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1. ABSTRACT 
 

Understanding angiogenesis and growth control 
is central for elucidating prostate tumorigenesis. However, 
the mechanisms of activation of the angiogenic gene, 
vascular endothelial growth factor (VEGF) are complex 
and its regulation in prostate cancer is not well understood. 
In previous studies, VEGF expression levels were 
correlated with altered levels of the zinc finger transcription 
factor, WT1. Since the VEGF promoter has several 
potential WT1 binding sites and WT1 regulates many 
growth control genes, here we assessed whether WT1 
might also regulate VEGF transcription. Using transfection 
and DNA binding assays, functional WT1 binding sites 
were localized within the proximal VEGF promoter. 
Transfection of the DDS-WT1 (R394W) zinc finger mutant 
had no significant effect on VEGF-luciferase reporter 
activity, suggesting that an intact zinc finger DNA binding 
domain was required. Interestingly, WT1-mediated 
regulation of VEGF reporter constructs varied in different 
cell types. In androgen-responsive, LNCaP prostate cancer 
cells, hormone treatment enhanced WT1-mediated 
activation of the VEGF promoter constructs. Overall, these 
results suggest that WT1 transcriptionally regulates VEGF 
through interaction of its zinc finger DNA binding domain 
with the proximal GC-rich VEGF promoter. These findings 
may shed light on the role of WT1 in angiogenesis and 
prostate cancer progression. 

 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION  
 

In American men, prostate cancer is the most 
common cancer and second leading cause of cancer death 
(1). A central problem with current treatment regimens is 
the development of androgen-independent metastases.  In 
order to better understand prostate tumor growth and 
metastasis, research has centered on the regulation of 
angiogenesis, and in particular, vascular endothelial growth 
factor (VEGF), a mitogen essential for tumor angiogenesis 
(2, 3). VEGF is secreted by tumor cells and is necessary for 
tumor growth greater than 1-3 mm3 (4).  Therefore, a better 
understanding of prostate cancer progression requires 
examination of the mechanisms of regulation of VEGF. 

 
VEGF regulation is complex and occurs at both 

transcriptional and post-transcriptional levels (5, 6). While 
the VEGF promoter lacks a TATA-binding site, it contains 
a GC-rich core promoter region, and additional distal 
enhancer sites (such as, the hypoxia response elements that 
bind HIF1-alpha). Although hormone-responsive (7-10), 
the VEGF promoter lacks any classical consensus androgen 
receptor (AR) or estrogen receptor (ER) binding sites. 
However, a distal ER/GC-box composite site has been 
identified, where ER-alpha physically interacts with the 
zinc finger transcription factors SP1 and SP3 to regulate 
VEGF levels in hormone-responsive endometrial and breast 
cancer cells (10, 11). An AR/GC site has not yet been
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Figure 1. The VEGF promoter contains multiple potential 
WT1 binding sites. Panel A: The TATA-less, GC-rich 
VEGF core promoter has multiple potential binding sites 
for zinc-finger transcription factors of SP1 and EGR-1 
families (map not drawn to scale). Potential WT1 binding 
sites were identified by in silico analyses using Genomatix 
MatInspector Software, as described in text. Panel B: The 
full-length VEGF promoter contains multiple potential 
WT1 binding sites and EGR-1 sites to which WT1 can also 
bind (map not drawn to scale). Four overlapping luciferase 
reporter constructs spanning the VEGF promoter region 
(12) were tested for activity in transient transfection assays 
as described in the text. 

 
identified, but the VEGF GC-rich core promoter contains 
multiple overlapping sites for: Sp1/SP3 (12, 13), Egr-1 
(early growth response-1), AP2 (14), and potentially the 
zinc finger transcription factor, WT1 (Figure 1A). Since 
WT1 transcriptionally regulates GC-rich promoters and 
forms a complex with ER-����� to regulate insulin–like 
growth factor I receptor (IGF-1R) (15), we hypothesized 
that WT1 might regulate the hormone responsive VEGF 
promoter.  

 
The functions of the WT1 gene product vary 

depending upon the isoform of WT1 and reflect its 
structural domains. The four major isoforms of WT1 are 
formed by alternative splicing at two sites resulting in the 
inclusion or exclusion of 1) exon V and/or 2) a tripeptide 
(KTS) in exon 9 that alters the zinc finger DNA binding 
structure (and the WT1(A) isoform lacks both). The 
carboxyl-terminus has four Cys2-His2 zinc fingers  (16, 17) 
that bind a common consensus sequence, GNGNGGGNG, 
as well as the related Egr-1 sites (18). The importance of 
the zinc finger domain for DNA binding can be observed in 
the congenital syndromes associated with naturally 
occurring WT1 mutations, such as the Denys-Drash 

Syndrome (DDS), characterized by renal mesangial 
sclerosis, genital anomalies and elevated risk of Wilms 
tumor nephroblastoma (19).  The most common mutation 
for DDS-WT1 occurs in codon 394 in which an arginine is 
replaced with a tryptophan (R394W) (20) resulting in 
altered DNA binding ability.  

