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Abstract 

The insulin-like growth factor I receptor (IGF-I-R) has been implicated in the etiology and /o r  
progression of Wilms' tumor, or nephroblastoma, a pediatric neoplasm of the kidney that is 
often associated with deletion or mutation of the WT1 tumor suppressor gene. The levels of 
IGF-I-R mRNA in the tumors were sixfold higher than in normal adjacent kidney tissue and 
were inversely correlated to the levels of WT1 mRNA, suggesting that the expression of the 
IGF-I-R gene is under inhibitory control by WT1. Cotransfection of an IGF-I-R promoter-  
luciferase reporter construct together with a WT1 expression vector resulted in a dose-depen- 
dent  suppression of promoter  activity. Multiple WT1 binding sites were mapped  in the 
5'-flanking and 5'-untranslated regions of the IGF-I-R gene using gel retardation and DNaseI 
footprinting assays. Thus, suppression of the IGF-I-R promoter by WT1 involves multiple inter- 
actions of its zinc finger domain with sites located both upstream and downstream of the tran- 
scription initiation site. Finally, we showed that expression of the endogenous IGF-I-R gene is 
decreased in G401 cells stably transfected with a WT1 expression vector. Reduction in expres- 
sion of the IGF-I-R gene is associated with a decrease in a number of IGF-I-mediated biological 
effects. Thus, deletion or mutation of the WT1 gene in Wilms' tumor and other malignancies 
can result in overexpression of the receptor, with enhanced autocrine/paracrine activation by  
locally produced or circulating IGFs. 

Index Entries: IGF-I receptor; WT1; tumor suppressors; Wilms' tumor; transcription; gene 
expression. 
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Introduction 

The insulin-like growth factor I receptor (IGF-I-R) 
is a membrane-bound tyrosine kinase that medi- 
ates most of the biological actions of the IGFs, a 
family of mitogenic  pept ides  wi th  important  
roles in growth and differentiation (Daughaday 
and Rotwein, 1989; LeRoith et al., 1991; Cohick 
and Clemmons, 1993; Werner et al., 1994a). The 
receptor is composed of two extracellular c~ sub- 
units that are involved in l igand binding and 
two transmembrane ~ subunits. Alpha and ~ sub- 
units are generated by proteolytic cleavage of a 
precursor protein that is the product of a single 
gene located at the distal end of chromosome 15 
(Ullrich et al., 1986; Nissley and Lopaczynski, 
1991; Werner et al., 1991; Abbott et al., 1992). The 
IGF-I-R is expressed by virtually every cell and 
tissue, consistent with the role of the IGFs as pro- 
gression factors dur ing  the cell cycle (Lowe, 
1991). 

In addition, the IGF-I-R fulfills a central rote in 
transformation and proliferation events (Baserga 
and Rubin, 1993; Baserga et al., 1994). Thus, fibro- 
blast cell lines derived from mouse embryos in 
which the receptor gene has been disrupted can- 
not be transformed by simian virus 40 T antigen 
or by an activated Ras (Sell et al., 1993). Reintro- 
duction of a functional receptor renders the cells 
susceptible to transformation by these and other 
oncogenes. The expression of the IGF-I-R gene has 
been shown to be regulated by a number of growth 
factors and oncogenes, suggesting that activation 
of this receptor may be a common pathway in 
tumorigenesis (Kaleko et al., 1990; Coppola et al., 
1994; Rubini et al., 1994). 

In tumors of the central nervous system (CNS) 
in particular, the IGF-I-R has been shown to medi- 
ate the autocrine and paracrine effects of the IGFs 
(Glick et al., 1993). Thus, in rat C6 and human 
T98G glioblastoma cells introduction of antisense 
RNA to the IGF-I receptor resulted in the inhibi- 
tion of IGF-I-mediated growth (Ambrose et al., 
1994; Resnicoff et al., 1994). 

To u n d e r s t a n d  the molecular  mechan isms  
involved in regulation of IGF-I-R gene expression, 
we characterized its regulatory region (Werner et 
al., 1990, 1992). The promoter region of the IGF-I-R 
gene lacks TATA and CAAT elements and is espe- 
cially GC rich (Cooke et al., 1991; Mamula and 

Goldfine, 1992). Transcription from this gene is 
initiated from a unique "initiator" motif that acts 
in concert with upstream Spl sites (Smale and Bal- 
timore, 1989). 

The promoter region of the IGF-I-R gene con- 
tains, in addition, multiple putative binding sites 
for members of the early growth response (EGR) 
family of transcriptional activators, including the 
tumor suppressor WT1 (Sukhatme, 1992; Werner 
et al., 1994b). WT1 is a DNA-binding protein with 
a glutamine- and proline-rich N-terminus and four 
zinc fingers in its C-terminus (Morris et al., 1991; 
Van Heyningen and Hastie, 1992; Rauscher, 1993). 
WT1 has been shown to repress the activity of a 
number  of promoters containing the consensus 
sequence 5'-GCGGGGGCG-3', including the IGF-II, 
PDGF-A chain, TGF-~, CSF-1, and Pax-2 genes 
(Madden et al., 1991; D r u m m o n d  et al., 1992; 
Gashler et al., 1992; Harrington et al., 1993). The 
WT1 gene is expressed in the kidney, gonadal 
ridge, spleen, brain, and spinal cord during embry- 
onic development, and in the kidney, gonads, and 
uterus in the adult (Buckler et al., 1991; Pelletier et 
al., 1991). Inactivation or deletion of the WT1 gene 
was postulated to be a key event in the etiology of 
a subset of Wilms' tumors,  a pediatric k idney 
neoplasm (Call et al., 1990; Gessler et al., 1900; 
Rose et al., 1990). 

A role for the IGF-I-R in the etiology of Wilms' 
tumor was inferred from the observation that an 
antibody to the human receptor inhibited 125I-IGF-I 
binding and IGF-I-stimulated thymidine uptake 
by Wilms' tumor cells in culture (Gansler et al., 
1989). Furthermore, ip injection of this antibody to 
nude mice carrying Wilms' tumor heterotrans- 
plants prevented tumor growth and resulted in 
partial tumor remission. The present study was 
therefore designed to gain further insight into the 
role of the IGF-I-R in Wilms' tumor and to define 
the molecular mechanisms involved in the regula- 
tion of IGF-I-R gene expression by WT1. 

