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The Role of NF-κB in the Regulation
of the Expression of Wilms Tumor

Suppressor Gene WT1
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Department of Cancer Biology, Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, OH 44195

The Wilms tumor suppressor gene, WT1, plays an important role in genitourinary development and the etiology
of Wilms tumor. WT1 has a spatially and temporally defined expression in the developing genitourinary system
and in specific cells of the hematopoietic system, but the regulatory pathways that control WT1 expression are
not well understood. Recently, members of the NF-κB family of transcription factors have been proposed as
potent activators of the murine WT1 promoter through binding to a NF-κB site. Because the human WT1
promoter contains a conserved NF-κB site, we investigated whether NF-κB also regulates the expression of the
human WT1 gene. We activated NF-κB through cytokine stimulation or inhibited NF-κB through expression of
a NF-κB “super repressor” in WT1 expressing Wilms tumor, renal carcinoma, and erythroleukemia cultures and
examined the level of endogenous WT1 gene expression. Although a transfected NF-κB reporter construct was
responsive to these manipulations, we found that altering NF-κB activity had no effect on endogenous WT1
expression in the cell types used in our study. We conclude that despite the presence of conserved NF-κB
elements in the murine and human WT1 promoters, NF-κB is not required to regulate the expression of the
WT1 gene in its natural context.

Wilms tumor suppressor gene WT1 NF-κB Endogenous gene expression
NF-κB super repressor

DEVELOPMENT is a tightly regulated process that and a glutamine/proline-rich amino-terminus (8,20).
Alternative splicing at two sites generates four pro-relies upon the accurate interplay of many gene prod-

ucts. Disruption of normal developmental programs tein isoforms (22) that appear to have somewhat dis-
tinct functions. Cell culture studies have shown thatas a result of genetic alteration can lead to disease.

Wilms tumor or nephroblastoma, the most common WT1 isoforms can bind to specific DNA sequences
and activate or repress transcription from promotersolid tumor of childhood (34), is a clear example of

disrupted development. Wilms tumors are of embry- constructs depending upon a variety of different ex-
perimental conditions (43) [reviewed in (41)]. Aonic origin and appear to arise from metanephric

blastemal tissues of the developing kidney that fail number of genes whose promoters contain WT1
binding sites have been identified, but whether theyto undergo the normal maturation process (4). The

relationship between development and tumorigenesis are bona fide in vivo targets of WT1 remains to be
determined.has been further strengthened by the molecular ge-

netic analysis of WT1, the first Wilms tumor gene to Mutations in WT1 are associated with the congen-
ital WAGR (Wilms tumor/Aniridia/Genitourinarybe isolated (25).

The WT1 gene encodes a transcription factor that abnormalities/Retardation) and Denys-Drash syn-
dromes, which both are characterized by genitouri-has four C2H2 zinc fingers at the carboxyl-terminus
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nary abnormalities and a predisposition to Wilms tu- for immune and inflammatory responses, viral repli-
cation, cellular growth, and differentiation [for re-mor. Furthermore, WT1 is inactivated in a subset of

nonsyndromic Wilms tumors. These finding both views, see (2,21)]. Mammalian NF-κB/Rel family
members include p50, p65, c-Rel, Rel B, and p52, allidentified WT1 as a tumor suppressor gene and a key

regulator of genitourinary development. WT1’s func- of which function as homo- or heterodimers. Among
them, the prototypic p50/p65 heterodimer is the mosttion as a tumor suppressor is supported by the finding

that wild-type WT1 gene products can suppress the potent transactivator (3,44). NF-κB activity is tightly
regulated by a family of endogenous inhibitors, IκBs,transformed phenotype of both a Wilms tumor cell

line (23) and a ras-transformed heterologous tumor which complex NF-κB in the cytoplasm in most
cells. Exposure of cells to a wide variety of stimuli,cell line (32). The requirement for WT1 in normal

development is revealed by the phenotypes of mice including cytokines such as tumor necrosis factor-α
(TNF-α) and interleukin-1 (IL-1), and UV irradiationlacking WT1 function. WT1 null mice die before

