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Modulation of DNA Binding Specificity
by Alternative Splicing of the Wilms Tumor
wt1 Gene Transcript

W. A. Bickmore, K. Oghene, M. H. Little, A. Seawright,
V. van Heyningen, N. D. Hastie*

The technique of whole-genome polymerase chain reaction was used to study the DNA
binding properties of the product of the wit? gene. The zinc finger region of this gene is
alternatively spliced such that the major transcript encodes a protein with three extra amino
acids between the third and fourth fingers. The minor form of the protein binds specifically
to DNA. It is now shown that the major form of wt1 messenger RNA encodes a protein that
binds to DNA with a specificity that differs from that of the minor form. Therefore, alternative
splicing within the DNA binding domain of a transcription factor can generate proteins with
distinct DNA binding specificities and probably different physiological targets.

The wel gene was isolated from the region
of human chromosome 11p13 implicated in
predisposition to the development of Wilms
tumor (I, 2). The expression pattern of
WTI1, detection of intragenic deletions,
and point mutations suggest that this gene
functions in the regulation of kidney and
gonadal development and in the genesis of
Wilms tumor (3). The zinc fingers in the
WT1 protein are related to those of the
early growth response (EGR) family of pro-
teins, and WT1 binds to a consensus DNA

Medical Research Council Human Genetics Unit,
Western General Hospital, Edinburgh, EH4 2XU, Scot-
land.
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binding site for these proteins (4).

Studies of EGR1 and EGR2 (5, 6)
showed that each finger contacts a 3-bp
subsite of DNA antiparallel to the guanine
(G)-rich strand of the double helix, so that
the most COOH-terminal finger contacts
the 5’ end of the binding site. Amino acids
in the NH,-terminal portion of the a helix
of each finger contact G residues in the
DNA. The amino acid preceding the a
helix of each finger (Fig. 1A, box I) con-
tacts the third base of the subsite (— — G).
In EGRI finger 2, the third residue of the a
helix (Fig. 1A, box II) contacts the second
base (— G —), and in fingers 1 and 3 the
sixth residue (Fig. 1A, box III) contacts the
first base (G — —). It appears that the
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binding site for an EGR-type zinc finger
protein can be deduced from this simple
recognition code. Other nucleotide residues
seem to be of little importance in determin-
ing binding specificity, although it seems
unlikely that proteins with identical con-
tact residues (for example, EGR1, EGR2,
and EGR4) fulfill their respective cellular
functions by binding identical DNA targets
in vivo (7). Fingers 2 through 4 of WT1
bind to the EGR1 consensus site (4). How-
ever, WT1 contains an extra finger not
found in other EGR-like proteins (Fig. 1A)
whose function in determining binding
specificity is not understood.

The wtl gene is atypical in another
respect. In other EGR-like proteins, seven
amino acids separate adjacent fingers, and
these may be important in juxtaposing ad-
jacent fingers correctly relative to the target
(6). In WTT1 use of an alternative 5’ splice
junction introduces three extra amino acids
(KTS) between fingers 3 and 4 (Fig. 1, A
and B). This is in fact the predominant
form of human and murine WT1 mRNA in
all cells that express WT1 (8), and we refer
to it here as the +KTS form of WT1. These
extra amino acids may displace the fourth
zinc finger relative to the EGR binding site,
and indeed the +KTS form of WTI is
unable to bind this sequence (4, 9). Be-
cause its conservation and cellular abun-
dance suggest that the +KTS form of WT1
has an in vivo function, we have tested
whether zinc fingers of the +KTS form bind
to DNA sequences other than the EGR
binding site.

