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Abstract

BACKGROUND.—We have previously demonstrated Ang II type 2 (AT2-) receptor-mediated 

inhibition of EGF-induced prostate cancer cell growth in androgen-dependent (LNCaP) and 

independent (PC3) prostate cancer cell lines.

METHODS.—To explore the signaling pathways involved in this inhibitory effect, we examined 

the interaction of the AT2-receptor with its novel regulatory partner ATIP using real time PCR, 

over-expression, siRNA and [3H]thymidine incorporation assays.

RESULTS.—The results in human prostate cancer cell lines demonstrate the presence of ATIP in 

both cell lines examined, and suggest that (i) the AT2-receptor through an interaction with ATIP 

mediates an anti-growth factor effect in both androgen-dependent and androgen-independent cell 

lines; (ii) ATIP expression decreases as the rate of cell growth and androgen-independence 

increase; and (iii) EGF may act on cell growth in part by reducing the content of ATIP present in 

the cells.

CONCLUSIONS.—The results support our earlier proposal in normal cell lines that ATIP is an 

important component of the cellular response to AT2-receptor activation. The results further 

suggest that a critical level of ATIP is required to mediate the effect of AT2-receptor activation to 

inhibit EGF mediated increases in cell growth. They also suggest that EGF may in part induce cell 

growth by suppressing the level of ATIP expression.
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INTRODUCTION

The renin-angiotensin system (RAS) has important regulatory actions on growth factors and 

cell growth. There is emerging evidence that the incidence of cancer is reduced in patients 

undergoing long-term treatment with drugs that inhibit the RAS [1–6], with reports 

suggesting that Ang II directly stimulates cell growth via the AT1-receptor and that ACE 

inhibition or AT1-receptor blockade inhibits the growth of a range of tumors including 

prostate cancer [1–9].

All components of the RAS have been identified in the prostate [8,10–15] including Ang II, 

which has been localized to the basal epithelial cells in normal human prostate and to 

malignant epithelial cells in prostate cancer biopsies [10]. More recently, we demonstrated 

the existence of functional AT2-receptors, which inhibit the proliferative effects of EGF on 

DNA synthesis and MAPK phosphorylation, in both early stage, androgen-dependent, 

LNCaP, and late stage, androgen-independent, PC3 prostate cancer cell lines [7]. Therefore, 

it is possible that the reported anti-proliferative action of AT1-receptor blockers in prostate 

cancer [8,16], is not due solely to the blockade of AT1-receptor stimulation, but may also be 

in part attributable to endogenous Ang II selectively activating the AT2-receptor in the 

presence of AT1-blockade.

The signaling pathways of the AT1-receptor are well characterized [17–19], but the same 

cannot be said for the AT2-receptor. Although it is a member of the G-protein coupled 

receptor super-family, the AT2-receptor induces atypical signal transduction path- ways that 

include at least three intracellular cascades involving activation of protein phosphatases, 

regulation of nitric oxide and stimulation of phospholipase A2 [20]. Other unconventional 

AT2-receptor signaling pathways have also been identified and involve direct interaction 

with scaffolding or transducing molecules, such as ErbB3 [21] or PLZF [22].

Recently, a novel AT2-receptor interacting protein (ATIP) has been identified [23], also 

known as MTUS1, MTSG1, GK1, and ATBP50 [24–26], which interacts with the C-

terminal tail of the AT2-receptor [23,26–28]. Five different ATIP isoforms have been 

identified, numbered 1, 2, 3A, 3B, and 4 and are derived from a single gene by alternate 

promoter utilization and exon/ intron splicing [23]. All share a common 118 amino acid 

AT2-receptor interacting domain (ID), suggesting that all 5 ATIP isoforms may interact with 

the AT2-receptor [27]. The ID forms part of a larger 395 amino acid homologous region, a 

sequence that is common to all ATIP members, which will be referred to as ATIP in this 

report. Transfection of either ATIP1 or ATIP-ID into CHO cells expressing the AT2-receptor 

inhibited the effects of bFGF and insulin on ERK2 phosphorylation in these cells [23] and 

transfection of MTSG1 (i.e., ATIP1) slowed the growth of pancreatic cancer cell lines [25].

Following our demonstration that the AT2-receptor has an inhibitory role in the growth of 

prostate cancer cell lines [7] we hypothesized that this involved an interaction with EGF. We 

report studies of the interaction between EGF, Ang II, ATIP and the AT2-receptor in 

controlling cell growth in the LNCaP and PC3 prostate cancer cell lines.
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MATERIALS ANDMETHODS

Cell Culture

Two human prostate cancer cell lines, PC3 [29] and LNCaP [30], were grown in RPMI 1640 

media supplemented with 2 mM glutamine and 10% FCS, and were maintained at 378C in a 

humidified atmosphere of 5% CO2/95% air.

