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The Wilms’ tumor suppressor protein WT1 is a transcriptional regulator involved in differentiation and the
regulation of cell growth. WT1 is subject to alternative splicing, one isoform including a 17–amino acid region
that is specific to mammals. The function of this 17–amino acid insertion is not clear, however. Here, we
describe a transcriptional activation domain in WT1 that is specific to the WT1 splice isoform that contains
the 17–amino acid insertion. We show that the function of this domain in transcriptional activation is
dependent on a specific interaction with the prostate apoptosis response factor par4. A mutation in WT1
found in Wilms’ tumor disturbs the interaction with par4 and disrupts the function of the activation domain.
Analysis of WT1 derivatives in cells treated to induce par4 expression showed a strong correlation between
the transcription function of the WT1 17–amino acid insertion and the ability of WT1 to regulate cell survival
and proliferation. Our results provide a molecular mechanism by which alternative splicing of WT1 can
regulate cell growth in development and disease.
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Wilms’ tumor is a pediatric malignancy of the kidneys
that affects 1 in 10,000 children, making it the most
common solid tumor in the young (for review, see Reddy
and Licht 1996; Little et al. 1999). The Wilms’ tumor
suppressor protein, WT1, was cloned as a factor involved
in the formation of Wilms’ tumor, in which it is mutated
in 10%–15% of cases. Wilms’ tumor also is associated
with a group of rare syndromes (Denys-Drash syndrome,
Frasier syndrome, and WAGR syndrome), in which WT1
dysfunction appears to play a major role (for review, see
Reddy and Licht 1996; Little et al. 1999).

WT1 initially was shown to be a transcription factor
that is able to repress transcription of genes that are ab-
normally upregulated in Wilms’ tumors, providing a mo-
lecular basis for the critical function of WT1 in this dis-
ease (Madden et al. 1991; Drummond et al. 1992; Gashler
et al. 1992; Wang et al. 1992; Dey et al. 1994). Subse-
quent studies show that WT1 also can activate transcrip-
tion in some instances (Reddy et al. 1993; Wang et al.
1993; Cook et al. 1996; Englert et al. 1997). Indeed, more
recent studies indicate that activation of transcription by

WT1 is likely to be the critical function of this tumor
suppressor (English and Licht 1999). Only a few genes
appear to be activated by WT1, suggesting a specific cel-
lular context may be required to manifest its function as
a transcriptional activator (Thate et al. 1998; Lee et al.
1999). Consistent with this, the WT1 transcriptional ac-
tivation domain can be regulated by interactions with
several other factors (Johnstone et al. 1996, 1998; Ma-
heswaran et al. 1998a,b; McKay et al. 1999).

WT1 is subject to alternative splicing in two regions
(for review, see Reddy and Licht 1996; Little et al. 1999).
The best characterized alternative splice involves the in-
sertion of the three amino acids, lysine-threonine-serine
(KTS between the third and fourth zinc fingers of the
DNA-binding domain at the C terminus of WT1. The
inclusion of these amino acids drastically reduces the
affinity of WT1 for a specific DNA sequence, and instead
this isoform binds preferentially to RNA. Moreover, the
+KTS, but not −KTS isoform of WT1, associates with the
spliceosome and in immunofluorescence analysis shows
a speckled pattern colocalizing with splicing factors
(Larsson et al. 1995; Caricasole et al. 1996; Davies et al.
1998; Ladomery et al. 1999). Thus, it appears that WT1
may play a role in both transcription and RNA process-
ing in a splice isoform–dependent manner (Englert 1998;
Davies et al. 1999; Little et al. 1999).

3Corresponding author.
E-MAIL S.G.E.Roberts@dundee.ac.uk; FAX 01382-348072.
Article and publication are at www.genesdev.org/cgi/doi/10.1101/
gad.185901.

328 GENES & DEVELOPMENT 15:328–339 © 2001 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/01 $5.00; www.genesdev.org



The second alternative splice inserts 17 amino acids
(17AAs) between the WT1 transcriptional activation do-
main and the zinc finger region. This splice variant, un-
like the KTS insertion, is only found in mammalian
WT1 (Kent et al. 1995). Studies of the effect of the +17AA
form of WT1 have shown variable effects on the tran-
scriptional function of WT1. In some cell types, it aug-
ments the transcriptional activation domain (Reddy et
al. 1995; Moorwood et al. 1999), and in others it has been
shown to constitute an independent transcriptional re-
pression domain (Wang et al. 1995). The 17AA insertion
of WT1 also has been linked to both the regulation of the
cell cycle and apoptosis, although the molecular mecha-
nisms that are involved are not clear (for review, see
Reddy and Licht 1996).

Recent studies have shown that the relative level of
the WT1 isoforms can vary during both development and
in disease. For example, Frasier syndrome results from
an imbalance of the +KTS/−KTS ratio (Barbaux et al.
1997). The relative level of the WT1 +17AA isoform also
can be elevated in Wilms’ tumors and leukemia
(Pritchard-Jones and King-Underwood 1997; Renshaw et
al. 1997; Iben and Royer-Pokora 1999). In addition, the
+17AA variant is differentially expressed throughout de-
velopment (Renshaw et al. 1997; Iben and Royer-Pokora
1999).

