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Abstract 

Breast cancer is a highly heterogeneous disease with multiple drivers and a complex 

regulatory network. Periostin (Postn) is a matricellular protein involved in a plethora of cancer 

types and other diseases. More specifically, Postn has been shown to be involved in various 

processes of tumor progression such as angiogenesis, cell survival, invasion, and metastasis. 

A high Postn level in breast cancer has been corelated with a more aggressive phenotype. 

Despite extensive research, it remains unclear what Postn is doing to the cancer environment 

and how cancer cells regulate Postn. Here, we assessed the role and regulation mechanisms of 

Postn in ErbB2-mediated tumorigenesis. By crossing Postn deficient animals into the 

oncogenic NeuNDL model of ErbB2-positive breast cancer, we have shown that Postn deletion 

delays tumor onset and increases overall survival by affecting proliferation and apoptosis. 

These tumors also showed a decrease in collagen deposition which is the proposed mechanism 

for its effect in vivo. Using isolated cancer cells from the Postn deficient background we 

assessed re-expression of Postn which had no effect on in vitro tumorigenesis processes or in 

vivo subcutaneous growth in immunodeficient mice. Furthermore, we established an in vitro 

model to study the regulation of Postn using a bovine pituitary gland derived extract as a 

natural repressor of Postn. Using mass spectrometry and RNA sequencing, we identified 

potential regulators of Postn gene expression. We also showed a cross regulation between 

FGFR, TGFβ and PI3K/AKT pathways to regulate Postn expression. In ErbB2-mediated 

murine breast cancer cells, we found that TGFβ can induce Postn expression in a SMAD-

independent manner while bFGF can repress Postn expression through a PKC-dependent 

pathway. Postn induction and repression by TGFβ and bFGF respectively, are both dependent 

on PI3K/AKT signaling. Overall, these results suggest a cancer-driving function for Postn and 

reveal a novel mechanism for regulating Postn expression.  
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1.1 Breast Cancer 

1.1.1 Breast Cancer Classification Systems 

Breast cancer is the most common type of cancer in women worldwide, excluding non-

melanoma skin cancer [1]. Breast cancer is a complex and highly heterogeneous disease which 

is generally classified in several molecular subtypes [2, 3]. Those subtypes are generally 

identified by distinct gene expression profiles and molecular markers. The expression of 

Estrogen Receptor (ESR1), Progesterone Receptor (PGR) and  Human Epidermal Growth 

Factor Receptor 2 (HER2)  are used as the basis for the classification system [4]. The Luminal 

A and Luminal B subtypes are characterized by the expression of ESR1 and PGR, the 

difference between those two subtypes being that the Luminal B usually has higher 

proliferation index (Ki67-positive) [5, 6].  The Luminal subtypes are the most common with 

approximately 65% of all breast cancer cases and these tend to have a better prognosis than 

other subtypes, with Luminal A having a significantly better outcome than Luminal B [7, 8]. 

The HER2-positive subtype is characterized by an overexpression of the HER2 receptor with 

low or no expression of ESR1 and PGR. This subtype has a prevalence of approximately 30% 

and is strongly associated with a highly metastatic disease and a poor prognosis in patients [9-

11]. Finally, the triple negative breast cancer (TNBC) subtype is characterized by the lack of 

ESR1, PGR and HER2 and accounts for approximately 10-15% of all breast cancer cases [7, 

12]. This subtype has the worst survival rate and prognosis since there are currently no targeted 

therapies available as no critical therapeutic targets have been identified for this subtype [13]. 

A summary of breast cancer subtype classification along with their receptor expression pattern 

and overall prognosis is presented in Figure 1.1.  
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Figure 1.1 Classification of breast cancer subtype.  

Subtype of breast cancer are presented along with their receptor status for Estrogen Receptors 

(ER), Progesterone Receptors (PR), Human Epidermal Growth Factor Receptor 2 (HER2) and 

Ki-67. Overall prognosis is ordered with a gradient from green (better prognosis) to red (worse 

prognosis). Figure adapted from [14]. 
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Alongside subtype identification, physicians also use the TNM staging system which 

is based on anatomic information relating to the size of the primary tumor (T), the extent of 

lymph node involvement (N) and the presence or lack of metastases at distant sites (M), the 

most common for breast cancers being the bones, the lungs, the brain and the liver [15, 16]. 

Another way to classify tumors is by their histologic characteristics. Pathologists will make a 

histologic diagnosis on a biopsy or a fully resected tumor using standardized criteria. The most 

common breast cancer histology diagnosis is invasive ductal carcinoma which affects between 

50 and 75% of all patients, followed by invasive lobular carcinoma making up 5 to 15% of 

cases. The remainder of patients are affected by a mixed of ductal and lobular carcinomas or 

other much rarer pathologies [17].   

Cancer cells are also given a histological grade when they are resected from the primary 

site and analysed in the laboratory. The differentiation index of the cells is assessed and graded 

from 1 to 3, grade 1 being the most differentiated and 3 being poorly differentiated. The grade 

is an indication of how fast the cells are growing and spreading. Cells that are well 

differentiated tend to grow slowly and look more like normal breast tissue while poorly 

differentiated cells look different from normal breast cells and tend to grow and spread faster 

[18].  

1.1.2 Breast Cancer Treatment 

The goal for therapy in non-metastatic patients is to eradicate the tumor from breast 

tissues and regional lymph nodes. The standard of care for this type of cancer is local surgery 

to resect the tumor and assessment of lymph node involvement sometimes leading to removal 

of axillary lymph nodes, often combined with radiotherapy post-surgery. Systemic therapy is 

guided by subtype determination. Endocrine therapy is used for all hormone receptor positive 
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cancers (Luminal A and B) in combination with general chemotherapy. HER2-directed 

antibody therapy is used for all HER2-positive cancer (HER2- positive subtype) in 

combination with endocrine therapy (if hormone-receptor positive) and general chemotherapy. 

Chemotherapy alone is used for tumors that are negative for hormone receptor and HER2 

(triple negative) [19]. These treatments can be given preoperatively (neoadjuvant), which 

shrinks the tumor before surgery, postoperatively (adjuvant), which reduces resurgence by 

killing the remaining cells, or both [20]. The therapeutic goal in metastatic patients is 

completely different since metastatic breast cancer is virtually incurable in all affected patients. 

The overall goal becomes focused on prolonging lifespan and improving the quality of life 

through symptom mitigation. The same treatment approach is used for systemic therapy, 

although, local therapy (surgery and radiation) are only used as palliative measures [19].  

1.2 HER2-positive Breast Cancer 

1.2.1 HER/ErbB Family 

HER2/ErbB2/Neu (human, mouse and rat homolog, respectively) is a member of the 

HER family of transmembrane tyrosine kinase receptors (RTKs) [21]. This family contains 

four members which are EGFR/HER1/ErbB1, HER2/ErbB2, HER3/ErbB3 and HER4/ErbB4 

[22]. These receptors require homodimerization or heterodimerization in order to be activated 

[23, 24] . Each member has distinctive characteristics that make them unique. Classically, 

RTKs contain a N-terminal ligand-binding domain, a transmembrane domain containing a 

single helix, a cytoplasmic tyrosine kinase domain and a C-terminal regulatory domain [25]. 

