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tural differences, however, within the WT1 DNA binding domain which distinguish it from EGR-1 and suggest that the
molecular details of DNA binding are not identical. The first
WT1 zinc finger does not have significant homology with any of
the three EGR-1 zinc fingers at the amino acid level (4).
Additionally, four WT1 isoforms are produced by alternative
splice site selection within the coding region of the gene (17).
The second alternative splice inserts or removes three amino
acids (KTS) between zinc fingers III and IV and changes the
DNA binding specificity of the protein (10, 30, 36). Third,
amino acid conservation between EGR1 and WT1 is restricted
to the zinc fingers with significant differences outside this region possibly affecting the identity and spacing of amino acids
with ancillary functions in DNA binding.
Determining the identity of genes controlled by WT1 is
essential to understanding its role in controlling differentiation
and cell growth. A number of studies have shown that the WT1
isoforms lacking the KTS splice site can bind in vitro to the
same target sequence (59GCGGGGGCG39) as the EGR-1
protein whereas the KTS isoforms do not (30, 36). To date,
several studies have directed their efforts towards the identification of downstream targets of WT1 by scanning known promoter regions for the EGR-1-like consensus sequences (6).
With this approach six potential targets have been identified,
and they include the genes encoding insulin-like growth factor
2 (IGF-2) (9), platelet-derived growth factor A (PDGF-A)
(12), insulin-like growth factor 1 receptor (IGF-1R) (46), colony-stimulating factor 1 (CSF-1) (19), insulin-like growth factor binding protein 2 (IGFBP-2) (20), and WT1 itself (38).
Reporter constructs harboring minimal promoters from these
genes have shown that they can be negatively or positively
regulated by WT1 in transient transfection systems. Addition-

The Wilms’ tumor (WT) suppressor gene resides at human
chromosome 11p13 (16, 37). WT1 encodes a polypeptide composed of two functional domains: a proline-glutamine-rich
amino terminus and four zinc fingers of the Cys2-His2 variety at
the carboxyl terminus (4). Homozygous disruption of the WT1
gene in mice (24), as well as some specific germ line WT1
mutations in humans, results in developmental failure of the
urogenital system (2, 27, 34, 35). The identification of WT1
mutations in sporadic and hereditary cases of WT has established the identity of this gene as a tumor suppressor gene (7,
8, 15, 22, 26, 43). These results identify WT1 as a key regulatory molecule essential for differentiation and development of
the urogenital system.
The early growth response gene EGR-1 (also known as
Zif268) encodes a protein that contains three zinc fingers of the
Cys2-His2 variety (5) and activates transcription in a sequencespecific manner (28). Zinc fingers II to IV of the WT1 gene
product show a high degree of homology (51 to 63%) to the
three EGR-1 zinc fingers (4). The structural analysis of EGR1/Zif 268 has been invaluable in establishing a framework
within which to understand the mechanism of DNA binding by
WT1. Crystallographic studies of a Zif 268 zinc finger-DNA
(59GCGTGGGCG39) complex identified three amino acids in
each zinc finger that interact with three nucleotides in the
major groove of the target DNA sequence (32). This association is mediated through hydrogen bond contacts, most made
to the guanine-rich strand. There are a number of key struc-
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The Wilms’ tumor suppressor gene, WT1, encodes a zinc finger polypeptide which plays a key role regulating
cell growth and differentiation in the urogenital system. Using the whole-genome PCR approach, we searched
murine genomic DNA for high-affinity WT1 binding sites and identified a 10-bp motif 5*GCGTGGGAGT3*
(which we term WTE). The WTE motif is similar to the consensus binding sequence 5*GCG(G/T)GGGCG3*
recognized by EGR-1 and is also suggested to function as a binding site for WT1, setting up a competitive
regulatory loop. To evaluate the underlying biochemical basis for such competition, we compared the binding
affinities of WT1 and EGR1 for both sequences. WT1 shows a 20- to 30-fold-higher affinity for the WTE
sequence compared with that of the EGR-1 binding motif. Mutational analysis of the WTE motif revealed a
significant contribution to binding affinity by the adenine nucleotide at the eighth position (5*GCGTGG
GAGT3*) as well as by the 3*-most thymine (5*GCGTGGGAGT3*), whereas mutations in either flanking
nucleotides or other nucleotides in the core sequence did not significantly affect the specific binding affinity.
Mutations within WT1 zinc fingers II to IV abolished the sequence-specific binding of WT1 to WTE, whereas
alterations within the first WT1 zinc finger reduced the binding affinity ;10-fold but did not abolish sequence
recognition. We have thus identified a WT1 target, which, although similar in sequence to the EGR-1 motif,
shows a 20- to 30-fold-higher affinity for WT1. These results suggest that physiological action of WT1 is
mediated by binding sites of significantly higher affinity than the 9-bp EGR-1 binding motif. The role of the
thymine base in contributing to binding affinity is discussed in the context of recent structural analysis.
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MATERIALS AND METHODS
Materials and reagents. Restriction endonucleases, the Klenow fragment of
DNA polymerase, T4 polynucleotide kinase, and T4 DNA ligase were from New
England Biolabs. [5-3H]CTP (25.5 Ci/mmol), [a-32P]dCTP (;3,000 Ci/mmol),
and [35S]methionine (1,000 Ci/mmol) were obtained from NEN Research Products. m7GpppG was from Pharmacia, and poly(dI-dC) z poly(dI-dC) were from
Boehringer Mannheim. RNase inhibitor (RNasin), RNase-free DNase I, and
rabbit reticulocyte lysate were from Promega. Taq DNA polymerase was from
Cetus. Oligonucleotides were obtained from the Massachusetts Institute of Technology Biopolymer Center.
Construction of WT1 expression vectors. The XmaI 1.8-kb fragments of all
four isoforms of the murine WT1 cDNA (3) [we refer to them as WT1(2/2),
-(2/1), -(1/2), and -(1/1), depending on the presence or absence of the two
alternatively spliced sites] were cloned into the XmaI site of Bluescript II SK(1)
or EcoRI-XbaI site of pSP65-73A (31). A series of mutants containing alterations
in the zinc finger domains of WT1 have been previously described. All mutants,
except WAR (18), were made by PCR-based oligonucleotide-mediated mutagenesis, as previously described (21), using the wild-type WT1(2/2) as a template.
del-1 is a deletion mutant of all of zinc finger I from Cys-308 to His-330. All
mutants have been sequenced with Sequenase (U.S. Biochemical) by the chain
termination method (39) to verify the presence of the mutation and the absence
of PCR-generated second-site mutations.
In vitro transcription and translation. All cDNA plasmids were purified by
CsCl banding. Each plasmid was linearized and transcribed with either T3, T7, or
SP6 RNA polymerase, depending on the backbone of the expression vector and
orientation of the inserts. Transcription reactions were carried out for 2 h at 378C
as previously described (14). Essentially, reactions were performed in 40 mM
Tris-HCl (pH 7.5)–6 mM MgCl2–2 mM spermidine–10 mM dithiothreitol–500
mM each CTP, UTP, and ATP–100 mM GTP, 500 mM m7GpppG–100 mg of
bovine serum albumin per ml–3 ml of RNase inhibitor–3 to 5 mg of linearized
template DNA in a total reaction volume of 100 ml. As a tracer, 3H-CTP was
added to the reaction mix to a final concentration of 4 mM. After the reaction,
5 U of RNase-free DNase I was added, and the samples were incubated for 15
min at 378C, extracted with phenol-chloroform, purified by passing through a
Sephadex G-50 column (fine; Pharmacia), ethanol precipitated, and resuspended
in 10 ml of RNase-free water. In vitro-synthesized mRNA (0.5 mg) was translated
in rabbit reticulocyte lysate for 1 h at 308C in the presence or absence of
35
S-methionine. The 35S-labelled proteins were electrophoresed in sodium dodecyl sulfate (SDS)-polyacrylamide gels (see Fig. 3A), dried, and exposed either
to Kodak X-Omat film or to a PhosphorImager screen. Protein products were
quantitated by calculating the intensity of labelled products with a PhosphorImager system (Molecular Dynamics) as well as by trichloroacetic acid precipitation. The in vitro-synthesized protein was aliquoted and stored at 2808C. Protein
aliquots were used only once when thawed.
Whole-genome PCR. The selection strategy for identifying a WT1 target sequence is based on the whole-genome PCR approach reported by Kinzler and
Vogelstein (23). Briefly, the target DNA fragments were prepared by digesting
mouse genomic DNA with Sau3A1. The digested DNA was repaired with the
Klenow fragment of DNA polymerase and ligated to catch linkers containing
EcoRI and XhoI restriction sites. The linker primers were then used in a PCR to
amplify the restricted fragments. All four WT1 isoforms were produced in vitro
as described above, and 40 ml of the lysate containing all four WT1 isoforms were
mixed with 2 mg of linker-ligated genomic DNA. The binding reaction was
carried out in 50 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic
acid) (pH 7.5)–50 mM KCl–5 mM MgCl2–10 mM ZnSO4–1 mM dithiothreitol–
20% glycerol. The DNA-protein complexes were immunoprecipitated in 50 mM
HEPES (pH 7.5)–150 mM KCl–5 mM MgCl2–10 mM ZnSO4–0.5% Triton–
0.05% SDS with a rabbit anti-WT1 polyclonal antibody. Following immunopre-