As mentioned above, the contribution of the 17AA
alternative splice and surrounding region to the tran-
scriptional function of WT1 is not clear. In this study, we
set out to directly assess the effects of this region on
transcription and how it is affected by the 17AA inser-
tion. We show that this domain constitutes an indepen-
dent transcriptional activation domain that requires the
17AA insert for maximal activity. The function of this
activation domain was context specific in that it re-
quired the prostate apoptosis response protein 4 (par4) for

its function. This was due to a direct interaction be-
tween this domain and par4. Underpinning the crucial
function of this domain to normal WT1 function, we
found that a mutation within the 17AA region isolated
from a Wilms’ tumor specimen failed to interact with
par4 and consequently failed to activate transcription.
Our results show that par4 can act as a coactivator for a
splice isoform–specific transcriptional activation do-
main that plays a role in regulating cell growth.

Results

The 17AA alternative splice isoform of WT1 forms
a transcriptional activation domain

We sought to directly determine the transcriptional
function of the region between the previously described
transcriptional activation domain and the DNA-binding
domain of WT1 (designated D domain, residues
245–297), which contains the 17AA alternative splice
site (Fig. 1A). This region either lacking (D−) or contain-
ing (D+) the 17AA was fused to the GAL4 DNA-binding
domain (residues 1–93), expressed in and purified from
Escherichia coli (Fig. 1B). These proteins and a control
GAL4 were used in an in vitro transcription assay with
HeLa cell nuclear extract by using the adenovirus E4
(AdE4) promoter downstream from five GAL4 DNA-
binding sites (G5E4T; Fig. 1C). The GAL4 DNA-binding
domain alone had no effect on transcription. GAL4 D−
activated transcription weakly, but with GAL4 D+ we
observed a significantly greater level of transcriptional
activation. Thus, WT1 contains an additional activation
domain (D domain) that is dependent on the presence of
the 17AA alternative splice for maximal activity.

We next sought to obtain evidence that the 17AA re-

Figure 1. A splice isoform–specific transcriptional activation domain in WT1. (A) Diagram of WT1 showing the DNA-binding
domain, proline-rich region, and potential leucine zipper (LZ). The two alternate splice sites are shown in black: the 17AA alternative
splice is shown with the amino acid sequence and is located between the putative leucine zipper and DNA-binding domain (designated
D domain); the second alternative splice (amino acid sequence KTS) is located between zinc fingers three and four. The region of WT1
fused to GAL4 (1–93) are shown below (amino acids 245–297). These fusions included the +17AA form (GAL4 D+) and the –17AA form
(GAL4 D−). (B) Analysis of purified GAL4 (1–93), GAL4 D+, and GAL4 D− by SDS-PAGE and Coomassie staining. Molecular weight
markers (kD) are shown at left. (C) In vitro transcription assay using 200 and 400 ng of each GAL4 fusion protein with Hela cell nuclear
extract and the G5E4T promoter (shown above). Transcripts were analyzed by primer extension and denaturing electrophoresis. (−)no
addition of a GAL4 derivative. The signals were quantified by phosphorimager analysis and are presented as fold activation compared
to the basal level of transcription (−).
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gion of WT1 can function as a transcriptional activation
domain in the context of the natural WT1 DNA-binding
domain. WT1 residues 245–446 either containing or
lacking the 17AA alternative splice and the DNA-bind-
ing domain alone (residues 295–446) were expressed in
and purified from E. coli (Fig. 2A). A transcription re-
porter DNA template was constructed containing five
consensus WT1 DNA-binding sites upstream of the
AdE4 promoter (W5E4T; Fig. 2B). Compared to G5E4T,
W5E4T proved to be highly active in transcription assays
with HeLa nuclear extract, indicating the presence of
factors in the HeLa cell nuclear extract that bind to this
site and activate transcription (Fig. 2B). We therefore
fractionated HeLa nuclear extract over a column con-
taining concatenated immobilized WT1 DNA-binding
sites. This “depleted” HeLa nuclear extract showed a
significantly reduced background transcription level

(Fig. 2C). Addition of the recombinant WT1 derivatives
to this extract with the W5E4T reporter shows clearly
that the +17AA isoform of WT1 activated transcription,
but the DNA-binding domain alone or the version lack-
ing the 17AAs did not. Importantly, all of the WT1 de-
rivatives interact with a WT1 DNA-binding site with
equivalent affinity (data not shown). Thus, the +17AA
insertion of WT1 bestows a transcriptional activation
function both as a GAL4 fusion and in the context of the
natural WT1 DNA-binding domain.

We next performed deletion mutagenesis to determine
if the 17AAs alone were sufficient to activate transcrip-
tion. Two C-terminal deletion mutants were con-
structed, one containing residues 245–280 and the other
245–266, and were expressed and purified as GAL4 fu-
sion proteins (Fig. 3A). Analysis in transcription assays
showed that GAL4 WT1 (245–266), which contains the
17AAs and five additional N-terminal residues, was suf-
ficient for transcriptional activation (Fig. 3A). The entire
D domain, however, was required for maximal transcrip-
tional activation, indicating cooperation of the 17AAs
with the remainder of the D domain. We therefore con-

Figure 2. The 17AA transcriptional activation region func-
tions in the context of the natural WT1 DNA-binding domain.
(A) Diagram indicating the regions of WT1 expressed as recom-
binant His-tagged proteins. The 17AA alternative splice is in-
dicated in black fill. Recombinant proteins were analyzed by
SDS-PAGE and Coomassie staining (M, molecular weight mark-
ers in kD, are shown at left). (B) In vitro transcription assay
using the W5E4T (containing 5 × WT1 DNA-binding sites) and
G5E4T promoters. Transcripts were detected by primer exten-
sion. Transcription levels (quantified by phosphorimager analy-
sis) are presented relative to G5E4T. (C) In vitro transcription
assays were performed and analyzed as for part B except that 200
and 400 ng of each recombinant His-tagged protein was added.
A HeLa nuclear extract (NE) or HeLa nuclear extract that had
been fractionated over a column containing WT1 DNA-binding
sites (Depleted NE) was used as indicated. Transcript levels
were quantified by phosphorimager analysis and are presented
as fold activation relative to the transcriptional activity of the
depleted extract in the absence of a WT1 derivative.

