was still observed <Fig. SB. [ane 7).

indicating that the WU" initiatar codon does not lie upstream
of CUG2

(M, These results indicate that CUG204 is the WU"
initiation codon.

Wt]" Is Present in the Nucleus-To determine the subœUular
localization of WU-, an HA tag was placed in frame with and
directiy upstream from the CUG204 initiation codon <Fig. GA>' It
was necessary ta place the HA tag at the amino terminus
because translation initiation at CUG204 is leaky and allows
scanning ribosomes to initiate at the downst1"eam. in frame
ATG codon (See Figs. 3, 4, and 5). resulting in the production of
bath WU" and WU. The introduction ofan HA tag immediateIy
upstream of CUG204 was advantageous because the anti-HA
monoclonal antibody. 12CAS. would specifical1y detect expres
sion ofonly the 57-kDa isoform <Fig. SB,Lane 2l. The construct
CMV/wtl[+42J (Fig. SA) produced only the 47-kDa isoform
(Fig. 6B. lane 1) and contained an HA epitape at the carboxyl
terminus. Immunofluorescence of COS-l cells transfected with
either CMV/wtl[ +421 or CMV/wt1(HA!wtl-l revealed that ooth
isoforms localize ta the nucleus (Fig. 6, C and Dt

Wa" Mediates Transcriptional Repression-ln most tran
sient transfection assays. '.VTl runct1on~ ~s a n'('re::iSor oftran-

scription (see Introduction). To determine whether the novel
amino-terminaI domain of WU- aItered the transcriptional
properties ofWtl, 3 wtllGAL4 expression vectors were gener
ated <Fig. 7A). The wu zinc fingers were replaced with the
DNA binding domain of GAlA (Ma and Ptashne, 1987). ena
bling the scoring of WU activity on a promoter containing
GAlA binding sites. In such a context, Wtl produced &om
CMY/wtl[ + 1821GAlAl is able ta repress transcription of the
cat gene under TK promoter control -IO-fold, similar to levels
obtained with CMV/wtl[+4751GAL41. which produces WU·
and WU <Fig. 7B). Western blot analysis indicated that WU
and WU- were produced from CMVlwtl(+4751GAL41 ta ap
proximately equal levels.2 Transient transfections with C~rvl

wtI[HAJwtl"'GAL4I. which only produces WU" (data not
shawn), represses CAT production - 5-fold (fig. 7BL These
results demonstrate that in the system we have analyzed. the
amino-tenninaJ extension ofWU" does not significantly change
the transcriptional properties of Wt1.

DISCUSSION

The WTI gene products are necessary for regulating normal
differentiation of the urogenital system. Mutations in the WTl
gene resuIt in malformations of the urogenital system as well
as predispose to WTs. The structure of the WTI gene indicates
that it should produce four altematively spliced mRNAs that
direct the synthesis of isofonns having molecular masses of
47-49 kDa. In this report, we demonstrate that WTl gene
expression is more complex than anticipated, with a non-AUG
translationaI initiation event producing additional protein iso
forms of 54-56 kDa (WT1·>' We haye found WTl" to be ex
pressed in a number of tissues and celis including murine TM3
cells (Fig. 1), murine avaries <Fig. U, murine testis (data not
shown), irnmortalized rat granulosa cells (data not shown). and
buman K562 cells (data not shown). We have been unable to
accurately establish the relative ratio ofWT1 ta WTl- in these
cells and tissues, because the antibodies we are employing
recognize the isoforms with difTerent efficiencies (e.g. Fig. 1.
compare C with B), perhaps due ta differences in protein con-

~ W. Bruening. unpublishro data.
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FIG. 7_ Trans-repressioD by WU and
WU·. .-\. schematic representation of vec
tors used in this study. See legend to Fig.
6 for details. The cross·hatched box repre
sents the cat gene. whereas the TK pro·
moter is shown by an open box. The two
dark rectangles within the TK promoter
l1lustrate GAL-l binding sites. B. CAT as
says of transient transfections performed
with the expression and reporter vectors
ID .-\. ~IH 3T3 ceUs were transfected bv
calcium phosphate and allowed ta recove-r
for 48 h. The cells were lyse<! by freezing
and thawing 3 times in 0.25 :!ol Tris. pH
8.0. Following removal of the cellular de.
bris by centrifugation 1 12.000 ' ~ for :)
minI. CAT assays were performed on the
.5upematant as described previously 1Gor
man. 19851. A vector containing the C~IV
promoter dri..;ng expression of the f3-gal
gene was meluded in all transfections and
used to standardize efficiencies. C~[V1.l is
the backbone vector used to generate the
expresslon vectors in A but lacking a gene
downstream of the C:\IV promuter
1Goodyer et al.. 1995,.
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formation or isofonn-specific post-translational modifications.
However. our data directly demonstrates that \VTl" isoforms
containing or lacking the first alternatively spliced exon are
generated. Csing isofonn-specific antibodies, we were able to
detect both isofonns in TM3 cells 1Fig. le), In addition. two
\vTl' isoforms are clearly detectable on Western blots of whole
cell extracts of \VTs 1Fig. 2Bl. Although we have not analyzed
the presence or the absence of the second alternative splice site
within \VT1'. there is no reason not to suspect its presence. Our
data. taken together with the documented alternative splicing
of the WTl gene (Haber et al.. 1991) and RNA editing (Sharma
et al.. 1994). indicate that this gene may produce as many as 16
different protein isofonns. To date. WTl functional studies
have generally been performed using expression vectors capa
ble of producing only the 47-49-kDa isoforms. Given that the
WTl gene products can oligomerize (Reddy et al., 1995; Moffett
et al.. 1995) and that the isoform ratio is important for proper
urogenital system development IBruening et al., 1992), func·
tional studies need to take into account the contribution of
WTl' isoforms to the overall biological function of the WTl
gene, including the possible interplay of the various isoforms.

Our data indicate that CUG204 is the initiation codon respon
sible for directing synthesis of Wtl ". A number of mRNAs use
non-AUG initiation events to generate amino-terminally ex·
tended isoforms (see Introduction>. The WU initiator CUG is in
a favorable consensus sequence (5'·XXAXXCUGG-3·. where
the important nucleotide residues are-underlin;d) (Kozak.
198;). and these likL";\- pl,.\· a n:!e in di!",,,. ting tran:slational

initiation. The identity of the codon at this position i:s impor
tant in determining the efficienc)" with which this site is rec
ognized. because mutagenesis of the initiation codon Cl:G~O-l to
CUC:O!04 significantly reduced 1 -15-foldl the amount of \Vt1·
produced lFig. 4), Howe\'er. it is clear that additional signaIs
influence initiation at this site since the CUG to CCC mutation
reduced but did not completely abolish translation initiation
<Fig. 4>. Surprisingly, deleting 24 nucleotides immediately up
stream of CUG204 significantly reduced the overall transla
tional efficiency of the template mRNA 1Fig. 5B. compare lanes
7 and 6). Sequences downstream of non-AUG initiation codons
have been shown to he important tOI' detennining efficienc)" of
recognition of the start codons (Boeck and Kolakofsky. 1994:
Grünert and Jackson. 19941. However. in the case of the tell
template. the deletion of sequences upstream of CUG:.!04 has a
global effect on translation initiation. including at the down·
stream AUG codon. In the case of fibroblast growth factor-2
mRNA. a ribosome landing pad is postulated to directly recruît
438 preinitiation complexes and guide them to a non-ACG
codon lVagner et al.• 1995). An internaI ribosome binding sitE
near CUG200l on the wtl mR.~A template could account for thE
effects seen on global initiation by wtl[ +4751U229-2051 lFig
SB). Altematively. the overall stability of the template May bE
affected by tbis 24-nucleotide deletion.

The degree of conservation between the amino-terminal ex
tension of the mUTine and human \vTl' isoforms is not as hig!
as between the WTl proteins. At the amino acid level. th.
munne and human \\11 isoforms are 96lk identical <Buckler f!
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al., 1991>, but the amino-terminaJ extensions ofthe human and
murine WTI- isoforms are on1y 65% identicaI. However, the
first 35 amino acids of WTl" are quite conserved (88% identi
cal> and may encode a functional domain. Altematively, overall
charge or conformation may be more important 10 the function
of this domain rather than primary sequence per se.

We have analyzed the genomic region encoding the amino
terminal extension of WTl- for possible mutations in WTs
using polymerase chain reaction single stranded conforma
tional polymorphisms CVaranasi et al., 1994).2 Exarnination of
this region in over 100 WTs failed to detect any mutations. This
is not particularly surprising because the majority of WTl
mutations occur within the DNA binding domain (Bruening et
al., 1992; Pelletier et al., 1991b; Varanasi et al., 1994) with very
few mutations occurring outside of this region.

Severa! investigators have noted the presence of a -54-56
kDa contaminating polypeptide in studies involving immune
precipitation of WTI. Given our results, these polypeptides
likely represent WTl- isoforms generated by translation initi
ation at CUG204

• The presence of such isoforms is apparent in
Fig. 3F of Larrson et al. 0995>, displaying an immunoprecipi
tation on nuelear extracts with anti-WT1 antibociies from the
mesonephric cell Une, M15. A protein with similar electro
phoretic properties as WTl- was aIso detected by Rack1eyet al.
(1993) on an immunoblot analysis of nuelear extracts prepared
from the WTl-expressing kidney cell line, 293 (see Fig. 3a;
Rackley et al. (1993». The functional significanœ of producing
WT1 isoforms with an amino-terminal extension is not obvious.
The amine-terminal domain on its own does not have a strong
trans etfect on transcription because fusion constructs contain
ing this domain fused ta the GAlA DNA binding domain did not
significantly affect transcription of an appropriate reporter in
transient transfection experiments.2 This domain may be in
volved in a number of other activities such as heterodimer
formation. subnuclear localization, or regulation ofWTl intrin
sic activity. Our description of a non-AUG translation event at
the WTI locus indicates that the overall complexity of WTl
reguIation is greater than previously suspected. Biological 35

says involving all WTl isoforms should present a better picture
of the raIe of WTl· in normal and abnormal urogenital system
development.
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Germline intronic and exonic
mutations in the Wilms' tumour
gene (WT1) affecting urogenital
development
Wendy Bruening, Nabeel Bardeesy, Bernard L. Silverman1

, Richard A. Cohn':,
Geoffrey A. MachinJ

, Andrew J. Aronson\ David Housman5 & Jerry Pelletier'

Denys-Drash syndrome is a rare human developmental disorder affecting the urogenital
system and leading ta renal failure, intersex disorders and Wilms' tumour. In this report,
four individuals with this syndrome are described carrying germline point mutations in
the Wilms' tumour suppressor gene, WT1. Three of these mutations were in the zinc
finger domains of WT1. The fourth occurred within intron 9, preventing splicing at one of
the alternatively chosen splice donor sites of exon 9 when assayed in vitro. These results
provide genetic evidence for distinct functional raies of the WT1 isoforms in urogenital
development.
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\,/ilms' tumour (nephroblastomal is an embryonic
malignancy of the kidney, arising from the metanephric
bLastema. which affects about one in 10.000 children;. A
genetic predisposition to Wilms' tumour is observed in
two congenital syndromes \'i'Ïth slightly overlapping
phenotypes. First. the WAGRsyndrome. in which \Vilms'
tumour is associated with aniridia (absence or
malformation of the iris), genitourinary anomalies. and
mental retardation; .and second. Denvs-Drash syndrome.
a constellation of\Vilms' tumour. int~rsexdiso~ders.and
renal insufficiencr'~.The \Vilms' tumour suppressorgene
( WTl). residing Olt chromosome Il p13. has recemly been
cloned and charactenzed',b. There are four alternativelv
spliced WTl mR.'\J'A transcripts. refleeting the presence o~
absence of [wo differentially spliced exons in the coding
region of the WTl mRJ.~k·8.The tITI isoforms contain
four Cys,-His. zinc fingers and [WO of the four isoforms
differ in -ONÀ binding specificity (the spliced variants
with an insertion of 3 amino acids at exon 9 cannot bind
the early growth response (EGR) recognition element.
whereas those isoforms lacking this insertion canj'uo.
WTl expression during nephrogenesis is limited to the
condensed mesenchyme. renal veside and glomerular
epithelium and likely plays a Key part in development of
these structures during organogenesis 11

• High levels of
WT1mRNAare aIso present in the indifferent gonads: I.I~.

the Sertoli ceIls of the testis. the granulosa and epithelial
cells of the ovaries. and the uterus:~.