Materials and Methods 

Tissue Samples 
Twenty-five samples of Wilms'  tumors  and 

seven samples of normal adjacent kidney tissue 
were dissected from surgical specimens obtained 
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at the Department of Pathology and Laboratory 
Medicine of the Medical University of South Caro- 
lina. Samples were frozen in liquid nitrogen and 
stored at -80°C until RNA preparation. Tumors 
were divided in two groups: those containing dif- 
ferentiated heterologous elements, including stri- 
ated muscle, cartilage, and bone, and those tumors 
lacking these elements, i.e., composed primarily of 
blastema with epithelial differentiation. 

Cell Cultures 
Chinese hamster ovary (CHO), G401, and 293 

cells were obtained from the American Type Cul- 
ture Collection (Rockville, MD). G401 is a human 
kidney sarcoma-derived cell line that was originated 
from a tumor explant obtained from a 3-mo-old 
male, and 293 is a transformed human embryonic 
kidney cell line. CHO cells were maintained in 
Ham's F12 nutrient mixture with 10% fetal bovine 
serum (FBS), G401 in McCoys' 5A medium with 
10% FBS, and 293 in Dulbecco's modified Eagle's 
medium with 10% FBS. 

RNA Preparation 
RNA was prepared from tumor samples using 

the RNazol kit. For RNA isolation from G401 and 
293 cultures, cells were lysed in 4M guanidinium 
isothiocyanate containing 0.01% mercaptoetha- 
nol and ultracentrifuged on a cesium chloride 
gradient  as described (Chirgwin et al., 1979). 
RNA was quantitated by measuring its A260 and 
its integrity was confirmed by ethidium bromide 
staining of the 28S and 18S rRNA bands after gel 
electrophoresis. 

Northern Blot Analysis of WT1 mRNA 

Poly(A) ÷ RNA was prepared from G401 and 
293 cells by oligo(dT)-cellulose chromatography. 
Poly(A) ÷ RNA was electrophoresed through a 
1.2% agarose-2.2M formaldehyde gel, transferred 
to a nylon membrane,  and baked for 2 h at 80°C 
under  reduced pressure. Blots were  hybridized 
with  an N1.8-kb EcoRI fragment of the human 
WT33 cDNA clone (Call et al., 1990), labeled by 
a modi f ied  r a n d o m  pr iming  technique.  Blots 
were  hybr id ized  and washed  following stan- 
dard protocols. 

113 

Solution Hybridization-RNase 
Protection Assay of IGF-I-R mRNA 

Levels of IGF-I-R mRNA were determined by a 
solution hybridization-RNase protection assay 
with an antisense RNA probe that was generated 
by subcloning a 379-bp EcoRI-XhoI fragment of the 
human IGF-I-R cDNA into pGEM3 (Ullrich et al., 
1986; Ota et al., 1989). The resulting construct was 
linearized with HindIII and transcribed with T7 
RNA polymerase in the presence of [32p]UTP. Ten 
micrograms of total RNA from tumor samples, 
normal adjacent tissue, and G401 and 293 cells 
were hybridized with 2 x 10 ~ dpm of labeled probe 
at 45°C for 16 h in a buffer containing 75% form- 
amide. After hybridization, RNA samples were 
digested with RNases A and T1 and the protected 
hybrids were extracted with phenol-chloroform, 
precipitated with ethanol, and electrophoresed on 
8% polyacry lamide /8M urea dena tur ing  gels. 
Hybridization of this probe to human  RNA results 
in two protected bands that may correspond to 
alternatively spliced variants of the human IGF-I-R 
mRNA. Both bands in the autoradiograms were 
scanned using a laser densitometer. 

Plasmids and DNA Transfections 

The following fragments of the IGF-I-R gene 
promoter  were  fused to a promoterless firefly 
luciferase reporter  gene in the p0LUC vector  
(Brassier et al., 1989) and used in transient cotrans- 
fection experiments:  -2350/+640,  -476/+640,  
416/+232,--455/+30, and -40/+640 (nucleotide 1 
corresponds to the transcription initiation site). 
The construction of the above plasmids, as well as 
their relative basal promoter activities, have been 
previously described (Werner et al., 1992, 1994b). 

The following WT1 expression vectors were  
employed in cotransfection experiments: pCMVhWT, 
pCMVhWT-TTL, and pCMVhWT-17AA-KTS. 
These vectors were constructed by inserting human 
WT1 cDNAs downstream of the cytomegalovirus 
promoter in the vector pCB6+ (Madden et al., 
1991). Expression vector pCMVhWT-17AA-KTS 
contains a 51-bp insert encoding a 17-amino acid 
fragment following residue 248 and a 9-bp insert 
encoding a 3-amino acid fragment (Lys-Thr-Ser) 
following residue 390. The pCMVhWT expression 
vector encodes a WT1 protein lacking both inserts. 
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pCMVhWT-TTL was used as a negative control 
since it contains a stop codon 5' of the zinc-finger 
coding sequence, thus abolishing the DNA-bind- 
ing capacity of the expressed protein. 

Cells were  transfected using the Lipofectin 
reagent in a reduced-serum medium (Opti-MEM, 
Life Technologies, Inc., Gaithersburg, MD). Each 
60-mm dish received 1 ~g of reporter plasmid and 
variable amounts of expression vector. The total 
amount of DNA transfected was kept constant 
using pCB6+ DNA. In addition, 5 ~g of a ~-galac- 
tosidase expression vector was used with each 
dish. Twenty-four hours after transfection, DNA- 
containing medium was changed to serum-con- 
taining medium and the plates were incubated for 
an additional 48 h, at which time the cells were 
harves ted  and luciferase and ~-galactosidase 
activities were measured as previously described 
(Werner et al., 1992). 

For stable transfections, G401 cells were plated 
in 35-mm dishes and t ransfected wi th  20 ~g 
pCMVhWT using the Lipofectin reagent. After 24 h, 
selection by 500 ~g of geneticin was started. Fol- 
lowing 2 wk of geneticin selection, independent 
colonies were  picked using cloning cylinders. 
Clones overexpressing WT1 were  selected by 
Northern blot analysis as described above. 