EGFR (HER1) contains all the classical components of RTKs while HER2 does not bind any 

ligand but remains in an open conformation for dimerization whereas HER3 can bind heregulin 

ligands but has impaired kinase activity [26, 27]. HER4 is a fully functional RTK but has a 
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unique property following ligand binding whereby HER4 undergoes proteolytic cleavage 

releasing an 80kDa intracellular domain that can enter the nucleus and regulate gene 

expression [28]. Consequently, in order to have proper activation of its downstream effectors 

following ligand binding, heterodimerization is critical for ligand binding and kinase activity 

for the transduction of intracellular signals [29]. Peptide growth factors of the EGF family act 

as ligands of the HER family and are segregated into categories depending on which receptors 

they are interacting with. The first group contains the ligands who specifically bind EGFR 

(HER1) which comprises Epithelial Growth Factor (EGF), transforming growth factor α 

(TGFα), amphiregulin (AR) and epigen (EPG) [30-33]. The second category includes factors 

that bind to both EGFR and HER4, namely epiregulin (EPR), β-cellulin (BTC) and heparin-

binding EGF-like growth factors (HB-EGF) [34-36]. The third and last category regroups all 

the neuregulins that include NRG1 and NRG2 which can bind to HER3 and HER4 whereas 

NRG3-NRG5 can specifically only bind to HER4 [37-41]. More recently, Neuroglycan C, was 

shown to be a direct ligand of HER3, making it part NRG-6 [42]. A summary of the structure 

of the HER family members along with specific ligands for each is presented in Figure 1.2. 

Upon ligand binding to the extracellular domain of HER, the receptor goes through 

conformational changes from tethered (unable to dimerize) to extended (able to dimerize) [25]. 

The receptors then undergo dimerization and subsequent transphosphorylation of tyrosine 

residues located in their intracellular domains. These phosphorylated residues can interact with 

various intracellular signaling adapter molecules which in turn activate numerous downstream 

second messenger pathways as well as cross-talk with other signaling pathways ultimately 

leading to a plethora of biological effects [43]. As HER2 is an orphan receptor (no endogenous 

ligand has been identified) and unable to undergo ligand-dependent conformational change, it   
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Figure 1.2 Schematic of HER family receptors and their respective ligands 

HER1, the prototypical receptor of its family contains all important domains. HER2 does not 

have any activating soluble ligands while HER3 has impaired kinase activity and HER4 

contains all important domains. HER1 specific ligands are Epithelial Growth Factor (EGF), 

transforming growth factor α (TGFα), amphiregulin (AR) and epigen (EPG). Epiregulin 

(EPR), β-cellulin (BTC) and heparin-binding EGF-like growth factors (HB-EGF) are specific 

for both HER1 and HER4. Neuregulin 1 (NRG1) and 2 (NRG2) can act as a ligand for both 

HER3 and HER4. NRG6 is specific to HER3 while NGR3-5 are specific to HER4. 

 

 

 



8 

 

exists in an open activated form [44]. Consistent with its constitutively active conformation, 

HER2 has been identified as the preferred heterodimerization partner of all HER receptors 

[45]. The HER family is extensively expressed and important in non-hematopoietic tissues 

responsible for diverse functions [46, 47]. This family of receptors is critical for mammalian 

development as murine gene disruption models showed in multiple instances their involvement 

in the development of multiples organs including the nervous system, skin, lungs, and 

gastrointestinal tract [48-50]. Due to the embryonic lethality of these models, the functional 

importance of HER proteins in adult mammary gland development could not be established in 

early models. However, mammary gland developmental defects were depicted using 

alternative conditional knockout models that inactivate HER1 or HER2 [51, 52]. 

1.2.2 HER2/neu Oncogenes 

The transforming potential of HER2/Neu is undeniable considering the extensive 

amount of supporting data. The rat Neu oncogene was identified and shown to transform 

NIH3T3 and mammary epithelial cells [53, 54]. There are a few significant differences in the 

way human and rodent versions of this oncogene induce transformation. First and foremost, it 

has been determined that the transformation functions of Neu were due to a V664E point 

mutation found in the transmembrane domain termed NeuT (or NeuNT) [55]. This specific 

mutation favors receptor dimerization and tyrosine kinase activity [56]. The wildtype c-Neu 

was also able to promote mammary tumor transformation in mouse models, but in most 

tumors, it occurred after the acquisition of deletion mutations in the extracellular region which 

similarly increased kinase activity and dimerization potential [57, 58].  

In contrast, the human HER2 oncogene transforming potential is equally convincing, 

but its mechanisms are quite different. The rodent oncogene requires mutational activation to 
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induce transformation, the human counterpart can induce transformation through 

overexpression alone. Although engineered mutations of HER2 were able to replicate the 

results seen with the rodent NeuNT in terms of enhanced dimerization and kinase activity, 

these mutations do not occur spontaneously [59]. In a similar fashion, HER2 overexpression 

was tested in a plethora of cell lines, from mouse fibroblast cells to human mammary epithelial 

cancer cells with a similar effect on cell transformation, tumorigenic growth, 2D and 3D 

proliferative advantage and anti-apoptotic changes [60-63].  

These experiments are highly relevant when comparing to the clinical data on the 

human disease. HER2 overexpression occurs in 25-30% of breast and ovarian cancers through 

amplification or transcriptional deregulation and its expression is associated with a worse 

prognosis [64]. It has been determined that in breast cancer, 25 to 50 copies of the HER2 gene 

can be present in the genome and a 40- to 100-fold increase in HER2 protein expression often 

leading to up to 2 million receptors on the surface of each tumor cell [65, 66]. The literature 

suggests that HER2 amplification is an early event but that its status is unchanged throughout 

the evolution to invasive disease and metastasis, indicating that it is a marker of the HER2 

subtype and not an indicator of late-stage disease [67, 68]. Gene expression profiling studies 

showed that HER2 amplification is segregated into a specific disease subset containing a 

unique molecular pattern that is maintained throughout cancer progression [4, 69]. Along with 

their unique molecular portrait, HER2 amplification in breast cancer also leads to different 

biological characteristics that distinguish them from other subtypes of breast cancers. These 

include enhanced resistance to certain hormonal therapy [70, 71], sensitivity to specific 

chemotherapeutic agents [72] and enhanced tendency for brain metastasis [73].  
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1.2.3 Transgenic Models of HER2-positive Breast Cancer 

Animal models depicting HER2-positive breast cancers have been widely used in the 

last decades. The most frequently used models have a similar structure, which is the mouse 

mammary tumor virus (MMTV) promoter driving expression of Neu or a mutated version of 

it [74, 75]. The MMTV promoter provides high level expression of the oncogene in the luminal 

epithelial and myoepithelial cells of the mammary epithelium starting at embryonic day 8.5 

[74, 76]. Expression in the salivary glands and seminal vesicle, commonly referred to as leaky 

expression of MMTV promoter, has also been observed [74, 77].  The first reported model 

used a constitutively active Neu (NeuNT) containing a point mutation in the transmembrane 

domain [55]. This model resulted in female mice developing mammary tumors involving the 

entire mammary gland by 90 days of age on average [74]. Although this model is useful to 

study HER2-positive breast cancer, it mimics a somatic mutation of HER2. The main issue 

with this model is the fact that somatic mutation of HER2 happens in very rare occurrence 

[78]. HER2 is commonly overexpressed but not due to somatic mutations.  