 
The transcriptionally active isoform of the 

Wilms’ tumor suppressor gene, WT1(A), regulates a large 
family of genes involved in growth control, sex 
determination, and genitourinary development, (for reviews 
see 20-23). We and others have demonstrated that WT1 
regulates genes important in prostate cancer growth control 
pathways; both growth promoting pathways, IGF axis (24, 
25) and androgen signaling (26, 27), and growth 
suppressing/apoptotic pathways (28-32).  Previously we 
have characterized the effect of over-expression of WT1 in 
LNCaP prostate cancer cells engineered to express either 
the wild-type WT1 or the DDS-WT1 mutant (R394W) (33, 
34). Microarray studies indicated that VEGF, among other 
genes, was differentially expressed in stably transfected 
WT1-LNCaP cells (34) and led to the hypothesis tested 
here, that WT1 would bind the VEGF promoter and 
regulate its transcription.  Transfection assays using VEGF 
deletion constructs (Figure 1B) were performed in several 
cell lines to identify the WT1 responsive region. Once 
identified, electrophoretic mobility shift assays (EMSAs) 
were performed to identify functional WT1 binding 
sequences. These results verified that WT1 regulated 
VEGF promoter activity and in androgen-responsive 
LNCaP prostate cancer cells, hormone treatment strongly 
enhanced WT1-mediated regulation. 
 
3. MATERIALS AND METHODS 
 
3.1. Cell Culture and Transfections 

LNCaP prostate cancer cells (ATCC CRL 1740 
from the American Type Culture Collection, Rockville, 
MD) and PC3 (ATCC CRL 1435), an androgen insensitive 
cell line were grown in RPMI-1640 media (Invitrogen; 
Carlsbad, CA) with 10% fetal calf serum (FCS) and 100 
IU/ml penicillin and streptomycin.  HEK-293 cells (ATCC 
CRL 1573), a kidney cell line, were maintained in DME 
media supplemented with 10% FCS.  The cultures were 
maintained in a 5% CO2 humidified incubator at 37oC.  In 
preparation for the transfections, the cells were cultured in 
12-well plates.  When the cells reached 80% confluency 
they were transfected as described (35) using lipofectamine 
2000 (Invitrogen; Carlsbad CA) in serum- and antibiotic-
free media.  For hormone induction, cells were cultured in 
charcoal-dextran stripped (ChS) serum. The synthetic 
androgen, R1881 (methyltrienolone) was used for these 
studies because of its strong affinity for the androgen 
receptor (36). 
 
The cytomegalovirus (CMV) promoter-driven 
pCB6+WT1(A) expression construct (lacking both KTS 
insertion and exon 5) and  the murine wild-type pCMV-
WT1(A) and mutant DDS-WT1(R384W) expression 
plasmids were previously described (18, 19, 26, 27).  The 
pGL3-VEGF promoter-luciferase reporter constructs 
(VEGF 88, 411, 1012, 2274) (Figure 1B) were obtained
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Table 1.   Oligonucleotides tested for WT1 binding activity  
(Promoter Region)1 Oligonucleotide Sequence2 
2310-2342 (V88) GAGCCATGCGCCCCCCCCTTTTTTTTTTAAAAG 
2294-2330 (V88) GGGTCCCGGCGGGGCGGAGCCATGCGCCCCCCCCTTT 

2281-2310 (V88) CGGGCCGGGGGCGGGGTCCCGGCGGGGCGG 
2109-2138 (V411) GGACAGAGTTTCCGGGGGCGGATGGGTAAT 

575-605 (V2274) GGAGGGTTGGGGTGGGTGGGAGCCAGCCCTT 
EGR-13 GGCCCGGCGCGGGGGCGAGGGCG 

SP14 ATTCGATCGGGGCGGGGCGAGC 
1 Brackets indicate VEGF promoter construct in which the oligonucleotide is located, 2 Potential WT1 binding site(s) are in bold. 
Potential SP1 binding sites (italics) overlap WT1 sites. 3 Consensus EGR-1 oligonucleotide as described (26), 4 Consensus SP1 
oligonucleotide (Promega, Madison, WI) 
 
from Dr. K. Xie (12).  All DNA was purified by the Qiagen 
plasmid Maxi Kit (Qiagen, Carlsbad CA) and transfections 
were performed as described (35). Briefly, 250 ng of the 
stated VEGF promoter-luciferase reporter construct was co-
transfected along with 5ng of pRL-null, the promoterless-
Renilla luciferase normalizer (Promega; Madison, 
Wisconsin), and   increasing concentrations of the WT1(A) 
or DDS-WT1(R384W) expression constructs (0, 250, 500 
ng).  DNA levels were held constant by the addition of the 
appropriate empty CMV expression vector, pCB6+ or 
pCMV4 (Promega; Madison, Wisconsin).  For LNCaP 
cells, the medium was removed after 5-6 hours and 
replaced with fresh RPMI with either 10% ChS FCS or full 
“unstripped” FCS.  For those plates that received ChS, half 
of the wells were treated with 0nM and half with 5nM 
R1881. For PC3 and HEK-293 cells, media was removed 
after 5 hours or 18 hrs, respectively, and  replaced with 
media containing 10% FCS. Cells were harvested at 48 hrs 
(293) or 72 hrs (LNCaP and PC3). 

 
3.2. Reporter assays 

Initially both firefly and Renilla luciferase 
activities of the cellular extracts were measured as per 
manufacturer’s recommendations using the Dual-
Luciferase Reporter Assay System (Promega; Madison, 
Wisconsin) and a 20/20n luminometer (Turner; 
Sunnyvale, California).  Since WT1 activated the pRL-
null expression vector, as previously described (35), 
luciferase activity was not normalized using Renilla 
luciferase activity, but rather by cellular protein 
concentration. Cellular protein concentration reflects 
cell viability and controls for variability in numbers of 
transfected cells (37). The protein concentration of cell 
extracts was determined using the Micro BCA Protein 
Assay Reagent kit (Pierce; Rockford, Illinois), and 
absorbance was read at 570nm on a Dynex Technologies 
MRX Revelation plate reader (Chantilly, VA). Cellular 
protein concentrations were relatively constant varying 
<25% between samples. Average protein concentration 
was determined using a BSA standard and normalized 
luciferase activity was reported relative to the protein 
concentration of the cell extracts. 
 
