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Rapid Communication
Expression of the 1 1 p13 Wilms' Tumor
Gene, WT1, Correlates with Histologic
Category of Wilms' Tumor

William L. Gerald, T. Stokes Gramling,
Donald A. Sens, and A. Julian Garvin
From the Department ofPathology and Laboratory
Medicine, Medical University ofSouth Carolina, Charleston,
South Carolina

Homo2ygous inactivation of WT1, a Wilms' tumor
gene located on chromosome 11 atpl3, is believed to
predispose to Wilms' tumor and therefore may be a
common occurrence in this cancer. The expression of
thisgene inprimary Wilms' tumors was examined by
northern and quantitativeRNA slot blot analysis and
compared with clinical, histologic, and molecular
features of each case. The characteristic 3.2 kb RNA
was readily detected in most primary tumors al-
though there was marked variation in the level of
WT1-specific transcripts. No abnormal-sized RNA
products were detected and expression of WT1 was
not coordinated with that of several other oncofetal
genes: N-myc, insulinlike growth factor 2 (IGF-2),
and c-myc. The relative abundance of WT1-specific
RNA did correlate with the histologic category of
Wilms' tumor such that those tumors with heterolo-
gous differentiation have, in general; lower relative
levels ofWT1 transcripts than those tumors without
heterologous differentiation These results further es-
tablish the heterogeneity of Wilms' tumor with re-
spect to the expression of tumor-associated oncofetal
genes and suggest a relationship between WT1 ex-
pression and cellular differentiation (Am J Pathol
1992, 140:1031-1037)

of function of a tumor suppressor gene.' 2 However, sev-
eral lines of evidence suggest that Wilms' tumorigenesis
may be more complex. 1) At the genetic level, some pa-
tients with familial WAGR syndrome (Wilms' tumor, an-
iridia, genitourinary abnormalities, and mental retarda-
tion) show constitutional chromosomal deletions of 1 1 p13
and some sporadic Wilms' tumors show loss of heterozy-
gosity at loci within this same chromosomal band.3 8

Other sporadic tumors, and patients with Wilms' tumors
arising in the context of the Beckwith-Wiedemann syn-
drome, show loss of allelic heterozygosity at 1 1 p15 not at
1 1 p13.-11 In addition, analyses of familial Wilms' tumor
show no linkage to either of these loci, suggesting that
several genes participate in the development of Wilms'
tumors.12-14 2) Morphologically, Wilms' tumors are often
associated with a proposed precursor lesion consisting
of incompletely differentiated nephrogenic tissue (neph-
rogenic rests), implying that Wilms' tumorigenesis is the
result of progression through multiple steps.15'16 3) Fi-
nally, the prevailing theories of oncogenesis suggest that
failure of repression or reactivation of proto-oncogenes
and growth factors that play key roles in growth and de-
velopment allows continued cell proliferation and leads to
the subsequent development of malignancy. In the case
of Wilms' tumors, the N-myc proto-oncogene and IGF-2
are frequently expressed at high levels just as they are in
developing kidneys.17-24 The significance of these
events regarding oncogenesis is not established, but the
continued expression of oncofetal genes may contribute
to tumorigenesis or, on the other hand, it may reflect the
normal pattern of expression in the fetal tissues that make
up the tumor.

Wilms' tumor is a pediatric cancer that resembles and is
believed to originate from nephrogenic tissue. Most
cases are sporadic and unilateral, however, bilateral and
familial cases occur leading to the hypothesis that Wilms'
tumor, like retinoblastoma, belongs in the category of
cancers that develops on the basis of homozygous loss
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The exact molecular events involved and their spe-
cific contribution to Wilms' tumorigenesis are unknown,
however, the study of individual candidate Wilms' tumor
genes will help unravel the series of steps leading to the
development of this cancer. A gene that maps to band
p13 of human chromosome 11 and is preferentially ex-
pressed in the fetal kidney has been isolated and is oc-
casionally deleted in Wilms' tumor samples.2927 This
gene, designated WT1, is proposed to play a key role in
kidney development and the genesis of Wilms' tumors.
Sequence analysis suggests that the encoded protein
product is a zinc-fingered, DNA-binding protein, possibly
a transcription factor. Little is known of the regulation of
expression of this gene in Wilms' tumors or of its role in
various aspects of Wilms' tumor biology. In an effort to
gain a better understanding of the relationship between
the WT1 gene and Wilms' tumors, we have explored the
expression of this 11 p13 Wilms' tumor gene and other
oncofetal genes in a series of Wilms' tumors. Our results
suggest that WT1 expression may be related to cell dif-
ferentiation, and therefore, loss of this gene function may
contribute to a specific step in the series of events lead-
ing to development of Wilms' tumors.