Another widely used murine model of breast cancer was generated by mammary-

specific expression of the Polyoma Middle T antigen (PyMT). The MMTV-PyMT results in 

mammary gland transformation leading to the development of multifocal adenocarcinomas 

with a high incidence of metastases to the lymph nodes and lungs [79]. The tumors arising 

from this model display close similarity to human breast cancers by their gradual loss of 

hormone receptors such as estrogen and progesterone, which is correlated with an 

overexpression of ErbB2 and Cyclin D1 in late-stage breast cancers [80]. The particularity of 

this model is the short latency at which hyperplasia are seen (as early as 4 weeks of age). 
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Combined with metastasis, such a short latency makes it a model of choice to study 

tumorigenesis and metastasis.   

In a different tumor model, c-neu was overexpressed under the same MMTV promoter. 

The resulting mice had their latency doubled compared to the NeuNT model even though their 

level of oncogene expression was similar [81]. It was found that 65% of the tumors arising 

from this model were carrying in-frame deletion affecting the extracellular domain of the 

transgene [58]. These deletions were replicated in cell lines and showed increased tyrosine 

kinase activity confirming these as activating mutations [58]. The high frequency of these 

mutations in wildtype Neu suggests that the tyrosine kinase activation acts as the rate-

determining step for the induction of mammary tumors [58].  

The observation that a rate-limiting step is controlled by the acquisition of deletions in 

wildtype Neu-induced mammary tumorigenesis led to the generation of the widely used 

MMTV-Neu deletion (NDL) model of breast cancer. The MMTV-NeuNDL2-5 transgenic line 

harbors a deletion of 5 amino acids which lead to a cysteine imbalance preventing cysteine 

bridge formation and promoting disulfide-stabilized dimers [82]. A splice variant of human 

HER2 has been observed with a 16 amino acid deletion which results in cysteine-related 

intramolecular disulfide bond previously described in the MMTV-NeuNDL2-5 model [58, 

82]. This increase in stabilized dimers results in constitutive activation of Neu, which resulted 

in an average mammary tumor onset of 161 days [82]. The tumors resulting from this model 

resembled mammary adenocarcinomas and metastasized to the lungs in 67% of the animals. 

This is still used today to study the effect of genes on mammary tumorigenesis by 

crossing knock-out mouse models into the MMTV-NeuNDL2-5 background. This is a 

powerful tool to assess the roles of other proteins in vivo, but gene deletions that were early 
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lethal could not be assessed using this model. This led to the generation of another widely used 

model to allow the study of conditional knockout alleles, the MMTV-NeuNDL2-5-IRES-Cre 

(NIC) [83]. Using a bicistronic transcript expressing NeuNDL2-5 followed by Cre 

recombinase under the control of an internal ribosome entry site (IRES), these animals coupled 

the expression of the Neu oncogene, along with Cre to recombine loxP sites specifically in 

cells expressing the oncogene [83]. These tumors, along with the NeuNDL counterpart both 

have high similarities with human HER2-positive tumors making them a valuable tool for 

studying HER2 positive breast cancer in vivo. These models were used to identify novel genes 

for their oncogenic cooperation as well as for the pre-clinical testing of multiple novel 

therapies prior to launching clinical trials.  

Interestingly, the mouse strain has a significant effect on the penetrance of these 

transgenes. C57BL/6 is usually the preferred murine genetic background for gene-targeting 

experiments due to the capacity of 129/SvJ embryonic stem cells to facilitate germline 

transmission. However, it has been shown to confer resistance to MMTV infection and 

mammary tumorigenesis using the MMTV promoter. This specific observation was made 

when crossing MMTV-Neu transgenics from an FVB background with wild-type C57BL/6 

mice. The tumor formation latency increased from 7-12 months in the FVB background to 

over 18 months in the C57BL/6 background [84]. A similar observation was made with 

MMTV-PyMT which showed a longer tumor latency and a reduced metastatic spread when 

the transgene was carried over from the FVB to a C57BL/6 background [85]. These data 

suggest that different genetic backgrounds can dramatically affect the outcomes when using 

the MMTV-driven oncogene expression models and that a poorly controlled background can 

lead to an incorrect interpretation of the role of critical genes in mammary tumorigenesis.  
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1.3 Periostin 

1.3.1 Identification and Structure 

Periostin (Postn) was first isolated in a mouse osteoblastic cell line using a differential 

screening approach and was formerly designated osteoblast-specific factor 2 (OSF-2) [86]. 

This was followed by cloning of the mouse and human OSF-2 and initial characterisation 

showed homology to the insect protein Fascilin I. It was then hypothesised that it may function 

as a homophilic adhesion molecule in bone formation. The gene was then renamed Periostin 

due to the nature of its preferential expression to the periosteum, periodontal ligament and its 

potential involvement in bone and tooth formation [87]. 

The POSTN gene is found on the long arm of human chromosome 13 (13q13.3) and 

on murine chromosome 3. The genes are approximately 36 and 30kb long, respectively [88]. 

Both mRNA transcripts have been shown to contain a maximum of 23 exons with multiple 

splice variants encoding Postn proteins ranging from 83-93 kDa [89]. The structure of Postn 

comprises a signal peptide, responsible for secretion, an EMI domain (named after the 

EMILIN family of proteins), probably involved in protein-protein interaction, four tandem 

repeats of fasciclin-like domain (FAS1 domain) known to interact with integrins and a C-

terminal region that interacts with other members of the extracellular matrix (Figure 1.3) [87]. 

These regions make Postn a key regulator of cell behaviour and extracellular matrix 

remodelling. Its interaction with specific integrins (αvβ3 and αvβ5) have been linked to 

activation of AKT, PI3K, and FAK signaling pathways in multiple cell types, including 

osteoblasts, normal, and cancer cells [90-92].   
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Figure 1.3: Schematic representation of the human POSTN gene structure.  

Full length POSTN (isoform 1) consists of a typical small signal peptide (SP), an EMI domain 

(EMI), four tandem repeats of Fasciclin 1 domain (Fas1) and a C-terminal region. The numbers 

represent the amino acids flanking the different regions.  Figure was adapted from [93]. 
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1.3.2 Development and Homeostasis 

The extracellular matrix (ECM) is an essential component of metazoan life. Complex 

organization of different cell types in multicellular organisms would be impossible without 

this non-cellular component that plays both a structural and signaling role and forms a physical 

environment surrounding the cells [94]. Matricellular proteins, such as Postn, modulate the 

composition of the ECM to allowing a tight regulation of cellular processes such as 

differentiation and migration during embryogenesis [95].   