cipitations, the DNA was eluted in 500 mM Tris-HCl (pH 9.0)–20 mM EDTA–10
mM NaCl–0.4% SDS and amplified by the PCR using the catch linkers as
primers. We repeated this cycle four times, after which the amplified DNA
fragments were introduced into the EcoRI site of Bluescript SK(1). Colonies
obtained after transfection into DH5a were lifted onto GeneScreen Plus nylon
filters (NEN Research Products) and probed with radiolabelled amplified DNA.
Probes (50 ng) were prepared by the random primer method (11) in 50 ml at 378C
for 30 min and boiled for 10 min in 200 ml of a solution containing 53 SSC (13
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 1 mg of sheared mouse
genomic DNA per ml. Repeated sequences were blocked by preannealing for 2
to 4 h at 658C. Hybridizations were performed for 12 to 24 h at 428C in 50%
formamide–1 M NaCl–10% dextran sulfate–1% SDS–100 mg of salmon sperm
DNA per ml–50 ng of labelled probe. The nucleotide sequences of positive
clones were determined by the chain termination method using Sequenase.
Mobility shift assays. Probes for mobility shift assays were prepared from
clones identified by hybridizations or from synthetic oligonucleotides. Synthetic
oligonucleotide probes were prepared by annealing complementary oligonucleotides at 378C for 30 min. Annealed oligonucleotides were phosphorylated with
T4 polynucleotide kinase in the presence of 1 mM ATP and cloned into the
EcoRV site of Bluescript SK(1), and the nucleotide sequence was determined.
Inserts were removed from Bluescript by restricting with EcoRI and HindIII and
purified on an 8% polyacrylamide gel. The amount of recovered fragment was
quantitated by measuring the A260. Fragments were end labelled with
[a-32P]dCTP by using the Klenow fragment of DNA polymerase. The binding
reactions were carried out in a total volume of 15 ml for 30 min at 48C in 50 mM
HEPES (pH 7.5)–50 mM KCl–5 mM MgCl2–10 mM ZnSO4–1 mM dithiothreitol–20% glycerol–1 mg of poly(dI-dC) z poly(dI-dC)–0.2 nM (about 104 cpm)
each DNA probe with various amounts of in vitro-translated WT1 protein ranging from 0 to 4 ml. Following binding, reaction mixtures were electrophoresed on
4% polyacrylamide gels (acrylamide/bisacrylamide ratio, 37:1) in 0.53 TBE (13
TBE is 89 mM Tris–89 mM boric acid–2 mM EDTA) buffer at 150 V for 2 to 3
h at room temperature. For competition experiments, binding reactions were
carried out in the presence of a 100-fold molar excess of unlabelled probe added
simultaneously with the labelled probe to the reaction mixture. Gels were dried
and exposed to Kodak X-Omat film at 2708C or to a PhosphorImager screen.
For quantitative binding analysis, the intensity of the mobility shifts were quantitated by Phosphorimaging analysis, and the binding affinity was quantitated as
the ratio of bound probe to unbound probe.
Footprinting analysis. The DNA fragment used for footprinting analysis was
prepared from one of the selected clones (clone 76 in Fig. 1) by digesting with
XhoI and PstI to release the insert. This fragment was then end labelled with
[a-32P]dCTP by using the Klenow fragment of DNA polymerase. Approximately
5 3 105 cpm (5 ng) of end-labelled probe was mixed with 40 ml of reticulocyte
lysate containing in vitro-synthesized WT1(2/2). DNA-protein complexes were
resolved as described above and autoradiographed, and both the complexed
probe and the free probe were excised from the gel. Gel slices were subjected to
cupric sulfate-phenanthroline cleavage as described elsewhere (25). Briefly, the
gel slice was submerged in 200 ml of 50 mM Tris-HCl (pH 8.0). Twenty milliliters
of 2.0 mM 1,10-phenanthroline monophosphate–0.45 mM CuSO4 and 20 ml of
58 mM mercaptopropionic acid were then added. The digestion was carried out
for 10 min at room temperature and quenched by addition of 20 ml of 28 mM
2,9-dimethyl-1,10-phenanthroline. Following chemical cleavage, the DNA was
electroblotted onto an NA45 DEAE membrane (Schleicher & Schuell) in 0.253
TBE. The blotted DNA was eluted by incubating at 658C for 30 min in 20 mM
Tris-HCl (pH 8.0)–1 M NaCl–0.1 mM EDTA. The eluted probe was extracted
with phenol-chloroform and ethanol precipitated in the presence of 0.3 M
NaOAc and 5 mM MgCl2. Similar amounts of bound and unbound probes were
loaded onto an 8% sequencing gel and electrophoresed at 1,500 V for ;1 h. Gels
were dried and autoradiographed overnight at 2708C. Sequences were aligned
by comparison with a G1A Maxam-Gilbert ladder (29) of the probe which was
coelectrophoresed in adjacent lanes.
Quantitative analysis of equilibrium DNA binding and Scatchard plot analysis. To estimate the amount of WT1 protein in the reticulocyte lysate participating in the formation of DNA-protein complexes, we performed equilibrium
DNA binding analysis using the mobility shift assay. Various amounts of the
WT1 programmed lysate (0 to 8 ml) were incubated with 10 pM radiolabelled
probe as described above. The total amount of lysate was adjusted to 8 ml by
complementing with unprogrammed lysate. Samples were incubated at 48C for
30 min and analyzed on a 4% polyacrylamide gel.
Scatchard plot analysis (40) was performed to determine the dissociation
constant, Kd, from the mobility shift assays. The experiments were performed
three times, with similar results. For each experiment, 4 ml of programmed lysate
was mixed with increasing concentrations (between 10 pM and 1 nM) of probes.
Following resolution by gel electrophoresis, the amounts of radioactivity in the
bands corresponding to free and bound DNAs were quantitated by using a
PhosphorImager, and the bound/free probe ratio was plotted.