ATIP mRNA Expression in LNCaP and PC3 Cells

Primers and TaqMan probes for ATIP, which identify all 5 ATIP isoforms, and ATIP1, were 

designed by Ms Josefa Pete (Baker Institute, Australia) with the help of Primer Express v2.0 

(Applied Biosystems, CA).

LNCaP and PC3 cells were cultured in 12-well plates at 4 × 105 and 1 × 105 cells/well, 

respectively, in RPMI 1640 supplemented with 10% FCS and 2 mM L-glutamine and 

incubated overnight at 378C/5% CO2. As the cells had differing rates of growth different 

numbers of each were cultured so that the cells were of a similar level of confluence the 

following day. The cells were then approximately 70% confluent and hence assumed to be 

growing at an exponential rate. Total RNA was then isolated from the cells as previously 

described [7]. Samples of cDNA (n = 10–17) were analyzed using an Applied Biosystems 

7500 Real-time PCR system (Applied Biosystems) according to our previously published 

method using VIC labeled 18sRNA (Applied Biosystems) as an internal control [7].

The sequences for the QPCR probes and primers used are given in Table I. It must be noted 

that an abnormal amplification profile was identified with the ATIP probe for cDNA 

generated from PC3 cells. On sequencing the ATIP probe and primer annealing site, a single 

point mutation in the ATIP probe binding site was found (this mutation did not affect the 

amino acid composition of ATIP in this cell line). However, for consistency in determining 

ATIP expression a new probe was synthesized that accounted for this dif- ference (Table I).

ATIP and ATIP1 mRNA Regulation in Prostate Cancer Cell Lines

LNCaP and PC3 cells were cultured in 12-well plates at 2 × 105 and 1 × 105 cells/well, 

respectively, in RPMI 1640 supplemented with 10% FCS + 2 mM L-glutamine. The 

following day, cells were treated in the presence or absence of a range of doses of Ang II 

(100 nM to 1 μM), a non-selective AT-receptor agonist, and EGF (0.1–10 ng/ml) 

concentrations. Treatments were diluted in RPMI 1640 supplemented with 5% charcoal-

stripped FCS for LNCaP and 5% charcoal-stripped FCS and 2 mM L-glutamine for PC3 

cells. At 72 hr post- treatment, RNA was extracted from cells and converted to cDNA; real-

time PCR was performed for the gene of interest.

ATIP siRNA Knock-Down in LNCaP and PC3 Cells

Small interfering RNA (siRNA) for ATIP was purchased from Qiagen (MD). The ATIP 

siRNA duplex was a 19mer and the sense and antisense sequences contained 3′ terminal 

dTdT and dGdA overhangs respectively (Table II).
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Preliminary studies showed that knock-down was maintained for at least 72 hr post-

transfection (data not shown). The day before transfection, cells were plated in 12-well 

plates at 1 × 105 cells/well in RPMI 1640 supplemented with 10% FCS and 2 mM L-

glutamine. Cells were transfected with either 5 nM ATIP siRNA or negative control (Alexa 

Fluor) probes (Qiagen), using HiPerfect™ transfection reagent (Qiagen) in RPMI 1640 

supplemented with 10% FCS 2 mM L-glutamine, according to the manufacturer’s 

instructions. Cells were incubated in 378C/5% CO2 for up to 72 hr, RNA was isolated and 

converted to cDNA, and protein lysates were prepared [7]. In addition, 72 hr post- 

transfection, images of the transfected cells were taken using a Nikon Eclipse TE2000-E 

inverted microscope (Nikon Corporation, Tokyo, Japan) and NIS-Elements Advanced 

Research (Version 2.1) (Nikon Corporation) at 100 × magnification. Real-time PCR was 

then performed using ATIP probe/primers to determine the level of RNA knock-down.

The morphology of ATIP-silenced prostate cancer cells was investigated to determine 

whether ATIP is crucial for cell adhesion, development, and survival. Transient transfection 

of ATIP siRNA had little effect on the morphology of any of the three prostate cancer cell 

lines (data not shown).

[3H]Thymidine Incorporation Assay in ATIP siRNA Transfected Cells

Cells were cultured in six-well plates at 3.5 × 105 cells/well in RPMI 1640 supplemented 

with 10% FCS and 2 mM L-glutamine, and incubated overnight in 378C/5%CO2. The 

following day the cells were transfected with ATIP siRNA or negative control siRNA probe 

using Hiperfect according to the manufacturer’s instructions. Twenty four hours post- 

transfection, cells were detached and aliquoted into 48-well plates at a density of 1.5 × 104 

in RPMI 1640 supplemented with 1% FCS and 2 mM L-glutamine, and then incubated 

overnight at 378C/5% CO2. The following day, the cells were treated in the presence or 

absence of a range of CGP42112A, an AT2-receptor specific agonist (Sigma–Aldrich Pty 