3.3. Statistical analysis 

Each transfection was performed in triplicate 
(293 and PC3) or quadruplicate (LNCaP) and repeated at 
least three times.  Standard errors of the mean were 
determined using the GraphPad InStat statistical software 
program (San Diego, California).  Significance was 
determined by one-way analysis of variance (ANOVA) 

followed by the Tukey-Kramer Multiple Comparison Test.  
Two-way analysis of variance (ANOVA) (GraphPad Prism; 
San Diego, CA) was used to determine significance of the 
interaction between WT1 and R1881. 
 
3.4. Electrophoretic Mobility Shift Assay (EMSA) 
 Forward and reverse oligonucleotides of at 
least 30 bp and containing potential WT1 binding sites 
were annealed in TEK, (0.01M Tris, 0.001M EDTA, 
0.1M KCl) (Table 1).  Five pmol of double stranded 
DNA was labeled with gamma−32P-ATP using T4 kinase 
(Invitrogen; Carlsbad, CA).  After a 30-minute 
incubation at 37oC, the labeled probes were separated 
from free gamma−32P-ATP by centrifugation using a 
MicroSpin G-50 column (Amersham Biosciences; 
Piscataway, NJ) and  radioactivity was determined in a 
Beckman LS 6000TA liquid scintillation counter. 
 

EMSAs were performed using an in vitro 
translated WT1 protein, containing the zinc finger 
region as described (26) or 0.2 µg of recombinant SP1 
protein (Promega, Madison WI).  Binding assays were 
performed in buffer containing Tris (pH 7.5), 6.5% 
glycerol, 90mMKCl, 0.2mMDTT, 1mg/ml BSA, 
100uMZnCl2, 1 microgram of poly (dI.dC), and where 
stated, 1 microgramWT1 protein and  20-100-fold molar 
excess cold competitor oligonucleotide.  Supershifts 
were performed using 400 ng of WT1 C-19 antibody 
(Santa Cruz Biotechnology; Santa Cruz, CA) or 400 ng 
of normal rabbit IgG control sera.  Approximately 125 
fmol of 32P-labeled probe was added to the mixture and 
incubated for 20 minutes at room temperature prior to 
electrophoresis.  The DNA-protein complexes were 
electrophoresed on a 5% polyacrylamide:bis (37.5:1) gel 
for 1 hour at 250 volts, dried on a Bio Rad gel dryer and 
visualized by autoradiography with Hyperfilm 
(Amersham) developed in a Konica SRX-101 film 
processor.  
 
4. RESULTS  
 
4.1. Identification and characterization of WT1 
Responsive Regions in the VEGF Promoter 

Transfection assays were performed to determine 
if WT1 directly modulated VEGF expression.  LNCaP cells 
were co-transfected with pCB6+WT1(A) expression 
construct, and/or empty vector pCB6+ (to maintain 
constant DNA levels), along with one of several VEGF 
promoter constructs (VEGF 88, VEGF 411, VEGF 1012, 
VEGF 2274). Cultures were incubated in RPMI-10% FCS
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Figure 2. WT1 increased VEGF promoter activity in LNCaP 
cells.  Cells were co-transfected with WT1(A) expression 
constructs and  pGL3-VEGF promoter constructs: VEGF 88 
(black), VEGF 411 (white), VEGF 1012 (dark gray), or VEGF 
2274 (light gray). Total DNA levels were held constant by 
addition of empty vector pCB6+.  The luciferase values were 
normalized by protein concentration as described in the text. 
Each experiment was performed in quadruplicate and repeated 
three times.  Results are given as relative activation by WT1 
± SEM and normalized luciferase activity is shown relative to 
CB6+ vector control (0 ng WT1).  WT1 greatly increased 
activity of the proximal promoters VEGF 88 and VEGF 411, 
as determined by ANOVA (p<0.0001 and p=.0005, 
respectively). Asterisks indicate significant differences 
between the mean luciferase activities of transfected vector 
control and WT1 as determined by the Tukey-Kramer Multiple 
Comparison post-test (* p< 0.05, **p<0.01, ***p<0.001). 

 

      
Figure 3. DDS-WT1 did not enhance VEGF promoter activity 
in LNCaP cells.  Cells were co-transfected with 500 ng of 
DDS-WT1(R384W) (white) or pCMV4 vector control (black) 
with a VEGF promoter construct, as listed in Figure 2.  The 
luciferase values were normalized by protein concentration as 
described and results are given as relative activation by DDS-
WT1 ± SEM and compared to pCMV4+ vector control 
(black). Each experiment was performed in quadruplicate and 
repeated three times.  DDS-WT1 did not significantly affect 
the VEGF promoter constructs. 