We identified binding sites, from the
human genome, for both forms of the WT1
zinc fingers, with whole-genome polymer-
ase chain reaction (PCR) (10). The zinc
fingers from both the +KTS and —KTS
forms of WT1 were expressed as B-galacto-
sidase (B-gal) fusion proteins (Fig. 1B) (11)
and bound in vitro to human DNA, con-
verted to a form suitable for amplification
by PCR by ligation to catch-linkers (12).
After multiple rounds of binding, the am-
plified DNA was cloned and sequenced.
Clones derived from this procedure fell into
two distinct classes depending on the splice
form of WT1 used (Fig. 2A). Clones iso-
lated with the —KTS form of WT1 con-
tained runs of GT dinucleotides, as found
in the (CA), class of repeated DNA se-
quence. Such sequences can present G
residues in many of the correct positions for
contact with EGR-type zinc fingers. Elec-
trophoretic mobility-shift assays were per-
formed on the whole-genome PCR clones
(Fig. 2B) (13). The (GT),-containing
clones showed reduced mobility with the
form of WT1 (—KTS) used in their isola-
tion (Fig. 2B). As judged by competition
experiments, the binding affinity of —KTS
WT1 for these sequences is at least four-
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fold lower than for the EGR site because
addition of excess unlabeled —P17 (or
+P5) did not compete with the binding of
—KTS WTI to oligo A. Isolation of these
sequences probably reflects their relative
abundance (5 X 10* copies) in the ge-
nome (14). We expect that such se-
quences are not available for binding to
WT1 in vivo. Although many of the
clones isolated with —KTS consisted
mostly of (GT) , sequences, an oligonucle-
otide (oligo C) that contained a similar
sequence (Fig. 2A) did not appear to bind
—KTS in vitro. Thus whole-genome PCR

Fig. 1. Organization of WT1 proteins. (A) Zinc
fingers of WT1 and other members of the EGR
family. The numbers in parentheses indicate
the number of the zinc finger, with zinc finger 1
appearing first in the primary sequence of the
protein. The amino acid residues that contact G
residues in the DNA are indicated by the boxed
areas |, Il, and lll. The position at which alter-
native splicing introduces KTS into WT1 be-
tween fingers 3 and 4 is indicated by an aster-
isk. The site of the Ser-Phe variation in finger 2
of human WT1 is underlined and in bold (7).
The amino acid sequences of the human pro-
teins EGR 1, 2, 3, and 4, Sp |, the Saccharo-
myces cerevisiae protein Mig1, and the As-
pergillus nidulans protein CreA are also shown
(19). Single-letter abbreviations for the amino
acid residues are as follows: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S,
Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) The
structure of the wt?1 gene and constructs de-
scribed here (11, 13). The numbers below each
diagram indicate nucleotide position. Zinc fin-

can identify DNA binding sites not recog-
nized in the context of simple oligonucle-
otides, and the retardation we observed
with the whole-genome PCR clones sug-
gests that multiple protein molecules may
bind to each DNA target (see multiple
shifted bands in Fig. 2B).

In contrast, we did not isolate any
(GT),-containing clones from genomic
DNA using the +KTS form of WT1 (Fig.
2A), and the +KTS form failed to retard
the mobility of the —KTS genomic clones
(Fig. 2B). However, we did recover genom-
ic clones with +KTS (Fig. 2A), and two of
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gers 1to 4 (I to IV) are at the COOH-terminal end of the protein (nucleotides 318 to 449). There are
two alternatively spliced regions (filled boxes), the first (nucleotides 250 to 266) introduces 17 amino
acids NH,-terminal to the DNA binding domain. The second (nucleotides 408 to 410) introduces
three amino acids (KTS) between the third and fourth zinc fingers.