Ltd4, Australia), Ang II (0.1–1 μM) and EGF (0.1–10 ng/ml) concentrations. At 96 hr post-

treatment, which had been established in earlier experiments [7] as the minimum time 

necessary to identify differences in thymidine incorporation, 2 μCi [3H]thymidine was added 

per well. After 6 hr, media were aspirated and cells washed with ice-cold PBS, then lysed in 

0.5 M NaOH and 0.5% SDS and transferred into 24-well beta counter plates. Following 

addition of 200 μl Optiphase Supermix scintillant (PerkinElmer, USA), plates were counted 

for 2 min on a Wallac Hilux 1450 Microbeta counter (PerkinElmer). Preliminary studies 

(data not shown) indicated that the effects of Ang II and EGF plateaued at 500 nM and 10 

ng/ml respectively [7], therefore, all subsequent studies were conducted at these 

concentrations. Data are expressed as mean and standard error of the mean of 4–6 

independent experiments.

Studies of ERK2 Phosphorylation in PC3 Cells Transiently Over-Expressing ATIP1

In the PC3 cell line the [3H]thymidine incorporation assay is not overly sensitive and in 

these and our previous studies [7] we have had to incubate cells for a minimum of 96 hr to 

obtain robust and statistically significant differences between the treatment groups. In 

preliminary studies examining the transient transfection of ATIP1 we identified that high 

levels of ATIP1 over-expression were maintained for a maximum of 48 hr post-transfection 
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(data not shown) and by 72 hr ATIP1 expression had returned to basal levels. Under these 

conditions it was not possible to obtain meaningful differences in [3H]thymidine 

incorporation and we proceeded to use the more sensitive ERK2 phosphorylation assay [7] 

to measure the activation of cell growth pathways in the transiently ATIP1 over- expressing 

PC3 cells.

The day prior to transfection PC3 cells were cultured in four 6-well plates at 1 × 105 cells/

well in RPMI 1640 supplemented with 10% FCS and 2 mM L-glutamine, and incubated 

overnight in 37°C/5% CO2.

The following day PC3 cells were transfected with 1 mg of a pcDNA3 construct containing 

human ATIP1 [23], or an empty pcDNA3 vector as a negative control, using Lipofectin® 

(Invitrogen, CA) according to the manufacturer’s instructions.

Twenty four hours post-transfection, cells were starved overnight in serum-free RPMI 1640 

and the following morning (approximately 42 hr post-transfection) mRNA was generated 

from two 6-well plates to identify the level of ATIP1 mRNA expression in the ATIP1 

transfected cells compared to the pcDNA3 cells using real-time PCR techniques as described 

above.

In the remaining two plates, ERK2 phosphorylation was examined using our previously 

described method [7]. Briefly, ATIP1 and pcDNA3 transfected cells were stimulated for 5 

min in the presence or absence of 10 ng/ml EGF, 500 nM CGP42112A and 1 μM Ang II. 

Cells were washed twice and lysed in ice-cold buffer consisting of 100 mM DTT, 40% 

glycerol, 250 mM Tris HCl (pH 6.8), 1 mM sodium-orthovanadate and 1.6% SDS. Samples 

were denatured at 95°C for 5 min and then separated on a 10% (w/v)-polyacrylamide gel 

containing 0.66% (w/v) bisacrylamide using the Bio- Rad Mini Protean II Cell System, and 

transferred onto nitrocellulose Hybond™ paper using the Mini Trans-Blot Electrophoretic 

Transfer Cell System. Membrane blots were then incubated with a 1:2,000 dilution of anti-

diphospho ERK-1 and 2 antibody (Sigma–Aldrich Pty Ltd) overnight at 4°C and bands were 

visualized with an enhanced chemiluminescence kit (ECL Western blotting analysis system, 

Amersham Pharmacia Biotech UK Ltd, UK). Membrane blots were stripped and 

rehybridized with an anti-ERK2 antibody (Sigma–Aldrich Pty Ltd) as a control for protein 

added. Band intensities were measured using the Histogram function in Adobe Photoshop 

CS Version 8.0. The mean ratio of phospho-ERK2 to ERK2 was generated for 6–8 separate 

experiments.

Statistical Analysis

Real-time PCR, [3H]thymidine incorporation and ERK2 phosphorylation results were 

analyzed for statistical significance by ANOVA or Student’s t-test using GraphPad InStat® 

v3.06 (GraphPad Softwares, Inc., CA). Data are expressed as the mean ± SEM. The level of 

significance was set at P < 0.05, P < 0.01, and P < 0.001.
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RESULTS

ATIP and ATIP1 Expression in Prostate Cancer Cell Lines

ATIP and ATIP1 mRNA expression was identified in both androgen-dependent LNCaP and 

androgen-independent PC3 cells. When cells grown under the same conditions were 

approximately 70% confluent, ATIP mRNA expression was significantly higher (30-fold) in 

LNCaP cells than in PC3 cells (Table III). Similarly, ATIP1 mRNA expression was 

significantly higher in LNCaP than PC3 cells, however, the magnitude of the difference in 

expression was lower (approximately 4.6-fold). Doubling time was more than 2-fold longer 

in LNCaP than PC3 cells suggesting that an inverse correlation existed between the rate-of-

growth and the level of ATIP mRNA expression (Table III).