Gel Retardation Assays 
The following fragments of the proximal 5'- 

flanking and 5'-untranslated regions of the IGF-I-R 
gene were  employed  in gel retardat ion assays: 
-494/-331, -331/-135,-135/-26, -29/+185, +115/ 
+341, and +341/+640. Fragments were labeled by 
either filling in the 5 -protruding end with 32p-labeled 
dCTP using Klenow enzyme, or by exchanging the 
3'-terminal phosphate with [y-32p]ATP using T4 
polynucleotide kinase. Labeled probes were sepa- 
rated from unincorporated nucleotides and puri- 
fied on 5% nondenaturing polyacrylamide gels, as 
previously described (Werner et al., 1994b). 

Binding assays were performed by preincubating 
0, 200, and 500 ng of the bacterially expressed zinc 
finger domain of WT1 (WTZF) in 9 ~L of 20 mM 
HEPES, pH 7.5, 70 mM KC1, 12% glycerol, 0.05% 
Nonidet P-40,100 ~/ /ZnSO 4, 0.5 mM dithiothreitol, 
1 m g / m L  bovine  se rum a lbumin  (BSA), and 
0.1 m g / m L  poly (dI.dC), for 15 min at 4°C. Sev- 
enty-five thousand dpm (0.2-1 ng) of the labeled 

fragment were then added, and the reaction was 
incubated for an additional 10 min. The reaction 
products were electrophoresed through a 5% poly- 
acrylamide gel that was run at 250 V for 2 h at 4°C. 
Gels were fixed in 10% acetic acid and autoradio- 
graphed at -70°C. 

DNase I Footprinting 
The following DNA fragments were used in 

DNase I footprinting assays: -331/+115, -39 /  
+341, +115/+341, and +341/+640. Supercoiled 
DNAs were linearized at the 5' end of the fragment 
and labeled with 32p-labeled deoxynucleot ide  
triphosphates using Klenow enzyme. The inserts 
were excised using a restriction enzyme that cleaves 
at the other end of the insert and purified by agar- 
ose gel electrophoresis. 

Binding assays were performed essentially as 
described for the gel retardation assays, except 
that poly (dI.dC) was omitted from the reaction 
mixture. After the binding reaction 10 ~L of a 20 mM 
MgC12 and 0.2 mM CaC12 solution were added to 
the tubes, which were then incubated for 10 min 
at 4°C, fol lowing which  DNaseI  (1.25-10 ng, 
Worthington Bichemical Co., Freehold, NJ) was 
added for 2 min. Reactions were stopped by add- 
ing 20 ~L of 20 mM EDTA, pH 8.0, 1% SDS, 0.2M 
NaC1, and 2 ~g tRNA, extracted with phenol/chlo- 
roform, precipitated with ethanol, and loaded on 
an 8% polyacrylamide gel. Maxam-Gilbert A and 
G sequencing reactions were run as markers. 

Soft Agar Assay 
Anchorage-independent growth was assessed 

by counting the number  of colonies formed in 
0.25% agarose (with a 0.5% agarose underlay)  
(Werner et al., 1995). Cells were seeded in McCoys' 
5A medium-10% FBS with or without IGF-I (26 nM) 
at a density of 1000 ceUs/cm 2, and the number of 
colonies was measured after 3 wk of incubation at 
37°C under a humid atmosphere containing 5% CO 2. 

Results and Discussion 
Expression of the IGF-I-R Gene 

in Wilms" Tumor 
The level of expression of the IGF-I-R gene in 

Wilms' tumor was determined with a sensitive 
solution hybridization-RNase protection assay wi th  
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Fig. 1. Expression of the IGF-I-R gene in Wilms' 
tumor and normal adjacent kidney tissue. The levels 
of IGF-I-R mRNA were measured by solution hybrid- 
ization-RNase protection assay using 10 #g of total 
RNA from six individual Wilms' tumors and three nor- 
mal kidney samples. The probe employed was a 
human IGF-I-R antisense RNA probe labeled with 
32p-UTP. Lanes: +, probe alone with RNase;-, probe 
alone without RNase; P, native probe; M, molecular 
weight marker. Reproduced from Werner et al. (1993). 

total RNA obtained from a collection of previ- 
ously descr ibed  tumors  (Gerald et al., 1992; 
Werner  et al., 1993) and a specific 32P-labeled 
h u m a n  IGF-I-R antisense RNA probe. Scanning 
densitometry of the two protected bands showed 
that the levels of IGF-I-R mRNA in the tumors 
were  -5.8-fold higher  than in normal  adjacent 
k idney tissue (Fig. 1). Comparison of the levels 
of IGF-I-R mRNA to those of WT1 mRNA in 
individual  tumors showed an interesting cor- 
relation: With the exception of one sample (tu- 
mor #38) that showed  very high levels of both 
IGF-I-R and WT1 mRNAs, multiple regression 
analysis showed  a significant inverse correla- 
tion be tween  these two parameters  (R: -0.52; 
p < 0.05) (Fig. 2). This f inding is consistent with 
the action of WT1 as a negat ive regulator  of 
IGF-I-R gene expression. 

Coexpression Studies 
To character ize the molecular  mechanisms 

responsible for the reciprocal pattern of IGF-I-R 
and WT1 gene expression in Wilms' tumor sam- 
pies, coexpression studies were performed using 
an IGF-I-R gene promoter-containing reporter 
plasmid [p(-2350/+640)LUC] and WT1 expres- 
sion vectors (pCMVhWT and pCMVhWT-TTL) 
encoding full-length and truncated WT1 proteins, 
respectively. We performed these studies in CHO 
cells since we have previously demonstrated that 
the IGF-I-R promoter is very active in this cell line. 
As shown in Fig. 3A, there was a dose-dependent 

6 0  

Z n,. 
E 

40 
o 

_~20 

R=-0.52 

°o o 
I I I • 1 0 I  0 I I , i I r I i I i 

20 40 60 80 100 120 140 160 180 200 220 
WT1 mRNA 

Fig. 2. Multiple regression analysis of IGF-I-R 
mRNA and WT1 mRNA in 17 Wilms' tumor samples. 
©, tumor samples without heterologous elements; 0, 
tumor samples that include heterologous elements. 
Tumor #38 is not included (see text). Reproduced from 
Werner et al. (1993). 

repression of IGF-I-R promoter  activity by the 
WT1 gene product. Thus, the luciferase activity in 
extracts of CHO cells cotransfected with I ~g of the 
IGF-I-R promoter-reporter plasmid and 20 ~tg of 
the active WT1 expression vector was only -15% of 
the activity elicited in the absence of WT1 expres- 
sibn. When the reporter plasmid was cotransfected 
with a truncated expression vector lacking the zinc- 
finger domain (pCMVhWT-TTL), no reduction in 
promoter activity was seen (Fig. 3A). 