During bone development and maturation, multiple Postn variants have been shown to 

be expressed in a precise temporal and spatial pattern supporting a role for these isoforms 

during embryogenesis and in the neonatal bones [96]. Despite multiple attempts at identifying 

distinct biological activity related to specific variants, it remains controversial. Studies have 

shown variant specific expression patterns without providing any mechanistic interpretation 

[97]. Although the differential expression patterns suggest a specific role for different splice 

variants, more evidence is needed to confirm these claims. 

The periosteum, which is a membrane that covers the outer surface of all bones, is a 

structure where Postn is preferentially expressed. This specific structure is responsible for 

bone growth. The activity of this structure is especially high during development and body 

growth. Its activity in adults is reduced but continues to contribute to bone diameter, which is 

intrinsically related to bone strength [98]. Postn transcripts were also identified in pre-

osteoblasts using in situ hybridization, suggesting its involvement in bone development [89]. 

Postn has also been shown to be involved in the processes of bone repair, fracture healing and 

more specifically in the stages of early inflammation, progenitor cell recruitment, osteoblast 

differentiation and bone formation [99]. Multiple studies using the Postn knockout animal 
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model validated these claims by showing osteoporosis accompanied by low bone mineral 

density, altered microarchitecture and a reduction in bone strength in Postn-null mice [100-

102].  

Postn is also expressed in the dermis during skin development, more specifically from 

the embryonic to neonatal stages. Its expression is also observed in the basement membrane 

and hair follicles  in adults [103]. Wound healing, the process by which skin wounds repair, is 

a multi-step process that involves several important players such as transforming growth 

factor-β1 (TGFβ-1), fibrin and fibronectin [104, 105]. The steps of skin wound healing have 

been extensively studied, starting with hemostasis (termination of hemorrhage), followed by 

phases of inflammation, proliferation, and remodeling [106]. A study assessed the expression 

pattern of Postn during wound repair and revealed that its expression starts after the 

inflammation step showing a negative correlation between Postn expression and inflammatory 

cell infiltration (CD68+ macrophages) [107]. These observations were validated by various 

studies using Postn (-/-) mice. Postn-deficient mice displayed delays in skin closure kinetics 

from day 3 to 9 post-injury which correlated to the transition from the inflammatory to 

proliferative phase of healing [108, 109]. 

Studies of Postn involvement in the cardiac system were prompted by the identification 

of its role in the remodeling of the myocardium following cardiac infarct [110]. Postn was then 

linked to cardiac development as it is highly expressed by embryonic fibroblasts and 

pericardial cells covering the heart during embryogenesis [111, 112]. Further studies showed 

that Postn was expressed exclusively in non-cardiomyocytes and had a significant role in the 

development of valve leaflets and cardiac fibrous scaffolding during embryogenesis [112]. 

Using Postn (-/-) mice, it was shown that insufficient collagen deposition and maturation 
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during valvulogenesis leads to encroachment of the myocardium around the ventricular leaflet 

of the tricuspid valve, suggesting a role for Postn in restricting boundary for cell types during 

cardiac development [113, 114]. 

In most tissues where Postn is expressed, its main role is related to the extracellular 

matrix structure and organization. Postn has been shown to modulate the ECM by stabilizing 

the collagen network. This process is called collagen crosslinking and is essential to stabilise 

collagen-rich structures such as tendons, skin, and cartilage. This process involves two main 

players: bone morphogenetic protein-1 (BMP-1) and lysyl oxidase (LOX). BMP-1 can cleave 

a pro-peptide which produces and activates LOX, which in turn can covalently crosslink intra- 

and extra-molecular collagen fibrils [115].  Postn can bind to BMP-1 and collagen, therefore, 

acting as a scaffold to accelerate collagen crosslinking by promoting the proteolytic activation 

of LOX [116]. Postn knockout models also support this model by showing that Postn-null 

animals exerted aberrant collagen fibrillogenesis [117] and a reduction in collagen crosslinking 

in skin, tendons and heart [118]. 

1.3.3 Periostin in Pathological Conditions 

POSTN has been linked to several pathologies involving different tissues. Postn is 

important for structures that undergo severe mechanical stresses, and many pathological 

conditions involve Postn deregulation. These include pathologies observed in the fields of 

ophthalmology [119], dermatology [120], respiratory [121], otolaryngology [122], oncology 

[123] and several other systems. A summary of Postn disease involvement and regulation is 

shown in Figure 1.4.  
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Figure 1.4: Summary of Postn induction, downstream effectors, and associated diseases. 

Studies have shown that Postn can be induced by multiple factors and that it acts through 

multiple signaling pathways. Studies also have shown involvement in multiple pathologies 

related to ophthalmology, dermatology, respiratory, otolaryngology, tumor progression and 

more. Adapted from [124].   
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Postn expression has been studied in limbal stem cells, also known as corneal epithelial stem 

cells as a prospective marker of stem/progenitor cell and potentially involved in corneal 

pathologies [125].  

In response to allergens, bacterial and viral infection, epithelial damage is common in 

respiratory diseases. Acute injury in the lungs results in a decrease of Postn expression which 

is re-expressed following the initiation of repair and activation of TGFβ. Evidence supports a 

relationship between Postn and fibrogenesis following pulmonary injury [126]. An ever-

increasing body of evidence is supporting a role for Postn in asthma and more particularly type 

2 inflammation [127, 128] Consistent Postn upregulation in the airway epithelium contributes 

to airway fibrosis and consequently reduces airway distensibility [129].  

Postn induction has been described in multiple tissues post-injury, such as cardiac 

healing following myocardial infract [130], vascular cell differentiation and migration 

following vascular injury [131] and regeneration of hindlimb skeletal muscle following injury 

[132]. 

1.3.4 Role of Periostin in Cancer 

The general approach to understand cancer biology is focused on individual cancer 

cells directly and the processes leading to their malignancy. In the last 20-30 years, the basis 

of cancer biology was studied by implementing new concepts such as the tumor 

microenvironment (TME) which consists of the tumor’s connective tissues, vasculature, 

infiltrating immune cells, and the extracellular matrix [133]. Although these components are 

not malignant per se, they can greatly influence cancer cells and provide an environment more 

or less prone to proliferation, migration or invasion. The ECM is one of the components of the 

TME that received the least attention initially. This has considerably changed in the last decade 
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or so where studies furthered our understanding of the tumor ECM and its important role in 

tumorigenesis and in response to therapies [134]. A role for Postn in the remodeling of the 

ECM has also been identified in multiple types of cancers establishing it as a marker of poor 

prognosis and metastasis. 

