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Abstract. The PKC apoptosis WT1 regulator gene, also 
named prostate apoptosis response-4 (PAR-4), encodes a 
pro-apoptotic protein that sensitizes cells to numerous 
apoptotic stimuli. Insulin-like growth factor-1 (IGF-1) and 
17β-estradiol (E2), two important factors for breast cancer 
development and progression, have been shown to down-
regulate PAR-4 expression and inhibit apoptosis induced by 
PAR-4 in neuronal cells. In this study, we sought to investigate 
the mechanisms of regulation of PAR-4 gene expression in 
MCF-7 cells treated with E2 or IGF-1. E2 (10 nM) and IGF-1 
(12.5 nM) each down-regulated PAR-4 expression in MCF-7 
cells after 24 h of treatment. The effect of E2 was dependent 
on ER activation, as demonstrated by an increase in PAR-4 
expression when cells were pretreated for 1 h with 1 µM 
ICI-182,780 (ICI) before receiving E2 plus ICI. The effect of 
IGF-1 was abolished by pre-treatment for 1 h with 30 µM 
LY294002 (a specific PI3-K inhibitor), and significantly 
inhibited by 30 µM SB202190 (a specific p38MAPK inhibitor). 
We also demonstrated that E2 acts synergistically with IGF-1, 
resulting in greater down-regulation of PAR-4 mRNA expression 
compared with E2 or IGF-1 alone. Our results show for the 
first time that E2 and IGF-1 inhibit PAR-4 gene expression in 
MCF-7 cells, suggesting that this down-regulation may 
provide a selective advantage for breast cancer cell survival.

Introduction

The PKC apoptosis WT1 regulator gene, also known as 
prostate apoptosis response-4 (PAR-4), was first found to be 

up-regulated in prostate cancer cells induced to undergo 
apoptosis (1). PAR-4 is down-regulated in renal cell carcinoma 
(2), neuroblastoma (3), acute lymphatic leukemia, and chronic 
lymphocytic leukemia (4). The PAR-4 protein is ubiquitously 
expressed and is localized in the cytoplasm of diverse normal 
tissues and cell lines, as well as in both the cytoplasm and the 
nucleus of many tumors and cancer cells (5-7). A recent study 
provides evidence that Par-4 is also secreted by cells, and 
therefore is also present in the extracellular compartment (cell 
culture conditioned medium or circulating in serum) (8). Its 
expression sensitizes numerous cell types to apoptosis in 
response to diverse apoptotic stimuli (such as intracellular 
calcium elevation, TNFα, doxorubicin, or growth factor 
withdrawal), but is not sufficient to induce apoptotic cell death 
(6,9). The mechanism of PAR-4 apoptosis induction involves 
the translocation of Fas/FasL to the plasma membrane (10), 
phosphorylation of the SAC domain, as well as nuclear trans-
location (9,11) and inhibition of the pro-survival factor NF-κB 
(12,13).

Breast cancer is the primary cause of cancer-related death 
in women (14,15). Estrogens and growth factors, such as the 
insulin-like growth factor-1 (IGF-1) are important for the 
maintenance of mammary gland homeostasis, and alterations 
in these signaling factors' pathways have been implicated in 
breast cancer development and progression. The activity of 
17β-estradiol (E2) is mediated by estrogen receptors (ERs), 
which are transcription factors that can be activated through 
ligand-dependent and -independent mechanisms to regulate 
the expression of ER-target genes (16,17). Prolonged exposure 
to E2 is an important risk factor for breast cancer development. 
In fact, some studies have shown that E2 induces the 
proliferation of ER-positive breast cancer cells through the 
transcriptional regulation of estrogen-responsive genes involved 
in cell cycle control (18-20). The IGF-1 pathway regulates 
proliferation and cell survival. IGF-1 induces the proliferation 
of breast cancer cell lines (21), and IGF-1 receptor (IGF-1R) 
over-expression in a transgenic mouse model was sufficient to 
induce mammary gland hyperplasia and tumor formation 
(22). IGF-1 can also activate the ER in a ligand-independent 
way to stimulate cell proliferation through the ER pathway 
(23). In addition, ER activation increases the expression of 
some signaling proteins from the IGF pathway (24), and 
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simultaneous stimulation with IGF-1 and E2 results in a 
synergistic or additive effect on the cell response. IGF-1 and 
E2 have been shown to down-regulate PAR-4 expression and 
inhibit apoptosis induced by PAR-4 in neuronal cells (25,26).