Genotype analysisofthe WTl gene in [Wo male children
with Wilms' tumour and genital system malformations
(hypospadiasand undescended testis) demonstrated these
individuals to have constitutional r:~l mutations within

one \VTl alleleD . In additon. ten individuals \\;th Denys
Drash syndrome have been identified with germIine
nucleotide substitutions \vithin the zinc tinger domains
ofone WT1allele l

'. These results providegenetic e\;dence
that germline mutations within \\'Tl are responsible for
Wilms' tumour predisposition and urogenital
malformations.

In this report. we charaaerize the \\71 gene in four
individuals with Denys-Drash syndrome and report on
novel mutations associated with this sYndrome. One
individual was found to contain a mutation affecting
alternative splice site selection be[\\I'een the exonsencoding
zinc tïngers III and IV. A.ssuming a common mechanistic
basis for Denys-Drash syndrome. these results provide
genetic evidence for a functional difference among the
WTl isoforms during urogenital development.

Analysis of WT1 in patient C.S.
Patient CS. experienced renal failure due to glomeruiar
sclerosis, has female extemal genitalia and a karyotype of
46. XY (Table 1). Both kidneys and gonads have been
removed; no Wilms' tumourwasdetected. We used single
strand conformational polymorphism (SSCP )l~ to analyse
ail ~VTl coding exons for alterations within the germline
of CS.. Ail ten \'\!TI exons were amplified by the
polyrnerase chain reaction (PCR) from genomic DNA
isolated from EBV-transformed lymphocytes ofCS. and
parents. By SSCP analysis. only the PCR product from
exon9demonstrated a mobilicv shift different from normal
controls (Fig. la. compare la~e 3 with Lane 2) and from
both parents (Fig. lb. compare lane 3 with lanes l and 2).
This amplified pwduct. when sequenced. ~ontained a
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guanine to adenine transition at position +5 of the splice
donor site \~thin intron 9 (Fig. le. 2d). These results
identify a Je tlO1'O gennline mutation within one iVTI
aUele of patient CS.

G to A transition affects WT1 splicing
To examine the possibility that this mutation exerted an
etfect on alternative splicing at exon 9. complementary
D~Awas prepared from R:-':A isalated from snap-frozen
ganadal [issue abtained from patient CS ..
Oligonudeotides tJrgeting i \71 exons 8 and 10 were used
ta amplit}·, by PCR. the 'Dding region spanning exon 9.
A.mplified PCR products of anly the tw'o alternativelv
spliced farms of \\71 were observed by analysis on 12%
nondenaturing polvacrylamide gels 1data not shown).~0

PCR product indicative ofa transcript lacking exon 9 was
present. These resul ts suggest that the -'G ta .:.Atransition
in the \VTI gene of patient CS. daes not lead to skipping
ofexon 9 by the ceUular splicing machinery.

We attempted to determine if alternative splice site
selectionat exon 9\~ affected by the -'G to .;A transition.
However. the presence of a nonnal WT1 allele in CS.
interfered with such studies. Rather. a mini-gene was
constructed containing exon 9. Il ï nudeotides ofintron
9. ilnd part ofexon 10 (Fig. 2a). This mini-gene eontains
the splice donor, splice acceptor. as weil as predicted
braneh point selection site - ail required for proper
splieing of the mR.'4A transcript. We introduced the
';adenine mutation into the intton of this construet. A
CMV-basedexpression veetorwas used to drive expression
foUowing transfection into COS-l ceUs. Complementary
DNA from &'JA isolated [wo davs after transfection. was
amplified by the peR using olig~nudeotides targeting to
exons 9 and 10 (Fig. 1a). Two products of the expected
molecular mass were obtained from &'TA produced from
the normal mini-gene (Fig.lb.lane 3). whereas analysisof
RJ.\lA produced from the mutant construct yielded a
single product lacking the altematively spliced nucleotides
from exon 9 (Fig. lb. lane 2). These results suggest
that the ';A mutation at the splice donor site in
individual CS.• prevents production of \NT1 isofonns
containing the nine alternatively chosen nucleotides of
exon 9.

Fig. 1 WTl anaJysis in patient C.S. a.b. PCR·SSCP analysls
of WT1 exon 9 and t1ank.ng '"trame seQuences trom
patient C.S. PCR-SSCP analysls of the WTl gene was
perlormed as descnbed in the Methodology uslng
oligonueleotides INT·l and INT-2. Oligonueleotide INT-l
was kinased for the analys.s presented in a and b. The
rndividuals tram which genomic DNA was punfied are
Indicated above each lane. The lane labelled as control
Indicates amplification of DNA trom an unaffected
Individual. whereas Nonden. reters to the absence of
denaturing treatment to the normal sample. This
nondenatured sampie was used to define the position ot
migration of double-stranded DNA produet (not Visible on
these photographie mounts). The PCR produet from exon
9 of an unaffected individuaJ demonstrates a speclfic
slngle-stranded conformational specles. which IS absent If
the sample IS not denatured (compare lane 2 ta (ane 1).
Note that PCR anaJysls of exon 9 in >30 normal individuals
never demonstrated an altered mlgrating PCR produet. The
arrow Indieates the position of the fragment with the
altered mobility. whereas the arrowhead indicates the
position of migration of the PCR produet from normal
DNA. c. Sequence analysis of WTl exon 9. For seQuence
analysls. PCR produets were gel purified. cloned int~ the
EcoRI site of p8Juescnpt KS 11+. and individual subclones
were sequenCed wlth Sequenase ( US BiochemlcaJs) and
the T7 pnmer. A total of ten clones were sequenced. six of
whlch demonstrated the guamne to ademne transition at
position +5 of intron 9. d. Schematic representatlon of the
point mutation descnbed for patient C.S. The exons of the
WT1 gene are represented as boxes: stippled boxes
denote aJtematively spliced exons. The tour exons which
encode the four zinc fingers of wn are indicated by roman
numerals. The 9 nucleotldes of the second altematlvely
spliced exon are underlined.

Analysis of WT1 in Denys-Crash syndrome
Analysis of the \\'T1 gene from three other individuals
with Denvs-Drash sYndrome \1.K.• L.\V. and K.l.) \Vas
performed by direct ~equencingofamplified produets of
exons 7. 8. 9 and 10. which respectively encode zinc
fingers 1. II. III and IV (see Fig. Id). Ail indi\iduals had
glomerularsclerosis, as weil as evidence of\Vilms' tumour
or precursor lesions to \Vilms' tumour (Tabl~ 1). The
results ofthe PCR-sequencing analysis are surnmarized in
Fig. 3. L.\V. contains a point mutation within ~xon 9
which converts ArgJ904 to Trp (Fig. 3a. right panel); L.W.·s
mother does not carry this mutation (Fig. 3a.left panel).
Genomic DNA from J.K. was availableonlyfrom a Wilms'
tumour specimen embedded in paraffin. Analysis of this
sample revealed a guanine to cytosine transversion in
exon 9. converting Arg-''''' to Pro (Fig. 3b). Although
untested. we expect that. like other patients with Denys
Drash syndrome:~. J.K. is germline hemizygous for chis
mutation. Patient K.J. has a point mutation within exon
7 (zinc finger 1) converting CysJJO ta Tyr. (Fig. 3e).

Discussion
ln this report. we expand the spectrum of \VT1 mutations
associated with Denvs- DrashSYndrome. Three individuals.
1.K.• L.\V. and K.J.• 'contain p~int mutations within WTI
which alter amino acids critical for DNA sequence
recognition. Both alterations in J.K. and L.\V. affect the
same amino acid-ArgJY.l. This residue is implicated in
hydrogen bonding interactions with a guanine residue in
the cognate DNA recognition sequencelC>. Mutations at
this amino acid have been previausly found in individuals
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Table 1 Summary of phenotypes and karyotype analysis assoclated wfth Denys·Drash individuals in this study

Patient Nephropathy
Karyotype

Wilms' tumour Status of reproductive system

C.S. +

LW.· +

J.K. +

+

Phenotypic female, Infantile uterus, streak gonads, Wolffian duct
remnants46. XV
Ambiguous geMltaJia. rudimentary uterus. fimbriated faflopian tubes.
streak gonads 46. XV
Phenotyplc female 46. XV

K.J. Noe
46. XX

NO. not determined: + present,- not present.
-This patient has been described in greater detail in rat. 33.
aextensive intraJobat persistent renal blastema was present in both kidneys. no overt Wilms' tumour was present.
c:'fhe patient had mild ditoromegaly.
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Germline mutations at the tvTl locus of individuals
with WAGRs\"ndromeare null mutationswhich inaetivate.
bygross deletion or small frameshift mutations. one WTl
allele. In males. such mutations areassociated with Wilms'
tumour predispositionand genital system anomalies (most
commonly. hypospadias and cryptorchid.ism) and thought
to be a result of decreased levels of tvTl gene products
during embryogenesis lJ

• Germline mutations at the \\fTl
locus in Denys-Drash syndrome areassociated with more
severe urogenital anomalies (intersex disorders and renal
nephropathy) and thus likely to exert theÎr effect in a
different manner. Two possibilities are that the products
of the Denys-Drash alleles behave in a rrans-dominant
suppression orgaïn-of-function manner. The majority of
mutations associated with Denys-Drash syndrome occur
in WT1zinc finger III. althought [Wo examples have been
described with mutations in zinc fingers Il and 1 (ref. 14

Fig. 2 Transient transfection assay of the WT1 mini-gene
harbouring the '5G to .5A change in WT1 Intron 9. a,
SChematic representation of the WT1 mini-gene.
Alternative splice site selection of WT1 exon 9 should
produce two mRNA species, which, after amplification of
cONA with oligonucleotides 301 and RG16. should yield
two PCR produets of 78 and 87 bp. b, Polyacrylamide gel
anaJysis of the amplified PCR produets foUowing
transfection of COS-1 ceUs. RNA. harvested from
transfected OOS-1 ceUs, was reverse transcribed using O. ,
~g of oligonucJeotide 301 :
S'GGCGAATTCGCCACCGACAGCTGAAGGGC3'
(complementary to the S'end of exon 10. except for the
EcoRllinker at S'end of the oligonucleotide). A region
containing exon 9 and 10 was amplified from the cONA
using oligonucleotides 301 and RG16:
S'CCCGGTCCGACCACCTG3'. The PCR reaction (Sa ~I)

was perlormed for 35 cycles with an anneaJing temperature
of S8 "C. One fifth of the PCR reaetion was analysed on a
12% polyacryfamide gel (30:1 acrylamide:bisacrylamide).
Lane 1, 0X1791 Haelll: lane 2, PCR amplification of cONA
tram COS·1 cens transfeeted with the '5A WT1 minigene;
lane 3. FeR amplification of cONA from COS·1 caUs
transfected with the nonnal WT1 minigene. The arrow
denotes the mobility of the PCR produet lacking the
aJternatively spliced exons, the arrowhead denotes the
PCR produet containing the 9 altematively spliced
nucleotides. The dot represents amplified product trom the
input transfected vector. The identity of the PCR products
and confirmation of proper splicing between exons 9 and
10 was confirmed by subcloning and sequencing all PCR
produets present in this Fig. (data not shawn).
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with Denys-Drash syndrome and shown to alter DNA
sequence recognition;~. The mutation Jes~ribed for K.J.
convens CYS·HO to Tyr in zinc finger 1. We predict that this
amino acid substitution shouId aIso alter wn DNA
seq'uence recognition since itaffectsa •cornerstone' residue
involved in zinc ion chelation. an event necessary for
nucleic acid binding':-·· ' . Unlike zinc fingers Il.111. and IV.
WTI zinc finger 1shows little homology to the zinc finger
domains of the EGR genes j

• Systematic deletions of
individuaJ zinc fingers from TFIIIA indicate that clusters
of fingers recognize different parts of the binding site '9.
Models for interactions of zinc fingers with DNA have
suggested that each finger interacts with three nucleotides
in the target sequencC-=°. The role of WTi fmger 1 in
sequence recognition is not weil defined and mutations
within this region may still allow for DNA binding. but
with altered sequence specificity.