Regulation of ATIP Expression by EGF and Angiotensin II

The effects on ATIP and ATIP1 mRNA expression of treating LNCaP and PC3 cells with 1 

μM Ang II and/or 10 ng/ml EGF are summarized in Figure 1. Treatment with Ang II 

reduced ATIP mRNA expression 22% and 25% and ATIP1 mRNA expression 4%and 6% in 

LNCaP and PC3 cells, respectively. These decreases did not reach statistical significance.

Treatment with EGF significantly decreased ATIP and ATIP1 mRNA expression by 55% 

and 65% in LNCaP cells and 45% and 47% in PC3 cells (P < 0.05, parametric ANOVA with 

Tukey’s post-test). When given in combination with EGF, Ang II did not significantly 

modify EGF-induced down-regulation of ATIP and ATIP1 mRNA in LNCaP cells, where it 

acts predominantly via AT1-receptors, whereas it blocked the ability of EGF to down-

regulate ATIP and ATIP1 mRNA expression in PC3 cells, where its predominant action is 

via AT2-receptors [7].

Functional Consequences of Changes in ATIP Expression

Transient ATIP knock-down in LNCaP cells.—ATIP and ATIP1 mRNA expression 

was significantly downregulated by 50% and 47%, respectively (P < 0.001) in LNCaP cells 

transfected with siRNA specific for ATIP (Fig. 2A). The approximate 50% decrease in ATIP 

did not affect the basal growth rates of the transiently ATIP- silenced LNCaP cells compared 

to the negative control transfected cells, nor did it modify the stimulatory effect of Ang II 

(Fig. 2B) or the lack of effect of the selective AT2-receptor agonist, CGP42112A, on DNA 

synthesis seen in Alexa-fluor transfected cells (Fig. 2C).

The effect of EGF (10 ng/ml) on DNA synthesis following ATIP knock-down was, however, 

increased almost 30% (P < 0.05) compared to its effect in Alexa- fluor transfected control 

cells. Unlike control transfected cells, the increase in DNA synthesis induced by EGF in 

silenced cells was not significantly affected by co-administration of CGP42112A, indicating 

that the ability of CGP42112A to inhibit EGF-induced DNA synthesis, which is mediated by 

AT2-receptors [7], seen in negative control transfected LNCaP cells was lost (Fig. 2C).

Finally, the decrease in ATIP mRNA expression resulting from transfection of ATIP siRNA 

had no effect on EGF mRNA expression, which was not significantly different from 

expression in the Alexa Fluor-transfected negative control cells (mean ΔCt ± SEM = 17.4 
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± 0.2 and 17.4 ± 0.2, respectively, P 0.76). It also did not affect the expression of mRNA for 

the AT1-(mean ΔCt ± SEM 25.5 ± 0.4 and 26.1 ± 0.5, respectively, P =0.46 or AT2 –receptor 

(mean ΔCt ± SEM = 26.2 ± 0.4 and 25.9 ± 0.3, respectively, P =0.44).

Transient ATIP knock-down in PC3 cells.—In PC3 cells transfected with siRNA 

specific for ATIP, both ATIP and ATIP1 mRNA were significantly down- regulated by 73% 

and 37% (P < 0.001) , respectively (Fig. 3A). In contrast to LNCaP cells, the transient 

decrease of ATIP expression in PC3 cells resulted in a significant increase in basal 

[3H]thymidine incorporation, compared to the negative control transfected cells 

(approximately 20% increase P < 0.01, Fig. 3B,C). However, in the ATIP-silenced PC3 cells 

10 ng/ml EGF, unlike its effects in control transfected PC3 cells and LNCaP silenced cells, 

did not further increase [3H]thymidine incorporation above the elevated levels seen in 

untreated silenced PC3 cells, suggesting that this pathway may already be fully activated or 

that higher doses of EGF are required to further stimulate DNA synthesis. Treatment of the 

silenced cells with 500 nM Ang II (Fig. 3B) or CGP42112A (Fig. 3C) did not modify the 

effect of ATIP silencing on the increased basal levels of DNA synthesis or the lack of effect 

of EGF in silenced cells.

In PC3, as in LNCaP cells, a decrease in ATIP mRNA expression resulting from transfection 

of ATIP siRNA was not associated with any significant effect on EGF (mean ΔCt ± SEM = 

21.1 ± 0.3 and 20.9 ± 0.3, respectively), AT1- (mean ΔCt ± SEM = 25.5 ± 0.7 and 25.6 

± 0.2, respectively or AT2-receptor (mean ΔCt SEM = 27.1 ± 0.6 and 26.7 ± 0.8, 

respectively) mRNA) expression compared to transfection of the Alexa Fluor negative 

control.

