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down-regulated by the steroid
receptor co-activator SRC-1

Abstract 
Introduction: Prostate apoptosis response-4 (PAR-4, PAW-R, PKC apoptosis WT1 regulator) is
a gene coding for a tumour suppressor protein involved in the selective apoptosis of cancer
cells. Although well described in renal cell carcinomas and prostate cancer, little is known
about its role and regulation in breast cancer.
Methods: Western blotting techniques looked at the association between PAR-4 expression
and breast cancer sub-type, and at the effects of steroid receptor co-activator-1 (SRC-1) on
PAR-4 expression. Functional assays (3D cell culture and adhesion independent growth)
investigated the role of PAR-4 in breast cancer cells and immunohistochemistry looked at the
clinical correlations of PAR-4 positivity in our patient cohort.
Results: The results show that PAR-4 is down-regulated by SRC-1 in endocrine-resistant cell
lines and they validate its use as a marker of good disease-free survival, both in vitro and in
vivo. In addition, the functional assays provide evidence that PAR-4 may play a role in
maintaining a well-differentiated phenotype in breast cancer cell lines.
Conclusion: The results suggest that PAR-4 expression is a marker of good disease-free
survival, or conversely, that the loss of PAR-4 expression would signal tumour progression to a
more aggressive phenotype. The identification of such markers is important in the
development of more personalised forms of treatments.
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Introduction
In 2001 a partnership between the Department of Genetics in

Stanford University and The Norwegian Radium Hospital looked at

variations in gene expression patterns and proposed four main

classes of breast cancer.1-3 These were luminal A (mostly oestrogen

receptor (ER)-positive and histologically low grade), luminal B

(mostly ER-positive but may express low levels of hormone

receptors and often high grade), human epidermal growth factor

receptor 2 (HER2)-positive (showing amplification and high

expression of many genes of the ERBB2 amplicon), and basal-like

(corresponding to ER-negative, progesterone receptor

(PR)-negative and HER2-negative tumours). These divisions closely

correlated to those of the traditional pathological method, which

was widely used, but had important implications for our

understanding of the heterogeneity of breast cancer. Cell lines that

represent these subtypes are now commonplace in breast

cancer-associated research.

Steroid receptor co-activator-1 (SRC-1) is a co-regulator protein

from the p160 steroid receptor co-activator (SRC) family, and is

increasingly cited as central in the switch from steroid-dependent

tumours to endocrine resistance. It is also linked to a more

metastatic phenotype and poorer patient survival.4-6 Steroid

co-activators are expressed at low levels in a variety of tissues due

to their role in the normal development and functioning of organs,

but they may also contribute to cancer in those same tissues.7 With

regard to breast cancer, SRC-1 protein is detected in approximately

35% of breast tumours and is associated with large, high-grade

tumours and HER2 positivity.7

Initially described as an ERa co-activator, subsequent work has

shown that SRC-1 may interact with a number of other

transcription factors.6,8 To date, all research has focused on SRC-1

as a co-activator protein, but novel work described here identifies

for the first time a role for SRC-1 as a co-repressor in conjunction

with HOXc11. HOXc11 is a member of the homeobox family of

proteins and has important functions in normal organ

development. Previous chromatin immunoprecipitation (ChIP)

sequencing and bio-informatic analysis has shown that HOXc11

may become re-activated in breast cancer and interact with SRC-1.

This interaction has been identified as a feature of

endocrine-resistant breast cancer.5 Combined global analysis was

undertaken, which identified 54 common downstream targets of

SRC-1 and HOXc11, 32 of which were known protein coding

regions. PAR-4 was selected for further investigation due to its role

in apoptotic pathways and because it appeared to be

down-regulated in the presence of SRC-1 and HOXc11.

The PAR-4 gene acts through a leucine zipper domain in the COOH

terminal region that selectively induces apoptosis in cancer cells. In

addition, it sensitises cells to apoptotic stimuli and causes tumour

regression.9 While PAR-4 is commonly cited with regard to prostate

cancer, there is little known about its role and regulation in breast

cancer. The aim of this study is to investigate the relationship

between SRC-1 and PAR-4 in the context of breast cancer, and to

examine the viability of PAR-4 as a marker of disease-free survival.

