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Abstract 

The phosphatidylinositol 3’ kinase (PI3K)/Akt signalling pathway is activated in several human 

cancers.  PI3K signalling is enhanced by mutations in the p110α isoform of PI3K or through loss 

of negative regulators such as the tumour suppressor phosphatase and tensin homologue deleted 

on chromosome 10 (PTEN).  This proto-oncogenic pathway can also be induced in cancer 

downstream of activated receptor tyrosine kinases such as HER2/ErbB2, which is overexpressed 

in 30% of breast cancers.  In fact, PI3K pathway activation in breast cancer has been associated 

with resistance to HER2-targeted therapies.  In this thesis, we have used transgenic mouse 

models to investigate the importance of PI3K signalling in ErbB2-mediated mammary 

tumourigenesis. 

Our laboratory has previously shown that mammary-specific deletion of Pten can 

accelerate mammary tumour initiation and metastasis driven by endogenous expression of 

activated ErbB2.  Here, we have validated these findings by demonstrating that Pten loss can 

cooperate with transgenic overexpression of activated ErbB2 during mammary tumour 

progression.  We have also showed that expression of a constitutively activated p110α transgene 

in the mammary epithelium can enhance the metastatic potential of ErbB2-induced tumours.  

Conversely, it seems that disruption of PI3K signalling can impair transformation in the 

mammary gland.  We have demonstrated that genetic ablation of p110α dramatically delays 

mammary tumour onset and impairs pulmonary metastasis in mammary tumour models induced 

by either activated ErbB2 or by the viral oncogene polyomavirus middle T antigen (PyV mT).  In 

order to carry out the latter studies, we generated and characterized a new mouse model of PyV 

mT-driven mammary tumourigenesis that incorporates temporal and spatial regulation of PyV 

mT and Cre recombinase expression.  Importantly, mammary tumours lacking p110α eventually 
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developed after long latencies in both the ErbB2 and PyV mT strains.  We have preliminary 

evidence to suggest that the emergence of some p110α-deficient tumours is associated with an 

upregulation of osteopontin (OPN), a secreted extracellular matrix-associated protein with 

relevance in breast cancer.  We believe that increased OPN expression could be due to enhanced 

PI3K signalling through non-α p110 isoforms, which in turn may be a result of Pten loss. 

The results from these studies suggest that activation of the PI3K/Akt pathway might 

collaborate with HER2/ErbB2 signalling in breast cancer progression and malignancy.  Although 

we can conclude from our work that transformation downstream of activated ErbB2 is initially 

dependent on the α isoform of p110, it is likely that patients with HER2-positive breast cancer 

will eventually encounter resistance to p110α-specific inhibitors used as single agents.  In these 

cases, pan PI3K inhibitors may help in preventing the potential reactivation of PI3K signalling 

through non-targeted p110 isoforms. 
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Résumé 

La voie de signalisation de la kinase en 3’ phosphatidylinositol (PI3K)/Akt est activée dans 

plusieurs cancers humains.  Des mutations de l’isoforme p110α de la kinase PI3K ainsi que la 

perte de régulateurs négatifs tel que le suppresseur de tumeur “phosphatase and tensin 

homologue on chromosome 10” PTEN sont à l’origine de l’augmentation de la signalisation de 

la voie de PI3K.  L’activation des récepteurs tyrosines kinases tels HER2/ErbB2, qui sont 

surexprimés dans 30% des cancers du sein, peuvent aussi induire cette voie proto-oncogénique.  

En fait, l’activation de la voie PI3K dans les cancers du sein a été associée à une résistance aux 

thérapies ciblées contre HER2.  Dans cette thèse, nous avons utilisé un modèle de souris 

transgénique pour étudier l’importance de la signalisation de la kinase PI3K dans la 

tumorigenèse mammaire associée à ErbB2. 

Notre laboratoire a récemment démontré que la suppression de Pten peut accélérer 

l’initiation des tumeurs mammaires et les métastases causées par l’expression endogène d’une 

forme active d’ErbB2.  Dans la présente étude, nous avons validé ces résultats en démontrant que 

lors de la progression de la tumeur mammaire, la perte de Pten peut coopérer avec la 

surexpression de la forme active d’ErbB2.  Nous avons aussi montré que l’expression 

constitutive d’une forme active du transgene p110α dans l’épitélium mammaire augmente le 

potentiel métastatique des tumeurs induites par ErbB2.  Inversement, il semble que le blocage de 

la signalisation de la kinase PI3K empêche la transformation des glandes mammaires.  Notre 

étude démontre que l’ablation génétique de l’isoforme p110α ralentit dramatiquement le temps 

d’apparition des tumeurs et entrave la formation de métastases pulmonaires dans les modèles de 

tumeurs mammaires induites par la forme active d’ErbB2 ainsi que l’oncogène viral 

“polyomavirus middle T antigen” (PyV mT).  De plus, en préparation d’études ultérieures, nous 
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avons généré et caractérisé un nouveau modèle de souris développant des tumeurs mammaires 

induites par le PyV mT incorporant une régulation temporelle et spatiale de l’expresssion PyV 

mT et la “Cre recombinase”.  De façon importante, les tumeurs mammaires privées de p110α se 

développent éventuellement après un long temps de latence dans les deux modèles de souris, soit 

ErbB2 et PyV mT.  Des évidences préliminaires de nos recherchent suggèrent que l’émergence 

de tumeurs déficientes en p110α est associée avec la régulation positive de l’ostéopontine, une 

protéine associée et sécrétée de la matrice extracellulaire, souvent impliquée dans les cancers du 

sein.  Nous croyons que l’augmentation de l’expression de l’osteopontine pourrait être due à 

l’augmentation de la signalisation de PI3K par des isoformes autres que p110α, ce qui pourrait 

être une conséquence de la perte de Pten. 

Les résultats de cette étude suggèrent que l’activation de la voie de signalisation 

PI3K/Akt pourrait collaborer avec HER2/ErbB2 dans la progression et la malignité du cancer du 

sein.  Même si notre travail conclut que la transformation en aval de l’activation d’ErbB2 est 

initialement dépendante de l’isoforme α de p110, il est probable que les patientes atteintes d’un 

cancer du sein HER-2 positifs vont éventuellement développer une résistance aux inhibiteurs 

spécifiques pour l’isoforme α de p110, si ceux-ci sont administrés seuls.  Alternativement, des 

inhibiteurs à large spectre pour PI3K pourraient aider à prévenir la réactivation potentielle de 

PI3K en ciblant tous les isoformes.   
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1.1 Breast cancer: a prevalent and heterogeneous disease 

1.1.1 Epidemiology of breast cancer 

The most common cancer in Canadian women is breast cancer, representing 24% of all new 

cancer cases and 14% of all cancer deaths estimated for 2014 [1].  In more tangible terms, 1 in 9 

Canadian women will develop breast cancer in her lifetime while 1 in 30 will die from it.  The 

implementation of breast cancer screening programs has led to an increase in incidence statistics 

up until the early 2000s after which it decreased and then stabilized [1].  Concurrent 

improvements in treatment opportunities in addition to early diagnosis have helped to steadily 

reduce breast cancer-related deaths [1]. 

 There are several non-modifiable risk factors of breast cancer, with the highest relative 

risk in women attributable to age, family history, and inherited genetic mutations [2].  About 

10% of breast cancers are hereditary and caused by loss-of-function mutations in one or both 

alleles of tumour suppressor genes, such as the breast cancer associated (BRCA) genes (BRCA1 

and BRCA2), p53 (TP53), and phosphatase and tensin homologue deleted on chromosome ten 

(PTEN) [3, 4].  These germline mutations manifest as cancer susceptibility syndromes and can 

increase the risk of breast cancer [5-8]. 

The remainder of breast cancers, and thus the majority, of breast cancers are caused by 

somatic gene alterations.  Indeed, some of these genes are also familial cancer predisposition 

genes like TP53, which is the most frequently mutated gene in sporadic breast cancers (37%) [4].  

Another tumour suppressor with relevance in both hereditary and spontaneous cancers is PTEN, 

which antagonizes the proto-oncogenic phosphatidylinositol 3’ kinase (PI3K)/Akt pathway 

(described in more detail in sections 1.3 and 1.4).  Interestingly, this signalling pathway can also 
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become activated through somatic point mutations in the PI3K catalytic subunit, p110α (PIK3CA 

gene), which happens to be the second most frequently mutated gene in breast cancers after TP53 

(36%) [4]. 

In addition to somatic mutations, breast cancers may exhibit increased DNA copy 

number and increased expression of particular proto-oncogenes.  For example, about 20-30% of 

cases exhibit gene amplification of human epidermal growth factor receptor 2 (HER2), a member 

of the epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases (RTKs), and 

this feature is correlated with poor patient outcome (described in more detail in section 1.2.1) [9, 

10].  The HER2 gene is part of a core amplicon on chromosome 17 that includes other genes 

such as growth factor receptor bound 7 (GRB7) and star-related lipid transfer domain containing 

3 (STARD3) that are co-amplified with HER2 in breast cancer [11].  The value of HER2 

expression as a prognostic factor, as well as its capacity for identifying candidates for HER2-

targeted therapies, has established it as an important clinical marker in breast cancer diagnosis 

(see section 1.1.3) [12]. 

 

1.1.2 Anatomical and histological features of the breast 

The adult breast is comprised of glandular and stromal tissue which together experience dramatic 

architectural changes to allow for the production of milk.  The mammary ducts are arranged in a 

radial fashion and organized into distinct lobes, each of which contains a cluster of several 

terminal ductal-lobular units (TDLUs) [13].  The TDLUs, the sites of milk production, drain into 

ducts that open to the nipple. 
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The anatomy and histology of the human breast is very similar to that of the murine 

mammary gland and so the development and function of this dynamic organ has been mainly 

studied in mice [13].  Mammary ducts are hollow lumens lined by an inner luminal epithelial 

layer and an outer myoepithelial layer.  The duct is enclosed and supported by a basement 

membrane made up of extracellular matrix (ECM) components, such as collagen IV and laminin 

[14].  In addition to structural support for the ductal cells, this membrane maintains the shape and 

polarity of the ductal epithelial cells [15].  The basement membrane separates the ducts from the 

stromal component of the gland which includes cells such as adipocytes, fibroblasts, 

endothelium, and immune cells [16].  The integrity of the basement membrane is influenced the 

activities of proteases and protease inhibitors which are secreted by the ductal epithelium [17].  

This process allows for the remodelling of the ductal network during all phases of mammary 

gland development. 

The postnatal stages of murine mammary gland development include pubertal growth, 

pregnancy-lactation, and involution.  At birth, the immature mammary gland consists of a 

rudimentary network of ductal epithelium surrounded by mesenchyme/stroma [18].  The release 

of hormones, such as estrogen, at the onset of puberty promotes the elongation and lateral 

secondary and tertiary branching of the ductal network through the proliferation of mammary 

stem cells [19, 20].  At the end of puberty, the virgin mammary gland consists of a 

predominantly adipose-rich stroma that surrounds a fully developed system of ductal epithelium. 

During pregnancy, estrogen and progesterone cause induce secondary and tertiary side-

branching of the ductal network so that it fills the fat pad [21, 22].  The ductal termini 

differentiate into alveoli which produce milk in response to the hormone prolactin [23].  Milk 

secretion from the ducts is regulated by contraction of the myoepithelium in combination with 
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regulation from stromal components [24, 25].  Forced weaning of pups leads to the cessation of 

milk production and initiates involution [26].  This stage comprises the apoptosis of alveolar 

cells and regression of the ductal network to a pre-pregnancy state [27].  The initial phase of 

involution is reversible, however past this point (2 days post-weaning) the gland is committed to 

extensive remodelling of the epithelium and stroma to revert back to the virgin-like anatomy [28, 

29].  After the completion of this process, the mammary gland returns to a resting state until the 

next entry into the reproductive phase. 

Several hormones and growth factors (and their respective receptors) have been 

implicated in murine mammary gland development [20-22, 30].  Thus, the dysregulation of the 

molecular signalling which dictates the normal function of the mammary gland has the potential 

to initiate transformation.  Indeed, these same key signalling proteins can be associated with 

breast cancer in humans.  For example, the receptors for the hormones estrogen and progesterone 

(which are primarily involved in pubertal and pregnancy stages of development, respectively) are 

overexpressed in many breast cancers and major prognostic and predictive factors (see next 

section) [31]. 

The majority of breast cancers in women originate in the mammary ducts (ductal 

carcinoma) although some types occur in TLDUs (lobular carcinoma) [2].  Transformation in the 

mammary gland becomes histologically evident when ductal lumens begin to fill with 

hyperproliferating luminal cells, eventually producing a completely filled structure that is 

contained by the basement membrane and clinically designated as ductal carcinoma in situ 

(DCIS).  These early lesions become invasive when the proliferating tumour cells break through 

the basement membrane and invade into the surrounding mammary stroma.  If the tumour cells 

can enter the vasculature or lymphatic system, they can undergo metastatic dissemination and 
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colonize distant sites in the body.  Indeed, the majority of breast cancers diagnosed are invasive 

or infiltrating [2]. 

The development of breast cancer and its progression to malignancy depend on the well-

established hallmarks of cancer: sustaining proliferation, evading of growth suppressors, 

resisting cell death, enabling replicative potential, inducing angiogenesis, and activating of 

invasion and metastasis [32].  More recently, additional qualities have been recognized as 

emerging cancer hallmarks: avoiding immune destruction, tumour-promoting inflammation, 

genome instability and mutation, and deregulating cellular energetics [32].  Understanding the 

genes and signaling pathways involved in driving these hallmarks will be critical for developing 

better diagnostic tools and treatments for breast cancer patients. 

 

1.1.3 Diagnosis, classification, and treatment of breast cancers 

Breast cancer is currently diagnosed by the size of the tumour, involvement of regional lymph 

nodes, and the presence of distant metastases which are all considered for breast cancer staging 

[2].  The spreading of breast cancer to other organs in the body confers the most advanced stage, 

IV, which is associated with the worst prognosis.  Breast cancers are also classified on the basis 

of immunohistochemical staining of cell-surface receptors.  The three major receptors identified 

to be of significant prognostic importance are estrogen and progesterone receptors (ER/PR- or 

hormone receptor-positive) and HER2 (HER2-positive) [12, 31].  The relative expression of 

these markers dictates treatment regimens due to their predictive nature with regard to response 

to specific therapies.  While ER-positive tumours are dependent on estrogen and are treated 

using endocrine or hormone therapy, there is no benefit for ER-negative tumours [31].  Likewise, 
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tumours that are positive for HER2 expression are candidates for HER2-targeted therapies [12].  

Therapeutic options are extremely limited for triple-negative breast cancers (TNBCs), an 

aggressive subset of breast cancers that do not express any of these markers (ER
-
/PR

-
/HER2

-
), 

and mainly consists of chemotherapy [33].  In general, resistance to the therapy (both de novo 

and acquired) is a common problem and often reflects the receptor status or treatment (see 

section 1.4.3).  This has emphasized the need for a deeper understanding of breast tumours on a 

molecular level. 

Although not yet used as a standardized diagnostic tool, researchers currently classify 

breast cancers by gene expression profiling.  Microarray analysis of breast tumours demonstrated 

that they cluster into approximately four major subtypes based on an “intrinsic” gene set:  

luminal (comprised of subgroups A, B, and C), HER2-enriched, basal-like, and normal-like [34, 

35].  Expression of ER and a number of genes typical of luminal cells make up the ER-

positive/luminal subtypes.  Luminal A tumours express relative higher ER levels than luminal B 

and C tumours; luminal C tumours share features with the HER2-enriched and basal-like 

subtypes [35].  Tumours that are negative for ER expression are subdivided into two groups: the 

HER2-positive subtype which exhibits overexpression of HER2 and the HER2 amplicon (also 

called the HER2-enriched subtype to avoid confusion with tumours clinically defined by 

immunohistochemical overexpression of HER2 protein) and the basal-like subtype that is 

characterized by expression of basal cell markers (e.g. keratin 5, keratin 17, laminin).  A fourth 

subtype called normal-like was shown to be enriched in adipose- and basal-specific genes. 

Importantly, these different subtypes correlate with clinical outcome, with the best 

overall or relapse-free survival observed for the luminal A subtype and the worst associated with 

HER2-enriched and basal-like subtypes [35].  The assignment of molecular subtypes and their 
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associations with prognosis and sometimes therapeutic response has been shown to be 

reproducible using several data sets by numerous independent groups [36-39].  Furthermore, 

these types of analyses have also led to the identification of additional subtypes, such as claudin-

low which exhibits stem-cell like features [40, 41]. Many studies have extended gene expression 

profiling to the stromal compartments of developing tumours, recognizing the relevance of non-

cell-autonomous pathways in breast cancer [42-44].  Substantial efforts have been put toward 

linking microarrays of breast tumours with other platforms that analyze somatic mutation, DNA 

copy number, and protein expression [4, 45-47].  This has revealed limitations of 

immunohistochemical classification by ER/PR/HER2 status due to a lack of absolute 

concordance with the correspondingly named intrinsic subtype, but has also identified significant 

associations with particular molecular features [4].  For example, while activating mutations in 

the PIK3CA gene are most often associated with the luminal subtypes, loss-of-function mutations 

in the BRCA1 and TP53 tumour suppressors occur most frequently in basal-like cancers [4]. 

Although global profiling of breast cancers has confirmed the presence of heterogeneity 

between individual samples on a molecular level, it has also revealed that there are classes of 

tumours that share distinct features which correlate with response to treatment.  The development 

of successful therapies relies not only on the identification of these inherent similarities and 

differences in human tumours but also on comprehensive data acquired from preclinical breast 

cancer models, the most relevant source being transgenic mice. 

 

1.2 Mouse models of breast cancer 

Technological advances in mouse model design have been made which allow for conditional 

regulation of genetic alterations, including both spatial and temporal control.  While germline 



Trisha Rao — PhD Thesis 

9 

knockout strains are useful for identifying genes essential for viability or development, further 

analysis of adult animals could be impeded by postnatal death or abnormalities.  Germline 

models can be useful for studying cancers caused by hereditary mutations however tumour 

development may occur in several organs and is likely influenced by an altered tumour 

microenvironment.  Modelling sporadic cancer is best accomplished with conditional gene 

targeting where genetic alterations can be introduced in a particular tissue. 

Studying the role of a gene in the development and/or transformation of a specific cell 

compartment requires the use of tissue-specific promoters.  This approach often involves 

exploiting the natural expression patterning in the organism and takes advantage of gene 

promoters that are active in a particular tissue or during a particular developmental stage.  A 

mammary-specific example of this is the WAP promoter, which normally drives expression of 

this milk protein during pregnancy and lactation [48, 49].  WAP promoter activity is stimulated 

by insulin, hydrocortisone, and prolactin.  Although activity from WAP is detectable in virgin 

mice, it increases dramatically during pregnancy and transgenic expression in mice is best 

observed in parous animals.  Tissue-specific promoters can also be derived from exogenous 

sources, as is the case for the mouse mammary tumour virus long terminal repeat promoter 

(MMTV-LTR or MMTV).  Early studies of inbred mouse strains revealed that particular lines 

were susceptible to spontaneous mammary tumours; the transmissible agent or “milk factor” was 

passed from nursing mothers to their pups and was later identified as the mouse mammary 

tumour virus [50].  The MMTV promoter is regulated by glucocorticoids and can be used to 

drive the expression of transgenes to the both virgin and reproductive mammary glands [51-53].  

Indeed, the MMTV promoter was used in early mouse models of mammary tumourigenesis 
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validating the oncogenic capabilities of HRas, c-Myc, or c-Neu (activated rat isoform of HER2) 

[53-55]. 

The WAP and MMTV promoters are not only useful in overexpressing genes of interest; 

they can be coupled to Cre recombinase to produce mammary-specific gene knockouts.  A Cre 

recombinase-inducible conditional mouse strain is generated by inserting 34-base pair 

palindromic sequences denoted as LoxP sites on either side of one or multiple exons of a gene of 

interest (creating a LoxP-flanked or “floxed” allele) [56].  In the presence of Cre recombinase, 

the LoxP sites are recombined and the floxed region is excised which in the case of a gene 

knockout strategy results in a null phenotype.  The tissue-specificity of Cre recombinase 

determines the tissue-specificity of the gene knockout; thus the use of the WAP-Cre or MMTV-

Cre transgenes directs conditional ablation to the mammary epithelium [57, 58].  This approach 

continues to be employed in studying the function of genes in mammary gland development and 

tumourigenesis.  Furthermore, multiple genes can be ablated to investigate cooperative effects 

between oncogenes and/or tumour suppressors.  For example, mammary-specific loss of either 

the Brca1 or Brca2 tumour suppressor genes leads to mammary tumour formation after a long 

latency [59, 60].  For both of these models, concurrent deletion of the p53 tumour suppressor 

accelerated mammary tumour onset.  The collaboration between these two genetic alterations is 

reflective of the fact that BRCA1 mutations are often coincident with TP53 mutations in human 

cancer [61]. 

Cre recombinase/LoxP systems can be expanded to other genetic alterations, such as the 

removal of a floxed transcriptional “stop” cassette upstream of a transgene or the introduction of 

latent point mutations in an endogenous gene.  The former strategy was used in conjunction with 

the MMTV-Cre transgene in a mouse model of ErbB2-driven breast cancer [62], while the latter 
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has been used with tissue-specific Cre recombinase expression or retroviral delivery to the organ 

of interest [63-66].  Floxed “stop” cassettes have also been used to regulate the expression of 

reporter genes, such as β-galactosidase or green fluorescent protein (GFP), providing a visual 

indication of Cre expression and function in a given strain [67, 68]. 

An additional level of regulation that is becoming increasingly more common is the use 

of inducible promoters such as the TetON/TetOFF systems [69, 70].  Inducible systems offer the 

most control over transgene expression by allowing the researcher to choose when to turn 

expression on or off.  This is critical if transgene expression is detrimental to normal 

development, but also allows one to induce expression at the most physiologically appropriate 

age.  Tissue-specificity is rendered at the level of the tetracycline transactivator (tTA) transgene.  

In the TetOFF system, a transgene is expressed downstream of a tetracycline operon (TetO) 

which is bound by the tTA; doxycycline, a tetracycline derivative, can bind the tTA and displace 

it from the TetO thereby turning off transgene expression.  The TetON system differs by using a 

reverse tTA (rtTA) which binds to the TetO in response to doxycycline to turn on transgene 

expression.  Doxycycline is easily administered to mice in their water or food, making this a 

relatively simple approach to temporal control of transgene expression.  In fact, the generation of 

an MMTV-driven rtTA strain has transformed the way oncogenes are introduced to the 

mammary epithelium, as seen with c-Myc, activated Neu (NeuNT), and KRas [71-73].  Inducible 

models provide the means to generate tumours and then effectively turn off the oncogenic signal 

that initiated transformation to mimic clinical inhibition.  In doing so, researchers can address 

whether a tumour is dependent on this genetic alteration and also whether recurrent tumours 

emerge. 
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1.2.1 HER2/Neu models 

The discovery that HER2 was overexpressed in breast and ovarian cancers launched efforts to 

investigate the in vivo transforming abilities of this proto-oncogene, specifically in the mammary 

gland.  Transgenic mouse models have been extremely valuable for studying the functions of 

HER2 during mammary development and tumourigenesis. 

HER2 was originally identified as a viral transforming gene, Neu, in rat neuroblastoma 

which was found to be related to EGFR [74, 75].  EGFR, HER2, HER3 and HER4 comprise the 

EGFR family of RTKs (Egfr, ErbB2, ErbΒ3, and ErbB4 in mice, respectively).  A variety of 

ligands, including epidermal growth factor (EGF), amphiregulin (AREG), neuregulins, 

heregulins, and tumour necrosis factor α, induce receptor dimerization and phosphorylation of 

cytoplasmic tails.  Phosphorylated residues act as docking sites for intracellular proteins, 

including kinases and adaptor molecules, leading to activation of numerous downstream 

signalling events.  All EGFR family members have the capacity to recruit Src homology 2 

domain containing (SHC) and Grb2 adaptor molecules to specific phosphotyrosine residues [76].  

Grb2 can associate with the guanine nucleotide exchange factor (GEF) son of sevenless homolog 

1 (SOS) which in turn activates Ras/mitogen-activated protein kinase (MAPK) signalling.  This 

pathway is also induced downstream of SHC which can interact directly with Grb2.  Another 

important scaffold is created upon binding of Grb2 to Grb2-associated binding protein 1 (Gab1), 

which recruits the p85 regulatory subunit of PI3Ks [77].  Direct recruitment of PI3Ks to HER3 is 

possible due to the presence of six p85 docking sites [76]. 

HER2 is considered an orphan receptor since no ligands have been identified for it 

however crystal structures indicate that it is in a constitutively “open” conformation making it 

ready for pairing with other family members [78].  Thus overexpression of HER2 in cancer is 
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thought to promote increased receptor heterodimerization and activation of proto-oncogenic 

signalling.  The HER2/HER3 heterodimer, which together engage the Ras/MAPK and PI3K/Akt 

signalling pathways, is thought to be a potent oncogenic unit in breast cancer cells [79].  This 

coupling may be evolutionarily determined since HER3 uniquely lacks kinase activity and so it 

can only function in a heterodimer [80]. 

HER2, as well as other members of the EGFR family and their ligands, are active 

participants in the normal development of the mammary gland.  Analysis of murine mammary 

glands indicates that EGFR family receptors are differentially expressed at various stages of 

mammary development [81].  EGFR family ligands are also widely expressed, although genetic 

studies have identified AREG as the major ligand involved in development [82, 83].  While 

EGFR and ErbB2 are expressed at all stages, ErbΒ3 and ErbB4 expression is upregulated during 

puberty and reproductive stages.  Due to embryonic lethality of germline knockouts, most studies 

on the role of individual EGFR family members were carried out using other genetic techniques 

[84-87].  Transplantation experiments indicated a role for AREG/EGFR signalling in mammary 

stroma which may also involve heterodimerization with ErbB2 [88, 89].  Epithelial-specific 

expression of a dominant negative mutant of EGFR also led to ductal defects [90].  Furthermore, 

expression of an EGFR hypomorphic allele, waved-2, caused a lactational defect in some mice 

due to a reduction in both epithelial content and milk production in postpartum glands [91].  

Conditional ablation of ErbB2 in the mammary epithelium causes defective ductal outgrowth and 

branching but does not impact on reproductive stages of development [92].  In contrast, loss of 

ErbB4 in the mammary epithelium impaired LA development and is required for Stat5 activation 

during lactation [93, 94].  Transplantation of ErbΒ3-deficient mammary buds blunts ductal 

outgrowth, a phenotype also observed with mammary-specific expression of an ErbΒ3 mutant 
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that is uncoupled from PI3K [95, 96].  The latter model also exhibited accelerated involution due 

to increased apoptosis.  The importance of EGFR family signalling in the mammary gland during 

development provides support for the implication of these pathways, particularly downstream of 

HER2, in mammary tumourigenesis as demonstrated by in vivo studies. 

Conditional mouse models have been especially important in experimentally validating 

HER2 as a proto-oncogene in breast cancer (Table 1-1).  Transgenic mice expressing an 

activated mutant of Neu, the rat orthologue of HER2, in the mammary epithelium developed 

mammary tumours that were metastatic to the lung (MMTV-c-Neu or MMTV-NeuNT) [55, 97, 

98].  However, HER2 is rarely mutated in breast tumours and so it was important to determine if 

wildtype ErbB2 had transforming potential [99].  Mice were engineered to express the wildtype 

version of Neu (MMTV-Neu) and tumours eventually developed but after a much longer latency, 

suggesting the requirement for additional genetic changes [100].  In fact, mutations were 

discovered in the Neu transgene itself, the majority of which were in-frame deletions in the 

extracellular domain of the receptor [101].  Molecular analysis of these Neu deletion mutants 

revealed that the loss of cysteine residues disrupted intramolecular disulphide bonds while 

promoting intermolecular bridges [102].  Transgenic expression of the Neu deletion mutants 

(MMTV-NDL) resulted in metastatic mammary tumours arising earlier than the parental 

wildtype Neu strain [103].  Interestingly, an analogous alteration was identified in human 

cancers as a splice isoform of HER2 that homodimerizes via a similar mechanism [102, 104]. 
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Table 1-1:  HER2/Neu transgenic mouse models of breast cancer 

Model Penetrance 
Tumour 

onset 

Tumour 

multiplicity 

Lung 

metastasis 

MMTV-NeuNT [55] 

activated point 

mutant of Neu 

100% 
89 d 

(T
50

) 
multifocal yes 

MMTV-Neu [100] 

wildtype Neu 
~70% 

205 d 

(T
50

) 
focal 

72% 

(8 m) 

MMTV-NDL [103] 

Neu deletion mutant 

(NDL2-5) 

100% 
161 ± 10 d 

(average) 
multifocal 

67% 

(4-9 w pp) 

MMTV-NDL-IRES-

Cre (NIC) [105, 106] 

Neu deletion mutant 

(NDL2-5) coupled to 

Cre recombinase 

100% 
146 d 

(average) 
multifocal 

56% 

(6 w pp) 

MMTV-rtTA/ 

TetO-NeuNT [71] 

inducible point 

activated Neu 

100% 
42 d 

(T
50

) 
focal 92% 

NeuNT/MMTV-Cre 

(ErbB2 “knock-in”; 

ErbB2
KI

) [62] 

Knock-in of Cre 

recombinase-

inducible NeuNT at 

erbb2 locus 

~80% 
15.8 m 

(average) 
focal 2% 

d: days; w: weeks; m: months; pp: post-palpation 
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The Neu-driven mouse models described so far had the potential to be extremely useful 

for studying the function of other genes in the context of a developing tumour.  Early attempts to 

study the mammary-specific role of a particular gene in the MMTV-driven oncogene model 

involved crossing in LoxP-flanked alleles of this gene as well as an MMTV-driven Cre 

recombinase transgene.  However, the MMTV promoter is only active in approximately 70% of 

the mammary epithelium, resulting in stochastic Cre recombinase expression in oncogenic 

tumour tissue; a selection for oncogene-positive/Cre recombinase-negative cells arises in the 

developing tumour, precluding excision of the conditional allele of interest.  This phenomenon 

has occurred in several strains where the oncogene and Cre recombinase are on separate MMTV-

driven transgenes indicating that in each case the conditional gene was most likely essential to 

tumourigenesis [107-110] (unpublished observations; Ranger JJ, Muller WJ).  To circumvent 

this selection process, the MMTV-NDL transgene was redesigned to couple expression with Cre 

recombinase through use of an internal ribosome entry site (IRES) thereby creating the MMTV-

NIC (Neu-IRES-Cre recombinase) strain [105].  In mice carrying this transgene every mammary 

tumour cell expresses both Neu and Cre recombinase and thus any conditional loci present in the 

genome of this cell should be recombined and completely ablated.  The MMTV-NIC model has 

been successfully used to define the roles of several genes in ErbB2-mediated mammary 

tumourigenesis, including members of the PI3K/PTEN pathway [105-107, 111-114]. 

Although the transgenic Neu models continue to be very practical for studying ErbB2-

mediated mammary tumourigenesis, the transgene is overexpressed beyond physiological levels 

by a strong viral promoter.  With this in mind, a gene targeting approach was used to knock in a 

Cre recombinase-inducible NeuNT transgene downstream of the endogenous erbb2 promoter 

[62].  This design would ensure that the mutant transgene would be under normal transcriptional 
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control and expressed comparably to the wildtype erbb2 gene.  Mice carrying this targeted allele 

along with the MMTV-Cre transgene (NeuNT/MMTV-Cre or ErbB2
KI

) develop focal, poorly 

metastatic mammary tumours after a long latency.  The ErbB2
KI

 tumours showed selective 

amplification of the NeuNT transgene as well as a number of chromosomal aberrations 

associated with human breast cancer [115-117].  These included amplifications of regions in 

chromosome 11 and deletions in chromosome 4; the former maps to the recombinant NeuNT 

transgene and is syntenic with the human HER2 amplicon on chromosome 17.  Indeed, 

mammary tumours from ErbB2
KI

 mice also exhibited evidence of amplified expression of genes 

in their erbb2 amplicon, such as grb7 and stard3.  Thus the ErbB2
KI

 mouse model encompasses 

physiological expression of activated ErbB2 and tumour development progresses as a result of 

genetic alterations that are correlative with features of human breast cancer. 

Regardless of the model, mammary tumours induced by activated ErbB2 exhibit a 

characteristic solid comedo-adenocarcinoma histology which resembles DCIS in human breast 

cancer [13, 115].  These tumours are also positive for luminal cytokeratins, which is likely 

because the MMTV promoter targets the luminal cell compartment.  Interestingly, gene 

expression profiles of murine mammary tumours from the MMTV-Neu strain do not cluster with 

those of human breast cancers of the HER2-enriched subtype [118].  Although in general murine 

mammary tumours express relatively low levels of ER, and thus ER-regulated genes, they do 

exhibit increased expression of luminal-specific genes Gata3 and Xbp1 and so they are 

considered to be luminal-like. 

An interesting feature of MMTV-NDL tumours is that they overexpress ErbΒ3 and this is 

also observed in HER2-expressing breast cancers suggesting a co-dependence of these two 

related RTKs [103, 119].  Conditional ablation of ErbΒ3 delays mammary tumourigenesis 
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induced by activated Neu [120].  Despite the fact that the majority of phosphotyrosine docking 

sites in ErbB3 are specific for PI3K p85, this interaction may not be absolutely necessary for 

tumour initiation in Neu-driven models as expression of an ErbΒ3 mutant that is uncoupled from 

PI3K does not affect tumour development in the MMTV-NDL model [96].  Mouse models have 

also been used to demonstrate the importance of signalling by EGFR, but not ErbB4, in ErbB2 

mammary tumourigenesis [121, 122].  The EGFR family ligand, transforming growth factor α, 

can also cooperate with overexpression of Neu enhance mammary tumourigenesis [123]. 

HER2/Neu mammary tumour mouse models are useful tools for studying the signalling 

pathways that are likely initiated by this proto-oncogene in breast cancer.  Furthermore, 

mammary tumours from these mouse strains share many features with HER2-expressing patient 

tumours, making them excellent systems for modelling this disease experimentally. 

 

1.2.2 Polyomavirus middle T antigen (PyV mT) models 

Although several mouse models manipulating human genes or their orthologues have been 

invaluable for breast cancer research, a widely used mouse strain that more accurately models 

the phenotypic progression of the human disease happens to be driven by a viral oncogene called 

polyomavirus middle T antigen (PyV mT).  The growing number of PyV mT mammary tumour 

models collectively emphasizes the relevance of this non-physiological oncogene to the field of 

breast cancer (Table 1-2). 

Polyomavirus (PyV) was originally identified as tumour-inducing in newborn mice [124-

126].  PyV is alternatively spliced to produce a large, middle and small T antigen although 

transformation requires only the middle T antigen (mT) [127-130].  The PyV mT protein is 
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membrane-anchored with most of its length protruding into the cytoplasm [131, 132].  The 

cytoplasmic portion of PyV mT is without kinase activity as it lacks the ability to bind ATP 

[132].  Instead, PyV mT is complexed with the protein phosphatase 2A scaffold which is 

required to recruit c-Src family kinases [133].  Phosphorylation of specific residues on PyV mT 

by c-Src in turn allows the binding of adaptors and kinases.  This feature allows PyV mT to 

mimic the signal transduction abilities of RTKs.  Two major tyrosine phosphorylated sites are 

Y250 and Y315 which recruit the SHCA adaptor and the p85 regulatory subunit of PI3K, 

respectively [134-137].  Transformation downstream of PyV mT is dependent on the recruitment 

of these proteins and the signalling pathways they induce (described in more detail below) [138, 

139].  Indeed, transgenic expression of PyV mT in the mouse can lead to tumour formation in 

many epithelial tissues [140]. 

The MMTV promoter was used to drive PyV mT to the mammary epithelium and in 

some founder lines mammary tumours were detected in mice as early as 3-4 weeks of age and 

developed in multiple glands [141].  Histological analysis of the inguinal mammary glands from 

young MMTV-PyV mT mice reveals a gradient of transformation, with the older and more 

advanced lesions proximal to the nipple, and newer lesions at earlier stages of tumourigenesis 

towards the terminal end buds of the epithelial network [142].  Mammary tumour development 

in this strain closely mimics breasts cancer progression observed in humans, evolving through 

four distinct stages:  hyperplasia, mammary intraepithelial neoplasia (MIN)/adenoma, early 

carcinoma and late carcinoma [143].  Invasiveness was characterized histologically by disruption 

of the basement membrane, loss of myoepithelial cells, and infiltration of leukocytes.  

Molecularly, PyV mT mammary tumours also resemble human breast cancers as they show 
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Table 1-2:  PyV mT transgenic mouse models of breast cancer 

Model Penetrance 
Tumour 

onset 

Tumour 

multiplicity 

Lung 

metastasis 

MMTV-PyV mT 

[141] 

polyomavirus 

middle T antigen 

100% 
40 d 

(T50) 
multifocal 

93.3% 

(8 w pp) 

MMTV-rtTA/TetO-

PyV mT-IRES-Luc 

[73] 

inducible polyoma 

virus middle T 

antigen coupled to 

firefly luciferase 

100% 
3-4 w 

(average) 
multifocal 

yes 

(6 w pp) 

MMTV-rtTA/TetO-

PyV mT-IRES-Cre 

(MIC) [144] 

inducible polyoma 

virus middle T 

antigen coupled to 

Cre recombinase 

87.1% 
7 d 

(T50) 
multifocal 

100% 

(>4 cm3 burden) 

d: days; w: weeks; m: months; pp: post-palpation 

upregulation of ErbB2 and cyclin D1.  Although ER and PR are upregulated during earlier stages 

of progression, tumours are negative for these receptors, similar to other mammary models like 

MMTV-Neu [143].  MMTV-PyV mT tumours are also transcriptionally comparable to the 

luminal-like profile of MMTV-Neu tumours as both models express luminal genes and 
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cytokeratins [118].  Another clinically relevant feature of this model is that PyV mT-induced 

mammary tumours are capable of metastasizing to the lungs with close to 100% incidence [141].  