and transfected as described (35). Luciferase activity was 
normalized by cellular protein concentration, controlling 
for variability in cell numbers as described in methods. 
Transfection of 500 ng of WT1 enhanced the normalized 
luciferase activity of the VEGF 88 minimal core promoter 
4.7-fold (Figure 2).  Significance was determined by 
ANOVA (p<0.0001) and verified by the Tukey-Kramer 
Multiple Comparison post-test.  Similar results were 
obtained in LNCaP cells co-transfected with the slightly 
larger VEGF promoter construct (VEGF 411), and 500 ng 
WT1 increased normalized luciferase activity 3.3-fold 
(Figure 2). Significance was determined by ANOVA 
(p=0.0005) and was confirmed using the Tukey-Kramer 
Multiple Comparison Test.  In LNCaP cells co-transfected 
with 500 ng WT1 and the larger VEGF constructs 
containing the distal promoter regions, luciferase activity 
was increased only slightly (1.6-fold) (Figure 2).  Although 
this activation was determined to be significant (p=0.0038 
for VEGF 1012 and p=0.0052 for VEGF 2274 ANOVA), it 
was less than two-fold, and therefore, unlikely to be 
biologically relevant.  Thus, the WT1 responsive region 
appears to be located within the proximal 400 base pairs of 
the VEGF promoter. 
  

Transfections of the pCMV4-DDS-
WT1(R384W) mutant were performed to determine 
whether the zinc finger DNA binding domain played a 
critical role in regulating transcription of the VEGF 
promoter (Figure 3).  The DDS-WT1 (R384W) mutant has 
an altered DNA binding domain and was not expected to 
bind DNA.  Indeed, the DDS-WT1 (R384W) mutant had 
no significant effect on the transcriptional regulation of 
VEGF in LNCaP cells (Figure 3).  While these results 
suggested that the DNA binding domain of WT1 plays an 
essential role in the regulation of VEGF, the WT1 mutant 
pCMV4-DDS-WT1(R384W) expression construct was 
derived from a murine WT1 gene, so it was necessary to 
confirm that the wild-type murine WT1 expression 
construct pCMV4-WT1(A) functioned similarly in human 
LNCaP prostate cancer cells. A similar up-regulation of the 
proximal VEGF promoter constructs was observed when 
the murine WT1 was transfected into LNCaP cells.  WT1 
(500 ng) increased activity 4.3-fold and 5.5-fold in LNCaP 
cells transfected with VEGF 88 and VEGF 411, 
respectively (data not shown). WT1 also increased activity, 
though to a lesser extent, of the larger VEGF promoter 
constructs that included the distal regions.  However, 
activation of all four VEGF promoter constructs was 
considered significant using ANOVA.  Since the murine 
WT1 gene behaved similarly to the human gene, this 
strengthened the conclusion that the zinc finger mutation in 
the DDS-WT1(R384W) expression construct prevents 
activation of the VEGF promoter constructs in LNCaP 
cells. The inactivity of the DDS-WT1(R384W) construct 
was confirmed in two other cell lines (HEK-293 and PC3), 
as well (data not shown). Overall, this suggested that the 
DNA binding domain of WT1 plays an essential role in the 
regulation of VEGF. 

 
To determine whether WT1 regulated the VEGF 

promoter similarly in different cellular contexts, we also 
transfected an immortalized human embryonic kidney cell
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Figure 4. WT1 repressed the proximal VEGF promoters in 
HEK-293 cells.  Cells were co-transfected with WT1(A) 
expression constructs and pGL3-VEGF promoter 
constructs: VEGF 88 (black), VEGF 411 (white), VEGF 
1012 (dark gray), or VEGF 2274 (light gray).  DNA levels 
were held constant and luciferase values were normalized 
as described in Figure 2. Results are given as relative 
activation by WT1 ± SEM and shown relative to CB6+ 
vector control (0 ng WT1). Each experiment was 
performed in triplicate and repeated 5 times. Significant 
differences were determined by ANOVA.  WT1 
significantly decreased normalized luciferase activity of 
VEGF 88 (p=0.0067) and VEGF 411 (p=0.0002), with little 
or no effect on VEGF 1012 (p=0.4786) and VEGF 2274 
(p=0.0313).  Asterisks indicate significant differences 
determined by the Tukey-Kramer Multiple Comparison 
Test as described in Figure 2.    

 
line (HEK-293).  Surprisingly, the WT1 expression 
construct repressed transcription of the proximal VEGF 
promoters (VEGF 88 and VEGF 411) in HEK-293 cells 
(Figure 4). Transfection of 500 ng of pCB6+WT1(A) 
decreased the normalized luciferase activity of the VEGF 
88 and VEGF 411 promoter constructs 2.7-fold and 4.9-
fold, respectively. Significance was determined by 
ANOVA (p=0.0067 for VEGF 88, p=0.0002 for VEGF 
411) and verified by the Tukey-Kramer Multiple 
Comparison post-test. These results suggested  that WT1 
regulated transcription of the VEGF promoter differently in 
different cell lines. In HEK-293 cells co-transfected with 
500 ng WT1 and the larger VEGF constructs containing the 
distal promoter regions, the normalized luciferase activity 
remained relatively constant (decreased only 1.2-fold, or 
1.4-fold for V1012 and VEGF 2274, respectively) and was 
not significantly affected by WT1 (p=0.4786 for VEGF 
1012 and p=0.0313 for VEGF 2274) (Figure 4). Overall the 
HEK-293 data confirmed the location of the WT1 
responsive region, showing that WT1 acted strongly on the 
proximal VEGF promoter. Interestingly, the regulatory 
effect in 293 cells was the inverse of that in LNCaP (where 
WT1 strongly activated the proximal VEGF promoter). 
 