RESULTS
Identification of a WT1 target sequence. Accurate identification of the downstream targets of the WT1 gene product is
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ally, a whole-genome PCR approach (23) has been attempted
with the four zinc fingers of WT1 produced in Escherichia coli
(1). Recently, a (TCC)n motif has also been identified as a
potential binding site for WT1 (44). Although these experiments identified a series of genomic fragments, some of which
contained EGR-1-like motifs, a more detailed and precise
analysis is required to determine if the EGR-1 consensus site
is involved in the biology of WT1.
To address this issue, we have focused on identifying
genomic DNA sequences demonstrating a high affinity for
WT1. We used in vitro-synthesized full-length WT1 in a wholegenome PCR approach to select high-affinity sites. Herein we
describe the nature of one of these sites and characterize the
corresponding WT1 and EGR-1 interactions. The characterization of this site has significant implications for the understanding of WT1 function in controlling growth and differentiation.
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essential in elucidating the role it plays in normal and abnormal development of the urogenital system. Although the
EGR-1 consensus motif has been proposed as a putative binding site for WT1, the affinity of WT1 for this site is much lower
(;40-fold) than EGR-1’s affinity for the same sequence (34).
Consequently, in an attempt to identify physiologically relevant
WT1 targets, we have applied the whole-genome PCR approach on murine genomic DNA with all four WT1 isoforms.
The whole-genome PCR approach was performed as described in Materials and Methods. Following amplification by
PCR and cloning of selected genomic DNA fragments, 400
clones were obtained, of which ;80 were sequenced. In this
report, we present the sequences of seven different fragments
characterized in detail (Fig. 1). Clone 24 was the most abundant in the library, and included a (CAA)n repeat. Clone 60
possesses a (GT)n repetitive sequence. These repetitive sequences are known to exist redundantly in the genome (42)
and may reflect nonspecific binding of WT1 to these elements.
Similar nonspecific sequences have been previously identified
by using the same approach with WT1 (1). Analysis of these
clones was not pursued. Many of the clones identified contain
GC-rich stretches showing a significant homology to the
EGR-1 core motif, 59GCG(G/T)GGGCG39 (Fig. 1A, clones 4,
55, 62, 74, and 76).
Mobility shift assays with selected inserts. To identify the
WT1 recognition domain within our clones, a survey of DNA
binding to in vitro-synthesized WT1 was performed. Clones 55
and 76 formed specific complexes with WT1 protein. To narrow down the region with which WT1 was interacting, the
inserts of clones 55 and 76 were divided into two smaller
regions by restriction enzyme digestion (Fig. 1B). The EcoRIMnlI fragment (45 bp) of clone 55, as well as the PstI-EcoRI
fragment (50 bp) of clone 76 formed specific complexes with
WT1 with similar mobilities (data not shown). The subregion
of clone 76 gave the most striking result, producing two complexes (I and II) (Fig. 2), both of which were inhibited by a
100-fold molar excess of unlabelled fragment (Fig. 2) but not
by mutant EGR-1 oligonucleotides (data not shown). Complex
II was thought to arise from a truncated version of WT1 generated by leaky scanning and translation initiation at a downstream in-frame ATG often observed during in vitro translation of WT1. To clarify this point, we constructed a series of 59

deletions within WT1 and in vitro-translated proteins were
used in gel shift assays with the subregion of clone 76 (Fig. 3B
and C). The SDS-polyacrylamide gel electrophoresis (SDSPAGE) analysis of the wild-type WT1 protein (46 kDa)
showed the existence of smaller-molecular-weight products,
the sizes of which were consistent with those generated by the