Recently, we have demonstrated that reduced nuclear 
expression of PAR-4 is associated with poor breast cancer 
prognosis (27); however, little is currently known regarding 
the role of PAR-4 in breast cancer tumorigenesis. In the present 
study, we investigated the regulation of PAR-4 gene expression 
by E2 and IGF-1 in the MCF-7 breast cancer cell line. We 
report for the first time that E2 and IGF-1 inhibit PAR-4 
expression, that the effects of estrogen are perpetuated via the 
ER, and that E2 and IGF-1 act synergistically to down-regulate 
PAR-4 expression. Although further studies are required, our 
results suggest that down-regulation of PAR-4 expression by 
the mitogenic factors E2 and IGF-1 leads to inhibition of 
PAR-4 expression, which may provide a selective survival 
advantage for breast cancer cells.

Materials and methods

Cell line, culture conditions and treatments. MCF-7 cells 
were obtained from the American Type Culture Collection 
(ATCC). MCF-7 cells were maintained in RPMI-1640 medium 
(Sigma Corp.) supplemented with 100 U/ml penicillin, 100 µg/ml 
streptomycin, 0.25 µg/ml fungizone, and 10% fetal bovine 
serum (FBS) (Invitrogen Life Technologies) in a humidified 
atmosphere of 5% CO2. Forty-eight hours prior to treatment, 
cells were maintained in RPMI-1640 medium without phenol 
red and supplemented with 5% FBS or 5% dextran-coated, 
charcoal-treated FBS (stripped serum). Cells were treated with 
10 nM E2 (Sigma), 12.5 nM IGF-1 (Sigma), 1 µM ICI-182,780 
(ICI) (Tocris Cookson Inc., Ballwin, MO), 30 µM LY294002 
(a PI3-K inhibitor; Calbiochem), or 30 µM SB202190 (a 
p38MAPK inhibitor; Calbiochem) for the indicated times.

Quantitative real-time PCR (qPCR). Total-RNA from MCF-7 
cells was extracted by the acid guanidinium thiocyanate-
phenol-chloroform method (28) and cDNA synthesis was 
carried out using the High Capacity Archive kit (Applied 
Biosystems). PAR-4 mRNA levels were measured by real-time 
PCR using GAPDH as the internal standard. Real-time PCR 
was performed using the SYBR-Green master mix kit (Applied 
Biosystems) and processed in the GeneAmp 5700 Sequence 
Detection system (Applied Biosystems). The oligonucleotides 
used were: GAPDH, forward 5'-CCTCCAAAATCAAG 
TGGGGCG-3', reverse 5'-GGGGCAGAGATGATGACC 
CTT-3'; PAR-4, forward 5'-CCAGAGAAGGGCAAGAGCT 
CGG-3', reverse 5'-ATTGCATCTTCTCGTTTCCGC-3'. The 
relative gene expression was calculated by 2-∆∆CT where CT is 
the fluorescence threshold value. ∆CT = CTtarget gene - CTreference 

gene (GADPH); ∆∆CT, ∆CTtarget sample - ∆CTreference sample (cells maintained in 

5% FBS)]. The results were expressed as n-fold differences in the 
mRNA expression relative to the expression of GAPDH and 
the reference sample.

