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Transcriptional Repression Mediated by the WT1 
Wilms Tumor Gene Product 
STEPHEN L. MADDEN, DONNA M. COOK, JENNIFER F. MORRIS, 
ANDREA GASHLER, VIKAS P. SUKHATME, FRANK J. RAUSCHER 111* 

The wtl gene, a putative tumor suppressor gene located at the Wilms tumor (WT) 
locus on chromosome llp13, encodes a zinc linger-containing protein that binds to 
the same DNA sequence as EGR-1, a mitogen-inducible immediate-early gene product 
that activates transcription. The transcriptional regulatory potential of WT1 has not 
been demonstrated. In transient transfection assays, the WT1 protein functioned as a 
repressor of transcription when bound to the EGR-1 site. The repression function was 
mapped to the glutamine- and proline-rich NH,-terminus of WTl; fusion of this 
domain to the zinc linger region of EGR-1 converted EGR-1 into a transcriptional 
repressor. 

T HE SEARCH FOR rn WILMS TUMOR 

(WT) gene on chromosome 1lp13 
has yielded a complementary DNA 

(cDNA) clone (WT1) that has characteris- 
tics of a tumor suppressor gene (1, 2). The 
wtl gene is mutated or deleted in a subset of 
sporadic and hereditary Wilms tumors (2, 3 )  
and is expressed in the condensing mesen- 

ferentiation (9, 10). The proteins encoded 
by all members of the. EGR family are 
positive activators of transcription when 
bound to their cognate sequence in target 
genes (9, 10). 

To determine the function of WT1 in 
transcriptional regulation when it is bound 
to the EGR site, transient transfection assays 

chyme, renal vesicle, and glomerul& epithe- were carried out with expression vectors 
lium of developing kidney, suggesting that (Fig. 1A) that contained the full-length cod- 
WT1 functions in normal kidney differenti- ing region of wtl (CMV-WT1) and egr-1 
ation (4). The wtl gene encodes a protein (CMV-EGR-1) under the control of the 
that contains four zinc fingers and a gluta- 
mine- and proline-rich NH2-terminus, 
structural motifs associated with sequence- 
specific binding to DNA, and transcription- 
al regulatory functions (5). 

The wtl-encoded protein recognizes the 
same DNA sequence element (5'-CGC- 
CCCCGC-3') as the EGR-1 protein, a tran- 
scription factor that contains three zinc fin- 
gers and shares >65% amino acid sequence 
similarity with WT1 in the zinc finger 
region (6). After induction by a variety of 
cell surface stimuli, EGR-1 (also known as 
NGFI-A, T1S-8, Krox 24, and zif268) (7, 
8) rapidly accumulates in the nucleus, 
binds to the EGR site, and activates the 
transcription of target genes whose prod- 
ucts are required for mitogenesis and dif- 
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cytomegalovirus immediate-early promoter 
(11). As controls, stop codons were intro- 
duced into the coding regions of each gene 
to generate the plasmids CMV-WT1 (TGA) 
and CMV-EGR-1 (TGA). Of the two re- 
porter plasmids used in these experiments 
(Fig. 1A), the first contained three synthetic 
EGR binding sites upstream of the minimal 
crfos promoter (10) linked to the chloram- 
phenicol acetyltransferase (CAT) gene 
(p3XEBS-CAT), whereas the second con- 
tained 1 kb of the murine EGR-1 promoter 
(12) upstream of the CAT gene (pEGR- 
1.1.2-CAT). 

Analysis of CAT activity (13-15) in NIH 
3T3 fibroblasts cotransfected with the 
expression and repoker plasmids revealed 
the expected stimulation of the p3XEBS- 
CAT vector by CMV-EGR-1 (1 O), but not 
by the control CMV-EGR-1 (TGA) (Fig. 
1B). However, the basal level of transcrip- 
tion was reduced in cells cotransfected with 
CMV-WT1 and p3XEBS-CAT (Fig. 1B). 
Neither CMV-EGR-1 nor CMV-WT1 af- 
fected a CAT reporter plasmid that lacked 

EGR binding sites (16). 
To determine whether WT1 inhibited the 

ability of EGR-1 to activate p3XEBS-CAT, 
varying ratios of the CMV-WT1 and CMV- 
EGR-1 plasmids were cotransfected with 
pSXEBS-CAT (Fig. 1B). At a 1:1 ratio of 
CMV-WT1 and CMV-EGR-1, activation 
by EGR-1 was reduced, and at a 2 : l  ratio, 
activation by EGR-1 was abolished. Thus, 
WT1 repressed both basal and EGR-1- 
induced transcription from p3XEBS-CAT. 
The same experiments performed in human 
embryonic kidney-derived 293 cells re- 
vealed transcriptional activation of the 
p3XEBS-CAT reporter plasmid by CMV- 
EGR-1 and repression by CMV-WT1 (Fig. 
1B). 