FIG. 2. Complex formation by WT1 with clone 76. Mobility shift assays with
the EcoRI-PstI fragment (50 bp) of clone 76 and WT1 produced in reticulocyte
lysate. Lanes: 1 and 5, no protein; 2 and 7, lysates with WT1(2/2) protein; 3 and
6, unprimed control lysate; 4, lysate with WT1(2/2) and a 100-fold molar excess
of unlabelled probe; 8, lysate with WT1(2/1); 9, lysate with WT1(1/2); 10,
lysate with WT1(1/1). Two complexes (I and II) are specifically formed. Unbound (free) probe is indicated. Two nonspecific complexes are formed in
unprimed reticulocyte lysate. The WT1(2/2) and WT1(1/2) isoforms form
specific complexes, whereas the other isoforms do not bind WT76. After electrophoresis the gels were dried and exposed against Kodak X-Omat film at
2708C for 12 to 24 h with an intensifying screen.
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FIG. 1. Whole-genome PCR of DNA fragments showing affinity for WT1. (A) Nucleotide sequences of 7 selected clones out of a total 400 present in the library.
Most clones have GC-rich stretches; others have di- or trinucleotide repeats (underlined). (B) Restriction maps of clones 55 and 76. Both clones form specific complexes
with WT1 in gel mobility shift assays. Each clone possesses either an MnlI site or a PstI site in the middle of the sequence, which were used to generate shorter fragments
to identify the WT1 recognition site.
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deletion constructs (Fig. 3B). For example, the deletion construct which possesses only the four zinc fingers (Fig. 3B, lane
4) produced a small protein product, also detected when fulllength WT1 mRNA was translated (Fig. 3B, arrows). The mobility shift assay with this truncated protein yielded a complex
with the same mobility as complex II (Fig. 3C). These data
document the occurrence of leaky scanning and translation
initiation of WT1 mRNA at the downstream in-frame ATG.
Within clone 76 is a motif similar to the EGR-1 consensus
site (Fig. 1B). This sequence, 59GCGTGGGAG39, is present
near the EcoRI site of the cloned insert. On the basis of these
initial results, we pursued characterization of clone 76 to better
characterize this motif. (Hereafter, we refer to the 50-bp PstIEcoRI fragment of clone 76 as WT76 and to the core GC-rich
sequence in WT76, 59GCGTGGGAGT39, as WTE).
Characterization of the WT76 binding site. The WT1 gene is
alternatively spliced, resulting in the production of four isoforms containing or lacking exon 5 and/or the amino acids KTS
in the linker sequence between zinc fingers III and IV (17).
To determine if all four WT1 isoforms are capable of forming complexes with WT76, we performed gel shift assays with
similar amounts of each isoform. Only the 2KTS isoforms
[WT1(2/2) and WT1(1/2)] are capable of interacting with
WT76 (Fig. 2B). No differences in binding affinities between
WT1(2/2) and WT1(1/2) were detected, indicating that the
presence of absence of the first alternatively spliced exon (exon
5) does not significantly affect DNA binding. In vitro-synthesized EGR-1 protein was also able to interact with WTE and is
characterized in greater detail below (Fig. 4).
To compare the relative affinities of WT1 for WTE and the
EGR-1 consensus motif, mobility shift assays were performed
in the presence of a constant amount of a radiolabelled target
probe and increasing concentrations of protein (Fig. 4). The
bound/free probe ratios revealed that WT1 has a ;30-fold-

FIG. 4. Comparison of the relative binding affinities of the EGR-1 consensus
motif and WT76 for WT1. A 37-bp fragment containing the EGR-1 binding site
59cccggcGCGGGGGCGagggcg39 was excised from Bluescript SK(1) with
EcoRI-HindIII and radiolabelled as described in Materials and Methods. The
PstI-EcoRI 50-bp fragment was excised from clone 76 and radiolabelled with the
Klenow fragment of DNA polymerase. Increasing concentrations (triangles) of
WT1 protein were added to the binding reaction mixtures. The concentration of
the target probe was 0.2 nM, except for lane 11 (0.4 nM). The binding affinity of
WT76 was ;30 times higher than that of the EGR-1 binding sequence. After
electrophoresis the gel was dried and exposed against Kodak X-Omat film at
2708C for 12 to 24 h with an intensifying screen. Lanes: 1 and 6, probe alone; 2
and 7, control lysate; 3 and 8, 1 ml of lysate with WT1(2/2) protein. Lanes 4 and
9 and lanes 5, 10, and 11, 2 and 4 ml of lysate with WT1(2/2), respectively. For
all reactions, the total amount of lysate was adjusted to 4 ml with unprimed
control lysate.