birth and display abnormal development of the heart, leads to rapid phosphorylation and degradation of
IκB. Upon degradation of IκB, NF-κB is free tolungs, mesothelium, and complete agenesis of the go-

nads and kidneys. The genitourinary defects, to some translocate into the nucleus where it activates the ex-
pression of its target genes (5,7,15,26). Mutation ofextent, were attributed to failure of renal mesen-

chyme to respond to normal inductive signals (30). the inducible phosphorylation sites in IκB blocks its
degradation and prevents NF-κB activation (16). Re-Consistent with its role in genitourinary develop-

ment, WT1 is expressed in a temporally and spatially cently, a NF-κB binding site in the murine WT1 pro-
moter was reported to respond to the overexpressionrestricted pattern. WT1 expression is limited to pre-

cursor cells of the kidneys and gonads and to glomer- of the p50 and p65 subunits of NF-κB in cells tran-
siently cotransfected with murine WT1 promoter con-ular podocytes in adults (33,38,40). In addition to

these normal tissues, WT1 is highly expressed in structs (14). Furthermore, nuclear run-on assays re-
vealed that overexpression of p50 and p65 in murineWilms tumors with predominant blastemal compo-

nents (19,37,51) and in the majority of acute leuke- NIH3T3 cells enhanced transcription of the endoge-
nous WT1 gene, which is normally transcriptionallymias (6,28,36). Misregulated WT1 expression has

been shown to have detrimental consequences. For silent in these cells. The observation that this and
other putative NF-κB-like sites are conserved be-example, renal cell carcinoma (RCC) is associated

with relaxed expression of WT1 in the epithelial cells tween the murine and human promoters led us to
investigate the role of NF-κB in regulating WT1 ex-of the proximal tubule where WT1 is not normally

expressed (10). Furthermore, ubiquitous expression pression in human cells of genitourinary or hemato-
poietic origin, which normally express WT1. Despiteof WT1 in mice (35) and precocious expression of

WT1 in frogs (48) have been shown to perturb nor- the presence of conserved NF-κB sites in human
WT1 promoter, we failed to detect changes in endog-mal development.

Efforts aimed at elucidating the mechanisms that enous WT1 expression in these cells when NF-κB
activity was demonstrably altered.regulate WT1 expression have focused in large part

on the identification of cis regulatory elements at the
WT1 locus and transactivators that function through
such elements. Several transcription factors, includ- MATERIALS AND METHODS
ing Sp1 (11), PAX 2 (12), PAX 8 (13,18), and WT1

Cell Culture and Transient Transfection
itself (45), have been shown to be capable of binding
to regions in the WT1 promoter and regulating tran- The Wit49A Wilms tumor cell line and the mouse

TM3 Leydig cell line were cultured in medium con-scription from the WT1 promoter, at least in cell cul-
ture systems. In addition, a 3′ enhancer element con- taining equal portions of high-glucose DMEM and

F12 nutrient mixture, 10% fetal bovine serum (FBS),taining GATA binding motifs has been shown to
function in erythroleukemic K562 cells but not in and 100 µg/ml of penicillin/streptomycin. The RCC1

renal carcinoma cell line was maintained in RPMI-other cell types (17,50). The fact that master regula-
tory elements capable of directing appropriate tissue- 1640 supplemented with 10% FBS, 2 mM glutamine,

1 mM sodium pyruvate, 12.5 mM HEPES, and 100specific expression of WT1 in transgenic animals are
yet to be identified demonstrates the complexity of µg/ml of penicillin/streptomycin. K562 erythroleuke-

mia cells were cultured in RPMI-1640 supplementedthe regulation of WT1 expression as well as the limi-
tations of the cell culture system, in particular, cells with 10% FBS and 100 µg/ml of penicillin/strepto-

mycin. All tissue culture reagents were obtainedthat do not express the endogenous WT1 gene.
Transcription factors of the NF-κB/Rel family reg- from GIBCO, BRL. For transient transfection experi-

ments, 4 µg of pGbp2-luc, a firefly luciferase reporterulate the expression of a variety of genes important
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driven by the NF-κB-inducible promoter of the briefly to pellet crude nuclei, which were resus-
pended in modified buffer C (20 mM HEPES-KOH,guanylate-binding protein (Gbp) gene (31), and 0.5