The p3XEBS-CAT reporter plasmid con- 
tains EGR binding sites in an artificial pro- 
moter context and exhibits a low basal level 
of transcriptional activity (Fig. 1B). This 
low basal level made' it difficult to assess the 
potency of WT1 as a transcriptional repres- 
sor in cotransfection assays (Fig. 1B). To 
circumvent this problem, we used the 
pEGR-1.1.2 promoter, which contains sev- 
eral EGR binding sites of varying f i t i e s  
as well as other genetic regulatory elements 
(12) in their natural context. The WT1 
vector efficiently repressed the normal, high 
basal levels of transcriptional activity of 
pEGR-1.1.2-CAT in NIH 3T3 cells (Fig. 
1C), independent of whether the cells were 
incubated in high (10%) or low (0.5%) 
serum after transfection (16). 

The WT1 mRNA transcript is subject to 
alternative splicing (1, 2, 17) (Fig. 2A), in 
one case resulting in the insertion of lysine, 
threonine, and serine (KTS) between the 
third and fourth zinc fingers. A WT1 pro- 
tein that contains this insertion does not 
bind to the EGR-1 site (Fig. 2B) (6). A 
second alternative splice results in the inser- 
tion of 17  amino acids in the region imme- 
diately NH2-terminal to the zinc finger 
domain (1, 17) and does not affect DNA 
binding activity (Fig. 2B). To determine 
the effect of these amino acid insertions on 
the ability of W T l  to repress transcription, 
the four possible combinations of the 
spliced variants were produced by site- 
directed mutagenesis (18), tested for DNA 
binding activity (Fig. 2B) (19) and expres- 
sion in COS-1 cells (Fig. 2, legend), and 
assayed for repression by cotransfection 
with pEGR-1.1.2-CAT (Fig. 2C). The 
proteins that contained the KTS insertion 
(WT1-KTS, WT1-17AA-KTS) did not re- 
press transcription of the reporter plasmid 
(Fig. 2C) or bind to the EGR-1 site (Fig. 
2B). However, repression was observed in 
the absence (WT1) or the presence (WT1- 
17AA) of the 17-amino acid insertion. 
Thus, binding to the EGR-1 site is re- 
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ed transfections were performed a .lm U Q O  5 10 15 20 

in murine NTH 3T3 fibroblasts - . .. - - 
- - 

or human embryonic kidney 293 
ceh (13, 14). Each dish of celb 1 r - - ---- r! 1 
was transfected with p3XEBS- 061 -240 

I Em1 ,ID, 
CAT (2 pg), the indicated o wtr).r 

b 

expression plasmid (5 pg), and a SSI W ~ D -  

P-galactosidase expression vector 91  93 5 0  36 25 

(1 pg) as an internal control for 
uansfection &ciency (15). The 
tod  amount of CMV vector in each transfection mixture was kept constant at and aliquots [norm- for uansfection efficiency via assay of P-galactosidase 
20 pg by addition of CMV vector alone. When the EGR-1 and WT1 plasmids activity (26)] were used for determination of CAT activity (13, 14). (C) The 
were mixed (WT1:EGR-1) the amount ofEGR-lplasmid was kept constant at EGR-1.13-CAT plasmid (0.5 pg) was t c a n s f d  into NIH 3T3 ceh with the 
5 pg and the WT1 plasmid concentration was 5 pg (1: l), 10 pg (2: l), and 15 indicated amounts of CMV-WT1 plasmid. The total amount of CMV vector 
pg (3:l). Forty-eight hours after transfection, cell extracts were prepared remained constant at 20 pg in each transfected dish. 

quired for repression by WT1 and repres- 
sion appears to be unaltered by the 17- 
amino acid insertion. 