Transient over-expression of ATIP1 in PC3 cells.—At 48 hr post-transfection, ATIP1 

mRNA expression dramatically increased (approximately 130-fold) com- pared to control 

transfected (pcDNA3) cells (data not shown) and significantly reduced phospho-ERK2 and 

the phospho-ERK2/unphosphorylated ERK2 ratio, indicating significant inhibition of 

growth (Fig. 4A).

In pcDNA3-transfected PC3 cells (negative control), 10 ng/ml EGF significantly increased 

ERK2 phosphorylation (P < 0.05) (represented by an increase in phospho-ERK2 in Fig. 4A). 

When 1 μM Ang II was given in combination with EGF to the negative control transfected 

cells, ERK2 phosphorylation returned towards basal levels (Fig. 4A,B). By contrast, in 

ATIP1-transfected PC3 cells, where basal ERK phosphorylation was significantly reduced 

by 74% (P < 0.05) compared to pcDNA3-transfected cells, EGF still induced ERK 

phosphorylation. However, its effects were significantly reduced (65% decrease, P < 0.01). 

Under these conditions the addition of Ang II in combination with EGF did not reverse the 

effects of EGF in the ATIP1 over-expressing cells.

We also examined the effect of ATIP1 over-expression on a number of other genes, 

including EGF, the EGF receptor (EGFR), and the AT1- and AT2-receptors, to determine 

whether ATIP up-regulation induced changes in the mRNA expression of these other genes. 

However, no differences in the mRNA expression of genes other than ATIP1 were detected 

(data not shown).
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Effect of AT2-Receptor Activation on Basal ERK2 Phosphorylation

In our report [7], as in our studies of the overexpression of ATIP1 in PC3 cells, we observed 

that the ERK2 phosphorylation assay was more sensitive than the [3H]thymidine 

incorporation assay for assessing the growth effects of various treatments. Therefore, we 

also examined the effects of CGP42112A on ERK2 phosphorylation using western blot 

techniques in both the LNCaP and PC3 cell lines. CGP42112A significantly depressed 

ERK2 phosphorylation when given alone in PC3 cells (1.00 ± 0.11 and 0.49 ± 0.11, P 0.02, 

in untreated and CGP 42112A-treated PC3 cells, respectively), but did not in LNCaP cells 

(1.01 ± 0.09 and 1.19 ± 0.17, P = 0.35, in untreated and CGP 42112A-treated LNCaP cells, 

respectively).

DISCUSSION

These studies identified the presence of ATIP and ATIP1 mRNA in two prostate cancer cell 

lines and examined the interaction between EGF and ATIP, a novel AT2-receptor-interacting 

protein and candidate tumor suppressor gene [27]. ATIP is localized to chromosome 8p22, a 

region where a frequent loss of heterozygosity exists in tumors of the prostate, bladder, 

breast, ovary, colon, liver and head and neck [27]. The five isoforms of ATIP share a 

common interacting domain and this region appears to be responsible for its anti-growth 

effects [23]. Most ATIP-related studies published to date have focused on ATIP1. Ectopic 

expression of this isoform mimics the effects of AT2-receptor activation and has been shown 

to inhibit activation of ERK2 and cell growth [23,26]. Reports of reduced ATIP1 mRNA 

levels in an undifferentiated pancreas tumor biopsy and in the poorly differentiated MIA 

PaCa-2 pancreatic tumor cell line, suggest that loss of ATIP1 expression could have a role in 

tumor progression in the pancreas [25]. Recombinant expression of ATIP1 in the MIA 

PaCa-2 cells inhibited their proliferation and there was a reverse correlation between ATIP1 

mRNA expression and cellular differentiation and proliferation in a range of pancreatic 

cancer cell lines [25]. In addition, studies using gene silencing techniques have revealed that 

loss of ATIP expression is associated with increased cell proliferation [26]. These results 

suggest that loss of ATIP may contribute to the rate of progression of some malignant 

tumors and recent studies examining ATIP3 in breast cancer support this possibility [31].

In the present studies, two commonly used prostate cancer cell lines were used as models of 

relatively slow- growing, androgen-sensitive prostate cancer (LNCaP cells) and late stage, 

fast-growing, androgen-independent prostate cancer (PC3). Previously, we demonstrated that 

EGF, and to a lesser extent Ang II, both significantly stimulated cell growth in LNCaP cells 

but only EGF stimulated growth in PC3,where AT1-receptorsappear to be non-functional 

[7,8] (see also Figs. 2B and 3B). We also demonstrated the existence of functional AT2-

receptors in both LNCaP and PC3 cells and that activation of the AT2-receptor in both cell 

lines by CGP42112A inhibited EGF- induced [3H]thymidine incorporation and ERK2 

phosphorylation [7]. Ang II had a similar effect in PC3 cells, where its action is 

predominantly via the AT2-receptor, but not in LNCaP cells where its predominant action is 

on AT1-receptors [7].