µg of pRLTK, a plasmid expressing the renilla lucif- pH 7.9, 25% glycerol, 700 mM NaCl, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF,erase (Promega), were transfected into 2 × 106 Wit49A

cells/10-cm dish using lipofectamine plus reagents 2 µg/ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pep-
statin) and incubated on ice for 30 min. The crude(GIBCO, BRL) according to the manufacturer’s pro-

tocol. The luciferase acitvity of the cotransfected nuclear extract was collected and stored at −70°C.
For EMSA, annealed oligonucleotides forming thepRLTK was used to control for transfection effi-

ciency among samples. consensus NF-κB site, 5′-GGGGACTTTCCC-3′,
were end-labeled with [γ-32P]ATP and purified over
a Sephadex G50 column. Crude nuclear extract (5–10Adenovirus Infection
µg of protein) was incubated in the binding buffer

The recombinant adenoviruses used in this study (50 mM HEPES-KOH, pH 7.5, 20% glycerol, 5 mM
have been described (29). A multiplicity of infection MgCl2, 50 mM KCl, 10 µM ZnSO4, 1 mM DTT) with
of 50 was used for all adenovirus infection experi- 1 µg of poly(dI-dC) (Boehringer Mannheim) and
ments. Adherent cells were allowed to reach conflu- 100,000 CPM of end-labeled probe in a total volume
ency just before infection. The nonadherent K562 of 21 µl for 20 min at room temperature. For super-
cells were plated at a density of 2 × 106/ml. Before shift experiments, 200 ng of anti-p65 antibody (Santa
infection, cells were washed three times with PBS to Cruz Biotechnology, Inc.) was incubated with nuclear
deplete serum. The appropriate amount of virus was extracts for 10 min at room temperature prior to the
diluted in the minimal volume of OPTI-MEM needed addition of radiolabeled probes. The protein–DNA
to cover the tissue culture dish and incubated with complexes were resolved on a 5% nondenaturing
the cells for 10–12 h. For adherent Wit49A and polyacrylamide gel in 0.5× TBE buffer at room tem-
RCC1, but not for nonadherent K562 cells, the virus- perature.
containing medium was then removed and the cells
were cultured in full serum medium for another 12 h

Analysis of WT1 Transcripts and Proteinsbefore additional treatment and/or analysis.

Wit49A, RCC1, and K562 cells were treated with
Luciferase Assay human TNF-α (10 ng/ml) for the indicated amount

of time or infected with the appropriate adenoviruses.Transiently transfected Wit49A cells were split
Total RNA was isolated using Trizol reagentinto 12-well plates and infected with the appropriate
(GIBCO, BRL) and reverse transcribed using Super-adenovirus 24 h after transfection. Twenty-four hours
script II reverse transcriptase (GIBCO, BRL). RT/after viral infection, the cells were treated with or
PCR of WT1 transcripts was performed using the for-without human TNF-α at 10 ng/ml for 4 h. At the
ward primer, 5′-ATCCTCTGCGGAGCCAATAC-3′end of the TNF-α treatment, luciferase activity was
and the reverse primer, 5′-ACTGTGCTGCCTGGdetermined using the Dual-Luciferase Assay System
GACAC-3′. As an internal control for RNA integrity(Promega) following the manufacturer’s protocol.
and equal loading, the glyceraldehyde-3-phosphateThe firefly luciferase activity of the pGbp2-luc con-
dehydrogenase (GAPDH) mRNA was amplified instruct was normalized against the renilla luciferase
the same tube using 5′-CCATGGAGAAGGCTGactivity of the cotransfected pRLTK construct.
GGG-3′ and 5′-CAAAGTTGTCATGGATGACC-3′.
Twenty-five cycles of amplification were performedElectrophoretic Mobility Shift Assay
for all samples under the following conditions: dena-
ture at 94°C for 45 s, anneal at 60°C for 1 min, andActively growing or virus-infected Wit49A, RCC1,