 

In prostate cancer, POSTN expression has been detected in cancer epithelial cells, 

tumor stroma and peritumoral areas. High levels in stromal compartments is associated with 

shorter progression-free survival [135, 136] while low epithelial expression was associated 

with shorter progression-free survival [135]. This shows a different clinical prognostic value 

depending on the cell types expressing POSTN.  

In non-small cell lung cancer, POSTN has been detected in tumor stroma, but not in 

epithelial cancer cells [137]. High levels of POSTN in the stroma was also associated with 

poor overall survival in non-small cell lung cancer patients [137]. Similarly, in pancreatic 

cancer, POSTN was detected in cancer epithelial cells, tumor stroma and pancreatic stellate 

cells. Its high expression levels in tumor stroma and cancer epithelial cells are both indicative 

of a poor prognosis [138, 139]. 

In ovarian cancers, POSTN expression is detected in both epithelial cancer cells and 

tumor stroma. High POSTN expression in the stromal compartment is associated with lower 

progression-free and overall survival while differential POSTN expression in epithelial cancer 

cells revealed no prognostic value in ovarian cancer [140]. Higher levels of POSTN have also 

been correlated with cancer recurrence and late clinical stages [141]. 
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In breast cancers, elevated POSTN expression in epithelial cancer cells is correlated 

with poor progression-free and overall survival [142]. Another study found a role for POSTN 

in the establishment of metastatic niches in the lungs, since in the absence of POSTN, 

metastatic colonization of the lungs was not evident [143]. Furthermore, high POSTN 

expression by cancer associated fibroblasts (CAFs) is associated with higher tumor grades, 

suggesting that POSTN secreted by CAFs may be a key element in cancer progression [144].  

In colorectal carcinoma, the expression of POSTN has been detected in the stroma, 

more specifically in CAFs and high levels of POSTN were also an indicator of poor prognosis 

[145]. Its higher expression in liver metastases appears to increase survival when compared to 

the primary tumors [90]. Another study, utilizing multivariate analyses showed a strong 

correlation between liver metastasis and  POSTN levels, histological type, lymph node 

metastasis and TNM stage [146]. A positive correlation between high POSTN expression and 

clinical stage, tumor size, lymph node metastasis, serosal invasion, differentiation grade and 

5-year survival rate were also observed [147]. Lastly, multivariate analyses performed in 

colorectal carcinoma patients revealed that high POSTN expression in the stromal 

compartment was an independent prognostic biomarker for poor progression-free survival and 

overall survival [145]. 

In liver cancer, POSTN expression has been detected in epithelial cancer cells and in 

the tumor stroma. Its expression in epithelial cancer cells is associated with reduced overall 

survival and is correlated with advanced tumor grade [148]. Other studies have found a 

correlation between high POSTN levels and TNM stage, tumor nodules, microvascular 

invasion, and higher levels of vascular endothelial growth factor (VEGF), as well as 

significantly lower overall survival rates [149, 150]. Similarly, the relationship between 
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POSTN and VEGF was also shown in osteosarcomas. The high levels of POSTN are also 

correlated with a poorer prognosis accompanied with lower overall survival when compared 

to tumors expressing low levels of POSTN [151]. Other cancer types such as renal carcinomas 

and esophageal squamous cell carcinomas have identified POSTN as a prognostic factor, 

responsible for a more aggressive behaviour [152, 153].  

Unlike many cancers, POSTN expression in bladder cancers is downregulated 

compared to normal tissue. Surprisingly, POSTN expression is shown to be downregulated in 

high grade bladder cancers and POSTN has been shown to supress metastasis in vivo and in 

vitro [154]. Nevertheless, other studies have found an opposite role for POSTN. For example, 

in muscle-invasive bladder cancer, an aggressive type of tumors, higher POSTN expression 

has been correlated with a worse prognosis. These tumors have been shown to produce vesicles 

containing POSTN in the urine which could potentially be used as a biomarker of cancer 

progression [154].  

Since POSTN expression in many types of cancers is associated with poor prognosis 

and the fact that it is a secreted protein, multiple studies have tested if the presence of POSTN 

in the serum of patients could be used as a prognostic tool. Depending on the type of cancer, 

the presence of POSTN in the serum was associated with tissue specific metastases such as 

bone metastasis in lung cancer [155] and breast cancer [156]. Serum POSTN levels were 

identified as a poor prognosis and survival factor in lung cancer [157], some subgroups of 

breast cancers [158], colorectal cancer [159], hepatocellular carcinoma [160] and 

cholangiocarcinoma (bile duct cancer) [161].  

POSTN has been shown to play a role in invasion and metastasis following the 

activation of epithelial-to-mesenchymal transition (EMT). Succinctly, EMT is a process by 
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which epithelial cells acquire mesenchymal characteristics. This process was initially 

discovered and characterised in embryogenesis. It was later observed and assessed in tumor 

progression. EMT is particularly important in epithelial cancers whereby cancer cells acquire 

migratory characteristics which increases invasion and colonization at secondary sites.  Postn 

has been shown to promote EMT in lung cancer cells  by upregulating mesenchymal-specific 

genes such as N-Cadherin, Vimentin, Twist and Snail while also downregulating E-Cadherin 

[162]. A similar observation was made in PC3 and DU145 prostate cancer cells overexpressing 

Postn, leading to an increase in EMT markers and activation of the AKT and GSK-3β pathway 

[163]. In contrast, another study found the opposite effects in bladder cancer cells where 

exogenous Postn expression upregulated the epithelial-specific marker E-Cadherin and 

reduced cell migration and invasion [164]. These observations suggest that the effects of 

POSTN are cell type- and tumor-dependent. 

1.4 Fibroblast Growth Factor Signaling 

1.4.1 Structure and Activation 

Fibroblast Growth Factor (FGF) signaling activates complex pathways comprising a 

panoply of functions in various organisms. The mammalian FGF family comprises 18 ligands 

which interact with 4 transmembrane receptors that are highly conserved (FGFR1, FGFR2, 

FGFR3 and FGFR4). FGFs are glycoproteins which are secreted and sequestered to the ECM 

and the cell surface by interacting with heparan sulphate proteoglycans (HPSGs). Upon 

activation, FGFs are released from the ECM by one of several ways (heparinase, protease or 

specific FGF-binding proteins) and then bind to cell surface HPSGs [165]. These cell surface 

HPSGs are able to stabilize the binding between the FGF ligand and its receptor to form a 

FGF-FGFR-Heparin complex [166]. This ternary complex results in a conformational change 
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of the FGFR receptor which activates their intracellular kinase domain. Subsequent 

transphosphorylation of tyrosine residues on the receptor itself functions as a docking site for 

adaptor proteins which can in turn get phosphorylated by FGFR [167].  

