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Over the years, many apparently contradictory findings and functions have been ascribed to the protein
product of the WT1 tumour suppressor gene. These include being a transcriptional activator or repressor,
a function in transcription versus RNA metabolism, and these days even a function as oncogene or
tumour suppressor gene. To fully understand the role of WT1 in different diseases and normal development,
we will need to understand these contradictions. In this review, we will discuss the present state of knowledge and suggest that a role for WT1 in influencing the mesenchymal – epithelial state of cells might be a
common function that could explain many of the previously described findings.

INTRODUCTION

WT1 ISOFORMS

The WT1 tumour suppressor gene, involved in the development of Wilms’ tumour of the kidney, was among the first
tumour suppressor genes to be cloned (1). It encodes a
protein with four C-terminal Zn-fingers characteristically
found in transcription factors. Besides a role in the development of Wilms’ tumours, specific mutations in the Zn-finger
region are found in Denys-Drash syndrome and Frasier syndrome, both characterized by urogenital abnormalities, sometimes in combination with Wilms’ tumours. Creation of mouse
mutants has shown that WT1 is essential for the development
of certain mesodermally derived tissues, including the
kidneys, gonads, cardiac vasculature and spleen, and also for
the proliferation of certain neuronal progenitors.
Research in the 16 years since its cloning has not yet
revealed the mechanisms by which WT1 mutation leads to
the development of Wilms’ tumours and the other syndromes.
This is at least partially due to the complex nature of the gene
and its products. A combination of many different protein isoforms, different and apparently opposite molecular and biochemical functions, a mouse model that lacks kidneys instead
of developing tumours—and nowadays even accumulating
data on a potential oncogenic role in adult cancer—has sometimes led to a confusing collection of publications on many
aspects of the gene. Here, we will summarize what is known
about the different biochemical and developmental functions
of WT1. We hypothesize that WT1 may have either pro- or
anti-differentiation functions during development, depending
on the tissue and context, and speculate how this provides a framework for understanding its role as a tumour suppressor in
some cancers but a potential oncogene in others.

The identification of an almost disappointingly small number of
genes in the human genome has led to the realization that
alternative protein isoforms will form an essential ingredient
of the complexity of higher organisms. The WT1 gene is no
exception to this (Fig. 1). A total of 24 different isoforms resulting from combinations of alternative splicing events, alternative startcodons and RNA editing were described soon after
cloning of the gene. Best studied are the exon 5 variants, resulting from the use or skipping of this 51 nt exon, and the KTS
isoforms, which either include or exclude three amino acids
(KTS) between Zn fingers 3 and 4 of the protein through the
use of a cryptic splice donor site. Other alternative isoforms
are derived from the use of an upstream and in-frame CTG
start codon, an internal ATG start codon at the end of exon 1
and a residue in exon 6 subject to RNA editing. Lately, two
extra variants have been described. Dallosso et al. (2) identified
the AWT1 transcript, resulting from an alternative exon 1 with
its own promoter sequences. In contrast to the normal WT1
promoter, this alternative promoter is imprinted, with the
expression confined to the paternal allele. All exon 5 and
KTS variants were identified in AWT1 transcripts. An
additional isoform starting at the end of intron 5 has been identified, so far only in prostate, breast and leukaemia cancer cells
(3). This brings the theoretical total number of isoforms to 36
(Fig. 1). As it has been shown in some cases that specific isoforms can have specific functions (discussed subsequently), this
makes the use of cDNA constructs in overexpression experiments of limited use in deciphering the function of WT1.
The conservation of WT1 isoforms through evolution can
provide insights in their function and their importance.
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Figure 1. The WT1 locus encodes at least a theoretical maximum of 36 isoforms. Alternative start codons, exons and splices and RNA editing are depicted in red
and functional domains affected by these alternative events are depicted in green.

For instance, the RNA editing of WT1 has only been described
in mouse and human samples, whereas the exon 5 variants and
alternative start codons are conserved throughout mammals.
As of yet, there are no data published on the conservation of
alternative start isoforms. The only variation that is known
to be conserved throughout all vertebrates is +KTS.
On the basis of this conservation, one could argue that the
different KTS isoforms comprise the most important variation.
However, this would neglect the possibility of mammalianspecific functions for the novel features such as exon 5 and
upstream start site. An additional way of studying the role
of different isoforms that does acknowledge this is by generating mouse models using gene targeting to delete specific
isoforms rather than overexpression experiments. Several of
these mouse models have now been described. The first
were mice that express either only the þKTS or only the –
KTS isoforms (4). Both þKTS only and 2KTS only mice
were found to die soon after birth because of kidney defects,
and the exact phenotypes were different, supporting the
notion that they have different biological roles as suggested
by biochemical data (discussed subsequently) (5). Subsequently, it has been shown that lack of þKTS isoforms
specifically leads to defects in the development of olfactory
neurons (6). Mouse models addressing other isoforms have
been less informative. Mice lacking exon 5 are viable,
normal and fertile (7). In our laboratory, we deleted the
isoform resulting from the upstream CTG start codon with
the same result (8). Although in these cases, the opposite
experiments, generating mice expressing only the þexon 5
or CTG isoforms, have not been performed, they do support
the idea that the KTS variants might indeed be the most
important variants to study.