and K562 cells were treated with 10 ng/ml human extend at 72°C for 1 min. For Western blot analysis
of WT1 proteins, the treated cells were lysed inTNF-α for 30 min. The nuclear extracts were pre-

pared basically according to the method of Andrews buffer containing 50 mM Tris-HCl, pH 7.4, 0.5%
NP40, 0.25% sodium deoxycholate, 150 mM NaCl,and Faller (1) and Sakamoto et al. (46). At the end

of the TNF-α treatment, the cells were washed two 1 mM EGTA, 1 mM PMSF, 2 µg/ml leupeptin, 2 µg/
ml pepstatin, and 2 µg/ml aprotinin on ice for 30 min.times with cold PBS and lysed in modified buffer A

[10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl2, 10 The lysate was cleared of debris and the total protein
concentration was measured using the Protein AssaymM KCl, 0.5 mM dithiothreitol (DTT), 0.05% NP40,

0.2 mM phenylmethylsulfonyl fluoride (PMSF), 2 Reagent (BioRad). Equal amounts of total protein
were separated on an 8% SDS-PAGE polyacrylamideµg/ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pep-

statin] on ice for 15 min. Samples were centrifuged gel and transferred to PVDF membrane (Millipore).
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The anti-WT1 peptide antibody, C19 (Santa Cruz), WT1 gene expression. Electrophoretic mobility shift
assays (EMSA) using a NF-κB consensus bindingwas used to detect all isoforms of the WT1 protein.

The anti-HA antibodies, HA probe (Santa Cruz), was site (5′-GGGGACTTTCCC-3′) revealed a basal level
of NF-κB binding activity in untreated cells. Theused to detect the expression of the hemagglutinin

(HA) epitope-tagged IκBα super repressor protein. basal level of NF-κB binding activity was low in
Wit49A cells and much higher in RCC1 cells (Fig.
2a, lanes 1 and 7, respectively). A significant increase
in the DNA binding activity to the NF-κB consensusRESULTS
oligo was detected in both cell types treated with

The Conserved Arrangement of Putative NF-κB TNF-α (Fig. 2a, lanes 4 and 9). The observed binding
Binding Sites in the Human and Murine WT1 was specific because it could be competed with ex-
Promoters cess unlabeled NF-κB oligo (Fig. 2a, lanes 2, 5, 8,

and 10). Supershift experiments using antibodiesThe human and murine WT1 promoters are mem-
raised against p65 identified that p65 is one of thebers of the GC-rich, CCAAT-less and TATA-less
components in the observed DNA binding activityclass of RNA polymerase II promoters. Several tran-
(Fig. 2a, lanes 3 and 6). These results indicate thatscription start sites for the human and murine WT1
NF-κB activity is induced in response to TNF-α ingenes have been mapped to a region that shows ex-
both Wit49A and RCC1 cells. However, examinationtensive sequence homology between these two spe-
of WT1 transcript levels by RT/PCR (Fig. 2b) andcies (9,17,39). Analysis of the sequence flanking the
protein levels by Western analysis (Fig. 2c) revealedconserved major transcription start site in the human
no significant changes following an extended periodWT1 promoter revealed four decamers that resemble
of exposure to TNF-α. These results demonstrate thatthe consensus NF-κB binding site, 5′-GGGRNNY
NF-κB activation by TNF-α is not sufficient to en-YCC-3′. Similar sites are present in analogous posi-
hance endogenous WT1 expression in these cells.tions in the murine WT1 promoter (Fig. 1a). Among

them, NF-κB sites A and D in the human WT1 pro-
moter are identical to their counterparts in the murine Inhibition of NF-κB Activity in Wit49A and RCC1
promoter, whereas one or two mismatches are present Cells Does Not Affect the Expression of WT1
in sites C and B, respectively (Fig. 1b).