higher binding affinity for WTE than for the EGR-1 consensus
sequence. To demonstrate specificity in binding of WT1 to
WTE, a mutational analysis of the WTE sequence was performed. The core motif, 59GCGTGGGAGT39, was mutated to
59GCATGGGAGT39 [WTE(3G3A)] or 59GCGTGAGAGT39
[WTE(6G3A)]. Previous experiments have shown that converting the EGR-1 motif, 59GCGGGGGCG39 to 59GCGGG
AGCG39 abolishes recognition by EGR-1 or WT1 (34). In
vitro-synthesized WT1 and EGR-1 are capable of binding to
WTE (Fig. 5, lanes 3 and 4), and complex formation is abolished with both mutant WTE sites (Fig. 5, lanes 7, 8, 11, and
12). These results demonstrate that the WTE motif within
WT76 is the actual site of WT1 recognition. We sought to
directly demonstrate this by using DNA footprinting protection.
Footprinting analysis of WT76. The chemical cleavage footprinting assay using cupric sulfate was performed as detailed in
Materials and Methods. Protection by WT1 was detected at the
postulated WTE site (59GCGTGGGAGT39) (Fig. 6; compare
bound- and unbound-probe lanes). Partial protection was observed at the first two upstream nucleotides, 59GCGTGG
GAGT39, as well as at the downstream thymine, 59GCGTGG
GAGT39, since signals with reduced intensities (60 to 70%)
were still visible in the bound-probe lane (Fig. 6). Complete
protection of the remaining nucleotides within the WTE sequence was observed (Fig. 6; compare unbound- and boundprobe lanes). The protected region thus defined spans 10
nucleotides.
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FIG. 3. SDS-PAGE analyses of in vitro-translated WT1 proteins labelled
with 35S-methionine. (A) Full-length WT1 proteins including various mutants.
Lanes: 1, control; 2, WT(2/2); 3, WT(2/1); 4, WT(1/2); 5, WT(1/1); 6,
WAR, lacking zinc finger 3; 7, EGR-1; 8 to 11, G3, G6, del-1, and WB mutants,
respectively (Fig. 9); 12, Drash mutant. (B) In vitro-translated WT1 proteins with
59-truncated WT1 cDNAs as templates. Lanes: 1, control; 2, WT1 cDNA truncated at the NcoI site as a template (TR1); 3, WT1 truncated at the Bsu36I site
(TR2); 4 and 6, WT1 truncated at the RsaI site (TR3); 5 and 7, full-length WT1.
Lanes 1 to 5, 10% polyacrylamide gel; lanes 6 and 7, 15% polyacrylamide gel.
Arrows, products of about 18 kDa in lanes 4 and 6, also present in the full-length
WT1 translations (lanes 5 and 7). (C) Mobility shift assays of the TR1 to -3
proteins with the WTE oligonucleotide. Lanes: 1, probe only; 2, unprogrammed
control lysate; 3, WT(1/2) lysate; 4, WT(2/2) lysate; 5, TR1 lysate; 6, TR2
lysate; 7, TR3 lysate.
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Scatchard plot analysis of WT1 binding to WT76. To quantitate the binding affinities, we performed equilibrium DNA
binding to achieve saturation of the WTE site by WT1 protein
synthesized in vitro. Each experiment was performed at least
three times, yielding reproducible binding affinities. Figure 7A
demonstrates the mobility retardation assay with increasing
concentrations of WT1 protein. The intensity of the complexes
(I and II) increased proportionally with the amount of WT1
protein added to the reaction mixtures. A bound/free probe
ratio of 0.5 was achieved with ;2 ml of the lysate for complex
I. The binding reaction was also carried out with excess probe,
ranging from 10 pM to 1 nM, to evaluate the dissociation
constant. The dissociation constant (Kd, calculated by Scatchard plot analysis) of the WT1 binding sequence was approximately 0.5 nM (Fig. 7B and C). The lower complex (complex
II) had a similar binding affinity (data not shown). We failed to
derive a Kd value for the interaction of WT1 with the EGR-1
consensus motif, because of the low affinity WT1 has for this
site. We estimate this binding affinity to be at least 20-fold
lower than the affinity of WT1 for the WTE site.
Contextual effects on the binding affinities of WTE for WT1.
To define at the nucleotide level which bases were contributing
to WT1-DNA complex formation, we generated a series of
oligonucleotides containing point mutations within, or adjacent to, the WTE sequence (59cgagtGCGTGGGAGTagaa
tt39). Each probe was 21 nucleotides in length, containing 10
bases of the core WTE sequence flanked by the same nucleotides present in WT76. A variety of point mutants in which
WTE, or two residues downstream of the WTE sequence, were
targeted were generated. We also synthesized the EGR-1 binding site (59cccggcGCGGGGGCGagggcg39) previously used to
assess WT1-DNA interactions (28, 36).
Since footprinting experiments revealed partial protection of
a thymine residue in the WTE site (Fig. 6), it is possible that
this nucleotide plays a role in stabilizing protein-DNA complex
formation. Thus, to determine if this residue was an actual
contact site or if its protection was fortuitous, probes differing

1493

FIG. 6. (A) Footprint protection of the XhoI-PstI fragment (152 bp) of clone
76 by WT1. The DNA probe was end labelled with [a-32P]dCTP by using the
Klenow fragment of DNA polymerase. For each experiment, 5 3 105 cpm (;5
ng) of probe was used for the mobility shift-based footprinting. Lanes 1 and 5,
Maxam-Gilbert sequence ladder (A/G cleavage) of the target fragment (3,000
cpm); lanes 2 and 4, footprinting patterns with unbound probes (3,000 and 9,000
cpm of the input fragment, respectively); lane 3, footprinting pattern with isolated complex I (3,000 cpm). Protection was detected within the 59GCGTGG
GAGT39 core, and a PhosphorImager printout of the protected area is shown at
a higher magnification in panel B. An 8% sequencing gel was used to resolve the
nucleotide fragments and, following drying, was exposed to Kodak X-Omat film
at 2708C for 48 h.

at this residue were prepared and incubated with WT1 protein.
Specific complex formation was decreased slightly (;3-fold)
when thymine (59GCGTGGGAGT39) was converted to a cytosine residue (59GCGTGGGAGC39) but severely affected
(.10-fold) when thymine was converted to an adenine residue
(59GCGTGGGAGA39) (Fig. 8A, upper panel), which is
present at the same position in the EGR-1 binding sequence.
Although the similar T nucleotide preference was observed
with EGR-1 protein, the effect on the binding affinity was 2- to
3-fold for EGR-1 in contrast to 20-fold for WT1. WT1 protein
showed a drastic deterioration in binding affinity after a substitution at T-10 (Fig. 8B). Mutations converting the downstream nucleotide adjacent to the thymine from an adenine
(59GCGTGGGAGTAG39) to a thymine (59GCGTGGGAGT
TG39) or a guanine (59GCGTGGGAGTGG39) only slightly affected the binding affinities (approximately twofold) (Fig. 8A,
upper panel).
We also tested oligonucleotide probes containing nucleotide
substitutions at various sites in the EGR-1-like core sequence.
Of the various probes tested, WT1 protein showed the highest
affinity to WTE (59GCGTGGGAGT39) (Fig. 8A, lower panel).
Changing the second cytosine to adenine (59GAGTGGGA
GT39) in WTE had no effect on binding. Mutating the eighth
adenine to cytosine (59GCGTGGGCGT39) or guanine (59GC
GTGGGGGT39) within this core had a mild effect on affinity,
decreasing the bound/free probe ratio approximately twofold.
Mutating the fourth thymine in the WTE sequence to a cytosine (59GCGCGGGAGT39) significantly decreased the