Materials and Methods

Tissue Samples

Samples of tumor and adjacent normal tissue were ob-
tained from surgical specimens received in the Depart-
ment of Pathology and Laboratory Medicine at the Med-
ical University of South Carolina and through the National
Cancer Institute Cooperative Human Tissue Network.
The tissue was snapfrozen and stored at -800C. In all
cases, the diagnosis was confirmed by histologic exam-
ination. Tumors were subcategorized into those with dif-
ferentiated heterologous elements, and those without, by
histologic examination of available slides and review of
surgical pathology and consultation reports.

RNA Isolation and Analysis

RNA was prepared from frozen tissue by the acid guani-
dinium, phenol/chloroform method of Chomczynski and
Sacchi.28 RNA was denatured with glyoxal and electro-
phoresed in 1.2% agarose gels.29 Northern and slot blot
analyses were performed using Zetaprobe nylon mem-
branes (BioRad, Richmond, CA) and alkaline transfer ac-
cording to the manufacturer's instructions. Probes used
in this study were: the 1.8 kb EcoRI fragment of WT33 for
WT1 25 the 1 kb EcoRl-BamHl fragment of pNB-1 for
N-myc3O; the 0.8 kb Pstl fragment of phigf2 for IGF-2;31

the c-myc third exon probe from Oncor (Gaithersburg,
MD); a 40-mer antisense oligonucleotide probe for 28S
ribosomal RNA (Oncogene Science, Manhasset, NY);
and a 0.5 kb EcoRI fragment for ,-actin (a gift from Dr.
Ted Gansler, Emory University, Altanta, GA).

Double-stranded DNA fragments used as probes
were radiolabeled with 32P-dCTP by the random primer
method32 using a kit from Promega (Madison, WI). Oli-
gonucleotide probes were end-labeled with 32P-ATP us-
ing a 5'end-labeling kit from New England Nuclear (Bos-
ton, MA).

Results

Expression of WT1 in Primary
Wilms' Tumors

The primary tumors used in this study were unselected
and represent a spectrum of Wilms' tumors. Patient de-
mographics and tumor attributes are listed in Table 1.
Age ranged from 1 to 10 years. Two of the primary tumors
showed anaplasia as defined by the National Wilms' Tu-
mor Study Group and patients presenting in all four
stages are represented. None of the patients for whom
clinical information is available exhibited features associ-
ated with the WAGR, Denys-Drash, or Beckwith-
Weidemann syndromes, and only one (case #7) pre-
sented with bilateral Wilms' tumors.

Primary Wilms' tumors were evaluated for expression
of the 1 1 p13 Wilms' tumor gene, WT1. Deletions and loss
of allelic heterozygosity in this chromosomal region have
been detected in Wilms' tumors, and it might be ex-
pected that the structure or function of WT1 is commonly
altered in this malignancy. Ten micrograms of total RNA
from primary tumors and adjacent normal kidney were
analyzed by Northern blot analysis using 32P-labeled
probes. Of the 27 primary Wilms' tumors shown in Figure
1, 19 showed expression of the characteristic 3.2 kb WT1
RNA by Northern blot analysis. The transcript was not
detected, or present at low levels, in total RNA isolated
from normal kidney adjacent to tumors. An altered WT1
RNA species was not detected in any of the tumors. It,
therefore, appears that most Wilms' tumors have at least
one WT1 allele that is structurally, grossly intact, and tran-
scriptionally active. This analysis does not, however, rule
out the possibility of small mutations within the gene that
do not significantly affect transcript size.