The detection of constitutive NF-κB DNA binding
activity in Wit49A and RCC1 cells prompted us toActivation of NF-κB Activity in Wit49A and RCC1
investigate whether basal NF-κB activity contributesCells Fails to Augment WT1 Expression In Vivo
to the constitutive expression of WT1 in these cells.
To downregulate the constitutive NF-κB activity, weDehbi et al. (14) recently reported that the NF-κB

site D present in the murine promoter was able to took advantage of Ad5IκB-SR, a recombinant adeno-
virus expressing a “super repressor” of NF-κB. Theform a complex with NF-κB and mediate transcrip-

tional activation of the WT1 promoter by overex- super repressor is a mutated nondegradable IκBα that
is resistant to phosphorylation and degradation (29).pressed p50 and p65 subunits of the NF-κB/Rel fam-

ily of transcription factors. Because the NF-κB site Both Wit49A and RCC1 cells can be infected by re-
combinant adenovirus with an efficiency close toD in the human WT1 promoter sequence is identical

to its murine counterpart, we examined the effect of 100% as determined by β-galactosidase staining of
cells infected with a lacZ-expressing adenovirus, Ad-TNF-α, a potent activator of NF-κB, on the expres-

sion of the endogenous human WT1 gene in cell lines 5laZ (data not shown). The expression of the hemag-
glutinin (HA)-tagged super repressor protein could bederived from the genitourinary system where WT1

has a physiological role. The RCC1 cell line was de- readily detected in cells infected with Ad5IκB-SR
(Fig. 4c). To determine if the super repressor wasrived from a primary renal cell carcinoma (24). The

Wit49A cell line, whose characterization will be de- functional in Wit49A and RCC1 cells, infected cells
were tested for DNA binding activity to the NF-κBscribed in a separate report, was established from a

first-generation xenograft of a Wilms tumor (H. consensus site by EMSA. Remarkably, the super re-
pressor reduced both the constitutive and inducedYeger, unpublished results). Both cell lines express

wild-type WT1 transcripts and proteins as revealed binding to the NF-κB site to undetectable levels in
these cells (Fig. 3a, lanes 3, 6, 9, and 12). Further-by molecular genetic, biochemical, and immunohisto-

chemical analyses [(10); this report]. more, luciferase assays demonstrated that the super
repressor was also able to repress transcription from aThe Wit49A and RCC1 cells were exposed to hu-

man TNF-α and assayed for NF-κB activation and NF-κB responsive reporter construct in Wit49A cells
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Figure 1. Schematic representation of the conserved promoter region of the human and murine WT1 genes. (a) Alignment of the conserved
features. The transcriptional start sites are represented by right-angled arrows. Numbers above the arrows indicate the position of the start
sites with respect to one of the human major transcription initiation sites, which is designated as +1. Ovals designate the relative positions
of the putative NF-κB sites. Filled or open ovals represent sites completely or partially conserved between human and murine sequences,
respectively. The stippled bar represents the region within the human and WT1 promoters that is 78% similar at the nucleotide level. (b)
Sequences of the four putative NF-κB sites present in the WT1 promoter and of the NF-κB consensus binding site. The putative NF-κB
sites are shown in bold and underlined. The mismatches between the human and murine sites are shown in lower case. Numbers in
parentheses indicate the position of the first base in the site with respect to the major human transcription initiation site. R, purine; Y,
pyrimidine, N, any nucleotide.

(Fig. 3b). The residual luciferase activity observed in contribute to the constitutive expression of WT1 in
these cells.cells infected with the super repressor-expressing vi-

rus was likely due to basal activation of the reporter
construct by transcription factors other than NF-κB. Altering NF-κB Activity in K562 Cells Does Not
We were unable to assay the activity of the luciferase Affect the Expression of WT1
reporter in RCC1 cells due to the extremely low
transfection efficiency in these cells. In addition to its expression in the genitourinary

system, WT1 gene expression has also been detectedWhen WT1 transcripts and proteins were analyzed
by RT/PCR and Western blot analysis, no significant in specific cells of the hematopoietic system. It is

possible that NF-κB does not regulate the expressionreduction in WT1 expression was detected in cells
expressing the NF-κB super repressor protein (Fig. of WT1 in genitourinary tissues, but is required for