4.2. WT1 up-regulates the proximal VEGF promoter in 
the presence or absence of androgen 
 The effects of hormone treatment on WT1-
mediated regulation of the VEGF promoter were tested by 

transfecting LNCaP cells as described above, but culturing 
in RPMI ChS FCS with or without 5nM R1881 (Figure 5A 
and B). In the presence of hormone, WT1 strongly 
activated both proximal promoters. Cotransfection of 500 
ng pCB6+WT1(A) increased the normalized luciferase 
activity of VEGF 88 and VEGF 411 by  4.11-fold or 4.96-
fold, respectively (Figure 5A). Significance was determined 
by ANOVA (p=0.0025 for VEGF 88, p<0.0001 for VEGF 
411) and verified by the Tukey-Kramer Multiple 
Comparison post-test. Conversely, in the absence of 
hormone, WT1 activated the proximal promoter region 
modestly (Figure 5B).  In LNCaP cells cotransfected with 
500 ng pCB6+WT1(A) and VEGF 88  or VEGF 411 
normalized luciferase activity was increased only 2.5-fold 
or 2.2-fold, respectively. Significance was determined by 
ANOVA (p=0.0009 for VEGF 88, p=0.0015 for VEGF 
411) and verified by the Tukey-Kramer Multiple 
Comparison post-test. While WT1 up-regulated the 
proximal VEGF promoters, it had no significant effect on 
the larger VEGF 2274 promoter construct whether in the 
presence or absence of hormone. This was surprising since 
the VEGF 2274 promoter construct contained the ER-
����� composite-site. Thus, we have confirmed the 
WT1 responsive region is in the proximal VEGF promoter 
and that WT1-mediated activation of this promoter region 
is enhanced by hormone. Due to the location of the WT1 
responsive region, the ER-����� composite-site is 
unlikely to contribute to androgen enhancement of WT1 
activation.  
 

To validate the apparent hormone effect on WT1-
mediated activation, LNCaP cells were treated with 5nM 
R1881 to determine the androgen response of the VEGF 
reporter constructs (first, in the absence of the WT1 
expression construct and then with WT1 co-transfection). 
As shown in Table 2, hormone treatment (5 nM R1881) 
induced the full-length VEGF promoter (VEGF 2274) 6.3-
fold, whereas the proximal VEGF constructs VEGF 88 and 
VEGF 411 were up-regulated only 3.1- and 1.8-fold, 
respectively. Although the distal promoter lacks classical 
androgen responsive elements, these results are consistent 
with the notion that hormone may activate the VEGF 
promoter through the distal ER-alpha composite-site. 
Conversely, to determine the effect of WT1 expression 
independent of any hormone induction, we cultured WT1 
transfected LNCaP cells in the absence of hormones, using 
charcoal-dextran-stripped FCS (ChS-FCS) to supplement 
the media.  Transfection of WT1 in the absence of 
hormone, modestly induced VEGF luciferase activity 2.5-
fold and 2.2-fold in LNCaP cells co-transfected with VEGF 
88 and VEGF 411, respectively (Table 2), but failed to 
significantly activate the full-length VEGF 2274 promoter 
construct.  

 
In contrast to the modest activation of the 

proximal promoters by WT1 in the absence of hormone, 
luciferase activities of VEGF 88 and VEGF 411 were 
strongly up-regulated (12.6- and 8.7-fold respectively) in 
the presence of both WT1 and 5nM R1881 (Table 2). These 
results suggested  that WT1 and hormone are working 
together to enhance VEGF luciferase. Two-way ANOVA 
was used to determine the likelihood that an interaction
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Table 2.  Fold activation of VEGF luciferase by WT1 in 
the presence or absence of R18811 

VEGF 88 VEGF 411 VEGF 2274 WT1 
(ng) 0 nM2 5 nM 3 0 nM 2 5 nM 3 0 nM 2 5 nM 3 

0  1 3.1 1 1.8 1 6.3 
500  2.5 12.6 2.2 8.7 1.5 7.5 

1Fold activation is expressed relative to average normalized 
luciferase activity in the absence of both hormone and 
WT1, 2LNCaP cells cultured in RPMI without R1881, 
3LNCaP cells cultured in RPMI with 5nM R1881 
 

 
 
Figure 5. Hormone enhanced WT1-mediated activation of 
the proximal VEGF promoter. LNCaP cells were cultured 
in RPMI-10% ChS with 5nM R1881 (Panel A) or without 
(0nM) R1881 (Panel B) following co-transfection of 
WT1(A) with pGL3-VEGF promoter constructs: VEGF 88 
(black), VEGF 411 (white), or VEGF 2274 (gray). DNA 
levels were held constant and luciferase values were 
normalized as described in Figure 2. Results are given as 
relative activation by WT1 ± SEM and shown relative to 
CB6+ vector control (0 ng WT1).  Each experiment was 
performed in quadruplicate and repeated at least 4 times. 
Significant differences were determined by ANOVA 
(p=0.0025 for VEGF 88, p<0.0001 for VEGF 411) for co-
transfected cells treated with 5nMR1881 in RPMI-10% 
ChS (Panel A) or  (p=0.0009 for VEGF 88, p=0.0015 for 
VEGF 411) for untreated cells (0nM R1881) (Panel B).  
Asterisks indicate significant differences determined by the 
Tukey-Kramer Multiple Comparison Test as described in 
Figure 2. 

 
between WT1 and hormone contributed to VEGF promoter 
activation by WT1 in hormone treated cells. Analysis of the 
interaction between WT1 and hormone by two-way 
ANOVA confirmed that it was significant (p=0.0067 for 
VEGF 88 and p<0.0001 for VEGF 411).  In contrast, two-
way ANOVA indicated that hormone alone had a 
significant effect on activation of the full-length VEGF 
promoter construct (p<0.0001), but the potential interaction 
of WT1 and hormone was not significant (p=0.5050) nor 
was the contribution by WT1 likely significant (p=0.2086).  
Overall, these results suggest that the combination of WT1 
and hormone activates transcription of the proximal VEGF 
promoter region to an extent greater than either factor 
alone, and that this interaction of WT1 and androgen 
contributes significantly to the up-regulation of the VEGF 
proximal promoter region in LNCaP cells. The mechanism 
of this interaction is unknown. 