To determine the involvement of the different 
WT1 binding sites in the IGF-I-R promoter  in 
transcriptional regulation by WT1, coexpression 
studies were performed using IGF-I-R promoter /  
reporter plasmids containing different portions of 
5'-flanking and 5'-untranslated sequences, together 
with the WT1 expression vector. As shown in Fig. 
3B, the promoter activity of constructs containing 
a smaller number of WT1 sites was inhibited to a 
lower extent, and it appeared that the inhibitory 
effect of WT1 was proportional to the number of 
potential sites and less dependent on the location 
of those sites. Thus, constructs p(-2350 / +640)LUC 
and p(-476/+640)LUC, containing twelve puta- 
tive WT1 sites each, were inhibited by 82-87%, 
whereas constructs p(-416/+232)LUC and p(-40/ 
+640)LUC, containing seven putative WT1 Sites 
each, were inhibited by 59 and 64%, respectively. 
Construct p(-455 / +30)LUC, which contains six pu- 
tative WT1 sites, was inhibited by 46%. 
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Fig. 3. Transcriptional regulation of the IGF-I-R promoter by WT1. (A) One microgram of the reporter plasmid 
p(--2350/+640)LUC was cotransfected into CHO cells with increasing amounts of the WT1 expression vector, 
pCMVhWT (closed squares), or with 20 p.g of a mutant WT1 expression vector, pCMVhWT-TTL, lacking the DNA- 
binding domain (closed circle). The values of luciferase shown are normalized per [3-galactosidase. Where not 
shown, SEM bars are smaller than the size of the symbol. (B) Deletional analysis of IGF-I-R promoter regulation by 
WT1. Reporter plasmids containing different portions of 5'-flanking and 5'-untranslated regions were 
cotransfected in CHO cells with expression vector pCMVhWT. The circles represent WT1 binding sites footprinted 
by WTZF (see Fig. 5 and Table 1). The closed circle is a perfectly conserved WT1 consensus site. 

Interaction of the Zinc Finger Domain 
of WT1 with the IGF-I-R Promoter 

To analyze the interactions between WT1 and the 
IGF-I-R promoter, gel retardation assays were per- 
formed using the purified zinc finger domain of 
WT1. For this purpose, the region extending from 
-494 to +640 was dissected into six fragments that 
were individually end-labeled and employed in 
binding reactions with WTZF (Fig. 4). Fragments 
lacking putative WT1 binding sites (-494/-331 and 
-135/-26) did not generate any retarded bands. 
Fragment -331/-135, which exhibits five putative 
binding sites, generated four shifted bands. Frag- 
ment -29/+185, which encompasses the initiator, 

and fragment +115/+341 generated two retarded 
bands each and fragment +341/+640 generated only 
one retarded band. The formation of DNA-protein 
complexes was prevented when gel shift assays were 
performed in the presence of an excess of the unla- 
beled probe (data not shown). Thus, there was in 
general a very good agreement between the number 
of putative sites and the number of retarded bands. 

To more accurately map the WT1 binding sites in 
the IGF-I-R promoter, DNaseI footprinting assays 
were performed (Table I and Fig. 5 ). Five footprints 
were generated in the 5'-flanking region, only One 
of which is identical to the GCGGGGGCG consen- 
sus sequence. The other four sites conform to this 
sequence at eight out of nine nucleotides. The initia- 
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t I I 
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Fig. 4. Gel retardation analysis of the proximal IGF-I-R 
promoter with WTZF. The region extending from -494 
to +640 was dissected into six fragments that were 
end-labeled with 32p-labeled nucleotides and used in 
binding reactions with 0, 200, and 500 ng of purified 
WTZF. Circles denote the location of sites that were 
footprinted by WTZF (see Fig. 5 and Table 1). The 
closed circle shows the consensus GCGGGGGCG site. 
The initiator is denoted by an arrow. 5'-flanking 
sequences are shown as open bars and 5'-untranslated 
sequences are shown as dotted bars. Open arrows in 
the gel indicate free probe and asterisks denote bands 
that appear on long exposures. Reproduced from 
Werner et al. (1994b). 

tor element itself includes an AGCCCCCAG sequence 
between nucleotides -7 and +2 that binds WTZF 
with low affinity. Six WT1 sites were footprinted in 
the 5'-untranslated region, although none of these 
sites was identical to the consensus sequence. For 
example, the sequence GAGGGGGAA, located at 
positions +78 to +86 and +453 to +461, binds WTZF 
with medium affinity, which may suggest that the core 
GGGGG sequence is essential for binding activity. 

The results of gel retardation and DNaseI foot- 
printing assays, when combined with those of func- 
tional studies, indicate that tumor suppressor WT1 
can suppress the activity of the IGF-I-R promoter 
through physical interaction with multiple sites 
located both upstream and downstream of the tran- 
scription start site. This interaction may result in a 

Table 1 
Sequences of the IGF-I-R 

Gene Promoter Footprinted by WTZF 

117 

Location Sequence Relative binding a 

-262/-254 GTGGGGGCG +++ 
-250/-242 GCGTGGGCG +++ 
-220/-212 GCGGGGGCC +++ 
-196/-188 GCGGGGGCG +++ 
-163/-155 CGCCCGCGC ++ 
-7/+2 AGCCCCCAG + 
+78/+86 GAGGGGGAA ++ 
+276/+284 AGCCCCCGC +++ 
+303/+311 GCGGGGGCC ++ 
+412/+420 GCGGCGGCG + 
+453/+461 GAGGGGGAA ++ 
+590/+598 TCGGGGGCG +++ 

aThe affinity of WT1 binding sites for WTZF was 
arbitrarily determined as follows: +++, footprints gen- 
erated by 60 ng or less of WTZF; ++, footprints gener- 
ated by 125 ng or more WTZF; +, footprints generated 
by 250 ng of WTZF. Nucleotides in bold and underlined 
letters correspond to the consensus sequence. 

stringent inhibitory control of the IGF-I-R promoter. 
In addition, some of the effects of WT1 may be 
achieved by direct binding to the initiator, thus 
impairing the ability of this element to assemble a 
functional transcription complex. 