To localize the domains of WTl required 
for repression, a set of proteins truncated at 
their NH2- and COOH-termini was pre- 
pared (18) and tested for DNA binding 
activity (Fig. 2B), expression in COS-1 cells 
(comparable amounts of protein were not- 
ed; see legend to Fig. 2), and e f f e  on 

fig. 2. Analysis of the domains of the 
WT1 protein required for transcriptional 
repression. (A) A schematic representation 
of the four possible WT1 proteins that 
result from alternative mRNA splicing. 
Rep, transcriptional repression. Each ami- 
no acid insertion, KTS at position 390, 
and VAAGSSSSVKWTEGQSN at posi- 
tion 248, was introduced separatelv or 
together into the coding region of WTl by 
site-directed mutagenesis (18, 27). Abbre- 
viations for the amino acid residues are A, 

transcription in cotransfection assays (Fig. 
2C). The two proteins that contained NH2- 
terminal deletions (WT1,179429 and 
WT1,294-429) did not repress transcrip- 
tion even though each contained an intact 
DNA binding domain and bound to the 
EGR-1 site in vitro (Fig. 2B). A protein that 
contained a COOH-terminal truncation 
(WT1,l-364) that deleted the last two zinc 
fingers did not bind to the EGR-1 site (Fig. 

DNA 
Rep tinding -- 
+ + 

2B) and did not repress transcription. Dele- 
tion of amino acids 179 to 294 in the 
NH2-terminal proline- and glutamine-rich 
region created a protein that bound to the 
EGR-1 site but did not repress transcrip- 
tion. These results (summarized in Fig. 2A) 
suggest that the DNA binding domain of 
WT1 is necessary but not sdicient for tran- 
scriptional repression and that the gluta- 
mine- and proline-rich NH2-terminus of 

- 
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, wt,l, I ~ Z I  - - 
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Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. -__., 
The truncation and internal deletion mutants were generated by PCR-mediated mutagencsis (27). After 
DNA sequence analysis, each mutated gene was subcloned into +EM-7Zft and CMV vectors. The 
mutated wt1 genes were stably expressed in COS-1 cells. Lysates from transfected, ["S]methionine- 
labeled cells were analyzed by immunoprecipitation with antiserum to WT1 (11). The immunoprecipi- C p ~ g - 1 . 1 . 2 . ~ ~ ~  

tated proteins were resolved by SDS-polyacrylamide gel elecaophoresis. (B) The DNA binding activity E 
i 3 .  E of each protein was determined bv gel retardation assays with proteins produced by in vitro translation 2 ; s  2 $ ;  

in rabbit reticuloqte lysates (28). The WTl294-429 and EGR-1.334543 proteins were produced in 5 -. -. N. 

Escherichia coli and purified with nickel chelate affinity chromatography ( 6 ) ,  and 50 ng of each purified 
protein were used per lane. The open arrows indicate EGR-1-DNA complexes. The filled arrows - - $ $ $ $ 5  
indicate WT1-DNA complexes. Data for WT1,179429 are not shown. (C) The effect of deletions and 0 - .om - 0 0 0 

insertions in WT1 on transcription from pEGR-1.1.2-CAT in NIH 3T3 cells. Each dish received 0.5 
kg of the reporter plasmid and 15 kg of CMV expression vector containing the indicated gene. Data q ( 
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for the internal deletion (WT1[179-2941) are not shown. Transfections were repeated four times with 
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Fig. 3. Transcriptional regulatory functions of 
chimeric proteins formed between EGR-1 and 
WT1. (A) Schematic representation of the chi- 
meric proteins. Rep, repression; Act, activation. 
The chimeras were generated by PCR-mediated 
gene fusion techniques (27) with the region that 
contained a l l  of the amino acids NH,-terminal to 
the first cysteine of the first zinc finger in each 
protein (amino acids 1 to 337 for EGR-1 and 
amino acids 1 to 307 for WT1). This region was 
fused to the heterologous zinc finger region (ami- 
no acids 307 to 429 for WT1 and amino acids 
337 to 427 for EGR-1) (20). A vector expressing 
only the zinc finger region of EGR-1 was also 
constructed (EGR-1[324-4271). A . r  DNA se- 
quence analysis of the chimeras, proper expression 
of each protein was tested by transient aansfec- 
tion in COS-1 cells (see legend to Fig. 2) (11). 
(B) The chimeric genes were cloned into the 
CMV expression vector and their repression and 
activation potentials were determined with the pE( 
3T3 cells. 