This activation of FGFRs triggers many signal transduction pathways. For example, 

recruitment of Son of Sevenless (SOS) and Growth Factor Receptor-Bound 2 (GRB2) is able 

to activate Ras, and therefore Raf and MAPK pathways [166]. Recruitment and formation of 

another complex involving GRB2-associated binding protein 1 (GAB1) and Phosphoinositide  

3-Kinase (PI3K) can activate the well studied AKT-dependent cell survival pathway [168]. In 

addition, phospholipase Cγ (PLCγ) binds to the carboxy-terminal end of activated FGFR 

receptors [169]. Following PLCγ activation, it hydrolyses phosphatidylinositol-4,5-

biphosphate (PIP2) into phosphatidylinositol-3,4,5-triphosphate (PIP3) and diacylglycerol 

(DAG), which in turn activates protein kinase C (PKC) and subsequently the MAPK pathway 

[170]. Other pathways have been shown to be activated by FGFRs in specific cellular context, 

such as p38 MAPK, Jun N-terminal kinase (JNK) pathways, signal transducer and activator of 

transcription (STAT) signaling pathways and ribosomal protein S6 kinase 2 (RSK2) [171, 

172]. 

1.4.2 Deregulation of FGF Signaling in Cancer 

Aberrant FGF signaling has been observed in multiple types of cancer, although the 

underlying mechanism driving the signaling is highly tumor specific. Two general types of 

activation have been observed: alteration driving ligand-independent activation of FGFR or 

changes supporting ligand-dependent activation. For example, in bladder cancer, somatic 

mutations in the FGFR3 coding sequence are common, more than 50% of these mutations are 

a S249C in the extracellular domain which leads to the formation of intermolecular cysteine 
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disulphide bridges that result in constitutive dimerization and subsequent activation of FGFR3 

in a ligand-independent fashion [173, 174].  

Ovarian cancer studies have shown frequent amplification of FGF1 which is correlated 

with poor survival [175]. Furthermore, higher FGF1 expression has been linked to increased 

microvessel density suggesting a role in promoting angiogenesis in ovarian cancer [175]. It is 

still unclear whether the mechanisms of FGF expression are autocrine or paracrine since it is 

challenging to model such an interaction in vitro. Interestingly, increased expression of FGF2 

and other FGFs plasma levels have been found in multiple types of cancer [175]. It has also 

been proposed that cancer cells can induced FGF2 expression when subjected to stromal 

inflammatory infiltrate, promoting angiogenesis or tumor survival following a classical 

paracrine activation loop [176]. 

1.5 Thesis Objectives and Hypotheses. 

It is undeniable that POSTN is a critical player in the development, growth, and 

metastasis of certain types of cancer. Furthermore, the involvement of the ECM in different 

processes governing tumorigenesis such as proliferation, migration and invasion has become 

increasingly important in the last few decades. POSTN interaction with multiple ECM related 

proteins and multiple integrins highlights the potential of POSTN to modulate breast cancer.  

A lot of correlation studies identified POSTN as a promoter of tumor initiation and 

progression and as essential for metastatic colonization in breast cancers [143, 177]. Although 

these observations were made in multiple tumor models, different mechanisms were reported 

on how POSTN promotes the aggressive behaviour in breast tumors.  
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The observation that POSTN can promote EMT and metastasis by a signaling cross-

talk between integrins and EGFR [178] along with the fact that HER2 positive breast cancers 

are relatively aggressive cancers led us to investigate the relationship between POSTN and 

HER2 positive mammary tumors. We hypothesized that global Postn deletion would 

significantly delay tumor initiation, progression, and metastasis in a Neu-driven oncogenic 

transgenic mouse model. Furthermore, as epithelial expression of POSTN appears to be a poor 

prognostic factor, we hypothesized that cancer cells that are devoid of POSTN would have 

reduced proliferative, migratory, and invasive potential in vivo and in vitro. To test this 

hypothesis, we isolated Neu-driven cancer cells from the Postn knockout background and re-

expressed Postn in those cells to assess the effect on proliferation, migration, and invasion. 

The expression pattern of Postn in breast cancers suggests that the regulation of Postn 

in epithelial cancer cells is different from the stromal compartment. This led us to investigate 

the regulatory mechanisms underlying Postn expression in epithelial cancer cells. 

Serendipitously, we have found a growth supplement able to repress Postn expression in 

isolated Neu-positive epithelial breast cancer cells. We have used this extract to establish an 

in vitro model to study the regulation of Postn in these cells. The objectives using this in vitro 

model were to identify potential repressive components of Postn gene expression and the 

signaling pathways involved in the regulation of Postn in Neu-positive epithelial breast cancer 

cells.  
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Chapter 2 

Materials and Methods 
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2.1 Animals 

2.1.1 Mouse Models and Husbandry 

The mouse models used were all bred and maintained on an FVB/N background. The 

MMTV-NeuNDL, MMTV-NIC and MMTV-PyMT transgenic mice were a kind gift from Dr. 

William Muller (McGill University). Postn-null mice were obtained from Dr. Simon J. 

Conway (Indiana University School of Medicine). Only female mice were used in all 

experiments. MMTV-NeuNDL and Postn-null females were not used as breeders and all other 

female breeders were euthanized after their fifth pregnancy. All animal care and husbandry 

were performed with adherence to guidelines established by the Canadian Council on Animal 

Care under a protocol approved by University of Ottawa Animal Care Committee. 

2.1.2 Genotyping 

Ear clips were obtained from mice at weaning, processed using proteinase K digestion 

and subsequent genomic DNA was isolated following the DNeasy Blood and Tissue Kit 

manufacturer’s protocol (QIAGEN). Genomic DNA was then used for genotyping using the 

PCR-based KAPA2G Fast ReadyMix (Roche/Sigma). Genotyping PCR was performed using 

a thermocycler as follows: 95°C denaturation step for 3 minutes, then 32 cycles of denaturation 

at 95°C for 15 seconds, annealing between 52-62°C (depending on the melting temperature of 

the primers used) for 15 seconds and elongation at 72°C for 30 seconds. An elongation step at 

72°C for 4 minutes was the final step prior to cooling the samples to 4°C and running on a 2% 

agarose gel containing ethidium bromide to visualize the DNA. A full list of primers can be 

found in Table 2.1. 
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2.1.3 Tumor Studies 

All tumors assessed, whether from injections or from a spontaneous model, were 

palpated and measured twice a week. Using a caliper, the longest diameter was measured, and 

tumor volumes were calculated assuming tumors were a spheroid using the following formula: 

4/3 * π * (r3), where r corresponds to the radius (half of the diameter measured). Tumor onset 

was defined as the total tumor burden reaching 0.5cm3 which usually corresponded to the first 

palpable tumor time point. The endpoint was a set volume of 1.7cm3 as per University of 

Ottawa Animal Care and Veterinary Service Guidelines. 

2.1.4 Cell Injections 

To perform subcutaneous injections, CD-1 nude mice were purchased from Charles 

River. 1.5 x 106 cells were injected in CD-1 mice aged between 8 and 12 weeks. The cells 

were resuspended in 100µl of a 1:1 mixture of PBS:Matrigel. The cells were injected in the 

right flanks while the left flanks were injected with the mixture lacking cells to use as a control. 