The MMTV-PyV mT strain has since become an established tool in studying breast 

tumourigenesis and metastasis in vivo. 

The desire to investigate other genes in the context of PyV mT tumourigenesis initiated 

studies that incorporated conditional strains and the MMTV-Cre transgene.  However these 

experiments led to the same issues encountered with MMTV-NDL/MMTV-Cre systems, where 

Cre expression was selectively turned off in the developing tumour in order to retain expression 

of the conditional genes that were presumably essential for tumourigenesis.  This prompted the 

development of a Cre-coupled transgene analogous to the MMTV-NIC strain, specifically PyV 

mT-IRES-Cre or “MIC” [105].  Our laboratory has recently generated a doxycycline-inducible 

MIC strain for this purpose (TetOMIC) [144] (described in Chapter 5). 

Although PyV mT is not oncogenic in humans, its use as an experimental tool has 

advanced the field of mammary tumourigenesis and provided insight into the progression of 

breast cancer in humans.  Importantly, research using PyV mT models have helped to identify 

key proto-oncogenes in human cancer, such as c-Src and PI3K, in addition to the downstream 

signalling pathways that they initiate during transformation. 

 

1.3 The PI3K signalling pathway 

The PI3K pathway is generally considered to be one of the most frequently activated signalling 

pathways in human malignancies.  This can occur through activation of upstream inputs (e.g. 

growth factor receptors or Ras), loss of negative regulators (e.g. PTEN), or activating mutations 
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in the p110α isoform of PI3K (PIK3CA gene).  PIK3CA mutations occur in over 30% of breast 

cancers — making it the second most commonly mutated gene in breast cancer after TP53 — 

and loss of PTEN expression has been reported in close to half of all cases [4].  PI3K pathway 

activation leads to several biological processes that encompass the hallmarks of cancer.  

Biochemical, structural, and in vivo studies on the many isoforms of the PI3K family have 

helped to elucidate this pathway which is as integral to normal development and function as it is 

to facilitating transformation. 

PI3Ks are a family of lipid kinases that phosphorylate the 3’ hydroxyl group on the 

inositol ring of phosphoinositides (PI) in cell membranes.  In order for these reactions to occur, 

PI3Ks must be recruited to membrane-associated proteins including RTKs, G-protein-coupled 

receptors (GPCRs), and Ras.  The mechanism of PI3K activation has been proposed through 

examining the relationship between the regulatory and catalytic subunits using conventional 

structure-function studies as well as crystal structure analysis.  An important effector of PI3K 

signalling is Akt, which phosphorylates several downstream substrates to initiate cell 

proliferation, survival, and migration.  Akt indirectly activates mammalian target of rapamycin 

(mTOR), a major regulator of translation as well as other metabolic processes.  The 

PI3K/Akt/mTOR axis has come to be regarded as a key pathway associated with breast cancer. 

 

1.3.1 Class I PI3K isoforms 

Several isoforms of PI3K exist in mammals and they are categorized into three classes based on 

their lipid substrates.  Class I PI3Ks phosphorylate PI(4,5)P2 to produce the key second 

messenger, PI(3,4,5)P3, while class II and III are believed to only catalyze the phosphorylation 
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of PI [145].  Little is known about the functions of the three members of class II (PIK3C2-α, -β, 

and -) [146].  The single class III PI3K, vacuole protein sorting 34 (VPS34), is involved in 

autophagy, endosomal trafficking, and phagocytosis [147].  While it is not clear if class II and III 

are relevant in disease, it has become well-established that class I isoforms have significance in 

human cancer. 

Further subdivision of class I PI3Ks into subgroups A and B reflects primarily 

differences in regulatory subunits.  Class IA includes the p110α, -β, and -δ catalytic subunits 

(encoded by PIK3CA, PIK3CB, and PIK3CD, respectively) which can interact with one of five 

regulatory subunits collectively referred to as p85 [148-151].  p85 regulatory subunits are 

encoded by three genes: PIK3R1 encodes for p85α and two variants, p55α and p50α; PIK3R2 

generates p85β; and PIK3R3 produces p55γ [152, 153].  While p110α and -β are ubiquitously 

expressed, p110δ is mainly found in leukocytes of the immune system [154].  The domain 

organization of the catalytic and regulatory subunits combined with structural data has revealed 

how the subunits interact and provide insight into mechanisms of activation (Figure 1-1).  All of 

the class IA catalytic subunits have an N-terminal p85-binding domain, followed by a Ras-

binding domain, a C2 domain, a helical domain, and the C-terminal kinase domain.  The N-

termini of the p85α/β regulatory subunits contain a Src homology 3 (SH3) domain and a 

breakpoint cluster region (BCR) BCR homology (BH) domain flanked by proline-rich regions; at 

the C-termini is the p110-binding domain, also referred to as the inter-Src homology 2 (iSH2) 

domain as it is in between two Src homology 2 (SH2) domains (termed nSH2 and cSH2 for N-

terminal SH2 and C-terminal SH2, respectively).  The remaining p85 isoforms share the C-

terminal regions however they lack most of the N-terminus (Figure 1-1). 

Crystal structures of p110α complexed with truncated versions of p85 show several 
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Figure 1-1:  Class I PI3Ks 

The α, β, δ isoforms of p110 are the class IA catalytic subunits.  They have similar domain 

structures including a p85-binding domain (p85-BD), Ras-binding domain (RBD), C2 domain, 

helical, and kinase domain.  The location of the three cancer-associated hotspot mutations in 

p110α are indicated (E542K, E545K, H1047R).  The p85-binding domain of p110 interacts with 

the inter-SH2 (iSH2) domain of class IA regulatory subunits.  p85α and β are comprised of an 

SH3 domain, a BCR homology domain (BH), and the iSH2 which is flanked by SH2 domains 

(nSH2 and cSH2).  The N-terminal domains of p85 are absent in p55α/γ and p50α.  The only 

class IB catalytic subunit is p110γ which lacks a p85-binding domain and interacts by an 

unknown mechanism with its regulatory subunits, p101 and p84.  Solid arrows indicate 

interactions between subunits. 
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contacts between the two subunits (Figure 1-1) [155-157].  The main binding interaction is 

mediated by the p85-binding domain in p110α and the iSH2 domain in p85.  The nSH2, iSH2, 

and cSH2 domains of p85 also contact other regions of p110α, specifically the C2, helical, and 

kinase domains, which keep p110α in an inhibited state.  This structural evidence confirmed 

earlier biochemical studies which had designated both inhibitory and stabilizing functions for 

p85 towards p110α [158, 159].  Similar interactions have been identified in complexes of p110β 

or p110δ with regions of p85, albeit with some variances [160, 161].  Binding of the SH2 

domains in p85 to phosphorylated tyrosine residues (pYXXM motifs) precludes contact with 

p110 thereby releasing it from inhibition [156, 162, 163].  Membrane localization can be 

inherent to this SH2-phosphotyrosine interaction (when binding to RTKs) or it may require 

recruitment by membrane-associated proteins such as Ras (when binding to adaptors).  Proximity 

to the membrane allows the activated p110 to engage the inositol head group of PI(4,5)P2 in the 

kinase domain and catalyze phosphorylation of the 3’ hydroxyl group. 

Class IA PI3Ks can be directly activated by RTKs that contain the p85-SH2 consensus 

motif (pYXXM) [162, 163].  Many RTKs have been reported to stimulate PI3K activity, 

including platelet-derived growth factor receptor (PDGFR), insulin receptor, IGFR, and 

members of the EGFR and fibroblast growth factor receptor families [164-166].  However the 

p85-SH2 consensus motif is not universal to these receptors and some must utilize adaptor 

molecules to act as intermediates, such as insulin receptor substrates 1 and 2 (IRS1/2) and 

Gab1/2 (via a Shc/Grb2 scaffold) [167-169].  In the case of the EGFR family, heterodimerization 

with HER3, which contains several p85 docking sites, can also provide an indirect mechanism of 

PI3K activation for the other family members lacking the motif [166].  RTKs that induce Ras can 

use this as an alternate route to activate p110α and -δ isoforms, but not p110β, which instead 
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interacts with Rac1 and Cdc42 GTPases [150, 170, 171].  p85 prevents activation by Ras until it 

becomes engaged by phosphotyrosine thereby dictating a sequential activation of p110 by RTKs 

and then Ras [172].  Class IA PI3Ks also signal downstream of integrins through p85-SH3 

domain interactions with Src family kinases as well as phosphorylation of p85 by focal adhesion 

kinase (FAK), leading to activation of p110 subunits [173-176]. 

p110γ (PIK3CG), the single catalytic subunit in class IB, was considered to be the only 

PI3K isoform mediating signalling downstream of Gβγ subunits of GPCRs until p110β was also 

found to have this capability [151, 177-179].  p110γ has the same domain structure as class IA 

p110s, apart from the p85-binding domain, and interacts with one of two regulatory subunits, 

p101 or p87 [180-182].  While p110γ is directly activated exclusively by GPCRs, it may also 

respond to Ras via its Ras-binding domain [183].  Like p110δ, normal expression of p110γ is 

mainly leukocytic [154]. 

The coordination of signalling through the various members of the PI3K family allow for 

the activation of many downstream signalling pathways.  In addition to isoform specificities with 

regard to activation, cellular localization and tissue distribution likely play a major role in 

determining how PI3Ks are activated and which signalling pathways are induced.   

 

1.3.2 Signalling through the PI3K/Akt/mTOR axis 

All class I PI3Ks contribute to the activation of Akt and mTOR which is important during both 

normal and tumourigenic circumstances (Figure 1-2).  Class I PI3Ks catalyze the production of 

PI(3,4,5)P3, an important second messenger that recruits proteins to the membrane that contain 

specific lipid-binding domains.  The best characterized of these is the pleckstrin homology (PH)  
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Figure 1-2:  The PI3K/Akt/mTOR signalling axis 

Class IA PI3Ks can be recruited to activated growth factor receptors either through direct 

interaction with the p85 regulatory subunit of PI3K as shown in the figure or through adaptor 

molecules (not shown).  Membrane localization of PI3K allows the p110 catalytic subunit to 

phosphorylate PI(4,5)P2 which generates PI(3,4,5)P3 which in turn recruits PH-domain 

containing proteins such as Akt and PDK1.  Akt is phosphorylated by PDK1 as well as mTORC2 

to become activated after which it can phosphorylate many substrates leading to pathways that 

induce cellular survival, proliferation, growth, and migration.  A major downstream effector of 

Akt is mTORC1 which becomes activated via the TSC1/2/Rheb axis.  mTORC1 induces 

translation through the phosphorylation of S6 kinase and 4EBP1.  S6 kinase can initiate a 

negative feedback loop to attenuate PI3K signalling.  PI(3,4,5)P3 can be dephosphorylated by the 

PTEN tumour suppressor to antagonize the activation of proteins such as Akt.  Activating and 

inactivating interactions/modifications are represented by arrows and blunt ends, respectively.  

Direct and indirect interactions/modifications are represented by solid and dashed lines, 

respectively. 
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domain which is present in a large group of effector molecules that include kinases and 

regulators of small GTPases.  The first and most extensively studied class I PI3K effector is Akt, 

which binds to PI(3,4,5)P3 through its PH domain [184, 185].  Akt is a serine-threonine kinase 

that requires activation by another PH domain-containing protein, phosphoinositide-dependent 

kinase 1 (PDK1), and the mammalian target of rapamycin (mTOR) complex 2 (mTORC2).  

PDK1 also requires membrane recruitment via a PI(3,4,5)P3-PH domain interaction before it can 

phosphorylate Akt on threonine 308 by PDK1, thus activation of Akt requires membrane 

localization [177, 186-189].  Full activation of Akt requires phosphorylation on serine 473 by 

mTORC2 [190].  Activated Akt can phosphorylate several substrates that participate in a broad 

range of cellular effects including survival, cell cycle progression, and motility (discussed in 

1.3.4).  It is important to note that there are three isoforms of Akt (Akt1, -2, and -3) that exhibit 

distinct biological functions; for example, Akt1 inhibits while Akt2 promotes breast cancer cell 

migration and invasiveness in both in vitro and in vivo contexts [191-194]. 

A central node in signalling downstream of Akt is mTOR complex 1 (mTORC1) which is 

involved in several metabolic processes, such as enhanced synthesis of proteins and lipids as 

well as suppression of autophagy.  Akt activates mTORC1 by phosphorylating tuberin sclerosis 

complex 2 (TSC2) which disrupts its association with TSC1 leading to inactivation of the 

TSC1/2 complex [195-197].  TSC2 is a GTPase-activating protein (GAP) for the small GTPase 

Ras homologue enriched in brain (Rheb) and its inhibition by Akt leads to Rheb-mediated 

activation of mTORC1 [198-200].  mTORC1 is best known for its role in initiating translation 

and it does so by phosphorylating eukaryotic initiation factor 4E binding protein 1 (4EBP1) and 

S6 kinase, which in turn leads to the activation of proteins involved in translation [201].  Akt can 
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also activate mTORC1 by directly phosphorylating proline-rich Akt substrate of 40 kilodaltons 

(PRas40), a subunit of the complex which negatively regulates mTOR [202]. 

mTORC1 is also important for initiating negative feedback loops that downregulate Akt 

signalling.  S6 kinase can phosphorylate the adaptor molecule IRS-1 which prevents recruitment 

of p85 and IRS-1-dependent activation of Akt [203].  This mechanism prevents tumourigenesis 

in Tsc2-deficient mice and impairs the clinical response of tumours to mTOR inhibition in 

patients [204, 205].  As discussed later, targeting multiple nodes of the PI3K pathway, especially 

those upstream of mTOR, appears to rectify this.  In addition, S6 kinase-mediated 

phosphorylation of IRS-1 may also lead to MAPK activation.  This alternative feedback loop 

was identified as a mechanism for MAPK activation in cancer patients after treatment with an 

mTOR inhibitor [206]. 

 

1.3.3 The PTEN tumour suppressor 

In addition to negative feedback mechanisms, the pool of PI(3,4,5)P3 at the membrane, and thus 

the activation of Akt, is controlled by the lipid phosphatases SH2 domain-containing inositol 5'-

phosphatase (SHIP2), PTEN, and inositol polyphosphate-4-phosphatase (INPP4).  SHIP2 and 

PTEN act directly on PI(3,4,5)P3 by removing the phosphate group from the 5’ and 3’ positions, 

respectively [207-210].  The product of SHIP2, PI(3,4)P2, can be further dephosphorylated by 

INPP4 to produce PI3P [211].  Of these phosphatases, PTEN has been the most extensively 

characterized with regard to PI3K signalling since its identification as a tumour suppressor in 

many human cancers (Figure 1-2) [212, 213].  The tumour suppressive role for PTEN was 

originally attributed to its lipid phosphatase activity, which was found to be critical in controlling 
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Akt signalling [208, 209, 214-216].  As a result, several biological processes associated with the 

PI3K/Akt signalling were uncovered through studying PTEN function and vice versa. 

The PTEN gene is encoded by 9 exons which give rise to an N-terminal PI(4,5)P2-

binding domain, followed by the phosphatase domain, C2 domain, C-tail containing region, and 

PDZ-binding domain.  The phosphatase domain of PTEN has activity towards both lipid and 

protein substrates.  The idea that the lipid phosphatase activity of PTEN is responsible for its 

tumour suppressive function has been challenged by recent studies investigating protein 

phosphatase-dependent roles of PTEN, some of which may impact on cellular transformation.  

PTEN mutants lacking protein phosphatase activity, including some which are found in 

Cowden’s syndrome patients, have been used in vitro to identify potential substrates and the 

consequences of their dephosphorylation.  Inhibition of cell spreading and migration has been 

shown to involve PTEN-mediated dephosphorylation of the c-Src family kinase Fyn and FAK 

[217, 218].  Furthermore, loss of either lipid or protein phosphatase activities inhibits cell 

invasion [219, 220].  PTEN can also upregulate cyclin D1 in a protein phosphatase-dependent 

manner to cause cell cycle arrest [221, 222].  The dephosphorylation of the proto-oncogene c-Src 

by PTEN has also been reported, which may have important clinical implications in PTEN-

deficient cancers [223]. 

PTEN may also exert some of its effects in the nucleus, as it has been found to localize to 

centromeres and can promote upregulation of the DNA repair enzyme, Rad51 [224].  Nuclear 

import of PTEN is dependent on mono-ubiquitination by the E3 ligase NEDD4-1 on a single 

lysine residue which is mutated in patients with Cowden syndrome; intestinal polyps from these 

patients show exclusion of PTEN from the nucleus [225].  More recently, mechanistic details 

into the nuclear functions of PTEN have been uncovered, including activation of the anaphase 
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promoting complex (APC)-cadherin 1 (CDH1) complex which regulates the degradation of cell 

cycle machinery [226].  Interestingly, PTEN regulation of APC-CDH1 occurs independently of 

its phosphatase activity.  It is possible that additional nuclear functions of PTEN are distinct from 

PI3K signalling given that PTEN does not dephosphorylate PI(3,4,5)P3 on nuclear membranes 

[227]. 

Given that loss of PTEN is a common phenomenon in human cancer, many research 

efforts have been put towards understanding PTEN expression, stability, and function.  In 

addition to mutations throughout the gene and in the promoter, PTEN is subject to a complex 

network of regulators including epigenetic silencers, transcriptional activators and repressors, 

non-coding RNAs, and post-translational modifiers.  PTEN has also been found to interact with 

several proteins that affect its phosphatase activity and/or stability. 

 

1.3.4 Biological outputs of PI3K signalling 

PI3K can induce several cellular processes, including survival, proliferation, and migration, 

many of which are mediated by Akt and its diverse range of effectors.  While these biological 

outputs are necessary for normal cellular function, they are prime candidates for co-option during 

transformation as a result of dysregulation of PI3K pathway components. 

 

Cell survival 

Early studies identified a role for PI3K/Akt in mediating cell survival downstream of IGF1 in 

neuronal cells [228].  Akt appears to promote survival through several mechanisms that prevent 
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the activation of apoptosis, such as the direct phosphorylation of BCL-associated death promoter 

(BAD) [229, 230].  The phosphorylation of BAD on serine 136 by Akt results in the 

sequestration of BAD by the 14-3-3 adaptor protein so that it cannot antagonize pro-survival 

BCL-2 family members such as BCL-XL and BCL-2 [231, 232].  Inhibition of BAD prevents 

activation of the mitochondrial apoptotic pathway, which leads to the activation of caspases.  Akt 

has been reported to phosphorylate the pro-apoptotic caspase 9 to inhibit its protease activity, 

thereby further halting induction of the intrinsic cell death machinery [233]. 

Another important subset of Akt targets are the forkhead transcription factor (FKHRL or 

FOXO) family which are prevented from nuclear localization by Akt-dependent 

phosphorylation.  When phosphorylated, FKHRL1/FOXO3 is held in the cytoplasm by 14-3-3 

which precludes expression of pro-apoptotic genes such as Fas ligand and BCL-interacting 

mediator of cell death (BIM) [234, 235].  PI3K activates this pathway through a second 

mechanism that is independent of Akt, specifically through serum and glucocorticoid-inducible 

kinase (SGK) which also phosphorylates FKHRL1 leading to its inhibition [236].  SGK belongs 

to the same kinase family as Akt and is recruited to membrane PI(3,4,5)P3 through its PH 

domain [237]. 

Regulation of MDM2 by Akt allows PI3K signalling to regulate levels of the p53 tumour 

suppressor.  Akt phosphorylation of MDM2 enhances its nuclear translocation and thereby 

promotes its ability to ubiquitinate p53; conversely, overexpression of PTEN in glioblastoma 

cells leads to stabilization of p53 [238, 239].  So while PI3K/Akt prevents p53-mediated 

transcription of pro-apoptotic genes, PTEN is required for p53-mediated apoptosis.  

Interestingly, PTEN expression is dependent on p53-mediated transcription of the PTEN gene 

[240].  Additional studies have demonstrated that overexpression of PTEN induces apoptosis by 
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downregulating Akt activation in breast cancer cell lines [208, 216, 241, 242].  On the other 

hand, Pten-deficient mouse embryonic fibroblasts (MEFs) are resistant to apoptotic stimuli due 

to enhanced activation of Akt; this can be reversed by re-expression of PTEN [209]. 

Akt also influences survival signalling downstream of the NFκB transcription factor.  

Phosphorylation of inhibitor of κ kinase α (IκKα) by Akt allows it to phosphorylate inhibitor of κ 

B (IκB) which targets it for proteosomal degradation and relieves inhibition of NFκB [243, 244].  

It has also been reported that Akt-activated IKKα can directly phosphorylate and activate NFκB 

[245]. 

 

Cell cycle progression 

PI3K/Akt signalling promotes cell cycle progression by controlling the expression, stability and 

activity of cell cycle regulators.  The cyclin-dependent kinase (CDK) inhibitors p27 and p21 bind 

to and inactivate cyclin-CDK complexes during the G1 phase of the cell cycle, causing growth 

arrest.  Akt activation causes downregulation of p27 through inhibition of FOXO-mediated 

transcription [246].  p27 is also phosphorylated directly by Akt leading to cytoplasmic retention, 

which is thought to prevent the inhibition of the cyclin E/CDK2 complex [247-249].  These 

findings were demonstrated in breast cancer cell lines and these studies also showed correlations 

between activated Akt and cytoplasmic p27 in human breast tumours with poor prognosis.  

Reduced p27 expression has also been observed in PTEN-deficient cancer cell lines [250, 251].  

The involvement of PI3K/Akt signalling in this pathway was first noted by studying PTEN 

expression in glioblastoma cells [215] . 



Investigating the phosphatidylinositol 3’ kinase signalling pathway in transgenic mouse models of breast cancer 

36 

Phosphorylation of p21 by Akt has been shown to promote cytoplasmic sequestration in 

some cellular contexts and can also prevent interactions with other proteins that drive cell cycle 

progression, such as proliferating cell nuclear antigen (PCNA) and CDK2 [252, 253].  

Interestingly, p21 phosphorylation and cytoplasmic localization was demonstrated in HER2-

expressing human breast tumours and was found to correlate with poor prognosis [252, 254].  An 

additional level of regulation is imparted by p53, which induces expression of p21 [255].  As 

discussed earlier, p53 can be degraded in response to Akt activation thus counteracting the 

tumour suppressive role of p53 in favour of the proto-oncogenic function of Akt resulting in cell 

cycle progression [238, 239]. 

Within cell cycle control, Akt can also act stabilize nuclear cyclin D1, allowing for the 

G1-S phase transition.  Cyclin D1 can be phosphorylated by glycogen synthase kinase 3 β 

(GSK3β) which promotes its relocalization to the cytoplasm and degradation by the proteasome 

[256].  Akt can phosphorylate GSK3β to inhibit its activity, leading to nuclear retention and 

stabilization of cyclin D1 levels [257]. 

 

Cell metabolism 

The PI3K/Akt pathway is an important mediator of insulin signalling and the systemic relevance 

of this became clear from genetic inactivation studies in mice.  Akt can enhance glucose uptake 

in part by the direct inhibitory phosphorylation of AS160, a Rab GAP, leading to membrane 

localization of the glucose transporter GLUT4 [258-260].  Akt is also involved in promoting 

glycogen synthesis through inhibition of GSK3β [257].  Phosphorylation by Akt can inhibit 

FOXO and PGC-1α transcription factors which induce expression of gluconeogenic enzymes in 
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the liver, such as phosphoenolpyruvate carboxykinase and glucose-6-phosphatase [261, 262] .  

Additional changes in tumours can alter other metabolic products; indeed, Akt activates ATP-

citrate lyase which is a key enzyme in fatty acid synthesis [263]. 

In addition to insulin signalling, PI3Ks promote cell growth in vivo and this is likely 

mediated by mTORC1 which activates key pathways involved in cellular metabolism including 

the translation of proteins [264].  mTORC1 can also respond to low energy levels in the cell 

through the liver kinase B1 (LKB1)/adenosine monophosphate-activated kinase (AMPK) 

pathway.  LKB1 phosphorylates and activates AMPK, which in turn phosphorylates TSC2, 

allowing for activation of mTORC1 [265]. 

 

Cell polarity and motility 

PI3K can induce cell motility through the activation of Rho family GTPases which modulate 

cytoskeletal dynamics to induce lamelipodia formation, membrane ruffling, and migration.  

Several GEFs for Rho GTPases contain PH domains and can be recruited and activated through 

PI(3,4,5)P3 binding.  The GEF Vav can induce Rac-dependent lamelipodia formation and 

membrane ruffling [266, 267].  A second GEF for Rac, P-Rex1, was found to be activated by 

PI(3,4,5)P3 [268].  Studies in PTEN-deficient cells uncovered a similar role for the regulation of 

another GTPase involved in maintaining cell polarity and actin remodelling, Cdc42 [269, 270].  

Both RhoA and Arf appear to be activated by the GEF ARAP3 which is also recruited to 

PI(3,4,5)P3 [271]. 
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1.4 Insights from mouse models propel PI3K pathway inhibitors into the clinic 

 

1.4.1 In vivo models define isoform-specific functions of PI3K pathway members 

Mouse models of PI3Ks have not only confirmed the biological functions delineated in vitro, 

they have provided insight into the systemic consequences of genetic ablation and assigned 

specific roles for individual isoforms.  A variety of approaches were taken including the use of 

catalytically inactive mutants and tissue-specific promoters.  The discrepancies between 

germline knockouts and inactive mutants highlight stoichiometric equilibrium within the cell, 

while comparisons between germline and conditional knockouts stress the significance of 

cellular context. 

Initial germline knockouts of the p110α catalytic subunit resulted in embryonic lethality 

at day E10.5 due to impaired proliferation [272].  Homozygous expression of a catalytically 

inactive mutant of p110α also caused growth retardation and embryos died at the same stage as 

what was observed in the germline knockout [273, 274].  Embryonic lethality in this case, and in 

mice with endothelial-cell specific deletion of p110α, was attributed to vascular abnormalities 

[274].  This study established p110α as a key regulator of angiogenesis during development, and 

mechanistically this was linked to RhoA-mediated migration of endothelial cells.  p110α is also 

important during development specifically downstream of Ras since disruption of Ras binding 

significantly reduces viability of pups and those that survive have defective  lymphatic 

vasculature [275].  MEFs from these animals exhibited impaired growth factor-induced Akt 

activation and proliferation.  Furthermore, MEFs from mice expressing conditional p110α alleles 

treated with Cre recombinase in vitro show reduced activation of Akt in the presence of growth 

factors [276]. 
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Characterization of heterozygous kinase-dead p110α mutants, which survive to 

adulthood, revealed a metabolic growth defect associated with impaired insulin signalling.  

Insulin resistance had also been observed in mice heterozygous for both p110α and p110β [277].  

Identification of p110α as the major PI3K involved in the insulin response in vivo was also 

supported by in vitro studies using isoform-specific inhibitors [278].  Given the involvement of 

p110α in metabolic signaling, it was not surprising that this isoform also had a role in controlling 

cell size.  Cardiac-specific expression of a dominant negative p110α transgene, a truncation 

mutant lacking the kinase domain, led to decreased heart size [279]. 

Non-redundancy between the α and β isoforms of p110 became clear when it was found 

that germline knockout of p110β was lethal at an earlier stage than with ablation of p110α [280].  

In vitro studies at the time also indicated specific roles for the two isoforms in cancer cells, with 

p110α mediating cell survival and p110β promoting DNA synthesis [281].  Unexpectedly, mice 

expressing a kinase-dead mutant of p110β were viable but grew slowly and exhibited insulin 

resistance with age, uncovering a kinase-independent role for p110β in development and 

metabolism [282].  A more prominent role for p110β in insulin signalling was found upon liver-

specific deletion of p110β [283].  In vitro ablation of p110β in MEFs from the conditional p110β 

mice confirmed a proliferative function for the isoform which could be rescued by expression of 

both wildtype p110β and the kinase-dead mutant.  Both studies validated the recruitment of 

p110β to both RTKs and GPCRs in vivo and independently identified novel kinase-independent 

roles for p110β in cell proliferation and endosomal trafficking. 

Disruption of p110δ or -γ by germline knockout or inactivation of the kinase domain in 

mice produces viable pups with severe defects in lymphocyte development and function [284-

288].  These phenotypes reflect the immune-specific expression of these two isoforms.  Mice 
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lacking p85α or -β also exhibit dysregulation of some leukocytic components [289, 290].  In 

addition to immune defects, p110
-/-

 animals have impaired insulin sensitivity [291]. 

The dual role of p85 regulatory subunits in controlling the inhibition and activation of 

p110 subunits was further emphasized by knocking out single and multiple p85 isoforms.  

Germline deletion of one or more (but not all) isoforms of p85 unexpectedly led to enhanced 

insulin sensitivity [292-295].  Complete loss of p85 genes, on the other hand, impairs insulin 

signalling which was observed in liver- and muscle-specific knockouts of PIK3R1/2 and in 

MEFS isolated from germline double knockouts [277, 296, 297].  Loss of p85 in the heart also 

affected organ size due to reduced cell size [298]. 

The PTEN tumour suppressor has also been studied extensively in vivo.  Homozygous 

ablation of Pten resulted in early embryonic lethality [299, 300].  Although the major phenotype 

of Pten
+/-

 animals is the development of tumours (discussed in the next section), Pten mouse 

models have underscored the importance of PI3K signalling in several in vivo processes.  In 

addition to tumours, Pten
+/-

 mice develop an autoimmune disorder due to impaired Fas-mediated 

apoptosis of T lymphocytes and T-cell specific ablation of Pten confirmed an in vivo role for 

Pten in regulating proliferative and apoptotic signals [301, 302].  Deletion of Pten in adipose 

tissue or the liver resulted in increased insulin sensitivity [303, 304].  Loss of PTEN also appears 

to confer hypertrophy in certain organs due to increased cell growth [305-308]. 

 

1.4.2 PI3K-mediated transformation in vitro and mammary tumourigenesis in vivo 

Although there is considerable data demonstrating the myriad of functions of PI3K pathway 

members, major roles have also been identified in the normal and transformed mammary gland.  
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Indeed, some components of the PI3K pathway have been shown to function in normal 

mammary gland development.  Mammary-specific ablation of p110α causes impaired ductal 

outgrowth in pubertal mice while expression of activated transgenes of p110α, Akt1 or Akt2 

delay the involution process [114, 193, 194, 309-312].  Interestingly, mice overexpressing PTEN 

in the mammary gland exhibit defective lactation [313].  These collective findings, combined 

with the discovery that several PI3K pathway members are altered in human cancer, prompted 

studies of these factors in the context of breast cancer. 

 

Loss of PTEN 

Germline mutations in the PTEN gene cause a variety of cancer predisposition disorders 

collectively called PTEN hamartoma tumour syndromes (PHTS).  One of the most studied PHTS 

is Cowden’s disease, in which the majority of cases are associated with loss-of-function 

mutations in PTEN [8, 314].  Individuals with Cowden’s have increased susceptibility for breast, 

thyroid, and uterine cancer.  Hereditary PTEN mutations in Cowden’s occur at many loci in the 

gene.  In sporadic cancers, PTEN can suffer mutations as well as insertions and deletions along 

the length of gene.  Mapping of the PTEN gene was accomplished by analysing a putative 

tumour suppressor locus on chromosome 10 that was deleted in human cancers [212, 213].  

Allelic deletion of PTEN is a common event in breast cancer, prostate cancer, melanoma and 

glioma and is often a cause of loss of heterozygosity (LOH) [315].  Although allelic deletion at 

the PTEN locus is observed in many cancers, there are a variety of mechanisms which designate 

it as a haploinsufficient tumour suppressor.  In addition to genomic aberrations, loss of PTEN 

function can also be due to reduced expression as a result of promoter methylation, regulation by 
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non-coding RNAs, and inhibitory post-translational modifications [316, 317].  This “continuum” 

model of PTEN tumour suppression is prevalent in breast cancers where about half of cases 

exhibit PTEN deficiency by mechanisms other than gene mutation [315-317].  Indeed mutation 

of PTEN is relatively rare in sporadic breast cancers (3%) [4].  PTEN loss has been found to be 

associated with BRCA1-deficient breast cancers and sensitivity to poly-ADP-ribose polymerase 

(PARP) inhibitors [318, 319].  It is therefore not surprising that PTEN mutation or loss occurs in 

35% of basal-like cancers which tend to harbour BRCA1 mutations [4].  There is also 

correlations between PTEN loss and HER2-enriched subtype (19%) as well as HER2 

amplification; breast cancers harbouring both of these alterations may be more resistant to 

HER2-targeted therapies [4, 320-322]. 

PTEN-deficient cancer cell lines have provided an ideal model system for highlighting 

how PI3K/Akt signalling could contribute to cellular transformation [215, 242].  Since germline 

deletion of Pten is embryonic lethal, the generation of Pten knockout cells in vitro was 

accomplished using MEFs from Pten
-/-

 mice; these cells exhibited increased activation of Akt 

and resistance to apoptosis [209, 300].  However this was soon overshadowed by the phenotype 

of animals heterozygous for the Pten conditional allele which validated the tumour suppressive 

role of Pten in an in vivo context. 

Several Pten
+/-

 strains were published and all presented with characteristics of Cowden’s 

syndrome, developing neoplasia or tumours in several tissues, the most frequently affected being 

the mammary gland, endometrium, thyroid and prostate [299, 300, 323, 324].  Mammary gland 

tumours were detected in approximately half of the female cohort for one particular strain of 

Pten
+/-

 mice [324].  Single-copy knock-in of a hypomorphic Pten allele also resulted in tumours 

in multiple organs including the mammary gland, and brought forth the concept that reducing 
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PTEN expression in the absence of allelic loss could also influence tumour susceptibility and 

penetrance in a dosage-dependent manner [325].  This was further supported by similar 

phenotypes in mice where Pten expression was decreased by germline expression of short 

hairpin RNAs [308].  Interestingly, the acute loss of both PTEN alleles induces p53-mediated 

cellular senescence which causes irreversible growth arrest and has been shown to suppress 

prostate tumourigenesis in vivo.  This was originally thought to occur via p19
Arf

-mediated 

inhibition of MDM2 but recently it was shown to be more dependent on upregulation of p53 via 

mTORC1 [326, 327].  These findings provide a potential rationale for why partial decreases in 

PTEN expression may be more conducive to tumourigenesis than complete deletion and may 

explain the major contribution of non-genetic means of PTEN loss in human cancer.  Ablation or 

hypomorphic expression of other pathway members (specifically Akt1, PDK1, and components 

of mTORC1/2) suppresses tumourigenesis in Pten
+/-

 mice [328-330].  This evidence suggests 

that tumourigenesis in Pten-deficient models is due to enhanced PI3K signalling. 

To address the effect of homozygous ablation of Pten in specific tissues, conditional 

knockouts were subsequently generated; of these, tumours developed most rapidly with Pten 

deficiency in the mammary gland, prostate, and T cells [331-333].  Mammary epithelial-specific 

deletion of Pten led to increased ductal outgrowth and branching as compared to controls, as well 

as evidence of lobular-alveolar budding which does not normally occur until pregnancy [331].  

Enhanced lobular-alveolar development persisted during pregnancy and caused a delay in 

involution.  These phenotypes were accompanied by increased proliferation of mammary 

epithelial cells during puberty and pregnancy, while reduced apoptosis was observed during 

involution.  Tumour formation was detected in mice as young as 2 months and presented with a 

variety of histopathologies including fibroadenoma and pleiomorphic adenocarcinoma. 
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The conditional Pten mouse model has been used to study whether loss of Pten can 

cooperate with other oncogenic events during mammary tumourigenesis, including activation of 

HER2/ErbB2.  Pten deficiency accelerated tumourigenesis and increased metastasis to the lungs 

in the ErbB2
KI

 model (NeuNT/MMTV-Cre), in which endogenous expression of an ErbB2 point 

mutant is coupled to Pten ablation in the mammary epithelium [334].  Mammary tumours arising 

in Pten-deficient/ErbB2
KI

 mice exhibited a variety of histopathologies, including some 

reminiscent of tumours from single mutants (adenomyoepithelioma typical of Pten knockout and 

solid ErbB2-type comedo-adenocarcinoma) as well as a Wnt1 signature phenotype and a 

previously uncharacterized morphology.  These tumours expressed high levels of ErbB2 protein 

although the ErbB2 transgene was not amplified; this in contrast to the amplification of the 

ErbB2 transgene in the ErbB2
KI

 strain [62].  Approximately half of the Pten
+/-

/ErbB2
KI

 tumours 

had undergone loss of heterozygosity at the Pten locus.  Positive staining for both luminal and 

basal cytokeratins combined with gene expression profiling suggested that Pten-

deficient/ErbB2
KI

 tumours were similar to tumours from basal-type mouse models.  When 

compared to human data sets, these tumours clustered with the HER2- and basal-like molecular 

subtypes.  Interestingly, mammary tumours from mice with germline heterozygous loss of Pten 

also display basal characteristics and cluster with the basal-like subtype of breast cancers 

including BRCA1-deficient tumours [318].  Pten
-/-

/MMTV-Cre animals were also characterized 

in this study and interestingly did not develop tumours, possibly due to the p53-mediated 

senescence program that can be induced upon acute loss of Pten [326, 327].  This phenotype was 

contrasted by the complete penetrance of mammary tumours observed previously by Li et al and 

might be explained by differences in the genetic background of the mice [331].  Enhancement of 
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mammary tumourigenesis and metastasis by Pten loss was also shown in a mouse model with 

transgenic expression of activated ErbB2 (discussed in more detail in Chapter 3) [106]. 