An amazingly large variation in the level of WT1 ex-
pression exists among primary Wilms' tumors with ap-
proximately a 1 00-fold difference apparent by slot-blot
hybridization of serially diluted total RNA and densitomet-
ric analysis (Figure 2). This wide variation in the level of
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Table 1. Features ofPrimary Wil/ms'Tumors

Case

1
2*
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36*
37
38
39
40
41

Age

2
3
4
5

10
3
3
NK
1
5
1
NK
NK
1
NK
NK
1
3
3
3
3
8
NK
NK
NK
2
2
4
8
2
5
1
2
4
4
2
5
9
1

Sex

F
M
F
F
F
F
M
M
M
NK
F
M
M
NK
NK
NK
NK
NK
NK
M
NK
F
F
NK
NK
NK
NK
M
F
F

M
M
NFK
F
F
FF
NK
M

Stage

IV
III
IV

NK
NK
NK
NK
NK
NK
NK
NK
NK
NK
NK
NK
NK

III

IV
NK
NK
NK
NK
IV
NK

11
11
11
Ill
NK

NK
NK

Heterologous
differentiation

Present
Present
Absent
Absent
Absent
Absent
Absent
NK
NK
NK

Absent
Absent
NK
NK
NK
NK

Absent
Present
NK

Present
NK

Present
Absent
Absent
NK
NK

Absent
Present
Present
Absent
Present
NK

Absent
NK

Present
Absent
Present
Absent
Present
NK

Present
* Denotes anaplastic WT.
NK = not known.

WT1 expression among primary Wilms' tumors led to an
analysis of clinical, histologic, and molecular features that
could possibly correlate with WT1 expression.

Comparison of Oncofetal Gene Expression
and Level of WT1 -specific RNA

It has previously been noted that Wilms' tumors often ex-
hibit high levels of expression of some oncofetal genes
that are normally active in developing kidney. In particu-
lar, N-myc and IGF-2 transcripts are frequently present
and c-myc transcripts are occasionally found. The WT1-
encoded protein sequence is homologous to transcrip-
tion factors, and the expression of these oncofetal genes
may be influenced by the regulatory activity of the WT1

gene product. To evaluate the relationship between on-
cofetal genes and the level of expression of WT1, North-
ern analysis was performed with probes for N-myc, IGF-2
and c-myc, using the same primary tumors analyzed for
WT1 transcripts. From visual inspection of autoradio-
grams (Figure 1), many Wilms' tumors contained in-
creased levels of N-myc mRNA, and all but two showed
greatly enhanced expression of IGF-2, as compared with
normal kidney. The level of expression for these two
genes varied considerably among the primary tumors
studied. On the other hand, c-myc expression was sig-
nificantly elevated in just three cases with only one case
showing high level expression. The sizes of hybridizing
bands are in agreement with published sizes of mRNA
corresponding to each gene and no abnormal size tran-
scripts were detected. An obvious relationship between
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the steady-state level of transcripts for these genes and
the level of WT1 RNA was not evident by this analysis.

Correlation Between Tumor Differentiation
and WT1 Expression

Various parameters of each case were examined for cor-
relation with the level of WT1 expression as determined
by slot-blot analysis. No statistically significant relation-
ship was detected beween WT1 expression and clinical
stage of presentation, patient age, or the presence of
anaplasia. Previous work, however, had indicated that
WT1 expression is most prominent in specific cell types
and may play a role in cell differentiation.'341 Based on
this observation, we evaluated the association between
histologic features of the primary tumors and the level of
WT1 RNA. Beckwith and coworkers have suggested that
Wilms' tumors can be divided into two categories based
on histologic features.15 Tumors with heterologous stro-
mal elements (striated muscle, cartilage, and bone) and
a prominent stromal component are associated with the
WAGR syndrome and the presence of intralobar neph-
rogenic rests. Those that do not have heterologous ele-

- 28S

-18S

- 28S

-18S

-28S

-18S

Figure 1. Northern blot analysis ofprimaty
- 28S Wilmns' tumors and normal kidney. Ten mi-

crograms of total RNA isolatedfiom either
normal kidney adjacent to tumors (NL KID

-18S 1-5) or Wilrms' tumors (1-27) were electro-
phoresed in each lane and hybridized with
32P-labelled probes for the genes indicated

- at the left of each panel. The tumors ana-
lyzed in this figure are a subset of those

-2dS studied by quantitative slot blot analysis in
Figure 2. Exposure times were: 2 days for
WrT1; overnightfor IGF-2; 3 daysfor N-myc

-18S and c-myc; and 6 hoursfor 28S ribosomal
RVA. Numbers at the top of the figure cor-
respond to the case number in Table 1.

ments, and are composed primarily of blastema with ep-
ithelial differentiation, are associated with the Beckwith-
Wiedemann syndrome and perilobar nephrogenic rests.
This might suggest that these two groups represent
Wilms' tumors with different biologic characteristics and
possibly different mechanisms of tumorigenesis. After re-
view of available slides and surgical pathology reports,
12 of the cases in our study were found to contain heter-
ologous tissue elements and 15 cases did not. Those
cases with heterologous elements and stromal predom-
inance showed a lower level of WT1 RNA than the group
of tumors that did not have heterologous elements and
were blastema-rich (Figure 3). A significant difference (P
= 0.008) occurred between the mean level of relative
WT1 RNA for the two groups although exceptions to the
general trend existed for both categories.