Downloaded from http://mcb.asm.org/ on June 24, 2019 by guest

FIG. 5. Structural requirements for complex formation by WTE with WT1.
Two WTE mutants, 59GCATGGGAGT39 [WTE(3G3A)] and 59GCGTG
AGAGT39 [WTE(6G3A)] were analyzed for complex formation. Rabbit reticulocyte lysates primed with no RNA (lanes 2, 6, and 10), WT1(2/2) mRNA
(lanes 3, 7, and 11), or EGR1 mRNA (lanes 4, 8, and 12) were incubated with
WTE (lanes 1 to 4), WTE(3G3A) (lanes 5 to 8), or WTE(6G3A) (lanes 9 to
12). Lanes 1, 5, and 9, probe alone, with no reticulocyte lysate. After electrophoresis the gel was dried and exposed against Kodak X-Omat film at 2708C for
12 h with an intensifying screen.
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binding affinity. The EGR-1 consensus sequence failed to show
even minimal binding to WT1 (.20-fold decrease in affinity)
(Fig. 8A, lower panel). We also compared the core nucleotide
preference for the binding between WT1 and EGR-1 protein
using the oligonucleotides containing the WTE flanking sequences (Fig. 8B). EGR-1 showed the highest affinity for the
EGR-1 core sequence, and WT1 showed the highest affinity for
the WTE sequence. Interestingly, the A-83G substitution decreased EGR-1 binding approximately eightfold (compare
lane 6 with lane 7 in Fig. 8B), whereas WT1 showed only a 30
to 40% decrease in binding affinity with this nucleotide substitution (compare lane 5 with lane 7). As shown in Fig. 8B, the
WTE sequence possessed the highest affinity for WT1 protein
and the G-8 substitution showed more specific binding to WT1
than to EGR-1, although not of the highest affinity.
Mutations in nucleotide sequence upstream of the WTE site
did not significantly affect protein-DNA complex formation
(data not shown). These results suggest that the nature of the
last thymine nucleotide within the WTE motif has a significant
influence on high-affinity binding to WT1, with the core sequence contributing specificity between WT1 and EGR-1.
The first WT1 zinc finger contributes significantly to DNA
recognition. To date, experiments aimed at elucidating WT1
structural features responsible for DNA binding have focused
mainly on zinc fingers II to IV, notably because of their homology to the EGR-1 zinc fingers (4). Zinc finger I shows little
homology to the EGR-1 fingers, and its role in DNA recognition, if any, is not well understood. To define WT1 structural
motifs required for efficient DNA recognition, a variety of

mutations within this domain were constructed (Fig. 9A). Mutations consisted of (i) alterations of key histidine residues
within the four zinc fingers (mutants G1 to G6), (ii) deletions
of zinc fingers (mutants del-1 and WAR), and (iii) missense
mutations previously defined in Denys-Drash syndrome and
postulated to abolish DNA binding (mutants WB and Drash).
Mobility shift experiments with in vitro-synthesized proteins
from the various mutants revealed that specific protein-DNA
complexes were detected only with G5, WB, and del-1. Mutations affecting the integrity of zinc fingers II to IV completely
abolished DNA binding (Fig. 9B). Mutant G5 has two histidine
residues converted to cysteines and changes the spacing between zinc fingers I and II. Mutant WB has a G-to-A transition
within zinc finger I, converting a cysteine residue to a tyrosine.
Mutant del-1 lacks zinc finger I. Although a small amount of
complex I was observed with these three mutants, it is clear
that the binding affinities of these mutant WT1 proteins are
greatly reduced (;90%) compared with intact WT1 (Fig. 9B;
compare lane 5 with lane 3 and lanes 12 and 13 with lane 11).
Small amounts of a new complex were detectable with mutant
del-1 (Fig. 9B, lane 12), likely due to the removal of 23 amino
acids from the internally initiated truncated WT1 product. This
complex is more apparent in Fig. 10 (lanes 8 and 9).
To evaluate the contribution of the 10th-nucleotide thymine
in the interaction with the WT1 finger I and to demonstrate the
specificity of complex formation, WB and del-1 proteins were
incubated with oligonucleotides containing an adenine or cytosine permutation at the 10th position of the WTE sequence.
These substitutions decrease the affinity of wild-type WT1 for
WTE but do not abolish it (Fig. 10; compare lane 3 with lanes
1 and 2). Both finger I mutant proteins inefficiently formed
complexes with the mutated oligonucleotides, compared with
the wild-type WTE sequence (Fig. 10; compare lane 6 with
lanes 4 and 5 and lane 9 with lanes 7 and 8). These results
demonstrate that complex formation with finger I mutants WB
and del-1 has the same nucleotide requirements as wild-type
WT1 as well as directly demonstrate a significant contribution
of WT1 zinc finger I to DNA recognition and binding.
DISCUSSION
Previous attempts at defining WT1 target sequences have
documented that WT1 can bind to EGR-1 and EGR-1-like
sequences (28, 36). Database searches for promoter elements
containing EGR-1 motifs, followed by transient transfection
assays, have identified IGF-2, PDGF-A, IGF-1R, IGFBP-2,
CSF-1, and WT1 itself as possible target genes of WT1 (9, 12,
19, 20, 38, 46). Consequently, models expanding the view that
WT1 and EGR-1 cross-regulate each other’s target genes in
cells in which both proteins are expressed have been proposed.
To date, however, no direct in vivo experimental evidence
suggesting that these genes are bona fide targets of WT1 exists.
We have used whole-genome PCR to identify a genomic fragment with a higher affinity for WT1 than that of the classical
EGR-1 motif. Footprinting analysis revealed protection within
a 10-nucleotide sequence, 59GCGTGGGAGT39, which we refer to as WTE. Quantitative mobility shift assay and Scatchard
plot determination of the dissociation constant revealed an
affinity at least 20-fold higher than that for the EGR-1 motif.
Whole-genome PCR has been previously used to search for
WT1 binding sites (1). With this method, two genomic fragments with EGR-1-like motifs have been identified. Although
capable of forming complexes with the 1KTS and 2KTS WT1
isoforms, these fragments failed to demonstrate specific competition with excess unlabelled oligonucleotides. Additionally,
DNA fragments with (GT)n repeats were identified. More re-