WT1 AS A REGULATOR OF TRANSCRIPTION
AND POST-TRANSCRIPTIONAL PROCESSES
The first function described for WT1 was a role in transcriptional regulation. As a recent review on this aspect of
WT1 is available (9), we can here be brief about this.

Again, paradoxical findings have been described on the
exact role of WT1 in this process, where it appears to function
as either a transcriptional activator or repressor, depending on
the cellular and experimental context. For many years, the
identification of WT1 downstream targets solely relied on
in vitro overexpression and reporter assay data, complicated
by the fact that no clear and unique WT1-binding element
has been found. Recent years have seen the publication of
data on transcriptional WT1 targets that passed more tests
for in vivo relevance, such as differential expression in Wt1
mutant mouse models, interaction of endogenous WT1 with
DNA detected via chromatin immunoprecipitation or overlapping expression patterns in mouse embryos. Maybe surprisingly, so far all these confirmed target genes such as
Amphiregulin (10), Sprouty1 (11), TrkB (12), nephrin (13),
nestin (14) and Pou4f2 (15) appear to be activated rather
than repressed by WT1. Yet, several cofactors such as
BASP1 (16) and WTIP (17) have now been described,
which specifically act as transcriptional co-suppressors for
WT1, confirming this is a physiological relevant function for
WT1. It is important to add that only the 2KTS isoforms, constituting around one-third of total WT1 protein, bind DNA
with high affinity and function efficiently in transcriptional
regulation.
In addition to a role in transcriptional regulation, there is a
wealth of circumstantial evidence pointing to a role for WT1
in RNA metabolism, possibly splicing, mediated via Zn-finger
1 and with some specificity for the þKTS isoform (18 – 20).
However, we await demonstration of a specific role of WT1
in RNA metabolism and its physiological relevance. In this
regard, it will be important to identify whether WT1 binds
to specific RNA molecules in vivo and whether mutation of
WT1 leads to altered processing of these RNAs.
Recent data suggest the role of WT1 might not be limited to
transcriptional regulation and RNA metabolism. Anecdotal
evidence from many labs showed that some endogenous
Wt1 protein could be found in the cytoplasm, but for a long
time, this was dismissed as an antibody-staining artefact. It
has now been found that, in fact, 10 –25% of endogenous
Wt1 in murine kidney and differentiated ES cells is indeed
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cytoplasmic and shuttles actively between the nucleus and
the cytoplasm (21). Even more surprising, fractionation of
cytoplasmic protein showed that WT1 could be found at
the actively translating polysomes. Although so far highly
speculative, it does open up the possibility that WT1 might
play a role in translation as well. If this is proven to be the
case, it will be interesting to see whether the same genes
that are transcriptional targets are also bound as RNA and
during translation, in which case the function of WT1 might
be rather different from what is believed at the moment.
Recently, the first study to report a specific post-transcriptional
function for WT1 was published. The authors showed that
þKTS but not 2KTS WT1 isoforms can stimulate polysome
binding and translation of an RNA retaining an intron (22).
Although the physiological relevance of these findings
remains to be confirmed, they demonstrate a new potential
function for WT1.