Regulation of IGF-I-R Gene Expression 
by WT1 in Intact Cells 
To establish whether WT1 is involved in regu- 

lation of the endogenous IGF-I-R gene, in addition 
to the transfected promoter, we measured the lev- 
els of IGF-I-R mRNA in two kidney-derived cell 
lines expressing different levels of endogenous 
WT1. Northern blot hybridization of 10-~tg aliquots 
of poly (A)+ RNA from G401 and 293 cells with a 
WT1 cDNA probe showed that WT1 was expressed 
by 293 cells, whereas no expression was seen in 
G401 cells, even after long exposure times (Fig. 6A). 
Solution hybridization-RNase protection assay 
with a human antisense IGF-I-R RNA probe revealed 
an opposite pattern of expression, i.e., levels of 
IGF-I-R mRNA in G401 cells were ~2.5-fold higher 
than in 293 cells (Fig. 6B). 

To determine whether the different levels of IGF- 
I-R mRNA could be caused by differences in basal 
promoter activity, cells were transiently transfected 

Journal of Molecular Neuroscience Volume 7, 1996 



118 Werner et al. 

M A,'G 0 

WTZF (ng) 

15 ~0 125 _ .~ge. : 

I ~,61 
I . 

. , . /  : 

" ~  +276 G 

g g 

A 

a I °° +76 G 
G 

~ r 

Fig. 5. DNase I footprinting analysis of the 5'-flanking (left) and 5'-untranslated (right) regions of the IGF-I-R gene 
with WTZF. The location of footprinted WT1 -like binding sequences is denoted by thick bars. The sequences shown 
at the right correspond to the sense strand. The site indicated with a dot is the consensus GCGGGGGCG sequence. 
M, molecular weight marker; A + G, Maxam-Gilbert sequencing ladder. Adapted from Werner et al. (1994b). 

with the IGF-I-R reporter p(-476/+640)LUC. The 
activity of the IGF-I-R promoter in G401 cells was 
~70-fold higher than the activity exhibited by the 
promoterless p0LUC vector (Fig. 6C). On the other 
hand, basal promoter activity in 293 cells was only 
-10-fold higher than that of the p0LUC control. 
These results suggest that high levels of endogenous 
WT1 in 293 cells can suppress the activity of the IGF- 
I-R promoter, with ensuing decrease in the levels of 
mRNA and binding. On the other hand, undetect- 
able levels of WT1 mRNA in G401 cells correlate 
with a very high basal promoter activity and with 
higher levels of receptor transcript. 

Expression of WT1 in G401 Cells 

To further corroborate the functional role of the 
IGF-I-R promoter as a target for tumor suppressor 
WT1 we stably transfected WTl-negative G401 
cells with a WT1 expression vector. G418-resistant 
colonies were isolated and the expression of WT1 
was assessed by Northern blot analysis. A num- 
ber of colonies were found that expressed a 2.1-kb 
WT1 mRNA (Fig. 7A). The proliferation rate in 
serum-containing media of G401 cells expressing 
WT1 (G401/WTI+) was significantly reduced in 
comparison to control G418-resistant clones that 
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Fig. 6. Regulation of IGF-I-R gene expression by 
WT1. (A) Northern blot analysis of WT1 mRNA using 
10 #g of poly(A) ÷ mRNA from 293 and G401 cells and 
a 32p-labeled fragment of the human WT33 cDNA 
clone as probe. (B) Solution hybridization-RNase pro- 
tection assay of IGF-I-R mRNA. Ten micrograms of 
total RNA from 293 and G401 were hybridized with a 
32p-labeled human IGF-I-R antisense RNA probe, 
digested with RNases A and T1, and electrophoresed 
on an 8% polyacrylamide-8M urea gel. (C) Basal IGF-I-R 
promoter activity. Confluent cultures of 293 and G401 
cells were transiently transfected with 10 #g of the 
p(-476/+640)LUC reporter plasmid (or 10 i.tg of the 
promoterless vector p0LUC) and 10 p,g of the I~-galac- 
tosidase control plasmid. The luciferase values were 
normalized with respect to the 13-galactosidase levels 
and the results are expressed as the fold increase over 
the value for pOLUC. 

did not  express the WT1 transfectant. As shown in 
Fig. 7B, the number  of G401/WTI+ cells per plate 
was -44% of the number  of G401/WT1- cells. 

Figure 7. Expression of WT1 in G401 cells. A WT1 
expression vector containing a neomycin resistance 
gene was transfected into WTl-negative G401 cells 
and positive clones were selected using G418. (A) 
Northern blot hybridization of WT1 mRNA using 20 
#g of total RNA from a WTl-expressing clone (G401/ 
WTI+) and a G418-resistant nonexpressing clone 
(G401/WT1-). (B) Cellular proliferation of G401/ 
WT1 + (closed squares) and G401/WT1- (open circles) 
in complete medium containing 10% FBS. Repro- 
duced from Werner et al. (1995). 

We next examined whether  this decrease in cel- 
lular proliferation in G401/WTI+ cells was asso- 
ciated with a reduction in the expression of the 
endogenous  IGF-I-R gene. Results  of so lu t ion  
hybr idizat ion-RNase pro tec t ion  assay s h o w e d  
that the levels of IGF-I-R mRNA in WTl-express- 
ing G401 cells were now ~60% of the values in con- 
trol G401/WT1- (Fig. 8A). These reduced levels 
were correlated with a significant decrease in the 
activity of a transfected IGF-I-R promoter  (Fig. 8B). 
These data, thus, suggests that the mechanism of 
action of tumor suppressor WT1 involves suppres- 
sion of the IGF-I-R promoter.  
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Fig. 8. Regulation of endogenous IGF-I-R gene 
expression by WT1. (A) Solution hybridization-RNase 
protection assay of IGF-I-R mRNA in G401/WTI+ 
(lanes 1-3) and G401/WT1- (lanes 4-6) cells. Lane +, 
probe alone with RNases A and T1; lane -, probe 
alone without RNases. (B) Basal IGF-I-R promoter 
activity in G401/WTI+ and G401/WT1-cells. Cells 
were transiently transfected with 10 ~g of the p(-2350/ 
+640)LUC reporter plasmid and 10 tag of J3 galactosi- 
dase vector. Luciferase values, normalized per 13 
galactosidase activity, are expressed as fold increase 
over the value for p0LUC. 