 

Activation of PI3K 

In addition to PTEN, activating mutations in other components of the PI3K signalling pathway 

can be detected in breast cancer.  The most prevalent of these mutations occurs in the PIK3CA 

gene, which encodes the p110α isoform of PI3K [320, 335-339].  PIK3CA mutations are 

observed in 36% of breast cancer cases, making it one of the most frequently mutated genes in 

breast cancer along with TP53 [4].  Mutations in PIK3CA are single nucleotide substitutions, the 

majority of which cluster in exons 9 and 20 which correspond to the helical and kinase domains 

of the protein, respectively.  The most frequent mutations are at three “hotspots”, including two 

glutamic acid to lysine substitutions at residues 542 and 545 (helical domain) and conversion of 

a histidine at position 1074 to arginine (kinase domain) (Figure 1-1).  There is a strong 

correlation between PIK3CA mutations and luminal A and B subtypes (45% and 29%, 

respectively) as well as hormone receptor-positivity in general [4, 320, 340].  Like ER-

positive/luminal cancers, PIK3CA-mutant cancers have also been associated with better 

prognosis [341-344].  However, these findings contradict data from other studies which conclude 

that PIK3CA mutations correlate with poor outcome or had no correlation with outcome [345-

348].  Interestingly mutations can be detected at early stages of breast cancer (i.e. DCIS) as well 

as in invasive breast cancer [348-350].  This suggests that these mutations may have more 

influence on tumour initiation than during later stages of progression and malignancy. 
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Many studies have investigated whether PTEN deletion and PIK3CA mutation are 

mutually exclusive events in breast cancer.  Although some studies have reported co-existence of 

these alterations in the same tumour, the current view is that this is relatively rare and for the 

most part they are considered to be mutually exclusive [4, 317, 320, 351, 352].  This may be 

reflective of the fact that PTEN loss occurs at the highest frequency in the basal-like subtype 

while PIK3CA mutations are more prevalent in the ER-positive/luminal subtype.  However, 

almost half of basal-like tumours display focal amplification of the wildtype PIK3CA gene [4].  

Furthermore, basal-like cancers are more associated with PI3K pathway activation than luminal 

cancers.  Activation of Akt and its downstream effectors is more often associated with loss of 

PTEN and amplification of PIK3CA than with PIK3CA mutation, a phenomenon that has been 

previously documented [4, 351].  In support of this, another study demonstrated that Akt is not 

significantly activated in PIK3CA-mutated cancer cells and breast tumours and proposed that 

transformation could be driven by Akt-independent mechanisms downstream of mutant PIK3CA 

[353].  This suggests that endogenous expression of PIK3CA mutants may not be as effective in 

activating Akt in the presence of functional PTEN. 

The ultimate relevance of PIK3CA mutation in human breast cancers is still under intense 

investigation however it has become clear that activation of the PI3K pathway has an important 

role in de novo and acquired therapeutic resistance.  There are conflicting conclusions regarding 

the prognostic value of PIK3CA mutations in hormone treatment [342, 344, 351].  However, 

inhibitors against mammalian target of rapamycin (mTOR), a downstream effector of the 

pathway, seem to have more clinical promise in combating resistance to endocrine therapies (see 

section 1.4.3).  PIK3CA mutations appear to have more influence with regard to resistance to 

HER2-targeted therapies such as trastuzumab [321].  In fact, mutations in PIK3CA are also 
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associated with HER2 overexpression and occur in 39% of tumours of the HER2-enriched 

subtype [4, 320]. 

Like many other cellular proto-oncogenes, the transforming potential of PI3K was first 

investigated using viral PI3K.  The PI3K gene from avian sarcoma virus (v-p3k) transformed 

chicken embryonic fibroblasts (CEFs) and could also induce angiogenesis in the chorioallantoic 

membrane of the chicken embryo [354-356].  Interestingly, c-p3k, the cellular counterpart of v-

p3k, which encodes p110α, could only transform CEFs when localized to the membrane by 

fusion with Gag or myristoylation sequences [355].  The lipid kinase activity of these membrane-

targeted c-p3ks were increased and allowed for constitutive activation of Akt, a requirement for 

oncogenicity in this system. 

These studies, in addition to the known prevalence of PTEN deletion in cancers at the 

time, prompted the sequencing of PI3K genes in human tumours which revealed the existence of 

activating mutations in PIK3CA (p110α) [335].  Since this first report, it is now known that many 

cancers harbour these mutations, often with high frequency as is the case in breast cancer [320, 

335-339].  The three hotspot mutants (E542K, E545K and H1047R) were subsequently 

characterized extensively in vitro to determine if they were truly oncogenic (Figure 1-1).  Initial 

experiments revealed an increased lipid kinase activity for all mutants [335, 357].  These mutants 

were able to recapitulate the effects of the viral PI3K gene in the embryonic chicken system, and 

could induce tumour formation in vivo by injection into chick wings [357, 358].  In human 

colorectal cancer cells, PIK3CA hotpot mutants caused enhanced Akt activation and downstream 

signalling, growth factor-independent proliferation, resistance to apoptosis, increased migration 

and invasion, and anchorage-independent growth [359].  More importantly, subcutaneous 

injection of mutant cells in mice resulted in tumour growth in vivo. 
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Studies using immortalized human mammary epithelial cell culture systems identified 

these same oncogenic phenotypes upon expression of the PIK3CA mutants, including orthotopic 

tumour growth in mice [360, 361].   When cultured in three dimensional systems, mutant 

mammary epithelial cells exhibited abnormal acinar development [360].  Interestingly, some 

non-hotspot mutations in PIK3CA also show transforming potential in vitro [362].  In general, 

mutational activation of PIK3CA was more effective at transformation than membrane anchoring 

by myristoylation [358, 361].  Mutation of p110β at a residue analogous to the E545K in p110α 

(E552K) did not confer oncogenicity in human mammary epithelial cells, which could only be 

achieved for this isoform upon myristoylation [361].  These observations provide a possible 

explanation for the selective mutation of p110α in human cancer.  

The structure of p110α was critical in predicting the mechanisms of action for cancer-

associated mutations [155, 156].  The two helical domain hotspot mutants, E542K and E545K, 

are located at the interface of the nSH2 domain of the p85 regulatory subunit.  Substitution of the 

negatively charged glutamic acid with a positively charged lysine causes a charge reversal that is 

thought to disrupt the inhibitory interactions with p85.  This hypothesis was supported by in vitro 

experiments in which mutation of basic residues in the p85 nSH2 domain to glutamate abrogated 

inhibition of wildtype p110α; furthermore, these p85 mutants could effectively inhibit p110α 

E545K through restoration of the electrostatic interaction [156].  Crystallization of the H1047R 

mutant revealed conformational changes when compared to the wildtype structure which are 

thought to enhance interaction with membrane phospholipids [157].  In agreement with these 

structure-based conclusions, biochemical assays in CEFs demonstrated differential requirement 

for p85 and Ras binding by the different mutants.  Interaction with p85 is necessary for 

transformation by H1047R but not by helical domain mutants [363].  It is likely that the relief of 
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p85 inhibition conferred by E542K and E545K precludes the requirement for p85.  On the other 

hand, transformation by helical domain mutants requires binding of Ras, while the H1047R 

mutant does not [363].  Presumably the increased membrane localization predicted by the 

H1047R mutant structure circumvents the need for membrane recruitment by Ras.  These 

mechanistic differences may manifest in distinct biological consequences in the context of 

transformation.  For example, E545K was superior to H1047R in promoting orthotopic growth 

and lung colonization of breast cancer cells in mice [364].  A recent study has also suggested the 

E545K, and not H1047R, can directly interact with IRS-1 for membrane localization[365].  

However, these studies contrast with an in vivo model of mammary tumourigenesis, where 

E545K expression initiated tumours later than with expression of H1047R [311]. 

Although Akt activation is generally considered a robust readout for PI3K pathway 

activation, clinical data as well as studies in breast cancer cell lines suggest that this may not be 

the case downstream of PIK3CA mutations specifically.  As discussed earlier, PTEN-deficient 

breast cancers exhibit higher activation of Akt than those with PIK3CA mutations [4, 351].  An 

in vitro study reported reduced Akt activation in PIK3CA mutant cancer cells and went on to 

identify SGK3 as the dominant mediator of mutated p110α [353].  These findings suggest that 

clinical targeting of PI3K or upstream activators will hopefully attenuate both Akt-dependent and 

-independent arms of tumourigenic signalling. 

Several mouse models have been generated to study activating p110α mutations in vivo, 

the majority of which are specific to the mammary gland.  One of the first strains expressed a 

myristoylated PIK3CA transgene under the control of the MMTV promoter (MMTV-myr-p110α) 

[309].  Membrane-anchoring of p110α increased the propensity for abnormal ductal structures 

however complete tumour formation was only apparent upon histological analysis of mammary 
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glands in 12% of virgin mice; this proportion doubled in multiparous animals.  In contrast to the 

low penetrance of tumours in the MMTV-myr-p110α model, the p110α H1047R mutant was 

more potently oncogenic in a variety of mammary-specific transgenic models that have very 

recently been characterized [310, 366, 367].  This likely reflects the relatively weaker in vitro 

transforming potential of myristoylated p110α in comparison to that of the hotspot mutants 

[361].  The first in vivo model demonstrating the oncogenicity of the H1047R mutant utilized a 

Tet-inducible transgene that when expressed in the lung caused adenocarcinoma [368].  A 

similarly designed Tet-inducible H1047R mutant transgene was used in combination with the 

MMTV-rtTA strain to investigate its potential in mammary tumour initiation [367].  Mammary 

tumours developed in bigenic mice after 7 months of doxycycline induction.  At the same time, 

two additional H1047R transgenic strains were published in which a Cre-inducible transgene was 

knocked in at the Rosa26 locus [310, 366].  Expression of the knock-in transgenes in the 

mammary epithelium was achieved by crossing to either the MMTV-Cre or WAP-Cre strains.  

Mammary tumours developed in all MMTV-Cre virgin mice (with the average onsets at 

approximately 6 months of age) and all WAP-Cre mice after pregnancy. 

Although the p110α H1047R transgene could induce mammary tumours in vivo, the 

aforementioned models lack physiological relevance since expression is not driven by the 

PIK3CA gene promoter.  To attain endogenous levels of the H1047R mutant, constructs targeting 

the murine PIK3CA allele were designed to include a Cre-inducible exon containing the H1047R 

substitution [65, 66].  The targeted allele produces wildtype p110α in the absence of Cre and 

expresses the H1047R mutant in the presence of Cre; both gene products are under the control of 

the endogenous PIK3CA promoter and can undergo normal splicing events.  Heterozygous 

expression of the H1047R mutant in the mammary gland was achieved using the MMTV-Cre 
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strain and resulted in mammary tumours after about 1.5 years although all mice were affected; 

tumour onset could be accelerated by pregnancy.  The much longer latency in these strains when 

compared to the transgenic models are likely due to differences in expression levels and indicate 

that endogenous p110α H1047R requires additional genetic aberrations for tumour initiation.  

Indeed, in some models of p110α activation mammary tumours showed evidence of p53 

mutation, with one study identifying two tumours with mutations in p53 that are analogous to 

mutations found in some cancers [66, 309]. 

Despite the differences in strain design, mammary-specific expression of p110α H1047R 

resulted in enhanced branching and dilation of ducts as well as premature lobular-alveolar 

development during puberty.  In general, mammary tumours were heterogeneous in their 

histopathology, with adenomyoepithelioma and adenosquamous carcinoma being the major types 

in transgenic mice and fibroadenomas and carcinomsarcoma/sarcoma in the endogenous knock-

in animals.  H1047R-driven tumours expressed both luminal and basal cytokeratins, with 

evidence of double-positive cells in some instances suggestive of a bipotent cell of origin.  

Lastly, these tumours were ER-positive, a common feature of human breast cancer that often 

overlaps with the presence of PIK3CA mutations.  Metastasis data was reported for only one of 

these H1047R transgenic models, where lung lesions were detected only rarely in tumour-

bearing mice [366].  Interestingly, a recent study characterized WAP-Cre/E545K mutant mice 

which develop tumours later than the WAP-Cre/H1047R strain [311].  The heterogeneous 

E545K tumours were most often adenosquamous carcinoma and stained positively for 

luminal/basal cytokeratins and ERα.  

Studies have investigated whether p110α mutants can cooperate with other oncogenic 

events.  Transgenic H1047R expression can cooperate with p53 loss in the mammary gland 
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leading to accelerated tumour onset and a wider range of tumour histopathologies [366].  

Interestingly, despite the overexpression of nuclear p53 (reflective of inactivating mutations) in 

tumours induced by myr-p110α, no synergistic effects were observed between myr-p110α 

expression and loss of one p53 allele in the germline; instead, dysregulation of the 

retinoblastoma tumour suppressor pathway enhanced tumourigenesis in these mice [309].  More 

recently, the inducible H1047R transgene was crossed to the MMTV-HER2 strain leading to 

enhanced tumourigenesis and metastasis in double mutants compared to single mutants [369].  

This model is representative of the fact that PIK3CA mutations often associate with HER2 

overexpression in breast cancer [4, 320].  It is interesting to note that ovarian-specific expression 

of the H0147R mutant causes hyperplasia that requires concurrent deletion of Pten in order to 

progress to adenocarcinoma [64].  This may have relevance in breast cancer for the possible 

subset of tumours with both genetic alterations [317, 351, 352]. 

Cancer-associated mutants of p85α, as well as analogous truncations generated 

experimentally, maintain their abilities to bind and stabilize class IA p110 subunits however they 

lack inhibitory function leading to enhanced Akt signalling and transformation [370, 371].  

Although infrequent in human cancer, mutation of p85 regulatory subunits may represent an 

alternative mechanism for activating wildtype p110 enzymes to initiate transformation. 

 

Loss of PI3K 

Determining if PI3K isoforms are essential for mammary epithelial transformation involves 

removal of PI3K in systems driven by oncogenes such as HER2 and PyV mT.  The development 

of knock-in strains carrying kinase-dead p110 genes or conditional p110 alleles has allowed us to 



Trisha Rao — PhD Thesis 

53 

study the impact of p110 function on in vivo tumourigenesis in these established mouse models 

of cancer.  These studies also shed light on the relative contributions of the different p110 

isoforms as well as the compensatory abilities of non-targeted isoforms in a given oncogenic 

context. 

Isoform selectivity may also play a role downstream of specific oncogenic signals.  MEFs 

from a conditional p110α strain can be treated with Cre recombinase in vitro to ablate p110α 

expression, resulting in impaired Akt activation downstream of a variety of growth factors [276].  

In contrast to wildtype MEFs, p110α-deficient cells could not undergo transformation in the 

presence of IGFIR/IGF or activated mutants of either Neu or EGFR.  This suggested that the 

p110α isoform may be critical for cellular transformation downstream of these growth factor 

receptors, and possibly others, in vivo.  In fact, mutation of the Ras-binding domain in p110α 

impairs in vivo lung tumourigenesis mediated by oncogenic Ras and this interaction may have a 

partial requirement in lung tumour maintenance [275, 368, 372]. 

The p110α isoform also appears to be critical for mammary tumourigenesis mediated by 

activated ErbB2/Neu.  We recently demonstrated that conditional deletion of p110α severely 

impairs tumourigenesis in a mouse model driven by activated ErbB2 (MMTV-NIC), while our 

collaborators observed the opposite effect in p110β-deficient/NIC mice (described in more detail 

in Chapter 4) [114].  Even in the absence of oncogene expression, conditional ablation of p110β 

in the mammary gland induced hyperplasia.  The p110β phenotype was unexpected and also 

contrasted with a separate study in which expression of a kinase-dead p110β mutant delayed 

mammary tumourigenesis in a similar model of activated ErbB2 (NeuT) [282].  This is most 

likely explained by differences in the stoichiometry of p110 subunits when comparing a 

conditional knockout versus conditional knockin of an inactive mutant.  In vitro assays suggested 
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that in the NIC model loss of p110β frees up RTKs for binding of p110α leading to enhanced 

tumourigenesis.  The converse situation in p110α knockouts does not cause increased 

oncogenicity due to the lower intrinsic kinase activity of p110β (and other p110s) relative to 

p110α [276, 278, 373].  By contrast, in mice expressing catalytically inactive p110β in the 

NeuNT model receptor occupancy is maintained by the mutant protein which acts as a dominant 

negative in this context.  The conditional strains also allowed for investigation of each isoform in 

the maintenance of ErbB2-driven tumour cells.  In vitro ablation of either isoform in NeuT cells 

followed by orthotopic injection in nude mice revealed that p110α impaired, while p110β 

enhanced, in vivo tumour outgrowth [114]. 

PI3K signalling is also important for PyV mT-driven mammary tumourigenesis.  Mice 

with mammary-specific expression of an Y315/322F mutant, which abrogates both direct and 

indirect recruitment of PI3K, have impaired mammary tumourigenesis and metastasis when 

compared to wildtype PyV mT animals [193, 194, 374].  The development of tumours 

expressing the Y315/322F mutant may occur through upregulation of ErbB2 and ErbB3, an ideal 

way to reactivate PI3K signalling [374].  Transfection of the Y315F mutant in immortalized 

mammary epithelial cells from both mice and humans also impairs transformation in vitro [375].  

This study went on to suggest that PyV mT may be dependent on the recruitment of the p110α 

isoform specifically.  Using p110α-ablated MEFs they demonstrated that this isoform was 

required for PyV mT-mediated transformation both in vitro and in orthotopic injections in nude 

mice.  These findings were validated in vivo where heterozygous loss of p110α in the mammary 

epithelium delayed tumour onset in the MMTV-PyV mT model while p110β ablation enhanced 

tumour burden [114].  These phenotypes, as well as effects on tumour maintenance in PyV mT 

cells, were similar to those observed in the activated ErbB2 model and again are likely due to the 
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relative occupancy of receptors by each isoform.  Whether a catalytically inactive p110β 

produces a delay in PyV mT mammary tumourigenesis remains to be seen.  The fact that loss of 

only one p110α allele could increase tumour latency suggests that p110α is likely an essential 

mediator of tumourigenesis downstream of PyV mT.  Thus it may not be surprising that 

homozygous deletion of p110α could not be achieved in the PyV mT due to potential selection 

for Cre recombinase-negative cells [108, 114].  However, the recent generation of a Cre 

recombinase-coupled PyV mT model (TetOMIC) circumvents this issue so that the impact of 

complete p110α loss on PyV mT mammary tumourigenesis can be addressed (elaborated on in 

Chapters 5 and 6) [144]. 

Although one study shows that p110β kinase activity is important for ErbB2-driven 

mammary tumour initiation, the compensation by p110α in the complete absence of p110β 

protein in both the ErbB2 and PyV mT models is suggestive of a dominant role for p110α in 

mammary tumourigenesis [114, 282].  Indeed, both ErbB2- and PyV mT-driven mammary 

tumours are more sensitive to p110α-specific pharmacological inhibitors than those specific for 

p110β in vitro and orthotopically in vivo [114].  However, transformation in other tissues or 

tumours driven by different oncogenic events may exhibit differential dependence on p110 

isoforms.  This may be especially true considering genetic alterations in the PI3K pathway itself.  

Knockdown of p110α impaired growth of colon cancer cell lines with PIK3CA mutation but not 

in cancer cells lacking PTEN [376].  Instead, these PTEN-deficient lines exhibited a dependence 

on p110β.  This is in line with the fact that breast cancer cells lacking PTEN have increased 

sensitivity to p110β-specific inhibitors [377].  A requirement for p110β, but not p110α, was also 

observed in an in vivo model of prostate cancer induced by conditional Pten loss [283].  Prostate 

tumour development was also reduced in germline Pten
+/-

 mice lacking p110β function but was 
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not affected by inactivation of p110α [378].  Interestingly, loss of p110α activity appeared to 

have some effect in impairing transformation of other tissues in these mice.  Other Pten-deficient 

tumour models seem to depend on both isoforms [379].  Recent work suggests that isoform 

selectivity might be based on yet other oncogenic events.  Murine ovarian tumours driven by 

Pten-deletion and KRas exhibit a requirement for p110α and not p110β, while the opposite is 

true for Pten-null tumours also lacking p53 [380].  A very recently published report might 

reconcile whether tissue context or mode of activation defines p110 isoform choice during 

tumourigenesis:  in contrast to the Pten-deficient prostate models which were dependent on 

p110β and not p110α, prostate-specific expression of PyV mT is not affected by loss of p110β 

and instead requires p110α [283, 378, 381].  This observation recapitulates the selective 

dependence of PyV mT on p110α for tumourigenesis in the mammary gland [114]. 

The inducible p110α H1047R transgenic mouse was used to determine if mammary 

tumours generated in this strain were dependent on the initiating oncogenic signal itself [367].  

Upon doxycycline withdrawal, some tumours regressed completely but the majority only 

partially regressed before resuming growth indicating that mutant p110α was already 

dispensable.  Recurrence was shown to be mediated by reactivation of PI3K signalling in some 

cases, while other recurrent tumours evolved via a PI3K-independent mechanism, specifically 

amplification of the c-Myc proto-oncogene.  This study provided an elegant approach to 

predicting de novo and acquired resistance to inhibition of mutant p110α in vivo.  The 

applicability of these “loss-of-function” models is evident considering the many therapies 

targeting the PI3K pathway that are currently undergoing preclinical and clinical trials. 
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1.4.3 Clinical targeting of PI3K pathway members in breast cancer 

While many of the current efforts in PI3K research are directed at improving the efficacy of 

PI3K inhibitors in cancer patients, first generation compounds were instrumental in uncovering 

the biological outputs of PI3K signalling.  The first inhibitors against PI3K activity were the 

naturally occurring antifungal wortmannin (non-competitive, irreversible) and the chemically 

synthesized LY294002 (ATP competitive) [382, 383].  These compounds lack class I p110 

isoform selectivity and are thus called “pan” inhibitors.  Many studies have used these 

compounds to define functions attributable to PI3K signalling and to link these functions to 

PTEN regulation [188, 215, 228, 230, 237, 301, 384, 385].  While wortmannin and LY294002 

are potent inhibitors of PI3K they exhibited high toxicities at low doses in vivo which have 

prevented their transition to the clinic so they have remained as key experimental tools for in 

vitro research.  The second generation of pan PI3K inhibitors exhibit improved 

pharmacodynamics and tolerance in vivo.  The reversible ATP-competitive pan PI3K inhibitor 

GDC-0941 (Pictilisib, Genentech) is currently in clinical trials for the treatment of several cancer 

types, including breast, and has been characterized extensively in in vitro and in vivo preclinical 

models [66, 386].  Another pan PI3K inhibitor, BKM120 (Buparlisib, Novartis) is also being 

tested in cancer patients. 

In addition to pan PI3K inhibitors, a new class of compounds have been generated which 

exhibit enhanced selectivity for particular p110 isoforms.  The many overlapping functions 

between the different p110 isoforms might suggest that targeting all isoforms might be more 

efficacious.  However, the choice to target a single isoform is supported by experiments using 

chemical and genetic approaches that have identified isoform-specific functions.  These 

arguments may resolve themselves when considering certain contexts where particular isoforms 
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are more prevalent.  As discussed earlier, p110β-specific inhibitors may be most useful in Pten-

deficient breast and prostate cancers [283, 376, 377].  The use of p110α-specific inhibitors may 

circumvent the issue that current PI3K inhibitors are generally not selective for PIK3CA hotspot 

mutants.  Indeed, a p110α-specific compound, A66, was found to have better sensitivity in 

cancer cells with PIK3CA mutation [387].  The p110α-specific inhibitor BYL719 (Novartis) is 

entering clinical trials in breast cancer treatment.  Furthermore, the restricted expression of 

p110δ to leukocytes may explain the clinical success of the p110δ-specific inhibitor GS-1101 

(Idelalisib, Gilead) in combination with other therapies in blood cancers. 

Rapamycin and other inhibitors of mTOR represent another widely studied group of 

compounds that have been valuable not only in elucidating mechanistic details of PI3K pathway 

activation but also in the treatment of cancers.  Less toxic analogues of rapamycin 

(“rapalogues”), such as everolimus (RAD001), have been used extensively in preclinical models 

and are currently being tested in a variety of settings in the clinic.  mTOR inhibitors can 

effectively dampen hyperactive PI3K/Akt signalling induced by PTEN loss and impair tumour 

growth in xenografts and in mouse models of Pten-deficiency [388-391].  However in 

circumstances where the PI3K pathway is not already activated, mTOR inhibition can enhance 

Akt activation by preventing S6K-mediated negative feedback; this has been observed in 

RAD001-treated human tumours [205].  Targeting mTOR in combination with upstream 

components of the pathway may circumvent this issue.  In fact several dual PI3K/mTOR 

inhibitors have been developed for this reason.  These inhibitors exploit the fact that PI3K and 

mTOR belong to the same superfamily. 

The problem of resistance has emerged for inhibitors targeting PI3K, mTOR, and those 

that inhibit both proteins.  Several mechanisms have been identified which appear to confer 
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resistance to PI3K pathway inhibition.  In some cases this is due to compensation by other 

components of the pathway.  Consistent with the rationale for developing dual PI3K/mTOR 

inhibitors, breast cancer cell resistance to a p110α-specific inhibitor was found to be caused by 

enhanced mTORC1 activation and could be reversed with RAD001 treatment [392].  In other 

cases, insensitivity evolves as a result of other oncogenic events.  In breast cancer cells, PI3K 

pathway inhibitors have been shown to lead to upregulation and increased signalling of 

HER/ErbB RTKs [393, 394].  These cells also exhibited increased activation of MAPK in 

response to PI3K/mTOR inhibition, which fits with earlier findings that the sensitivity of breast 

cancer cells to PI3K inhibitors may depend on the activation of Ras [377, 394, 395].  This is also 

true in a mouse model of lung cancer driven by KRas, where treatment with the dual 

PI3K/mTOR inhibitor NVP-BEZ235 (Novartis) does not result in antitumour activity [368].  In 

line with this, mTOR inhibition has been associated with MAPK activation in several in vitro 

and in vivo models as well as in human breast tumours [206, 396].  In many of these systems, 

resensitization or synergistic efficacy could be accomplished by combining PI3K pathway 

inhibition with inhibitors targeting the compensatory mechanism (e.g. HER2 and/or MEK 

inhibitors) [206, 368, 377, 394, 396].  Targeting both PI3K and MAPK pathways may have some 

clinical benefit for a variety of cancers despite increased side-effects [397].  Another candidate 

involved in resistance to PI3K pathway inhibition is the proto-oncogenic c-Myc signalling axis 

which is enhanced either through amplification/overexpression or increased activation of 

upstream inputs [367, 398, 399].  

These studies suggest that PI3K pathway inhibition in the clinic may be more valuable 

when combined with other therapies, especially in reversing de novo and/or acquired resistance.  

Activation of PI3K/Akt signalling, most often through PIK3CA mutation or PTEN loss, can 
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further exacerbate insensitivity to standard treatments, which in breast cancer include 

chemotherapies, endocrine therapy (ER-positive tumours), and HER2-targeted therapies (HER2-

positive tumours).  This may not be surprising given the high prevalence of PIK3CA mutations in 

ER-positive/luminal and HER2-positive breast cancers, the latter of which also exhibit frequent 

loss of PTEN expression [4, 320].  One of the first studies on the PIK3CA hotspot mutants 

demonstrated their ability to turn breast cancer cells resistant to the chemotherapeutic agent 

paclitaxel [360].  In breast cancer cells that are resistant to endocrine therapy, increased 

activation of HER/ErbB receptors is observed which may in turn enhance PI3K signalling [400].  

The use of mTOR inhibitors has been found to restore sensitivity to endocrine therapy in 

resistant breast cancer cells [401, 402].  Despite these findings, there is conflicting clinical data 

regarding whether PI3K pathway activation is predictive of outcome in endocrine-treated breast 

cancers [342, 351, 403, 404].  The aforementioned rapalogues have shown success in improving 

the efficacy of endocrine therapies in patients that had progressed on these treatments (e.g. the 

ongoing BOLERO-2 and TAMRAD clinical trials) [405, 406].  Upcoming trials will be 

assessing the effects of combining endocrine treatment with a pan PI3K inhibitor (such as 

BMK120 or GDC-0941) in resistant patients (BELLE-2 clinical trial) [407]. 

An even larger body of preclinical and clinical evidence demonstrates PI3K pathway-

mediated resistance against HER2-targeted therapies in breast cancer.  These therapies include 

the widely used monoclonal antibody targeting HER2, trastuzumab (Herceptin, Genentech), as 

well as the dual EGFR/HER2 tyrosine kinase inhibitor, lapatinib (Tykerb, GlaxoSmithKline).  

PIK3CA mutation or knockdown of PTEN can render breast cancer cells resistant to trastuzumab 

or lapatinib in vitro and in xenografts [321, 408-410].  PTEN-deficient breast cancers are also 

insensitive to trastuzumab treatment which has been suggested to be due loss of PTEN protein 
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phosphatase activity against c-Src [223, 409].  In fact, using RNA interference screening in 

breast cancer cells, PTEN was identified as a molecular determinant of resistance to trastuzumab 

or lapatinib [321, 411].  This analysis was extended to patient data which identified that 

activation of the PI3K pathway predicts poor outcome after trastuzumab treatment [321, 412-

415].  There may be a greater effect observed with PTEN loss alone, as a recent study found that 

PIK3CA mutations were not statistically significant with trastuzumab benefit [416].  Similarly, 

some studies associate either PIK3CA mutations or PTEN loss with lapatinib resistance while 

another identifies only PTEN as a determinant of response [352, 415]. 

As seen with PI3K inhibition, lapatinib treatment leads to upregulation of HER3 

expression which can directly activate PI3K [417].  Furthermore, PI3K pathway inhibition 

appears to restore sensitivity to HER2-targeted agents in preclinical models [408-411, 418-420].  

In trastuzumab-resistant breast cancer patients, combined inhibition of mTOR improved 

response [421, 422].  A newly designed clinical trial (NeoPHOEBE) plans to combine 

trastuzumab treatment with the pan PI3K inhibitor BMK120 in HER2-positive breast cancer 

patients that have been stratified for PIK3CA mutation. 

Our understanding of the PI3K pathway in normal functions and in diseases such as 

breast cancer will continue to evolve with the development and characterization of new mouse 

strains.  The ongoing drug trials for cancer treatment and the ones yet to come will continue to 

depend on in vivo models to serve as important preclinical models for testing the efficacy of 

therapies as well as predicting potential mechanisms of resistance.  Genetically modified mouse 

models in particular will remain critical research tools for investigating new targets for 

therapeutic intervention in breast cancer. 



Investigating the phosphatidylinositol 3’ kinase signalling pathway in transgenic mouse models of breast cancer 

62 

 

1.5 Thesis rationale and objectives 

Although it is well established that components of the PI3K pathway are frequently altered in 

human cancer, the contribution of specific molecular events can be difficult to assess without the 

insight from genetically modified mouse models.  Given that PIK3CA mutations and PTEN loss 

are prevalent aberrations in HER2 -positive breast cancers and have been associated with 

resistance to therapy, we chose to investigate whether PI3K signalling can cooperate with 

activated ErbB2 during mammary tumourigenesis.  Using mouse strains with mammary-specific 

loss of Pten or transgenic expression of activated p110α, we have been able to determine their 

effects on mammary tumour development and progression in a model driven by activated ErbB2.  

We took the opposite approach to explore the in vivo requirement for p110α in murine mammary 

tumourigenesis, which had not been addressed in the field up to this point.  A conditional p110α 

strain was used in conjunction with our activated ErbB2 model as well as a newly characterized 

inducible PyV mT model.  The characterization of p110α-deficient mammary tumours has 

provided insight into molecular mechanisms that may have relevance in patients with resistance 

to PI3K inhibitors.  Collectively, these studies have allowed us to study the in vivo consequences 

of modulating PI3K signalling in mouse models of breast cancer development, progression, and 

metastasis. 
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2 Materials and methods 
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2.1 Animal work 

2.1.1 General animal husbandry 

All mice were housed in the animal facility at the Goodman Cancer Research Centre.  Ethical 

approval was obtained for the use of animals and all experiments were done in accordance with 

the animal care guidelines at the Animal Resource Centre of McGill University.  All strains 

described in this study were on an FVB/N genetic background, except for the Flox-Pten/NIC and 

p110α
HR

/NeuNT/Cre strains which were on a mixed genetic background (Chapters 3 and 4, 

respectively).  Several previously characterized strains were used in this study: 

Conditional strains:  Pten knockout (Pten
flx

) [423]; conditional p110α knockout (p110α
flx

) [276]; 

conditional p110α
HR 

knockin (p110α H1047R mutant) [64] 

Transgenic p110α strain:  MMTV-myr-p110α [309] 

Activated Neu strains: MMTV-NDL (Neu deletion 2-5 transgene) [103]; MMTV-NIC (Neu 

deletion 2-5-IRES-Cre recombinase transgene) [105]; ErbB2
KI

 (conditional NeuNT knockin 

strain crossed with the MMTV-Cre strain) [58, 62] 

PyV mT strains: MMTV-PyV mT [141]; MMTV-rtTA/TetOMIC (see below for more details) 

[144, 424]. 

Cre recombinase reporter strains:  GTRosa (ROSA26 β-galactosidase reporter) [67]; GFP 

reporter [68] 

Generation of the MIC construct and characterization of the rtTA/MIC bigenic strain 

The MIC construct was created using the pTE-mElf5-IRES-eGFP vector (a generous gift from 

Dr. C. Ormandy).  Briefly, after removal of the mElf5 and eGFP transgenes, PyV mT cDNA was 
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subcloned between the Tet operon (TetO) and internal ribosome entry site (IRES), followed by 

subcloning of Cre recombinase cDNA downstream of the IRES (TetO-PyV mT-IRES-Cre 

recombinase; abbreviated as “MIC”).  Derivation of the MIC strain was conducted in the 

Transgenic Core Facility in the Goodman Cancer Research Centre using standard pronuclear 

injection of FVB/N single cell embryos [55].  Progeny were screened for germline transmission 

of the MIC transgene by PCR genotyping.  MIC mice were crossed to the MMTV-rtTA strain to 

drive expression of the transgene to the mammary epithelium [424].  Experimental and control 

rtTA/MIC animals of at least 8 weeks of age were given drinking water containing 2 mg/mL 

doxycycline (Sigma Aldrich) in light-blocking bottles each week.  De-induction experiments 

involved the withdrawal of doxycycline from animals at endstage tumour burden followed by 

monitoring for tumour regression.  For resection surgeries, mice were anesthetised prior to 

excising a small piece of tumour for embedding and flash freezing; the incision was sutured and 

painkillers administered for one week. 

 

2.1.2 Mammary tumour development and monitoring 

Mice were monitored for mammary tumour formation by biweekly physical palpation.  Tumour 

growth was measured using callipers and volumes calculated using the following formula: (4/3 x 

(3.14159) x (length/2) x (width/2)
2
).  Unless otherwise indicated, transgenic animals were 

sacrificed either 6 or 8 weeks after detection of the first mass (all NIC and NDL strains, 

respectively) or when total tumour volume reached 4-6 cm
3
 (all rtTA/MIC strains).  For all 

studies, animals were sacrificed when a single tumour reached 2.5 cm
3
 as per animal care 

guidelines.  Athymic nude mice (NCr) were utilized for orthotopic transplantation and injection 
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assays.  Mice were sacrificed at the tumour burden limit (2.5 cm
3
) or at a defined timepoint as 

indicated. 

 

2.1.3 Necropsy and sample processing 

Material from necropsied mice was flash frozen in liquid nitrogen (in some cases, tissues were 

set in an OCT medium before freezing) or fixed in 10% neutral buffered formalin and embedded 

in paraffin wax.  Fixed and embedded mammary tissues were sectioned at 4 μm and either 

stained by hematoxylin and eosin (H&E) or processed further as indicated.  Inguinal mammary 

glands were wholemounted on glass slides, incubated in acetone, and stained with hematoxylin 

overnight.  Wholemounted glands were destained (70% EtOH, 1% HCl), dehydrated (70%, 

100% EtOH, and xylenes) and mounted using Permount mounting media (Fisher).  For ductal 

outgrowth measurements, images of H&E-stained wholemounts were analyzed using Aperio 

Imagescope software to measure the distance between the centre of the lymph node and the 

terminal end bud of the longest duct.  Quantification of lesions in mammary glands and lungs 

was accomplished by scanning H&E-stained slides with a Scanscope XT Digital Slide Scanner.  

Aperio Imagescope software was then used to calculate the area of lesions relative to the total 

area of the section or to quantify the number of different types of ductal lesions (10 fields per 

sample).  For NIC transgenic strains, lung metastases were manually counted in 5 x 50 μm step-

sections. 
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2.1.4 Epithelial cell isolation from mammary glands and tumours 

For the isolation of mammary epithelial cells, all (or as many as possible) mammary glands were 

excised from the animal and all purified epithelial cells were used for downstream applications.  

Due to low yields, samples from mice of the same genotype were often pooled as indicated.  