We also describe a germline mutation predicted to
affect splice siteselection ofthe secondaltemativelychosen
aonoftvTl in an individual with Denys-Drashsyndrome.
When engineered into a mini-gene and introduced into
COS-l ceIls. this mutation prevents alternative splice site
selection at exon 9 lFig. 2). The +5 position of the splice
donorsite is moderatelyconserved in mammals.generally
being a guanine. Several findings of intton mutations at
position +5. similar to that found in patient C.S.• which
affect splicing have been reported:I.:~. These mutations
prevent splicing at the normal 5' splice site with activation
of cryptic sÎtes:J..lILl9 or exon skippingl ' . The ability to
suppress such mutations by compensatory base changes
in UI snRNAsJO suggest that these mutations uncouple S'
splice site selection from Ui sn&"lA binding.
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and this report). Since different point mutations in three
of the WTl zinc fingers have been documented in this
disease. they are unlikely to affect lVTI mRNA half-Iife or
protein stability, The mutation described for c.s. i5 a
splicing defect of the second alternativcly chosen exon
which also results in Denys-Drash syndrome. Assuming a
common mechanistic pathway for these mutations in the
aetiology of Denys-Drash syndrome. it is unlikely they
behave in a gain-of-function manner. as C.S.'s mutation
cannot result in production of J. polypeptide with novel
funetion.

The relative abundance of the different WTI splice
forms is simiJaramong various mouseand human tissues.
as well as among different \Vilms' tumourS-. (The various
splice (orms are referred ta as At which lacks both
alternatively spliced exons; B. which contains the first
alternatively spliced exon; C. which comains the second
alternatively spliced exon; and D. which contains both
alternativelv chosen exons.) Isotorms A and B have been
shown to m~diate repression oftranscription in transient
lransfection assayslD•No functional assayexists for isofonns
C and Dsince thev do not bind to the EGR-I site in vitro'.
The mutation in individual C.S. is expected to result in a
decrease of isoforms C and D. A reduction in dosage of
these isoforms alone however. cannot explain C.S.'s
phenotype since this situation is aIso observed in the
WAGR syndrome; where one WTI alle1e is inactive. It
therefore seems likely that disrupting the ratio of WTI
isoforms is responsible for CS. t s phenotype. These results
provide genetic evidence for distinct functional raies of
the WTl isoforms in urogenital devdopment.

Theabsenceoftumour lesions in C.S. may indicate that
disrupting the relative abundance of WTI is insufficient
for dereguiated cellularproliferation. Our results raise the
possibilitythatcelluiarcontrolofWTlactivitymayinvolve
modulation ofthe ratio ofWTl ïsoforms. Elucidating the
role of the WTI polypeptides in urogenital development

Received 12 February; accepted 27 March 1992.
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Fig. 3 Direct sequence analysis of mutated WT1 exons
tram patients LW., J.K. and K.J. Each exon encoding WT1
ZJnc finger 1. Il. III. and IV was amplified and used directly
for asymmetric peR sequencing as described preVlously'·.
Ali mutations described here were confirmed in
independent PCR and sequencing studies. a. Analysls of
LW. and mother (LW...) reveaJed a point mutation wlthin
the coding region of exon 9 (cytosine to thymine transition}
predieted to convert an Atg to Trp. b. Sequence analYSls of
J.K.'s Wilms' tumour reveals a guanine ta cytosine
transversion within axon 9. c, Sequence analysis 01 K.J.
revealed a pOInt mutation wittlin exon 7 (guanine ta
adenine transition). These mutations are schematicaJly
Shawn to the right of the sequencing gels. The nucleotide
numbering system is based on the coding sequence only
and considers the A of the initiator ATG as + 11. The Cys
and His 'comerstone' residues of the zinc fingers are
underlined.

awaits definition of the target genes [hat ther regula[e.

Methodology
Preparation of genomic DNA. lymphocytes were i~olated from
freshly drawn blood and immortalized ,vith EpstelD 8arr Virus
lEBV) as Jescribed prn'lously--·'. lymphoblastoid ccli lines were
propagatcd in Iscovc's medium supplementcd wnh 13% fetal calf
~rum. Gcnomic DNA was isolated from Iymphoblasloid eeU fines
and blood. as describcd l

•.

AnaJysis of WT1exon 9 from c.s. The PCR wu pttformed wlIh 0.1
IJg of genomic DNA in a thcnnocyder (Mf Rescarch. [nc.1 for 35
cvcles olt 94 .. C for [ min. olt Si ·C for 1 min and olt n .. C for 1mlO.
&on 9 was amplificd usang the folJowing oligonucIcotides: l~ï-1:
S'GGAATTCAATTTCATTCCACAATAG3' and I:-.iT·Z:
S'GGAATTCCTCACTGTGCCCACATIG3'. EcoRI sites Wefe
enginecrcd into the oligonudeotides to facilitate subc10ning of the
PCR produet5. SSCP analysis \\fas pcrformcd as dcscribcd'". The
mutation describcd for CS. has becn verificd severa! times ln

independent PCR and scquencing studies.

Construaion ofthe WTl mini-genes. WTI exon 10 was ampliticd
from normal human gcnomic DNA using the followtng
oligonuclcotides.INT·7: S'GGCGAATTCCTGTCTCTITGITGO'
and 103:5'GGCGAATTCGTCCCCGAGGGAGACCCO' which
givcs rUe to a 204 bp DNA produet. This PCR produa was restricted
\Vith &oRl (which clcaves olt the extremcties of the PCR product l
and purified on a 3% NuSieve agarosc gel (Mande! Scicntifie )'~. The
purificd produa wasdoned into me EcoRI siteofpBlucscript KS [[+,

and scquenced to cnsure the absence of PCR-generatcd mutations.
Adone wasdigcsted with HindIll {whichdcaveswithin me polylinker
ofpBlucscript KS II+ l, rcpaircd with the Klenow fragment of D:'IlA
polymerasc 1. and digestcd with Msd (which dcaves 26 nuclcotidc:s
downstrcam of the 3' splice acceptor site ofexon 10) . This mixture
was recircuJarizcd by blunt-end ligation using T4 D~A liga.sc. This
clone was narncd pKS/ex 10. Exon 9 was amplificd by the PCR from
genomic DNA obtained from bath an unatfcctcd individuaJ and
patient C.S. The oligonucleotidcs used for the peR wcre INT-1 and
INT-2. The PCR produets from cxon 9 were subdoncd into thl"
EcaRt site of pKS/ex 10 and scquenced. Normal and mutant mini·
genes wercsubcloncd into the BamHIIXhol sites ofpgCMV/t.lt (a
CMV-bascd expression vecror)I:.

nature genencs volume 1 m.I~· i l)l:2 147
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Antagonism of WTl activity by protein self-association
.dominant-n~nti'..e mutations/Wilms tumor/Denys-Drash syndrome/cancer gencticsl

PETER MOFFETTTt. WE~DY BRCE~INGt+. HITOSHI NAKAGAMA§. ~ABEEL BARDEESyt. DA~IEL HOCS\IX\*.
DAVID E. HOL'SMA:'oi§. AND JERRY PELLETIERt
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ABSTRAcr Germline loss-of-function mutations at the
Wilms tumor ,WT) suppressor locus WTl are associated with
a predisposition to \VTs and mild genital system anomaJies. In
contraste germ-line missense mutations within the WTI gene
encoding the DNA-binding domain orten yield a more severe
phenotype consisting of WT. sexual ambiguity. and renal
nephropathy. In this reporte we demonstrate that the products
ofmutant alleles that impair DNA recognition l'an anlaeoni:Le
WTl-mediated transcriptional repression. We demonstrate
that \VTl can self-associate in vitro and in ~·i..·o and tbat the
responsible domain maps to the amino-terminal region of the
protein. Oligomers of rull-Iength protein rorm less efficiently
or produce less stable complexes than oligomers hetween
truncated pol~'peptides and rull-Iength protein. Our data
suggest a molecular mechanism to explain how UTI muta·
tions may act in deregulating cellular proliferation and dif
rerentiation.

Wilms tumor (\VT) is a renal malignancv anslOg from thc=
m~tanephric hlastcma affecting =1 in-lO.UOO chilJr~n , 1). This
cancer occurs as both a sporadic ..nd h~reditary form: the
h~reditary forms account for =o:S-lU'r of ail l.:as~s ( 1). Asso
ciated with a predisposition to \\lTs are two congenital mal
formation syndromes in which urogenital-system devdopmem
is aîfected: (i) WAGR (WTs. aniridia. genitourinarv :J.Ooma
Iks. and mental retardation) and (ii) D~n\'s-Drash ~\ndrome
(DOS: WTs. intersex disord~rs. and nephropathy). ~iolccular
genetics and physical mapping studies of individuals with
WAGR syndrome led to the identification of the tumor
suppressor genc= WTl. residing at Ilp13 (2. J), This gene is
mutatcd in the germ line of indi\'iduals with DOS (4). as weil
as in a small pc=rœntage (S-ISCé) of sporadic WTs (5-7).

The WTI gene encodes a putati\'~ transcription factor with
four carboxyl Cys~·His~zinc fingers and is alternativdy spliced
to produce four mRNA species (for a review. sc=e rel'. S). The
tïrst alternatively spliœd exon inserts or removc=s 17 amino
acids l'rom the middlc portion of WT1: whereas the second
inserts or rcmoves three amino acids (Lys-Thr-Ser) betwcen
zinc tïngers III and IV. altering the DNA-binding specificity of
the molecule (8). The protein isoforms localize to distinct. but
o\'erlapping. domains within the nuckus. suggesting possible
different functions (l.J). Thr~~ of the four WTI zinc tïngers
share a signilïcant degree of homology (-65CC) to the iinc
tïngers of the early growth response (EGR )-1 gene product
and reco~nize a similar G+C-rich target motif. 5'·GCGGG
GGCG-3"; (~). althou~h with different affinities than EGR-l
(10). :\ second transèriptionally active DNA.binding site for
WTt. (TCC)". has becn identified in the platelet-derived
growth factor (POGF) A-ehain promoter (11). A number of
growth factor gene promoters contain these motifs and are
responsive to WTI in transient transfection assays (8). The

The puhlic:uiun CO'ilS of lhis article "crc dc:fraycd in part hy r~gc charge
payment. This articlc musl therdorc he hc:rdw m'lrkc:d ""d,wmt'mt'''''' in
aCI:Llrdanl:e with IS L·,S.C. ~ 173-1 , ..kh h' 111::1':;111: :hl' ~.I.:
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WTI gene product can mediate both transcriptional n:prcssion
(8) and activation ( Il ). depending on the architl:..:ture of the
promot~r under study. indicating that the WTI regulatory
network is complex.

The WTl gene pruduct plays a critical role in differentiation
of the urogenital svstem. as ~... idenced bv failure or this ,,"stem
to develop in WTi-nufl mice (12). Loss:of-functiun mut;tions
(c.!:!.. del~ti()n~ 1 in human~:re associatcd with WTs and
undescend~d testis and hyposp:.tdias (for a re\'ie\\'. see rer. 13).
whereas more severe developmenta! disorders. such as [hose
found in DDS. are associated \Vith ~erm-line IVTI missense
and nonsense lesions (4. 13. 14). indicating that thesc alter
ations behave differentlv than loss-of-function mutations. ln
this report. we address the issue uf whether \VT1 mutants can
functionally antagonize WTI-mediated trans..:riptiuna1 repre:-.
sion. We demonstfate that the WTI isuforms can interact (Jl

L'lm and ill ,"üro and that th~ responsible domain maps to the
amino terminus. Our results provide a molecular mechanism
for the dominant-nc=~ativemode ofbehavior for WTl mutants
impaired for DNA bindine.