A Rep Act 

LOR., - + 

2R-1.1.2-CAT and p3XEBS-CAT plasmids in NIH 

WT1 contains a discrete domain that medi- 
ates transcriptional repression. To deter- 
mine whether this domain could repress 
transcription when fused to a heterologous 
DNA binding domain, we constructed chi- 
meric proteins and tested their ability to 
repress transcription (18). We first estab- 
lished that the isolated zinc finger regions 
(20) of W T l  and EGR-1 bound to the EGR 
site with high afEnity (Fig. 2B) but did not 
repress transcription (Figs. 2C and 3B). The 
chimeras were generated by fusing the NH2- 
terminal 307 amino acids of WT1 to the 
EGR-1 zinc finger region (WT1-EGR) or 
the NH2-terminal 337 amino acids of 
EGR-1 to the WT1 zinc finger region 
(EGR-WT1) (Fig. 3A). Each chimera was 
tested for expression in COS-1 cek (com- 
parable amounts of protein were observed) 
and displayed DNA biding activity identi- 
cal to their wild-type counterparts (21 ) . The 
EGR-WT1 fusion protein activated tran- 
scription from both the p3XEBS-CAT and 
the pEGR-1.1.2-CAT reporter plasmids 
(Fig. 3B). Thus, the NH2-terminus of 
EGR-1 contains an activation domain that 
can be transferred to a heterologous protein. 
In contrast, the WTl-EGR chimera re- 
pressed transcription from both reporter 
plasrnids. Thus, the 307-amino acid, pro- 
line- and glutamine-rich segment of WTl 
displays a repressor function when fused to 
the EGR-1 zinc finger region. 

Among the members of the EGR family 
of proteins, defined as proteins that recog- 
nize a common DNA sequence, WT1 is the 
only repressor of transcription. It has been 
hypothesized that the pattern of gene 
expression initiated by growth factor-induc- 
ible, short-lived transcription factors (such 
as EGR-1) may be altered by developmen- 
tally regulated, tissue-specific transcription 
factors that bind to the same recognition 
sequence (22). Because it can antagonize 

transcriptional activation mediated by each 
of the EGR proteins (16), WT1 may func- 
tion by antagonizing the actions of an in- 
ducible, immediate-early gene in vivo. WT1 
may inhibit cell proliferation and thus ini- 
tiate a tissue-specific program of gene 
expression. Clarification of the physiological 
function of WT1-mediated repression 
awaits identification of relevant target genes - - 

active during kidney development. 
The mechanism of repression by WT1 is 

still unclear. Simple competition between 
the endogenous activator- (EGR-1) and a 
transfected nonactivator (WT1) at a single 
DNA b i n g  site is unlikely to be the 
primary mechanism, as the zinc finger do- 
main alone is unable to repress transcription 
even though it binds DNA. The hybrid 
protein eGriments support this vi& be- 
cause fusion of the NH2-terminus of WTl 
to the EGR-1 zinc finger domain generated 
a repressor, not simply a nonactivator. We 
have also shown that fusion of the WT1 
NH2-terminus to the DNA binding domain 
of yeast GAIA (Gal4 1-147, a molecule that 
does not repress transcription by itself) also 
creates a transcriptional repressor (21). Both 
EGR-1 and WT1 have glutamine- and pro- 
line-rich NH2-termini similar to known 
transcriptional activation domains (23), yet 
each protein has opposite effects on tran- 
scription. One expl&&on may be that each 
protein exerts its effect by interacting in a 
fundamentally different way with the basal 
transcriptional machinery. - 

It is not known whether wtl is frequently 
inactivated in Wilms tumor patients. Be- 
cause the maioritv of Wilms &ors exam- , , 
ined to date contain apparently normal WT1 
mFWA transcripts (l-f),  the mutations that 
inactivate the gene may be small deletions or 
point m ~ t a t i ~ n s  within the protein coding 
region. Assays based on the biochemical 
functions of the WT1 protein should help to 

identify these mutations. Because the do- 
main incoding the repression function is 
distinct from the DNA binding domain, a 
mutation in either mav serve to inactivate 
the protein. Evidence suggesting that the 
DNA binding domain of W T l  is inactivated 
in tumors (2) raises the possibility that its 
transcriptional repression function is also 
inactivated. Mutations that render the tu- 
mor suppressor gene encoding p53 transfor- 
mation-competent disrupt its transcriptional 
activation function (24). Whether the loss of 
WT1-mediated repression leads to neoplas- 
tic cell growth is not known. 
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The Roles of the Subunits in the Function of the 
Calcium Channel 