WT1 expression in the hematopoietic system. Ac-4a, b, compare lanes 2 and 3; lanes 5 and 6). These
results indicate that the constitutive NF-κB activity cordingly, we tested whether NF-κB plays a role in

regulating WT1 expression in K562 cells, which arein Wit49A and RCC1 cells does not significantly
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Figure 2. The effect of the activation of NF-κB by TNF-α on WT1 transcript and protein levels in Wit 49A and RCC1 cells. (a) Wit49A
cells (lanes 1–6) and RCC1 cells (lanes 7–10) were treated with human TNF-α for 30 min. Crude nuclear extracts were prepared and DNA
binding to a consensus NF-κB oligo, 5′-GGGGACTTTCCC-3′, was demonstrated by electrophoretic mobility shift assay (EMSA) as de-
scribed in Materials and Methods. The NF-κB DNA binding activity is indicated by the arrow. Excess amount of unlabeled probe (50× cold
competitor) or 200 ng of anti-p65 antibodies were added as indicated to show the specificity and identity of the DNA binding activity. (b)
Wit49A cells (lanes 1–5) and RCC1 cells (lanes 6–10) were treated with human TNF-α for the indicated amount of time. RT/PCR was
performed as described in Materials and Methods to determine the relative amount of WT1 transcripts. A portion of the GAPDH transcript
was amplified at the same time to control for equal loading. (c) Western blot analysis of the WT1 protein levels in TNF-α-treated samples.
Equal amounts of total protein as determined by protein assays were analyzed for each sample. The four WT1 isoforms were resolved as a
doublet in most cases under the conditions used for SDS-PAGE.

derived from a chronic myelogenous leukemia in due to incomplete infection of the culture (70–80%,
β-galactosidase staining not shown). Analysis ofblast crisis and express endogenous WT1. The cells

were treated with TNF-α to activate NF-κB activity WT1 transcripts and proteins by RT/PCR and West-
ern blot revealed no significant change in WT1 ex-or infected with Ad5IκB-SR to downregulate NF-κB

activity. EMSA revealed that despite constitutive pression in response to changes of NF-κB activity
(Fig. 5a, b). These results indicate that as in Wit49AWT1 expression, there was very little, if any, consti-

tutive NF-κB activity in untreated K562 cells (Fig. and RCC1 cells, NF-κB does not play a significant
role in regulating WT1 expression in K562 cells.5c, lanes 1–3). This suggests that NF-κB activity is

not required for initiating WT1 expression in K562
cells. Treatment of the cells with TNF-α resulted in a
dramatic increase in the NF-κB DNA binding activity DISCUSSION
(Fig. 5c, lanes 4 and 5), which could be significantly
reduced by expression of the NF-κB super repressor The 5′ regulatory regions of the human and mu-

rine WT1 genes share extensive sequence homology,(lane 6). The residual NF-κB DNA binding activity
in cells infected with Ad5IκB-SR was most likely suggesting that conserved mechanisms may be in-
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Figure 3. Inhibition of NF-κB activity in Wit49A and RCC1 cells infected by Ad5IκB-SR, an NF-κB super repressor-expressing adenovirus.
(a) Wit49A cells (lanes 1–6) and RCC1 cells (lane 7–12) were infected with the indicated adenoviruses for 24 h, after which the cells were
treated with human TNF-α (10 ng/ml) or medium alone for 30 min. Crude nuclear extracts were tested for NF-kB site binding by EMSA.
The NF-κB DNA binding activity is indicated by the arrow. Ad5lacZ, a lacZ-expressing adenovirus, was used as a control for any nonspecific
effects intrinsic to adenoviral infections. (b) Wit49A cells were transiently transfected with pGbp2-luc, a NF-κB inducible luciferase reporter.
The cells were then infected with the indicated adenoviruses for 24 h, after which they were either treated with human TNF-α (10 ng/ml)
(closed bars) or medium alone (open bars) for 4 h. At the end of the TNF-α treatment, the transcriptional activity of the cells was determined
by luciferase assays as described in Materials and Methods. The results represent mean ± SD of duplicate determinations.