Excised mammary glands were finely chopped using a mechanical McIlwain tissue chopper and 

dissociated at 37°C for 1.5-2 hours in at least 10 mL of digestion media (DMEM, 1% penicillin-

streptomycin, 24 mg/mL collagenase B, 24 mg/mL dispase II).  Mammary gland samples were 

centrifuged at 800 RPM for 3 minutes and pellets were resuspended in 1 mL Ack lysis buffer 

(0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) to eliminate red blood cells.  An additional 10 

mL of PBS containing 2 mM EDTA and 2% BSA was added to the sample before centrifuging at 

800 RPM for 3 minutes.  Cell pellets were resuspended in PBS/EDTA/BSA, passed through a 70 

μm cell strainer, and pelleted by centrifuging at 800 RPM for 3 minutes.  Cell pellets were 

incubated with a cocktail containing biotinylated antibodies against lineage antigens (CD5, 

CD45R (B220), CD11b, Anti-Gr-1 (Ly-6G/C), 7-4, and Ter-119 antibodies) followed by anti-

biotin beads to isolate lineage-negative cells (Magnetic Cell Sorting [MACS] kit from Milteny 

Biotec).  Samples were also incubated with antibodies against CD31 and CD90 to remove 

endothelial cells and fibroblasts, respectively.  Samples were then passed through the MACS 

separating columns inside the MACS magnetic field as per the manufacturer’s instructions.  

Columns were washed three times with PBS/EDTA/BSA buffer and the effluent containing the 

epithelial-enriched cell population was collected and processed for RNA extraction (see section 

2.3.1). 

Mammary tumours were chopped and digested in the same manner as mammary glands.  

Dissociated tumour samples were pelleted by centrifuging at 800 RPM for 3 minutes and treated 
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with Ack lysis buffer.  Pelleted cells were incubated in PBS containing 1 mM EDTA for 10 

minutes.  Cells were washed once in PBS and then resuspended in PBS.  Cells were counted 

using an automated cell counter (Cellometer) and the appropriate number of cells either plated 

for primary cell culture or prepared for mammary fat pad or tail vein injections into NCr mice 

(see 2.1.5 for additional details).  

Primary tumour cells were maintained in primary cell culture media (DMEM, 1% penicillin-

streptomycin, 50 μg/mL gentamycin, 5% fetal bovine serum, 5 μg/mL insulin, 5 ng/mL EGF, 1 

μg/mL hydrocortisone, 35 μg/mL bovine pituitary extract) and incubated at 37°C, 5% CO2.  For 

drug treatments in the NDL cell line, GDC-0941 (LC Labs) was prepared in DMSO and added to 

cells at final concentrations of 50 nM and 250 nM (final DMSO concentration of 0.1%) for 2 or 

6 hours prior to harvesting for protein extraction. 

 

2.1.5 Transplants and injections in athymic nude mice 

Transgenic mammary tumours were maintained by serial transplantation in athymic nude mice 

(NCr strain).  A small tumour piece was excised and kept in PBS on ice until orthotopic 

implantation into the fat pad of the inguinal mammary gland of the recipient.  When tumours 

reached 2.5 cm
3
 they were transplanted again in the same manner. 

For orthotopic tumour outgrowth assays, 2.5 x 10
5
 cells in 30 μL of PBS were injected into the 

fat pad of the inguinal mammary gland of NCr mice.  Tumours were measured biweekly using 

calipers and animals were sacrificed when masses reached 2.5 cm
3
 or at a defined timepoint as 

indicated.  For drug treatments, GDC-0941 (LC Labs) was prepared in a vehicle solution (50% 

OraPlus, 50% dH2O) so that administration of a 100 μL volume to animals would result in a final 
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dosage of 125 mg/kg.  For short-term GDC-0941 experiments testing drug efficacy, mice were 

treated by gavage with 125 mg/kg of drug or vehicle and sacrificed at 2, 6 and 12 hours post-

treatment.  For long-term GDC-0941 experiments testing tumour outgrowth inhibition, mice 

were treated daily by gavage with 125 mg/kg of drug or vehicle; mice were sacrificed when 

tumours reached 2.5 cm
3 

or after a maximum of 6 weeks of treatment. 

For lung colonization assays, 5.0 x 10
5
 cells in 100 μL of PBS were injected into the lateral tail 

vein of NCr mice.  Mice were sacrificed 4 weeks post-injection and lungs harvested for paraffin-

embedding. 

 

2.2 DNA analyses 

2.2.1 DNA extraction  

Tail pieces or flash frozen mammary gland/tumour tissue were digested in 500 μL of tail buffer 

(10 mM Tris, 100 mM NaCl, 10 mM EDTA,0.5% SDS) containing 10 μL of 20 mg/mL 

proteinase K and incubated at 55°C overnight.  Tail DNA was extracted by adding 200 μL of 5 

M NaCl to the digestion, mixing, and centrifuging at 13 000 RPM for 5 minutes.  Supernatant 

was transferred to a new tube and DNA was precipitated by adding two volumes of 100% EtOH, 

mixing, and centrifuging at 13 000 RPM for 10 minutes at 4°C.   Supernatant was discarded and 

DNA pellets were air-dried before resuspending in 200-400 μL of Tris-EDTA buffer (10 mM 

Tris, 0.5 mM EDTA, pH 7.8). 

Mammary gland/tumour DNA was extracted by adding 500 μL of phenol/chloroform solution to 

the digestion, mixing, and centrifuging at 13,000 RPM for 5 minutes.  Supernatant (aqueous 

phase) was transferred to a new tube and extracted again using 500 μL of chloroform.  
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Supernatant was transferred to a new tube and DNA was precipitated in the same manner as tail 

DNA.  To prepare DNA from mammary tumour and lung lesions for sequencing (see 2.2.4 for 

additional details), extractions were performed using the Qiagen AllPrep DNA/RNA Mini Kit. 

 

2.2.2 PCR genotyping and excision of conditional alleles 

PCR genotyping was performed on 1 μL of tail DNA using Qiagen Taq DNA polymerase, 10X 

buffer, MgCl2, 5 mM dNTPs, and 10 μM of the primers listed below in a total volume of 25 μL.  

The following loci/transgenes were genotyped using the listed primers: 

Gene Primer Primer Sequence (5’ to 3’) 

Cre 

Forward GCTTCTGTCCGTTTGCCG 

Reverse ACTGTGTCCAGACCAGGC 

GFP 

Forward AAGTTCATCTGCACCACCG 

Reverse TGCTCAGGTAGTGGTTGTCG 

GTRosa 

1 GCGAAGAGTTTGTCCTCAACC 

2 GGAGCGGGAGAAATGGATATG 

3 AAAGTCGCTCTGAGTTGTTAT 

PyV mT 

Forward GGAAGCAAGTACTTCACAAGGG 

Reverse GGAAAGTCACTAGGAGCAGGG 

rtTA Forward ACCGTACTCGTCAATTCCAAGGG 
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Reverse TGCCGCCATTATTACGACAAGC 

Neu 

Forward TTCCGGAACCCACATCAGGCC 

Reverse GTTTCCTGCAGCAGCCTACGC 

Pten 

Forward ACTCAAGGCAGGGATGAG C 

Reverse GCCCCGATGCAATAAATATG 

myr-p110α 

Forward TGAATTGGCCGCTCGCGAATC 

Reverse CACTGGCATGCCAATAAC 

p110α
flx

 

(genotyping) 

Forward CTGTGTAGCCTAGTTTAGAGCAACCATCTA 

Reverse CCTCTCTGAACAGTTCATGTTTGATGGTGA 

p110α
flx

 

(excision) 

Forward GCACTTCTCAGTGCTGTCG 

Reverse AAAGGAGTTGGCCTCAAGC 

 

Genotyping PCRs for GTRosa, Cre, GFP, rtTA, PyV mT, and Neu were run on the following 

program:  (1) 94°C - 2 minutes, (2) 94°C - 30 seconds, (3) 58°C - 45 seconds, (4) 72°C - 1 

minute, (5) repeat steps 2-4 for an additional 29 cycles, (6) 72°C - 4 minutes, (7) 4°C. 

 

Genotyping PCRs for Pten were run on the following program:  (1) 94°C - 5 minutes, (2) 94°C - 

30 seconds, (3) 60°C - 1 minute, (4) 72°C - 1 minute, (5) repeat steps 2-4 for an additional 34 

cycles, (6) 72°C - 2 minutes, (7) 4°C. 
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Excision PCRs for p110α
flx

 were run on the following program:  (1) 94°C - 1 minute, (2) 94°C - 

30 seconds, (3) 57°C - 30 seconds, (4) 72°C - 1 minute, (5) repeat steps 2-4 for an additional 34 

cycles, (6) 72°C - 5 minutes, (7) 4°C. 

 

2.2.3 Southern blot 

To determine Pten LOH status, mammary tumour DNA was digested overnight with SacI and 

separated on a 0.5% agarose gel.  The gel was then washed (250 mM HCl for 10 minutes; 1.5 M 

NaCl/0.5 M NaOH for 2 x 15 minutes) and transferred overnight onto a positively charged nylon 

membrane in 10X SSC buffer (0.3 M NaCl, 30 mM sodium citrate-2H2O).  After transfer, the 

membrane is cross-linked in a UV oven and then incubated in prehybridization buffer (5X SSC, 

5X Denhardt’s solution, 0.5% SDS, 10% dextran sulfate, 10 μg/ml denatured salmon sperm 

DNA)  at 42°C with rotation for 3-4 hours.  The Pten-specific probe was generated by PCR on 

mouse genomic DNA with the following primers: sense 5’-CGTAGCCACAGGGACTCCTA-3’ 

and antisense 5’-ATTCGTGACGGTGTCAATCA-3’.  The probe was denatured, radioactively 

labelled with 50 μCi 
32

P-dCTP using Klenow enzyme at 37°C for 45 minutes, and column-

purified.  The membrane was incubated overnight at 42°C with rotation in hybridization solution 

(prehybridization buffer containing 1 million cpm/mL of the denatured radioactive probe and 

salmon sperm DNA).  The membrane was washed at 65°C with rotation in low stringency wash 

buffer (2X SSC) 2 x 15 minutes at room temperature and then with a high stringency wash buffer 

(0.1X SSC, 0.1% SDS) 2 x 15 minutes before developing. 
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2.2.4 DNA sequencing 

Total DNA was extracted from flash frozen mammary tumours and lung lesions using a Qiagen 

AllPrep DNA/RNA Mini Kit.  Genomic DNA was analysed by Sanger sequencing (Applied 

Biosystems 3730 DNA Analyser) using the following primers to detect single nucleotide 

polymorphisms in known mutational "hotspots" of HRas, KRas1, NRas and Trp53: 

Genomic region Primer Primer Sequence (5’ to 3’) 

HRas exon2/exon3 

Forward CCTTGGGTCAGGCATCTATT 

Reverse AAAGACATAAAGCCTCAGTGTGC 

KRas exon 2 

Forward GAAGATGAAAGTACTGGTTTCCA 

Reverse TGCACCTATGGTTCCCTAACA 

KRas exon 3 

Forward TCACCTTGTAAAAGATGCACTG 

Reverse AAAACAGGAATTCTGCATACTTGA 

NRas exon 2 

Forward AGTGGAAGGCCACGTGTATC 

Reverse GGAAATCCTCAGTAAGCACGA 

NRas exon 3 

Forward TGCATGCGTGTGATTATGTATG 

Reverse AAAAGTTGTATGTTTCCTAAGTCCA 

Trp53 exon 2 

Forward ACGTGGTTGGTTACCTCTGC 

Reverse GATACAGGTATGGCGGGATG 

Trp53 exons ¾ Forward CCAGCCTGGGATAAGTGAGA 
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Reverse GCTAAAAAGGTTCAGGGCAAA 

Trp53 exons 5/6 

Forward TGGTGCTTGGACAATGTGTT 

Reverse CCCTTCTCCCAGAGACTGCT 

Trp53 exons 7/8/9 

Forward GTAGGGAGCGACTTCACCTG 

Reverse AAGACCTGGCAACCTGCTAA 

Trp53 exon 10 

Forward GTTGGGAACCAACTTTCAGA 

Reverse TGTCCCTCATACCCCTTAACA 

Trp53 exon 11 

Forward CAGAAGTATTCCAGTGTGTTCTGTG 

Reverse CTACTCAGAGAGGGGGCTGA 

 

2.3 RNA analyses 

2.3.1 RNA extraction 

Total RNA was extracted from flash frozen mammary tumours or lung lesions using Qiagen 

RNEasy Mini/Midi Kits or Qiagen AllPrep DNA/RNA Mini Kits.  RNA concentrations were 

calculated using a NanoDrop spectrophotometer. 

 

2.3.2 Microarray 

Extracted RNA was labeled using an Amino Allyl MessageAmp II aRNA Amplification Kit 

(Applied Biosystems) and Cy3 and Cy5 dyes (Amersham Biosciences) in preparation for 
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microarray hybridization.  Dye-labeled RNA was hybridized onto a Whole Mouse Genome 

Oligo 4 × 44 K Microarray platform (Agilent) against a universal mouse reference RNA 

(Stratagene).  The resulting arrays were scanned using a Microarray Scanner (model G2565BA; 

Agilent Technologies) and processed using Feature Extraction software (Agilent).  Raw probe 

intensities were background normalized using median in R/Bioconductor.  Differential 

expression was evaluated using LIMMA.  The heatmap is based on the 500 most variable genes.  

Hierarchical clustering was performed using a person correlation distance metric and Ward's 

algorithm. 

 

2.3.3 Reverse transcription and quantitative PCR (RT-qPCR) 

cDNA was prepared by reverse transcribing 1 μg of RNA using M-Mulv Reverse Transcriptase 

(#M0253S) or Protoscript II Reverse Transcriptase, Oligo-dT(23VN) and a murine RNase 

inhibitor (New England Biolabs).  Real-time quantitative PCR was performed on the cDNA 

using Roche LightCycler 480 SYBR Green I Mastermix and run on a Roche LightCycler 480 

instrument.  All samples were run in triplicate and normalized to Gapdh to generate relative 

transcript levels using the formula: 2^(average GAPDH crossing point - average target X 

crossing point).  Primer sequences were as follows: 

Transcript Primer Primer sequence (5’ to 3’) 

Gapdh 

Forward CATCAAGAAGGTGGTGAAGC 

Reverse GGGAGTTGCTGTTGAAGTCG 

PyV mT 

Forward CCCGATGACAGCATATCCCC 

Reverse CTTGTTCCCCCGGTAGGATC 
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Pik3ca 

Forward TCCATCAGCTTCTGCAAGAC 

Reverse CTTCCCTTTCTGCTTCTTGG 

Spp1 

Forward CAGCCTGCACCCAGATCCTA 

Reverse GCGCAAGGAGATTCTGCTTCT 

Itgav 

Forward TTGGGGACGACAACCCTCTGACAC 

Reverse TGCGGAGGGATAGAAACGATGAG 

Itgb3 

Forward GCTTTGGGGCCTTCGTGGACAA 

Reverse CATGGGCAAGCAGGCATTCTTCAT 

Pten 

Forward CATTGCCTGTGTGTGGTGATA 

Reverse AGGTTTCCTCTGGTCCTGGTA 

 

2.4 Protein analyses 

2.4.1 Protein extraction 

Flash frozen mammary gland or tumour pieces were crushed finely with a mortar and pestle 

under liquid nitrogen and lysed in PLCγ lysis buffer (50 mM HEPES, 150 mM NaCl, 10% 

glycerol, 1% Triton X-100, 1 mM EGTA, 1.5 mM MgCl2, 10 mM NaF, 10 mM sodium 

pyrophosphate) containing 1 μg/mL leupeptin, 1 μg/mL aprotinin, and 1 mM Na3VO4.  Samples 

were incubated on ice for 1 hour and then centrifuged at 13 000 RPM for 10 minutes at 4°C.  

Supernatants were transferred to a new tube and protein concentration was determined using a 

Bradford assay. 
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2.4.2 Immunoblot 

Protein lysates were diluted in 6X SDS-PAGE loading buffer (0.375M Tris pH 6.8, 12% SDS, 

60% glycerol, 0.6M DTT, 0.06% bromophenol blue) and boiled for 5 minutes.  20 μg of 

denatured samples were separated using SDS-PAGE and then transferred to PVDF membranes.  

Membranes were blocked in TBST (150 mM NaCl, 20 mM Tris-HCl [pH 7.5], 0.05% Tween-

20) containing 5% BSA for 1 hour at room temperature and then incubated with primary 

antibodies (diluted in TBST/2% BSA) overnight at 4°C.  After washing 3 x 5 minutes in TBST, 

membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies 

(diluted 1:10 000 in TBST/2% BSA) for 1 hour at room temperature.  Membranes were washed 

3 x 5 minutes in TBST, incubated in enhanced chemiluminescence (ECL) detection reagent 

solution for 5 minutes at room temperature.  Membranes were then exposed to Hyperfilm ECL 

film for times ranging from 5 seconds to 10 minutes depending on the antibody and the levels of 

protein expression.  The following primary antibodies were used for immunoblotting: 

Antibody Supplier/Catalog # Dilution 

Akt (pan) Cell Signalling 9272 1:1000 

Akt (Akt1/2) Santa Cruz sc-1619 1:1000 

Akt (pan, phospho; S473) Cell Signalling 9271 1:1000 

Bad BD Transduction 610391 1:1000 

Bad (phospho; S136) Cell Signalling 5286 1:1000 

c-Myc Santa Cruz sc-764 1:500 

Cre recombinase Novagen/EMD Millipore 69050 1:1000 

E-cadherin BD Biosciences 610182 1:5000 
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Egfr Cell Signalling 2322 1:1000 

Egfr (phospho; Y1068) Cell Signalling 3777 1:1000 

ErbB2 Santa Cruz sc-284 1:1000 

ErbB2 (phospho; Y1248) Santa Cruz Biotechnology 12352 1:500 

ErbΒ3 Santa Cruz sc-283 1:1000 

ERα Santa Cruz sc-542 1:1000 

Gsk3α/β (phospho; S21/9) Cell Signalling 9331 1:1000 

Gsk3β Cell Signalling 9315 1:1000 

Hsp90 Cell Signalling 4874 1:1000 

OPN Santa Cruz sc-21742 1:1000 

Pdgfrβ Cell Signalling 3175 1:1000 

Pdgfrβ (phospho; Y1021) Cell Signalling 2227 1:1000 

PI3K p110 Cell Signalling 5405 1:1000 

PI3K p110α Cell Signalling 4255 1:1000 

PI3K p110β Santa Cruz sc-602 1:1000 

PI3K p85 Upstate 05-217 1:1000 

Pten Cell Signalling 9559 1:1000 

PyV mT Dr. S. Dilworth (Ab750) 1:1000 

PyV mT Dr. S. Dilworth (Ab762) 1:1000 

S6 Cell Signalling 2317 1:1000 

S6 (phospho; S235/236) Cell Signalling 4858 1:1000 
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Tsc2 Cell Signalling 3612 1:1000 

Tsc2 (phospho; T1462) Cell Signalling 3611 1:1000 

α/β-tubulin Cell Signalling 2148 1:5000 

α-tubulin Cell Signalling 2125 1:5000 

αv integrin Santa Cruz sc-6617 1:500 

β3 integrin Abcam ab119992 1:1000 

β-actin Sigma A9718 1:10 000 

 

2.4.3 Immunoprecipitation 

Protein lysates (500 μg) were incubated with 5 μL of p85 antibody (Upstate 05-217) overnight at 

4°C with rotation.  25 μL of protein G beads were added to each sample before incubating for 2 

hours at 4°C with rotation.  Samples were washed three times in lysis buffer and then boiled for 

5 minutes in 25 μL of 2X SDS gel loading buffer (0.125 M Tris pH 6.8, 4% SDS, 20% glycerol, 

0.2 M DTT, 0.02% bromophenol blue).  Denatured samples were loaded on SDS-PAGE gels and 

immunoblotted as described in the previous section. 

 

2.4.4 Immunohistochemistry 

Sections of paraffin-embedded samples were deparaffinized and dehydrated in xylenes and 

100% EtOH.  Sections were rehydrated prior to antigen retrieval in 10 mM sodium citrate in a 

pressure cooker for 10 minutes.  Slides were cooled for 1 hour and then blocked in Power Block 

(Biogenex) for 10 minutes at room temperature.  Primary antibodies were added to slides and 

incubated for either 1 hour at room temperature or overnight at 4°C.  Endogenous peroxidases 
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were quenched in PBS containing 3% hydrogen peroxide for 30 minutes.  Biotinylated secondary 

antibodies and avidin (Vector Elite) were added for 1 hour and 30 minutes at room temperature, 

respectively.  Sections were exposed to DAB reagent (Vectastain) for 5 seconds to 5 minutes 

depending on the antibody used.  Slides were rinsed in dH2O, tap water, and then counterstained 

with 20% Harris Modified Haematoxylin (Fisher) for 30 seconds.  Sections were then 

dehydrated, cleared in xylenes, and mounted using Clearmount (America Master Tech). 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays were performed 

using an Apoptag Peroxidase in situ Kit (Millipore) on paraffin-embedded sections.  

Counterstaining with 20% Harris Modified Haematoxylin and mounting was performed as usual.  

Aperio Imagescope software was use to quantify positive staining in 10 fields per section (nuclei 

for Ki67 and TUNEL; pixels for CD31).  The following primary antibodies were used for 

immunohistochemistry:  

Antibody Supplier/Catalog # Dilution 

PyV mT Dr. S. Dilworth (Ab762) 1:100 

Cre recombinase Covance PRB106C 1:600 

Ki67 Abcam ab15580 1:1000 

CD31 BD Biosciences 550274 1:100 

OPN Santa Cruz sc-21742 1:100 

Pten Cell Signalling 9559 1:100 

 

2.4.5 β-galactosidase assay 

OCT-embedded mammary tumours were cryosectioned at 7-10 µm.  After fixing in PBS 

containing 0.2% glutaraldehyde for 10 minutes, slides were rinsed 3 x 5 minutes in base staining 
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buffer (2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40 in PBS).  X-gal staining was 

performed by incubating slides in the dark overnight at 37°C in staining buffer (base staining 

buffer containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6, and 1 mg/mL x-galactosidase in DMF).  

Stained slides were rinsed 3 x 5 minutes in PBS, fixed again in PBS/glutaraldehyde, rinsed 3 x 5 

minutes in PBS and then counterstained with nuclear fast red for 5-10 minutes.  After rinsing in 

dH2O for 2 x 3 minutes, slides were dehydrated and mounted. 

 

2.4.6 Phospho-RTK array 

The Proteome Profiler Mouse Phospho-RTK Array Kit from R&D Systems was used according 

to the manufacturer’s instructions.  Arrays spotted with RTK probes were incubated with 200 μg 

of protein lysate followed by biotin-conjugated phospho-tyrosine antibody (EMD Millipore #16-

103, 1:1,000) and fluorescently-conjugated streptavidin (Mandel Scientific #LIC-926-32230, 

1:1,000) to allow for visualization on the Odyssey Imaging System (LI-COR Biosciences). 

Fluorescence intensities for each probe were normalized to a PBS probe (negative control). 
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3 PI3K pathway activation in mouse models 

of ErbB2 mammary tumourigenesis 
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3.1 Introduction 

Loss of the PTEN tumour suppressor, which negatively regulates the proto-oncogenic PI3K/Akt 

pathway, is frequently observed in breast cancer through multiple mechanisms including 

genomic aberrations and downregulated expression.  It is estimated that PTEN deficiency occurs 

in approximately one fifth of HER2-overexpressing breast cancers [4].  Furthermore, PTEN has 

been shown to be a significant determinant in predicting patient response to HER2-targeted 

therapies such as trastuzumab [320, 321].  These associations suggest that HER2 overexpression 

and PTEN deficiency may cooperate in breast cancer and so we chose to investigate this in a 

mouse model of mammary tumourigenesis.  Our laboratory previously studied Pten deficiency in 

the ErbB2
KI

 mouse model (NeuNT/MMTV-Cre), where Cre-inducible expression of activated 

ErbB2 is driven by the endogenous erbb2 promoter [62, 334].  Consistent with our hypothesis, 

Pten loss accelerated tumour initiation and metastasis in ErbB2
KI

 mice.  To further validate these 

findings in a second model of ErbB2-mediated tumourigenesis, we turned to the MMTV-NIC 

strain [105].  In this context, activated ErbB2 expression is strongly induced by a viral promoter 

in contrast to the physiological levels of expression in the ErbB2
KI

 model; tumours develop far 

more quickly and with multifocal penetrance in NIC mice making it a practical model to work 

with.  In addition, the coupling of Cre recombinase to the ErbB2 transgene in the NIC also 

allows for simultaneous overexpression of activated ErbB2 and Cre-mediated excision of 

conditional alleles.  This is not the case in the ErbB2
KI

 strain, where Cre-mediated excision likely 

occurs before amplification of the NeuNT transgene.  Studying the genetic ablation of Pten in the 

NIC model would allow us to rapidly confirm our previous findings while ensuring that Pten loss 

more closely coincided with activated ErbB2 overexpression. 
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Activation of PI3K signalling in breast cancer can also be enhanced by activating 

mutations in the PIK3CA gene.  Like PTEN loss, PIK3CA mutations are associated with HER2 

overexpression and resistance to treatments targeting HER2 [4, 320, 321].  To determine whether 

these two genetic alterations would synergize during mammary tumourigenesis in mice we 

crossed our MMTV-NDL model to a strain with mammary-specific expression of a 

myristoylated p110α transgene (myr-p110α), which anchors the protein to the membrane as an 

artificial means of constitutive activation [103, 309]. 

Characterization of the Pten-deficient/NIC model and the myr-p110α/NDL model allowed 

us to compare and contrast phenotypes induced by different mechanisms of PI3K pathway 

activation in the context of ErbB2-driven mammary tumourigenesis.  Interestingly, while loss of 

Pten dramatically accelerated tumour initiation in the NIC model, metastasis of ErbB2 mammary 

tumours was enhanced by either Pten deficiency or myristoylation of p110α (unpublished 

observations, T. Rao and W.J. Muller) [106]. 

 

3.2 Results 

Dramatic reduction in tumour latency in NIC mice lacking one or both Pten alleles 

To coordinate the simultaneous overexpression of activated ErbB2 with genetic ablation of Pten 

in the mammary epithelium, we bred our MMTV-NIC mice with a conditional Pten strain 

(Figure 3-1).  Cohorts of NIC mice that were wildtype, heterozygous and homozygous for the 

conditional Pten allele were generated and monitored for mammary tumour formation.  While 

wildtype NIC animals developed tumours at approximately 5 months of age (consistent with  
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Figure 3-1:  Conditional loss of Pten in the NIC model 

Breeding strategy to generate mice with mammary epithelial-specific expression of activated 

ErbB2/Neu and ablation of Pten.  The conditional Pten strain (“Flox-Pten”) carries a Pten allele 

in which exon 5 is flanked by LoxP sites (schematic modified from [423]).  When crossed with 

the MMTV-NIC strain (“NIC”)[105], the conditional Pten allele(s) will undergo Cre-mediated 

recombination specifically in the mammary epithelium. 
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previous studies), tumours occurred significantly earlier in Pten
flx/wt

/NIC mice; tumour latency 

was even further reduced in the Pten
flx/flx

/NIC group (Figure 3-2) [105]. 

It was clear that Pten loss could cooperate with ErbB2 activation to accelerate tumour 

initiation and it followed next to determine if tumour burden was correspondingly affected.  The 

total tumour volume was not significantly different between Pten-deficient/NIC mice and 

wildtype counterparts however the estimated volume per tumour was significantly smaller in 

Pten-null/NIC animals (Figure 3-3A).  The tumours in all cohorts were solid adenocarcinoma 

which is typical of the NIC model (Figure 3-3B) [105]. 

 

Pten-deficient/NIC tumours have greater metastatic potential which may be due to 

increased angiogenesis 

After observing the relatively early development of tumours in Pten-null/NIC mice we were 

interested in determining if these tumours were also more invasive.  Lungs from tumour-bearing 

mice from each of the genetic cohorts were analyzed for the presence of metastases and both the 

incidence and number of lesions were increased by complete Pten ablation (Figure 3-4A).  Both 

the size of individual tumours and the fact that the mice were tumour-bearing for approximately 

the same length of time suggests that neither of these factors influenced the metastasis data; 

however the results would need to be validated by lung colonization experiments to prove this 

assumption (Figure 3-3A). 

A greater metastatic burden could be due to many factors including the accessibility of cells in 

the primary tumour to the vasculature.  Indeed, blood vessel density was significantly increased 

in Pten-null/NIC tumours relative to wildtype samples as assessed by immunohistochemical 
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staining with the endothelial cell marker CD31 (Figure 3-4B).  This angiogenic advantage 

conferred by Pten-deficiency may therefore allow NIC tumour cells to more readily metastasize 

to the lung. 

 

Pten
flx/wt

/NIC tumours undergo loss of heterozygosity at the Pten locus 

We began the molecular characterization of the Pten-deficient/NIC tumours by first assessing 

Pten protein expression.  Both the homozygous and heterozygous samples showed reduced Pten 

protein as compared to wildtype NIC controls as shown by immunoblot and 

immunohistochemical analyses (Figure 3-5A and B).  Immunohistochemical staining further 

revealed that residual Pten protein in the immunoblot is likely originating from contaminating 

stromal cells which should retain wildtype Pten alleles in this conditional model. 

We hypothesized that the absence of Pten protein in the tumour sections from 

Pten
flx/wt

/NIC mice was potentially due to loss of heterozygosity (LOH), a common occurrence in 

tumour suppressor genes (including PTEN) in human cancers.  Southern blot analysis was 

performed on tumour DNA to probe for the existence of the wildtype and excised Pten alleles in 

the different genetic cohorts.  Four out of five Pten
flx/wt

/NIC samples had undergone LOH as only 

the excised Pten allele was detected (Figure 3-5C), providing evidence that this clinical 

phenomenon had emerged in our mouse model. 
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Figure 3-2:  Accelerated tumour onset in NIC animals that have lost one or both Pten 

alleles 

Kaplan-Meier tumour onset curve for NIC mice that are wildtype, heterozygous, or homozygous 

for the conditional Pten allele.  The table indicates for each genotype the penetrance (percentage 

of animals that develop tumours), T50 (age when 50% of the animals have tumours), and average 

tumour onset with standard deviation.  P values were calculated using a two-tailed t-test. 
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Figure 3-3:  Pten-null/NIC mice exhibit comparable total tumour volume and tumour 

histology to wildtype animals 

(A)  Tumour burden for the indicated genotypes is represented as the average total tumour 

volume (top) and average total tumour volume relative to the number of tumours (bottom).  Error 

bars are standard error of mean.  P values were calculated using a two-tailed t-test. 

(B)  H&E-stained sections of tumours from wildtype NIC and Pten-deficient/NIC mice.  Scale 

bar is 100 μm. 
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Figure 3-4:  Enhanced lung metastasis in Pten-null versus -wildtype NIC mice correlates 

with differential blood vessel density in the primary tumours 

(A)  Incidence of lung metastasis in tumour-bearing mice expressed as a percentage (left) as well 

as the average number of lesions per lung lobe in metastasis-positive (“met+”) animals (right) for 

the indicated genotypes.  Error bars are standard error of mean.  P values were calculated using a 

two-tailed t-test. 

(B)  Representative images of tumour sections from wildtype NIC and Pten-null/NIC mice 

stained with the endothelial cell marker CD31 (left).  Scale bar is 100 μm.  Quantification of 

CD31 staining is shown by the average percentage of positive pixels (right).   Error bars are 

standard error of mean.  P values were calculated using a two-tailed t-test. 
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Figure 3-5:  Reduced Pten expression in Pten-deficient/NIC tumours is accompanied by 

loss of the wildtype Pten allele in heterozygous tumours 

(A)  Immunoblot of tumour lysates from the indicated genotypes using a Pten-specific antibody.  

β-actin was used as a loading control.  Numbers correspond to the mouse ID for each sample. 

(B)  Pten staining by immunohistochemistry in tumour sections from the indicated genotypes.  

The bottom row images are higher magnifications of the top row images.  Scale bars are 100 μm. 

(C)  Southern blot of tumour DNA from the indicated genotypes using a probe specific to the 

Pten locus.  Wildtype and excised alleles are indicated by arrows.  Numbers correspond to the 

mouse ID for each sample. 
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Hyperactivation of Akt signalling in Pten-deficient/NIC tumours 

PTEN is a well-established suppressor of PI3K/Akt signalling and its absence can lead to 

dysregulated activation of this pathway and subsequent cellular transformation.  Akt 

phosphorylation was assessed in Pten-wildtype and -null/NIC tumours by immunoblot and 

strong activation was observed in the latter (Figure 3-6A).  Interestingly, the phosphorylation of 

the Akt substrates Tsc2, Bad, and Gsk3β, was also increased in Pten-deficient/NIC samples 

relative to wildtype counterparts (Figure 3-6B). 

 

Myristoylation of p110α does not accelerate mammary tumour onset in NDL mice 

To generate mice with mammary epithelial-specific expression of activated ErbB2 and 

myristoylated p110α, MMTV-NDL mice were crossed to a strain in which p110α cDNA is 

expressed downstream of a human Src myristoylation sequence under the control of the MMTV 

promoter (myr-p110α/NDL) (Figure 3-7).  We monitored cohorts of mice carrying the NDL or 

myr-p110α transgene alone in parallel with bigenic mice for mammary tumour formation.  

Similar to the NIC model (which uses the same oncogenic ErbB2 mutant), tumours arise in NDL 

females at approximately 5-6 months of age, whereas myr-p110α alone is not a potent oncogene 

in the mammary gland and tumour incidence is relatively low [103, 309].  These phenotypes 

were observed as expected however myr-p110α did not accelerate tumour initiation in NDL mice 

and actually caused a slight but significant delay in average tumour onset (Figure 3-8).  One 

possible explanation for this unanticipated result was that co-expression of the two transgenes 

had caused developmental defects which interfered with tumourigenesis.  To investigate this 

hypothesis, we prepared H&E-stained wholemounts of mammary glands from NDL, myr- 
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p110α/NDL, and myr-p110α mice at 10 weeks of age.  All genotypes were comparable to each 

other and to an FVB control gland in terms of overall ductal structure and outgrowth 

measurements (Figure 3-9). 

Despite the delayed tumour onset in myr-p110α/NDL mice relative to the NDL cohort, 

tumour burden was similar in terms of the number and collective volume of tumours (Figure 3-

10).   Histologically, masses from both groups were solid adenocarcinoma (Figure 3-11A, top 

row).  Examination of adjacent mammary glands from tumour-bearing NDL and myr-

p110α/NDL mice revealed the presence of lesions in both histological sections and 

wholemounted glands for both genotypes (Figure 3-12A, middle and bottom rows).  

Quantification of lesion area in the wholemounts was not significantly different between the two 

genotypes (Figure 3-11B). 

 

Myr-p110α/NDL tumours have increased metastatic potential as compared to NDL 

tumours 

We next proceeded to analyze lungs from tumour-bearing mice to look for differential metastatic 

capacities between myr-p110α/NDL and NDL tumours.  Animals had been sacrificed 6-8 weeks 

after initial palpation of tumours and the equivalent tumour burdens allowed us to compare the 

two cohorts directly.  The incidence of lung metastasis in tumour-bearing animals was similar in 

both groups, occurring in 80-90% of mice (Figure 3-12, left).  However counting of lung lesions 

in metastasis-positive samples revealed a significant increase in lesion number for bigenic mice 

as compared to NDL alone (Figure 3-12, right). 
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Figure 3-6:  Pten-null/NIC tumours have increased phosphorylation of Akt and 

downstream targets in contrast to wildtype NIC samples 

(A)  Immunoblot of tumour lysates from the indicated genotypes using antibodies against 

phosphorylated Akt (S473) and Akt.  β-actin was used as a loading control.  Numbers correspond 

to the mouse ID for each sample. 

 (B)  Tumour lysates from the indicated genotypes were immunoblotted for phosphorylated and 

total forms of Tsc2 (T1462), Bad (S136), and Gsk3α/β (S21/9) (isoforms distinguished by 

arrowheads; total protein blot is for Gsk3β).  β-actin was used as a loading control.  Numbers 

correspond to the mouse ID for each sample. 
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Figure 3-7:  Overexpression of myristoylated p110α in the NDL model 

Breeding strategy to generate mice with mammary epithelial-specific expression of activated 

ErbB2/Neu and myristoylated PI3K p110α (Pi3kca).  A human Src myristoylation sequence 

(“SRC myr”) followed by mouse PIK3CA cDNA is driven by the MMTV promoter resulting in 

expression of myristoylated p110α in the mammary epithelium (“myr-p110α”) (schematic based 

on [309]).  This strain is crossed to the MMTV-NDL2-5 (“NDL”) strain to generate bigenic mice 

[103]). 
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Figure 3-9:  Myristoylated p110α and activated ErbB2 fail to cooperate in tumour 

initiation 

Kaplan-Meier tumour onset curve for myr-p110α/NDL mice and single transgene controls.  The 

table indicates for each genotype the penetrance (percentage of animals that develop tumours), 

T50 (age when 50% of the animals have tumours), and average tumour onset with standard 

deviation.  P values were calculated using a two-tailed t-test. 
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Figure 3-9:  Co-expression of the myr-p110α and NDL transgenes does not disrupt normal 

ductal outgrowth 

Representative H&E-stained mammary gland wholemounts from 10-week-old wildtype NDL 

and myr-p110α/NDL mice (left) and corresponding average ductal outgrowth (right) for each 

group as indicated.  Age-matched myr-p110α and FVB mice are shown as controls.  Scale bar is 

100 μm.  Error bars are standard error of mean.  P values were calculated using a two-tailed t-

test. 
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Figure 3-10:  Myr-p110α/NDL tumours develop and grow to similar extent to NDL 

tumours 

Tumour burden for the indicated genotypes is represented as the average total number of tumours 

(top) and average total tumour volume (bottom) at weekly time-points after palpation of the first 

mass.  Error bars are standard error of mean.  P values at 8 weeks post-palpation were calculated 

using a two-tailed t-test. 
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Figure 3-11:  NDL and myr-p110α/NDL mice exhibit comparable tumour histology and 

degree of transformation in adjacent mammary glands 

(A)  Histological sections of tumours (top) stained with H&E from the indicated genotypes as 

compared to H&E-stained histological sections (middle) and wholemounts (bottom) of adjacent 

mammary glands.  Scale bar is 100 μm for the histological sections (top and middle rows) and 5 

mm for the wholemounts (bottom row). 