Biological Effects of IGF-I 
in WT1-Expressing G401 Cells 
Binding assays using 125I-labeled IGF-I, as well 

as two analogs of IGF-I with reduced affinity to 
the IGF-binding proteins [des(1-3)IGF-I and long 
R 3 IGF-I], were correspondingly reduced in WT1- 
expressing G401 cells. We examined whether this 
decrease in IGF-I-R transcription and cell-surface 
receptors was correlated with a reduction in a 
number of IGF-I-mediated biological effects. We 
showed that in serum-free medium IGF-I (2.6 nM) 
in combination with EGF and PDGF-BB, as well as 
alone (Fig. 9A and data not shown), stimulated the 
proliferation of WTl-expressing cells to an extent 
that was, in separate experiments, only ~25-50% 
of the effect seen in G401 control cells. Addition- 
ally, the capacity of IGF-I to stimulate [3H]thy- 
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Fig. 9. Biological effects of IGF-I in WTl-express- 
ing G401 ceils. (A) Time-course of IGF-I-stimulated 
cellular proliferation in serum-free medium contain- 
ing IGF-I (2.6 nM), EGF (3.2 nM), and PDGF (0.2 riM). 
G401/WTI+ cells are denoted by closed squares and 
G401/WT1- cells are denoted by open circles. The 
triangles represent cells grown in the absence of 
supplements. (B) IGF-I-stimulated [3H]thymidine 
incorporation in G401/WTI+ (closed squares) and 
G401/WT1- (open circles) cells. Confluent cultures 
were kept for 24 h in serum-free medium, following 
which cells were incubated for 16 h with different con- 
centrations of IGF-I. [3H]thymidine was then added 
for 1 h and incorporation was measured. 

midine incorporation by G401/WTI+ cells was 
~23-81% of its capacity in G401/WT1- cells (Fig. 
9B). Finally, IGF-I-stimulated anchorage-indepen- 
dent growth (as measured by soft agar assay) was 
also significantly different between WTl-positive 
and -negative G401 clones (Fig. 10). Addition of 
IGF-I (26 nM) to the soft agar resulted in a 40% 
increment in the number  of colonies generated 
by G401/WTI+ cells, whereas it induced a 129% 
increase in G401/WT1- cells. 
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Fig. 10. Anchorage-independent growth of WT1- 
positive and -negative G401 cells. Cells were plated 
in 0.25% agarose (with a 0.5% agarose underlay) in 
McCoy's 5A medium with 10% FBS, with or without 
IGF-I (26 nM). The number of colonies was measured 
after 3 wk of incubation. *Significantly different from 
the same clone in the absence of IGF-I (p < 0.01). 
Reproduced from Werner et al. (1995). 

Conclusions and Implications 
for Tumors of the CNS 

The results of our s tudy indicate that, in addi- 
tion to being a target for positive growth stimula- 
tors, such as oncogenes and growth factors, the 
IGF-I-R gene can also be regulated by negative fac- 
tors, i.e., tumor-suppressor  gene products. A num- 
ber of mechanisms have been described in Wilms' 
tumor  that result in loss of activity of WT1. These 
m e c h a n i s m s  inc lude  cons t i tu t iona l  delet ions,  
missense or nonsense mutat ions often affecting 
the DNA-binding domain,  or alternative splicing 
involving exon 2 that produces a WT1 variant that 
acts as a transcriptional activator (Call et al., 1990; 
Gessler et al., 1990; Rose et al., 1990; Little et al., 
1992; Haber et al., 1993). Inability of the inactive 
WT1 in Wilms'  tumor  to suppress transcription 
from the IGF-I-R promoter  and from the IGF-II P3 
promoter ,  which also contains a number  of WT1 
sites, may  result in overexpression of both ligand 
and receptor. Activation of the IGF-I-R by locally 
produced IGF-II may be an important  mechanism 
for the progression of Wilms' tumor. 

Overexpression of the IGF-I-R has been postu- 
lated to be an important  mechanism in the pro- 
gression of neural ly der ived tumors ,  inc luding 
glioblastomas, meningiomas,  and others (Glick et 
al., 1989). A number  of tumor  suppressors,  includ- 
ing p16, NF-1, Rb, and p53, have been shown to be 
deleted or muta t ed  in brain tumors  (Pomeroy,  
1994). Future studies will establish whether  the 
IGF-I-R promoter  is a target for neurally expressed 
tumor  suppressors and whether  loss of suppres- 
sion of the receptor promoter  by inactive tumor  
suppressors constitute a general theme in brain 
oncogenesis. 

References 

Abbott A. M., Bueno R., Pedrini M. T., Murray J. M., 
and Smith R. J. (1992) Insulin-like growth factor I 
receptor gene structure. J. Biol. Chem. 267, 10,759- 
10,763. 

Ambrose D., Resnicoff M., Coppola D., Sell C., Miura 
M., Jameson S., Baserga R., and Rubin R. (1994) 
Growth regulation of human glioblastoma T98G 
cells by insulin-like growth factor-I and its recep- 
tor. J. Cell Physiol. 159, 92-100. 

Ba~erga R. and Rubin R. (1993) Cell cycle and growth 
'control. Crit. Rev. Eukaryotic Gene Express. 3, 47-61. 

Baserga R., Sell C., Porcu P., and Rubini M. (1994) The 
role of the IGF-I receptor in the growth and transfor- 
mation of mammalian cells. Cell. Prol~. 27, 63-71. 

Brassier A. R., Tate J. E., and Habener J. F. (1989) 
Optimized use of the firefly luciferase assay as 
a reporter gene in mammalian cell lines. Biotech- 
niques 7, 1116-1122. 