Western blot analysis. For Western blotting, whole-cell lysates 
were prepared from MCF-7 cells after the treatments, and 
30 µg were analyzed on 10% SDS-polyacrylamide gels followed 
by transfer at 100 V for 2 h to a nitrocellulose membrane 

(Pierce Biotechnology, Rockford, IL, USA). Blots were 
incubated with anti-PAR-4 monoclonal antibody (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA, catalog sc-1666; 
1:500); anti-pAKT Thr 308 (Cell Signaling technology, Beverly, 
MA, USA; 1:1000); and anti-β-actin antibody (Chemicon 
International; 1:1000), for 2 h at room temperature. Membranes 
were washed and then incubated with an appropriate peroxidase-
conjugated secondary IgG antibody for 2 h. The incubations 
were performed in 5% skim milk diluted in PBS. After 
washing the membranes with Tris-buffered saline containing 
0.1% Tween-20, the signals of reactive proteins were detected 
by an enhanced chemiluminescence system (Amersham 
Biosciences, Piscataway, NJ, USA).

Cell proliferation assay. Cell viability was measured using 
the 3-[4,5-dimethylthiazolyl]-2,5-diphenyltetrazolium bromide 
(MTT, Sigma) assay. Cells (1x104/well) were seeded in 96-well 
plates and maintained in RPMI-1640 medium without phenol 
red and supplemented with 5% FBS or 5% dextran-coated 
charcoal-treated FBS (stripped serum) for 48 h prior to treatment. 
Cell viability was assessed on days 0, 2, 4 and 6 post-treatment 
with 10 nM E2 12.5 nM IGF-1, 1 µM ICI by measuring the 
rate of tetrazolium salts reduced to formazan (MTT), which is 
proportional to the number of living cells. At the end of 
incubation, the absorbance was read at 570 nm.

Imunocytochemistry. Cells were fixed with 4% paraform-
aldehyde and permeabilized with 0.5% Triton X-100. Next, 
cells were incubated with the primary monoclonal anti-PAR-4 
antibody (Santa Cruz Biotechnology Inc., catalog sc-1666; 
1:50) followed by secondary antibody conjugated with the 
fluorescent dye Alexa Fluor 546 (Invitrogen; 1:300). Nuclei 
were counterstained with Hoechst 33342 (Invitrogen; 1:5000). 
Cells were visualized with the Carl Zeiss LSM 510 Meta 
(Oberkochen, Germany) laser scanning confocal microscope. 
All immunofluorescence images were recorded at x20 magni-
fication.

Statistical analysis. The Student's t-test was used for statistical 
analysis and P-values <0.05 were considered to be statistically 
significant. Values are expressed as the mean ± SD of three or 
more replicate experiments.

Results

To investigate the effects of E2 on the regulation of PAR-4 
expression, MCF-7 cells were maintained in serum free from 
estrogens and growth factors (stripped serum) for 48 h and 
then treated with 10 nM E2. The withdrawal of estrogens and 
growth factors from the serum resulted in significantly increased 
PAR-4 expression when compared with the expression 
observed in control cells (MCF-7 maintained in culture media 
supplemented with 5% FBS) (Fig. 1).

Treatment with E2 inhibited PAR-4 expression in a time-
dependent manner. After 24 h of treatment, E2 efficiently 
reverted the stripped serum effect (P<0.05) and reduced 
PAR-4 expression to levels similar to those observed in the 
control cells (Fig. 1). To evaluate whether E2 inhibition of 
PAR-4 expression was dependent on ER activation, the cells 
were pre-treated for 1 h with 1 µM fulvestrant (ICI) prior to 
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treatment with E2 plus ICI. The pure antiestrogen, ICI, inhibits 
ER activation and induces its degradation (16). We observed 
complete inhibition of E2 effects by ICI with a significant 
increase in PAR-4 expression (Fig. 1), providing evidence that 
E2 regulates PAR-4 expression via ER activation.

Next, we studied the regulation of PAR-4 expression in 
MCF-7 cells by IGF-1. Cells maintained in stripped serum for 
48 h were treated with 12.5 nM IGF-1 for the indicated times. 
IGF-1 also modulated PAR-4 expression in a time-dependent 

manner. After slight increases at 0.5 and 1.5 h of IGF-1 exposure, 
PAR-4 mRNA expression was progressively reduced, until it 
reached its lowest level at 24 h of IGF-1 treatment (P<0.05, 
compared with stripped serum) (Fig. 2).