We now report the presence of mRNA expression of the putative AT2-receptor interacting 

protein, ATIP, and its ATIP1 isoform in both cell lines and demonstrate that it is a necessary 
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component of the growth inhibitory response to AT2-receptor activation. In the PC3 cell line 

ATIP and ATIP1 mRNA expression were approximately 30- and 4.6-fold lower, respectively, 

than in the more slowly growing, androgen-sensitive LNCaP cells (Table III) and as 

previously reported in pancreatic and breast cancer ATIP expression was inversely correlated 

with rate of proliferation in the two prostate cancer cell lines [25,31].

As part of this series of experiments we examined the possibility that EGF may promote 

growth in these cells, at least in part, by reducing the amount of ATIP present in the cell. In 

both cell lines the increased growth rate associated with 10 ng/ml EGF was associated with a 

significant down-regulation of ATIP and ATIP1 mRNA expression (Fig. 1). By contrast, 

neither Ang II or CGP42112A produced any significant change in ATIP mRNA expression 

in the LNCaP or PC3 cell lines (Fig. 1). However, Ang II inhibited EGF mediated down-

regulation of both ATIP and ATIP1 mRNA in PC3 cells (Fig. 1) and the AT2-receptor 

agonist, CGP42112A, inhibited EGF mediated down- regulation of ATIP mRNA in both cell 

lines (data not shown).

These results are consistent with our hypothesis that EGF can act at least in part by reducing 

the amounts of ATIP and ATIP1 present in the cells, and that activation of the AT2-receptor 

may protect against this down-regulation and reduce the pro-growth effect of EGF. The 

results also demonstrate that the growth rate response to maximal doses of Ang II in LNCaP 

is considerably less than to EGF. Although this may in part reflect an AT2-receptor 

antagonist action of Ang II in this cell line it is also consistent with proposals that activation 

of the AT1-receptor transactivates the EGFR[32] or potentiates the action of EGF on the 

EGFR [33] without inducing full activation of the ERK2 pathway. We have reported the 

presence of Ang II in pre-malignant and malignant epithelial cells in high grade prostatic 

intra-epithelial neoplasia and prostate cancer and it is interesting to speculate that the 

presence of endogenous Ang II in these cells may contribute to activation of the EGFR in 

prostate cancer [10].

The mechanism via which AT2-receptor activation prevents EGF mediated down-regulation 

of ATIP is currently unknown, however, activation of the AT2-receptor has been shown to 

result in the formation of an ATIP/SHP-1 (Src homology 2 domain-containing protein-

tyrosine phosphatase 1) complex, which translocates to the cell nucleus [34]. SHP-1 is a 

well-known inhibitor of activation-promoting signaling cascades [35]. Recently, it was 

demonstrated that SHP-1 was expressed at higher levels in LNCaP than in PC3 cells and that 

silencing of SHP-1 expression in LNCaP cells led to an increased rate of proliferation, 

whereas, transfection and over expression of SHP-1 in PC3 cells decreased proliferation 

[36]. The results of our studies examining the knock-down and over-expression of ATIP in 

these two cell lines closely resemble those reported for SHP-1, except that the degree of 

silencing achieved with the LNCaP cell line was associated with an increase in sensitivity to 

EGF rather than an increase in absolute growth rate. Taken together with the PC3 results, 

these data suggest ATIP expression in prostate cancer cells resembles the expression of 

SHP-1 and is consistent with the suggestion that formation of the ATIP/SHP-1 complex may 

protect against the down- regulation of ATIP.
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The results also support the ability of activation of the AT2-receptor to inhibit EGF-induced 

increases in growth rate. This was clearly demonstrated in [3H]thymidine studies in both 

LNCaP and PC3 cells where the AT2-receptor agonist reversed EGF-induced cell 

proliferation in both cell lines. The inability of CGP42112A to decrease basal cell growth in 

LNCaP cells is not surprising as it has been previously reported that the p42/ERK2 pathway 

is not constitutively activated in this cell line [37], whereas, in the PC3 cell line, which is 

constitutively activated [38], although the addition of CGP42112A did not significantly 

reduce basal [3H]thymidine incorporation it did significantly reduce basal ERK2 

phosphorylation.

The level of constitutive activation in the two cell lines may also in part explain the relative 

sensitivity of the two cell lines to exogenous EGF and Ang II. In LNCaP, where constitutive 

activation of the EGFR does not exist, exogenous EGF induces a robust response, increasing 

[3H]thymidine incorporation by up to approximately 80% in wild-type LNCaP cells and 

Ang II, which transactivates the EGF receptor, has a smaller effect (Fig. 2B). By contrast in 

PC3 cells, exogenous activation with the same dose of EGF induces a smaller increase in 

DNA synthesis of approximately 24% and Ang II has no effect (Fig. 3B).