MATERIALS AND ~IETHODS

Cell Lines and Transfections. COS-ï cells were maintained
in Dulbecco's modified Eal!les' medium! IOCr fetal calf serum.
For transient transfection ';ssays. cells w~re plated at a density
of 2-5 x lOS ,ells per lO-cm: dish 24 hr bdore transrection.
Cells were transfected by calcium phosphate or ·.vith lipll
fectamine (according ta the manufacturer's protucol: Life
Technologies. Grand Island. NY). Individual D~A precipi
tates wer~ adjusted ta contain equal amuunts of l.:~ tomegalù
virus (C~tV)-basedexpression vector by the addition of I.:on
trol CMV plasmid lacking an insere CeUs extracts were
prepared "'8 hr later and chloramphenicol ac~tyltransfc:rase

(CAT) assays \Vere done and standardizcd as d~s~ribed ( 15).
Yeast Two-H~'brid System. The yeast two-hybrid system

uscd was from Stephen EUedge (Baylor College of ~tedicine.

Houston) (l6). pACT/WTl Jerivatives (sec Fig.......1) were
constructed l'rom murine \VTI cDNAs. Transfurmants con
taining the indicated plasmids \Vere assaycd for the ability ta
grow un medium lacking histidine and supplememed wilh 30
mM 3-aminotriazale (Sigma no, ...\8056). as wd1 as for the
presence of t3-galactasida';;e activity ( 16). Details as ta plasmid
construction are available t'rom the authors on wriuen request.

ln Vitro Transcriptions and Translations. SP64-bascd plas
mids containing the WTl gene for in dIra transcriptions have
been described (4). III l'ilro transcriptions were donc on DNA
templates that had been linearized with HilldlII (4). RNA
templatcs were translated in a rabhit reticulocvtc Ivsat~ (Pro
mega) in the presence of [-~~S Imethioninc and '[l~Sicysteinc at

Abbrevialluns: WT. Wilms tumur: DDS. D~n...~Drash s"'ndrume:
RAR. rctinuic acid reccptor: EGR. carly grow'th respuns~: PDGF.
platelet-dc:ri\'cd gruwth factor: C~1V. I:\'lomc.:l!alll\'irus: CAT. ..:hlor
~mphenicnl ilcctyltr:lOsfc:rasc: HA. hem·agglutTnin.
""W.B. .:::0 P.\I, • "w!hll':u ':I.jually to this \\urk.
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RESULTS

Rcooncr Comlnu;ts
~ CAT

RAR·œCAT ~~-t•••••ïii•••••-

promotcr is represscd =5-fold hy the WTI( - -) isoform (Fig.
1fi). This n:pression is mediatcd through an EG R-I ..ite ln the
RAR·o: promOler ( 15) and is not seen with the most common
DOS aUele (Arg-39~ - Trp change) (~) (Fig. 18). Howe\·er.
when this aUele is cotransfected with C~(V: WTI ( - , - J.
inhibition of RAR-a expression is relicved (Fig. lB). showing
that it can behave in trans to prevent WTI-mediated repres·
sion. T0 map the responsible region. we made use of an
amino-terminal delction mutant. CMV. Dl( - / +). Bath the
WTIC - / +) isoform and the CMV IDl( -: ~ J deletion cannot
repress the RAR-a promoter. presumably because they cannot
bind [Q the RAR-a promoter (Fig. lB). However. unlike
CMV/WTl(-/-)[R/W]. eMV/Ol(-.·) does not rescue
the RAR·u promoter from WTl-mediated repression (Fig.
18). These results show that a domain within the WTl amino
terminus functions in trans to prevent WTl-mediated repres
sion. This result suggests that under a competitive situation.
WTI mutants can sequester a limiting cofactor required for
activity and/or oligomerize with wild-type protein to form
nonproductive compkxes. The net result is antagonism of
wild-type WTl activity and a dominant-negative mode of
action.

Oligomerization of ~utant \VTl in Vara. To determinc
whether mutant WTl could self-associate ùr \"üro. a series of
far-Western blots were done. In this assav. recombinant mu
tant WTI/GaI4 fusion prote in was fractionated by SDSI
PAGE. transferred to Immobilon-P. and probed with radio
labeled WTl prote in produced by in \'Üro translation. A series
of truncated polypeptides were generated to assess "pccificity
of the assay (Fig. 2A). In addition. a \VTI mutant harboring
a misscnse substitution. Gly-201 - Asp. was also produced
[pSP/WTI-( 1-253)-1. This mutation is of interest because it
has previously been shown to convert \VTI from a transcnp
tional repressor to an activator (18). No hybridization was
obtained when radiolabeled brome mosaic virus (Fie. 28. lane
1) or luciferase protein (P.M. and J.P.. unpublished-data 1W3S

used as probe on these blots. The translation products from
pSP/WTI-( 1-217) and pSP/\\iTl-< 1-253) gave a strong hy
bridization signal (Ianes '2 and 3. œspectively). whereas no
hvbridization was observed with the de!ction WTl-( 1:!7-·C9l.
w'hich lacks the amino terminus (Fil!. 2B.lane ~). These results
indicate that mutant WTl can l'orm o!igomers in \Üro and the
responsible domain lies at the amino-terminus. Full-leneth
WTI interacts weakly wittt the WTl /Gal~ fusion compared 10

WTl( 1-217) (compare lanc h lO 5). suggcsling that the inter
action domain may be partially hidden due to conformational
constraints. Both WTl-( 1-253)- and WTl·( 1-253> behavcd
similarly in this assay (compare lane 9 to S). indicating that
changing the transcriptional potential of \VTl had liule dfect
on its oligomerization abilities. Similar results were obtained
by using purified full-Iength \VTI protein as target. indicating
that the radiolabeled WTI prutein probes are not interacting
nonspecifically wilh the Gal~ domain (data not shown). In
addition. neither WTl nor WTl-( 1-253) Were capabk of
interacting with a WTI deletion mutant lacking amino acids
8-180 (P.M. and J.P.. unpublished data). These resultssuggest
that WTl oligomerization may be the hasis for the observcd
antagonism ofWTl-mediated suppression by alleles incapable
of ONA binding (Fig. lB).

Oligomerization of~lutantWTl in Vivo. The possibility that
\VTl self-associatcs in \'Îm was tested bv using a \'cast two
hybrid system (16). In this assa\'. the murine Wll êONA was
fuscd t~ the carboxvl terminu~ of the veast Gal~ activation
domain II (amino aéids 768-S81 ) to cre~te pAer/WT( - / - J
and pAer jWT( +1-) (Fig. 3...1 l. WTl exons 1-7 were fused to
the carboxyl terminus of the DNA-binding domain of Gal4
(amino acids l-I~7) to generatc: pASI/ÔWT(-) and pASI!
ôWT( ~) (Fig. 3A). Tht.'Se plasmids were introduced alone or
in combination into yeast strain Y 190-prc\'iously c:nginecred
\\Îth ~h;"\lm\l"l.m~dly I:H~~r;lted cupies of the Esc:irr:nclzill coli
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final concentrations of Ih !-LC: ml. Tr~mslatiuns were done ;lt
3WC for 1 hr. Difft:rcncc~ i:~ "rcc11Îl.: .lcli' Itil.:s het\\t:cn lui!
length and truncated WTI proteins \\-cre correctcd tor when
calculating amount nf probe to be uscd for "far-Western"
blolting.

Inhibition of WTl·Mediated Repression by a DDS AUele.
DOS al1efes arc thought to behave in a dominant-negative
fashion bccause thcy ;re associated with more severe de\lel
opme mal disorders than loss.uf-function mutations H). To
address the possibility that such an allele could function in
trans to inhibit wild-type WTI activity. we established a
clltransfection assay using the WTI-responsive retinoic aCld
reœptor (RARJ-o: promoter (15). Activity of the RAR-o:

FIG. l. Rc:scue of WT1( - . - )-mediated reprc:ssion of the RAR-n
promuter. lA l Schematic rcpresentation of reporter and expression
vecrors used. Details on construction of \,cctors are gi\'en in ref. 15.
Th~ star represents the Arg-3q~ - Trp DDS mutati;n in zinc finger
III. whereas the blackened rectangle reprc:sents the - Lys-Thr-Ser
aminu acids bel"c:en zinc fingc:rs 1II and IV. (8) CAT aSSilVS showinl!
trans inhihition of WT1( -,: )-mediated repression. Tran~fected ex:
pression \,ectors are indicated bc:low. In experiment<; whcrc a single
expression construct was used. 2 #-tg of reporter plasmid "as cotrans
fcctc:d with ~ #-tg llf expression \cetor and ~ ILg of C~1V plasmid
contain ing no insert. [n cutransf!:ction experimems. ~ ILg of CMV
WTI( - , -1 wa.. intruduccd with ~ ILg uf a second expression \,cetm
and:: 1Lg. of rc:porter. TransfcclIon.. were dllne ~ll h:a..r lhrce times.
.-\rTllW har... mdicatc SD...
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Flcj.2. Sdf·a....sociallun of WTt ln '"'lm. 1.-1) Transcriptlun \I:ctnr. U"CU 10 "ynthesize wlld-lype anu mulanl \VTI prOlcin. Thc hlackcned circlc:...
lOulcall: the pll"'llions of an amber codon. The Slar denoles lhe rdau\'c pusition III a mlsscnsc mUlatlun thal I:hanges a glycine ln an aspartic adJ_
(8) Far-Wcstern hlolling uf \VTl. A WTt GaJ~ recombinant donc wa.... usc:d as slarting malerial for production of \VTI prolein. This pET-3h
ucrivallvc I:ontains \VTI aminu acids 1-3~~ fusel! to DNA·binding dumain uf Gal~ lammo aeids 1-9~) Il.P.. unpublished Jatal. [n additiun. a
hemagglutinin (HA) epitupc tag and a 1His)... tal1 are fu....cd to the Gal~ ONA-binding Jumain. WTL Ga14 protelO ",as induccd in E. ,'oli B~l wilh
llA mM isupropyl J)-D-thiogalactoslde and purified by ~i;- ·agaro...c affinity matrix (Qiagen 1 using the manuiacturer",; recommcnded conditiun....
Far- Western blots werc donc by resolving lU ~g of recombmant proll:m on a IOCr polyacrylamidc (acrylamidc, bisacrylamidc. 30: 1 SOS g.c1
~-s.~ntlally as dcscribcd 117). Radiolabcled \'-TI prlllein.5 ~ Ill"cpm -~Il WOlS incubatcd in hybridization huffer 110 mM Hcpc..'S. pH 7.9;Wr Ivoi. \011
glyœrol, Il_US ~I KCI!:!.5 mM \Ig.el: IUl:, m:'l.l ZnCl: 11_11501\[ EnTA.II.l r ; :'\'llnIJ~t P-tO/1 mM Jithlll[hn:ltll'l with Immlloilun ...trip" Olt roum
lcmperature tur 10 hr. The lihcrs wcre washed thrcc limes ior ~U mm ln hyoridizatlon buffer hdore t:xpo~un: tu '(-ray lilm. arro",. SpecIfie WTJ- li7 J
~omplcx. B~tV. brome mosf.lic virus.

fueZ and the selcctable HIS3 l!enes. borh under Gal~ rel!ula
rion ( 10). Introduction of eith~r vcctor into Y19U œlls f;ilcd
to acrivate t3-galactosidasc production or rescue the histidine
dependency of these cdls (Fig. J Band C). On the other hand.
Y190 œlls harboring both pASI/c5WT and pACT WT dem'
ati\'es can l!row in the absence of histidine and ...vmhC:-lle
/3-galacrosidase (Fig. .3 Band Cl. These results indicate that
WTl i~oforms (comaining or lacking exon 5) are capable nf
sdf-association in l"Îm.