PRO- VERSUS ANTI-DIFFERENTIATION:
MESENCHYME-EPITHELIAL TRANSITION
VERSUS EPITHELIAL-MESENCHYME TRANSITION
Over the past few years, several findings have started to
provide more insight into the, again apparently contradictory,
biological roles of WT1. The complete absence of kidneys in
Wt1-deficient mice (23) has for a long time hampered the
study of the role of WT1 in kidney development. Using a combination of in vitro kidney organ culture and siRNA treatment,
we have now been able to show that Wt1 is needed to induce
the mesenchymal – epithelial transition (MET), leading to the
formation of nephrons (24), widely accepted to be the cause
of Wilms’ tumours when disturbed (25). This finding finally
coupled WT1 to the process involved in the formation of
these tumours. It has been known for some time that Wnt4
is involved in the same process, and in vitro data have
suggested that Wnt4 is a downstream Wt1 target (26). Preliminary rescue data using ectopic re-introduction of Wnt4 into
Wt1 knockdown kidneys seem to confirm the physiological
relevance of this pathway (Anna Webb, Nicholas D. Hastie
and Peter Hohenstein, unpublished data). Just as found in
Wt1 2/2 kidneys, some parts of the siRNA-treated kidneys
showed an increase in apoptosis, supporting a role here as a
survival factor. A similar function was described elsewhere
in the urogenital system in transgenic mice using a tissuespecific RNAi approach in Sertoli cells, where it was found
that Wt1 expression protects the germ cells from apoptosis
(27). In contrast, regions of our siRNA-treated kidneys
where nephrons would normally have formed showed an
increase in proliferation (24). On the basis of this, we
believe that in the developing kidney, Wt1 functions by
forcing the cells out of cycle and stimulating differentiation.
The opposite has been found in other organs. Mice lacking
the þKTS isoform show decreased cell proliferation in neuronal progenitor cells (6). Most strikingly, our published (28)
and unpublished data (Perez-Pomares et al., submitted for publication) have shown that in the developing heart, WT1 is
required for proliferation of vascular progenitors arising from
the epicardium. Our data suggest that WT1 is required for
maintenance of the undifferentiated state in these progenitors.

These observations support a model where Wt1 expression in
the kidney induces differentiation and forces exit from the cell
cycle but, in other tissue types, maintains cell proliferation and
preserves a progenitor state. These processes are also linked to
an opposite shift in the mesenchymal–epithelial state of the
cells. In the developing kidneys, the uninduced mesenchymal
cells will undergo a WT1-driven MET during the onset of
nephron formation. In contrast, in the developing heart, WT1
appears to be required for an epithelial– mesenchymal transition (EMT). Previously, reporter mice had suggested that
regulation of the mesenchymal–epithelial balance could be
an important aspect of the function of Wt1 (28,29). Together,
these data suggest that understanding the epithelial–
mesenchymal balance and the role WT1 plays in different
tissues might be pivotal to explain several paradoxical observations on the biological function(s) of WT1.

TUMOUR SUPPRESSOR GENE
VERSUS ONCOGENE
WT1 is widely accepted to function as a tumour suppressor
gene in the formation of Wilms’ tumours. However, over
the past few years, data have accumulated on the expression
of WT1 in adult tumours from different origin, including colorectal (30), breast (31), desmoid (32) and brain tumours (33).
As these tumours arise in tissues that normally do not express
WT1 but no mutations in the gene have been identified, it has
been suggested that expression of WT1 might play an oncogenic role in these tumours. In fact, evidence using antisense
oligonucleotides shows that WT1 is required for proliferation
while inhibiting apoptosis of tumour cells in culture (34). WT1
expression in the adult appears to be limited to the kidney
podocytes; therefore, oncogenic WT1 expression might be a
relatively tumour-specific target for therapeutic intervention.
Indeed, trials using peptide vaccines against WT1 in patients
with leukaemia, breast or lung cancer were promising (35).
If WT1 is functionally active in the tumourigenic process in
these tumours, additional therapeutic schemes can be
envisioned.
These observations will need further study. First of all, so
far there are no clear data on the isoforms expressed in
these tumours. As in vitro data on the isoforms that result
from the alternative start sites (up- or downstream) suggest
dominant-negative effects for these isoforms, this might be
an important aspect of the role of WT1 in these tumours.
Second, all publications on WT1 expression in adult cancers
show mainly, if not only, cytoplasmic localization of the
protein. This too might be part of an oncogenic role for
WT1, as normally only 10– 25% of the protein is found in
the cytoplasm (21). Third and finally, it is not known
whether WT1 is expressed during development of the tissues
where the tumours are found. If so, the expression found in
the tumours might reflect either de-differentiation of cells or
the cancer stem cell origin of the tumour. New gain and
loss-of-function mouse models will need to be developed to
fully analyse the oncogenic potential of WT1 isoforms as
oncogenes.
The apparent contrasting roles of WT1 in inducing
differentiation versus inhibiting differentiation and the
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Figure 2. WT1/b-catenin interactions in development and mesenchymal –epithelial balance. (A) In the induced mesenchyme, WT1 is driving the
Wnt-4-mediated MET, leading to nephron induction in the absence of b-catenin activity. (B) WT1-mutant Wilms’ tumours, resulting from the disturbance
of this MET, select for activating mutations in b-catenin. (C) In contrast, in the developing heart, WT1 drives the EMT in the epicardium; b-catenin activity
in these cells remains to be confirmed. (D) Similarly, WT1 might be involved in the EMT during the formation of many adult cancers outside the urogenital
system. Many of these tumours have activated b-catenin, but it is not known whether the WT1 positive and b-catenin positive subsets of tumours overlap.