Figure 3. The 17AA motif of WT1 is sufficient for transcrip-
tional activation. (A) Deletion mutants of WT1 (245–297) were
constructed as indicated. The purified proteins (200 and 400 ng)
then were used in in vitro transcription assays with the G5E4T
promoter and HeLa nuclear extract. (−) No recombinant protein
was added, and fold activation is presented relative to this. (B)
Recombinant His-tagged GAL4 fusions were purified and ana-
lyzed by SDS-PAGE and Coomassie staining. Molecular weight
markers (kD) are shown at left. In vitro transcription assays
were performed as for A.
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clude that the WT1 17AA constitutes a splice isoform–
specific transcriptional activation domain.

A Wilms’ tumor specimen has been reported that con-
tains a mutation in WT1 (G253A), which is within the
alternatively spliced 17AA (Schumacher et al. 1997). We
produced this mutant as a GAL4 fusion protein and
tested it in a transcription assay alongside GAL4 D+ (Fig.
3B). As before, GAL4 D+ elicited transcriptional activa-
tion. However, the GAL4 D+ derivative G253A failed to
activate transcription. Thus, transcriptional activation
by the 17AA alternative splice appears to be important
for normal cellular function.

The 17AA WT1 activation domain is cell
context specific

Our studies so far have shown that the 17AAs of WT1
form a transcriptional activation domain that functions
both in the context of a GAL4 fusion, and importantly
also in the context of the natural WT1 DNA-binding
domain. We next determined if the 17AA activation do-
main of WT1 is cell type specific. We compared the tran-
scriptional activity of GAL4 D+ and GAL4 D− in an em-
bryonic kidney 293 and a HL60 nuclear extract alongside
the HeLa nuclear extract from above (Fig. 4A). As before
GAL4 D+, but not GAL4 D−, elicited strong transcrip-
tional activation in the HeLa cell nuclear extract, as did
the control synthetic activator GAL4– amphipathic he-
lix (AH). However, in both the HL60 and 293 nuclear
extracts, although GAL4 AH functioned similarly to that
observed in HeLa nuclear extract, GAL4 D+ did not ac-
tivate transcription. These results indicate a cell type–
specific function of the WT1 17AA transcriptional acti-
vation domain that is due to either a positive-acting fac-
tor in the HeLa nuclear extract or a negative-acting
factor in the 293 and HL60 nuclear extracts. To distin-
guish between these possibilities, we performed the fol-
lowing experiment; first, if the 293 nuclear extract con-
tains a negative-acting factor, then the addition of 293
nuclear extract to a HeLa nuclear extract should reduce
the level of transcriptional activation by GAL4 D+. How-
ever, this was not the case (Fig. 4B, left). Alternatively, if
the HeLa nuclear extract contains a positive-acting fac-
tor, then the addition of HeLa nuclear extract to a 293
nuclear extract should result in the conditions required
to support transcriptional activation by GAL4 D+. We
found that this was indeed the case (Fig. 3B, right). Taken
together, we conclude that a critical target of the 17AA
motif is likely to be a factor that is not part of the general
transcription machinery and is a coactivator with spe-
cific function.

The 17AA activation domain interacts with par4

In a search for candidate factors that could perform this
specific coactivator function, we first considered pro-
teins that previously have been shown to associate with
WT1 (for review, see Little et al. 1999). Protein affinity

columns containing either GST, GST D+, or GST D−
(Fig. 5A) were used to fractionate a HeLa nuclear extract;
the columns were washed and the bound proteins were
eluted. The eluates were resolved by SDS-PAGE and im-
munoblotted with antibodies against known WT1-inter-
acting proteins. Neither E1b (which is present in 293
cells, but not HeLa cells), p53, nor Hsp70 were able to
interact with the 17AA motif (data not shown). How-
ever, par4 (prostate apoptosis response factor 4), previ-
ously isolated in a yeast two hybrid screen by using WT1
as the bate (Johnstone et al. 1996), was able to associate
with the 17AA motif of WT1 (Fig. 5B). Consecutive low-
and high-salt washes showed that par4 interacts with the
17AA containing WT1 derivative with considerably
greater affinity than the form lacking the 17AA (Fig. 5C).
We also tested the ability of the GST D+ and GST D−
columns to bind TFIID, a component of the general tran-
scriptional machinery that has been proposed as a target
of transcriptional activators (for review, see Roberts

Figure 4. The function of the 17AA activation domain is cell
type specific. (A) Transcription assays were performed using 200
and 400 ng of recombinant His-tagged GAL4 fusions with the
G5E4T promoter. Four hundred nanograms of the synthetic ac-
tivator GAL4 AH was added where indicated. Assays contained
either HeLa, embryonic kidney 293, or HL60 nuclear extract. (−)
No recombinant protein was added to the assay. Transcripts
were detected as previously, quantified, and presented as fold
activation relative to the basal level (−) for each nuclear extract.
(B) Transcription assays were performed as in A with HeLa:293
nuclear extract (ratio of 4:1) at left and 293:HeLa nuclear extract
(ratio of 4:1) at right. Fold activation was determined as in A.
(NE) Nuclear extract.
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2000). Unlike par4, TFIID from the HeLa nuclear extract
was retained on both the GST D+ and GST D− columns
(Fig. 5B). Thus, the D domain of WT1 can interact with
both the general transcription factor TFIID and the pros-
tate apotosis response factor par4. However, stable inter-
action with par4 is dependent on the 17AA insertion.