Following the injections, mice were palpated and measured twice a week to assess tumor size. 

Mice were sacrificed when the first mouse reached the pre-established endpoint size of 1.7cm3.   

2.2 Histology 

2.2.1 Tissue Processing 

Mammary gland tumors and lungs were extracted and fixed using 10% buffered 

formalin phosphate for 24 hours and transferred into 70% ethanol for storage at 4ºC. Samples 

were then sent to the University of Ottawa Louise Pelletier Histology Core Facility for 

processing and embedding in paraffin. Paraffin blocks were stored at room temperature 

protected from light until subsequent sectioning of the samples at 5µm. 
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2.2.2 Immunohistochemistry 

Tissue sections were deparaffinized using xylene and rehydrated using ethanol washes. 

Antigen retrieval was then performed on the section using 10mM citrate buffer (pH 6.0) for 

10 minutes in a pressure cooker. Sections were then incubated in 3% hydrogen peroxide for 

15 minutes to quench endogenous peroxidase. Sections were then blocked using 5% donkey 

or goat serum depending on the host of the secondary antibody in PBS for an hour. Blocking 

of endogenous avidin and biotin was then used following Avidin/Biotin Blocking Kit (Vector 

laboratories) manufacturer guidelines. The primary antibody was then added and left to 

incubate overnight at 4ºC. Incubation with the appropriate HRP-conjugated secondary 

antibody was performed for 30 minutes at room temperature. All incubations were performed 

in the same blocking buffer containing donkey or goat serum. The sections were then incubated 

in DAB substrate (MilliporeSigma) and subsequent counterstain was performed using 

Hematoxylin. The sections were then dehydrated and cleared using ethanol and xylene washes 

respectively. Slides were then mounted and imaged using ZEISS Axio Scan Z1.  

2.2.3 Immunofluorescence 

Cells were seeded on coverslips for the duration of treatments. The cells were then 

washed three times in PBS and fixed using 4% Paraformaldehyde (PFA) for 10 minutes. Cells 

were washed three times again and permeabilization was performed using 0.3% Triton-X for 

10 minutes. Cells were then blocked in 5% donkey serum for 1 hour, followed by incubation 

with specified primary antibodies (Table 2.2) diluted in 5% donkey serum for 1 hour. Cells 

were washed three times followed by a 1-hour incubation with secondary antibody diluted in 

5% goat serum (Table 2.2).  
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2.3 Plasmid and cloning 

pMSCV plasmid was digested with BglII and EcoRI restriction enzyme. Postn 

amplification was performed by PCR from a mammary tumor single stranded cDNA 

preparation using primers shown in Table 2.1. Restriction enzyme sequences for EcoRI and 

BamHI were added to the reverse and forward primers, respectively. The PCR product was 

ligated into a pJET1.2/blunt plasmid using the CloneJET PCR cloning kit (Thermo Scientific) 

using the manufacturer’s protocol. Following the ligation, the pJET1.2/blunt-Postn plasmid 

was digested using EcoRI and BamHI and the Postn insert was cloned into pMSCV. 

Purification of the digested backbone (pMSCV) and Postn coding sequence (2.4kb) were 

performed using Qiagen Gel Extraction Kit following the manufacturer’s protocol.  

2.4 Cell culture 

2.4.1 Isolation of NeuNDL Cell Lines 

To establish mammary epithelial cancer cells, tumor-bearing animal from the NeuNDL 

and Postn (-/-):NeuNDL were sacrificed at endpoint. The tumors were then extracted, and a 

small lump of tumor was minced in a collagenase-based digestion buffer containing 50% 

Accutase (Thermo Fisher Technologies), 1% Penicillin-Streptomycin (Life technologies), 

1mg/mL collagenase B (Sigma) in DMEM:F12. Once minced, the mixture was transferred to 

a 50mL conical tube and incubated at 37 °C in a shaking incubator for 5 hours. The digested 

tumor was then diluted 1:1 with 0.2% bovine serum albumin (BSA) DMEM:F12 and filtered 

through a 40µm cell strainer to clear up the debris. Cells were pelleted and washed using 0.2% 

BSA DMEM:F12 twice. Using a 4:1 NH4Cl:PBS solution containing 1% BSA, red blood cells 

were lysed by incubating at room temperature for 3-5 minutes. Cells were pelleted and washed 

in 0.2% BSA DMEM:F12 and then digested with Accutase for 10 minutes at 37 °C to remove 
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clumps. Neutralization of the Accutase was then performed by adding two volumes of 0.2% 

BSA DMEM:F12. To isolate mammary epithelial tumor cells from this mixed population, 

lineage marker negative (Lin-) from the Mammary Stem Cell Enrichment Kit (Stemcell 

Technologies) was used according to the manufacturer’s protocol without using either CD24 

or CD49f antibodies from the kit. After isolation, cells were seeded in DMEM:F12 media 

containing 1X Mammary Epithelial Growth Supplement (MEGS), 1% Penicillin-

Streptomycin, and 1% L-glutamine. The cells were washed, and the media was replenished 

every second day. Whenever confluency reached 80%, cultures were passaged. Experiments 

on cells started once their doubling time was around 24 hours.  

2.4.2 Cell maintenance 

Murine breast cancer cell lines were maintained in DMEM:F12 containing 10% FBS, 

1X Mammary Epithelial Growth Supplement (MEGS) (Life technologies), 1% Penicillin-

Streptomycin (Life technologies), and 1% L-glutamine (Life technologies). All cell lines were 

used up to 20 passages from initial plating. All other cell lines were maintained in 10% FBS 

DMEM, 1% Penicillin-Streptomycin (Life technologies), and 1% L-glutamine (Life 

technologies). Cells were cultured in a humidified incubator kept at 37 °C and 5% CO2. Cells 

were routinely passaged every 2-3 days at a 1:5 to 1:10 dilution. Mycoplasma testing was 

performed routinely by PCR analysis. 

2.4.3 Transient transfection 

Cells were seeded on a 10 cm plate and left to grow until they reached approximately 

80% confluency. Transfection were performed using Lipofectamine 3000 according to the 

manufacturer’s protocol using 8 µg of DNA. Plasmid transfection were performed for 24 hours 

before replenishing the media. Expression was validated by western blotting or qRT-PCR. 
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2.4.4 Retroviral Production and Transduction 

293T cells were plated in a 10cm plate in 10% FBS DMEM and then transfected using 

lipofectamine 3000 (Life Technologies) the next day using 1 µg of retroviral construct, 889 ng 

of pUMVC (Addgene) and 111 ng of pCMV-VSV-G (Addgene). 24 hours post-transfection, 

the media was removed and 5ml of serum-free DMEM:F12 was added to the plate. The next 

day, virus containing media was filtered through a 0.44µm filter and 3 mL of filtrate was added 

to the target cells along with 8 µg/mL of polybrene. 5 mL of serum free media was then added 

on top of the cells to allow collection for a second day following the same infection step. After 

the second day of virus-containing media collection, 293T cells were discarded.  