The region responsible for this association was ddineated hy
using a .,eries of ddetion mutants generated from pACT/
WT( - 1 -) (Fig. 3.-1). Whcn introduced into Y l!JO cells har
boring the DNA-binding vectors pAS 1/ c5WT( -) or pAS 1/
c5WT( -). mutants retainine the tïrst l6U amino acids could still
intcract. whereas those lackine this ree:ion failed 1O do "0 (Fil!.
3 Band Cl. The amino-terminal 135 ammo acids cann~t
mediate association (pACf/WTlDel 135-e91). indicating that
the carbm:yl end of the responsible domain residcs between
amino acids 135 and 160 (Fig. 3 Band Cl. Of note is the prcscnœ
of a poh(glycine) and severai poly(proline) stretches within the
amino-terminal domain of WTt (delineated in Fil!. 3rt). .-\11
vectors uscd in this study produœd fusion proteins- of the I.:X

pc=ctcd molecular mass. as determined by Western bloaing of
nuclear e:\1racts prepared from the yeast strain undt:r study (Fig.
3D). Thus. the failure of several de1etion mU[anL~ to inter..lct
cannat be Jttributed to the absence of fusion protein. The IJ--Tl
mutant pACf/WT( - / -) (Gly-2Dl - A"p). is also capable of
associating with wild-type \VTl (Fig. 38). These cxperiments
were reproduced in a second yeast two-hybrid system containing
the t3-galactDsidase reporter on an episome plasmid and using
\VTI-Lex.-\. fusions as the DNA-hindine vectors. indicatimz that
the above resulL~ arc not specifie to the ~~:'Stcm used (H.N.. D.H..
and D.E.H.. unpublished data). These results indicate that WTl
sdf-associates in dm throueh an amino-terminal domain and are
consistent with our far-W~tem results presented above (Fig. 2).

DISCUSSION

ln this report. we demonstrate that WTl ( - ! - )-mediated
transcriptional rcpression can be antagonized hy a DOS allde
and that the responsiblc domain lies within the amino terminus
(Fig. 1). These results provide functional cvidencc lhat DDS
mutations produce molecules that behave in a dominant
negative fashion. Consi~knt '.\ ilh lhl.:se mut:lI1'''' mcdialing

their effects bv formine olieomers with WTl is the abilitv of
such molecule~ to interact i;, 11lro and in dm (Figs. 2 and .3).
Bccausc wild-type WTI molecules can also form oligomers.
this property is likcly important for WTt transcriptional
activity. \Ve have found that ,ome \VTl truncation mutants
oligomerize more efficiently or form more stable complexes
than full-Ien!!th WTI (Fil!. .::). This is likdv due to amino
terminal cont'ormational differences bctwcen truncation mu
tants and v.-ild-type WTt protein. Indeed. partial VX proteo
Ivtic dieests of truncation mutants of different lenl!ths indicatc
thal conformational differenœs exist within -the amino
terminal reeion (P.~. and 1.P.. data nO[ .,hown). Therefore.
some nonse-nse mutations may produCt: molecules showing a
gain-of-function. Although littk phenotypic differences exist
between individuals with nonsense versus missense DDS mu
tations (-t I~). the dtïciency hy which these mutants usurp
activity of the remaining wild-lype protein may diffcr and
remains to be elucidated.

Our results are signitïcant in light of experimcnts demon
strating a differencc in the transcriptional propertle~ of \VTl.
depending on the position and numher of \VTl binding sites
within the target promoter (11). \Vhercas \VTI represses
transcription of reporter genes containing EGR-l or Tee,
motifs in transient transfection assays (X). thcre is a particular
situation where WTl functions as an activator. In the PDGF-.-\
genc. two binding sites (one upstrcam and one downstrcam of
the transcription stan site) are rcquired for transcriptiunal
repression by WTt. Deletion of either site results in transcrip
tional activation by WTt. In light of our results. we interpret
this data to SUl!l!est that WTI dimerizes on the POGF·A
prommcr to int;rfcre with assembly of hasal transcription
factors. As suggested by Wang et al. (11). when only one
binding site is present. WTl may function as a transcriptional
activator due to unmaskine of a usuallv concealed damain.
Consistcnt with [he idea that \VTl ha~ separate functiona:
domains is the findine: that amino add residues S5-12~ and
lSl-2S0 conslÎtute regions thal function indcpendently wilh a
ONA-binding domain to rcprcss or activate transcription.
respeclively (19). Amino acids x5-12~ can enhancc activation
of a reporter gene hy WTl when colransfectcd into NIH ~T3

ecUs. suggcsting that oligomerization may hlock a reprcssion
domain and/or reveal an activation damain (19). Thercfon:.
mutations that change the transcriptional propertics of \VTt.
,uch ;1... WTt (Arg.201 -'\~p) (IS). need not affect oligomer.
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Fi(., _~, Sdl-.I....ll\.'latlon ur WT 1III 1 lin. 1.-11 S.:hc:ma[lc rc=pn:sc=nlatilln ot ~ ca:o.t transJl:tlvJrion and Df'IOA-tlindinl;; .. huttll.: pla~mids uscd. Genllml":
llr:;;lnllatlUn III human WTI genr: 1., ..hm\n at top..\ltc:rnall\dy ..plil:r:J c:xon., 5 and 4 arc rr:pn:sentc=d b~ .:russ-hatched hoxes. The prc:sc:n.::r: ,Ir
J[-l"cnœ lit a \\TI .1ltr:rnatl\ e ..plit.:r: "11r: l' IOdi.:atc:d hy .1 - Ilr - 'ymbol. rcspet:tivc:ly. Olftcr the phl.'imid naml:. The: tour \"TI llnC rïngc=r'" arc:
rr:pn:,c:nte:J hy Jotled hu\c... Eat:h C:XlJn., numhcn:d \\ ith a rllman numr:ral. The pulYlglycine 1rcpeat \.. ithin the tÎrst c:\on i.. repre..c:ntcd by a hall:hr:J
ho'\. \\ hr:rr.:a.. Ihe: plll~ 1proiinc: 1 tra.:ts ..Ire re:prese:ntc:d hy Jarkened h(l'\C:~. The Gal.. Olctivation and Gal4 DSA-binding domains ..Ire n:pre:..,c=nted hy
.. lIppkd hl1\r:.. and hall:hr:d hlackr:ne:d hllxes. n:spc:..:t1\cly. The presem:e ot J HA t;.tg 10 the iminn proteins IS indicatr:d. The astc:n..k reprc:sc:nt!'o Ihc:
.Ipproxlmalr: IllCatllm lli the amln\1 ;.t":ld 'ubstltutlon \.. ithin donc pACT WTI( - - HGly-':()[ - .-\spl..\DH. akohul Jc:hydruge:na...c. (Bl
DclermmOltlllO ùr \\TI Interaction dr:pt.'ndt.'nr.:y and ,cn:c:nlng. White: anJicatr:" no /i-g.alact'hida:-.c \\as dt:tcctc:d. \.. h..::n:a ... Blue .jnd Dk 1dark 1 Bluc:
andic~ltr: thr: rdall\e: 10tcn"'lty I)f .I3-g.~lla..:hhldasc. - and - rcicr 10 abililY Il) grow nn sdcctl\r: platr:s eontaining. 30 m~l 3-amlnutnazok and IacklO~

histidine. n.d.. ~lll de:lc:rmanr:d. (C 1 Ouantitatiun llf .I3-gala..:wsidasc pruJuœd from ..traan Y IlJlI transiurmcd \.. ith yc:ast c:xpn:"'lon pla..mIJ.. lit .-1.
The numher d indi\"idual ycast colume.. proccs,c:J for .I3-galacIUsidasL: actl\lly is de:nolcJ abovc e:ach har in paremhc:sc:... and each as..ay \\as dun..:
in Juplicatc:. Errer l'lars rcprcse:nt thr: SD., of the: c:xpcnmcnls. (Dl \Vc.. tr:rn hlut analysl" uf \VTI fUSIOn protcms pmduccd ln .. lralO Y Il/Cl. Onc:
hundrr:d mlcrogram.. uf protcm \"as fra..:t1unalcd un a IO r ; pulyacrylamlJt: ~d and proccssed iur Wcstcrn blultlng \\Ith ..:hemilumme:~r:OL::eJctcL:tlOn
(,\mershaml and Ihc anll-HA monudunal antibody. I~C-\5. as rccommcndcd by Ihe: manufactun:r. The: WTI inscrts in pACTll arc ... hO\\n ;ü'mc
lancs ;-ll. Olnd the pASI inse:rIs arr: ...hu\\n al'Jmc IOlncs II and 1':. -. ExtraL:1 prc:parcd from yeast lacking plasmld: a dol Jc:nutcs the: [u...lun prutean
lIt lntcn:..t.

-
ization (Figs. 2 and 3) if Ihey alla conformation to expuse a
prc\'iuusly conccaJed second. nun-o\crlapping domain.

\lutant UTI alleks can inhibil WTI·mediatcd transcrip
tional activation in trans (20). Our Jata indic~ltc th<ll mutant
nTI alkks can also pre\'ent WTI-meùiateJ transcriptiunal
rcprcssion. Reddy t'( dl. (20) ddined a domain within the first
1~2 arnino adds of WTI capabk 1\1 rn ..·dbting thi ... t'fcct. Wc

han: funhcr rdineLl the oli1!omerization Jomain. \1ahes\\a
ran el al. (21) ha....e suggcst~J tha! WT 1 ~an hl:terodimerizc
with p53. but \VI: havc hecn unahk 10 Jemonstrate a Jircct
p531 WT 1 interaction III "II'U using. the yca:-.t t\\o-hybrid
system (\V.B. anLl J.P .. Jata not ... hown 1. The WTI-p53
interaction may thus be rncJiatcti by a ~lliactor nut prescnt
in yca~t cells.
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A St;:t of WTl nonsc:nsc: mutations h~ been previously defined

ln individuals with WTs and mild l!:enital ~vstem anomalies but
with no renal nephropathy 1 !-' t.• \Ithough' th",'SC mutations are
also predictcd to synthc:size trunc.-c.lted WTl proteins. the affcl.'tcd
individuals do not show the more severe phenotypes associated
with DDS. and the eenetics are more consistent with these being
loss-of-function mutations. Wc speculate that the biochemicaÏ
prope;:rtics of these macromokcules differ from those associated
with DDS. such that very liule or no product results from thesc:
alldes le.g.. decreased protein stability. mRNA half-Iife. impair
ment of nucleocytoplasmic e.xport). A similar issue regarding
structure-phenotype relationships is ob~rved with different
alleles of the adenomatous polyposis coli (APe) gene in which
mutations close to the 5' end of the gene cause an attenuated
form of the diseuse (22). As weiL the variable association of
~ongenital hypertrophy of the relinal pigment epithelium
ICHRPE) with adenomatous polyposis coli is defined by the
location of mutations with the .-tPC gene (2.3).

Our results are consistent with moh:cular genetic data in
which a small number of nonsense mutations have been
associated with DDS-one of which produces a truncatcd
polypeptide of 219 amino acids (14). This mutation. describcd
in an individual with im:ompkte DDS. detïncs the 'malh::-.t
known WTl region predicted to behave in a dominant·
negative fashion and cncompasscs the oligomcrization dom:,lln
we have dcfined. Our data. as weil as rcsults l'rom Reddv et al.
(20). indicate that the WTl isoforms cross-rel!:ulaté each
others' activitit:s. Althoueh wc did not detcct differences in
multimcrization dficiencv among the WTl isoforms. this
eveot may be regulated in l'im ~ither by posttranslational
modifications or bv subnuclear localization of the isoforms (91.