We next determined if the 17AA region of WT1 inter-
acts directly with par4. A GST fusion of full-length par4
was purified from bacteria and immobilized on glutathi-
one agarose beads. This then was incubated with bacte-
rial lysate containing either GAL4 D+ or GAL4 D−. Sta-
bly bound proteins were eluted, subjected to SDS-PAGE,
and immunoblotted with anti-GAL4 antisera (Fig. 5D).
Consistent with the affinity chromatography data using
HeLa nuclear extract, GAL4 D+ but not GAL4 D− was
able to interact directly with GST-par4.

Our transcription experiments showed that the muta-
tion G253A disrupted the function of the WT1 17AA
transcriptional activation domain. We therefore tested
the ability of GAL4 D+ (G253A) to interact with GST-
par4 (Fig. 5D). The G253A mutant failed to interact with
par4, providing strong evidence that the interaction be-
tween the 17AA activation domain of WT1 and par4 is
required for transcriptional activation.

Par4 is a coactivator for the WT1 17AA activation
domain

The transcription data of Figure 4 showed that the 17AA
activation domain was functional in HeLa nuclear ex-
tracts, but not 293 or HL60 nuclear extracts. We there-
fore immunoblotted the HeLa, 293, and HL60 nuclear
extracts with par4 antibodies to determine if the abun-
dance of par4 in the nuclear extracts could explain this
difference. As a control, we also immunoblotted the
three extracts with antibodies against TATA-binding
protein (TBP). Figure 6A shows that, although par4 was
detected in the HeLa nuclear extract, the 293 and HL60
extracts contain negligible levels. In contrast, TBP was
detected in all extracts.

To determine if the presence of par4 in the HeLa
nuclear extract was critical for the function of the 17AA
activation domain, we tested the effect of anti-par4 an-
tibodies on transcriptional activation by GAL4 D+ in a
HeLa nuclear extract (Fig. 6, B and C). As before, GAL4

Figure 5. Interaction partners for the WT1 17AA region. (A)
Diagram of GST-WT1 fusion proteins (residues 245–297) either
lacking (GST D−) or containing (GST D+) the 17AA motif. (B)
Protein affinity chromatography of HeLa nuclear extract frac-
tionated over a GST, GST D−, or GST D+ column. After exten-
sive washing, the bound fraction was eluted and analyzed by
immunoblottting with either anti-par4 (top) or anti-TBP (bot-
tom) antibodies. (C) HeLa nuclear extract was fractionated over
either a GST D− or a GSD D+ column, and after a brief low-salt
wash (250 mM KCl) and a subsequent wash (1 M KCl), the
presence of par4 was assessed in each fraction by immunoblot-
ting with anti-par4 antibodies. (D) A GST pull-down assay was
performed with immobilized GST-par4 and a bacterial lysate
containing the recombinant GAL4 derivatives indicated. The
bound fraction was analyzed by immunoblotting with anti-
GAL4 antibodies. I is 10% of the input into each pull-down
assay.

Figure 6. Par4 is required for transcriptional activation by
WT1 17AA. (A) Anti-par4 and anti-TBP immunoblots of SDS-
PAGE resolved HeLa, 293, and HL60 nuclear extracts (10 µg
each). (B) In vitro transcription assay showing the effects of
increasing amounts of anti-par4 antibodies (100, 200, and 400
ng) on transcriptional activation by GAL4 D+ (200 ng). (−) No
recombinant protein was added to assay. GAL4 AH was in-
cluded as a control, with 400 ng of anti-par4 antibody added
where indicated. Assays were performed using HeLa nuclear
extract and transcripts analyzed as before. (C) In vitro transcrip-
tion assay showing that anti-par4 antibodies but not a nonrel-
evant rabbit antibody (anti-p65 subunit of NF-�B) inhibits tran-
scriptional activation by GAL4 D+.
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D+ activated transcription in the HeLa nuclear extract.
The addition of anti-par4 antibodies to the HeLa nuclear
extract resulted in the inhibition of transcriptional acti-
vation by GAL4 D+ in a concentration-dependent man-
ner. Transcriptional activation by GAL4 D+ was not sig-
nificantly affected when a control rabbit antibody was
added to the HeLa nuclear extract (Fig. 6C). Significantly,
we observed only a small reduction in the level of tran-
scriptional activation by GAL4 AH when the highest
concentration of anti-par4 antibody was present (Fig. 6B).
Thus, in agreement with the ability of the WT1 17AA to
interact with par4, par4 is specifically required for the
function of the WT1 17AA transcriptional activation do-
main.

The HeLa nuclear extracts used in the studies above
were purchased from a commercial source, whereas the
293 and HL60 nuclear extracts were prepared from cells
grown in our laboratory. HeLa cells cultured in our own
laboratory, under identical conditions to those used for
the 293 cells, contained significantly lower levels of par4
(Fig. 7A). However, as expected, treatment of the HeLa
cells with UV light induced par4, but the levels of TBP in
the nuclear extracts remained constant. We therefore
compared the ability of GAL4 D+ to elicit transcriptional
activation in nuclear extracts derived from UV light–
treated HeLa cells with untreated control HeLa cells (Fig.