Downloaded from http://mcb.asm.org/ on June 24, 2019 by guest

FIG. 7. (A) Saturation binding analysis of WT1 with the WT76 DNA probe.
Increasing amounts of reticulocyte lysate programmed with WT1(2/2), ranging
from 0 to 8 ml, were used with 10 pM of radiolabelled WT76. The increasing
amounts of WT1(2/2) protein are indicated (triangle). Lanes: 1, probe only; 2,
control lysate; 3 to 8, 1, 2, 3, 4, 6, and 8 ml of lysate with WT1(2/2), respectively.
To calculate binding affinity, the bound/free probe (B/F) ratio was calculated as
described in Materials and Methods. Under these conditions, 50% complex
formation was obtained with 2 ml of the WT1(2/2) lysate (lane 4). Saturation
was reached with 6 ml of WT1 lysate. (B and C) Saturation binding study varying
the amount of WT76 probe from 10 pM to 1 nM with Scatchard plot analysis.
Results for a representative experiment are shown in panel C. Three experiments
were performed, all of which gave similar results (Kd, 0.4 to 1.0 nM). cv, coefficient of variation.
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FIG. 8. Binding affinities of different motifs for WT1(2/2). (A) Mobility
shift assays were performed with WT1-programmed reticulocyte lysate and various oligonucleotide sequences containing substitutions downstream of the
EGR-1-like motif in the core WTE sequence (upper panel). Binding reactions
were carried out with increasing amounts of WT1 lysate (0, 0.5, 1, 2, 3, and 4 ml)
and 0.2 nM each probe. Mobility shift assays were also performed with oligonucleotides containing substitutions in the EGR-1-like motif of the core WTE
sequence (59GCGTGGGAG39) (lower panel). B/F, bound probe/free probe. (B)
Relative binding affinities of WT1 and EGR-1 for oligonucleotides containing
substitutions of the flanking sequence (bars 1 to 4) or the core sequence (bars 5
to 8). Bars 1 and 5, gel shifts with the WTE sequence (cgagtGCGTGGGAGTa
gaatt); bar 2, EGR-1 core sequence with WTE flanking sequences (cgagtGCG
GGGGCGTagaatt); bar 3, EGR-1 sequence with an A-103T substitution (cccg
gcGCGGGGGCGTgggcg); bar 4, EGR-1 sequence (cccggcGCGGGGGCGAg
ggcg); bar 6, WTE core with an A-83C substitution (cgagtGCGTGGGCGTa
gaatt); bar 7, WTE with an A-83G substitution (cgagtGCGTGGGGGTagaatt);
bar 8, WTE with a T-43C substitution (cgagtGCGCGGGAGTagaatt). Each experiment was done in triplicate at the same time. The binding affinity for each
oligonucleotide was calculated as a percentage of the affinity of the WTE sequence.

for the DNA contact site, compared with RSDELTR for
EGR-1. In EGR-1, the two arginine (R) residues are involved
with hydrogen bonding to the two guanine residues in the
subsite, 59GCG39. Our data suggest that there may be additional specificity conferred by amino acids within WT1 zinc
finger II, to give preference to 59GAG39 versus 59G(C/G)G39
binding. Moreover, 59GAG39-to-59GGG39 substitution gave a
lower binding affinity with EGR-1 than with WT1, which
showed only a twofold decrease in binding affinity. This added
specificity may be due to the presence of a glutamine residue in
WT1, but not in EGR-1, at amino acid 352 (RSDQLKR). Such
an adenine (A)-glutamine (Q) interaction has previously been
proposed in the interaction of the Drosophila chorion transcription factors I and II (13, 41).
Our data also demonstrate a clear role for the first zinc
finger of WT1 in sequence recognition. Deletion of this finger,
or site-directed mutagenesis affecting residues predicted to
chelate zinc, decreases the efficiency of DNA-protein complex
formation (;10-fold). The importance of this finger to WT1
biology is underscored by the identification of a germ line
missense mutation affecting a cysteine residue (and presumably Zn21 binding) associated with Denys-Drash syndrome, a
developmental disorder resulting in abnormal urogenital system development and predisposition to WTs (2, 34). If WT1
zinc finger I is also involved directly in DNA recognition, then
one would predict that the contiguous triplet next to the WTE
site should be protected by footprinting analysis, yielding a
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cently, (TCC)n tracts have also been proposed as putative
binding sites for WT1 (44). The physiological relevance of
these sites to WT1 biology remains to be determined. That
WT1 binds to EGR-1 motifs was inferred from the ability to
select EGR-1-like motifs from a pool of degenerate oligonucleotides with bacterially produced WT1 zinc fingers. Sequences identified in this fashion contained several permutations at the nucleotide level relative to the core EGR-1 motif
(36). All of these elements are capable of forming complexes in
the presence of large amounts (200 ng) of recombinant protein. Unfortunately, most of these binding studies have been
done with bacterially produced WT1 zinc fingers instead of in
vitro-synthesized full-length WT1, and binding affinities were
not evaluated to determine the relative strengths of these sequences. Since the identified motifs showed strong sequence
similarity to the EGR-1 site, the experimental focus became
centered on this core sequence.
According to the crystallographic model of Zif 268–DNA
interaction, each zinc finger contacts three nucleotides within
the target DNA sequence via three amino acid residues (see
Fig. 11). The amino acid alignments in WT1 zinc fingers II to
IV are quite similar to the three EGR-1 zinc fingers. By applying the Zif 268–DNA complex model (32) to WT1, we were
able to identify similar features with respect to WT1-DNA
interactions. The first triplet in the binding core sequence
(59GCG39) is considered to be recognized by the most Cterminal finger, IV, and the following triplets, 59TGG39 and
59GAG39, are recognized by fingers III and II, respectively.
Our experiments indicate that zinc finger II of WT1 prefers
59GAG39 over 59GCG39 and 59GGG39, since substitution of
this site in the WTE sequence to yield 59GCGTGGG(C/
G)GT39 reduced the affinity twofold. WT1 zinc finger II has an
amino acid alignment of RSDQLKR at the essential position
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12-bp, rather than 10-bp, protected fragment, as also recently
suggested by Drummond et al. (10). Surprisingly, only one
additional nucleotide, a thymine, was found to be partially
protected in the footprinting assay. Our results indicate that
the identity of this nucleotide (T) is important in imparting
specificity, since altering its identity decreased binding affinity
(Fig. 8A, upper panel). The lack of a clear footprint at this
nucleotide may indicate that the interaction between zinc finger I and the 39-most T in WTE may not be tight enough to be
recognized in such an analysis. Alternatively, this finger may
not directly interact with DNA. Experiments assaying DNA
binding in WT1 mutants with alterations within finger I (WB
and del-1) demonstrating the same base pair requirement as
with the wild-type WT protein (Fig. 10) are not consistent with
a direct role of finger I in DNA binding. Another possibility
stems from a recent model of GLI-DNA complexes by Pavletich and Pabo (33). In this model, they described the involvement of a hydrogen bond contact in the zinc finger-DNA complex made by Asp residues at position 2 in the zinc finger
helices. According to this model, the Asp (D) residues in Zif
268 fingers interact with adenine or cytosine residues on the
opposite strand. If we apply this model to the WT1-WTE
interaction, WT1 zinc fingers II to IV contain, at position 2 of
the alpha-helix, Asp residues which may interact with adenine
or cytosine residues (A-10, C-7, and A-4, respectively) on the
opposite strand of WTE, 59GCGTGGGAGT39 (Fig. 11). Currently, we do not understand the physical properties of WT1
zinc finger I, which mediates sequence specificity. Like the first
finger of the GLI-DNA complex, WT1 finger I may play a key
role in stabilizing nucleotide recognition by finger II through
protein-protein interactions or structural stabilization of the
entire DNA binding domain (33). Of the genes identified as