 
Since WT1 activation of VEGF promoter was 

hormone responsive in LNCaP cells, we asked whether 
WT1 would also activate VEGF in androgen insensitive 
PC3 cell line. Transfection of 500 ng pCB6+WT1(A) failed 
to activate the proximal VEGF promoters in PC3 cells 
(Table 3). The full-length VEGF 2274 promoter construct 
was slightly repressed by WT1 (decreased 1.4-fold), similar 
to that seen in HEK-293 cells. By comparing relative 
luciferase activities of the VEGF reporters in different cell 
lines co-transfected with WT1, we have observed 
differential effects of transcriptional regulation by WT1. 
This comparison clearly indicates that regulation of VEGF 
by WT1 is dependent upon cellular context. 
 
4.3. Identification of WT1 binding sites in the VEGF 
promoter 

DNA binding assays were performed to 
determine whether WT1 regulation of the VEGF promoter 
was mediated by DNA binding.  Genomatix MatInspector 
software (38) was used to analyze the VEGF 2kb promoter 
region (Sequence Accession Number AF095785) to locate 
potential WT1 and other transcription factor binding sites.  
Based on the in silico analysis, we chose potential binding 
sites that mapped to the functional domains identified by 
the reporter assays. The G-rich oligonucleotides that were 
selected for electrophoretic mobility shift assays (EMSA) 
(Table 1) contained potential WT1 or  EGR-1 binding sites 
(Figure 1).  EGR-1 sites were included as control WT1 
binding sites, since WT1 has been documented to bind to 
these sequences (16).  Initially we focused on the VEGF 
core promoter (VEGF 88) and systematically tested the 
region using three overlapping double-stranded 
oligonucleotides (Table 1).  Additionally, we examined a 
binding site unique to the VEGF 411 region and one site 
within the distal promoter region (575-605) (numbered as 
per AF095785). 

 

EMSA were performed using in vitro translated 
WT1 protein containing the zinc finger region (-KTS form) 
previously described (18, 26). The WT1 protein bound to 
only one of the probes tested from the VEGF 88 core 
promoter, the 2310-2343 sequence (Figure 6), and not the 
2281-2310 or 2294-2330 oligonucleotides (data not 
shown). The identity of the protein in the observed
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Table 3. WT1-mediated regulation of VEGF promoter 
depends upon cellular context 

Construct Fold-activation of VEGF reporters by WT11 
 LNCaP PC3 293 
VEGF-88 4.5 1.0 0.3 
VEGF-411 3.5 0.9 0.4 
VEGF-2274 1.5 0.7 0.7 

1. Fold-activation of VEGF promoter constructs by 
WT1(A), relative to  pCB6+ vector control DNA.  LNCaP, 
PC3, and  293 cells were transfected and luciferase activity 
normalized as described in text. 

 

 
 
Figure 6. A functional WT1 binding site was identified in 
the VEGF core promoter (VEGF 88).   Electrophoretic 
mobility shift assays (EMSA) showed that WT1 protein 
bound VEGF oligonucleotide 2310-2342 (Table 1) and 
specificity was demonstrated by Ab supershift (Panel A) 
and unlabeled control probe competition (Panel B). This 
oligonucleotide  also bound SP1 (Panel C). Radio-labeled 
oligonucleotide 2310-2342 from the VEGF 88 core 
promoter (Table 1) was incubated with 1 microgram 
recombinant WT1(-KTS) protein ( +, Panel A lanes 2-5 and 
Panel B lanes 2-4), or 200 ng of recombinant SP1 protein 
(Promega, Madison WI) ( +, Panel C lanes 1 –3).  DNA-
protein complexes were electrophoresed, and visualized by 
autoradiography (black arrows) as described in the text.  
Panel A, Addition of WT1 antibody (+, lane 4) shifted the 
complex upward, whereas addition of normal rabbit serum 
(N, lane 5) did not alter complex migration. Panel B, 
Competition with 20-fold (L, lane 3) and 80-fold (H, lane 
4) molar excess of unlabeled control EGR-1 
oligonucleotide (Table 1), known to bind WT1 (26), 
decreased WT1 binding to labeled VEGF oligonucleotide. 
Panel C. Specific binding by SP1 was demonstrated by 
competition with 20-fold (L, lane 2) and 80-fold (H, lane 3) 
molar excess of unlabeled control SP1 oligonucleotide 
(Table 1). Labeled oligonucleotide without protein formed 
a nonspecific band (gray dashed arrow) (Lane 1, Panels A 
and B).  
 