The importance of the EGF/ATIP interaction was further documented in the ATIP silencing 

and ATIP over expression studies. In the LNCaP and PC3 cell lines, silencing reduced ATIP 

mRNA expression by approximately 50% and 73%, and ATIP1 by 50% and 37% 

respectively (Figs. 2A and 3A). In the former cell line, the reduction was to levels that were 

still higher than those measured in wild-type PC3 and in contrast to the silenced PC3 cells, 

this level of silencing was not associated with an increase in the basal level of [3H]thymidine 

incorporation (Figs. 2B and 3B). This may reflect specific differences between the cells, but 

is also consistent with the idea that ATIP levels must fall to a critical level before the basal 

rate of cell growth is influenced. The data also suggest that the initial effect of lowering 

ATIP expression may be to increase the sensitivity to EGF. Thus, in silenced LNCaP cells 

although the approximate 50% decrease in ATIP expression did not significantly modify the 

basal rate of growth it did result in a significant increase in the growth-promoting effects of 

EGF. By contrast, in PC3 cells where the endogenous ATIP levels were already low, a 

further reduction in ATIP resulted in an increased basal growth rate, but interestingly at these 

very low levels high doses of EGF appeared not to stimulate growth further, providing 

support for the idea that an important component of the EGF growth response is through its 

ability to lower ATIP expression and that with ATIP silencing the dose response to EGF is 

moved to the right. In addition, in the LNCaP cell line ATIP silencing abolished the ability 

of the AT2-receptor agonist, CGP42112A, to reverse the stimulatory effects of EGF on cell 

growth (Figs. 2C and 3C). In PC3-silenced cells, neither CGP42112A nor Ang II modified 

the increased growth rate. The results in both cell lines are consistent with ATIP being 

required to mediate the actions of AT2-receptor activation.

We then examined the effect of an increase in ATIP expression using the ratio of phospho-

ERK2/ unphosphorylated ERK2 as a measure of prostate cancer cell growth For these 

studies, we chose the PC3 cell line, where the endogenous expression of ATIP is relatively 

low (Table II). ATIP1 over-expression (~ 130-fold increase in mRNA) significantly inhibited 

both basal ERK2 activation, and the ability of EGF to stimulate ERK2 phosphorylation in 
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PC3 cells indicating a significant inhibition of growth (Fig. 4). These results are in line with 

our earlier studies in which ATIP1 over-expression inhibited growth factor-induced ERK2 

activation in COS and CHO cells, two normal mammalian cell lines [23]. Moreover, in 

contrast to pcDNA3 transfected and wild-type PC3 cells, neither CGP42112A or Ang II had 

an inhibitory effect on EGF-induced PC3 cell growth, suggesting that at this level of 

transfection-induced ATIP over- expression, the anti-growth pathway mediated by the AT2-

receptor/ATIP pathway in transfected cells may already be fully activated and cannot be 

stimulated further.

Although we have evidence that EGF acts in part by reducing ATIP and ATIP1 expression in 

prostate cancer cells, the converse is not true, at least for ATIP1. ATIP1 does not act by 

reducing the levels of EGF or EGFR as over-expression of this isoform had no effect on 

EGF mRNA expression in PC3 cells (data not shown). Therefore, it would appear, as we 

suggested above, that ATIP1 may act, at least in this cell line, at some other point on the 

growth factor signaling cascade, possibly via an interaction with SHP-1 [34].

Overall, the results suggest that the effect of ATIP down-regulation varies with the cell line 

studied, and that the initial response to a reduction in ATIP expression in cells may be an 

increase in sensitivity to EGF, followed by an increase in basal growth rates. At very low 

levels of ATIP expression the ability of EGF to stimulate growth further is either lost or 

higher doses of EGF are required. Moreover, at the extremes of ATIP expression (both high 

and low) the ability of AT2-receptor activation to further modify growth rate is also lost. 

These results in prostate cancer cell lines therefore not only suggest a role for ATIP in the 

action of EGF and prostate cancer cell growth but are also consistent with our earlier 

proposal in normal cell lines that ATIP is an important component of the cellular response to 

AT2-receptor activation [23], and further suggest that a critical level of ATIP is required to 

mediate the response to AT2-receptor activation.
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EGF epidermal growth factor

EGFR epidermal growth factor receptor

ERK1 mitogen-activated protein kinase 1

SHP-1 Src homology 2 domain-containing protein-tyrosine 

phosphatase 1
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Fig. 1. 
Effects of EGF and Ang II on (A) ATIP and (B) ATIP1 mRNA expression in LNCaP 

prostate cancer cells and (C) ATIP and (D) ATIP1 mRNA expression in PC3 cells grown to 

approximately 70% confluence.Values are expressed as % fold difference relative to 

untreated (control) expression (100%).*,**,*** denote a significant decrease in ATIP mRNA 

expression in treated compared to untreated cells at P < 0.05, P < 0.01, and P < 0.001, 

respectively. Statistics were calculated using parametric ANOVAs with Tukey’spost-tests on 