(B)  The size of the lesions in the wholemounts shown in (A, bottom row) was quantified as the 

percentage of lesion area relative to total gland area and averaged for the indicated groups.  Error 

bars are standard error of mean.  P values were calculated using a two-tailed t-test. 
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Figure 3-12:  Myristoylated p110α in NDL tumours leads to an increase in pulmonary 

metastases 

The percentage of tumour-bearing mice with lung metastases (left) as well as the number of lung 

lesions in metastasis-positive (“met+”) animals (right) for the indicated genotypes.  Error bars 

are standard error of mean.  P values were calculated using a two-tailed t-test. 
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Signalling in NDL tumours does not appear to be altered by expression of myr-p110α 

To see if we could identify a molecular determinant in primary tumours that might confer a more 

invasive phenotype, we assayed NDL and myr-p110α/NDL tumour lysates by immunoblot.  

Expression of p110α and ErbB2 was constant for all samples (Figure 3-13).  We did not observe 

any remarkable variations in Akt phosphorylation, aside from slight elevation in two myr-

p110α/NDL samples.  The increased activation of Akt in these two tumours did not correlate 

with malignancy since one was metastatic to the lung while the other was not.  Since ERα 

expression is a common feature in mammary tumour mouse models driven by activated p110α 

mutants, we blotted for this marker as well [65, 309, 310].  A few bigenic tumour samples 

showed slightly higher levels of ERα however there was no dominant trend among the groups. 
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Figure 3-13:  Akt activation and ERα expression are not dramatically changed between 

NDL and myr-p110α/NDL tumours 

Tumour lysates of the indicated genotypes were immunoblotted with the following antibodies:  

p110α, ErbB2, phospho-Akt (S473), Akt, ERα, and α/β-tubulin (loading control).  Numbers 

correspond to the mouse ID for each sample. 
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3.3 Discussion 

Loss of PTEN enhances tumour initiation and metastasis in the NIC model 

A proportion of HER2-overexpressing breast cancers also exhibit loss of PTEN, prompting us to 

investigate whether these two oncogenic events can cooperate in an experimental mouse model 

of mammary tumourigenesis [106].  Using a conditional Pten strain in conjunction with the 

MMTV-NIC model, we have shown that mammary-specific ablation of Pten accelerates tumour 

onset induced by activated ErbB2 (Figure 3-2).  Tumours arising in Pten-deficient/NIC mice 

grew to the same overall volume as wildtype counterparts although an estimation of individual 

tumour size suggested that masses were smaller in Pten
flx/flx

/NIC animals (Figure 3-3).  Taken 

another way, wildtype NIC mice presented with fewer tumours than mice lacking Pten which 

may indicate that Pten loss has a greater impact on initiating transformation in the mammary 

epithelium than in driving the growth of masses after they have developed. 

We observed an increase in metastatic burden in the lungs from tumour-bearing 

Pten
flx/flx

/NIC animals as compared to wildtype NIC mice which we attributed to an associated 

enhancement in blood vessel density (Figure 3-4).  Angiogenesis can assist primary tumour 

growth and can also allow invasive tumour cells to enter the bloodstream and metastasize.  Since 

the increased vasculature in Pten-null/NIC tumours compared to wildtype NIC tumours was not 

correlated with increased tumour size, it is possible that angiogenesis in this model might have 

less importance in promoting growth at the primary site and be more purposed toward enabling 

metastasis (Figure 3-3A and 3-4).  Nevertheless, the angiogenic phenotype is reflective of 

communication between the Pten-deleted epithelial cells and the Pten-proficient stromal cells.  

Pten in non-epithelial cells of the tumour microenvironment has also been shown to influence 

tumour-stroma interactions as demonstrated by a study in which fibroblast-specific knockout of 
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Pten enhanced the growth of ErbB2-induced tumours in mice [425].  Further analysis of this 

system revealed that Pten-deficient fibroblasts secrete factors that promote tumour cell and 

endothelial cell proliferation; the identified factors were used to generate a secretome gene 

signature that was predictive of outcome in breast cancer patients [426].  Pten may therefore 

elicit tumour suppressive functions from many cell compartments in the mammary gland.  Our 

data show that in ErbB2-expressing mammary epithelium Pten is an important negative regulator 

of transformation as well as later stages of malignancy. 

 

PTEN-deficient/NIC tumours exhibit increased Akt signalling which may be driven by 

PTEN LOH in heterozygous samples 

Relative to wildtype NIC tumours, both Pten
flx/wt

 and Pten
flx/flx

/NIC tumours showed reduced 

protein levels of Pten by immunoblot but more importantly lacked Pten expression specifically in 

the tumour epithelium as shown by immunohistochemistry (Figure 3-5A and B).  The absence of 

Pten expression in NIC tumours heterozygous for Pten is likely due to LOH of the wildtype Pten 

allele which was observed in the majority of tumours analyzed (Figure 3-5C).  Pten LOH was 

also detected in tumours of some germline Pten
+/-

 mouse strains and as well as tumours from the 

the Pten-deficient/ErbB2
KI

 cross [323, 324, 334].  These models all recapture a mechanism that 

can drive both hereditary and sporadic tumours in humans.  The fact that Pten LOH occurs in 

two different murine models of ErbB2-induced mammary tumourigenesis further supports the 

cooperation of these two oncogenic events when they overlap in human breast cancer [322]. 

Pten-null/NIC tumours exhibited increased phosphorylation of Akt and a subset of its 

targets as compared to Pten-proficient/NIC samples indicating that in the absence of Pten, PI3K 
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signalling is amplified (Figure 3-6).  Phosphorylation of Tsc2, Bad, and Gsk3β by Akt inhibits 

these proteins and, by mechanisms discussed earlier, induces processes including translation, cell 

survival, and proliferation [198-200, 231, 232, 257].  Activation of these and other Akt-mediated 

signalling pathways likely promotes tumour initiation and progression of Pten-null/NIC tumours.  

It should be noted that we did not investigate the identity of the Akt isoform(s) involved which 

would be an interesting to determine given their differential roles in mammary tumourigenesis 

specifically [194].  Taken together, Pten LOH and enhanced PI3K/Akt signalling occur with Pten 

deficiency in our ErbB2-driven mouse model, both of which are clinically relevant features of 

breast cancer. 

 

PTEN deficiency exerts differential effects on ErbB2-driven tumour histopathology in the 

ErbB2
KI

 and NIC models 

Loss of Pten in the NIC model recapitulated the accelerated tumour onset and enhanced lung 

metastasis observed in the Pten-deficient/ErbB2
KI

 model, including Pten LOH in heterozygous 

animals [334].  One marked difference between these models was the effect of Pten loss on 

tumour morphology.  The homogenous solid adenocarcinoma that is typical of both the ErbB2
KI

 

and NIC models was altered by Pten ablation in the former but not the latter.  Pten-

deficient/ErbB2
KI

 tumours emerged with heterogeneous histopathologies.  In contrast, NIC 

tumours maintain an adenocarcinoma phenotype regardless of Pten status (Figure 3-3B).  The 

discrepancies in histology may reflect differences in the timing of ErbB2 overexpression that are 

inherent to each tumour model.  Tumour initiation and progression in the ErbB2
KI

 strain is 

dependent on amplification of the NeuNT transgene and so overexpression of activated ErbB2 in 
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this model likely occurs much later than in mice carrying the MMTV-driven NIC transgene.  The 

stronger expression of the NIC transgene at very early stages of tumourigenesis probably confers 

a more dominant ErbB2 phenotype that masks effects of concurrent Pten deletion in selecting a 

cell type for tumour initiation.  In the ErbB2
KI

 model, Pten deletion probably occurs well before 

overexpression of ErbB2, perhaps leading to a mixed tumour pathology and cytokeratin profile.  

Taken together, these studies demonstrate that Pten deficiency can synergize with ErbB2 

activation in two different mouse models to accelerate tumour onset and promote pulmonary 

metastasis. 

 

Selective effect of myristoylated p110α on metastasis, but not initiation, of NDL tumours 

We next investigated whether a similar effect on ErbB2-driven mammary tumourigenesis could 

be potentiated by constitutive membrane localization of p110α.  Mice expressing this transgene 

in the mammary epithelium develop neoplastic lesions that in a few rare cases progress to 

adenocarcinoma [309].  Unexpectedly, mammary-specific expression of myristoylated p110α 

delayed tumour onset in the MMTV-NDL model (Figure 3-9).  Examination of wholemounted 

mammary glands prior to tumour initiation showed that no differences in mammary gland 

development as a result of transgene expression (Figure 3-10).  However, defects may not be 

detectable on such a gross scale and more detailed histological and molecular analyses of 

mammary epithelial cells from young mice may reveal reasons for the observed delay in tumour 

initiation.  One conceivable outcome might be the upregulation of p53 in premalignant mammary 

epithelium, which can induce senescence in response to PI3K pathway activation [326, 427].  

Because tumours do develop in myr-p110α/NDL mice, the potential induction of p53-mediated 
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senescence may be a transitory condition that is eventually overcome by overexpression of 

activated ErbB2.  Another possibility could be mosaic expression of NDL and myr-p110α in 

bigenic mice since they are on separate transgenes and the MMTV promoter is known to be 

active in only 70% of mammary epithelial cells [108].  We were unable to test this hypothesis 

since the myr-p110α transgene lacks any exogenous tag that can be detected by a readily 

available antibody.  Ultimately the slight delay in tumour onset in myr-p110α/NDL mice proved 

to be the only characteristic that directly opposed our original hypothesis.  ErbB2-type 

adenocarcinoma developed similarly between bigenic and NDL mice, with no differences in 

burden for both measurable tumours or lesions in adjacent mammary glands (Figure 3-11 and 3-

12). 

Although myristoylation of p110α did not reduce tumour latency in the NDL model, it 

did lead to increased numbers of lung metastases (Figure 3-11 and 3-13).  This suggests that 

tumour cells in bigenic animals may possess an advantage over NDL cells at any point during the 

metastatic cascade.  Preliminary immunoblots of tumours from both genotypes did not identify 

any signalling phenotypes that associated with increased numbers of lung lesions (Figure 3-14).  

Further molecular analyses will be necessary to uncover differential expression of metastasis-

promoting features in the primary tumour but also in the lung lesions themselves; these may 

involve invasive and migratory signatures as well as markers of tumour cell survival and 

proliferation.  Given the established role of the microenvironment at both the primary and 

secondary tumour sites, additional experiments can be performed to investigate stromal cells and 

factors that may be permissive to metastasis such as immunohistochemical staining of 

vasculature and immune infiltrates.  In doing so we may be able to determine why signalling 
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through myristoylated p110α enhances the metastatic dissemination of ErbB2-expressing tumour 

cells but has no apparent effect on the initial development of these tumours. 

 

Consistent activation of Akt is lacking in myr-p110α/NDL tumours 

The immunoblot analyses also revealed that only two of the myr-p110α/NDL samples assayed 

had relatively higher expression of phosphorylated Akt (Figure 3-14).  Previous studies with 

myr-p110α have demonstrated that it is only weakly transforming both in vitro and in vivo [309, 

361].  The modest activation of Akt by myr-p110α shown in other systems, including in the 

mammary epithelium of the MMTV-myr-p110α strain, may be masked by relatively stronger 

oncogenic signalling from the NDL transgene in our model.  These findings contrast with the 

robust Akt signalling detected in Pten-deficient/NIC tumours and support the idea that the PI3K 

pathway is not equivalently activated downstream of Pten ablation and myr-p110α expression 

(Figure 3-6).  These data coincide with clinical data demonstrating that activation of PI3K 

signalling in breast cancer correlates better with PTEN loss than with mutation of PIK3CA [4, 

351].  However an important caveat to this is the fact that myr-p110α does not fully mimic point 

mutation of p110α as it is considered to be comparatively less active in vitro and in mouse 

models [309, 310, 361, 366, 367].  This conclusion may explain why Pten loss but not 

myristoylation of p110α accelerated ErbB2-driven tumour initiation.  Another possibility for 

both the preclinical and clinical scenarios is the assumption that signalling initiated by p110α 

activation is restricted by the presence of a functional Pten. 

Myr-p110α/NDL tumours exhibited expression of ERα by immunoblot, a characteristic 

of other mammary tumour mouse models driven by mutant PIK3CA as well as human breast 
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cancers that have PIK3CA mutations (Figure 3-14) [4, 65, 309, 310, 320, 340, 366].  A few 

samples expressed somewhat more ERα than others and it would be interesting to investigate this 

further by performing in situ staining of tumours as well as investigating the expression of other 

luminal markers.  ErbB2-driven murine mammary tumours are generally ER-negative and so 

even subtle increases in ERα in our myr-p110α/NDL strain would establish clinical relevance for 

this model to some extent.  Moreover, this would further support the preceding discussion on the 

degree of PI3K pathway activation which is lower in ER-positive breast cancers relative to other 

subtypes [4].  Taken together, co-expression of activated ErbB2 and myristoylated p110α in the 

mammary epithelium induces some but not all of the molecular phenotypes typically associated 

with activated PI3K signalling in breast cancer. 

 

The PI3K pathway is important for metastasis of ErbB2-driven tumours 

An interesting feature of both the Pten-deficient/NIC and myr-p110α/NDL tumours was their 

enhanced ability to metastasize to the lung.  Despite other obvious differences between the two 

models, this concurrent finding demonstrates that PI3K signalling is a critical mediator of 

metastasis in cells derived from ErbB2-induced tumours.  As discussed earlier, the PI3K 

pathway can influence several cellular functions that are required for tumour invasiveness.  

Although one must consider that Pten has functions that are independent of PI3K signalling, our 

findings suggest that the Pten-deficient/NIC model is likely driven by increased Akt activation.  

The lack of robust Akt activation in myr-p110α/NDL tumours relative to NDL tumours suggests 

that even basal PI3K signalling may be able to promote metastasis of tumours induced by ErbB2, 

however at this point we cannot exclude the contribution from other molecular alterations in 
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these tumours.  Future studies on this particular aspect in both models could involve more 

detailed analyses of lung colonization by tail vein injection of tumour cells as well as in vitro 

assays examining their migratory and invasive capabilities.  The results from these experiments 

can be used to further compare and contrast these two different mechanisms of PI3K pathway 

activation during the metastatic phase of ErbB2 tumour progression. 
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4 Genetic ablation of PI3K p110α in a mouse model 

of ErbB2 mammary tumourigenesis 
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4.1 Introduction 

In the previous chapter, we showed that signalling through the PI3K/Akt pathway could 

collaborate with overexpression of activated HER2/Neu in murine mammary tumourigenesis and 

metastasis.  Given the overlap of PI3K pathway activation and HER2 overexpression in breast 

cancers, we hypothesized that p110α would be an essential signal downstream of activated 

HER2/Neu during mammary tumourigenesis [4, 320].  This appears to be the case in vitro, where 

MEFs from conditional p110α mice failed to transform when retrovirally infected with activated 

ErbB2 (NeuT) [276].  In addition, work from the last fifteen years has identified in vivo roles for 

p110α in developmental processes such as proliferation and angiogenesis which have the 

potential to be co-opted during tumourigenesis [272, 274].  Although many mammary tumour 

mouse models driven by activating mutations in p110α have been characterized, the requirement 

for p110α in breast cancer initiation and progression had not been addressed until now.  In order 

to genetically ablate p110α in mammary epithelium expressing activated ErbB2/Neu we crossed 

the conditional p110α mice to our MMTV-NIC model.  Preliminary results revealed that loss of 

both p110α alleles dramatically delayed tumour onset in this model [114].  Further evidence for 

the importance of p110α in tumour initiation came from the finding that in the absence of the β 

isoform of p110, Neu-induced tumourigenesis is accelerated due to increased signalling by 

p110α [114].  Despite the delay in tumour initiation in the p110α
flx/flx/

NIC model, tumours 

eventually developed in all animals indicating that p110α is not absolutely required for 

tumourigenesis in the NIC model (unpublished observations, T. Rao and W.J. Muller).  Our 

characterization of these ErbB2-induced tumours that have evolved without a functional p110α 

may be useful in predicting possible resistance mechanisms to both pan- and isoform-specific 

inhibitors in patients with HER2-expressing breast cancer. 
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4.2 Results 

Mammary gland ductal structure is intact in mice with mammary epithelial-specific 

ablation of p110α and overexpression of activated ErbB2 

Genetic ablation of p110α in the mammary epithelium was achieved by crossing a conditional 

p110α strain to MMTV-NIC mice (Figure 4-1) [105, 276].  While it would have been ideal to 

verify loss of p110α protein expression in young animals, we encountered two limitations:  (1) 

p110α expression in non-epithelial mammary stroma (i.e. adipocytes, fibroblasts, endothelial 

cells, immune cells, etc.) precludes the ability to observe a clear decrease in expression in 

immunoblots of bulk mammary gland lysates (data not shown); and (2) we lack a suitable 

antibody for immunohistochemical detection of p110α in mouse tissue.  However, by enriching 

the epithelial cell population in mammary glands we obtained a quantitative reduction in 

PIK3CA expression at the mRNA level in p110α
flx/flx

/NIC mice as compared to FVB and 

wildtype NIC mice (Figure 4-2A). 

It has been previously shown that the deletion of p110α in the mouse mammary 

epithelium impairs ductal outgrowth; if this defect appeared in p110α-deficient/NIC mammary 

glands it would compromise interpretation of future studies of tumourigenesis in this model 

[114].  For this reason, we examined wholemounted mammary glands from p110α
flx/wt

 and 

p110α
flx/flx

/NIC mice at an age when ductal outgrowth is nearing completion (10 weeks).  In both 

cases the mammary glands exhibited normal ductal outgrowth and branching comparable to 

glands from a normal 10-week-old FVB mouse (Figure 4-2B, left).  We suspect that 

overexpression of activated ErbB2 rescues the ductal outgrowth defect caused by p110α ablation. 
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Figure 4-1:  Conditional loss of PI3K p110α in the NIC model 

Breeding strategy to generate mice with mammary epithelial-specific expression of activated 

ErbB2 and ablation of PI3K p110α (PIK3CA).  The conditional p110α strain (“Flox- p110α”) 

carries a p110α allele in which exon 1 is flanked by LoxP sites [276].  When crossed with the 

MMTV-NIC strain (“NIC”) [105], the conditional p110α allele(s) will undergo Cre-mediated 

recombination specifically in the mammary epithelium. 
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Figure 4-2:  Normal mammary gland development in p110α-deficient/NIC animals 

(A) Quantitative PCR for p110α (PIK3CA) transcript (normalized to Gapdh transcript) in cDNA 

from pre-malignant epithelium of the indicated genotypes.  Samples from 1-3 animals were 

pooled and multiple pools were averaged for the analysis (n values indicate the total number of 

mice).  Error bars are standard error of mean.  P values were calculated using a two-tailed t-test. 

(B)  H&E-stained (left) mammary gland wholemounts from 10-week-old NIC mice carrying one 

or both conditional p110α alleles exhibit normal ductal structures, which are comparable to a 

mammary gland from an FVB animal of the same age.  GFP fluorescence in the ducts of the 

mammary glands demonstrates expression of the Cre-inducible reporter (right; transgene 

schematic shown in (B)).  Scale bars from left to right are 5 mm, 0.2 mm, 1 mm. 

(C)  Simplified schematic of the Cre recombinase-activated GFP reporter strain designated as 

“GFP” (adapted from [68]).  The presence of Cre recombinase allows for removal of the floxed 

STOP cassette and expression of the EGFP transgene which encodes for the enhanced green 

fluorescent protein. 



Trisha Rao — PhD Thesis 

133 

 



Investigating the phosphatidylinositol 3’ kinase signalling pathway in transgenic mouse models of breast cancer 

134 

In lieu of assessing p110α expression, we used an indirect method of confirming Cre 

recombinase function by incorporating a Cre-inducible GFP reporter transgene (Figure 4-2C) 

[68].  Prior to H&E staining, the wholemounted mammary glands from p110α-deficient/NIC 

mice were analyzed for GFP expression.  Indeed, fluorescence was observed in the ductal 

epithelium from both heterozygous and homozygous glands (Figure 4-2B, right).  The presence 

of a functional Cre recombinase indicates that the conditional p110α alleles present in these cells 

are likely being excised as well.  Having confirmed normal ductal outgrowth and the presence of 

an active Cre recombinase in the conditional p110α/NIC strains, we were confident in 

proceeding with aging these mice in parallel with wildtype counterparts to study mammary 

tumour development. 

 

p110α
flx/flx

/NIC mice develop mammary tumours after a long latency 

Animals expressing the NIC transgene and carrying one or both of the floxed p110α alleles were 

monitored for tumour formation alongside wildtype NIC controls.  As observed previously, 

p110α
wt/wt

/NIC mice developed tumours at approximately 4-5 months of age (Figure 4-3).  

Heterozygous loss of p110α significantly but only modestly delayed tumour onset.  This effect 

was exacerbated in the homozygous cohort; animals developed tumours much later than wildtype 

NIC mice and with more variability in the age of onset.  It should be emphasized that tumours 

occurred in 100% of the cohort which suggests that p110α is not absolutely essential in this 

context. 

To demonstrate that p110α-deficient/NIC mammary epithelium had undergone Cre-

mediated excision of the conditional allele, PCR of the PIK3CA locus was carried out which can 
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amplify the wildtype, floxed, and excised genomic products (Figure 4-4A, top) [276].  Indeed, 

the excised p110α allele was detectable in heterozygous and homozygous NIC tumour DNA 

while no bands were visible for floxed alleles (Figure 4-4A, bottom).  This evidence for genetic 

ablation of p110α translated to the protein level as immunoblotting of tumour lysates revealed a 

clear decrease in expression in p110α
flx/flx

/NIC samples in contrast to wildtype and heterozygous 

lysates (Figure 4-4B).  As these lysates were prepared from whole tumour they likely possess 

some degree of stromal content which provides residual p110α signal on the immunoblot.  

Expression of the NIC transgene was confirmed in these samples using antibodies against ErbB2 

and Cre recombinase (Figure 4-4B). 

Although tumours eventually developed in p110α-null/NIC mice, penetrance was limited 

to one or two glands unlike the multifocal nature of wildtype NIC tumours.  While there was a 

signification reduction when compared to wildtype NIC animals in the number and total volume 

of tumours at 6 weeks post-palpation for p110α
flx/wt

/NIC mice, the effect was greater in the 

homozygous cohort due to the focality of masses (Figure 4-5A).  Interestingly, when total 

tumour volume was normalized to the number of tumours for each animal, there is no difference 

between the genetic groups (Figure 4-5B).  This estimation suggests that individual tumour size 

may be similar in NIC mice regardless of p110α status.  

The cellular morphology of tumours from all genotypes confirmed the development of 

solid adenocarcinoma typical of ErbB2-driven models (Figure 4-6A, top row).  However, the 

differential tumour multiplicity that we had observed in these mice prompted us to also examine 

the adjacent mammary glands from tumour-bearing animals (i.e. glands lacking palpable masses) 

for the incidence of early lesions.  Histological analysis of these adjacent mammary glands 

revealed the presence of lesions in only wildtype and heterozygous NIC samples, while  
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Figure 4-3:  Dramatically delayed tumour initiation in p110α-null/NIC animals as 

compared to wildtype and heterozygous counterparts 

Kaplan-Meier tumour onset curve for NIC mice that are wildtype, heterozygous, or homozygous 

for the p110α conditional allele.  The table indicates for each genotype the penetrance 

(percentage of animals that developed tumours), T50 (age when 50% of the animals have 

tumours), and average tumour onset with standard deviation for each of the curves shown on the 

graph.  P values were calculated using a two-tailed t-test. 
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Figure 4-4:  Evidence of p110α ablation in tumours arising from p110α-null/NIC mice 

(A)  Schematic illustrating the wildtype and floxed PIK3CA alleles and the expected PCR 

product size when amplified using the primers shown (red arrows) (top; adapted from [276].  Cre 

recombination of the floxed PIK3CA allele results in amplification of the excised product; this is 

detectable in tumour DNA from NIC mice heterozygous and homozygous for the conditional 

p110α allele (bottom). 

(B)  Immunoblots for p110α, Cre recombinase, and ErbB2 in tumour lysates from the indicated 

genotypes.  α-tubulin was used as a loading control.  Numbers correspond to the mouse ID for 

each sample. 
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Figure 4-5:  p110α-null/NIC mice develop fewer tumours than the wildtype and 

heterozygous cohorts 

(A)  Tumour burden for the indicated genotypes is represented as the average total number of 

tumours (top) and average total tumour volume (bottom) at weekly time-points after palpation of 

the first mass.  Error bars are standard error of mean.  P values at 6 weeks post-palpation were 

calculated using a two-tailed t-test. 

(B)  Average individual tumour volume estimated by calculating the total tumour volume 

relative to the total number of tumours for each animal.  Error bars are standard error of mean.  P 

values were calculated using a two-tailed t-test. 
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Figure 4-6:  Tumours from all genetic groups are solid adenocarcinoma while adjacent 

mammary gland histology confirms the focal penetrance of p110α-null/NIC masses 

(A)  Histological sections of tumours (top) stained with H&E from the indicated genotypes as 

compared to H&E-stained histological sections (middle) and wholemounts (bottom) of adjacent 

mammary glands.  Scale bar is 100 μm for the histological sections (top and middle rows) and 5 

mm for the wholemounts (bottom row).  

(B)  The size of the lesions in the wholemounts shown in (A, bottom row) was quantified as the 

percentage of lesion area relative to total gland area and averaged for the indicated groups.  Error 

bars are standard error of mean.  P values were calculated using a two-tailed t-test. 
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homozygous glands were almost devoid of any abnormalities (Figure 4-6A, middle row).  This 

phenotype correlated to a decrease in lesion density quantified in wholemounted adjacent 

mammary glands from p110α-deficient/NIC samples as compared to wildtype (Figure 4-6A, 

bottom row; Figure 4-6B). 

 

Tumours from p110α-wildtype and -null/NIC mice do not differ greatly in growth rate 

Our tumour burden data indicated that single masses in mice from each genetic group were about 

the same size at sacrifice (Figure 4-5B).  This might suggest that individual tumours grew at the 

same rate once they had initiated, regardless of p110α status.  To test this hypothesis, we first 

analyzed endstage primary tumours to determine if there were changes in proliferation or 

apoptosis between the three cohorts.  Quantifications of Ki67 (proliferative marker) and TUNEL 

(apoptotic marker) immunostaining were similar in wildtype samples to what has been seen 

previously in the NIC model (Figure 4-7, top and middle) [105, 111].  These parameters were not 

significantly different in heterozygous or homozygous samples (data not shown; Figure 4-7, top 

and middle).  Tumour growth can also be influenced by the recruitment of vasculature and so we 

also assessed blood vessel density by staining for the endothelial cell marker CD31.  This factor 

was also unchanged between all genotypes (data not shown; Figure 4-7, bottom).  

While these immunohistochemical analyses showed that proliferation, apoptosis and 

angiogenesis were equivalent in p110α
wt/wt

 and p110α
flx/flx

/NIC tumours, a more controlled 

experiment would be to test the growth rate of tumour cells in an orthotopic assay.  Tumour cells 

from p110α-wildtype and -null/NIC mice were injected into the mammary fat pad of athymic 

nude mice and allowed to grow over time.  All of the mice injected with the wildtype NIC 
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tumour cell lines developed palpable masses at approximately the same time post-injection and 

grew to at the same rate (Figure 4-8A).  There was some variability in the time post-injection for 

masses to become detectable for the p110α-deficient/NIC tumour lines, with one line developing 

in recipients at the same time as the wildtype lines and the other two arising later (Figure 4-8A).  

Note that the variability was between the different lines tested and latencies for individual 

replicates for a single line were generally consistent.  We confirmed that all p110α-deficient/NIC 

tumour outgrowths had maintained loss of p110α protein (Figure 4-8B). 

 

NIC tumours lacking p110α are impaired in their ability to establish pulmonary metastases 

We had now established that p110α is involved in ErbB2-mediated tumour initiation but we were 

also interested in whether the absence of p110α would affect the invasive potential of NIC 

tumours.  The lungs from mice that were tumour-bearing for 6 weeks were analyzed for the 

presence of lesions.  In NIC mice that were heterozygous p110α loss, 45% of tumour-bearing 

animals had lung metastases, almost half of the proportion observed in wildtype NIC mice; loss 

of both p110α alleles resulted in metastases in only 31.6% of tumour-bearing animals (Figure 4-

9A, left).  In addition to the decreased incidence of pulmonary metastases, the number of lesions 

in metastasis-positive animals was also significantly lower in the absence of p110α (Figure 4-9A, 

right). 

Although these findings were striking, it could be argued that this metastatic defect was 

due to the smaller tumour burden in p110α-deficient/NIC mice as compared to wildtype NIC 

counterparts (Figure 4-5).  To address this issue, we assessed lung colonization by injecting an 

equivalent number of cells from p110α-wildtype/NIC and -null/NIC mice into the tail veins of 
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Figure 4-7:  Proliferation, apoptosis, and blood vessel density are unchanged between 

p110α-null and -wildtype/NIC tumours 

Representative images of tumour sections from wildtype NIC and p110α-null/NIC mice (left) 

stained with a proliferative marker Ki67 (top), an apoptotic marker TUNEL (middle) and an 

endothelial cell marker CD31 (bottom).  Arrowheads indicate TUNEL-positive nuclei.  Scale bar 

is 100 μm.  Staining quantification to the right of the corresponding images is shown by the 

average percentage of positive nuclei (Ki67 and TUNEL) or pixels (CD31).   Error bars are 

standard error of mean.  P values were calculated using a two-tailed t-test. 
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Figure 4-8:  p110α-null/NIC tumour cell outgrowths exhibit variable latencies but similar 

growth rates when compared to wildtype NIC cells 

(A)  Tumour outgrowth over time in NCr mice injected orthotopically with tumour cells from 

transgenic tumours of the indicated genotypes (250 000 cells/injection).  Data is shown for 3 

separate experiments (designated by different colours); for each experiment 1 p110α-

wildtype/NIC line (solid circles) and 1 p110α-null/NIC line (white circles) were assayed.  The 

graph shows individual replicates. 

(B)  Tumour lysates were prepared from 1 NCr recipient from each of the indicated lines used in 

the outgrowth assay shown in (A) and immunoblotted for p110α, ErbB2, and α-tubulin (loading 

control).  Numbers correspond to the transgenic mouse ID for each sample.  #79, 3888, 2552, 

7083, 7582, and 1199 were used in the outgrowth assay in (A).  #3888, 2552, 8905, 7582, 1199, 

and 7668 were used in the tail vein assay shown in Figure 5-9.  Samples #8905 and 7668 are 

tumour transplant outgrowths from NCr mice. 
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Figure 4-9:  p110α-deficiency reduces lung metastasis in tumour-bearing NIC mice and 

impairs lung colonization of NIC tumour cells in a tail vein assay 

(A)  The percentage of tumour-bearing mice with lung metastases (left) as well as the number of 

lung lesions in metastasis-positive (“met+”) animals (right) for the indicated genotypes.  Error 

bars are standard error of mean.  P values were calculated using a two-tailed t-test. 

(B)  Lung colonization in NCr mice four weeks after tail-vain injections of tumour cells from 

transgenic tumours of the indicated genotypes (500 000 cells/injection).  Representative images 

of H&E-stained lung sections are shown for the indicated genotypes at two magnifications (left).  

The arrowhead indicates the lesion that is shown below at the higher magnification.  Scale bars 

are 500 μm (top row) and 100 μm (bottom row).  Quantification of the number of lung lesions 

(top right) and size of lesions relative to the total lung area (bottom right) is shown for 3 separate 

experiments (designated by paired bars); for each experiment 1 p110α-wildtype/NIC line (black 

bar) and 1 p110α-null/NIC line (white bar) were assayed.  Error bars are standard error of mean.  

P values were calculated using a two-tailed t-test.  Confirmation of genotype at the protein level 

is shown in tumour transplant outgrowths from NCr mice in Figure 4-8 (B). 
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 athymic nude mice.  The p110α-deficient/NIC tumour lines showed a trend towards fewer and 

smaller lesions as compared to wildtype/NIC tumour lines, with one of three experiments 

reaching statistical significance (Figure 4-9B).  p110α status in the tumour lines used in this 

assay was confirmed by immunoblotting mammary fat pad transplant outgrowths (Figure 4-8B).  

These results suggest that the differential metastasis in the transgenic FVB mice is true and not 

influenced by overall tumour burden. 

 

p110α-deficient/NIC tumours are dependent on other p110 isoforms to maintain Akt 

signalling 

The fact that tumours could eventually develop in p110α
flx/flx

/NIC mice implies that the 

mammary epithelial cells had found an alternate method to drive tumour initiation.  We first 

investigated activation of one of the major effectors of PI3K signalling, Akt.  Immunoblotting of 

tumour lysates revealed that, although variable across samples, there were no obvious trends in 

Akt phosphorylation in NIC tumours wildtype or null for p110α (Figure 4-10).  This 

maintenance of Akt activation was also evident in the sustained phosphorylation of the ribosomal 

protein S6, which is indirectly activated by Akt via the Tsc2/Rheb/mTORC1 pathway (Figure 4-

10) [198-200].  Interestingly, some p110α-deficient/NIC tumours showed reduced Pten 

expression which may represent a mechanism for continued Akt signalling (Figure 4-10).  In 

addition to loss of Pten, retention of Akt signalling could also be attributable to other p110 

isoforms in the cell, such as other class I enzymes.  When we analyzed p110β and -γ levels by 

immunoblot we found that their expression was constant across all samples; this was also the 

case for the p85 regulatory subunit (Figure 4-11).  Furthermore, immunoprecipitation of p85 
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from NIC tumour lysates shows it is complexed with p110β in the absence of p110α (Figure 4-

12).  This analysis also revealed a consistent interaction between p85 and ErbΒ3, a major 

receptor for direct recruitment of p85-p110 heterodimers.  However these results do not reveal if 

p110α-deficient/NIC tumours actually depend on non-p110α isoforms to sustain themselves.  To 

test this hypothesis, we took advantage of a pan PI3K p110 inhibitor that is in clinical trials for 

treatment of solid tumours including breast cancers [386].  We chose to use a pan inhibitor to 

provide insight into whether our p110α-null/NIC tumours were dependent on any of the non-α 

isoforms.  GDC-0941 is a competitive inhibitor of p110 which targets the ATP-binding pocket of 

the enzyme [386].  It has potent activity against p110α and -δ, with slightly less activity against 

the β and  isoforms.  In contrast to vehicle-treated controls, GDC-0941 could inhibit Akt 

phosphorylation at a concentration of 250 nM in a cell line derived from an ErbB2-driven murine 

mammary tumour (Figure 4-13A).  Furthermore, mice bearing transplanted NIC tumours also 

exhibit decreased phosphorylation of Akt at various timepoints post-treatment with 125 mg/kg of 

GDC-0941 but not after treatment with vehicle (Figure 4-13B).  Note that the drug did not affect 

expression of the ErbB2 oncogene in orthotopic tumours. 

Having confirmed target inhibition in both in vitro and in vivo in our tumour model, we 

proceeded with testing the effects of GDC-0941 on orthotopic tumour growth of wildtype/NIC and 

p110α-deficient/NIC tumour cells  Two lines per genotype were injected into the fat pad of 

athymic mice.  As soon as masses were detected, the mice were started on daily treatment of 

GDC-0941 (125 mg/kg) or vehicle and monitored for tumour regression or growth.  Drug 

treatment slowed the growth of masses in all tumour lines tested as compared to vehicle treated 

controls (Figure 4-14A).  After just three weeks of treatment, the average tumour volume across 

replicates was significantly lower in drug-treated animals than in vehicle controls for all of the 
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Figure 4-10:  Akt signalling remains active in p110α-null/NIC tumours 

Immunoblot analysis of p110α, phosphorylated and total forms of Akt (S473) and ribosomal 

protein S6 (S235/236), and Pten in tumour lysates of the indicated genotypes.  β-actin was used 

as a loading control.  Numbers correspond to the mouse ID for each sample. 
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Figure 4-11:  PI3K isoform expression is constant in p110α-wildtype and -null/NIC 

tumours 

Tumour lysates of the indicated genotypes were immunoblotted with antibodies against p110α, 

p110β, and p110, p85 and β-actin (loading control).  Numbers correspond to the mouse ID for 

each sample. 
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Figure 4-12:  p85-p110β complexes may contribute to the maintenance of PI3K signalling 

in NIC tumours lacking p110α 

p85 protein was immunoprecipitated from tumour lysates of the indicated genotypes and then 

probed for p110α, p110β, p85, and ErbΒ3 by immunoblot (top).  “No Ab” refers to a control for 

which the p85 immunoprecipitation antibody was excluded.  The lysates were immunoblotted for 

the same proteins in parallel (bottom).  Numbers correspond to the mouse ID for each sample. 
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Figure 4-13:  The pan class I PI3K p110 inhibitor GDC-0941 reduces Akt phosphorylation 

in ErbB2 tumour cells in vitro and in vivo 

(A)  Immunoblot of lysates from an NDL cell line treated for 2 hours or 6 hours with GDC-0941 

at the indicated concentrations as compared to untreated and vehicle (DMSO) controls.  

Antibodies were directed against ErbB2, phospho-Akt (Ser473), Akt, and α-tubulin (loading 

control). 