complexes (black arrows) was confirmed by supershift 
assay using the polyclonal WT1 antibody (Ab) C-19 (Santa 
Cruz, CA) (Panel A lane 4). The WT1 Ab shifted the 
complexes upward (black arrow), whereas the normal 
rabbit IgG control did not diminish or alter the migration of 
the complexes (Panel A lane 5). Specificity of WT1 
binding was confirmed by competition assays using a 

canonical EGR-1 site known to bind WT1 (26) (Figure 6 
Panel B). Competition with 20-fold (L, panel B lane 3) and 
80-fold  (H, panel B lane 4) molar excess of unlabeled 
EGR1 oligonucleotide decreased binding of WT1 to the 
labeled probe. Competition with an 80-fold molar excess of 
a non-specific oligonucleotide (the consensus GATA 
binding site) failed to decrease the signal intensity of the 
WT1 complex (data not shown). Note that the WT1 
protein/DNA complex migrated as two bands (black 
arrows) above the free probe (dashed gray arrow). Since 
both bands were diminished by antibody supershift and 
cold oligonucleotide competition assays, this suggested that 
the WT1 protein may have formed a multimeric complex. 
We also asked whether the zinc finger transcription factor, 
SP1, known to regulate the VEGF core promoter region, 
could bind to the same sequences as WT1. No SP1 site was 
identified by MatInspector, but surprisingly, 200 ng of 
recombinant SP1 protein (Promega, Madison, WI) bound to 
the 2310-2343 sequence (Figure 6 Panel C lanes 1-3). 
Competition with 20-fold (L, Panel C lane 2) and 80-fold 
(H, Panel C lane 3) molar excess of unlabeled SP1 
oligonucleotide (Promega, Madison, WI) decreased binding 
of SP1 to the labeled probe. The SP1 complex appeared 
larger than the WT1 complex as the in vitro translated WT1 
protein was not full-length. 

  
The reporter assays also indicated a functional 

WT1 site existed in the VEGF 411 region (5’ of the core 
promoter), so the 2109-2138 oligonucleotide, was also 
tested for binding activity (Figure 7). As observed for the 
core promoter site, the identity of the WT1 protein was 
confirmed by supershift assay (Figure 7 Panel B) using 
WT1 Ab (Panel B lanes 1 and 2) compared to control sera 
(Panel B lane 3) and specificity was confirmed by 
competition (Figure 7 panel A) with 25-fold (L, panel A, 
lane 1)  and 100-fold (panel A, lane 2) molar excess of 
unlabeled EGR1 oligonucleotide. Again the appearance of 
two complexes (black arrows) suggested a multimeric 
complex. Since an overlapping SP1 binding site was 
identified in this sequence (Table 1), we confirmed that 200 
ng recombinant SP1 protein would bind  and verified 
specificity by competition with 20- and 80-fold molar 
excess of unlabeled SP1 oligonucleotide (Promega, 
Madison, WI) as described for Figure 6. As expected a 
single band was observed (data not shown).  

 
Overall, these results indicated that 

transcriptional regulation of the VEGF promoter was likely 
mediated by WT1 binding at the 2109-2138 and/or the 
2310-2343 sites within the VEGF proximal promoter. 
Conversely, potential WT1 sites that were unlikely to 
contribute to this regulation included the 575-605 site in the 
distal promoter region, and the 2281-2310 and 2294-2330 
sites in VEGF 88 region.  Potential competition between 
WT1 and SP1 binding was suggested by the presence of a 
canonical SP1 site at 2109-2138 overlapping the WT1 site 
(Table 1) and observed SP1 binding at both sites. 
 
5. DISCUSSION  
 

The results presented here are a continuation of 
earlier studies using microarray analyses to identify
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Figure 7. A functional WT1 binding site was identified in 
the VEGF proximal promoter (VEGF 411). EMSA showed 
that WT1 protein bound VEGF oligonucleotide 2109-2138 
(Table 1)  and specificity was demonstrated by unlabeled 
probe competition (Panel A) and Ab supershift (Panel B). 
Radio-labeled oligonucleotide 2109-2138 from the 
proximal promoter region (Table 1) was incubated with 
1 microgram recombinant WT1(-KTS) protein ( +, lanes 1-
3 Panels A and B) and formed DNA-protein complexes 
(black arrows) as described in Figure 6.  Panel A, 
Competition with 25-fold (L, lane 1) and 100-fold (H, lane 
2) molar excess of unlabeled EGR-1 oligonucleotide (Table 
1) decreased binding. Panel B, Addition of WT1 antibody 
(+,  lanes 1 and 2) shifted the complex upward, whereas 
addition of normal rabbit serum (N, lane 3) did not alter 
migration. Labeled oligonucleotide without protein formed 
a nonspecific band (gray dashed arrow) (Lane 4).  

 
 

physiologically relevant WT1 target genes in prostate 
cancer cells (34). A primary result of the previous study 
was that VEGF was identified as a potential WT1 target 
gene in LNCaP cells, a finding supported by the results of 
the transfection and DNA binding assays described here. 
The identification of two functional WT1 binding sites 
within the GC-rich proximal VEGF promoter region 
supports a novel mechanism of transcriptional regulation of 
VEGF that contributes to our understanding of 
angiogenesis.  

  
Additionally, these results suggested a possible 

explanation for recent studies of angiogenesis in murine 
kidney cultures that demonstrate WT1 stimulates growth 
and nephrogenesis by inducing vegfa in metanephric 
mesenchyme (39). WT1 is an essential regulator of 
nephrogenesis (40-42) and has been suggested to play an 
important regulatory role in angiogenesis (34, 39, 43). WT1 
and VEGF are co-expressed in normal podocytes, but also 
in some Wilms’ tumors (42-44). In addition to the kidney, 

WT1 is expressed in many other organs (20), including 
hematopoietic tissues such as the spleen, fetal liver, and 
bone marrow (17, 45, 46) where tightly regulated VEGF 
expression is required. For all these reasons, it seemed 
likely that VEGF was a physiologically relevant target of 
WT1 regulation in several different tissues, including 
prostate. VEGF expression is elevated in prostate cancer 
cells (47) and WT1 mRNA has been observed in cultured 
prostate cancer cells (27, 48) and in some prostate cancer 
sections (Brown K, and Fraizer G, unpublished). 
Interestingly, a truncated WT1 variant has been identified 
in a metastatic prostate cancer cell line (49). The finding 
that WT1 regulated VEGF in prostate cancer cells is 
consistent with its presence in some prostate cells and its 
ability to regulate growth control pathways important in 
prostate cancer (24-32).  