To investigate which pathways mediate the observed effect 
of IGF-1 on PAR-4 gene expression, MCF-7 cells maintained 
in stripped serum for 48 h were pre-treated for 1 h with 
30 µM LY294002 (a PI3-K inhibitor) or 30 µM SB202190 (a 
p38MAPK inhibitor) followed by 12.5 nM IGF-1 for 24 h (the 
inhibitors were maintained in the medium). Pre-treatment 
with LY294002 completely inhibited IGF-1 repression of PAR-4 
gene expression (P<0.05), resulting in increased PAR-4 mRNA 
expression (Fig. 3A). However, this effect was not observed 
for PAR-4 protein expression. Although MCF-7 cells treated 
with IGF-1 showed increased levels of phosphorylated AKT, 
treatment with LY294002 (30 µM) was insufficient to abolish 
the inhibitory effect of IGF-1 on PAR-4-repressed protein 
expression (Fig. 3C), suggesting that other factors may also be 
important for the translational regulation of PAR-4. Pre-treatment 
with SB202190 also inhibited the effect of IGF-1, but was less 
effective than LY294002 pre-treatment. These results suggest 
that the PI3-K pathway is one of the pathways through which 
IGF-1 inhibits PAR-4 transcriptional regulation.

We also evaluated whether E2 and IGF-1 could act syner-
gistically on the inhibition of PAR-4 mRNA expression. 
MCF-7 cells were treated with 10 nM E2 and 12.5 nM IGF-1, 
either alone or in combination, for 24 h, or pre-treated for 1 h 
with 1 µM ICI followed by 12.5 nM IGF-1 plus ICI for 24 h. 
Treatment with E2 plus IGF-1 resulted in significantly greater 

Figure 1. Effects of 17β-estradiol (E2) and ICI-182,780 (ICI) on PAR-4 expression. (A) PAR-4 relative mRNA expression was determined by real-time PCR 
and the results are expressed as the mean ± SD (bars) from three different experiments. C, MCF-7 cells grown in 5% FBS; ST, MCF-7 cells grown in 5% 
stripped serum for 48 h alone or in combination with E2 and/or ICI. Statistically significant differences between the groups are indicated by asterisks. 
*P<0.05; **P<0.01 when compared with untreated cells in ST or as indicated. (B) Western blot analysis of protein extracts from MCF-7 cells mantained in 
medium supplemented with normal serum (FBS 5%), medium supplemented with stripped serum (stripped FBS 5%), or stripped serum alone for 48 h 
followed by treatment with E2 (10 nM) alone or in combination with ICI (1 µM) for 24 h. Protein expression was analyzed with mouse monoclonal anti-PAR-4 
antibody (Santa Cruz Biotechnology) and β-actin antibody (Chemicon International) for normalization.

Figure 2. IGF-1 mediates time-dependent PAR-4 gene expression in MCF-7 
breast cancer cells. Relative expression was analyzed by real-time PCR and 
the results are expressed as the mean ± SD (bars) from three different 
experiments. C, MCF-7 cells grown in 5% FBS; ST, MCF-7 cells grown in 
5% stripped FBS for 48 h alone and in combination with IGF-1 (12.5 nM). 
Statistically significant differences between the groups are indicated by 
asterisks. *P<0.05; **P<0.01 when compared with untreated cells in ST or as 
indicated.
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inhibition of PAR-4 expression compared with the effects of 
E2 or IGF-1 alone (Fig. 3B). MCF-7 cells treated with ICI 
(1 µM) for 24 h showed increased levels of PAR-4 and phospho-
rylated AKT (Fig. 3C). However, pre-treatment with ICI did 
not interfere with the IGF-1 regulation of PAR-4 expression. 
Therefore, the E2 and IGF-1 combination treatment had a 
synergistic effect on PAR-4 expression and this synergy was 
not a result of ER activation by IGF-1. Here, we also evaluated 
the effects of E2 and IGF-1 on MCF-7 cell viability and 
proliferation. MCF-7 cells maintained in medium supplemented 
with stripped serum (starved for growth factors and estrogen), 

which displayed elevated PAR-4 expression, also showed 
proliferative restraint (Fig. 4). MCF-7 cells treated with E2 
and IGF-1 showed significant induction of cell proliferation 
compared with cells maintained in stripped serum. The 
mitogenic effects of E2 were completely abolished with ICI 
followed by treatment with E2 plus ICI. However, as found for 
PAR-4 expression, the mitogenic effect of IGF-1 was not 
inhibited by the presence of ICI.