Ovc:rexpression of one WTl isoform could thus function in a
dominant-nel!ativc manner ta dereeulate activitv of the othcr
isoforms. E:Zperiments using expression veciors to over
express one WTl isoform in the ,ontext of the ~ndol!enous

four \VTl isoforms need to be interpreted \\ith èaution
because the acti\'ity of the lattcr is likely tO be penurbcd.
Clearly the ratio of WTl isoforms is important for normal
embryogenesis. given that mutations that affect splice-site
selection at the second altematively spliccd exon (exon 4)
deregulate WTl gene expression and are associated with DDS
(24). The rcsults in this report indicate that WTl .:an sdf
associate and that DDS alleles perturb normal \VTI function
by taking advantage of this intrinsic property to sequcster
functional pcotein ioto nonproductive complexes.
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ABSTRACT

WTl encodes a zinc finger protein with a key raie in urogenital

development tbat is inactivated in a subset of Wilms' tumors. This

tumor suppressor gene product contains an amino-terminal dimerization

domain required for trans -inhibition of wild-type WTl activity b y

mutants defective for DNA binding. In the course of characterizing

truncation mutants of WTl, we noted lhat the WTl zinc fingers contain

two functionally independent targeting signais required for nuclear

localization of the proteine These novel signais lie within zinc fiogers 1

and within zinc fingers II and III.. We demonstrate that nuclear targeting

of the WTl homodimerization domain functionally antagonizes activity

of the wild-type protein activity..
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1. INTRODUCTION

Wilms' tumar (WT) is an embryonic cancer which presents either sporadically

or in the context of genetic susceptibility, generally before the age of 5 years [1 J. It

accounts for -5% of pediatrie tumors and has been extensively studied to detennine

how deregulation of the urogenital developmental program leads to cancer initiation.

Although Most cases of wr are sporadic, -5-10% show a genetic predisposition and

aften occur in association with congenital defects [1]. An Il P13 wr suppressor gene,

wt l, has been extensively characterized and is implicated by mutational analysis in 10

15% of sporadic Wfs [2-4], in sorne familial wr cases [5], and as playing a mie in

initiation of this disease [6].

The wt1 gene encodes a protein having Many characteristics of a transcription

factor: a glutal1Ùnelproline-rich amino-terminus [7,8], nuclear localization [9], and four

Cys2-His2 zinc finger motifs. The three WTl carboxy-terminal zinc fingers show 64%

identity to the three zinc fingers of the early growth response gene-l (EGR-l) [7,8].

The mRNA contains two alternative sites of translation initiation [10], two alternatively

spliced exons [11,12], and undergoes RNA editing [13], thus potentially encoding

sixteen different protein isoforms with predicted molecular masses of 52-65 kDa. The

function of the alternative translation initiation event. or of the first altematively spliced

exon (exon V), has not been well defined, although exon V can repress transcription

when fused to a heterologous DNA binding domain [14]. Splicing of the second

alternatively spliced exon (IX) inserts or removes three amine acids (+/-KTS) between

zinc fingers III and IV and changes the DNA binding specificity of the protein.

WT 1 isoforms can bind to two DNA motifs, albeit with different affinities: i) a

GC rich motif with the conserved feature, S'GG/yGGGGGAG/C3', sunHar to the EGR

1 binding site [15]; and ü) a (TCC)n containing sequence,

S'TCcrCcrCcrccrcrcc3' [16]. A number of genes involved in growth regulation

and cellular differentiation contain these binding sites in their promoters and are thought

to be regulated by WT 1. These include insulin-like growth factor n, insulin-like growth

factor 1 receptor. platelet-derived growth factor A-chain, colony stimulating factor-l,

transforming growth factor-J31, retinoic acid receptor-a, Pax-2, c-myb, epidennal

growth factor receptor, and the wtl gene itself [for a review, see 17]. The wtl gene

product has the potential to Mediate bath transcriptional repression and activation [17].

An essential raIe for WT1 in the development of the urogenital system has been

inferred from its normal expression pattern [9, 18], failure of this system to develop in

wt I-null mice [19]~ and aberrant differentiation of this system in children with germline
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wt 1 mutations [5. 20, for a review see ref. 21]. Male children in which one wt 1 allele is

deleted as part of the WAGR [WTI Aniridial Genitourinary (GU) anomalies!

Retardation] syndrome often are bom with mild genitourinary defects (i.e.

undescended testis and hypospadias). On the other hand, child.ren with Denys-Drash

syndrome (DDS) have much more severe developmental disorders of the reproductive

system, as weil as a characteristic renaI nephropathy occurring generally with the frrst 2

years of life [21). The majority of DDS individuals harbor wt 1 missense mutations

within zinc fingers Il and III which are thought to behave in a dominant-negative

fashion [20, 21]. Consistent with this idea is the recent demonstration that WTI can

oligomerize, that mutant WTI protein can antagonize activity of wild-type protein [22.

23]. and that sorne WTl missense mutations in WTs appear to he in a heterozygous

configuration [2. 4, 11].

Recently. Larsson et al. [24] demonstrated that different WT 1 isofonns localize

to distinct compartments of the nucleus - with -KTS isoforms displaying a distribution

that parallels thal of classicai transcription factors such as Sp 1 and TAIB; whereas

+KTS isofonns are preferentially associated with interchromatin granules and coiled

bodies. These results were recently extended by Englert et al. [25] who demonstrated

that overexpression of a WT1 truncation mutant lacking the four zinc finger domains

could alter the subnuclear localization of WTl(-KTS). In this report, we set out to

defme the nuclear localization signal(s) of WTI and demonstrate that subcellular

localization of the WTl homodimerization domain affects the efficiency by which il can

behave in a dominant-negative fashion. Our results identify two nuclear localization

domains - one within zinc finger 1and one within zinc fingers II and Ill.
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2. MATERIALS AND METRons

2.1. Cell culture and transfections

NIH 3T3 and COS-7 cells were maintained in DMEM containing high glucose

plus 10% fetaI calf serum (Gibco-BRL). Transfection of NIH-3T3 cells was

performed by calcium phosphate precipitation [26]. whereas transfection of COS-7

ceUs was performed by electroporation [9].

2.2. DNA Constructs

CMV-based murine WT 1expression vectors were generated by Iigating a 1441

bp Sau 3Al WTl cDNA fragment (containing 42 bp of 5' untranslated region. the

coding region, and 109 bp of 3 · UTR) into the Bam HI site of pgTat-CMV3 [9].

CMV-hWT(+/-) was generated by cleavage of the human WTI cDNA with Sac II

(which cleaves 31 bp upstream of the initiator ATG). repairing with T4 DNA

polymerase, followed by ligation to BgI II linkers e·GGAAGATCTTCC3
'). The hWTl

cDNA was then digested with Eco RI (which cIeaves in the pKS polylinker, Il bp

downstream of the TGA codon), Klenow repaired, and digested with BgI Il. The

cDNA insert was then directionally cloned into the Barn HIIXho I(KIenow repaired)

sites of pgTat-CMV3. Expression vectors carrying WTl mutations previously

identified in DOS or hereditary WT patients were generated by PCR-mediated

mutagenesis and confirmed by direct sequencing. Details as to the construction of these

deletion vectors can he obtained from the author upon request.

2.3. CAT and f3-galactosidase Assays

Forty eight hours after transfection. cells were harvested and lysed in 0.25 M

Tris [pH 8.0]/ 0.1 % Nonidet-P40. The cellular debris was pelleted and the lysate

assayed for f3-galactosidase activity with chlorophenol red ~-O-galactopyranoside

(Boehringer Mannheim) [26]. Following standardization for (3-galactosidase activity.

extracts were assayed for CAT activity using 14C-chlorarnphenicol (Amersham)

foUowed by thin layer chromatography [26]. The position of acetylated and non

acetylated clùoramphenicol was identified by autoradiography and CAT activity was

calculated by excision of the respective products from the TLe plate followed by

scintillation counting.

Subcellular fractions were prepared essentially as described by Dignam et al.

(27). Nuclear and cytoplasmic fractions were 00H00 in 2% SDS for 10 mins. and the

insoluble material removed by centrifugation in a microfuge at 4°C for 10 mins.

Equivalent cell amounts of each supernatant was fractionated by SDS-PAGE 9

transferrOO to Immobilon-P (Millipore Corp.) and probed with the indicated antibodies.
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Visualization was performed with Renaissance chemiluminescence reagents (Dupont

NEN). The anti-WTl antibody 180 (directed against the first 180 amino acids of Wfl)

was purchased from Santa Cruz Biotechnology.

2.4. lmmunofluorescence and f3-galactosidase staining

Cells were seeded onto coverslips and transfected with wtl expression vectors.

Forty eight hours later the eeUs were washed in cold PBS. fixed for 20 minutes in

3.7% fonnaldehydeIPBS and 5 minutes at -20°C in methanol. The ceUs were pre

blocked with 10% goat serumll % bovine serum albuminlO.3% Triton X-IOO for 1 hr..

then probed with the indicated antibody for 4 hrs. The antibody was visualized with an

anti-rabbit goat antibody conjugated to Texas Red (Jackson Labs). Caver slips were

exarnined under a Zeiss immunofluorescent microscope and photographed with Thtfax

400 film (Kodak).

For ~-galactosidasestaining t transfected ceUs were washed in PBS and fixed in

2% paraformaldehydelO.2% glutaraldehyde for one minute. The ceUs were stained al

37°C for 24 hrs with 1 mg/ml 5-bromo4-ehloro-3-indolyl-~-D-galactoside(X-gal) in 5

mM potassium ferrous cyanide, 5 mM potassium ferric cyanide, 2 mM MgClr After

staining, the ceUs were flXed with 3.7% formaldehyde for 5 minutes, dehydrated with

ethanol, and counterstained with Eosin Y (Sigma). Coverslips were examined under

bright light with a Zeiss Axioskop and photographed with TMax 400 film (Kodak).

5.6



• 3. RESULTS

Previous work from our laboratory had demonstrated that WT1 is located

exclusively within the nucleus despite the absence of an identifiable nuclear localization

signal [9, 28]. Subsequently. Larrson et al. [24] demonstrated that alternative splicing

within the WT l zinc fingers allers the subnuclear distribution profile of the wr1

isoforms. In this report, we undertook to identify the signales) responsible for Wfl

nuclear targeting.

3.1. The WTl Nucleic Acid Binding Domain Harbors 2 Nuclear

Localization Signais.

To identify the region necessary for nuclear targeting of the Wfl protein, a

small number of synthetic deletion mutants, CMV-D3, CMV-04, and CMV-$ 1, were

generated within the carboxy-tenninal domain of WTI (Fig. lA). CMV-D3 and CMV

D4 were generated from the munne WTI(-/-) cDNA, whereas CMV-51 was generated

from the human WTl(+/-) cDNA. Since bath the human and murine WTI isoforms

localize to the nucleus [9,24,28] and the protein product from both species are >96%

identical, we do not expect differences in behaviour between the murine and human

gene products. Immunofluorescence studies on NIH 3T3 cells transfected with these

constructs demonstrated that whereas wild-type wr1 protein concentrated to the

nucleus, the protein the product ofCMV-D3 was present in both the cytoplasm and the

nucleus (Fig 2A). Deletion of zinc fingers III and IV (CMV-04) or zinc fingers II - IV

(CMV-S 1) produced mutants still capable of targeting to the nucleus (Fig. 2A). These

results indicate that nuclear localization is not a secondary consequence of WT1 binding

to DNA.

