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ABSTRACT 

Breast cancer is a leading cause of morbidity and mortality worldwide, and despite 

advancements made in early diagnosis and new treatments over the past few decades, disease 

progression and therapy resistance remains an unmet challenge. A better understanding of the 

mechanisms involved in disease progression and resistance to therapies is essential in order to 

develop improved treatment strategies.  

Reversible phosphorylation is controlled by the balanced activities of protein kinases and 

phosphatases, and is a central regulator of the signal transduction pathways required for cell 

proliferation, differentiation and survival. As such, dysregulation of this balance can result in 

loss of cellular differentiation and sustained proliferation and survival – key characteristics of 

cell transformation. While the role of protein kinases in tumourigenesis has been extensively 

studied, the role protein phosphatases is less well understood. 

Protein phosphatase 2A (PP2A), is a family of serine/threonine phosphatases that is inactivated 

in many cancers, including breast cancer, and as such is considered a tumour suppressor. PP2A 

controls over 50% of serine/threonine phosphatase activities in cells, and regulates numerous 

growth and survival signalling pathways including the PI3K-AKT and MAPK pathways. PP2A 

is a trimeric protein complex consisting of a structural subunit (PP2A-A), a catalytic subunit 

(PP2Ac) and a regulatory subunit (PP2A-B), of which there are at least 4 families each with 

multiple isoforms. While the dimeric complex of PP2A-AC can dephosphorylate multiple 

proteins, it is the PP2A-B regulatory subunit that provides substrate specificity and subcellular 

localization of PP2A. Recent large scale genomic analyses have identified recurrent loss of 

heterozygosity (LOH) at the PPP2R2A gene locus, which encodes the PP2A-B55α regulatory 

subunit. PPP2R2A LOH was most common in estrogen receptor positive (ER+) luminal breast 

tumours, and in particular in the aggressive Luminal B subtype. However, the functional role 

of PPP2R2A loss in breast cancer is not known. Therefore, the overall goal of this thesis was 

to characterise the gene and protein expression of PP2A subunits, including PPP2R2A (PP2A-

B55α), in human breast tumours, and to identify the specific functional role of reduced PP2A-

B55α in luminal breast cancer. 

The first aim of this thesis was to use in silico analysis of publically available gene expression 

databases, and immunohistochemistry (IHC) of human breast tumours, to compare the gene 

and protein expression of PP2A subunits and associating proteins between normal breast   
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tissues and breast tumours, and to examine the association of PP2A subunit expression with 

breast tumour subtypes and disease outcome.  This analysis, presented in chapter 3, revealed 

that low gene and protein expression of the PP2A-B55α and PP2Ac subunits was associated 

with high grade tumours, and with Luminal B, Human epidermal growth factor positive 

(HER2+), and triple negative breast (ER-, progesterone receptor (PR)-, HER2-; TNBC) 

molecular subtypes, which are more aggressive than the Luminal A breast tumour subtype. 

Thus, low PP2A-B55α and PP2Ac protein expression is associated with aggressive breast 

tumours, and this is likely regulated at the gene expression level. Low PPP2R2A (PP2A-B55α) 

was further shown to predict for poor relapse-free and overall survival in breast cancer patients, 

most notably for patients with luminal (ER+) tumours. Reduced gene expression of the PP2A 

regulators SETBP1 and alpha-4, was also associated with aggressive subtypes and worse 

outcome, suggesting that they may function as tumour suppressors. In contrast, high expression 

of a number of PP2A-B56 family subunits, and the PP2A inhibitors SET and CIP2A, were 

associated with more aggressive breast tumours, and thus may play an oncogenic role and be 

targets for breast cancer therapy. 

To determine if the reduced PPP2R2A expression observed in aggressive poor outcome 

tumours, is functionally important, I next investigated the effects of molecular inhibition of 

PPP2R2A in the human luminal breast cancer cell lines, ZR751, MCF7 and BT474. The data 

in chapter 4 shows that short-hairpin RNA (shRNA) mediated inhibition of PPP2R2A, resulting 

in reduced PP2A-B55α protein expression, increased breast cancer cell proliferation, migration 

and invasion, and increased tumour growth in an orthotopic xenograft mouse model.  This was 

associated with increased activation of ER and AKT signalling, and evidence of an epithelial-

to-mesenchymal transition (EMT) phenotype. These results suggest that functional inactivation 

of PP2A-B55α complexes is important for breast cancer progression, and supports a tumour 

suppressive role for PPP2R2A. 

The introduction of anti-estrogen therapies, such as Tamoxifen, to ER+ breast cancer patients 

has led to remarkable improvements in survival. However, many patients are either intrinsically 

resistant to therapy, or develop resistance and later relapse with therapy-resistant disease. 

Given that low PPP2R2A expression was associated with poor outcome in ER+ patients, in 

chapter 5 I explored whether inhibition of PP2A-B55α mediated tamoxifen resistance. Analysis 

of publically available datasets showed that the loss of PPP2R2A was a strong predictor of 

earlier relapse and distant metastasis in tamoxifen treated breast cancer patients. Furthermore,  
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 molecular knockdown of PP2A-B55α induced resistance to tamoxifen in ER+ breast cancer 

cells. In contrast, ER+ breast cancer cells selected for resistance to tamoxifen, expressed 

reduced PP2A-B55α compared to parental drug sensitive cells, demonstrating a functional role 

for PP2A-B55α in ER signalling and therapy resistance. In addition, PP2A-B55α knockdown 

in the HER2+ breast cancer cell line, BT474, induced resistance to the anti-HER2 therapeutics, 

Trastuzumab and Lapatinib. Therefore, the poor outcome observed in patients with low 

PPP2R2A expression may be mediated by intrinsic resistance to standard therapies. 

Importantly however, breast cancer cells with low PP2A-B55α were highly sensitive to 

pharmacological activators of PP2A. Clonogenic and cytotoxicity assays showed that PP2A-

B55α knockdown cells were just as sensitive, and in some cases were more sensitive, than 

control cells, to sphingolipid PP2A agonists (FTY720 and derivatives) and small molecule 

activators of PP2A (SMAPs). This suggests that PP2A activities can still be enhanced in 

tumours with low PPP2R2A, and thus is a potential therapeutic strategy for poor outcome 

breast cancer patients.  

In chapter 6 I further showed that treating breast cancer cells with PP2A activating drugs can 

increase the sensitivity of breast cancer cells to targeted therapies, including tamoxifen, 

Lapatinib and the CDK4/6 inhibitor, Palbociclib. Importantly, the addition of a PP2A activating 

drug sensitized tamoxifen-resistant breast cancer cells to tamoxifen, providing a strong 

rationale to combine PP2A activating drugs with standard therapies for the treatment of therapy 

sensitive and resistant breast tumours. Finally, given that sphingolipid PP2A activators and 

SMAPs are distinct classes of drugs with different mechanisms of PP2A activation, I examined 

the effects of combining these two classes of drugs. Intriguingly, I found that the combination 

displayed highly synergistic cytotoxicity in breast cancer cells with or without PP2A-B55α 

knockdown.  

Collectively, the body of work presented in this thesis enhances our understanding of the 

function of PP2A-B55α in breast cancer signalling and therapy resistance, and suggests that 

PP2A-B55α expression may be a useful biomarker for predicting disease outcome in luminal 

breast cancer. Furthermore, these data support the clinical testing of PP2A activating drugs 

alone and/or in combination, in relapsed/resistant ER+ breast cancer patients, with the ultimate 

goal of improving the survival of breast cancer patients.. 
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