PAR-4 protein expression was predominantly localized in 
the nucleus of MCF-7 cells and was down-regulated after 
treatment for 24 h with E2 and IGF-1 (Fig. 5).

Figure 3. Regulation of PAR-4 expression by β-estradiol (E2) and IGF-1 in MCF-7 breast cancer cells. (A) Effects of LY294002 (LY) or SB202190 (SB) on 
PAR-4 expression regulated by IGF-1. MCF-7 cells grown in 5% stripped FBS for 48 h and after treatment with IGF alone and in combination with the 
inhibitors LY or SB for 24 h. (B) E2 and IGF-1 have a synergistic effect on PAR-4 mRNA expression in MCF-7 breast cancer cells. MCF-7 cells grown in 5% 
stripped serum FBS for 48 h and after treatment with E2, IGF and ICI-182,780 (ICI) (alone or in combination) for 24 h. Relative expression was analyzed by 
real-time PCR and the results are expressed as the mean ± SD (bars) from three different experiments. Statistically significant differences between the groups 
are indicated by asterisks. *P<0.05; **P<0.01 when compared with untreated cells or as indicated. (C) Western blot analysis of PAR-4 and pAKT Thr308 from 
protein extracts from MCF-7 cells grown in normal serum (FBS 5%), or in 5% stripped FBS for 48 h, and after treatments with IGF-1 alone or in combination 
with ICI (1 µM), or LY (30 µM). Protein expression was analyzed with mouse monoclonal anti-PAR-4 antibody (Santa Cruz Biotechnology), anti-pAKT 
Thr308 antibody (Cell Signaling Technology), and β-actin antibody (Chemicon International) for normalization.
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Discussion

In the present study we sought to investigate the effects of E2 
and IGF-1 on PAR-4 expression in the MCF-7 breast cancer 
cell line. We showed that E2 and IGF-1 inhibit PAR-4 mRNA 
and protein expression in MCF-7 cells. In addition, ER 
activation by E2 is essential for the observed effect of E2, and 
the PI3-K pathway is one of the IGF-1-activated pathways that 
regulates PAR-4 mRNA expression. In addition, E2 acts 
synergistically with IGF-1 to regulate PAR-4 mRNA expression 
in MCF-7; however, this synergy does not depend on ER 
activation by IGF-1.

Tissue homeostasis is obtained through the proper balance 
of signals that induce cell death and proliferation. Apoptosis 
is an essential mechanism for maintaining tissue homeostasis, 
and resistance to apoptosis contributes to malignant cellular 
transformation (29). PAR-4 is an early gene-induced in response 
to apoptotic stimulation (5). PAR-4 pro-apoptotic action 
involves activation of the Fas/FasL pro-death pathway (10) 
and inactivation of the NF-κB pro-survival pathway (12,13). 
In addition, phosphorylation of the T155 residue in the PAR-4 
SAC domain by PKA (9) and PAR-4 translocation to the 
nucleus (11) are essential for apoptosis.

Treatment of MCF-7 cells with IGF-1 results in down-
regulation of PAR-4 transcripts. IGF-1 acts primarily through 
binding to the IGF-1R at the cell surface, which results in 
activation of the intrinsic tyrosine kinase receptor activity of 
the receptor, auto-phosphorylation of its tyrosine residues, and 
recruitment and phosphorylation of adaptor signaling proteins. 
However, the major pathway activated by IGF-1R signaling is 
that of PI3-K, which regulates proliferation and, most importantly, 
resistance to apoptosis (30). When the PI3-K pathway is 
activated, AKT phosphorylates PAR-4 at the S249 residue; as 
a consequence, PAR-4 is bound by 14-3-3 proteins and is 
sequestered in the cytoplasm (11). Our findings provide evidence 
that AKT is, at least in part, one of the mediators of the IGF-1 
pathway that leads to PAR-4 inhibition and cell survival in 
MCF-7 breast cancer cells. Accordingly, Chung et al (26) 
reported that IGF-1 inhibited PAR-4 expression in PC12 cells 
in a MAPK- and PI3-K-dependent manner, and that IGF-1 
inhibition of PAR-4 expression protected PC12 cells from 
apoptosis.