FIG. 10. Specificity of complex formation with WT1 mutants WB and del-1.
Complex formation was performed as described in Materials and Methods. The
WTE (lanes 3, 6, and 9), WTE T-103C mutant (59GCGTGGGAGC39) (lanes 2,
5, and 8), and WTE T-103A mutant (59GCGTGGGAGA39) (lanes 1, 4, and 7)
binding sites were analyzed for their ability to form complexes with reticulocyte
lysate programmed with either WT1(2/2) (lanes 1 to 3), WB (lanes 4 to 6), or
del-1 (lanes 7 to 9). The positions of complex I and complex II are indicated.
After electrophoresis, the gel was dried and exposed against Kodak X-Omat film
at 2708C for 24 h with an intensifying screen.
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FIG. 9. DNA binding studies with WT1 zinc finger mutants. (A) Schematic diagram of the mutant WT1 constructs. Mutants G1 to G4 have two changes (both His
residues are converted to Cys) in each zinc finger. G5 and G6 have the same mutations as G1 and G2, respectively, and also mutations in the spacer sequence either
between zinc fingers I and II (TGEKPY3SADRAF) (G5) or between fingers II and III (TGVKPF3SALRHY) (G6). WB contains a point mutation in zinc finger
I previously identified in a patient with Denys-Drash syndrome (2), del-1 is a deletion mutant of zinc finger I, Drash has a previously described missense mutation in
zinc finger III (37), and WAR is a mouse-human chimeric cDNA (17) lacking zinc finger III, previously identified in a WT (14). All mutations are on the WT1(2/2)
backbone. (B) Mobility shift assays of WT1 mutants with a radiolabelled WTE probe. Lane 1, probe alone; lanes 3 to 9 and 11 to 14, WTE probe and reticulocyte lysate
programmed with the indicated WT1 mutants. Two nonspecific complexes are present, as judged by their presence in unprimed control lysate (lanes 2 and 10).
Following electrophoresis, the gel was dried and exposed against Kodak X-Omat film at 2708C for 24 h with an intensifying screen.
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putative downstream targets of WT1, PDGF-A and IGFBP-2
have the favorable T flanking the 9-bp EGR-1 motif and
PDGF-A, CSF-1, IGFBP-2, and WT1 possess a 59GAG39 or
59GGG39 instead of 59GCG39 at the 39 end of the binding site
in their promoter sequences.
Drummond et al. also elucidated the clear role of the first
zinc finger in DNA recognition by analyzing the IGF-2 P3
promoter region (10). In that study they identified the recognition sequence (59GGC39) for finger I, which confers the
highest binding affinity for WT1 as part of the 12-bp recognition site in the P3 promoter region. They also suggested a clear
contribution of finger I to an entirely new binding specificity
for a mutant WT1 which possesses only fingers I, II, and IV as
a result of an in-frame deletion of finger III. However, the
binding affinities measured by equilibrium dissociation constants (Kd) were relatively low compared with that in our study,
and moreover, the finger I deletion did not show a significant
effect on DNA recognition by fingers II to IV. The discrepancy
in relation to our results may be explained by the difference in
the amounts of protein and the protein species used for each
assay. We used in vitro-translated full-length WT1 protein
instead of using bacterially produced zinc fingers of WT1.
Our experiments are aimed at a better understanding of
DNA binding of WT1. The importance of this functional property is underscored by the fact that most WT1 mutations in
sporadic WTs or Denys-Drash syndrome occur within this domain (2, 7, 15, 26, 34, 35). Whether the WTE site is used in vivo
by WT1 is currently under investigation, but it is clear that
sequences which demonstrate a substantially higher affinity for
WT1 than the canonical EGR-1 motif exist. Our results question the physiological significance of analyzing EGR-1 core
motifs in promoter elements as a means of identifying downstream genes under the regulation of WT1, since these sites
may have binding affinities quite low relative to other motifs
not yet identified. The ability to achieve trans repression in
transient transfection assays is not quantitative and will not
discriminate between low- and high-affinity sites, particularly in
the presence of excess effector protein. Clearly, more general
and less biased screening methods need to be adopted. These
experiments are aimed at identifying the target promoters specific for WT1, rather than EGR1, in order to clarify some of
the biology associated with WT1 expression and misexpression.
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FIG. 11. The predicted DNA-amino acid interactions of WT1 and its cognate
sequence based on the crystallographic model of a Zif 268–DNA complex. The
amino acids predicted to directly interact with DNA have been aligned with their
cognate nucleotides within the core recognition domain and underlined. Possible
subsites which interact with individual fingers are shown. The spacing between
WT1 zinc fingers I and II is the same as those between fingers II to IV.
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