context-dependent bi-directional control of mesenchymal –
epithelial fate might partially explain how WT1 can function
as a tumour suppressor gene in some tissues and as a potential
oncogene in others. The adult cancers where WT1 is expressed
are generally derived from epithelial cells. These tumours will
undergo an EMT during their development, and this is often
linked to a worse prognosis. If WT1 is involved in maintaining
the mesenchymal –epithelial balance in cells, activating its
expression might help establishing or maintaining this
mesenchymal status in these tumour cells. In contrast,
Wilms’ tumours are derived from mesenchymal cells and
WT1 normally forces the cells towards an epithelial state. In
this case, losing WT1 might keep the cells in the desired
mesenchymal state.
The role of WT1 loss in the development of Wilms’
tumours was further complicated by the observation that
WT1-mutant tumours select for oncogenic activation of
b-catenin (36). Somehow, the two genetic aberrations must
be linked. The obvious candidate for this would be Wnt4 if
it would signal via the canonical, b-catenin-mediated,
pathway. However, the BAT-gal reporter mouse for
b-catenin activity shows no activity in the mesenchyme

where Wnt4 is active (37), strongly suggesting that Wnt4 in
the kidney cannot signal via b-catenin. Yet, there clearly is
b-catenin activity in the ureteric bud, so the reciprocal interactions between bud and mesenchyme in the kidney development might still provide a more indirect link between WT1 and
b-catenin mutations in Wilms’ tumours.
Interestingly, expression of activated b-catenin can force
cells into premature EMT (38). And although a role for
b-catenin in the epicardial EMT where Wt1 is active has not
been studied, other EMT processes in the developing heart
are clearly linked to canonical Wnt signalling (39). Again,
there is a contrast between cells in the urogenital system and
outside it. All data suggest that there is a strong link
between WT1, b-catenin and regulation of the
mesenchymal –epithelial balance, which might explain the
role of WT1 in both Wilms’ tumours and adult cancers
(Fig. 2). It might be relevant that subsets of many of the
adult cancers where WT1 is found activated are known to
have oncogenic mutations in b-catenin. It would be interesting
to see whether there is overlap in the tumours with b-catenin
mutations and WT1 activations in these tumours, comparable
with the situation in Wilms’ tumours.

R200

Human Molecular Genetics, 2006, Vol. 15, Review Issue No. 2

CONCLUSION
It is clear that many inconsistencies with respect to WT1 still
exist. However, there is the possibility that these inconsistencies might in fact begin to reveal the true functions of WT1 in
normal development and disease. Many phenotypes in cancer
and Wt1-deficient mice can be explained by a role for the
protein in regulating the mesenchymal –epithelial balance. In
fact, even the glomerular sclerosis found in different Wt1
mouse models has been suggested to be linked to changes in
differentiation state and mesenchymal – epithelial balance
(40). The potential involvement of b-catenin signalling in all
these processes is tantalizing at least.
Many of the apparent discrepancies in the WT1 literature
are not likely to be resolved using the introduction of WT1
constructs into WT1-negative cell lines. The only kidneyderived embryonic cell line that expresses high endogenous
levels of Wt1, M15 (18), is difficult to manipulate experimentally; therefore, its use is limited as well. Resolving most
issues regarding the role of WT1 in normal development
and different pathogenic conditions will have to wait for the
development of a conditional Wt1 mouse model. Very recently
a conditional mouse model leading to an in-frame deletion of
exon 8-9 (Zn-fingers 2-3) was published (41). In addition, we
have now generated a conditional model that completely recapitulates the normal knockout mouse by placing exon 1
between IoxP sites, leading to an exact phenocopy of the published null phenotype when crossed with a germline Cre
deleter mouse (Peter Hohenstein, Laura Lettice, Nicholas D.
Hastie, unpublished data). Although its use in the development
of a mouse model for Wilms’ tumours might be complicated
for the moment by the unavailability of appropriate
Cre-expressing mice, at least, it should allow assessing phenotypes due to Wt1-deficiency beyond its earliest functions and
its role in heart development. It should also provide new
systems in which Wt1-positive cells derived from these mice
can be studied ex vivo in induced Wt1-deficient conditions.
We expect that this will greatly enhance our understanding
of WT1 and clarify many of its current paradoxes.
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