Here, we have for the first time demonstrated that PAR-4 
is an estrogen-responsive gene in breast cancer cells. Estrogens 
regulate growth, differentiation, and tissue homeostasis 
through ER activation. Breast cancer progression is associated 
with a deregulated response to the ER, resulting in an increased 
proliferative response of ER-positive breast epithelial cells 
(31,32). Recently, we have shown that nuclear PAR-4 down-
regulation is a frequent event associated with poor breast 
cancer prognosis, also observed in the luminal A breast cancer 
subtype (27). Experimental studies have demonstrated that 
PAR-4 is localized in the nucleus of most cancer cell lines, 
and that PAR-4 nuclear entry is required to induce apoptosis 
(33,34). Previous research has also shown that hormone-
dependent prostate and breast cancer cell lines, such as 
LNCaP and MCF-7, are resistant to PAR-4 induced apoptosis 
(9,35). E2 inhibition of PAR-4 mRNA expression in MCF-7 
cells leads to reduced PAR-4 protein expression and contributes 
to the prevalence of cell proliferation, possibly due to the 

Figure 4. E2 and IGF-1-induced proliferation of MCF-7 breast cancer cells. 
MCF-7 cells (1x104 cells) were seeded in 96-well plates and maintained in 
medium without phenol red supplemented with stripped FBS (5%) for 48 h, 
and then treated with 17β-estradiol (E2; 10 nM) or IGF-1 (12.5 nM) alone or 
in combination with ICI-182,780 (1 µM). Cell viability was measured by the 
MTT assay as described in the Materials and methods. The experiments 
were performed in triplicate and the values are presented as the mean 
absorbance (OD, 570 nm) ± SD.

Figure 5. Immunocytochemical analysis of PAR-4 protein expression in 
MCF-7 breast cancer cells. MCF-7 cells grown (A) in 5% FBS or (B-E) in 
5% stripped serum for 48 h and then treated with (C) 10 nM E2, (D) 1 µM 
ICI, and (E) 12.5 nM IGF for 24 h, fixed, and probed with PAR-4 antibody to 
detect the expression of endogenous PAR-4. Nuclei were visualized by 
staining with Hoechst (blue). Intracellular localization of Par-4 (in red) was 
recorded by confocal microscopy at x20 magnification.
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resistance of MCF-7 cells to PAR-4-induced apoptosis. A 
report that E2 treatment of hippocampal neurons in culture 
inhibited apoptosis induced by PAR-4 after trophic factor 
withdrawal supports this hypothesis (25). Furthermore, our 
findings suggest that PAR-4 expression induced by growth 
factor and estrogen starvation may lead to growth arrest, but is 
insufficient to induce apoptosis in MCF-7 cells.

Moreover, IGF-1 may activate the ER through a ligand-
independent mechanism, and E2 may increase mRNA expression 
of the IGF-1R and other signaling proteins from the IGF-1R 
pathway. This crosstalk between the ER and IGF-1 results 
in synergistic effects causing increased cell proliferation. 
Therefore, the synergy observed between E2 and IGF-1 with 
respect to the inhibition of PAR-4 expression may contribute 
to mechanisms by which these factors induce breast cancer 
cell survival due to a possible inhibition of apoptosis.

In this study, we report that PAR-4 expression is down-
regulated by E2 and IGF-1 in the breast cancer cell line MCF-7. 
Although further experimental studies are required, our data 
suggest that PAR-4 down-regulation by E2 and IGF-1 in MCF-7 
breast cancer cells contributes to cell survival promoted by 
these mitogenic factors.
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