(B)  Lysates of transplanted NIC tumours from mice sacrificed at 2, 6 and 12 hours after 

treatment with 125 mg/kg of GDC-0941 (“GDC”) or vehicle (“veh”) were immunoblotted for 

ErbB2, phospho-Akt (Ser473), Akt, and α/β-tubulin (loading control).  The same tumour line 

was used for all conditions (#8665, p110α
wt/wt

/NIC). 
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Figure 4-14:  GDC-0941 impairs outgrowth of NIC tumour cells regardless of p110α status 

(A)  Tumour outgrowth in NCr mice injected orthotopically with tumour cells from NCr 

transplant tumours of the indicated genotypes (500 000 cells/injection) after treatment with 125 

mg/kg GDC-0941 (black) or vehicle (grey).  2 p110α
wt/wt

/NIC tumour lines (left; solid circles) 

and 2 p110α
flx/flx

/NIC tumour lines (right; white circles) were tested in parallel.  The graph shows 

individual replicates. 

(B)  Average tumour outgrowth volume from the experiment shown in (A) after 3 weeks of 

treatment with either vehicle (grey) or GDC-0941 (black).  Error bars are standard error of mean.  

P values were calculated using a two-tailed t-test. 
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tumour lines (Figure 4-14B).  This indicated that p110α-null/NIC tumours were still dependent 

on the activity of non-α p110 isoforms to some extent. 

 

Development of p110α-null/NIC tumours may result from dysregulated osteopontin 

(OPN)/αvβ3 integrin expression 

To further investigate differences in molecular signalling between p110α-proficient and -

deficient/NIC tumours, we turned to gene expression profiling.  Individual samples were chosen 

for the microarray so that a range of tumour onset age and metastatic potential were represented 

(Figure 4-15A).  Tumour mRNA isolated for the microarray was verified for p110α expression 

by reverse transcription-quantitative PCR (RT-qPCR) (Figure 4-15B). 

Initial analysis of the microarray data by unsupervised hierarchical clustering showed that 

while wildtype NIC tumours were similar to each other, the p110α
flx/flx

/NIC tumours segregated 

into three unique groups (Figure 4-16).  Given the heterogeneity within the p110α-deficient/NIC 

group we did not pursue pathway analysis of the data based on genotype averages and instead we 

identified interesting candidates from amongst the most differentially expressed probes. We 

went on to focus on probes that exhibited the strongest differential expression in the hope of 

capturing hits that may be relevant in at least some of the tumours within a genetic group.  One 

of the most variably expressed genes on our list was Spp1, which was upregulated at least 6-fold 

across ten individual probes in the p110α-null/NIC samples relative to the wildtype NIC samples 

(Figure 4-17A).  The Spp1 gene encodes for osteopontin (OPN), a secreted ECM-associated 

protein that is overexpressed in breast cancers and was found to have prognostic significance in 

patients with metastatic disease [428-431].  This made it a promising candidate for driving the 
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formation of p110α-deficient/NIC tumours.  Upon assessment of Spp1 mRNA levels by RT-

qPCR, it became clear that the increased average expression of transcript on the microarray was 

originating from three individual p110α
flx/flx

/NIC samples (Figure 4-17B).  Interestingly, these 

same three tumour samples were grouped together on a distant dendrogram branch after 

unsupervised hierarchical clustering, suggesting that perhaps in addition to OPN they may 

express other genes in common (Figure 4-16). 

Having validated Spp1 at the transcript level, we were interested in analysing protein 

expression of OPN in an expanded sample set of NIC tumours that were wildtype or null for 

p110α.  Immunoblotting of tumour lysates with an anti-OPN antibody revealed a band at the 

predicted molecular weight for the full-length protein (~55 kilodaltons) in five p110α
flx/flx

/NIC 

tumours; for three of the five the signal was very strong while it was very weak for the other two 

(Figure 4-18A).  OPN was not detected in any of the wildtype NIC tumour lysates.  To extend 

these results to incorporate protein expression of OPN in situ, we performed 

immunohistochemical staining on tumour sections from the same tumours used in the 

immunoblot analysis.  With the exception of one sample, the remaining eleven wildtype NIC 

tumours were negative for OPN expression although some samples contained a few positive cells 

(data not shown; Figure 4-18B).  Similar to the immunoblot analysis, a subset of p110α-

deficient/NIC tumours expressed high levels of OPN in the tumour epithelium, with increasing 

intensity toward the periphery of the lesions (Figure 4-18B).  We also noticed in the 

p110α
flx/flx

/NIC tumour sections that OPN staining was restricted to late stage lesions and seemed 

to be excluded from earlier lesions and normal ducts (Figure 4-18B; bottom row).  This 

observation provided some preliminary evidence that OPN is upregulated during early stages of  
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Figure 4-15:  Sample list of p110α-wildtype and -null/NIC tumours for microarray analysis 

(A)  Tumours from p110α
wt/wt

/NIC and p110α
flx/flx

/NIC mice used for microarray analysis were 

chosen to represent a variety of tumour onsets and lung metastasis status. 

(B)  p110α (PIK3CA) transcript expression normalized to Gapdh transcript was confirmed using 

quantitative PCR on cDNA from the tumours shown in (A) (striped bars are averages for each 

genetic group).  Error bars are standard error of mean.  The p value was calculated using a two-

tailed t-test. 
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Figure 4-16:  Gene expression profiling reveals that p110α-null/NIC tumours form distinct 

subgroups 

Unsupervised hierarchical clustering of samples of the indicated ID numbers/genotypes using the 

top 500 most variable genes. 
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Figure 4-17:  OPN transcript is elevated in some p110α-null/NIC tumours 

(A)  Across ten probes on the microarray, the average OPN (Spp1) transcript expression was 

increased at least 6-fold in the average for all p110α-null/NIC tumours as compared to the 

average for all wildtype NIC group.  P values are indicated for each probe. 

(B)  OPN (Spp1) transcript levels normalized to Gapdh transcript as determined by quantitative 

PCR in cDNA from the tumours used for the microarray (striped bars are averages for each 

genetic group).  Error bars are standard error of mean.  The p value was calculated using a two-

tailed t-test. 
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Figure 4-18:  A proportion of p110α-null/NIC tumours exhibit upregulation of OPN at the 

protein level 

(A)  OPN (OPN) immunoblot on tumour lysates of the indicated genotypes.  β-actin was used as 

a loading control.  Numbers correspond to the mouse ID for each sample. 

(B)  Immunohistochemical staining of tumours from the indicated genotypes using an antibody 

against OPN (OPN).  The bottom row images are higher magnifications of the top row images.  

Scale bars are 100 μm (top row) and 50 μm (bottom row). 

(C)  Table listing the percentage of samples with increased OPN expression analyzed by RT-

qPCR, immunoblot, and immunohistochemistry.  The overall percentages considering all 

methods (transcript and/or protein) were calculated so that individual samples exhibiting 

increased levels in multiple analyses were not counted more than once. 
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tumour progression in at least some of the p110α-deficient/NIC mice.  Considering both mRNA 

and protein analyses in all samples, we can conclude that 7/12 (58.3%) of the p110α-

deficient/NIC tumours analyzed showed elevation of OPN expression in contrast to just 1/11 

(9.1%) of p110α-proficient/NIC tumours (individual samples with increased levels in multiple 

analyses were not counted more than once) (Figure 4-18C). 

Secreted OPN binds to cell surface receptors to engage downstream signalling including 

members of the integrin family.  A major integrin receptor that responds to OPN is the αvβ3 

heterodimer which can induce many aspects of cell transformation [432].  Tumour lysates were 

immunoblotted with antibodies against both αv and β3 integrins and revealed decreased signals 

in the majority of p110α-null/NIC tumours as compared to wildtype counterparts (Figure 4-19A).  

We revisited our panel of mRNA samples and found that p110α-deficient/NIC tumours had 

significantly reduced β3 integrin transcript (Itgb3) relative to wildtype NIC tumours; αv integrin 

transcript (Itgav) was lower in 2/6 samples (Figure 4-19B).  It was now apparent that in addition 

to enhanced expression of OPN, NIC tumours lacking p110α also had impaired expression of αv 

and β3 integrin.  The latter phenotype seemed to be more universal across all of the samples, 

whereas the former appeared to be a less common event.  This led us to hypothesize that loss of β3 

integrin may be a direct or indirect effect of p110α ablation in the mammary epithelium of p110α
flx/flx

/NIC 

of young mice; consequently, its ligand OPN may be upregulated to compensate for this reduction in 

expression.  Further evidence for this comes from our prior observation that normal ducts and early 

lesions in NIC tumours were negative for OPN expression (Figure 4-18B). 

To test this theory, we isolated mammary epithelial cells from p110α
wt/wt

 and 

p110α
flx/flx

/NIC mice at an age before tumours normally arise in the NIC model (i.e. 3-5 months 

of age).  mRNA levels of both OPN (Spp1) and β3 integrin (Itgb3) were assessed in these 
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premalignant mammary epithelium samples and compared to previously collected tumour 

expression data (taken from Figures 4-17B and 4-19B).  In agreement with our proposed theory, 

Spp1 levels were unchanged between wildtype and p110α-deficient/NIC premalignant samples, 

even trending towards decreased expression in knockouts (Figure 4-20, top).  The significant 

reduction in Itgb3 expression in p110α-deficient versus -proficient/NIC groups was consistent 

between premalignant and tumour epithelium (Figure 4-20, bottom).  We had previously 

confirmed loss of p110α expression in these epithelial-enriched samples relative to wildtype NIC 

and FVB controls (Figure 4-2A). 

 

Loss of Pten is associated with OPN expression in p110α-deficient/NIC tumours 

After observing an upregulation of OPN expression in a subset of p110α-deficient/NIC tumours, 

it followed to investigate potential signalling mechanisms that might be at play in our system.  

Interestingly, the PI3K pathway has been shown to be involved in inducing OPN transcription 

either through in vitro stimulation of PI3K signalling or through loss of the PTEN tumour 

suppressor [433-435].  We had initially noted reduced Pten protein levels in some p110α-

deficient/NIC tumour lysates and chose to repeat the immunoblot but this time ordered samples 

with respect to OPN status.  Pten expression was accordingly reduced in the three p110α-

null/NIC tumours with high OPN expression and in one of the two tumours with intermediate 

levels of OPN (Figure 4-21A).  Since changes in Pten expression can be attributed to several 

factors, we assayed mRNA using Pten-specific primers.  Two of the six p110α
flx/flx

/NIC samples 

had lower expression of Pten transcript and only one of these correlated with slightly low protein 

levels (#2386) (Figures 4-10 and 4-21B). 
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Figure 4-19:  p110α-null/NIC tumours exhibit reduced expression of αv and β3 integrins 

(A)  Immunoblot of tumour lysates of the indicated genotypes using antibodies against αv and β3 

integrin.  β-actin was used as a loading control.  Numbers correspond to the mouse ID for each 

sample. 

(B)  β3 integrin (Itgb3) and αv integrin (Itgav) transcript expression normalized to Gapdh 

transcript were determined using quantitative PCR on tumour cDNA from the indicated 

genotypes (striped bars are averages for each genetic group).  Error bars are standard error of 

mean.  P values were calculated using a two-tailed t-test. 
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Figure 4-20:  In premalignant mammary epithelium, OPN mRNA expression is unchanged 

while that of β3 integrin is decreased in p110α
flx/flx

/NIC mice relative to wildtype 

counterparts 

OPN (Spp1) and β3 integrin (Itgb3) transcript (normalized to Gapdh transcript) assessed by 

quantitative PCR on cDNA from pre-malignant and tumour epithelium of the indicated 

genotypes.  Pre-malignant samples were the same as used in Figure 4-2A.  Tumour epithelium 

data is taken from Figures 4-17B and 4-19B and is shown again for comparison. 
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Figure 4-21:  Upregulation of OPN correlates with downregulation of Pten protein 

 (A)  Immunoblot of tumour lysates of the indicated genotypes for OPN (OPN) and Pten.  

Tumours were grouped according to high (2667, 3215, 6969), medium (4006, 4715), and 

low/absent (2324, 5178) OPN protein expression.  α/β-tubulin was used as a loading control.  

Numbers correspond to the mouse ID for each sample. 

(B)  Pten (Pten) transcript expression normalized to Gapdh transcript was determined using 

quantitative PCR on tumour cDNA from the indicated genotypes (striped bars are averages for 

each genetic group).  Error bars are standard error of mean.  The p value was calculated using a 

two-tailed t-test. 
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Activation of the PI3K pathway increases OPN expression in two different mouse models of 

ErbB2 mammary tumourigenesis 

The association between low Pten and high OPN was encouraging however the number of 

samples exhibiting this phenotype was low.  To determine if this correlation was a recurring 

phenomenon in ErbB2-driven mammary tumours with loss of Pten, we investigated OPN 

expression in our NIC mouse model driven by Pten deletion (Chapter 3).  The majority of Pten-

deficient/NIC tumours expressed OPN in contrast to wildtype NIC controls (Figure 4-22A).  

Notably this was apparent in both homozygous and heterozygous contexts.  It was also 

interesting to see two bands on the immunoblot in contrast to the single band observed in the 

p110α-deficient/NIC immunoblots. 

In addition to loss of PTEN, PI3K pathway activation in cancer can occur through 

activating mutations in PIK3CA/p110α.  We recently acquired a mouse strain in which the 

cancer-associated hotspot mutation H1047R is knocked in to the endogenous PIK3CA gene; 

expression of this activated mutant (p110α
HR

) is dependent on Cre recombinase [64, 65].  By 

breeding this strain to our ErbB2
KI

 model (NeuNT/Cre), we can achieve physiological levels of 

both oncogenic mutants in the mammary epithelium since expression is driven by their 

respective endogenous promoters [62].  Mammary tumours in mice that arise from this cross 

provide an ideal context for determining if PI3K pathway activation can contribute to OPN 

expression.  Preliminary data from our laboratory demonstrates that co-expression of p110α
HR

 

and activated ErbB2 in the mammary epithelium results in tumours that express high levels of 

OPN protein by immunoblot (Figure 4-22B).  By contrast, tumours from p110α
HR

/Cre or 

NeuNT/Cre animals appear to express lower amounts.  The detection of multiple bands was 

noted in these samples, similar to what was observed in the Pten-deficient/NIC samples (Figure 
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4-22A).  The tumours with the activating mutation in p110α also exhibit increased Akt 

phosphorylation as compared to NeuNT/Cre samples, which may preclude a necessity for Pten 

loss (Figure 4-22B). 
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Figure 4-22:  ErbB2-driven mammary tumours with genetic activation of PI3K signalling 

exhibit increased OPN expression 

(A)  Immunoblots for OPN (OPN), Pten, and α/β-tubulin (loading control) in tumour lysates of 

the indicated genotypes.  Numbers correspond to the mouse ID for each sample; multiple 

tumours from the same animal are distinguished by “.1” and “.2”. 

(B)  Mammary tumour lysates of the indicated genotypes were probed for phosphorylated and 

total forms of Akt (S473), OPN (OPN), Pten, and α/β-tubulin (loading control) by immunoblot.  

Numbers correspond to the mouse ID for each sample. 
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4.3 Discussion 

Loss of p110α impairs ErbB2-mediated tumour initiation and metastasis 

The α isoform of p110 has been shown to be important in ErbB2-mediated transformation in 

vitro and so we chose to investigate the in vivo consequences of mammary-specific p110α loss in 

a model driven by activated ErbB2/Neu (MMTV-NIC strain) (Figure 4-1).  Our initial 

observations indicated that mammary-specific ablation of p110α in the NIC model almost 

completely abrogated tumour initiation [114].  However we continued monitoring animals as 

they aged and eventually all p110α
flx/flx

/NIC mice developed tumours, albeit with a much longer 

latency than wildtype and heterozygous cohorts (Figure 4-3).  We confirmed that tumours from 

p110α
flx/flx

/NIC animals were null for p110α transcript and protein and maintained expression of 

the activated ErbB2 oncogene (Figure 4-4B and 4-15B).  These observations indicated that 

p110α was indeed important for tumour initiation in the NIC model but also that p110α was not 

absolutely necessary for tumours to ultimately evolve. 

Far fewer tumours developed in p110α
flx/flx

/NIC mice as compared to wildtype or 

heterozygous NIC animals and this focality was evident in tumour volume assessments and 

analysis of adjacent mammary glands (Figure 4-5A and 4-6).  These results collectively indicate 

that tumour development in p110α
flx/flx

/NIC mice is indeed restricted to one or two glands and 

that evasion of p110α loss is a relatively rare event in the mammary epithelium of a single 

animal.  Interestingly, these sporadic p110α-deficient/NIC masses were comparable in size to 

individual tumours in p110α-proficient/NIC mice and exhibited no differences in the expression 

of proliferative, apoptotic or angiogenic markers (Figure 4-5B and 4-7).  We had anticipated 

differences in tumour vasculature given the p110α-specific role in regulating the embryonic 

angiogenesis [274].  However, it is likely that in an oncogenic context this may be compensated 
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for by other signalling events, including pathways downstream of ErbB2 such as the activation 

of cyclooxygenase-2 or suppression of thrombospondin 1 which promote and inhibit 

angiogenesis, respectively [436, 437].  Furthermore, orthotopic injection of p110α-wildtype and -

null/NIC tumour cells resulted in similar rates of outgrowth (Figure 4-8A).  In this experiment, 

tumours derived from all of the wildtype NIC line exhibited similar latencies post-injection 

whereas there were differences in the average latency for each of the p110α-deficient/NIC lines.  

This inconsistency might reflect differences in the ability of each p110α
flx/flx

/NIC tumour line to 

establish in the fat pad and proliferate.  Although this injection experiment does not fully mimic 

spontaneous tumour development in the transgenic animals because the tumour cells derive from 

already established tumours, the latencies of tumour outgrowths in injected recipients were 

reminiscent of the broad range of tumour onsets observed in the transgenic mice (Figure 4-3).  

Taken together, these results suggest that once p110α-deficient/NIC mammary cells initiate a 

tumour it grows to the same extent as a wildtype NIC tumour. 

Loss of p110α not only impaired tumour initiation in NIC mice, it also hindered 

metastasis to the lung (Figure 4-9A).  Tail vein assays confirmed this impairment of p110α-

deficient/NIC tumour cells to colonize the lung, negating any potential influence of differential 

tumour burden on this phenotype in the transgenic animals (Figure 4-9B and 4-5).  Additionally, 

the results of this experiment may reflect a cell-autonomous defect of p110α-null tumour cells in 

colonizing the lung microenvironment, since these cells are put directly into the vasculature and 

therefore bypass the initial stages of metastasis.  In support of this idea, the metastatic defect in 

the transgenic mice did not correlate with differences in blood vessel density in the primary 

tumours which suggests that diminished angiogenesis was not responsible (Figure 4-7).  We did 

not include p110α
flx/wt

/NIC tumour lines in the tail vein experiments which may have been 
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informative considering the reduced proportion of p110α
flx/wt

/NIC mice with metastases relative 

to the wildtype NIC cohort, despite exhibiting similar overall tumour burdens (Figure 4-5A and 

Figure 4-9A).  Furthermore, a haploinsufficient effect of p110α was observed with regard to the 

incidence but not the number of lung metastases in tumour-bearing mice (Figure 4-9A).  This 

implies that if a p110α
flx/wt

/NIC tumour can metastasize, it appears to do so to the same extent as 

a wildtype tumour, analogous to the similar growth of p110α-wildtype and -null/NIC tumours 

after they have initiated.  Perhaps complete p110α ablation worsens the defective metastasis of 

heterozygous tumour cells, impacting on both the decision to metastasize as well as later 

colonization steps at the secondary site.  It would be interesting to address at least some of these 

issues by assessing the ability of p110α
flx/wt

/NIC tumour cells to colonize the lung when injected 

directly into the bloodstream.  Finally, we noted that lung colonization from transgenic NIC 

tumours was generally sparse (aside from one wildtype NIC tumour line, #8665) which conflicts 

with previous studies from our laboratory which utilized cultured primary tumour cells that more 

readily colonized the lung (Figure 4-9B) [111].  Primary tumour-derived cell lines, as well as 

orthotopic transplant tumour lines, undergo some degree of selection during serial passages 

which may confer an advantage over naïve cells from transgenic tumours when adapting to a 

new microenvironment.  In the future we may consider extending the time between tail vein 

injection and sacrifice to increase the metastatic burden of transgenic tumour cells to more 

practical levels. 

Collectively these results indicate that although p110α is important for ErbB-mediated 

tumourigenesis, it is not absolutely essential for this process.  Focal tumours eventually develop 

in the absence of this proto-oncogene and they exhibit similar growth to wildtype NIC tumours.  
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Furthermore, a proportion of p110α-deficient/NIC tumours may even acquire the ability to 

metastasize to the lung. 

 

Tumours in p110α
flx/flx

/NIC mice are partially dependent on the activity of non-α p110 

isoforms 

The development of tumours in 100% of the p110α
flx/flx

/NIC cohort indicated that the mammary 

epithelium of these mice must have experienced additional molecular changes in order to 

circumvent the lack of p110α and undergo transformation.  Despite deficiency of p110α, 

signalling downstream of PI3K appeared to be unaffected, with similar levels of phospho-Akt 

and phospho-S6 in p110α-deficient and -proficient/NIC tumours (Figure 4-10; data not shown).  

We found that non-α p110 isoforms, such as β and gamma, were also comparably expressed and 

could potentially be responsible for the maintenance of Akt signalling in p110α-null/NIC 

tumours (Figure 4-11).  Furthermore, p85 immunoprecipitates from p110α-deficient/NIC tumour 

lysates were enriched in p110β and ErbΒ3 (Figure 4-12).  Although this experiment does not 

prove a direct interaction between the three proteins, it suggests that p85 continues to associate 

with p110β in the absence of p110α and in doing so p85 may be recruited as a heterodimer to 

ErbΒ3 to potentiate PI3K signalling. 

Using the pan class I PI3K inhibitor GDC-0941, we went on to show that the in vivo 

growth of NIC tumours lacking p110α depends on the activity of other p110 isoforms (Figure 4-

13).  In addition, the observed susceptibility of wildtype NIC tumour lines to GDC-0941 was 

observed previously and provides evidence for a role for class I PI3K signalling in the 

maintenance of ErbB2 tumours [114].  Interestingly, for all genotypes tumour growth was not 
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completely impeded nor did masses ever regress with GDC-0941 treatment.  Although we 

confirmed on-target efficacy of the drug at hourly timepoints post-treatment, we found that 

tumours taken at endpoint (i.e. after up to 6 weeks of ongoing treatment) did not show clear 

inhibition of Akt phosphorylation relative to matched vehicle controls (Figure 4-13B; data not 

shown).  This is suggestive of compensation mechanisms at work even during the time period of 

this experiment.  Despite this, it will be important to analyze the proliferative and apoptotic 

status of the drug- and vehicle-treated tumours from this experiment by immunohistochemical 

staining for Ki67 and TUNEL, respectively.  The use of a pan PI3K inhibitor allowed us to 

identify a partial reliance on the activity of p110 isoforms in general, however in future we can 

carry out similarly designed experiments using isoform-specific inhibitors to distinguish exactly 

which isoforms are involved.  In light of this, our collaborators found that the p110α-specific 

inhibitor A66, and not the p110β-specific inhibitor TGX-221, could attenuate growth of tumours 

driven by a different mutant transgene of ErbB2, NeuNT [114].  In addition, it may be interesting 

to identify the Akt isoform(s) signalling downstream in this context. 

Although these findings demonstrated that PI3K signalling from non-α p110 isoforms is 

relevant in p110α-null/NIC tumours it is not likely to be the mechanism driving tumour 

initiation.  If non-α p110 isoforms had been sufficient for tumour initiation in our p110α
flx/flx

/NIC 

transgenic mice we would not have witnessed such a strong delay in onset.  Furthermore, these 

tumours would have exhibited a more pronounced growth inhibition or may have possibly 

regressed when treated with the pan PI3K inhibitor.  This is in contrast to p110β-deficient/NIC 

mice, where p110α readily substitutes for the lack of p110β to such an extent that tumour 

initiation occurs earlier than in wildtype NIC animals [114].  These observations collectively 

suggest that additional mechanisms must have evolved to fully compensate for p110α ablation; 
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the increased tumour latency in p110α
flx/flx

/NIC animals could theoretically be long enough to 

accommodate genetic aberrations necessary for tumour initiation in the absence of p110α.  In this 

respect, our collaborators have performed whole exome sequencing on these tumours however 

the data from this experiment has yet to be analyzed. 

 

Dysregulated expression of OPN and its receptor αvβ3 integrin in p110α-deficient/NIC 

mammary epithelium 

In order to identify molecular changes that may have occurred to allow NIC tumours to evolve 

without p110α, we performed gene expression profiling.  It was immediately apparent from 

unsupervised hierarchical clustering that the p110α-null/NIC tumours were inherently different 

from each other (Figure 4-16).  This finding corroborated the lack of any overwhelming 

differences between each genetic cohort when analyzing general oncogenic signalling by 

immunoblot (Figure 4-10; data not shown).  However, from the list of differentially expressed 

probes we identified Spp1/OPN as one of the most highly upregulated genes when comparing the 

average expression in p110α-null/NIC tumours relative to wildtype counterparts (Figure 4-17A).  

OPN, originally identified in rat bone, belongs to the small integrin binding ligand N-linked 

glycoprotein (SIBLING) family of secreted proteins and is subject to extensive post-translational 

modifications including phosphorylation, glycosylation, and cleavage [438].  A conserved 

arginine-glycine-aspartic acid (RGD) motif allows OPN to interact with integrin receptors, one 

of the major ones being αvβ3 heterodimer [432, 439].  Integrin activation can engage several 

downstream signalling pathways involved in adhesion and migration, as well as proliferative and 

anti-apoptotic pathways; this is often mediated by PI3K/Akt pathway downstream of OPN [440, 
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441].  Binding of OPN to αvβ3 specifically allows for the activation of c-Src which can 

transactivate RTKs such as EGFR and possibly MET, leading to subsequent activation of PI3K 

and MAPK pathways [442-444].  OPN also induces PI3K signalling by binding to the CD44 

receptor [445].  Through these signalling pathways OPN can enhance breast cancer cell 

migration and invasion in vitro [432, 446-450].  OPN can also promote tumour growth, 

angiogenesis and metastasis of breast cancer cells in vivo [432, 450].  Overexpression of OPN 

has been documented in several human cancers and can be correlated with progression [431, 

451-453].  In these studies it was noted that OPN could be detected in tumour epithelium, 

tumour-associated stromal cells, and in the serum of cancer patients.  In breast cancer, increased 

OPN levels in tumours or in plasma is associated with poor prognosis [428-430, 454, 455].  

Some studies have also reported that OPN overexpression may preferentially occur in particular 

breast cancer subtypes, including the HER2-enriched and basal-like groups [455, 456].  

Interestingly, studies in mice have indicated that OPN functions in mammary gland lactation and 

involution; whether transgenic expression OPN is sufficient for tumourigenesis has not been 

fully addressed [457-459]. 

We validated the upregulation of Spp1/OPN at the transcript and/or protein level in 

almost 60% of p110α-deficient/NIC tumours (Figure 4-17B and Figure 4-18).  Consistent with 

other studies assessing OPN expression in tumours by immunohistochemistry, we observed 

positive staining exclusively in the tumour epithelium (Figure 4-18B) [428, 429].  We also noted 

stronger OPN staining at the tumour-stroma boundary which has been reported previously as 

well [451].  This proximity may be necessary to allow secretion to the ECM and subsequent 

paracrine signalling within the tumour microenvironment.  Interestingly, OPN was expressed 

only in adenocarcinoma and not in early lesions or apparently normal ducts, suggesting that 
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increasing OPN might correlate with progression in our system (Figure 4-18B).  As we collected 

OPN expression data from the three analyses (RT-qPCR, immunoblot, and 

immunohistochemistry), it was apparent that transcript and protein levels were not correlated in 

all cases.  For example, #2324 was positive for OPN expression at the mRNA level and by 

immunohistochemistry, but not by immunoblot (Figure 4-17B, 4-18A-B).  Most likely these 

discrepancies are due to the use of different pieces of tumour for separate analyses.  Our 

immunohistochemical staining, which combines expression and localization data, supports this 

idea as staining of OPN was not homogenous in tumour sections (Figure 4-18B).  Bearing in 

mind the heterogeneity of our tumours and the being limited by “sampling error”, it is possible 

that a greater proportion of p110α-deficient/NIC tumours are potentially positive for OPN. 

In addition to increased expression of OPN, p110α-deficient/NIC tumours also exhibited 

decreased expression of αv and β3 integrins relative to wildtype NIC samples (Figure 4-19).  The 

αvβ3 integrin heterodimer is considered one of the major receptors for OPN as well as other 

RGD-containing proteins such as fibronectin and vitronectin [460].  β3 integrin is not expressed 

in the normal mammary epithelium and so its upregulation is thought to be associated with a 

tumourigenic state.  Many functions of αvβ3 in tumourigenesis are induced by OPN, including 

the promotion of cell migration, activation of MMPs, and in vivo metastasis [432, 446].  In fact, 

the interaction between OPN and integrins has been shown to be important for tumour cell 

growth and metastasis in animal models [461, 462].  Interestingly, in premalignant NIC 

mammary epithelium β3 integrin transcript was also significantly lower in the absence of p110α 

(Figure 4-20, bottom).  The reduced β3 expression in p110α-deficient/NIC mammary epithelium 

relative to wildtype could mechanistically explain the delay in tumour initiation; its absence in 

tumour epithelium may also contribute to the metastatic defect we observed.  Furthermore, in 
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these same premalignant samples, there was a trend toward lower OPN expression in the p110α-

null/NIC samples as compared to wildtype (Figure 4-20, top).  These observations suggest that 

the sporadic increases in OPN across the panel of samples may be an adaptive response to β3 

downregulation in an attempt to restore OPN/αvβ3 signalling in p110α-deficient/NIC epithelium 

and allow tumours to emerge.  In fact, OPN has been shown to increase β3 expression in breast 

cancer cells, perhaps as a positive feedback mechanism [432].  The ideal internal control for this 

experiment would have been to use the same animals for both premalignant and tumour 

epithelium, however this was not possible.  Further immunohistochemical analyses of OPN and 

β3 integrin expression on tissue sections that include histologically “normal” ducts as well as 

lesions at various stages of tumour progression could be useful. 

These findings point to a potential role for p110α in indirectly regulating β3 transcription.  

This may extend to αv integrin in distinct cases:  we noticed that two samples with lower than 

average levels of αv transcript also exhibited the lowest expression of β3 mRNA.  The possibility 

that these two integrins are transcriptionally co-regulated is supported by a recent study showing 

that they both can be repressed by c-Myc [463].  We plan on investigating the potential 

regulation of expression of these integrins by PI3K signalling in vitro by treating cell lines 

derived from ErbB2- and PyV mT-expressing tumours with pan and isoform-specific PI3K 

inhibitors. 

The dysregulation of integrin expression provides a possible explanation for our failed 

attempts to establish cell lines from p110α
flx/flx

/NIC tumours.  The reduced αvβ3 integrin 

expression in these cells probably impairs attachment and cell-cell contacts.  This speculation is 

substantiated by the fact that p110α-deficient/NIC tumours readily transplant in the mammary fat 

pad of athymic nude mice, which likely provides a more amenable microenvironment replete 
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with ECM components to engage the low levels of β3 still detectable in these samples.  We plan 

to investigate cell adhesion on different matrices including fibronectin and vitronectin as well as 

supplementing with recombinant OPN. 

Together, these findings suggest that loss of p110α in the NIC model causes a decrease in 

β3 integrin expression which may be responsible for the long delay in tumour onset.  This 

eventual development of tumours in p110α
flx/flx

/NIC mice may be due to an upregulation of OPN 

which can promote proto-oncogenic signalling through the residual levels of αvβ3 integrin.  It 

will be worthwhile to assess the expression of other OPN receptors, including additional integrin 

heterodimers and CD44.  Perhaps in circumstances of low β3 integrin, OPN can shift its actions 

onto CD44; this potential receptor switching may be further enhanced by the fact that OPN can 

induce CD44 expression [447]. 

 

OPN expression correlates with loss of Pten or activation of p110α in ErbB2-driven 

mammary tumours 

We were curious if p110α
flx/flx

/NIC mice harbouring OPN-positive tumours had other features in 

common, such as age of onset and positivity for metastasis.  However we could not draw any 

parallels with these phenotypes.  It was also difficult to compare the degree of β3 integrin 

downregulation with OPN upregulation.  For example, when comparing the results from 

immunoblots of the same tumour lysates, there are several samples with low β3 expression that 

do not exhibit a corresponding increase in signal for OPN (Figures 18A and 19A).  This echoes 

the earlier discussion on tumour heterogeneity and sampling different pieces of tumour for 

different analyses.  Given the reputation of OPN in driving invasiveness and malignancy, it will 
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be worthwhile to investigate if the rare metastatic lesions originating from p110α-null/NIC 

tumours express OPN by immunohistochemistry. 

We did come across one correlation with OPN and that was the reduced expression of 

Pten (Figure 4-21A).  One p110α-null/NIC sample with low Pten protein also exhibited slightly 

reduced Pten transcript (#2386) (Figures 4-10 and 4-21B).  In this sample, transcription of Pten 

or the stability of the mRNA may be impaired; this may even reflect mutations or deletions at the 

genomic level.  By contrast, a sample with low Pten protein expression did not exhibit a 

concurrent reduction in Pten mRNA (#6969); perhaps in this case Pten translation or stability is 

inhibited.  This suggests that the mechanisms leading to downregulation of Pten protein are not 

common to all samples in this subset.  Loss of Pten has been previously correlated with the 

induction of OPN expression in a mouse model of prostate tumourigenesis as well as in human 

melanoma cell lines [433, 434].  These phenotypes are likely driven by activation of PI3K 

signalling.  Indeed stimulation of PI3K signalling itself has been shown to induce OPN in vitro 

[435].  In our p110α-deficient/NIC tumours Pten loss may allow for increased PI3K signalling 

through non-α p110 isoforms leading to upregulation of OPN.  Since OPN can activate PI3K 

signalling through αvβ3 and CD44 signalling, downregulation of Pten likely potentiates this 

positive feedback loop.  Perhaps disruption of this hypothetical pathway is in part responsible for 

the sensitivity of p110α-null/NIC tumour lines to PI3K inhibition (Figure 4-14A).  To test this 

theory using a genetic approach, we plan to cross in conditional Pten alleles into the 

p110α
flx/flx

/NIC background to determine if Pten loss can effectively “rescue” the delay in 

tumour initiation. 

The correlation between upregulated OPN and Pten loss was not limited to the p110α-

deficient/NIC model.  In tumours from NIC mice with conditional loss of Pten (described in 



Trisha Rao — PhD Thesis 

197 

Chapter 3), we confirmed expression of OPN protein in several Pten-deficient/NIC tumours as 

compared to wildtype NIC samples (Figure 4-22A) [106].  We also saw increased OPN levels in 

immunoblots of tumours from mice expressing an activated point mutant of p110α (H1047R) 

with or without activated ErbB2 (NeuNT transgene) [62, 64, 65].  Further study of OPN 

expression in these transgenic models will be especially important considering that a single band 

was observed on the immunoblot of p110α-deficient/NIC samples whereas a doublet was 

observed in both the Pten-deficient/NIC and p110α
HR

/NeuNT/Cre models (Figures 4-18A and 4-

22).  OPN is known to undergo a variety of post-translational modifications and it will be 

interesting to attempt to identify the different variants of OPN in our models. 

Taken together, the upregulation of OPN in multiple models driven by different 

mechanisms of PI3K pathway activation demonstrates that this may be a common feature of 

ErbB2 mammary tumourigenesis. 

 

Future directions 

Although these studies clearly define p110α as a critical mediator of mammary tumourigenesis 

and metastasis downstream of activated ErbB2, our analysis of the p110α-null/NIC tumours that 

eventually developed have raised several important questions. 

Considering our previous conjecture that p110α indirectly drives β3 integrin expression, 

this raises the possibility that PI3Ks can regulate the expression of different components within 

the OPN/αvβ3 integrin signalling pathway.  Interestingly the mRNA analysis revealed that the 

three samples with high OPN transcript corresponded to three samples that clustered separately 

from all of the other tumours in the microarray analysis, suggesting that these tumours may have 
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other genes in common which may be related to this pathway in addition to integrins.  Moreover, 

these differentially expressed genes may be regulated by a common transcriptional network.  

Further biochemical validation using a combination of pan and isoform specific inhibitors as 

well as targeted knockdown strategies in established cell lines will help us to probe into the 

mechanisms regulating the transcription of both OPN and β3 integrin in our system. 

We would like to analyze additional p110α-deficient/NIC tumours for the overexpression 

of OPN with concomitant downregulation of Pten.  In doing so, we hope to expand our sample 

set for further analysis of these features, including genomic aberrations and the 

regulation/stability of mRNA and protein.  In addition to testing if mammary tumourigenesis in 

p110α
flx/flx/

NIC mice can be rescued by Pten deletion, future projects can investigate if a similar 

effect ensues upon transgenic expression of OPN (MMTV-OPN strain) [459].  Conversely, 

mouse strains with mammary-specific overexpression of Pten or an antisense OPN transgene can 

be crossed to p110α-deficient/NIC animals in an attempt to completely prevent tumour 

development [313, 458]. 