volved in the regulation of WT1 gene expression in dogenous WT1 gene expression. We treated cells
with TNF-α to globally increase NF-κB activity orthese two species. The sequence homology includes

several putative NF-κB binding sites in the vicinity infected cells with an adenovirus expressing a mutant
IκBα to inhibit NF-κB activity. TNF-α dramaticallyof the major transcription initiation sites. It has been

previously shown that the murine WT1 promoter can elevated the NF-κB activity in all cell types used in
our study; however, we failed to detect any signifi-be transactivated by the p50 and p65 subunits of NF-

κB and that this effect is mediated by a binding site cant increase in the levels of WT1 transcripts or pro-
teins. Furthermore, when the basal NF-κB activityimmediately downstream of the major transcription

initiation site (14). The fact that this NF-κB binding present in Wit49A and RCC1 cells was completely
blocked by adenovirus-mediated expression of thesite (site D in Fig. 1) is conserved in the human WT1

promoter in addition to other NF-κB-like sequences mutant IκBα, we did not observe any effect on the
endogenous WT1 gene expression. It has been pre-prompted us to investigate whether NF-κB family

members play a role in regulating human WT1 ex- viously shown that such repression of NF-κB activity
by the mutant IκBα is capable of inhibiting the ex-pression. We sought to manipulate NF-κB activity in

WT1-expressing cells derived from genitourinary or pression of endogenous κB-dependent genes in hu-
man intestinal epithelial cells (29). In addition, no in-hematopoietic lineage and examine the effect on en-
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Figure 4. The effect of adenovirus-mediated expression of an NF-κB super repressor on WT1 transcripts and proteins levels in Wit49A and
RCC1 cells. Wit49A cells (lanes 1–3) and RCC1 cells (lanes 4–6) were either infected with Ad5IκB-SR, a NF-κB super repressor-expressing
adenovirus, or Ad5lacZ, a lacZ-expressing control virus. (a) RT/PCR analysis of WT1 transcript levels. GAPDH was amplified in the same
tube at the same time to control for equal loading. (b) Western analysis of WT1 protein levels in uninfected and infected cells. The same
amount of total protein as determined by protein assays was used for each sample. (c) Western blot analysis using anti-HA antibodies to
detect the expression of the HA epitope-tagged IκBα super repressor protein in Ad5IκB-SR-infected cells.

crease in the endogenous WT1 gene expression was the murine WT1 promoter was most readily observed
in transient reporter assays when p50 and p65 wereobserved when we transiently overexpressed p50 and

p65 in Wit49A cells (data not shown). From these expressed from the strong CMV promoter (14), it is
likely that the discrepancy between the in vivo andresults, we conclude that NF-κB does not play a sig-

nificant role in either initiating or sustaining the ex- in vitro situations results from limitations of the ex-
perimental setup. For example, differences in thepression of WT1 in the human cell lines used in our

study. chromatin structure of the endogenous promoter and
that of the promoter constructs might explain theThe discrepancy between our results and the previ-

ous finding that NF-κB regulates the mouse WT1 ex- poor correlation between NF-κB regulation of the en-
dogenous WT1 promoter and that of the promoterpression might be due to species differences in path-

ways involved in WT1 gene regulation despite the constructs used in transient assays. In fact, our ma-
nipulation of the NF-κB activity in Wit49A cells al-presence of seemingly conserved cis regulatory ele-

ments in the human and murine WT1 promoters. tered the transcriptional activity of a transiently trans-
fected NF-κB reporter construct without changing theSuch differences may underlie the molecular basis for

differences in phenotype between humans and mice endogenous WT1 gene expression. This type of dis-
crepancy has also been described in several studiesharboring WT1 mutations (30). However, similar to

our results in human cells, we were unable to detect of the transcriptional regulation of the adenovirus E2
promoter, where transactivation of the promoter waschanges in endogenous WT1 expression in a murine

Leydig cell line, TM3, in response to changes in NF- observed when cis regulatory sequences were present
on a plasmid but not on the viral chromosomeκB activity (Fig. 6). Therefore, the discrepancy be-

tween our results and those of Dehbi et al. (14) can- (42,47). In addition, cell line differences could be a
significant factor in determining experimental out-not be simply accounted for by species differences.