Fig. 2. Identification of genomic sequences that
bind WT1. (A) Sequences of clones generated
by whole-genome PCR with WT1. The electro-
phoretic mobility of these DNA fragments was
retarded in the presence of WT1. The +P2 and
+P5 sequences were identified with the +KTS
form of WT1. EGR1-like binding motifs within
these clones are underlined. Clones —P11,
—P13, —P16, and —P17 were obtained with the
—KTS form. Oligonucleotides A, B, and C (oligo
A, B, and C) were also used in electrophoretic
mobility-shift experiments. Oligo A contains the
consensus binding site for EGR1; oligo B is
derived from a region underlined in bold in
clone +P5, and oligo C is derived from —KTS
clones. (B) Electrophoretic mobility-shift assays
of cloned genomic fragments in the presence
and absence of various forms of WT1. The
genomic fragment used is indicated below
each panel. The protein used in each assay is
indicated above each respective lane. 0, no
extract added; R, extract that contained a
pGEX-WT1 construct with the zinc fingers
cloned in the reverse orientation so that no

A

+P2 ATCTTCATTGTAGTCGGGTGCTGTGGCTTATGTGTACAATGC
CAGCATTTTGIGAGGCTGAGACAGGAGGATCACTTGAGGCC
AGGAGTTCAAGACCAGCCTGGGCAACATAGT

+P5 ATATTCTTGGGACTATTCTTGGGACTATCICCCTCCCAG)
CAACGGTACTCAAGTCTCTGG AGGTCTTG
TGTTGTAAATCACGAGATATTAGAATTCTAATATCTCAGTTTC
TCAGTATTCTAGTGCCCCTCTTGGT
P11 TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGCATA

-P13 TGTATGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTCTCGTGATTTGTACCGGTTA

P16 AAGAGGGTGTGTGTGTGTGTGTGTGCGTGTGTGTGTGTGTG
TGTGTGT

P17 AAMAATCACTCCAGGATTTGTTGATC AATGATGTGGTT
GTGTGGTTGTIGTGIGGTGTGTGTGGTTGTGTGTIGTGTGTG
TGGTATGTGTGATTGTGTGTGTGGTGTGTGGTTGT

Oligo A GATCTACGCGGGGGCGAGGACTTAC

Oligo B GATCTACGAGAGGGAGGATACTTAC

Oiigo C GATCTACGTGTGTGTGTGTACTTAC

B ww w v ﬁa '0_2'02 mgx
wri kL EL X x XX =3+
OR + * QR # OR* ¥ OR -+ OR"' *

fusion protein is induced; —KTS, the —KTS form of WT1; +KTS, the +KTS form of WT1. The
positions of the free (F) and the complexed (C) DNA are indicated.
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these (+P2 and +P5) were retarded with
the +KTS zinc fingers (Fig. 2B). There-
fore, the major spliced form of the WT1
gene encodes a DNA binding protein. Both
+P2 and +P5 also bound —KTS.

To investigate the nature of the binding
of +KTS genomic clones to WT1, we used
synthetic oligonucleotides (oligo A, B, and
C) in binding and competition experiments
(13). Both +P2 and +P5 contained EGR1-
like target motifs (Fig. 2A), which should
at least bind —KTS. The mobility of oligo
B, derived from +P5, was retarded by both
forms of the protein (Fig. 3A); however, a
molar excess of this oligonucleotide did
not impede the binding of +KTS or
—KTS to +P2 or +P5. On the other
hand, an EGR consensus oligonucleotide
(oligo A) did compete with the binding of
+P2 and +P5 to —KTS WTI1 but was
unable to compete with +P2’s and +P5’s
binding to the +KTS form of the protein
(Fig. 3B). Thus we have identified condi-
tions (under competition) where +KTS
binds to a DNA sequence not recognized
by —KTS.