Materials and methods
Cell lines and treatment
The cell lines used in this study represent some of the phenotypical

classes of breast cancer mentioned before. MCF7s are a luminal A type

cell line and represent a well-differentiated and steroid-responsive

phenotype. Both LetR and LY2s are luminal B cell lines, representing

letrozole-resistant and tamoxifen-resistant phenotypes, respectively.

The SKBR3s are a HER2-positive cell line and carry the worst prognosis

of those examined here. The cells were stored in tissue culture flasks in

a humidified incubator at 37°C in 5% CO2. MCF7 cells were cultured

in minimum essential media (MEM) supplemented with 10% foetal

calf serum (FCS), 1% L-Glutamine and 1% Penicillin Streptomycin

(Pen/Strep). LY2 cells were cultured in phenol red free MEM containing

10% CDS-FCS and 10-8M 4-hydroxytamoxifen (4-OHT). SKBR3 cells

were cultured in Roswell Park Memorial Institute (RPMI) media

supplemented with 10% FCS and 1% Pen/Strep, and LetRs were

cultured in MEM supplementation with 10% CDS-FCS, 1%

L-Glutamine and 1% Pen/Strep. Cells were steroid depleted for 72

hours and stratified based on the treatments they received (vehicle,

oestrogen, tamoxifen and an oestrogen/tamoxifen mix).

Western blotting
Protein expression was detected using Western blotting techniques.

Short interfering RNA (siRNA) directed against SRC-1 was used to

knock down gene expression in LY2 cells. Primary antibodies used were

rabbit anti-human PAR-4 (1:300; Santa Cruz), rabbit anti-human SRC-1

(1:150; Santa Cruz) and mouse anti-human B-Actin (1:5,000;

Sigma-Aldrich). Protein was run through a 12% running gel for 2.5

hours at 120V, followed by a wet transfer for 1.5 hours. Nitrocellulose

membrane was rolled overnight at 4ºC in PAR-4 primary antibody and

imaged using Supersignal West DURA chemiluminescent substrate.

Immunohistochemistry
Formalin-fixed paraffin-embedded tumour cores on tissue micro-arrays

were used. Slides were deparaffinised and incubated in rabbit

anti-human PAR-4 (1:25; Santa Cruz) or control IgG overnight at 4ºC.

The slides were then incubated with the corresponding biotin labelled

secondary for 30 minutes followed by incubation in avidin-biotin

complex (Vector Laboratories) for 30 minutes to further amplify the

signal. Sections were developed in 3,3-diaminobenzidine

tetrahydrochloride (DAB) for two minutes followed by two minutes in

haemotoxylin to counter-stain. Finally, the slides were dehydrated by

passage through industrial methylated spirits and xylene, and mounted

with DPX solution. The immunostained TMA slides were scored by two

independent observers using the Allred scoring system. STAT10 data

analysis statistical software was used to analyse results.This looked at

the correlations of PAR-4 expression and markers of disease severity.

The significance of the results were confirmed by student t test.

Adhesion-independent growth and three-dimensional
cell culture assays
Adhesion-independent growth looks at the ability of cells to form

colonies in soft agar. Following knockdown of PAR-4 from MC7 cells
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using siRNA, cells were seeded at 1x105 cells/mL into a six-well plate.

They were then cultured for 14 days and the number of colonies

formed was counted and compared to the control.

Three-dimensional cell culture assays look at the ability of cells to

polarise and hollow out a lumen, leading to the formation of an

acinar-type structure. The cells were seeded at 1x103 cells/ml in 400µl

of medium and 2% Matrigel (BD Biosciences) and subsequently

seeded onto a Matrigel matrix in eight-well chamber slides (BD

Biosciences). These were cultured for 14 days at 37ºC/5% CO2. Cells

were fixed and stained with 4,6-diamidino-2-phenylindole (DAPI) and

phalloidin 594, and results were examined by confocal microscopy.

Tissue samples and patient characteristics
Breast tumour samples were obtained from 561 patients with breast

carcinoma from the Department of Pathology, Beaumont Hospital.

All patients were diagnosed and treated at the hospital between

1998 and 2006. Ethical approval was given by the Beaumont

Hospital Ethics Committee.