We are also interested in quantifying the levels of circulating OPN in the plasma and 

serum of tumour-bearing p110α
flx/flx

/NIC mice by mouse-specific enzyme-linked immunosorbent 

assay (ELISA).  The relevance of systemic OPN has been demonstrated by studies in mice 

showing that tumour-derived OPN can enter the bloodstream to activate stromal precursors in the 

bone marrow leading to their mobilization and instigation of secondary tumour growth at distant 

sites [464].  It is possible that these mechanisms might be involved in sustaining growth of the 

primary tumour in our model as an extended autocrine loop. 
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Collectively, our studies imply that the treatment of HER2-expressing breast cancers with 

a p110α-specific inhibitor will most likely lead to acquired resistance in these patients.  Perhaps 

better efficacy can be attained with the use of pan PI3K inhibitors, although our own orthotopic 

injection experiment indicates that even this approach may eventually fail.  The molecular 

mechanisms that may be relevant in mediating resistance to pan or isoform-specific PI3K 

inhibitors might be evident in our p110α-deficient tumours.  We have identified some potential 

candidates in our model, including the reactivation of PI3K signalling through non-targeted p110 

isoforms and the upregulation of OPN (both of which may be dependent on Pten).  However, 

there may be many other mechanisms involved in the emergence of p110α-deficient/NIC 

tumours and further molecular analyses will be required to uncover them. 
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5 Characterization of a novel model of murine mammary tumourigenesis 

driven by polyomavirus middle T antigen (PyV mT) 
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5.1 Introduction 

The studies in Chapter 4 pointed to an important role for the p110α isoform in tumourigenesis 

downstream of activated ErbB2.  We were interested in seeing if this phenotype could be 

recapitulated in a second model of mammary tumourigenesis, specifically one driven by 

polyomavirus middle T antigen (PyV mT).  Although heterozygous loss of p110α was shown to 

impair both tumour initiation and penetrance in an MMTV-PyV mT/MMTV-Cre recombinase 

background, homozygous loss could not be achieved due to the likely selection of Cre 

recombinase-negative/p110α-positive mammary epithelial cells [114]. 

It was clear that a Cre-coupled version of the PyV mT oncogene was needed, analogous to 

the MMTV-NIC model which was developed to study conditional ablation of genes during Neu-

driven tumourigenesis [105].  Hence, the PyV mT transgene was similarly linked to Cre 

recombinase through an IRES (PyV mT-IRES-Cre or “MIC”).  In addition to replicating this 

coupling strategy for a new PyV mT strain, we sought to expand the applicability of the model to 

temporal regulation.  The recent departure from constitutive or hormone-responsive promoters in 

transgenic breast cancer mouse models (e.g. MMTV) to a chemically-inducible approach has 

been made possible by the advent of the MMTV-reverse tetracycline transactivator (rtTA) strain 

used in combination with the well-established TetON system [424].  The tetracycline-inducible 

promoter is only turned on in response to the tetracycline derivative, doxycycline, in contrast to 

the hormone-responsive MMTV promoter that becomes constitutively active at approximately 3 

weeks of age.  By turning on expression of a tetracycline-responsive transgene in the adult 

mouse, one can avoid potential complications caused by overexpression of the oncogene or by 

Cre recombinase-mediated removal of a LoxP-flanked cassette during development; likewise, 

expression can then be turned off after tumour formation to investigate the possibility of 
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regression and recurrence.  It should be noted that a TetON-PyV mT mouse strain has been 

reported which is sensitive to inducible mammary tumour progression in the presence of the 

MMTV-rtTA transgene, however PyV mT is not coupled to Cre recombinase in this case (Table 

1-2) [73]. 

In order to link expression of the PyV mT oncogene with that of Cre recombinase in an 

inducible manner, we generated a TetOMIC transgenic mouse that, when crossed to the MMTV-

rtTA strain and treated with doxycycline, expresses both PyV mT and Cre recombinase from the 

same bi-cistronic transcript in the mammary epithelium [144].  In the majority of experimental 

mice, mammary tumours develop within 2 weeks of induction, progress through the typical PyV 

mT histological stages, and metastasize to the lung.  These tumours were susceptible to 

regression upon doxycycline withdrawal however recurrent tumours ultimately arose in de-

induced animals.  This chapter details the characterization of this novel inducible model and 

reflects on its potential use in future studies of PyV mT mammary tumourigenesis. 

 

5.2 Results 

Induction of MIC transgene expression in the mammary gland results in rapid tumour 

onset 

PyV mT and Cre recombinase cDNAs were sub-cloned into a pTE vector containing an IRES to 

produce a TetO-PyV mT-IRES-Cre recombinase (MIC) transgene (Figure 5-1).  MIC virgin 

females were aged to 1 year without issue and the transgene did not disrupt normal breeding in 

either sex or nursing by females.  MIC founder lines were crossed to the MMTV-rtTA strain to 

drive doxycycline-inducible transgene expression to the mammary epithelium [424].  Tumour  
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Figure 5-1:  Doxycycline-inducible expression of PyV mT and Cre recombinase in the 

mammary epithelium of rtTA/MIC mice 

Experimental and control animals were generated by crossing the MMTV-rtTA strain to the 

TetO-MIC strain [424].  The MMTV directs expression of the reverse tetracycline transactivator 

(rtTA) to the mammary epithelium.  Administration of doxycycline to the animal allows the rtTA 

to bind the Tet operon (TetO) and induce co-expression of PyV mT and Cre recombinase due to 

an internal ribosome entry site (IRES) linking the transgenes. 
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onset in the original constitutive MMTV-PyV mT model occurs with relatively short onset, with 

virgin females developing mammary masses with a T50 of 40 days of age [109, 141].  To 

evaluate whether this was also the case for the MIC model, we induced cohorts of rtTA/MIC, 

rtTA, and MIC virgin female mice between 8 and 16 weeks of age with 2 mg/mL doxycycline 

which has been previously shown to lead to robust expression of the Tet-inducible transgene in 

an MMTV-rtTA background [424].  The minimum age of 8 weeks for induction was chosen to 

ensure that the mammary epithelium would be almost fully developed.  Induced animals were 

initially examined every other day by physical palpation for mammary tumour formation, 

alongside un-induced controls of the same genotypes.  A single founder line in which mammary 

tumours were detected was chosen for further breeding to generate cohorts that would be more 

extensively characterized. 

Mammary gland masses were detected in rtTA/MIC mice as early as 4 days post-

induction, with 74.4% (29/39) of the cohort developing multifocal tumours within 16 days of 

induction (Figure 5-2).  The few animals that did not palpate within this short 16-day window of 

induction could be subdivided into two groups:  those that developed tumours between 17 and 

365 days post-induction (12.8%; 5/39) and those that remained tumour-free after 1 year of 

induction (12.8%; 5/39).  Considering the entire rtTA/MIC induction cohort, the average tumour 

onset was 22.0 ± 7.1 days post-induction while the T50 was 7 days of induction, reflecting the 

very rapid and complete induction observed in the majority of animals.  Precise regulation of the 

MIC transgene was evident based on the concurrent observations that rtTA/MIC mice developed 

mammary tumours exclusively and that all control animals (both induced and un-induced) 

remained tumour-free after 1 year post-induction. 
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Tumour growth in rtTA/MIC mice progressed differently from what has been observed in 

the MMTV-PyV mT model.  In the latter, tumours develop as focal masses in each gland that are 

easily measurable.  At defined time-points, histological analysis of the inguinal mammary glands 

from MMTV-PyV mT mice shows a gradient of transformation, with the older and more 

advanced lesions proximal to the nipple, and newer lesions at earlier stages of tumourigenesis 

towards the terminal end buds of the epithelial network [142].  While distinct masses are initially 

palpable in an induced rtTA/MIC mouse, the entire gland promptly thickens within days, making 

it difficult to perform calliper measurements at this stage.  Animals sacrificed at onset 

(approximately 4 days post-induction) or 2 weeks post-induction harboured inguinal mammary 

glands filled with early lesions (data not shown; Figure 5-3).  This difference between the two 

models could be explained by the fact that constitutive PyV mT-mediated transformation occurs 

during puberty as the ductal epithelial network progressively penetrates the fat pad, while in the 

MIC model transformation was initiated in an almost mature gland. 

All tumour-bearing rtTA/MIC females were sacrificed at a total tumour volume of 

approximately 6 cubic centimetres (denoted as “end-stage”).  Histological analysis of mammary 

glands and tumours from these animals revealed the presence of all previously characterized 

stages of PyV mT tumourigenesis, ranging from hyperplasia, to MIN/adenoma, and finally to 

early and late carcinoma (Figure 5-4).  Adjacent mammary gland whole mounts from tumour-

bearing mice were also fully transformed (Figure 5-5A).  Mammary gland sections and whole 

mounts from age-matched control animals were normal (Figure 5-4, 5-5B).  It appeared that our 

novel inducible PyV mT strain was closely recapitulating the histological stepwise tumour 

progression documented in the MMTV-PyV mT model [143]. 
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Figure 5-2:  Rapid induction of mammary tumours in the majority of rtTA/MIC mice in 

response to doxycycline 

Kaplan-Meier tumour onset curve for induced rtTA/MIC mice and controls (un-induced 

rtTA/MIC; induced or un-induced rtTA or MIC).  The table lists the penetrance (the 

percentage/number of animals that developed tumours), T50 (days of induction when 50% of 

animals have developed tumours), and average tumour onset with standard deviation for each of 

the curves shown on the graph. 
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Figure 5-3:  After 2 weeks of induction, mammary glands from rtTA/MIC mice are 

transformed 

(A) An H&E-stained wholemount (left) and corresponding histological section (right) of a 

typical rtTA/MIC mammary gland after 2 weeks of induction (top row) as compared to a normal 

mammary gland from an un-induced control (bottom row).  High and low magnifications are 

shown for each set of images.  Scale bars from left to right are 5 mm, 0.5 mm, 500 μm, and 100 

μm. 

(B) Quantification of the average percentage of normal, hyperplastic, and filled ducts relative to 

the total number of ducts in mammary gland sections from rtTA/MIC mice induced for 2 weeks 

and matched controls (induced or un-induced). 
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Figure 5-4:  rtTA/MIC animals develop tumours with characteristic histopathological 

features of PyV mT-driven mammary tumourigenesis 

Representative H&E-stained sections of normal ductal structures in a mammary gland from an 

un-induced control animal followed by typical stages of PyV mT mammary tumour progression 

(hyperplasia, mammary intraepithelial neoplasia [MIN], and adenocarcinoma) in mammary 

glands and tumours from rtTA/MIC mice following doxycycline induction.  Scale bar is 100 μm. 
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Figure 5-5:  End-stage tumour-bearing rtTA/MIC mice have adjacent mammary glands 

that are extensively transformed in contrast to normal controls 

(A)  Representative H&E-stained wholemount preparations of inguinal adjacent mammary 

glands from 3 different rtTA/MIC tumour-bearing mice induced with doxycycline for 9 to 11 

weeks.  Scale bars are 5 mm (left) and 0.5 mm (right). 

(B)  Control mammary gland wholemounts stained with H&E from the indicated genotypes 

either induced for 9 to 11 weeks or age-matched when un-induced.  Scale bars are 5 mm (left) 

and 0.5 mm (right). 
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rtTA/MIC mammary tumours co-express the PyV mT oncogene and a functional Cre 

recombinase 

Having established that mammary tumours were indeed inducible in the rtTA/MIC system, our 

next step was to verify expression of the MIC transgene by immunohistochemistry.  PyV mT and 

Cre recombinase antibodies stained the membrane and nuclei, respectively, of cells in rtTA/MIC 

lesions in a mosaic pattern (Figure 5-6A).  Notably, normal ductal epithelium in both age-

matched controls and wildtype animals did not stain positively for PyV mT or Cre recombinase. 

To confirm MIC transgene expression by immunoblot, protein extracts were prepared 

from mammary glands and tumours from rtTA/MIC mice sacrificed at palpation or at end-stage 

tumour burden (“late onset” refers to palpation after 16 days of induction).  These lysates were 

positive for PyV mT expression; Cre recombinase was also detected in rtTA/MIC tumours, 

although it was lowly expressed in mammary gland lysates which likely have relatively less 

epithelial content as indicated by E-cadherin levels (Figure 5-6B).  Induced and un-induced 

control mammary glands did not express PyV mT or Cre recombinase protein. 

In order to use this model for Cre recombinase/LoxP-mediated excision of genes, we 

needed to confirm that the Cre recombinase produced from the MIC transgene was functionally 

active.  To accomplish this, we utilized a Rosa26-β-galactosidase reporter strain (“GTRosa”) in 

which the lacZ gene is downstream of a LoxP-flanked stop codon (Figure 5-7A) [67].  The 

presence of Cre recombinase allows for expression of the β-galactosidase enzyme from the lacZ 

transgene, which can cleave the compound X-gal into an insoluble blue-coloured product.  The 

mammary epithelium of rtTA/MIC/GTRosa tumour sections turned blue upon staining with X-

gal, indicating that Cre recombinase had been expressed and active in these cells (Figure 5-7B).  



Trisha Rao — PhD Thesis 

217 

This outcome is comparable to an MMTV-PyV mT/MMTV-Cre recombinase/GTRosa 

mammary tumour in which there are no conditional alleles present.  Collectively, these results 

demonstrate that the rtTA/MIC mouse model can be used to study Cre recombinase-dependent 

genetic alterations in conjunction with PyV mT oncogenic activation. 

 

Proliferation and apoptosis in rtTA/MIC lesions 

The very quick detection of palpable masses in the rtTA/MIC mammary glands and subtle 

fluctuations in tumour growth at early stages of induction suggested that there may be a 

particular balance between proliferation and apoptosis influencing progression in our model.  

Ki67- and TUNEL-positive nuclei were quantified in mammary tumours from rtTA/MIC mice 

that had reached tumour burden endpoint (Figure 5-8).  The average levels of both Ki67 and 

TUNEL obtained in our inducible PyV mT mammary tumours were approximately 2-fold higher 

than these parameters in the constitutive PyV mT model [105].  The rtTA/MIC mammary 

tumour cells appear to be both actively dividing and dying at the same time.  While lesions at 

both early and later stages of tumourigenesis show morphological evidence of cell death and 

necrosis, the fact that tumours reach clinical burden endpoint in this model suggests that 

proliferation ultimately prevails over apoptosis during progression. 
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Figure 5-6:  PyV mT and Cre recombinase are expressed at all stages of tumourigenesis in 

rtTA/MIC animals 

 (A) Immunohistochemical detection of PyV mT (middle row) and Cre recombinase (bottom 

row) in ductal structures at the indicated stages of tumour progression in rtTA/MIC mice, 

contrasted by the absence of these proteins in a normal duct from an un-induced control animal.  

The corresponding H&E-stained sections are shown for comparison (top row).  Scale bar is 50 

μm. 

(B) Immunoblot analysis of protein lysates from rtTA/MIC mammary glands (mg), mammary 

tumours (tum), and adjacent mammary glands (amg) from animals sacrificed at palpation or at 

end-stage (“late onset” refers to palpation after 16 days of induction) using antibodies directed to 

E-cadherin (epithelial content control), PyV mT, Cre recombinase, and α-tubulin (loading 

control).  Controls include (from left to right) mammary glands from two un-induced rtTA/MIC 

mice, one induced MIC mouse, and one induced rtTA mouse.  Positive controls for PyV mT and 

Cre recombinase expression were tumours from MMTV-PyV mT (PyV mT) and MMTV-NIC 

(NIC) animals, respectively; arrowheads indicate specific bands for these proteins.  Numbers 

correspond to the mouse ID for each sample. 
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Figure 5-7:  Cre recombinase expression and activity are uniform in the epithelium of 

rtTA/MIC tumours 

(A)  Simplified schematic of the Cre recombinase-activated β-galactosidase reporter strain 

designated as “GTRosa” (adapted from Friedrich and Soriano, 1999).  The presence of Cre 

recombinase allows for removal of the floxed STOP cassette and expression of the lacZ 

transgene which encodes for the β-galactosidase protein. 

(B) X-gal staining (blue) of tumour sections from rtTA/MIC animals carrying the GTRosa 

transgene.  Negative controls include MMTV-PyV mT tumours with either GTRosa (PyV 

mT/GTRosa) or MMTV-Cre recombinase transgenes (PyV mT/Cre).  An MMTV-PyV mT 

tumour with both transgenes (PyV mT/Cre/GTRosa) was used as a positive control.  Samples 

were counterstained with nuclear fast red (pink).  Scale bar is 200 µm. 
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Figure 5-8:  rtTA/MIC tumours express both proliferative and apoptotic signals 

(A)  Representative images of Ki67 staining (proliferative marker; top row) and TUNEL staining 

(apoptotic marker; bottom row) in 2 different end-stage rtTA/MIC tumours.  Scale bar is 100 μm. 

(B)  Quantification of the staining shown in (A) expressed as the percentage of positive nuclei 

(Ki67, left axis; TUNEL, right axis).  Bars represent averages for each parameter. 
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The rapid induction of rtTA/MIC lesions is associated with metastatic dissemination of 

tumour cells to the lung 

One of the most useful features of the original constitutive PyV mT model is the ability of the 

mammary tumours to effectively metastasize to the lungs, an organ that is a common site of 

distal lesions in the human disease.  To determine if rtTA/MIC mammary tumours were capable 

of forming pulmonary metastases, we examined step sections of the lung lobes from animals that 

had reached similar end-stage tumour burdens.  All tumour-bearing mice presented with lung 

metastases, albeit to varying degrees, with some lungs harbouring only a few small lesions while 

others were made up almost entirely of secondary tumour tissue (Figure 5-9A).  These lung 

lesions stained positively for PyV mT, confirming that they derived from the primary rtTA/MIC 

mammary tumour (Figure 5-9B).  Interestingly, there was no correlation between the extent of 

metastasis and tumour burden, extending the idea that PyV mT tumours are heterogeneous in 

their transforming capabilities and may thus also be in terms of malignancy (data not shown) 

[142].  Taken together, these observations demonstrate that this inducible MIC model reproduces 

many of the pathological features of the original MMTV-PyV mT strain. 

 

De-induction of the MIC transgene results in immediate tumour regression and eventual 

recurrence of doxycycline-independent masses 

Another important feature of inducible systems is the capacity to “turn off” the oncogene by 

withdrawal of the inducing agent; one can then evaluate whether tumours regress and if they 

have the potential to recur in the absence of transgene expression.  To test this in our model, 

doxycycline treatment was discontinued for a cohort of rtTA/MIC mice bearing end-stage 
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mammary tumours.  Upon de-induction of PyV mT expression the tumours began to shrink 

rapidly (Figure 5-10A).  By 10 weeks post-de-induction, most of the tumours had regressed to 

palpable masses that were no longer measurable.  Interestingly, all of the de-induced rtTA/MIC 

mice eventually developed recurrent masses (15-50 weeks post-de-induction) and were sacrificed 

at burden endpoint.  The number of measurable recurrent tumours arising was significantly less 

than the number of measurable masses the animal had prior to de-induction (Figure 5-10B).  This 

suggests that the emergence of more focal, doxycycline-independent tumours in post-regression 

mice is a spontaneous event, in contrast to the consistent and complete penetrance of multifocal, 

doxycycline-dependent tumours driven by the inducible MIC transgene to all mammary glands 

of a given animal. Analysis of sections from mid-regression tumours and completely regressed 

mammary glands revealed relatively normal ductal structures surrounded by extensive stromal 

deposition and occasionally abnormal adipose tissue, which may explain why these glands 

remained palpable so long after de-induction (Figure 5-10C).  Doxycycline-independent tumours 

arose only in rtTA/MIC mice and not in control animals de-induced at the same time, which 

remained normal (Figure 5-10D). 

The morphology of the recurrent masses exhibited striking intra- and intertumoural 

heterogeneity, with individual tumours differing between animals and between tumours from the 

same mouse (Figure 5-11).  Some histopathologies resembled pre-regression adenocarcinoma 

while others were more divergent, such as EMT-like and striated/punctate morphologies.  All 

mice with recurrent tumours had evidence of lung metastases at sacrifice, varying in number, 

size and stage (data not shown).  A single animal sacrificed prior to recurrent tumour 

development did not present with any metastases which suggests that, at least in this individual  
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Figure 5-9:  rtTA/MIC end-stage tumours exhibit a high capacity for metastatic 

dissemination to the lungs 

(A) H&E-stained whole lung sections representative of low, medium, and high levels of 

metastasis (left).  The quantification of the number of metastatic lung lesions (left axis) and the 

percentage of lung tissue occupied by metastases (right axis) in rtTA/MIC animals at end-stage 

tumour burden is shown on the right.  Bars represent the average value for each parameter. 

(B) Representative lung lesion from a tumour-bearing rtTA/MIC animal stained with H&E (top 

row) and PyV mT (bottom row).  An MMTV-NIC (NIC) lung lesion is shown as a negative 

control for PyV mT staining.  Scale bar is 500 µm. 
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Figure 5-10:  Doxycycline withdrawal in rtTA/MIC tumours leads to rapid regression and 

eventual spontaneous recurrence of masses 

(A) Total tumour burden measured over time in rtTA/MIC mice prior to and following 

doxycycline withdrawal (indicated by the dotted line at time 0).  Tumour-bearing mice were de-

induced upon reaching burden endpoint.  Each line represents an individual animal labeled by its 

ID number. 

(B) Quantification of the number of measurable masses detected pre-regression (pre, +dox), at 

the point of maximum regression (mid, +dox  -dox), and at sacrifice (recurrent, +dox  -dox).  

Bars represent the average value at each time-point.  The p value was calculated using a two-

tailed t-test. 

(C) H&E-stained sections of resected rtTA/MIC tumours undergoing regression (mid-regression 

or completely regressed) following doxycycline withdrawal.  Scale bar is 100 μm. 

(D) H&E-stained sections of normal mammary gland controls of the indicated genotypes post-

doxycycline withdrawal.  Scale bar is 100 μm. 
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Figure 5-11:  Recurrent masses from de-induced rtTA/MIC mice have variable 

histopathologies 

An H&E panel of the different tumour morphologies observed in recurrent tumours arising in 

rtTA/MIC mice post-doxycycline withdrawal.  The mouse ID number (followed by the tumour 

location in the case of multiple recurrences, e.g. “R1”) and histopathology of the tumour are 

indicated for each image.  A pre-regression rtTA/MIC doxycycline-dependent tumour exhibiting 

typical end-stage adenocarcinoma is shown for comparison (top left).  Scale bar is 100 μm. 
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case, MIC-induced lung lesions may regress in parallel with the primary tumour upon 

doxycycline withdrawal. 

To determine if the recurrent tumours were no longer dependent on the PyV mT 

oncogene, we subjected lysates to immunoblot analysis (Figure 5-12A).  Two samples clearly 

showed detectable bands at the expected size for PyV mT (2376 R1 and 3027 L4), while weaker 

signals were observed in two other samples (2380 L1 and 2692); one sample appeared to be 

completely negative for PyV mT expression (2379).  To achieve a more quantitative assessment 

of PyV mT levels, RT-qPCR was carried out on these and other recurrent tumours as well as 

corresponding metastatic lung lesions from two animals.  We found that PyV mT transcript 

levels in the recurrent tumours reflected the protein levels obtained by immunoblotting (Figure 

5-12B).  For the most part, re-expression of the PyV mT transgene correlated with the incidence 

of adenocarcinoma in the tumour’s corresponding histological section.  The lack of complete 

correlation can be explained by the fact that we must use different pieces of a histologically 

heterogeneous tumour for different analyses.  Interestingly, PyV mT transcript was detected in a 

metastatic lung lesion in addition to a recurrent tumour from the same animal (2376; Figure 5-

12B); PyV mT protein expression in the lung lesions was confirmed by immunohistochemistry 

(data not shown).  On the other hand, in an animal with a PyV mT-expressing recurrent tumour 

(2380 L1) and a non-expressing recurrent tumour (2380 L3), PyV mT transcript was 

undetectable in a metastatic lung lesion. This may reflect the presence of separate recurrent 

lesions that either re-expressed the transgene or arose in the absence of PyV mT transcript.  It 

may additionally indicate the capability of non-PyV mT-expressing, recurrent mammary lesions 

to metastasize to the lungs, or the PyV mT-independent recurrence of an originally doxycycline-

dependent lung metastasis in situ.  We should note that the lower transcript levels of PyV mT 



Trisha Rao — PhD Thesis 

233 

transgene in the rtTA/MIC tumours relative to that of the MMTV-PyV mT tumour are likely due 

to the different strengths of the promoters driving the transcription of the oncogene (TetON 

versus MMTV).  This does not impact on overexpression of PyV mT protein in the inducible 

system, as evidenced by the strong levels detected by immunoblot and ultimately the fact that 

transformation occurs rapidly in the model (Figure 5-6B). 

It appeared that while some recurrent tumours arose by re-expressing the PyV mT 

transgene, others did so by alternative mechanisms.  In an attempt to identify these potential 

mediators of recurrence, we used an antibody array to analyse phospho-RTK levels in primary 

and recurrent tumour lysates and focused on candidates with relatively high fluorescence 

intensities, specifically Egfr, ErbB2, and Pdgfrβ (Figure 5-13).  While not all candidates 

validated by immunoblotting, we did observe phosphorylation of both ErbB2 and Pdgfrβ in at 

least some of the recurrent tumours suggesting that RTK signalling was actively occurring 

(Figure 5-14).  ErbB2 is known to be upregulated during mammary tumour progression in the 

MMTV-PyV mT model [143].  While we observed relatively low expression of ErbB2 in our 

samples as compared to an MMTV-NIC control lysate, the strong levels of phosphorylated 

ErbB2 in the doxycycline-independent rtTA/MIC recurrences may represent an avenue of 

recapitulating the signalling associated with PyV mT tumourigenesis in the absence of transgene 

re-expression.  This may be the case for 2379, which also showed overexpression of c-Myc 

protein; interestingly, amplification of the c-Myc gene has been observed in a model of 

recurrence after de-induction of the doxycycline-dependent oncogene [367]. 

We wondered if genomic mutations had contributed to the development of recurrent 

tumours in our model.  Mutations in the three Ras genes (HRas, KRas, and NRas) and in the p53 

gene (Trp53) have been reported previously as mechanisms of recurrence in other doxycycline- 
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Figure 5-12:  Re-expression of PyV mT correlates with the adenocarcinoma phenotype 

(A) Immunoblot analysis of protein lysates from rtTA/MIC tumours prior to and following 

doxycycline withdrawal using antibodies directed to E-cadherin (epithelial content control), PyV 

mT, Cre recombinase and Hsp90 (loading control); the arrowheads indicate the specific bands 

for PyV mT and Cre recombinase.  Resected tumours were used for pre- and mid-regression 

time-points (“pre” and “mid”, respectively), while recurrent masses were harvested from mice 

sacrificed at clinical endpoint.  Numbers correspond to the mouse ID (and tumour location if 

applicable) for each sample.  The incidence of adenocarcinoma in the corresponding histological 

section for each sample is indicated below by a “+” symbol. 

(B)  PyV mT transcript level as assessed by qPCR on cDNA from primary (+dox; blue bars) and 

recurrent (+dox → -dox; green bars) rtTA/MIC tumours or lung lesions (“met”).  Data were 

normalized to Gapdh transcript.  Positive and negative controls were tumour cDNA from 

MMTV-PyV mT (PyV mT) and MMTV-NIC (NIC) mice, respectively (black bars).  Error bars 

represent technical replicates (n = 3 for each sample).  Numbers correspond to the mouse ID (and 

tumour location if applicable) for each sample.  The incidence of adenocarcinoma in the 

corresponding histological section for each sample is indicated below by a “+” symbol. 
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Figure 5-13:  Doxycycline-independent masses in rtTA/MIC mice display RTK signalling 

that may represent mechanisms of recurrence 

Levels of phosphorylated Egfr, ErbB2, and Pdgfrβ primary (+dox; blue bars) and recurrent (+dox 

→ -dox; green bars) rtTA/MIC tumours as determined from a phospho-RTK array.  Values 

represent fluorescence intensity of the probe on the array normalized to PBS (negative control 

probe).  An MMTV-PyV mT (PyV mT) tumour was used as a control (black bar).  Numbers 

correspond to the mouse ID (and tumour location if applicable) for each sample. 
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Figure 5-14:  Activation of proto-oncogenic proteins in select recurrent rtTA/MIC tumours 

Immunoblot analysis of protein lysates from rtTA/MIC tumours prior to and following 

doxycycline withdrawal using antibodies directed to phospho-ErbB2 (Y1248), ErbB2, phospho-

Egfr (Y1068), Egfr, phospho-Pdgfrβ (Y1021), Pdgfrβ, c-Myc and Hsp90 (loading control).  

Resected tumours were used for pre- and mid-regression time-points (“pre” and “mid”, 

respectively), while recurrent masses were harvested from mice sacrificed at clinical endpoint.  

Numbers correspond to the mouse ID (and tumour location if applicable) for each sample.  The 

incidence of adenocarcinoma in the corresponding histological section for each sample is 

indicated by a “+” symbol. 
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inducible mammary tumour models [72, 465].  Sequencing of doxycycline-dependent and -

independent rtTA/MIC tumours revealed no mutations in exons 2 and 3 of Ras (data not shown).  

We identified a single recurrent rtTA/MIC tumour harbouring an arginine to cysteine substitution 

(R245C) in Trp53 which corresponds to a frequent mutation found in human cancer at residue 

R248 (data not shown).  Despite the low frequency of this mutation in our panel of samples, it 

demonstrates that mutations in tumour suppressor genes of relevance to human cancer can drive 

recurrence in the rtTA/MIC model.  It is possible that other genetic aberrations might be 

uncovered with additional sequencing analyses. 

Collectively these data illustrate that, while we can demonstrate rapid tumour regression 

in rtTA/MIC animals by withdrawal of doxycycline, the emergence of doxycycline-independent 

tumours ultimately transpires.  This can be attributed in at least some cases to the reactivation of 

the PyV mT transgene and corresponds with an adenocarcinoma phenotype.  In other cases, 

tumour recurrence may be associated with activation of RTK signalling.  The results of our 

sequencing analysis demonstrated that other genetic aberrations could be driving recurrence.  

These molecular alterations may confer the divergence in tumour morphologies that we observed 

upon recurrence.  Of note, the recurrent mass with the p53 mutation (R245C) happened to be an 

adenocarcinoma with EMT-like features which resembles the spindle morphologies seen in 

mammary tumour mouse models driven by p53 loss (Figure 5-11) [466]. 
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Table 5-1:  Comparison of features between the constitutive MMTV-PyV mT/Cre 

recombinase model and the inducible rtTA/MIC model 

 MMTV-PyV mT/ 

MMTV-Cre recombinase 

MMTV-rtTA/TetO-

MIC (rtTA/MIC 

[+Dox]) 

PyV mT transgene promoter 
Mouse mammary tumour 

virus (MMTV) 

Tetracycline operator 

(TetO) 

Inducible transgene 

expression 
No Yes 

Coupling to Cre recombinase No Yes 

Time when 50% of animals 

have tumours (T
50

) 
40 days of age [109] 7 days of induction 

Tumour pathology 
Solid adenocarcinoma 

[141, 143] 

Solid 

adenocarcinoma 

Cre recombinase expression 

and function in PyV mT 

tumour cells (by β-

galactosidase assay) 

0% when conditional gene 

is essential for 

tumourigenesis [[108-110] 

100% 

Percentage of tumour-bearing 

mice with lung metastases 
93.3% [109] 100% 
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5.3 Discussion 

The development of inducible transgene systems for in vivo studies has made it possible to more 

accurately model human diseases.  The ability to control transgene expression in mice allows the 

researcher to initiate tissue-specific changes at relevant time-points and, in the case of oncogenic 

transgenes such as PyV mT, mimic disease initiation (induction) and treatment (de-induction).  

The TetO-PyV mT-IRES-Cre recombinase (MIC) strain generated in our laboratory not only 

utilizes inducible expression of the PyV mT oncoprotein, but incorporates Cre recombinase-

mediated genetic changes as well, due to the bi-cistronic linking of these transgenes.  In this 

study, we have chosen a mammary epithelial-specific rtTA (MMTV-rtTA) to characterize a new 

model of mammary tumourigenesis driven by the MIC transgene [424]. 

Induction of rtTA/MIC mice with doxycycline led to the rapid onset of invasive 

mammary tumours in the majority of animals.  MIC-expressing lesions developed in a stepwise 

fashion that resembled the progression observed in the constitutive MMTV-driven model of PyV 

mT tumourigenesis (MMTV-PyV mT).  Notably, earlier lesions displayed more uniform staining 

of PyV mT and Cre recombinase protein and at a higher intensity than carcinoma stages, 

suggesting a potential dampening of transgene expression once the tumour has progressed 

(Figure 5-6A).  There may be a reduced requirement for strong PyV mT levels in an advanced 

lesion due to the presence of other genetic aberrations.  Despite a rapid tumour onset, it may be 

possible for cooperating genetic or epigenetic events to occur in this short time period; in fact, 

constitutive expression of PyV mT was shown to be insufficient for transformation without 

additional changes in endogenous genes [142].  This hypothesis may be extended to the 

expression of Cre recombinase.  The homogenous staining of rtTA/MIC mammary tumours 

obtained in the X-gal assay contrasts with the heterogeneous Cre recombinase expression 
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determined by immunohistochemistry, which may simply be due to inherent differences between 

the two analyses (Figure 5-6A; Figure 5-7B).  We suspect that all of the mammary epithelial 

cells in these animals expressed Cre recombinase at some point at least once given that 100% of 

the tumour epithelium is positive for the β-galactosidase reporter, however, as Cre recombinase 

is only required for the initial recombination event, its expression may have been turned off 

during tumour progression. 

One important difference between the inducible PyV mT model and the conventional 

MMTV-PyV mT model is that tumour development in our inducible PyV mT model was not 

100% penetrant.  A proportion of the animals in our cohort either developed masses much later 

than 16 weeks post-induction or had no palpable masses prior to 1 year post-induction (Figure 5-

2).  Despite the longer latency, the tumours from the late onset group resembled early onset 

tumours in terms of progression, metastatic capacity, and MIC transgene expression (data not 

shown; Figure 5-6B).  The delayed onset in some rtTA/MIC mice contrasts with the complete 

penetrance observed in both the MMTV-PyV mT strain and the previously published inducible 

PyV mT strain (TetO-PyV mT-IRES-Luciferase) [73, 141].  An initial explanation would be that 

the discrepancy is due to differences in the number and/or location of transgene integration 

site(s), especially given that specific loci appear to be more permissible than others.  Another 

possible explanation is that the rtTA is non-responsive in certain transgene carriers.  However, 

this is not likely the case, as demonstrated by the robust induction of hyperplastic lesions in 

mammary gland wholemounts from 100% (19/19) of animals following 2 weeks of doxycycline 

administration (Figure 5-3A).  Analysis of mammary gland sections at this time-point revealed 

that the ducts were almost exclusively abnormal (either hyperplastic or filled), in contrast to only 

normal ducts in a control animal (Figure 5-3).  These data argue that the observed incomplete 
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tumour penetrance is not due to technical issues with the inducible MIC system but rather reflect 

the natural history of tumour development and progression in this model.  An additional theory 

for the difference in tumour penetrance deals with the fact that PyV mT and Cre recombinase are 

expressed during adulthood and may be subject to immune rejection, in contrast to the pre-

pubescent onset of PyV mT expression in the conventional MMTV-PyV mT model.  We may 

have some evidence to support this hypothesis: unpublished experiments in our laboratory have 

found that MMTV-NIC mammary tumour cells do not grow in immune-competent mice, while 

they readily propagate in immune-compromised hosts (e.g. NCr, SCIDbeige) or in a tolerant 

environment, such as the MMTV-Cre recombinase strain.  Moreover, MMTV-NDL mammary 

tumour cells, which lack Cre recombinase but express the same ErbB2/Neu oncogene used in the 

MMTV-NIC model, are tolerated in an FVB/N background (unpublished observations; Muller, 

WJ).  Future studies investigating the sustainability of rtTA/MIC mammary epithelial cells in 

immune-deficient mice should allow this issue to be addressed. 

The inducibility of the MIC transgene and mammary tumour progression in our model 

was found to be reversible upon withdrawal of doxycycline; however tumour recurrence became 

a reproducible phenomenon in de-induced animals (Figure 5-10).  It is possible that the 

accruement of additional genetic lesions during doxycycline-dependent tumour progression 

allowed the regressed mammary glands to reinitiate tumourigenesis.  Unlike typical end-stage 

rtTA/MIC mammary tumours, the recurrent masses were often focal and the remarkable array of 

histopathologies documented was unexpected, particularly considering the homogeneous nature 

of the initial doxycycline-dependent tumours which all presented as adenocarcinoma at end-stage 

(Figure 5-11).  As revealed by immunoblotting and RT-qPCR analyses of recurrent tumour 

lysates, reactivation of signalling may be attributable to re-expression of the MIC transgene in 
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some cases (Figure 5-12).  Indeed, reactivation of inducible transgenes as a consequence of 

mutations in the rtTA has been reported previously and may present a possible explanation for a 

subset of our recurrent tumours [73].  From a clinical standpoint, the fact that tumours can evolve 

in the absence of PyV mT reactivation recapitulates the well-established problem of therapeutic 

resistance in breast cancer.  The PyV mT oncogene is widely regarded as an RTK mimic and so 

the recurrence experiment could be thought of as another way of modelling recurrence of RTK-

driven breast cancer upon chronic administration of an RTK inhibitor.  Indeed, several of the 

recurrent tumours (including a non-PyV mT-expressing sample) showed expression and/or 

activation of known proto-oncogenes (Figures 5-13, 5-14).  We also observed a mutation in the 

Trp53 tumour suppressor gene in a single recurrent sample.  The fact that none of the primary 

doxycycline-dependent tumours that we analyzed harboured this genetic event suggests that it 

may be associated with recurrence in this case.  In summary, our rtTA/MIC model of de-

induction appears to be a valuable system for investigating clinical treatment and relapse. 