In agreement with our results, Dehbi et al. failed comes. We used nontransformed cell lines expressing
endogenous WT1 that were derived from tissues ofto detect any effect of TNF-α on transcription of the

endogenous WT1 promoter in cell lines used in their genitourinary origin. In contrast, Dehbi et al. used
nongenitourinary NIH3T3 cells and adenovirus-trans-study (i.e., murine NIH3T3 fibroblasts, human em-

bryonic kidney 293 cells, and human erythroleukemic formed 293 cells. We believe that our cell lines pro-
vide a more native cellular environment for studyingK562 cells). Given that transcriptional activation of
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Figure 5. The effect of altering NF-κB activity on WT1 gene expression in erythroleukemia cell line K562. K562 cells were treated with
human TNF-α (10 ng/ml) for the indicated amount of time (lanes 1–5) or infected with the indicated adenoviruses (lanes 6–8). (a) RT/PCR
analysis of WT1 transcript levels in treated and untreated cells. GAPDH was amplified in the same tube at the same time to control for
equal loading. (b) Western analysis of WT1 protein levels in treated and untreated cells (upper panels). The same amount of total protein
as determined by protein assays was used for each sample. The lower panel shows the expression of the HA epitope-tagged IκBα super
repressor protein in Ad5IκB-SR-infected cells by Western blot analysis using anti-HA antibodies. (c) K562 cells were infected with the
indicated adenoviruses for 24 h, after which the cells were treated with human TNF-α (10 ng/ml) or medium alone for 30 min. Crude
nuclear extracts were tested for NF-κB DNA binding by EMSA. The NF-κB DNA binding activity is indicated by the arrow.

the regulation of WT1 expression and therefore are
more likely to yield physiologically relevant results.

Our conclusion that NF-κB does not regulate WT1
expression in the genitourinary and hematopoietic
cell lines used in this study is substantiated by the
very different phenotypes of mice mutant for WT1
and for members of the NF-κB/Rel family. WT1
knock-out mice are embryonic lethal and display se-
vere abnormalities in heart, lung, kidney, and gonad
development (30). To date, no defects in mesothelial
or genitourinary tissues have been associated with
mice lacking NF-κB/Rel family members, including
p50, p65, p52, c-Rel, and Rel B [reviewed in (2)].
The fact that some NF-κB/Rel family members areFigure 6. The effect of altering NF-κB activity on WT1 gene ex-

pression in TM3 cells. TM3 cells were treated with TNF-α (10 ng/ required for the development of blood cells (27,49)
ml) for the indicated amount of time. The level of endogenous and that WT1 is expressed in more than 80% of acute
WT-1 proteins was detected by Western blot analysis (lanes 1–4).

leukemias (6,28,36) raises the possibility that NF-κBNote that the relative level of the different isoforms of WT-1 pro-
tein in TM3 cells is different from what is typically seen in other regulates WT1 expression primarily in the hemato-
cell lines used in this study. The induction of the NF-κB DNA poietic system. However, this hypothesis was not
binding activity upon TNF-α treatment was shown by EMSA

supported by our finding that the endogenous WT1(lanes 5 and 6). The NF-κB DNA binding activity is indicated by
the arrow. gene expression is insensitive to changes in NF-κB
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activity in erythroleukemic K562 cells. Taken to- physiologically relevant systems, such as Wilms tu-
mor cell lines. Also, more studies focusing on thegether, our results show that NF-κB is not a major

player in initiating or maintaining WT1 expression. endogenous gene responses in cell cultures and ulti-
mately, transgenesis experiments studying the reg-However, our study does not rule out the possibility

that NF-κB may regulate WT1 expression under cer- ulation of gene expression at the level of a whole
animal, will be required to achieve a better under-tain circumstances in cooperation with other tran-

scription factors. standing of the in vivo factors and signaling pathways
involved in controlling WT1 expression.The tightly controlled expression pattern of the

WT1 gene suggests complex regulation of the locus.
To elucidate the mechanisms responsible for WT1
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