7B). In the nuclear extracts derived from untreated HeLa
cells, we observed a low level of transcriptional activa-
tion by GAL4 D+ but robust activation by GAL4 AH. In
contrast, in nuclear extract made from UV light–treated
HeLa cells, we observed a dramatic increase in the abil-
ity of GAL4 D+ to activate transcription, but GAL4 AH
showed only a marginal increase in transcription po-
tency. As we observed before, anti-par4 antibodies were
able to inhibit the transcriptional activation elicited by
GAL4 D+, but not by GAL4 AH. Thus, the 17AA acti-
vation domain of WT1 is only functional in nuclear ex-
tracts derived from cells that have been treated with pro-
apoptotic stimuli to elevate nuclear par4 levels.

Par4 mediates transcriptional activation by the WT1
17AA in vivo

Our data so far indicate that the 17AA activation domain
of WT1 can only function in cells that have been exposed
to proapoptotic stimuli. We therefore sought to confirm
our observations by transfection of plasmids expressing
the GAL4 derivatives along with the G5E4CAT reporter
into embryonic kidney 293 cells. Forty hours after trans-
fection, the cells were treated with a lethal dose of UV
radiation, and 6 h later, before the cells had lost adher-
ence, CAT activity was measured. This activity was
compared with that observed in control cells that were
not treated with UV light and the results are presented
graphically in Figure 8A. GAL4 D+ elicited only weak
transcriptional activation in control cells. However, in
the cells treated with UV light there was a significant
increase in transcriptional activation mediated by GAL4
D+. GAL4 D− and the GAL4 D+ derivative G253A, how-
ever, showed a reduced ability to activate transcription
in response to UV light treatment of the cells. As we had
observed with HeLa cells, UV light treatment of 293
cells resulted in a significant increase in the level of par4
(Fig. 8B). These data agree well with our in vitro obser-
vations and confirm that the 17AA insertion of WT1 is a
regulated transcriptional activation domain that requires
par4 for its activity.

We next sought to determine if, after the induction of
par4 in 293 cells by UV light there was a resulting asso-
ciation with the WT1 17AA motif. Cells were trans-
fected with the GAL4 WT1 derivatives as in Figure 8A,
and after UV light treatment of the cells, nuclear extract
was prepared. The GAL4 WT1 derivatives were immu-
noprecipitated with anti-GAL4 antibodies, or control
anti-TFIIH antibodies, and the association of par4 as-
sessed by immunoblotting with anti-par4 antibodies
(Fig. 8C). Par4 immunoprecipitated with GAL4 D+, but
not with GAL4, GAL4 D−, or the point mutant GAL4 D+
G253A. Thus, the 17AA motif of WT1 complexes with
par4 in UV light–treated 293 cells, consistent with the
transcription effects that we observed.

The 17AA containing isoform of WT1 regulates
the response to proapoptotic signals

The in vitro and in vivo transcription studies have

Figure 7. Par4 expression is induced by UV irradiation and is
directly linked to transcriptional activation by WT1 17AA. (A)
Control and UV light–treated HeLa cells were used to prepare
nuclear extract that was subsequently immunoblotted (10 µg
per lane) with either anti-par4 (top) or anti-TBP (bottom) anti-
bodies. (B) In vitro transcription assay showing the effect of UV
light on the transcriptional activity of the GAL4 D+ fusion (200
ng) or GAL4 AH (200 ng) in assays using the G5E4T promoter.
Anti-par4 antibodies (400 ng) were added as indicated. Tran-
scripts were detected as before, quantified, and expressed rela-
tive to the basal level (−) in each extract.
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shown that the WT1 17AA activation domain is only
functional under proapoptotic conditions. We therefore
sought to determine the effect of the WT1 17AA on the
cellular response to lethal UV light treatment. 293 cells,
in which we routinely obtain a very high transfection
efficiency, were transfected with full-length WT1 deriva-
tives followed by lethal UV light treatment. Cells were
transfected with either empty CMV expression vector or
the same expression vector driving the expression of ei-
ther WT1 −/− (lacking the 17AA insertion) or WT1 +/−
(containing the 17AA insertion). In untreated transfected
cells, we did not observe any phenotypic differences that
resulted from the presence of either of the two WT1 iso-
forms (Fig. 9A). However, 16 h after UV light treatment,
the cells transfected with the control CMV vector died,
as did the cells transfected with CMV WT1 −/−. Strik-