We have demonstrated that our novel MIC mouse strain in conjunction with the MMTV-

rtTA is a suitable model of PyV mT mammary tumourigenesis with the added benefit of 

temporal regulation.  Our rtTA/MIC mice can be induced to develop metastatic tumours in a 

classical stepwise fashion, closely recapitulating the human disease.  A brief comparison of our 

new model with the original, constitutive MMTV-PyV mT strain emphasizes the greater 

experimental practicality of the former (Table 5-1).  In addition to the inherent improvements to 

the mouse model design (i.e. inducibility of the oncogene combined with coupling to Cre 

recombinase), tumour initiation begins just days after induction of the MIC transgene with 

complete penetrance to all mammary glands.  Importantly, the rtTA/MIC model maintains key 

desirable traits of its predecessor in terms of tumour progression, in particular, the invasive, 
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metastatic nature of PyV mT mammary tumour cells to distal sites such as the lungs.  Perhaps the 

most useful feature of the MIC strain is that it can be used to study the effect of Cre 

recombinase-dependent genetic alterations on PyV mT-mediated transformation in any tissue 

with the appropriate rtTA, making this an important clinical tool for studying many types cancer 

in the mouse. 
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6 Genetic ablation of PI3K p110α in a mouse model 

of PyV mT mammary tumourigenesis 
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6.1 Introduction 

PI3K activity was first discovered in association with the viral oncogene PyV mT (ref!).  Indeed, 

it has been well established that PI3Ks are directly recruited to PyV mT and that this signalling 

axis is a key mediator of PyV mT-induced mammary tumourigenesis and metastasis in mice 

[193, 194, 374].  Furthermore, transformation of mammary epithelial cells in vitro appears to be 

specifically dependent on the α isoform of p110 [375].  Previous studies have indicated p110α is 

likely required for mammary tumourigenesis in conditional p110α mice expressing PyV mT and 

Cre on separate MMTV-driven transgenes; tumours develop in these animals that have lost Cre 

expression and thus retain p110α [114].  This system allowed for the study of p110α
flx/wt

/PyV 

mT/Cre animals which exhibited a profound delay in tumour initiation in only 20% of the cohort 

as compared to wildtype PyV mT mice. 

Having characterized a new Cre recombinase-coupled version of a PyV mT mammary 

tumour mouse model (MMTV-rtTA/TetOMIC; described in the previous chapter), we could 

finally address whether complete ablation of p110α could affect PyV mT-driven tumourigenesis 

in vivo.  In doing so we also hoped to validate our findings from Chapter 4 where we identified 

p110α as a critical effector of activated ErbB2/Neu during mammary tumourigenesis.  By using a 

PyV mT-driven mouse model, where mammary tumourigenesis progresses through distinct 

histopathological stages that are reminiscent of lesions in human breast cancer, we have the 

opportunity to identify the phase at which p110α is required during progression [143, 144].  This 

feature is not readily offered by the MMTV-NIC model where it is difficult to capture 

definitively early stage lesions (Figure 4-6).  In addition, PyV mT-induced mammary tumours 

are highly metastatic to the lung and therefore the rtTA/MIC strain is also useful for confirming 

the effect of p110α loss on lung metastasis that we observed in the NIC strain (Figures 4-9 and 5-
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9) [109, 144].  A final advantage to using an inducible model is that we can avoid potential 

defects in mammary gland development that may be incurred by loss of p110α, which was 

encountered in the PyV mT/Cre background [114].  Indeed, we were able to corroborate our 

results from Chapter 4, demonstrating that p110α is important for mammary tumour initiation 

and metastasis downstream of both activated ErbB2 and PyV mT oncogenes (unpublished 

observations, T Rao and WJ Muller). 

 

6.2 Results 

PI3K p110α is critical for PyV mT-mediated tumour initiation in the newly characterized 

rtTA/MIC inducible mouse model 

The conditional p110α strain introduced in Chapter 4 was bred to the rtTA/MIC model described 

in Chapter 5 (Figure 6-1).  rtTA/MIC mice were generated that were wildtype, heterozygous or 

homozygous for the p110α floxed alleles.  Experimental animals and additional controls 

(induced rtTA or MIC; un-induced rtTA/MIC) were induced with doxycycline water (2 mg/mL) 

between the ages of 8 and 16 weeks.  It was immediately apparent from physical palpations that 

p110α
flx/flx

/rtTA/MIC mammary glands were absolved from the very rapid and complete 

transformation that was occurring in wildtype cohorts.  To confirm this observation at a 

histological level, mice were sacrificed after 2 weeks of doxycycline induction, a timepoint when 

all wildtype rtTA/MIC animals should exhibit transformed mammary glands (Figure 5-3).  At 

necropsy, all mammary glands were excised from each mouse and weighed to obtain a 

rudimentary measurement of transformation.  A significant decrease in mammary gland weight 

normalized to total body weight was calculated for p110α-deficient/rtTA/MIC cohorts as  



Investigating the phosphatidylinositol 3’ kinase signalling pathway in transgenic mouse models of breast cancer 

250 

Figure 6-1:  Conditional loss of PI3K p110α in the rtTA/MIC model 

Breeding strategy to generate mice with mammary epithelial-specific expression of PyV mT and 

ablation of PI3K p110α (PIK3CA).  The conditional p110α strain (Flox- p110α) carries a p110α 

allele in which exon 1 is flanked by LoxP sites [276].  When crossed with mice that are bigenic 

for MMTV-rtTA [424]; “rtTA”) and TetO-MIC [144]; “MIC”), the conditional p110α allele(s) 

will undergo Cre-mediated recombination specifically in the mammary epithelium.  Single 

transgene carriers (rtTA or MIC) were generated to serve as doxycycline-induced controls 

alongside un-induced bigenic controls. 
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compared to wildtype rtTA/MIC mice and relative weights for homozygous animals were similar 

to that obtained for controls (Figure 6-2A).  The inguinal mammary glands were then 

wholemounted and stained for H&E; a very dramatic impairment in transformation was observed 

with p110α loss in a dose-dependent manner (Figure 6-2B, top and middle).  While mammary 

glands from wildtype rtTA/MIC animals were fully transformed and devoid of normal ductal 

structures, p110α
flx/wt

/rtTA/MIC glands exhibited abnormalities to a lesser extent with an overall 

thickening of the ducts.  Perhaps most striking was the completely normal ductal organization in 

p110α-null/rtTA/MIC glands, resembling the phenotype from an induced control mouse.  The 

inclusion of the Cre recombinase-activated GFP reporter transgene allowed for fluorescence 

imaging of the mammary ducts in these animals and provided indirect proof of MIC transgene 

expression (Figure 6-2B, bottom). 

We further characterized tumourigenesis at the 2 week induction timepoint by analyzing 

histological sections of mammary glands, which confirmed the phenotypes we had observed at 

the anatomical level (Figure 6-3A).  Wildtype and heterozygous rtTA/MIC glands were filled 

with early PyV mT-type lesions, while the homozygous group was comprised solely of normal 

ducts similar to the control.  Since we had observed a haploinsufficient effect of p110α, we were 

interested to see if the distribution of early lesions was affected when compared to wildtype 

rtTA/MIC samples.  The majority of ducts in both p110α
wt/wt

 and p110α
flx/wt

/rtTA/MIC 

mammary glands were hyperplastic or filled, with little or no normal ducts counted (Figure 6-

3B).  By contrast, ducts were exclusively normal in homozygous mice and controls.  These 

findings collectively indicated that p110α plays a role in initiating tumours in this PyV mT 

model.  Cre recombinase-mediated excision of the conditional p110α allele in these animals was 

verified by PCR amplification in p110α-deficient/rtTA/MIC mammary gland DNA (Figure 6-
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4A).  It should be noted that GFP reporter expression was detectable in mammary gland 

wholemounts as early as 3 days post-induction (Figure 6-4B).  The wildtype rtTA/MIC sample in 

this figure exhibits evidence of ductal abnormalities even at this early timepoint, whereas the 

p110α
flx/flx

/rtTA/MIC gland appears normal. 

 

Eventual mammary tumour development in p110α
flx/flx

/rtTA/MIC mice occurs in less than 

half of the cohort 

To determine if tumours would ultimately arise in rtTA/MIC homozygous for p110α loss, we 

subjected cohorts to long-term induction (up to 18 months).  Consistent with previous tumour 

onset data, the majority of wildtype rtTA/MIC mice developed tumours within 2 weeks of 

starting doxycycline treatment and all controls remained tumour-free (Figure 6-5; Figure 5-2).  A 

significant delay in average tumour onset by over 2 months was seen in heterozygous cohorts, 

although there was no difference in penetrance.  Tumours eventually developed in 6 out of 19 

(31.6%) p110α
flx/flx

/rtTA/MIC animals after long latencies with the average onset being well over 

1 year of induction. 

Similar to our observations in the NIC model, p110α-deficiency had an effect on tumour 

burden in the rtTA/MIC strain.  As discussed in Chapter 5, we chose to use a total tumour 

volume of at least 4 cm
3
 as the endpoint in the rtTA/MIC model and attempted to apply this to 

our p110α studies.  The wildtype rtTA/MIC cohort and most of the heterozygous animals 

surpassed this minimum volume due to the development of multifocal masses.  However, 

tumours were more focal in some p110α
flx/wt

/rtTA/MIC mice as well as the entire homozygous 

cohort; in these cases, single masses often reached the 2.5 cm
3
 limit set by animal care guidelines  
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Figure 6-2:  After 2 weeks of induction, mammary glands from p110α-deficient/rtTA/MIC 

mice exhibit reduced transformation as compared to wildtype counterparts 

(A)  Mammary gland mass relative to body mass was calculated at sacrifice for each animal of 

the indicated genotypes and controls (induced rtTA and MIC; un-induced rtTA/MIC).  Error bars 

are standard error of mean.  P values were calculated using a two-tailed t-test. 

(B)  Representative H&E-stained mammary gland wholemounts from mice of the indicated 

genotypes as compared to an induced control mammary gland (top two rows).  The middle row 

images are higher magnifications of the top row images.  Fluorescence from a Cre recombinase-

activated GFP reporter transgene is shown in the corresponding glands in the bottom row 

images.  Scale bars from top to bottom are 5 mm, 0.5 mm, and 1 mm. 
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Figure 6-3:  p110α-null/rtTA/MIC mice induced for 2 weeks have histologically normal 

mammary glands in contrast to wildtype and heterozygous groups 

(A)  Representative mammary gland sections stained with H&E from the indicated genotypes 

and an induced control animal.  The bottom images are higher magnifications of the top images.  

Scale bars are 500 μm (top) and 100 μm (bottom). 

(B)  Quantification of the number of normal, hyperplastic, enlarged, and filled ducts expressed as 

an average percentage of the total number of ducts for the sections shown in (A). 
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Figure 6-4:  Evidence of excision of the conditional p110α allele in mammary glands of 

induced p110α
flx/flx

/rtTA/MIC mice 

(A)  The Cre recombinase-excised p110α allele is detectable in mammary gland DNA from 

rtTA/MIC mice heterozygous and homozygous for the conditional p110α allele.  Mice were 

treated with doxycycline for 2 weeks. 

(B)  Fluorescence from the Cre-inducible GFP reporter is observed 3 days post-induction in 

mammary gland wholemounts from mice of the indicated genotypes.  Scale bar is 1 mm. 
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Figure 6-5:  Homozygous ablation of p110α in the rtTA/MIC model results in ~30% of 

animals developing tumours and only after a long latency 

Kaplan-Meier tumour onset curve for induced rtTA/MIC mice that are wildtype, heterozygous, 

or homozygous for the p110α conditional allele as compared to controls (un-induced rtTA/MIC; 

induced or un-induced rtTA or MIC).  The table lists the penetrance (the percentage/number of 

animals that developed tumours), T50 (days of induction when 50% of animals have developed 

tumours), and average tumour onset with standard deviation for each of the curves shown on the 

graph.  P values were calculated using a two-tailed t-test. 
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and had to be sacrificed prematurely.  For this reason, overall tumour burden at endpoint (as 

measured by volume and number) was significantly reduced in p110α-deficient/rtTA/MIC mice 

as compared to wildtype counterparts (Figure 6-6). 

Histological analysis of heterozygous rtTA/MIC tumours revealed adenocarcinoma 

morphologies similar to what we have seen previously in wildtype rtTA/MIC tumours (Figure 6-

7, top).  By contrast, tumours from p110α
flx/flx

/rtTA/MIC mice displayed intratumoural 

heterogeneity although all samples commonly exhibited areas of adenocarcinoma-like lesions 

infiltrated by a high degree of stromal cells and ECM deposition (Figure 6-7, bottom).  Our 

inability to detect loss of p110α by immunoblot is likely due to the excessive stromal component 

in these bulk tumour lysates, precluding interpretation of Akt activation from this analysis as 

well (Figure 6-8A).  Interestingly, expression of E-cadherin was slightly reduced in one 

p110α
flx/flx

/rtTA/MIC lysate (#7880).  We were able to confirm PyV mT expression in all genetic 

groups and could detect the recombined p110α allele in DNA from p110α-deficient/rtTA/MIC 

tumours (Figure 6-8A and B, respectively) (see schematic in Figure 4-2 for PCR design). 

 

Heterozygous loss of p110α affects the size but not the number of lung lesions in rtTA/MIC 

tumour-bearing mice 

All rtTA/MIC mice with tumour burdens of at least 4 cm3 developed pulmonary metastases, 

including those heterozygous for p110α (Figure 6-9A).   One tumour-bearing homozygous 

mouse presented with a lung lesion, however as no animals in the cohort reached the burden 

limit they cannot be directly compared to the wildtype or heterozygous mice (Figure 6-6, top).  

Upon quantification of the lung metastases, we saw that there were no significant differences in 
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the number of lesions between wildtype rtTA/MIC and p110α
flx/wt

/rtTA/MIC lungs in metastasis-

positive animals (Figure 6-9B, top right).  However the average size of lesions relative to the 

total lung area was significantly less in the heterozygous mice as compared to the wildtype 

rtTA/MIC group (Figure 6-9B, bottom right).  This suggests that while p110α
flx/wt

/rtTA/MIC 

tumour cells can probably colonize the lung as well as wildtype counterparts, they are impaired 

in their ability to grow and establish in this secondary site.  This speculation will have to be 

tested using a lung colonization assay, especially considering the decreased tumour burden in 

heterozygous mice relative to wildtypes. 

 

OPN is expressed in endstage rtTA/MIC tumours regardless of p110α status 

The upregulation of OPN in some of our p110α
flx/flx

/NIC tumours prompted us to investigate this 

in our rtTA/MIC system.  OPN is a known feature of PyV mT-driven mammary tumours and 

studies using PyV mT mutants uncoupled from PI3K suggest that this pathway may regulate 

OPN transcription downstream of PyV mT in these tumours [467, 468].  We found OPN to be 

variably expressed by immunoblot in our rtTA/MIC tumour lysates, and it was also present in 

lysates deficient for p110α (Figure 6-10A).  By immunohistochemistry, staining was more 

uniform in wildtype rtTA/MIC tumours and occurred sporadically in p110α-null/rtTA/MIC 

samples (Figure 6-10B).  Like what we had observed in the NIC model, OPN expression 

appeared to be coming from the tumour epithelium, and was not associated with stromal cells.  

Interestingly, when we analyzed expression of αv and β3 integrins in these same samples they 

appeared to be increased in some p110α-deficient/rtTA/MIC tumours (Figure 6-10A).  Taken 

 



Investigating the phosphatidylinositol 3’ kinase signalling pathway in transgenic mouse models of breast cancer 

264 

Figure 6-6:  p110α-deficiency confers a more focal penetrance to rtTA/MIC tumours 

Tumour burden for the indicated genotypes is represented as the total tumour volume (top) and 

total number of tumours (bottom) at sacrifice.  Bars are average values for each genetic group.  

Animals were sacrificed when total tumour volume was at least 4 cm
3
 (indicated by the dotted 

line) or if an individual mass reached 2.5 cm
3
.  P values were calculated using a two-tailed t-test. 
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Figure 6-7:   p110α-null/rtTA/MIC tumours present with increased stromal deposition as 

compared to the solid adenocarcinoma phenotype of wildtype and heterozygous tumours 

Representative H&E-stained images of tumours from p110α-wildtype and -

heterozygous/rtTA/MIC mice (top) as compared to tumours from each of the 6 p110α-

null/rtTA/MIC mice that developed masses (bottom).  Numbers correspond to the mouse ID for 

each sample.  Scale bar is 100 μm. 



Trisha Rao — PhD Thesis 

267 

 



Investigating the phosphatidylinositol 3’ kinase signalling pathway in transgenic mouse models of breast cancer 

268 

Figure 6-8:  p110α protein is retained in p110α-deficient/rtTA/MIC tumour lysates 

although the conditional allele is excised 

(A)  Immunoblot of tumour lysates of the indicated genotypes for p110α, phospho-Akt (S473), 

Akt, PyV mT, E-cadherin (epithelial content control), and Hsp90 (loading control).  Numbers 

correspond to the mouse ID for each sample. 

(B)  The Cre recombinase-excised p110α allele is detectable in tumour DNA from rtTA/MIC 

mice heterozygous and homozygous for the conditional p110α allele. 
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Figure 6-9:  Smaller lung lesions in tumour-bearing rtTA/MIC mice lacking one allele of 

p110α 

(A)  The percentage of mice with lung metastases for the indicated genotypes.  Data for the 

wildtype and heterozygous groups include only mice with a total tumour volume over 4 cm
3
; 

none of the homozygous animals reached this volume limit and therefore cannot be directly 

compared to the other two groups. 

(B)  Representative images of H&E-stained lung sections from tumour-bearing mice of the 

indicated genotypes (left).  Scale bar is 500 μm.  Quantification is shown for the number of 

lesions in metastasis-positive mice (“met+”) (top right) and the relative size of the lesions 

(bottom right).  Error bars are standard error of mean.  P values were calculated using a two-

tailed t-test. 
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Figure 6-10:  OPN is expressed to variable extents in rtTA/MIC tumours in the presence 

and absence of p110α 

(A)  Immunoblot analysis of OPN (OPN) and β3 integrin expression in tumour lysates of the 

indicated genotypes.  α/β-tubulin was used as a loading control.  Numbers correspond to the 

mouse ID for each sample. 

(B)  Representative tumour sections of the indicated genotypes stained with OPN (OPN) by 

immunohistochemistry.  The bottom row images are higher magnifications of the top row 

images.  Scale bars are 100 μm (top row) and 50 μm (bottom row). 
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together, the co-expression of OPN as well as one of its major receptors suggests that this 

pathway may be important for rtTA/MIC tumours that evolve without p110α. 

 

6.3 Discussion 

Progression into early stages of mammary tumourigenesis is impaired in rtTA/MIC 

deficient for p110α 

In Chapter 4 we demonstrated that ablation of p110α had a significant impact on tumour 

initiation and metastasis in an ErbB2 model of mammary tumourigenesis.  To validate our 

findings from the characterization of p110α-deficient/NIC mice in a second model, we crossed 

the conditional p110α strain to the inducible rtTA/MIC model just described in Chapter 5 [144, 

276].  Use of the rtTA/MIC strain allowed us to investigate early stages of mammary tumour 

progression, which were severely impaired by loss of p110α after 2 weeks of induction (Figure 

6-2, -3 and -4).  This effect appeared to be dependent on p110α dosage, as p110α
flx/wt

/rtTA/MIC 

mice exhibited transformation that was milder than that observed in wildtype rtTA/MIC glands.  

Despite this, wildtype and heterozygous rtTA/MIC glands contained a similar proportion of 

hyperplasia and MINs, in contrast to the exclusively normal ducts in homozygous glands and 

controls. 

We believe that the impairment of tumourigenesis is an immediate effect as we observed 

this phenotype as early as 3 days after induction (Figure 6-4B).  The fact that the mammary 

epithelium of p110α
flx/flx

/rtTA/MIC mice expresses a Cre-inducible GFP reporter suggests that 

these cells express the MIC transgene and are null for p110α.  This would imply that the 

mammary epithelium is truly defective in transformation in the absence of p110α.  Furthermore, 
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these results indicate that clearance by the immune system is not likely at play here which, as 

discussed in Chapter 5, contributes to the incomplete penetrance of the wildtype rtTA/MIC 

cohorts (Figure 5-2).  Immunohistochemical staining for PyV mT and Cre recombinase must be 

carried out on p110α-deficient/rtTA/MIC mammary gland sections to confirm this.  Taken 

together, these results indicate that p110α is important at very early stages of mammary epithelial 

transformation driven by PyV mT oncogene. 

 

Loss of p110α affects both tumour initiation and metastasis in rtTA/MIC mice 

Heterozygous loss of p110α in the rtTA/MIC strain caused a significant delay in tumour onset 

and a reduced tumour burden as compared to wildtype rtTA/MIC animals (Figure 6-5 and 6-6).  

This is consistent with increased tumour latency of p110α
flx/wt

/PyV mT/Cre mice, although this 

study also reported a reduction in penetrance [114].  Furthermore, p110α
flx/wt

/PyV mT/Cre 

tumours were histologically less transformed than wildtype PyV mT controls, in contrast to the 

adenocarcinoma histopathologies of tumours from both p110α
flx/wt

 and wildtype rtTA/MIC mice 

(Figure 6-7, top).  It is unclear why heterozygous p110α loss was more potent in the MMTV-

driven PyV mT model as compared to our inducible rtTA/MIC model; it is possible that this 

reflects differences in transgene integration or regulation of transgene expression.  Despite these 

observations, tumours from rtTA/MIC mice heterozygous for p110α could metastasize to the 

lung however these lesions were significantly smaller relative to wildtype rtTA/MIC lesions 

(Figure 6-9).  This was an interesting result and suggests that p110α
flx/wt

/rtTA/MIC tumour cells 

are impaired in lung colonization, perhaps due to defective proliferative or survival capabilities 

at this secondary site.  Staining of lung lesions for markers of these processes (e.g. Ki67 and 
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TUNEL, respectively) as well as tail vein assays will be essential for further investigation of this 

metastatic phenotype. 

Complete p110α deletion had a more profound effect on rtTA/MIC tumourigenesis than 

loss of one p110α allele.  Approximately 30% of p110α
flx/flx

/rtTA/MIC mice developed tumours 

after a long latency (Figure 6-5).  Tumour burden was significantly lower as compared to the 

wildtype rtTA/MIC cohort and the focality of these tumours prevented the inclusion of 

metastasis data, although lung lesions were rarely detected (Figure 6-6 and 6-9).  Interestingly, 

tumours from p110α
flx/flx

/rtTA/MIC animals displayed areas of both adenocarcinoma and stromal 

infiltration, in contrast to the exclusively solid adenocarcinoma of the other genetic cohorts 

(Figure 6-7).  These heterogeneous tumours require more detailed immunohistochemical 

characterization for various cytokeratins, epithelial and mesenchymal markers (such as E-

cadherin and vimentin, respectively), as well as ECM components (such as collagen).  Although 

the increased stromal content obscured molecular analysis of p110α expression by 

immunoblotting, confirmation of p110α ablation was demonstrated by PCR of the excised 

conditional alleles (Figure 6-8B).  Furthermore, tumours in p110α
flx/flx

/rtTA/MIC mice were 

positive for PyV mT expression and were therefore not spontaneous masses occurring due to old 

age (Figure 6-8A).  These long-term induction studies show that while ablation of p110α can 

significantly delay tumour onset in this PyV mT model, this signalling block can be evaded in 

rare cases. 
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OPN expression in endstage rtTA/MIC tumours may be a compensatory response in 

p110α-deficient mammary epithelium 

Given our findings that tumour formation in p110α
flx/flx

/NIC mice may be driven by increases in 

OPN, we were interested to evaluate OPN expression in our p110α-deficient/rtTA/MIC tumours.  

Indeed, OPN was detected in rtTA/MIC tumours in the presence and absence of p110α (Figure 

6-10).  The discrepancy between the strong signal on the immunoblot and the irregular 

immunohistochemical staining might suggest that OPN is being secreted into the extracellular 

space and which may cause its exclusion from paraffin-embedded tumour sections.  This theory 

can be investigated further by analyzing OPN levels in plasma and serum from tumour-bearing 

animals.  Considering that PyV mT can induce transcription of OPN and this may occur through 

a PI3K-dependent pathway, it is possible that in p110α
flx/flx

/rtTA/MIC mammary epithelium 

OPN expression is lost, leading to a delay in tumour initiation, and must be upregulated by 

alternative mechanisms in order to drive tumour formation [467, 468].  We have initiated 

experiments to test this hypothesis in a similar manner to our methods in Chapter 4, by 

comparing differential expression between the genetic groups at early timepoints of induction to 

that of endstage tumours.  Preliminary results indicate that OPN is indeed downregulated in 

p110α-deficient mammary epithelium relative to both rtTA/MIC and induced controls at 2 weeks 

of induction (data not shown).  Of course we cannot ignore that the heterogeneous 

histopathology of the p110α-null/rtTA/MIC tumours may present some challenges for these 

analyses.  These findings coincide with our previous results from Chapter 4 and imply that 

upregulation of OPN may be a universal mechanism for tumour development in the absence of 

p110α.  Furthermore, the αvβ3 integrin receptor is expressed at higher levels in some p110α-

deficient/rtTA/MIC tumours (Figure 6-10A).  It will of course be necessary to assess β3 integrin 
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expression in premalignant p110α
flx/flx

/rtTA/MIC epithelium relative to wildtype rtTA/MIC 

controls considering our observations in the p110α-deficient/NIC model.  Perhaps in these 

instances, OPN/αvβ3 signalling is enhanced at multiple points in the pathway to allow PyV mT 

tumours to develop in the absence of p110α. 

 

Future directions 

The results from our characterization of p110α-deficient/rtTA/MIC transgenic animals suggest 

that p110α is indeed an important mediator of PyV mT-driven mammary tumour initiation and 

metastasis.  The differential tumour burden between the genetic cohorts establishes an immediate 

necessity to investigate the relative levels of proliferative and apoptotic markers in primary 

tumours as well as outgrowth potential using orthotopic injection experiments.  In addition, tail 

vein assays will allow us to directly assess the effect of p110α loss on lung colonization; this was 

not afforded to us in the transgenic studies given the tendency toward focal tumours in 

p110α
flx/flx

/rtTA/MIC mice.  The rarity of tumours in this cohort will force us to use transplanted 

tumour material from athymic hosts.  However, we must first verify that the histological and 

molecular integrity of these transplant lines has been somewhat maintained during serial 

passaging. 

We are also very interested in pursuing the potential regulation of OPN transcription by 

p110α in the rtTA/MIC mammary epithelium as well as the possibility that OPN is re-expressed 

as a mechanism for the eventual development of tumours in p110α
flx/flx

/rtTA/MIC animals.  

Additional experiments are needed examining OPN expression in premalignant mammary 

epithelium.  If OPN and/or αvβ3 integrin are indeed upregulated in order for tumours to evolve, 
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it will be important to identify the mechanisms driving this event.  An interesting candidate is the 

activation of PI3K signalling which may be a result of Pten loss, as we had observed previously 

in Chapter 4.  The recapitulation of several p110α-dependent phenotypes between the ErbB2- 

and PyV mT-driven tumour models illustrates the versatility of the PyV mT oncogene as an 

experimental tool in breast cancer research.  This is no doubt due to the fact that PyV mT mimics 

the activity of an RTK and so the studies presented here suggest that p110α may be important in 

RTK-driven breast cancers in general.  
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7.1 PI3K signalling in RTK-driven mammary tumourigenesis and metastasis 

The studies performed in this thesis illustrate the significance of the PI3K pathway in a variety of 

mouse models of mammary tumourigenesis.  We have demonstrated this by two opposing 

approaches in which we investigated how activation versus impairment of PI3K signalling would 

affect mammary tumourigenesis driven by oncogenic RTKs.  In Chapter 3, we found that loss of 

the PI3K pathway antagonist Pten or constitutive activation of the p110α proto-oncogene can 

enhance HER2/ErbB2-mediated tumour initiation and/or metastasis (unpublished observations, 

T. Rao and W.J. Muller) [106]. Conversely, we observed in Chapters 4 and 6 that genetic 

ablation of p110α was required for mammary tumourigenesis and malignancy downstream of 

activated HER2/ErbB2 or the viral oncoprotein PyV mT (unpublished observations, T. Rao and 

W.J. Muller) [114].  Collectively these findings highlight that PI3K pathway activation can 

cooperate with other genetic events during transformation of the mammary epithelium, but also 

suggests that these oncogenes are dependent on PI3K signalling even in the absence of p110α 

mutation or Pten loss.  This dependence becomes relevant for the development of tumours 

lacking p110α which may lose Pten expression or function in order to maintain PI3K signalling 

through non-α p110 isoforms. 

We were able to demonstrate the importance of p110α in mammary tumourigenesis using 

two different oncogenic models, one of which represents a physiological oncogene in human 

breast cancer (activated HER2/ErbB2) while the other induces tumour progression in a clinically 

relevant fashion (PyV mT).  In both systems, p110α deficiency led to delayed tumour onset, 

fewer tumours, and reduced lung metastasis.  However some important differences were 

apparent when comparing these p110α-deficient models.  Firstly, p110α-deficiency appears to 

have a more dramatic effect on tumour initiation in the PyV mT model than in the activated 
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HER2/ErbB2 model, with both heterozygous and homozygous p110α loss delaying tumour onset 

and the latter causing a profound decrease in penetrance.  This suggests that PyV mT is more 

dependent on p110α than activated ErbB2 is; this may be because in the PyV mT model the PyV 

mT transgene is the predominant oncogene, whereas in the activated ErbB2 model there may be 

more of a reliance on other concurrent oncogenic events.  The impact of p110α loss on tumour 

initiation in the ErbB2 model was confirmed by the more stepwise model driven by PyV mT.  

This suggests that p110α-dependent signalling is of prime importance at the onset of 

transformation.  The fact that activating mutations in p110α have been found in early stage breast 

cancer also supports the idea that PI3K signalling is probably critical at this point [349, 469].  

We may be able to address the importance of p110α in very early events during transformation 

using our new PyV mT model by inducing naïve mammary epithelial cells in ex vivo culture.  

Secondly, the metastatic defect in mice heterozygous for p110α mice was restricted to lung 

lesion size in the PyV mT model whereas both incidence and number were affected in the 

activated ErbB2 strain.  The results from Chapter 4 suggest that this is likely a cell-autonomous 

defect; it will be interesting to investigate this in the p110α-deficient PyV mT tumour cells.  

Thus, in addition to tumour initiation, p110α-dependent signalling may also have relevance 

during metastatic phases of tumour progression.  Taken together, the comparison of p110α-

deficiency in ErbB2- versus PyV mT-driven mammary tumour models demonstrates that p110α 

can have slightly different effects on tumourigenesis depending on the oncogenic context. 

Importantly our findings indicate that PI3K inhibitors as single agent treatments will 

likely be ineffective in HER2-overexpressing cancers.  In fact, while we observed sensitivity of 

ErbB2 tumours to the pan PI3K inhibitor GDC-0941 they did not reach stasis or regress which 

suggests that inhibiting this pathway will likely not be sufficient to reverse the growth of HER2-
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expressing tumours in patients.  This is in support of many other studies showing that PI3K 

inhibitors have better efficacy when combined with therapies targeting HER2 and MEK [206, 

368, 377, 394, 396].  The use of PI3K inhibitors in combination with standard HER2-targeted 

therapies may not only improve initial responses but may also prevent resistance.  This is 

especially relevant for HER2-positive cancers with PIK3CA mutation or PTEN loss, but may 

also be beneficial for patients with “intact” PI3K signalling since this pathway may become 

activated during tumour progression or following treatment. 

 

7.2 Selectivity of p110 isoforms during mammary tumour progression 

Our investigations into the impairment of PI3K signalling focused on conditional ablation of 

p110α since this isoform is selectively mutated in breast cancers.  While mammary tumour 

initiation appears to strongly depend on p110α, we believe that the eventual development of 

tumours in a p110α-deficient background may be a result of Pten loss leading to enhanced 

signalling through non-α p110 isoforms.  Considering that p110β loss does not impair ErbB2 

tumourigenesis, it appears that p110α is the predominant isoform downstream of this RTK 

during mammary tumourigenesis in the mouse [114].  It is possible that in the absence of p110α, 

loss of Pten causes a switch in the dependence of ErbB2 to p110β since in humans PTEN-

deficient tumours tend to depend on p110β more than p110α [283, 376-378].  We could revisit 

Chapter 3 to determine which isoform Pten-deficient ErbB2 tumours are dependent on in this 

system.  Furthermore, it will be interesting to see if Pten loss is also a compensatory pathway for 

p110α-deficient/PyV mT tumours; if it is, does this change the dependency of PyV mT to p110β 

(considering that PyV mT models seem to depend on p110α and not p110β) [114, 381]? 
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Our studies suggest that compensation from non-α p110 isoforms might occur in patients 

with HER2-positive breast cancer treated with p110α-specific inhibitors.  We propose that agents 

targeting multiple p110 isoforms may be more effective at combatting this potential resistance 

mechanism.  However, as we observed in our orthotopic model, ErbB2-expressing tumours do 

not regress upon treatment with the pan PI3K inhibitor GDC-0941.  Again, this points to the idea 

that combining PI3K inhibition with HER2-targeted therapies will likely result in synergistic 

effects. 

 

7.3 Potential regulation of OPN/αvβ3 integrin expression by the PI3K pathway  

An interesting observation from our work was the possibility that OPN signalling represents a 

compensatory mechanism in ErbB2 and PyV mT tumours that arise in the absence of p110α.  

Our hypothesis that this was due to reactivation of PI3K signalling through non-α p110 isoforms 

was supported by the fact that PI3K pathway activation in two individual ErbB2-driven mouse 

models was also associated with overexpression of OPN in mammary tumours.  Interestingly, the 

αvβ3 integrin heterodimer, a key receptor for OPN, appears to be differentially modulated in 

p110α-deficient mammary epithelium depending on the driving oncogene.  A p110α-dependent 

reduction in β3 integrin levels was seen in the ErbB2 model regardless of the tumourigenic state, 

suggesting that expression of OPN is a way to reactivate signalling through this pathway.  

However, in the PyV mT model, β3 integrin is increased in p110α-deficient tumours; perhaps in 

this context the epithelium must upregulate both the ligand and the receptor in order to 

transform.  It will be important to investigate relative levels of OPN and αvβ3 integrin at 

premalignant timepoints in the PyV mT system.  The possibility that p110α is involved in β3 

integrin transcription is a novel idea considering that little is known about the pathways 
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regulating expression of this protein.  Furthermore, if the lack of β3 integrin is directly 

responsible for the delay in the initiation of p110α-deficient tumours or in their impaired ability 

to colonize the lung, it may be interesting to investigate the importance of this signalling axis 

itself during mammary tumourigenesis.  Several reagents that can disrupt this pathway impair 

tumourigenic properties of breast cancer cells in vitro, including inhibitors or neutralizing 

antibodies for integrins as well as RNA interference approaches specific for OPN [446, 470-

472].  In addition to analyzing established primary tumour cells lines from our mouse models, 

future projects can utilize these strains to study the genetic contribution of OPN and β3 integrin 

to mammary tumourigenesis in vivo. 

These studies also highlight the potential importance of OPN and αvβ3 integrin in HER2-

mediated breast cancer.  Indeed, OPN has been reported to be highly expressed in more 

aggressive breast cancers, including HER2-positive and TNBC/basal-like subtypes [455, 456].  

Additionally, in humans there are three splice isoforms of OPN (designated as OPN-a, -b and -c) 

which show differential expression in breast cancer.  The OPN-c isoform specifically is 

enhanced in advanced stage breast cancers and may be associated with increased risk for 

recurrence [454, 455].  Given that OPN appears to be regulated in part by PI3K signalling, and 

considering the data presented here, it would be very interesting to investigate whether OPN 

overexpression associates with PI3K pathway activation in breast cancer.  In addition to the 

HER2-positive cases, the basal-like subtype may also be of relevance since it has been 

individually correlated with both of these alterations [4, 455].  If OPN expression is indeed 

indicative of a hyperactive PI3K pathway in breast cancer, screening for this candidate 

biomarker in the blood of patients could identify individuals that might be responsive to PI3K 

inhibitors.  Importantly, given our findings that OPN may be compensating for p110α loss in 
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mouse models of mammary tumourigenesis, pan PI3K inhibitors may be more effective in 

treating OPN-positive tumours than those targeting an individual p110 isoform. 

 

7.4 Conclusion 

In the decades of research centered on PI3K signalling, this proto-oncogenic pathway still offers 

many complexities that are yet to be fully understood.  Although therapies targeting the PI3K 

pathway have already entered drug trials for cancer treatment, in vivo preclinical models have 

remained an important area of research.  The work presented in this thesis has focused on how 

cancer-associated alterations in PI3K pathway components operate in transgenic mouse models 

of breast cancer.  We have found that activation of PI3K signalling can cooperate with 

physiological oncogenes, such as HER2/ErbB2, during mammary tumour progression.  

Conversely, inactivation of PI3K signalling can dramatically impair mammary tumour initiation 

and metastasis in two different transgenic systems including a newly characterized inducible 

PyV mT strain.  The eventual emergence of p110α-deficient tumours in these studies highlighted 

that isoform selectivity will be of importance when choosing PI3K inhibitors in the clinic.  

Importantly, we have identified some molecular consequences of PI3K signalling dysregulation, 

comprising both well-established and potentially novel mechanisms involving the pro-

tumourigenic OPN/αvβ3 pathway.  These mechanisms may become relevant in breast cancer 

patients that develop resistance to PI3K inhibition.  Collectively, the work from this thesis 

clearly implicates PI3K signalling in mammary tumour initiation and progression to malignancy 

while highlighting the potential of several mouse strains as preclinical models of breast cancer. 
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