 
Although WT1-mediated transcriptional 

regulation of VEGF expression was demonstrated in these 
studies, VEGF is regulated at many levels, both 
transcriptionally and post-transcriptionally. Indeed, many 
of the growth factors that affect VEGF levels are 
themselves regulated by WT1; such as platelet-derived 
growth factor (PDGF) (50, 51), transforming growth factor-
beta 1 (TGF-b) (52), insulin-like growth factor II (IGFII) 
(24), insulin-like growth factor I receptor (IGF-1R) (25), 
and epidermal growth factor receptor (EGFR) (53). Thus, 
in addition to the direct transcriptional regulation 
demonstrated here, WT1 could also indirectly regulate 
VEGF expression. Furthermore, WT1 has been 
demonstrated to act as both a transcriptional repressor and 
an activator, depending upon the gene target, the cells 
transfected and expression vector utilized (54). The varied 
responses of the VEGF proximal promoter to WT1 
expression in LNCaP prostate cancer cells versus the E1A-
immortalized human embryonic kidney HEK-293 cells 
could be explained by differences in cellular co-factors that 
determine whether WT1 acts as an activator or a repressor. 
Amongst other functions, the WT1 zinc finger domain 
serves as a protein interaction domain for other 
transcription factors or as a DNA binding domain for co-
activator/co-repressor proteins (28, 55-60). This is 
important for understanding VEGF regulation, as WT1 may 
be a part of a larger complex that binds and regulates the 
VEGF promoter in LNCaP cells.  Indeed, the cAMP 
responsive element binding protein (CREB)-binding 
protein (CBP), important in both androgen signaling (61) 
and angiogenesis (62, 63), forms a complex with WT1 that 
activates transcription of amphiregulin (59). Thus, the 
regulation of VEGF by WT1 will be influenced by the 
presence of co-factors found within prostate cancer cells.  

 
Based on previous microarray expression results 

of a stably transfected WT-LNCaP cell line, we had 
originally predicted that WT1 would repress transcription 
of VEGF promoter constructs (34). The expected results 
were obtained in transient transfection assays of HEK-293 
cells, but not LNCaP cells, where WT1 activated the VEGF 
proximal promoter. This was unexpected as previous 
results showed VEGF transcripts reduced in cells 
engineered to express WT1 (relative to cells stably 
transfected with vector control).  Similarly, while LNCaP 
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reporter assays demonstrated hormone responsive 
activation, treatment with R1881 did not significantly affect 
VEGF mRNA (measured by quantitative real-time-PCR) in 
the WT-LNCaP line (34). One explanation for the 
differences between these results is that the former 
expression studies were performed on a stably transfected, 
G418-selected LNCaP line that may not respond to WT1 
and R1881 treatments in the same manner as does 
transiently transfected LNCaP cells. However, endogenous 
VEGF expression in LNCaP cells is hormone responsive 
(7, 64), so in some respects the transient assays are a better 
model system to study mechanisms of VEGF regulation. 

 
Overall, transfection of hormone-responsive 

LNCaP cells showed that WT1 strongly enhanced VEGF 
promoters in the presence of hormone and only modestly 
activated them in its absence. Similarly, WT1 only weakly 
modulated VEGF reporters in the androgen-independent 
PC3 prostate cancer cell line. This finding is consistent 
with the notion that WT1 may interact with components of 
the androgen signaling pathway in responsive cells (26, 27) 
and with the observation that both SP1 and WT1 can 
modulate the estrogen signaling pathway in breast cancer 
cells by forming complexes with ER-alpha (10, 11, 15).  
One intriguing possibility is that hormone responsive co-
activators present in LNCaP cells are absent or inactive in 
the unresponsive PC3 and 293 cells. This possibility is 
consistent with our recent findings that both VEGF 
promoter and pRL-null control constructs (35) are up-
regulated (5- and 6-fold, respectively) by R1881 treatment 
of WT1 transfected LNCaP cells (compared to untreated 
cells). The interaction between WT1 and androgen is a 
current focus of our studies aimed at delineating how WT1 
might enhance transcription of hormone responsive genes.  
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ER : estrogen receptor,   IGF-1R : insulin–like growth 
factor I receptor,  EMSA : electrophoretic mobility shift 
assay, ChS : charcoal-dextran stripped, FCS : fetal calf 
serum  
 
Key Words:Transcription, Wilms tumor, WT1, Vascular 
Endothelial Growth Factor,  VEGF,  prostate cancer, 
androgen, transfection, Electrophoretic Mobility Shift 
Assay, EMSA 
 
Send correspondence to: Gail Fraizer,  Dept Biological 
Sciences, Kent State University, Kent,  OH, 44242, Tel: 
330-672-1398, Fax: 330-672-3713, E-mail 
gfraizer@kent.edu 
 
http://www.bioscience.org/current/vol12.htm 
 