ingly, the cells transfected with CMV +/− not only re-
mained viable, but reproducibly showed proliferation.
Thus, the 17AA insertion confers a survival function to
WT1 in UV light–treated 293 cells. Significantly, the
WT1 +/− derivative G253A failed to rescue the UV light–
treated 293 cells from death. Comparable results were
obtained when we treated the 293 cells with the pro-
apoptotic drug etoposide (data not shown). We next per-
formed the same experiment as above, but cotransfected
green fluorescent protein so that only the transfected
cells would be observed under fluorescence (Fig. 9B). As
before, WT1 +/− significantly increased the number of
transfected cells that survived UV light treatment, but
the WT1 −/− isoform or the WT1 +/− mutant G253A did
not. Immunoblotting showed the equivalent expression
of all the WT1 isoforms (Fig. 9C). To confirm and extend
these data, we tested the dose dependence of the sur-
vival/proliferation effects with wild-type WT1 +/− and
the mutant G253A. After UV light treatment, cells were
counted and are plotted as a percentage of the cell num-
ber in a control experiment in which empty CMV ex-
pression vector was transfected. Increasing, levels of
WT1 +/− elicited a dose-dependent cell survival effect
after UV treatment of the 293 cells. In addition, trans-
fection of WT1 +/− resulted in almost double the number
of cells compared to control cells that had not undergone
UV light treatment. In contrast, the WT1 +/− mutant
G253A had no effect at any of the levels of expression
plasmid. The WT1 −/− isoform also had no effect in a
dose-dependence assay (data not shown). Taken together,
these results show that WT1 +/− confers a cell survival/
proliferation effect in cells that have been subject to le-
thal UV light treatment. Importantly, these data parallel
both the transcription function of the WT1 derivatives
and their ability to interact with par4. Thus, par4 acts as
a coactivator for WT1 +17AA that is likely to lead to a
transcription cascade to prevent apoptosis.

Discussion

In this study, we have shown that the 17AA alternative
splice of WT1 constitutes a transcriptional activation re-
gion both in the context of the natural WT1 DNA-bind-
ing domain and as a GAL4 fusion protein. The function
of the WT1 17AA activation domain required a direct
interaction with the prostate apoptosis response factor
par4 and correlated with the rescue of cells from lethal
UV light treatment. Our data shed light on the cell con-
text–specific transcription function of WT1 and provide
a transcription-mediated mechanism for the effects of
WT1 on cell growth and survival.

The 17AA alternative splice isoform of WT1 previ-
ously has been shown to have effects on both cell pro-
liferation and apoptosis (Englert et al. 1995; Johnstone et
al. 1996; Menke et al. 1997; Murata et al. 1997; Mayo et
al. 1999). However, the mechanisms underlying these
effects have not been clear with conflicting results ob-
tained in different cell lines and under different condi-
tions. In addition, previous studies of the WT1 17AA

Figure 8. WT1 17AA is a UV light responsive transcriptional
activation domain in vivo. (A) Plasmids expressing GAL4,
GAL4 D−, GAL4 D+, and GAL4 D+ G253A (4 µg each) were
transfected into embryonic kidney 293 cells along with the re-
porter G5E4CAT (1 µg). Six hours after UV light treatment of
the cells, CAT activity was measured and is presented relative
to the level of CAT activity with empty pCDNA3 vector alone
(0 lane). The results are the mean average of four independent
experiments. (B) Immunoblot with anti-par4 antibodies show-
ing that the level of par4 is elevated in 293 cells that have been
treated with UV light. (C) Coimmunoprecipitation of par4 with
the WT1 17AA motif. 293 cells were transfected with 4µg of
each GAL4 derivative and after UV light treatment nuclear ex-
tracts were prepared. Immunoprecipitation was performed with
either anti-GAL4 or anti-TFIIH antibodies and complexes har-
vested with protein G Sepharose. Par4 content was assessed by
immunoblotting. Input (I) is 1% of the amount of nuclear ex-
tract used in each immunoprecipitation.
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have reported both transcriptional activation and repres-
sion function (Reddy et al. 1995; Wang et al. 1995; Moor-
wood et al. 1999). Our present data provide a framework
to understand how different cellular contexts can deter-
mine the transcriptional function of the 17AA motif.
Specifically, under resting conditions, WT1 +17AA is
transcriptionally inactive or perhaps may act as a tran-
scriptional repressor. However, under conditions in
which nuclear par4 levels are elevated, WT1 +17AA con-
verts to a transcriptional activator. Indeed, it is also pos-
sible that other aspects can affect this mechanism, such
as cell type and promoter context.

A central function of WT1 in kidney development is in
the metanephric mesenchyme (MM) to epithelium tran-
sition leading to the formation of the nephron (Reddy
and Licht 1996). In the WT1 knockout mouse, the MM
apoptoses, suggesting that WT1 has a survival role in

these cells (Kreidberg et al. 1993). Interestingly, analysis
of the relative level of WT1 splice variants in the human
kidney has shown that the ratio of the +17AA form in-
creases throughout fetal development (Renshaw et al.
1997; Iben and Royer-Pokora 1999). It therefore will be
interesting to determine if the +17AA splice variant is
responsible for the prevention of MM apoptosis. Alter-
ations in the ratio of WT1 splice variants also have been
observed in human tumors. Significantly, the +17AA iso-
form of WT1 is overrepresented in at least some Wilms’
tumors and also in leukemia (Pritchard-Jones and King-
Underwood 1997; Renshaw et al. 1997; Iben and Royer-
Pokora 1999). The results we present here provide a di-
rect role for the WT1 +17AA in circumventing proapop-
totic signals, which is entirely consistent with
tumorogenesis. Taken together, these observations add
weight to an oncogenic role for WT1 in addition to its