Buckler A. J., Pelletier J., Haber D. A., Glaser T., and 
Housman D. E. (1991) Isolation, characterization 
and expression of the murine Wilms' tumor gene 
(WT1) during kidney development. Mol. Cell. Biol. 
11, 1707-1712. 

Call K. M., Glaser T., Ito C. Y., Buckler A. J., Pelletier 
J., Haber D. A., Rose E. A., Kral A., Yeger H., 
Lewis W. H., Jones C., and Housman D. E. (1990) 
Isolation and characterization of a zinc finger 
polypeptide gene at the human chromosome 11 
Wilms' tumor locus. Cell 60, 509-520. 

Chirgwin J. M., Przybyla A. E., MacDonald R. J., and 
Rutter W. J. (1979) Isolation of biologically active 
ribonucleic acid from sources enriched in ribonu- 
clease. Biochemistrv 24, 5244-5249. 

Cohick W. S. and Clemmons D. R. (1993) The insulin- 
like growth factors. Ann. Rev. Physiol. 55, 131-153. 

Journal of Molecular Neuroscience Volume 7, 1996 



122 Werner et al. 

Cooke D. W., Bankert L. A., Roberts C. T. Jr., LeRoith D., 
and Casella S. J. (1991) Analysis of the human type I 
insulin-like growth factor receptor promoter region. 
Biochem. Biophys. Res. Commun. 177,1113-1120. 

Coppola D., Ferber A., Miura M., Sell C., D'Ambrosio 
C., Rubin R., and Baserga R. (1994) A functional 
insulin-like growth factor-I receptor is required 
for the mitogenic and transforming activities of 
the epidermal growth factor receptor. Mol. Cell. 
Biol. 14, 4588-4595. 

Daughaday W. H. and Rotwein P. (1989) Insulin-like 
growth factors I and II. Peptide, messenger ribo- 
nucleic acid and gene structures, serum and tis- 
sue concentrations. Endocrin. Rev. 10, 68-91. 

Drummond I. A., Madden S. L., Rohwer-Nutter P., 
Bell G. I., Sukhatme V. P., and Rauscher F. J. III 
(1992) Repression of the insulin-like growth fac- 
tor II gene by the Wilms' tumor suppressor WT1. 
Science 257, 674-678. 

Gansler T., Furlanetto R., Gramling T. S., Robinson 
K. A., Blocker N., Buse M. G., Sens D. A., and 
Garvin A. J. (1989) Antibody to type I insulin-like 
growth factor receptor inhibits growth of Wilms' 
tumor  in culture and in athymic mice. Am. J. 
Pathol. 135, 961-966. 

Gashler A. L., Bonthron D. T., Madden S. L., Rauscher 
F. J. III, Collins T., and Sukhatme V. P. (1992) 
Human platelet-derived growth factor A chain is 
transcriptionally repressed by the Wilms' tumor 
suppressor WT1. Proc. Natl. Acad. Sci. USA 89, 
10,984-10,988. 

Gerald W. L., Gramling T. S., Sens D. A., and Garvin 
A. J. (1992) Expression of the 11p13 Wilms' tumor 
gene, WT1, correlates with histologic category of 
Wilms' tumor. Am. J. Pathol. 140, 1031-1037. 

Gessler M., Poustka A., Cavence W., Neve R. L., 
Orkin S. H., and Bruns G. A. P. (1990) Homozy- 
gous deletion in Wilms' tumors of a zinc finger 
gene identified by chromosome jumping. Nature 
343, 774-778. 

Glick R. P., Unterman T. G., Blaydes L., and Hollis R. 
(1993) Insulin-like growth factors in central ner- 
vous system tumors, in The Role of Insulin-Like 
Growth Factors in the Nervous System (Raizada M. 
K. and LeRoith D., eds.), Annals of the New York 
Academy of Sciences, New York, pp. 223-229. 

Glick R. P., Gettleman R., Patel K., Lakshman R., and 
Tsibris J. C. M. (1989) Insulin and insulin-like 
growth factor I in brain tumors: binding and in 
vitro effects. Neurosurgery 24, 791-797. 

Haber D. A., Park S., Maheswaran S., Englert C., Re 
G. G., Hazen-Martin D. J., Sens D. A., and Garvin 

A. J. (1993) WTl-mediated growth suppression of 
Wilms' tumor cells expressing a WT1 splicing 
variant. Science 262, 2057-2059. 

Harrington M. A., Konicek B., Song A., Xia X.-L., 
Fredericks W. J., and Rauscher F. J. III (1993) Inhi- 
bition of colony-stimulating factor I p romoter  
activity by the product of the Wilms' tumor locus. 
J. Biol. Chem. 268, 21,271-21,275. 

Kaleko M., Rutter W. J., and Miller A. D. (1990) 
Overexpression of the human insulin-like growth 
factor I receptor promotes l igand-dependent neo- 
plastic transformation. Mol. Cell. Biol. 10, 464-473. 

LeRoith D., Adamo M., Werner H., and Roberts C. T. 
Jr. (1991) Insulin-like growth factors and their 
receptors as growth regulators in normal physiol- 
ogy and pathological states. Trends Endocrinol. 
Metab. 2, 134-139. 

Little M. H., Prosser J., Condie A., Smith P. J., Van 
Heyningen V., and Hastie N. D. (1992) Zinc finger 
point mutations within the WT1 gene in Wilms' tumor 
patients. Proc. Natl. Acad. Sci. USA 89, 4791-4795. 

Lowe W. L. Jr. (1991) Biological actions of the insu- 
lin-like growth factors, in Insulin-Like Growth Fac- 
tors: Molecular and Cellular Aspects (LeRoith D., 
ed.), CRC, Boca Raton, FL, pp. 49-85. 

Madden S. L., Cook D. M., Morris J. F., Gashler A., 
Sukhatme V. P., and Rauscher F. J. III (1991) Tran- 
scriptional repression mediated by the WT1 Wilms' 
tumor gene product. Science 253, 1550-1553. 

Mamula P. W. and Goldfine I. D. (1992) Cloning and 
characterization of the human insulin-like growth 
factor I receptor gene 5'-flanking region. DNA Cell 
Biol. 11, 43-50. 

Morris J. F., Madden S. L., Tournay O. E., Cook D. 
M., Sukhatme V. P., and Rauscher F. J. III (1991) 
Characterization of the zinc finger protein en- 
coded by the WT1 Wilms' tumor locus. Oncogene 
6, 2339-2348. 