There is another situation where +KTS-
binding clones failed to bind to —KTS
WTI1. In some isolates of WT1, the serine
(residue 365) that precedes the first contact
arginine residue of finger 2 (Fig. 1A) is
replaced by a phenylalanine (1). This sub-
stitution had little effect on binding to the
EGR site (Fig. 3A) and —KTS genomic
clones (Fig. 4), but it slightly decreased
binding of both +KTS and —KTS to oligo
B (Fig. 3A). The binding of —KTS to
clones +P2 and +P5 was severely impaired
by this substitution, possibly reflecting the
increased importance of finger 2 in the
binding of —KTS to these clones and the
disruption caused to this binding by the
presence of a Phe side chain adjacent to the
contact Arg residue. By contrast, +KTS
with Phe at position 365 still bound the
+KTS genomic clones (Fig. 4). This Ser to
Phe substitution was first detected in a
cDNA clone from a leukemia cell line (1)
and may represent a naturally occurring
polymorphism or a mutation. We believe,
however, that this may be a deleterious
mutation for several reasons. First, the Ser
at position 365 is conserved throughout
vertebrate evolution (15). Second, this
substitution so far has not been detected in
~100 normal chromosomes (16). Last, our
binding studies indicate that this substitu-
tion can affect WT1 binding to selected
targets. If we are correct in arguing that the
Ser to Phe substitution is deleterious, the
DNA targets isolated with +KTS WT1
assume physiological significance as the
binding of these and not the EGRI site is
affected by the mutation.

It has been proposed that WT1 may
function as an EGR1 antagonist, binding to
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Fig. 3. Binding of +WT1 and —KTS to oligonucleo-
tides. (A) Binding of + and —KTS WT1 to oligonucle-
otides A and B (Fig. 2A); 0, no extract added; R, WT1
fingers in reverse orientation; —KTS(F) and —KTS(S)
form of WT1 with either Phe (F) or Ser (S) at position
365, respectively. The +KTS extracts are similarly
indicated. (B) Oligonucleotide competition analysis of
+KTS and —KTS WT1 binding to genomic clones +P2

and +P5 by oligonucleotides A and B.

Oligo A Oligo B
ge ge g2
X X - e x E
o+ f o+ +
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= -

Iﬁ‘mu IJ

P11 +P5
Fig. 4. Electrophoretlc moblllty~sh|ft assays of
+KTS and —KTS genomic targets by WT1 with
a Phe at position 365. O, no extract; R, extract
containing reverse orientation WT1; —KTS(F)
and +KTS(F), extracts that contain both forms
of WT1 fingers with Phe at position 365.

EGR targets and repressing transcription of
genes activated by EGR1 (17). The +KTS
form of WT1 is ineffectual in this mode of
function because it does not bind the EGR
site (4, 9), yet it represents 70 to 80% of WT1
mRNA. Because no antibody is now available
that is able to discriminate between the
+KTS and the —KTS forms of WT1, the
respective protein concentrations are not
known. We propose that target DNA binding
sites recognized by +KTS WT1 may be im-
portant in the understanding of WT1 func-
tion and that the different forms of WT1 may
fulfill diverse cellular functions by binding
different DNA targets and regulating distinct
target genes. It remains to be seen what
sequences confer optimal binding to the
+KTS form of WT1. There is no evidence so
far for tissue-specific regulation of this alter-
native splicing, as the ratio of these two forms
of WT1 appears to be both temporally and
spatially constant (8).

Changing the DNA binding specificity of
a transcription factor by alternative splicing
may be a general mechanism of gene regula-
tion. Another example of alternative splic-
ing in zinc fingers has been described. The
mammalian Evi-l gene encodes a protein
with ten zinc fingers, and a splice variant
results in the omission of two zinc fingers

(18). This probably affects the binding spec-
ificity of this protein, but this has not been
shown directly. The alternative splicing ob-
served in WT1 is more subtle than the
elimination of entire fingers as in Evi-I. The
link between adjacent zinc fingers is thought
to be important for positioning of neighbor-
ing fingers relative to the DNA (6). In our
assays both +KTS and —KTS bound the
genomic clones isolated with +KTS. There-
fore, introduction of three extra amino acids
between the third and fourth zinc fingers of
WT1 did not affect the ability of the protein
to bind these targets. It may be that fingers 1
to 3 are most important in the binding of
WT1 to such targets, so that the displace-
ment of the fourth finger by the introduction
of KTS has little effect. By contrast WT1
fingers 2 to 4 (those most similar to EGR1)
are probably the most important for binding
to the EGRI1 site and to genomic clones
isolated with —KTS.
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