Figure 9. The WT1 17AA motif confers a
survival function in cells exposed to UV light.
(A) Embryonic kidney 293 cells were trans-
fected with either empty CMV expression
vector or full-length WT1 (−/−), WT1 ( +/−), or
WT1 (+/−) G253A under the control of a CMV
promoter (4 µg in each case). Sixteen hours
after UV light treatment (where indicated),
the cells were photographed. (B) Cells were
transfected as in A, but along with 1 µg of an
expression vector containing green fluores-
cent protein. Cells were photographed under
fluorescence to visualize only the transfected
cells. (C) Immunoblot with anti-WT1 anti-
bodies showing that the WT1 +/−, −/−, and +/−
G253A derivatives are expressed at equiva-
lent levels in 293 cells. (D) Survival curves to
quantify the effect of WT1 +/− and the mutant
G253 on cell number after UV light treat-
ment. Each WT1 derivative (0.5, 1, 2, and 4
µg; balanced with empty CMV vector) was
transfected into 293 cells, and 16 h after UV
light treatment the cells were harvested from
the plate and counted. Percentage survival is
relative to a control plate of 293 cells trans-
fected with CMV, but not subject to UV light
treatment. Each point is the mean average of
three independent transfection experiments
with standard deviation.
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better defined function as a tumor suppressor. As only
10%–15% of Wilms’ tumors contain mutant WT1, it is
possible that aberrant levels of the +17AA isoform con-
tribute to oncogenesis in at least some of the other cases.

Our studies showed that the G253A mutation isolated
from a Wilms’ tumor specimen disrupted the ability of
the 17AA insertion to rescue cell death. This correlated
with a defect in the ability of the mutant to interact with
par4 and to activate transcription. The antisurvival ef-
fect of the mutant seems somewhat paradoxical and may
reflect either cell type–specific effects or a more complex
pathway to the formation of Wilms’ tumor. The G253A
mutation was in the germ line of the patient, but the
wild-type allele was still observed in the DNA isolated
from a nonmicrodissected tumor sample. If the wild-type
allele is indeed present in the tumor and wild-type
mRNA is produced, this would suggest that the WT1
17AA motif is dose dependent or that the G253A mutant
acts in a dominant fashion. Importantly, this mutation
has not been observed in any other Wilms’ tumor patient
(Schumacher et al. 1997; Diller et al. 1998; Jeanpierre et
al. 1998). Furthermore, this mutation was not seen in 50
non-Wilms’ tumor controls (data not shown) nor in any
of the non-Wilms’ tumor patients studied for WT1 alter-
ations by several groups (Algar et al. 1996; King-Under-
wood and Pritchard-Jones 1998). Taken together, these
results indicate that G253A is not a polymorphism.
However, the role of this mutation in Wilms’ tumori-
genesis remains to be elucidated.

Par4 originally was cloned in a study to find genes that
are specifically upregulated by proapoptotic signals in
prostate cells (for review, see Rangnekar 1998). Par4 is
ubiquitously expressed as RNA, but when cells are sub-
jected to stimuli that activate the cell death pathways,
par4 RNA is rapidly translated. Par4 subsequently is
found in both the nucleus and cytoplasm and “primes”
cells for apoptosis, making them more sensitive to fur-
ther stimuli. At least part of this effect has been proposed
to result from interactions with Bcl-2, caspases, and pro-
tein kinase C �. The original identification of par4 as a
WT1-interacting protein proposed that par4 enhances
transcriptional repression by WT1 (Johnstone et al.
1996). In addition, this previous study showed that the
zinc fingers of WT1 mediated the interaction with par4.
This contrast with our findings can be explained if there
are two independent binding sites within WT1 for par4,
the 17AA motif present in only specific splice isoforms
of WT1 and the zinc finger motif. Perhaps par4 can me-
diate both positive and negative interactions with WT1
via these domains that lead to either transcriptional ac-
tivation or repression. Indeed, other cofactors such as
MDM2 have been shown to act as both a coactivator and
corepressor (Martin et al. 1995). It also will be interesting
to determine if par4 can act as a coactivator for other
transcriptional regulatory proteins that exert a specific
function under proapoptotic conditions. The existence of
two distinct domains within a transcription factor ca-
pable of interacting with the same cofactor also is not
without precedence. NF-�B has two binding surfaces for
the coactivator CBP, the availability of which is regu-

lated by NF-�B phosphorylation (Zhong et al. 1998).
Also, thyroid hormone receptor � (THR�) can interact
with two independent domains within the general tran-
scription factor TFIIB (Baniahmad et al. 1993). Interest-
ingly, this ligand-dependent switch in interaction sur-
face converts THR� from a transcriptional repressor into
an activator.

Our interaction data showed that both the + and
−17AA isoforms of WT1 can interact with the general
transcription factor TFIID. Thus, unlike the interaction
with par4, the interaction with TFIID is not mediated by
the +17AA motif. Consistent with this, although the
17AA motif elicited transcriptional activation in isola-
tion, the entire D domain was required for full activity.
How par4 functions as a coactivator remains to be deter-
mined. It is possible that par4 provides a bridging func-
tion for the 17AA with the RNA polymerase II holoen-
zyme. It is also possible that par4 mediates contact with
other coactivator components of the transcription ma-
chinery. In this regard, it is noteworthy that the +17AA,
but not the −17AA form of WT1 elutes as part of a 700-
kD complex in gel filtration chromatography (Iben and
Royer-Pokora 1999). It will be interesting to determine
the other components of this complex and if indeed par4
is contained within the complex.

Recent DNA micoarray analysis to identify WT1 tar-
get factors failed to find genes that can be repressed by
WT1 (Lee et al. 1999). However, a few genes were found
to be activated. Such studies indicate that the WT1 tran-
scriptional activation function is highly cell context spe-
cific. Our present work is certainly in agreement with
this notion. Future experiments to analyze the transcrip-
tional effects of the 17AA domain under proapoptotic
conditions should yield valuable information about WT1
target genes and how this leads to WT1 +17AA-mediated
rescue from cell death.