We and others have previously described a number of missense and nonsense

mutations in the WTI gene occurring in individuals with wr and urogenital system

anomalies [21 J. Sorne of these mutations occur in individuals with wr and

hypospadias and/or cryptorchidism, but without the renal nephropathy characteristic of

DOS, and are thus thought to he 10ss of function mutations (CMV-P.G.~ eMV-T.S.,

CMV-10). athers occur in individuals with renaI nephropathy, WT, and genital system

anomalies that are much more severe than observed in WAGR syndrome and are thus

thought to behave in a dominant-negative fashion (CMV-P.M.) [21]. Still others occur

in individuals who have been classified as incomplete DDS, since they do not show the

complete triad of malformations generally associated with DDS (CMV-C.N., CMV

S.L.) [21], and the classification of these mutants is not clear. In order to begin the

biochemical characterization of these mutants, severa! were rebuilt into the context of

the human WTl(+/-) cDNA (Fig. lA). When introduced into NIH 3T3 ceIls, none of
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these mutant products were capable of concentrating in the nucleus, consistent with the

data presented above. In considering the data obtained with eMV-T.S. and CMV-S 1,

our results indicate that (a) nuclear localization signales) lies between 3I1Ùno acids 291

and 350 of the WT 1 polypeptide, possibly within the first zinc finger domain.

This conclusion was substantiated by preparing nuclear and cytoplasmic

fractions of COS-7 cells transfected with the various deletion mutants and analyzing the

subcellular localization of WTI by Western blotting (Fig. 2B). Greater than 95% of

SpI was present in the nuclear fraction of extracts prepared from CMV-WTl(-/-) or

CMV-D3 transfected COS ceUs (Fig. 2B, boltom panel), confirming the integrity of the

nuclear preparations. Introduction of CMV-WT 1(-/-) into COS-7 ceUs (Fig. 2B)

resulted in the nuclear targeting of >90% of the protein (Fig. 2B, eompare lane 2 ta 1).

Similar results were obtained with CMV-hWT(+/-) (data not shown). However,

deletion of amino acids 262 - 364 produced a polYPeptide no longer capable of

concentrating in the nucleus (compare lanes 3 and 4). Sînce polypeptides having

molecular masses less than 40-50 kDa can passively diffuse into the nucleus [29], we

cannot exclude the possibility that nuclear localization of the D3 polypeptide product is

due to diffusion. This issue will he experimentally addressed below. AIl truncation

mutants which terminated before the zinc finger domain produced polypeptides which

were present in both the cytoplasmic and the nuclear fractions, formally demonstrating

that these mutants had lost their ability ta concentrate in the nucleus (1anes 5 to 16).

To assess the possibility that Ca) nuclear localization domain(s) was present

within the WT 1 zinc fingers, a series of fusion proteins were generated between the

WTl zinc fingers and ~-galactosidase (Fig.3A). Since the molecular mass of the fusion

products are greater than 116 kDa and ~-galactosidase does not contain a nuclear

targeting signal, nuclear targeting should be dependent on the presence of an active

signal within the polypeptide molecule. Following transfection of these constructs into

COS eeUs. ~-galactosidase localization was detennined by direct measurement of

enzyme activity (Fig. 3B). Whereas J3-galactosidase failed to concentrate in the nucleus,

fusion of the four WTl zinc fmgers produced a polypeptide capable of nuclear targeting

(p27; Fig. 3B). In addition, fusion of only zinc finger 1 (pl) or zinc fingers II and li

to ~-galactosidase (p65) produced polypeptides also capable of nuclear targeting (Fig.

3B), indicating the existence of 2 separable nuclear targeting signais - one in zinc fmger

l and the other in zinc fmgers fi and/or m. Interestingly t fusion of zinc fingers m and
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IV to ~-galactosidase produced a fusion molecule not capable of nuclear targeting (p5;

Fig. 3B), suggesting that the presence of a zinc finger per se is not sufficient for mis

behaviour.

3.2. Nuclear targeting is necessary for antagonistic activity by WTl

mutants.

We have previously developed a trans-dominant inhibition assay in which DDS

aJleles, when co-transfected with wild-type WTI and an appropriate reporter construct,

functions in trans to prevent transcriptional repression by WTI (Fig. 4) [23].

Necessary for trans-inhibition is the presence of the WTI multimerization domain

which lies within the fust 160 amino acids of the protein [22, 23]. WTl mutants

defective for DNA binding, but still retaining the potential for nuclear localization

[CMV-WT lIe94R1W) and CMV-S 1], are capable of trans-dominant inhibition of wild

type WTI activity in this assay (Fig. 4). The deletion mutant, CMV-P.G., defcctive

for nuclear localization but still capable of mu1timerization, was unable to effcctively

trans-inhibit wild-type Wfl activity in this assay (Fig. 4B). To directly test whether

this was due to decreased efficiency of nuclear targeting, we produced a chimeric

fusion whereby the SV40 nuclear localization signal, KKKRKVE, was positioned al

the carboxy-terminus of the WTl dimerization domain (Fig. 4A). This mutant, CMV-

ABsu36I was targeted to the nucleus (W.B., data not shawn) and was capable of

partialtrans-dominant inhibition ofwild-tyPe WTI activity (Fig. 48). We conclude that

deletion mutants which lack nuclear targeting ability cannat inhibit activity of wild-type

WT 1 protein intrans as effectively as missense mutations which disrupt DNA binding

but not nuclear targeting.
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4. DISCUSSION

In this report, we demonstrate the presence of 2 distinct nuclear localization

signaIs within the DNA binding domain of the WT1 protein (Figs. 2 and 3). Our results

indicate that nuclear localization is distinct from DNA binding since mutants impaired

for DNA binding can still localize to the nucleus (Fig. 2; CMV-04). Protein nuclear

localization signaIs (NLS) are generally characterized by one or more clusters of basic

amino acids, although no clear consensus sequence has emerged [for a review, see ref.

30]. Although a number of basic residues are present in the WT 1 zinc fingers, they can

he found in all 4 fingers and no obvious consensus exists with previously identified

nuclear targeting signais [30]. We have yet to identify the core sequence motif within

finger 1 and fingers II and ID necessary for nuclear targeting of WT1. Recently, a

functional receptor for nuclear localization sequences, hSRP 1ex, has becn identified and

cloned [31 l. This protein can bind both simple and bipartite NLS motifs and is thought

to mediate the tirst step of nuclear import - that is, NLS-dependent docking of the

substrate at the nuclear envelope [31 l. Using in vitro synthesized protein, we failed ta

detect a protein-protein interaction between WTl and hSRPla (S. C., data not shown),

suggesting that a second, yet ta he identified, receptor may mediate WT1 docking to the

nudear envelope. Consistent with this interpretation is the identification of at least one

addition dass of NLS receptors believed to mediate import of small nuclear

ribonucleoprotein particles [32].

Patients with complete deletions of wt1 (as in the WAGR syndrome) or with

mutations that learl to truncation of the WT 1 protein have been observed to have mild

abnonnalities of the genitourinary system, indicating that in humans, 10ss of one wt 1

allele perturbs development of tlùs system. The subsequent discovery of germline

missense mutations of wt1 in patients with the severe phenotype of DOS suggested that

these mutations act either in a dominant manner or as dominant-negatives..The

discovery of a splicing lesion in individuals with DDS supports the dominant-negative

model, since the primary sequence of the WTI isoforms in these individuals are nonnaI

and unlikely to exhibit a gain of function [33]. Rather, it is likely that deregulation of

the ratio of WT1 isoforms is responsible for the observed phenotype. Further support

for this theory was provided when it was shown that WT 1 can multimerize and that

mutated WTl can antagonize the function of wild-type WTI [22, 23]. Thus, in DOS

individuals, the mutated WTl is predicted to reduce the activity of WTI to levels lower

than those found in individuals with deletions of wt l, and thus produce more severe

developmental anomalies.
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In this report~ we demonstrate lhat WTl truncation mutants, derived from

individuals where the lesions have been postulated to result in a loss of function or to

behave as dominant-negatives, failed to concentrate in the nucleus. These results

indicate that differences in nuclear targeting cannot account for the differences in

phenotypes observed arnong these individuals. We have measured the half-life of the

different truncation mutants in transfected COS-7 celIs and have found no significant

differences in among them (W. Breuning~ data not shown). It is possible that

differences in mRNA metabolism between the various mutants may he responsible for

whether the mutants behave in a dominant-negative fashion or results in a 1055 of

function, although this hypothesis remains to he tested.

Two reports have documented differences in subnuclear localization arnong

WTl isoforms [24, 25]. Larsson et al. [24] demonstrated that the -KTS isofonns

localized primarily with DNA in transcription factor domains whereas the +KTS

isoforms localized primarily with splicing factors. Englert et al. [25] extended these

results and demonstrated that deletions of zinc fingers 1 - IV, 1 and II~ or III and IV ~

produced a polypeptide which demonstrated predominantly a nuclear speckling pattern.

We note one interesting difference between our results and those of Englert et al. [25].

Whereas we find that deletions of zinc fmgers 1 and II produced a polypeptide no

longer capable of concentrating in the nucleus (Fig. 2, CMV-D3), Englert et al. [25]

have demonstrated that deletions of all four zinc fingers are not required for nuclear

localization. Since CMV-D3 also removed amino acids upstream of zinc fmger l, we

interpret these results to indicate the possible existence of an additional nuclear

localization damain immediately amino-tenIÙnal of the first zinc finger. We have not

tested tbis region independently as a fusion to ~-galactosidase to detennine if it is

sufficient to irnpart nuclear localization, although the results of Englert et al. [25] would

suggest this to he the case. The presence of severaI, independently functional~ nuclear

targeting motifs al the carboxyl-tenninus of WT1 rnay suggests that frameshifts or

nonsense mutants with at least one NLS function differently from frameshift or

nonsense mutants without an NLS in usurping normal WTl activity. Our results

showing that artificially imparting a NLS to the WTl dimerization domain improves the

efficiency with which trans-inhibition of wild-type wt1 activity occurs~ is consistent

with this hypothesis. Deletion mutants lacking an NLS may function by sequestering

wild-type WTl protein in the cytoplasrn.

ln summary, our results demonstrate the presence of at least 2 separable NLS

within the WTI zinc fingers (Figs. 2 and 3). Mutants with impaired nuclear targeting
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are no longer capable of efficient trans-inhibition of wild-type WTI activity (Fig. 4),

and likely affect development of the urogenital system through other mechanisms.
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FIGURE LEGENDS

Figure 1. Expression Vectors used for Subcellular Localization of WT 1. Schematic

diagram of murine and human wt 1 expression vectors used in this study. The absence

or presence of altematively spliced exons is indicated by a (-) or (+) sign, respectively.

Amino acid positions demarcating the boundary of the deletions are indicated above

each construct. The blackened box denotes the CMV promoter, the stippled boxes

denote the wt1 zinc fingers, the first altematively spliced exon is represented by a

coarse dotted box. In situations where missense mutations result in a frameshift, the

novel open reading frame is denoted by a dotted box. The amine acid position of the

predicted frameshift is denoted above the coding region. The start site of transcription is

denoted by a right-angled arrow. For those mutations identified in individuaIs with

WTs and genitourinary anomalies, the associated phenotype is presented on the right:

NIA, not applicable; \VT, Wilms' tumor; WTb, bilateral WT; Hyp, hypospadias; Cry,

cryptorchidism; Cryb, bilateral cryptorchidism; Nephr., renal nephropathy; XY<p, XY

pseudohennaphroditism. A detailed description of these mutations and the associated

phenotypes can he found in the following references: CMV-P.G. [5]; CMV-C.N. [34];

CMV-T.S. [5]; CMV-S.L. [34]; CMV-P.M. [35]; CMV-IO [patient 10 in ref. 36]. The

predicted mode of behaviour of each mutation is aIso indicated: UF, loss of function;

DIN, dominant-negative; ???, unclear. Since patient C.N. has had nephrotic syndrome

with minimal change and eventuaIly regained nonnaI renal function [37], and patient

S.L. developed renal nephropathy at the age of 15 years, these patients have been

c1assified as incomplete DOS. For the current study, we have not drawn conclusions

about the nature of their mutations. Also summarized to the right are the subcellular

localization of the deletion mutants from immunotluorescence and celI fractionation

studies detailed in Figure 2.
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• Figure 2. Immunofluorescence and Cell Fractionation Studies of WT1 Deleùon

Mutants. A) NIH 3T3 ceUs were transfected with wt 1 expression plasmids and the

protein products detected with the anti-WT 1 antibody ISO by indirect

immunotluorescence. The expression vector used in each transfection is indicated

below each representative panel. B) Fractionation of cytoplasmic and nuclear extracts

prepared from COS-7 cells transfected with wt 1 expression vectors. Equivalent celI

numbers of cytoplasmic and nuclear extracts were fractionated on a 10% SDS-PAGE.

followed by electrophoretic transfer to Immobilon-P. Blats were probed with the anti

WT 1 antibody 180 or with the anti-Sp 1 antibody PEP2 (Santa Cruz), as previously

described [10]. Molecular weight standards are indicated to the left and are New

England Biolabs prestained protein markers. Extracts were prepared from COS-7 ceUs

transfected with the following expression vectors: Top Panel- Lanes 1-2, CMV-WT1(

/-); lanes 3-4, CMV-D3; lanes 5-6, CMV-P.G.; lanes 7-S, CMV-C.N.; lanes 9-10,

CMV-T.S.; lanes 11-12, CMV-S.L.; lanes 13-14, CMV-P.M.; lanes 15-16, CMV-IO.