Discussion

Earlier epidemiologic and statistical analyses suggested
that the development of some tumors, such as Wilms'
tumor and retinoblastoma, is due to inactivation of both
alleles of a single tumor suppressor gene. Recent data
strongly support this concept in the case of retinoblasto-
ma, but the events contributing to Wilms' tumorigenesis
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Figure 2. Bar graph representation ofquantitative RNA slot blot analysis. Total RNA was blotted using a slot-blot apparatus and hybridized
with 32P-labelled WT1 probe. Autoradiograms were subiected to densitometric analysis. Values are expressed as integrated optical density
normalized by j-actin expression. Numbers at the bottom of thefigure correspond to the case number in Table 1.

appear to be more complex. Two, and possibly more,
genetic loci have been implicated based on chromosom-
al deletion, loss of heterozygosity, and genetic linkage.
Benign possible precursor lesions (nephrogenic rests)
have been identified suggesting a multistep process of
carcinogenesis, and expression of oncofetal and growth
factor genes have been detected in most Wilms' tumors
examined. The contribution of each of these events to
Wilms' tumor biology is not well understood; however, the
recent isolation of the 11 p13 Wilms' tumor gene, WT1,
allows investigation of the role of this specific genetic fac-
tor.

Our analysis of expression of WT1 in a spectrum of
primary Wilms' tumors demonstrates that grossly normal
transcripts are present in most cases, and no abnormal
size products were produced in detectable amounts.
This implies that at least one structurally intact WT1 allele
is present and transcribed in the majority of Wilms' tu-
mors, although the possibility of mutational events not
detected by Northern analysis, but affecting WT1 protein
product function, needs to be excluded.39'40 A tumori-
genic effect due to loss of WT1 function is tenable for
those Wilms' tumors that have low or undetectable levels
of WT1 transcripts, and the rare tumors that have ho-
mozygous deletion of WT1.26,3438

The complexity of Wilms' tumorigenesis and the ex-

treme variability of WT1 RNA levels in primary tumors
suggests that WT1 does not necessarily function as a
classic tumor suppressor gene but plays an important
role in some other aspect of tumor biology. Although the
function of WT1 is still unknown, in situ hybridization stud-
ies in the developing kidney localize WT1 transcripts to
the condensing blastemal cells, renal vesicle, and matur-
ing renal corpuscle, particularly the podocytes of the glo-
merular epithelium. In situ localization in Wilms' tumors is
also restricted to specific cell types, primarily tubular ep-
ithelial structures and to a lesser extent blastemal cells,
whereas stromal cells are negative.3341 These results im-
ply that WT1 expression is restricted to certain cell types
or cells at a specific stage of differentiation. If this is the
case, the level of WT1 expression in neoplasia would be
expected to correlate with the relative amount of that spe-
cific cell type present. Our results tend to support this
concept as does the work of others.33.35,41 Tumors that
exhibit primarily blastemal and epithelial differentiation
show higher levels of WT1 expression than those that are
stromal predominant with heterologous differentiation.
WT1 may play an important role at a specific stage of
tissue differentiation, and disruption of this event predis-
poses to development of Wilms' tumors with specific
types of cellular components. However, other molecular
events, possibly including disruption of other steps in re-
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Figure 3. Comparison ofquantitative RNA slot blot analysisfor Wilms' tumors with and without heterologous elements hybridized with WTi
probe. Values are expressed as integrated optical density normalized by r-actin expression. Numbers at the bottom of thefigure correspond
to the case number in Table 1.

nal tissue differentiation, may also contribute to the de-
velopment of Wilms' tumor. In those primary tumors, WT1
may be expressed as a normal transcript in tumor tissue
recapitulating nephrogenic blastema in early stages of
differentiation toward epithelial structures.
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