ΔCt values from seven to nine independent determinations.
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Fig. 2. 
A : Fold-decrease in ATIP and ATIP1 mRNA expression following transfection of ATIP 

siRNA into LNCaP cells.***indicatesa significant decrease in ATIP mRNA expression, P < 

0.001. B : % Change in DNA synthesis in LNCaP cells transiently transfected with either 

ATIP siRNA or Alexa Fluor (negative control, reported as 100%) in the presence or absence 

of 10 ng/ml EGF and 500 nM Ang II or the combination of EGF and Ang II.C : 10 ng/ml 

EGF and 500 nM CGP42112A or the combination of EGF and CGP42112A for 72 

hr.*and***denote that there are significant decreases in ATIP or ATIP1or increases in DNA 

synthesis compared to untreated LNCaP cells transfected with the same plasmid (P < 0.05 

and 0.001, respectively, repeated-measures ANOVA test with Tukey post-test).+and+++ 

denote that in cells treated with EGF there is a significant increase in DNA synthesis in cells 

transfected with siRNA compared to cells transfected with Alexa fluor P < 0.05 and 0.001, 

respectively.# denotes that there is significantly less DNA synthesis in Alexa-fluor 

transfected cells treated with the combination of EGF and CGP42112A than in cells treated 

with EGF P < 0.05.@ indicates that in cells treated with EGF and CGP42112A there is 

significantly higher DNA synthesis in cells transfected with siRNA compared to cells 

transfected with Alexa-fluor P < 0.05. Each value represents the mean standard error of the 

mean of four independent experiments. Statistics were calculated using a repeated measures 

ANOVA, with aTukey-Kramer Multiple Comparisons Test post-test.
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Fig. 3. 
A : Fold-decreasein ATIP and ATIP1mRNA expression following transfection of ATIP 

siRNA into PC3 cells.*** indicates a significant decreasein ATIP mRNA expression, P < 

0.001.B,C : % Change in DNA synthesis in PC3 cells transiently transfected with either 

ATIP siRNA or Alexa Fluor (negative control) in the presence or absence of (B) 10 ng/ml 

EGF and 500 nM Ang II and the combination of EGF and Ang II; or (C) 10 ng/mlEGF and 

500 nM CGP42112A and the combination of EGF and CGP42112A for 72 hr.***denotes 

that there is a significant increase in DNA synthesis compared to untreated PC3 cells 

transfected with the same plasmid(P < 0.001, repeated measures ANOVA test with Tukey 

post-test).- denotes that there is a significant difference in DNA synthesis between ATIP 

silenced and untreated control cells.### denotes that there is significantly less DNA 

synthesisin Alexa Fluor-transfected cells treated with the combination of EGF and Ang II or 

EGF and CGP42112A thanin cells treated with EGF P < 0.001.Each value represents the 

mean + standard error of the mean of four independent experiments.
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Fig. 4. 
A: ERK1 and ERK2 phosphorylation (phospho-ERK1 and phospho-ERK2, respectively) 

after 5 min stimulation with the indicated dose of EGF and Ang II in PC3 cells transiently 

transfected with pcDNA3 or ATIP1 plasmid in a single representative 

experiment.Unphosphorylated ERK2 (ERK2) in the same nitrocelluloseblot. B : Summary 

of ERK2 phosphorylation in PC3 cells transfected with either pcDNA3 or pcDNA3-ATIP1 

following a 5 min stimulation with EGF alone or in the presence of Ang II. Values are 

expressed as themean and standard error ofmean ofphospho- ERK2relativeto 

theamountofunphosphorylatedERK2.**indicates that there is a significant increase in ERK2 

phosphorylation in EGF-treated compared to untreated PC3 cells transfected with the same 

plasmid at P < 0.01 (Friedman Nonparametric Repeated Measures ANOVA with Dunn’s 

post-test).# denotes that in pcDNA3-transfected PC3 cells ERK2 phosphorylation is 

significantly less in cells co-administered EGF and Ang II than in cells treated with EGF 

alone, P < 0.05.++ indicates that there is significantly less ERK2 phosphorylation in 

untreated ATIP1-transfected than pcDNA3 transfected PC3 cells, P < 0.01.@@ indicates that 

there is significantly less ERK2 phosphorylation in EGF-treated ATIP1-transfected than 

EGF-treated pcDNA3 transfected PC3 cells, P < 0.01.% denotes that there is a significant 

increase in ERK2 phosphorylation in EGF + Ang II-treated compared to untreated PC3 cells 
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transfected with ATIP1 P < 0.05.&&& indicates that there is a significant decrease in ERK2 

phosphorylation in EGF + Ang II treated ATIP1-transfected cells when compared to 

pcDNA3 transfected PC3 cells treated in the same way, P < 0.001 (Students t-test).
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