Nissley S. P. and Lopaczynski W. (1991) Insulin-like 
growth factor receptors. Growth Factors 5, 29-49. 

Ota A., Shen-Orr Z., Roberts C. T. Jr., and LeRoith D. 
(1989) TPA-induced neurite formation in a neuro- 
blastoma cell line (SH-SY5Y) is associated with 
increased IGF-I receptor mRNA and binding. Mol. 
Brain Res. 6, 69-76. 

Pelletier J., Schalling M., Buckler A. J., Rogers A., 
Haber D. A., and Housman D. (1991) Expression 
of the Wilms' tumor gene WT1 in the murine uro- 
genital system. Genes Dev. 5, 1345-1356. 

Pomeroy S. L. (1994) The p53 tumor suppressor gene 
and pediatric brain tumors. Curr. Opin. Pediatr. 6, 
632-635. 

Journal of Molecular Neuroscience Volume 7, 1996 



Regulation of the IGF-I Receptor Gene by WT1 123 

Rauscher F. J. III (1993) The WT1 Wilrns' tumor gene 
product: a developmentally regulated transcrip- 
tion factor in the kidney that functions as a tumor 
suppressor. FASEB J. 7, 896-903. 

Resnicoff M., Sell C., Rubini M., Coppola D., Ambrose 
D., Baserga R., and Rubin R. (1994) Rat glioblas- 
toma cells expressing an antisense RNA to the 
insulin-like growth factor I receptor are non- 
tumorigenic and induce regression of wild-type 
tumors. Cancer Res. 54, 2218-2222. 

Rose E. A., Glaser T., Jones C., Smith C. L., Lewis W. 
H., Call K. M., Minden M., Champagne E., Bonetta 
L., Yeger H., and Housman D. E. (1990) Complete 
physical map of the WAGR region of 11p13 localizes 
a candidate Wilms' tumor gene. Cell 60, 495-508. 

Rubini M., Werner H., Gandini E., Roberts C. T. Jr., 
LeRoith D., and Baserga R. (1994) Platelet-derived 
growth factor increases the activity of the pro- 
moter of the IGF-I receptor gene. Exp. Cell Res. 211, 
374-379. 

Sell C., Rubini M., Rubin R., Liu J.-P., Efstratiadis A., 
and Baserga R. (1993) Simian virus 40 large tumor 
antigen is unable to transform mouse embryonic 
fibroblasts lacking type I insulin-like growth fac- 
tor receptor. Proc. Natl. Acad. Sci. USA 90, 11,217- 
11,221. 

Smale S. T. and Baltimore D. (1989) The "initiator" as 
a transcription control element. Cell 57, 103-113. 

Sukhatme V. P. (1992) The EGR transcription factor 
family: from signal transduction to kidney differ- 
entiation. Kidney Int. 41, 550-553. 

Ullrich A., Gray A., Tam A. W., Yang-Feng T., 
Tsubokawa M., Collins C., Henzel  W., LeBon T., 
Kathur ia  S., Chen E., Jacobs S., Francke U., 
Ramachandran J., and Fujita-Yamaguchi Y. (1986) 
Insulin-like growth  factor I receptor  p r imary  
structure: comparison with insulin receptor sug- 
gests determinants that define functional specific- 
ity. EMBO J. 5, 2503-2512. 

Van Heyningen V. and Hastie N. D. (1992) Wilms' 
tumor: reconciling genetics and biology. Trends 
Genet. 8, 16-21. 

Werner H., Bach M. A., Stannard B., Roberts C. T. Jr., 
and LeRoith D. (1992) Structural and functional 
analysis of the insulin-like growth factor I recep- 
tor gene promoter. Mol. Endocrinol. 6, 1545-1558. 

Werner H., Adamo M., Roberts C. T. Jr., and LeRoith 
D. (1994a) Molecular and cellular aspects of insu- 
lin-like growth factor action, in Vitamins and Hor- 
mones vol. 48 (Litwack G., ed.), Academic, San 
Diego, CA, pp. 1-58. 

Werner H., Rauscher F. J. III, Sukhatme V. P., Drum- 
mond  I. A., Roberts C. T. Jr., and LeRoith D. 
(1994b) Transcriptional repression of the insulin- 
like growth factor I receptor (IGF-I-R) gene by 
the tumor suppressor WT1 involves binding to 
sequences both upstream and downstream of the 
IGF-I-R gene transcription start site. J. Biol. Chem. 
269, 12,577-12,582. 

Werner H., Re G. G., Drummond I. A., Sukhatme V. 
P., Rauscher F. J. III, Sens D. A., Garvin A. J., 
LeRoith D., and Roberts C. T. Jr. (1993) Increased 
expression of the insulin-like g rowth  factor I 
receptor gene, IGFIR, in Wilms" tumor is corre- 
lated with modulation of IGFIR promoter by the 
WT1 Wilms' tumor gene product. Proc. Natl. Acad. 
Sci. USA 90, 5828-5832. 

Werner H., Shen-Orr Z., Rauscher F. J. III, Morris, J. 
F., Roberts C. T. Jr., and LeRoith D. (1995) Inhibi- 

'tion of cellular proliferation by the Wilms' tumor 
suppressor WT1 is associated with suppression of 
insulin-like growth factor I receptor gene expres- 
sion. Mol. Cell. Biol. 15, 3516-3522. 

Werner H., Stannard B., Bach M. A., LeRoith D., and 
Roberts C. T. Jr. (1990) Cloning and characteriza- 
tion of the proximal promoter region of the rat 
insulin-like growth factor I (IGF-I) receptor gene. 
Biochem. Biophys. Res. Commun. 169, 1021-1027. 

Werner H., Woloschak M. L., Stannard B., Shen-Orr 
Z., Roberts C. T. Jr., and LeRoith D. (1991) Insulin- 
like growth factor I receptor: molecular biology, 
he te rogene i ty  and  regula t ion,  in Insulin-Like 
Growth Factors: Molecular and Cellular Aspects 
(LeRoith D., ed.), CRC, Boca Raton, FL, pp. 17-47. 

Journal of Molecular Neuroscience Volume 7, 1996 