Dihydropyridine-sensitive voltage-dependent L-type calcium channels are critical to 
excitation-secretion and excitation-contraction coupling. The channel molecule is a 
complex of the main, pore-forming subunit ex, and four additional subunits: %, 6, p, 
and y (CY, and 6 are encoded by a single messenger RNA). The ex, subunit messenger 
RNA done directs expression of functional calcium channels in Xenopus oocytes, and 
coexpression of the cu,/6 and f! subunits enhances the amplitude of the current. The a,, 
6, and y subunits also have pronounced effects on its macroscopic characteristics, such 
as kinetics, voltage dependence of activation and inactivation, and enhancement by a 
&hydropyridine agonist. In some cases, specific modulatory functions can be assigned 
to individual subunits, whereas in other cases the different subunits appear to act in 
concert to modulate the properties of the channel. 

H E  DIHYDROPYRIDEVE (DHP)-SEN- 
,sitive Ca2+ channel protein of the T skeletal muscle (SM) consists of five 

subunits, a,, a,, 6, p, and y (1). The a, 
subunit contains the binding site for DHPs 
and other classical organic Ca2+ channel 
blockers (Z), is the pore-forming subunit 
(1-4), and is indispensable for the hnction 
of the channel (5-8). A single 4 6  mRNA 
encodes ~e precursor protein a2/6, which is 
proteolysed into the 6 and a, subunits, 
linked by disulfide bonds (1, 9). The cDNAs 
of the aJ6, p, and y subunits have been 
cloned from SM (10-13). Identical or ho- 
mologous proteins are found in brain (a J6, 
p), sniooth muscle (aJ6, y), and heart 
(a J6, p) (6, 10-15). Functional Ca2+ chan- 
nels can be expressed in Xenopus oocytes 
injected with RNA of the a, subunits from 
heart, smooth muscle, and brain (6-8); co- 
expression of SM a J6 and p with cardiac 
and brain a, subunit enhances the expressed 
Ca2+ currents, whereas the y subunit is 
without effect (6, 8). The electrophysiolog- 

ical properties of the channel have been 
reported to be unaffected by the auxiliary 
subunits (6, 8). We have investigated this 
problemby coexpressing the Ca2+ channel 
subunits in various combinations inxenopus 
oocytes and examining the macroscopic 
characteristics of the current through the 
emerging Ca2+ channels. 

cRNAs of cardiac a, subunit and of SM 
4 6 ,  p, and y subunits were synthesized in 
vitro and injected into Xenopus oocytes (16). 
After cRNA injection (4 to 5 days), we 
measured currents using the two-electrode " 
voltage-clamp method, usually in a solution 
containing 40 rnM BaCI, (16), because 
Ba2+ resats in a larger current through the 
Ca2+ channel. 

Uninjected oocytes displayed a small en- 
dogenous Ba2+ current, I,, (Table l ) ,  that 
was insensitive to the DHP agonist (-) Bay 
K 8644 (Bay K) (17). A small, Bay K-sen- 
sitive I,, was observed in oocytes injected 
with the cRNA of the a, subunit alone (0 to 
-50 nA) (Fig. 1). Coexpression in the a J6 
or p subunit with a, consistently enhanced 
the expressed currents, and coexpression of 

D. Singer, I. Lotan, N. Dascal, Department of Physiol- both a J6 and P with a, caused-more than 
ogy and Pharmacology, Sackler School of Medicine, Tel additive increase in the amplitude of I,, Aviv University, Ramat Aviv 69978, Israel. 
M. Biel and F. ~ofmann ,  Instimt fiir Pharmakologie und (Table 1). The y subunit did not have a 
Toxikologie der Technischen Universitat Munchen, on the amplitude of I,, 
Biederste~ner St. 29, 8000 Munchen 40, Germany. 
V. Flodrerzi. InStitut fiir Medizinische Biochemie. Univer- (Table 1). Since the auxi~ian, subunits sim- 
sitat des Sa&landes, D-6650 Homburg-Sax, ~ e h a n y .  ilarly the expression bf a brain Ca2+ 

*To whom correspndence should be sent at P . 0  Box chMllel (6), this phinomenon may be 'Om- 
39048, Tel Aviv 69978, Israel. mon to a variety of Ca2+ channels. 
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