The tirst four lanes of the bottom panel contain the same protein extracts as analyzed in

the first four lanes of the top panel. C, cytoplasmic; N, nuclear.
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l Figure 3. The WTI Zinc Fingers Harbor 2 Independent Nuclear Transport SignaIs.

A) Expression vectors containing the wt1 zinc fingers fused to the ~-galactosidase

reporter gene under control of the SV40 promoter. The coarse dotted box represents the

SV40 viral promoter, the blackened box symbolizes the p-galactosidase coding region,

and the stippled boxes are the wtl zinc fingers. The identity of the zinc finger(s) fused

to ~gal is indicated below each stippled box. Construct names are indicated to the left.

B) COS-7 ceUs were transfected with the expression vectors in A and stained for p
galactosidase activity.
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Figure 4. Nuclear Localization is Required for Trans-dominant Inhibition of Wild

type WTI Activity. A) Schematic representaùon of constructs used in the dominant

negative assay. The reporter gene used encodes CAT (zigzag box) under the control of

the TK promoter containing two GAL 4 binding sites (coarse doned box). The WTI

region amino tenninal of the zinc fingers is indicated by an open box and the GAL4

binding domain is represented by a hatched box. A variety of wt 1 alleles were

introduced in trans to effect inhibition of WTI/GAL4 activity. CMV-WTle94R1W)

contains the most common DDS mutation - an arginine to tryptophan substitution in

zinc finger III (represented by a checkered box) [20]. Construct âBsu 361 was

generated by introducing an oligonucleotide containing the SV40 nuclear localization

signal, followed by a stop codon, into the Bsu 36U Avr II sites of CMVIWT1(-/-). B)

Trans-dominant repression assay of wt 1 expression vectors. The CAT actiVity

produced by the reporter alone is defined as 100%. Ten micrograms of WTl/GAL 4

was co-transfected with 5 Jlg of TK{GAL)/CAT and with 10 Ilg of the indicated wtl

alleles. Experiments were standardized for transfection efficiency by co-transfection

with 2 ug of RSV/~-galactosidase. AIl experiments were perfonned at least three times.

Standard deviation between experiments is indicated on the graph by error bars. AlI

constructs produced approximately equal amounts of WTI protein in a dose-dependent

fashion as assayed by Western blotting (W. B., data not shown).
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Chapter 6: General Discussion

The structure of the wt 1 gene suggests that it should

direct the synthesis of four different polypeptides having

molecular masses of 47-49 kDa. In Chapter 2 we confirm the

presence of these isoforrns in vivo. In addition, we

dernonstrate the existence of four additional WT 1 isoforms of

molecular masses 54-56 kDa. These isoforms were found to be

the result of an alternative translational initiation event at a

CUG codon upstream of and in frame with the AUG initiation

codon. Ali WT l-expressing tissues and cells were found to

express a11 known isoforms of WT 1.

We were unable to identify a new function for the CUG

initiated forms of WT 1. The degree of conservation of the

amino terminal extension is not as high as for the rest of the

WT 1 protein. However, the first 35 amino acids of the amino

terminal extension are quite conserved (88% identical between

mice and humans) and May form a functional domain.

Our discovery of an alternative initiation site brings the

total number of different proteins known ta he produced from

the w t 1 gene to eight. The unique function of each different

isoform is not yet known. Efforts to find a function for exon 5

have been inconclusive (Menke et al, 1996; Simms et al, 1995;

Wang et al, 1995). The KTS alternatively spliced exon is a

different story-- it clearly alters both WT1's DNA binding

specificity and its subnuclear localization (Wang et al, 1995;

Larsson et al, 1995).

The importance of the KTS motif became especially clear

when we found an individual with Denys-Drash syndrome

(DOS) carrying a mutation that affected alternative splicing of

wt1 (Chapter 3). This individual's mutation is predicted to

dramatically alter the ratio of -KTS/+KTS WTl isoforms (Table).

The discovery of two other individuals with the same lesion

confirmed that this particular isoform imbalance can indeed

cause DDS. Interestingly, none of these three patients

developed Wilms' tumors, although aIl suffered from severe
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sexual ambiguity and kidney failure (Konig et al, 1993;
Bardeesy et al, 1994), suggesting that tumor formation requires
complete mutational inactivation of w( 1.

Table. Expected ratios of WT 1 isoforms (from Haber et al,

1991 ).

isoform normal DDS. ',spllç,nt::
"

mutation
(-/-) 1.0 1.5

(-/+ ) 3.8 1.0

(+/- ) 2.5 3.5

(+/+) 8.3 2.2

Germline mutations at the }\.'11 locus which inactivate, by
deletion or frameshift, one w t 1 allele, are associated with
congenital abnormalities. Such abnormalities usually consist of
a predisposition to Wilms' tumors and mild genital system
anomalies (such as hypospadias and cryptorchidism). Germline

mutations at the wt 1 locus in individuals with Denys-Drash
syndrome (DOS) are associated with severe urogenital

abnormalities (such as renai failure and intersex disorders)

and are thus likely to act in a manner other than as a loss of
function. Most mutations associated with DDS are missense

mutations of the zinc fingers of wt 1 or mutations that cause
truncations of aIl or part of the zinc finger region (reviewed in

Bruening and Pelletier, 1994). The missense mutations have
been shown to disrupt WT l 's ability to bind to DNA (Little et al,
1995). The mutation described in Chapter 3 alters only the
ratio of different WTl isoforms but still causes DDS. Assuming
a common mechanism by which wtl mutations cause DOS, it is
unlikely that they behave in a dominant, or gain in function
fashion, as so many different mutations would be unlikely to
have the same effect, and in the individuals with splicing
mutations no novel polypeptides are produced.
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1
Another, more likely mechanism for causing DOS is that

the mutated WT 1 proteins are able to act in a dominant

negative fashion. According to the dominant-negative theory

of DDS, mutated WT 1 protein binds to and poisons the function

of another protein or proteins, causing the severe disease of
DDS. Mutations that do not produce mutated WT 1 protein, for

example, due to deletion of the gene, would only cause a
reduction of the amount of WTI protein available during

development.. which has anly minor consequences for
urogenital formation. Our discovery that mutated WT 1 could
bind to wild-type WT 1 and even antagonize wild-type WT l's

function strongly supported this theory and suggested that DDS
may be caused by a severe depletion of WTl activity due to
dominant-negative activity (Chapter 4).

This theory is able to encompass both missense and
splicing types of DDS mutations. If, as our data suggests, the

different WT 1 isoforms form both homo- and hetero- dimers,

and if each type of dimer performs a specifie function, one can

envisage a situation where the excess of (-/-) and (+/-)

isoforms are able ta titrate away the (+/+) and (-/+) isoforms

from their usual functions and cause serious disruption of WT 1

function.
Identification of the region encoded by exons 1 and 2 as

the dimerization domain suggested that one can now predict
the type of w t 1 mutation a child will be carrying based solely
on a description of phenotype. Mutations expected to disrupt
the zinc fingers but spare the dimerization domain are
predicted to be able to act in a dominant-negative fashion and
thus cause DOS. However, examination of aIl known naturally
occuring germline mutations of wt1 and associated phenotypes
indicates that our theory is not entirely correct. A number of
patients with frameshift or nonsense mutations are known
(Pelletier et al, 1991). These patients wouId be predicted to

produce a truncated WT 1 protein containing a functional

dimerization damain, and would thus be expected to develop
DOS; however, they do not. It is possible that these patients do
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1 not actua11y produce a mutated WT 1 protein, perhaps due to

stability problems or sorne other mechanism.

Most if not aIl persans afflicted with DOS carry w t 1

mutations that alter only the zinc finger region (reviewed ln

Bruening and Pelletier, 1994). Based on the correlation

between phenotypes and mutations, it seems an individuai

must produce a mutated WTl protein that contains not only

the dimerization domain, but aiso the first zinc finger, in arder

to develop DDS. Our discovery that the first zinc finger is

required for nuclear localization provides an explanation for

this correlation-- if the mutated WT 1 protein cannat efficiently

enter the nucleus, it cannot come into contact with and

antagonize the function of wild-type WT 1 (and perhaps other

transcription factors) (Chapter 5).

The lesions round in DOS individuals can tell us a lot

about the function of wt1. The gonads are the most obvious

site of malformation in children afflicted with DDS, particularly

in (XY) children, whose genitals do not masculinize due to the

lack of hormonal eues. From the wt 1-nu11 mouse work, we

know that WT 1 is required for formation of the gonadal ridge,

the earliest stage of gonadal development (Kreidberg et al,

1993). The wt1-nu11 mice do not develop kidneys either, but

children with DDS develop what appear ta be normal kidneys,

suggesting that gooadal development is much more sensitive ta

levels of WTl than is lddney development. Ooly later, after

birth, do individuals with DDS develop kidney problems. It is

unclear whether the lesion in DOS kidneys is sorne defeet in

structure that causes damage during kidney function or

whether it is due to the laek of sorne function mediated by

WT 1 after birth. One group reported that the kidneys of a DDS

individual had an excess of mesangial matrix and an aberrant

protcoglycan composition of the glomerular basement

membrane (van den Reuvel et al, 1995), but these

abnormalities may be an effeet rather than a cause of the renai

disease.
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Progressive glomerulosclerosis, the pathology seen in DDS
individuals, may be a cornmon pathway of kidney destruction
caused by a large number of insults. Animal models of
glomerulosclerosis can be generated simply by removing a
large portion of the kidney tissue (remnant kidney disease). A
model of how progressive glomerulosclerosis gradually
destroys kidney function bas been developed (Floege et al,
1992). Interestingly, both PDGF and TGF-~ are key factors in

this disease process; in fact, overexpression of either factor
alone can cause glomerulosclerosis to develop (Isaka et al,
1993). WTl is able to repress the transcription of both of
these genes (Gashler et al, 1992; Wang et al, 1992; Dey et al,
1994), suggesting that disruption of w t 1 causes kidney failure
by deregulation of these and other growth factors.

The work presented in this thesis shows that the wt 1
locus is more complex than expected, producing a large number
of different polypeptides. We have shawn that these different
isoforms are able ta physically interact with each other,
suggesting that there are 28 different homo- and hetero- WT1
dimers, each presumably with a different role. We have also
shown that the usual ratio of isoforms is vitally important for
proper WT 1 function; individuals with disrupted ratios develop
the severe abnormalities of DDS. This work has also developed
and supported a theory for how two different diseases, one
mild and one very severe, cao bath be the result of germline
mutations of the same gene, wt1.

Final proof of the dominant-negative theory of DOS that is
developed and presented in this thesis will require the
construction of an animal model of the disease. Mice have
proven unsuitable, as they are apparently unaffected by
heterozygous mutations of wt1 (Kreidberg et al, 1993).
Perhaps a transgenic rat or pig !ine could be developed. Such
an animal model would provide insight into the function of w t 1

and how its disruption is associated with the development of
several human diseases.
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