Materials and methods

Plasmids and DNA analysis

The G5E4T and G5E4CAT transcription reporter templates
have been described previously (Hawkes and Roberts 1999).
W5E4T was constructed by the insertion of five copies of a
double stranded oligonucleotide (5�-AGCTCGGGTTGCGG
GGGCGGGCCGG GGGAAGCTTGGT-3�) upstream of the ad-
enovirus E4 core promoter in pGEM3 (Promega). The region of
WT1 encoding residues 245–297 was amplified by PCR from
plasmids containing full-length WT1 that either lacks, CMV
WT1 (−/−), or contains, CMV WT1 ( +/−), the WT1 17AA alter-
native splice. The PCR products were cloned as BamHI/EcoRI
fragments into pRSETA (Invitrogen) containing DNA sequence
encoding GAL4 (residues 1–93). Fragments then were cloned
into pCDNA3 (Invitrogen) containing GAL4 (residues 1–93).
Deletion mutants of the WT1 D domain were constructed by
PCR amplification of the appropriate regions to produce
BamHI/EcoRI fragments. To produce the WT1 DNA-binding
domain derivatives, we used PCR amplification, and the DNA
fragments were cloned into pRSET A. The WT1 G253A muta-
tion was constructed using the Quickchange site directed mu-
tagenesis kit (Invitrogen). SSCP analysis of WT1 exon 5 was
performed as described previously (Schumacher et al. 1997).
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Cell culture and transfection

Human embryonic kidney 293 cells and HeLa cells were cul-
tured as monolayers in Dulbecco’s modified eagle medium
(DMEM) containing 10% fetal calf serum, 5 mM L-glutamine,
100 mg/mL streptomycin, and 100 U/mL penicillin. HL60 cells
were grown in flasks in RPMI medium containing 10% fetal calf
serum, 5 mM glutamine, 100 mg/mL streptomycin, and 100
U/mL penicillin. 293 cells were transfected in 90-mm dishes at
50% confluency by using calcium phosphate as described pre-
viously (Hawkes and Roberts 1999). Forty hours after transfec-
tion, media was removed from plates, and the cells were ex-
posed to 13 mJ of UV radiation. Fresh media then was applied to
the plates, and the cells were left for another 6 h before harvest-
ing. CAT assays were performed and quantified by phosphorim-
ager analysis. HeLa cells were exposed to UV light as described
for 293 cells, and nuclear extracts were prepared as described
below. Cells were counted by hemocytometry. For Western
blot, either whole cell or nuclear extract (where indicated in the
figure legends) was subjected to SDS-PAGE. After electrophore-
sis, proteins were transferred to Immobilon P membrane (Mil-
lipore). Immunoblotting was performed with anti-par4 (R-334)
and anti-WT1 (C-19) from Santa Cruz Biotechnology Inc., anti-
GAL4 (Scottish Antibody Production Unit) or anti-TBP (Lin et
al. 1991). Detection was via chemiluminescence (ECL, Amer-
sham-Pharmacia). Santa Cruz Biotechnology Inc. anti-par4 (R-
334), anti-GAL4 (sc-577), anti-TFIIH (sc-292), and anti-NF-�B
p65 (sc-372) were used for immunoprecipiation.

In vitro transcription assays

HeLa nuclear extracts were either purchased from Computer
Cell Culture Centre or prepared as described previously from
cells grown in monolayer (Lee et al. 1988). Nuclear extracts
were prepared from human embryonic kidney 293 and HL60
cells in an identical fashion. In vitro transcription assays were
performed as described previously (Lin and Green 1991). 6His
GAL4 fusion proteins and 6his-tagged WT1 derivatives were
prepared as described (Reece et al. 1993). Where indicated, an-
tibodies were added to nuclear extract on ice for 30 min before
the transcription reaction.

Binding assays

GST fusion proteins were prepared as described previously (Lin
and Green 1991). HeLa nuclear extract was dialyzed into buffer
D (20 mM HEPES at pH 8.0, 20% [v/v] glycerol, 100 mM KCl,
0.2 mM EDTA, 1 mM DTT, 0.2 mM PMSF). Two milliliters of
dialyzed HeLa nuclear extract (10 mg/mL) was fractionated over
columns containing 0.25 mL of glutathione agarose on which
100 µg of GST fusion protein was immobilized. The columns
then were washed with 10 column volumes of buffer D (0.1 M
KCl), and then the bound fraction was eluted with buffer D (0.5
M KCl). For binding assays with GST-par4, 25 µL of glutathione
agarose beads containing either 1 µg of GST or GST-par4 was
incubated in 0.6 mL of binding buffer (40 mM HEPES at pH 8.0,
10% [v/v] glycerol, 100 mM KCl, 5 mM MgCl2, 1 mM DTT, 0.2
mM PMSF, 0.05% NP40) with 10 µL of bacterial lysate contain-
ing the GAL4 derivatives indicated. The samples were incu-
bated at 4°C for 1 h with gentle rocking. After extensive wash-
ing, the bound fraction was eluted with SDS-PAGE loading dye,
subjected to electrophoresis, and immunoblotted with anti-
GAL4 antibody.

Immunoprecipitation assays were performed with nuclear ex-
tracts prepared from transfected cells in buffer D containing 150
mM KCl and 0.05% NP40. Protein G Sepharose was used to

collect the immune complexes and washes performed in the
same buffer. Bound proteins were eluted with SDS-PAGE load-
ing dye, resolved by electrophoresis, and probed with anti-par4
antibodies.
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