Results
SRC-1 down-regulates PAR-4 in endocrine-resistant breast
cancer cell lines
The results looked at mRNA levels and protein expression of PAR-4

following knockdown of SRC-1, as well as basal protein expression

levels across different cell lines. They showed a significant increase in

PAR-4 mRNA expression following SRC-1 knockdown (Figure 1a). This

was confirmed using Western blotting, where PAR-4 protein expression

was increased in the absence of SRC-1 (Figure 1b).

When the basal expression levels of PAR-4 were investigated, the results

of the western blots showed that the MCF7 cells expressed high levels

of PAR-4 protein, with the more aggressive phenotypes, LY2 and LetR

cells, not expressing PAR-4 at basal levels. A weak band was visible in

SKBR3 cells (Figure 1c).

The effects of tamoxifen and oestrogen treatment on PAR-4 expression

in the LY2 cell line were investigated. The Western blots showed that

PAR-4 expression was increased in the oestrogen-treated sample, but

that this effect was lost when combined with tamoxifen (Figure 1d).

PAR-4 is a marker of good disease-free survival in breast
cancer patients
Analysis of the tumour micro arrays following staining found that

45% of our patient population stained positive for PAR-4. The

majority of the staining was located in the membrane and

cytoplasm, with very few displaying nuclear staining. Statistical

analysis that looked at the clinical correlations of PAR-4 expression

found that PAR-4 was positively associated with luminal A status and

ER expression. It was inversely associated with high-grade, positive

nodal status, HER2 and recurrence (Figure 2a). Kaplan–Meier survival

analysis revealed that PAR-4 expression is associated with good

disease-free survival, which is statistically significant (Figure 2b).

PAR-4 may play a role in maintaining a
well-differentiated phenotype
The results of adhesion-independent growth looked at the number

of colonies formed by the MCF7 cell line under normal

circumstances compared with those where PAR-4 had been knocked

down. The results showed that reduced PAR-4 expression resulted in

significantly reduced colony formation (Figure 3a).

Three-dimensional cell cultures compared the ability of cells to form

acinar-type structures. MCF10A cells, a normal breast epithelial cell

line, formed a well-polarised structure and the lumen hollowed out.

In the MCF7 cells, there is a less defined attempt to polarise and

incomplete hollowing of the lumen (Figure 3c). But when

compared to the MCF7 cells following knockdown of PAR-4, there is

a marked decrease in polarisation and little or no attempt to hollow

out the lumen.

FIGURE 1: SRC-1 down-regulates PAR-4 in

endocrine resistant breast cancer. a) PAR-4

regulation at mRNA level following transient

knockdown of SRC-1 using siRNA. b)

Confirmation of PAR-4 knockdown using

Western blotting. PAR-4 protein expression is

increased in the absence of SRC-1. c) Basal

expression levels of PAR-4 in MCF7, LY2, LetR

and SKBR3 cell lines. High levels of PAR-4

protein expression are seen in MCF7 cells. d)

Tamoxifen treatment directly suppresses PAR-4

expression in LY2 cell.
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Discussion
Prognosis and choice of adjuvant therapies for breast cancer rests on

the analysis of the tumours at diagnosis. Pathological features

including tumour size, stage, grade and nodal status are considered,

alongside molecular markers (ER, PR, HER2), when deciding a course

of treatment. But knowledge about individual prognostic factors

does not take into account the vast number of genes potentially

involved in controlling tumour biology, and thus their prognostic

value is limited.1 The heterogeneity of breast tumours emphasises

the importance of examining networks of genes and identifying

potential markers to stratify patient therapies, and ultimately provide

potential therapeutic targets.

SRC-1 is ubiquitously expressed in tissues and is predominantly

involved in glucose metabolism. SRC-1 itself would not make a

good therapeutic target as it is a large, disorganised protein with a

lack of high-affinity binding sites.10

Furthermore, its role as a nuclear co-activator makes it difficult to

access and its importance in the normal functioning of a variety of

tissues renders it an imperfect drug target. It is therefore essential to

look at the downstream targets of this protein.7

Following identification of PAR-4 as a downstream target of SRC-1,

its regulation and clinical correlations were investigated. Basal

expression levels showed that MCF7 cells express high levels of PAR-4

and the more aggressive phenotypes do not (Figure 1c). A weak band

was visible in the SKBR3 cell lines. Previous work from this lab has

FIGURE 3: PAR-4 plays a role in maintaining

a well-differentiated phenotype. a) Graph

showing the difference in the formation of

colonies between the control and the PAR-4

knockdown cells (p=0.0038). b) 10x

magnification of colonies in soft agar. c)

Images from confocal microscopy of 3D

structures formed by cells. MCF10A cells form

well-defined acinar-type structures. MCF7

cells show some degree of polarisation and

hollowing, but this is lost following

knockdown of PAR-4. d) Western blotting

was used to confirm the knockdown.

FIGURE 2: Clinical correlations of PAR-4

positivity. a) Table showing the correlations

(p-values) between PAR-4 expression and

other markers of disease severity (*inverse

correlation). b) Kaplan–Meier graph

confirming that PAR-4 positivity is associated

with good disease-free survival. c) 10x

magnification of tissue micro-array stained

for PAR-4. Left to right: PAR-4 positive core,

PAR-4 negative core, IgG control.
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demonstrated that MCF7 cells do not express SRC-1, while LY2 and

LetR cells do.4,6 SKBR3 cells may express some SRC-1, with cross-talk

between growth factor-driven pathways and steroid pathways. This

partially active steroid pathway may explain the partial suppression of

PAR-4 in the SKBR3 cells. These results suggest that SRC-1 is directly

suppressing the expression of PAR-4. This was validated when PAR-4

protein and mRNA expression in LY2 cells were investigated (Figure 1).

The results show that when SRC-1 is knocked down from LY2 cells,

PAR-4 expression significantly increases. It was also shown that

treatment of these resistant cell lines with tamoxifen suppresses this

marker of luminal A status. This is of significance as SRC-1 is driven by

tamoxifen treatment in this cell line. This provides exciting evidence

that in addition to driving the expression of oncogenes, SRC-1 may

also be suppressing the expression of proteins associated with a less

aggressive, more treatment-responsive phenotype. This is consistent

with other studies, which have shown that down-regulation of PAR-4

may be associated with loss of the progesterone receptor, and a move

to a more aggressive cancer.10

MCF7 cells represent the least aggressive phenotype of those studied

here. The high basal expression levels seen in this cell line support our

hypothesis that PAR-4 expression is associated with a less aggressive

phenotype. Statistical analysis of the stained tissue micro-arrays

revealed that PAR-4 expression positively correlates with luminal A and

ER status, and inversely correlates with markers of more aggressive

disease (Figure 2a). In addition, Kaplan–Meier analysis confirmed that

PAR-4 positivity is significantly associated with good disease-free

survival (Figure 2b). The results of the functional assays take this

hypothesis a step further, suggesting that PAR-4 may play a role in the

maintenance of this well-differentiated, less aggressive phenotype. The

ability of cells to form colonies in soft agar is a marker of

differentiation and aggressiveness. The increase in the number of

colonies following the knockdown of PAR-4 qualifies its role in

maintaining a less aggressive phenotype. This is supported by the 3D

assay, where the loss of PAR-4 led to a less defined attempt at forming

an acinar-type structure.

When taken together, the results of this research suggest a role for

PAR-4 as a marker of good disease-free survival or, conversely, that the

loss of PAR-4 expression would signal tumour progression to a more

aggressive phenotype. The identification of multiple genes that control

tumour progression would allow for stratification of patients who

require specialised therapies or rigorous follow-up, which is the

cornerstone of personalised medicine. It is also hypothesised that genes

such as PAR-4 would ultimately be targeted, given their

anti-tumorigenic nature.10

Conclusion
We have shown that the master-regulator SRC-1 has a function as a

co-repressor in addition to its co-activator role. We have shown that

PAR-4 significantly correlates with good disease-free survival and that

its expression is suppressed in tamoxifen-treated, resistant cell lines. We

have begun to explore the functional role of PAR-4 and have shown

that it may play a role in maintenance of a well-differentiated

phenotype. These findings are significant because increasing our

understanding of tumour biology and the interactions of large

networks of proteins will enable more effective and specific therapeutic

strategies to be developed in the future.
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