Target cells (Postn (-/-):NeuNDL Isolate A and B) were seeded at sub-confluency and 

left to grow. These cells were then infected using filtered supernatant from 293T cells 

transfected with retroviral vectors. Infected cells were then treated 2 days post-infection with 

2 µg/ml of puromycin (Sigma) for 5 days and were then maintained using 1 µg/ml.  

2.4.5 Proliferation Assay 

To perform proliferation assays, 50 000 cells were seeded in triplicate into 60 mm 

plates. Each plate represents a specific timepoint. At each time point, cells were trypsinized 

and pelleted. The cell pellets were washed in PBS and resuspended in 2 mL of culture medium. 

Cells were then stained with trypan blue and counted in triplicate using a Beckman Coulter 

Vi-CELL XR automated cell viability analyzer. The number of viable cells per plate was 

quantified. All proliferation assays were performed for at least three independent biological 

replicates. 
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2.4.6 Boyden Chamber Migration and Invasion Assays 

For migration, Boyden chambers were pre-coated using 40 µg/ml of Collagen I 

(Thermo Fisher Scientific), the membrane were then washed in PBS prior to their usage. Cell 

starvation in serum-free media was performed overnight the day before the migration assay 

started. 50 000 cells were seeded in the top part of the chambers in a total of 400 µL and left 

to migrate through the membrane for 8 hours. The culture medium in the top and bottom 

portion of the chamber contained 1% FBS DMEM:F12. After the 8 hours, membranes were 

washed three times in PBS and using a cotton swab the cells on the top part of the membrane 

were removed. The membranes were then fixed using 10% phosphate buffered formalin for 

10 minutes at room temperature. Following the fixation, the membranes were washed three 

times in PBS and then stained with a mixture of 0.5% crystal violet and 25% methanol for 30 

minutes at room temperature. ddH2O was used to wash the excess crystal violet from the 

membranes which were then left to dry overnight in a fume hood. The following day, the 

membranes were removed from the plastic insert using a scalpel and mounted onto slides for 

scanning using a ZEISS Axio Scan Z1. 

For invasion, the upper chamber was coated with a layer of basement membrane extract 

(BME) (Cultrex 5X BME Solution) following the manufacturer’s protocol. In brief, BME was 

thawed on ice for 30 minutes, then diluted using their coating buffer to obtain a 1X solution. 

100 µL of the diluted BME solution was used to coat the upper chamber of the insert for 24 

hours at 37°C in a CO2 controlled humidifying chamber. The coating solution was aspirated 

just before the addition of 50 000 cells in 400 µL on top of the BME coated membrane. Cells 

were left to invade for 48 hours; membranes were then washed, fixed and stained as above. 
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2.4.7 Mammosphere Forming Assay 

To establish primary mammospheres, we disaggregated cells by passing them through 

a 25-gauge needle three times and then plated them at 1000 cells per well in a 24-well Ultra-

Low attachment Flat Bottom Plates (Corning/Costar). Cells were then washed in PBS and 

resuspended in 500 µL of DMEM:F12 supplemented with 1X MEGS and 1X B27 supplement 

(Life Technologies). Spheres were left to grow for 5 days before taking pictures and 

quantifying the spheres. Clumps of cells were considered mammospheres if the diameter of 

the clump was over 50 µm. The mammosphere forming efficiency was then obtained by 

calculating the percentage of spheres per well over the total number of cells seeded per well.  

2.5 Protein and RNA Expression analysis 

2.5.1 Protein Extraction 

 Cell lines and tissues were collected and homogenized in RIPA buffer (50mM Tris-

HCl pH 7.5, 1% NP-40, 1% Triton-X-100, 150mM NaCl, 12mM Na-deoxycholate, 0.05% 

sodium dodecyl sulfate (SDS), 2mM EDTA, 1mM DTT) containing a protease inhibitor 

cocktail (10mM NaF, 1mM DTT, β-glycerophosphate, 1mM PMSF, 0.6mM NaVO3, 100 µM 

benzamide, 10 µg/mL leupeptin, 10 µg/mL aprotinin and 10µg/mL pepstatin). The lysates 

were incubated at 4ºC for 30 minutes with intermittent vortexing or multiple freeze and thaw 

cycles. The resultant lysates were then centrifuged at 12,000rpm in a temperature-controlled 

centrifuge set at 4ºC for 10 minutes to clear the lysates of debris. Protein concentration were 

then determined using a Bio-Rad protein assay dye reagent and a spectrometer to read 

absorbance at 595nm. 
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2.5.2 Western Blotting 

Equivalent amounts of proteins were prepared in RIPA containing SDS sample buffer 

(100mM DTT, 50mM Tris-HCl, 10% glycerol, 2% SDS, 0.1% bromophenol blue). The lysates 

were then denatured using a heat block set at 100ºC for 5 minutes. The denatured samples were 

then electrophoresed on polyacrylamide gels (8 to 15%) for 45 minutes at 50 milliamps in SDS 

running buffer (192mM glycine, 25mM Tris-HCl and 0.1% SDS). The gels were then 

transferred to a polyvinylidene fluoride (PVDF) membrane at 100 volts for 90 minutes in 

transfer buffer (48mM Tris-HCl, 39mM glycine and 20% methanol). The resulting membrane 

was then probed with primary antibodies at the appropriate concentration overnight at 4ºC in 

TBS-T (150 mM NaCl, 50mM Tris, pH 7.4, 0.05% Tween 20) with 5% BSA. The primary 

antibody was then removed, and three subsequent TBS-T washes were performed for five 

minutes each at room temperature. Corresponding HRP-conjugated secondary antibody was 

added at the appropriate concentration in TBS-T containing 5% BSA and incubated for 60 

minutes at room temperature. The secondary antibody was then removed, and another three 

TBS-T washes were performed at room temperature. Visualization of target proteins was 

performed using Western Lightning® Plus-ECL (PerkinElmer) according to the manufacturers 

protocol, followed by exposure to X-ray film. 

2.5.3 RNA Extraction 

Tissues and cell lines were collected and homogenized in a tube containing 1 mL of 

Trizol buffer. The samples were processed for RNA extraction as per the manufacturer’s 

protocol. The RNA was pelleted by centrifugation at 12000x g for 10 minutes at 4ºC. Pellets 

were subsequently washed with 70% ethanol and centrifugated at 7500x g for 5 minutes. The 

RNA pellet was then dried at room temperature for 10 minutes and resuspended using 100µL 
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of RNase-Free water. Sample were then cleaned using DNase included in the RNeasy Mini 

Kit (QIAGEN). Purified DNA was quantified, and RNA purity was assessed using A260/230 

and A260/280 using a nanodrop spectrophotometer. 

2.5.4 Reverse Transcription and First Strand cDNA Synthesis 

First strand cDNA synthesis was performed by mixing 500ng of total RNA, 250ng of 

oligo(dT)12-18, 50ng of random primers and 10 nmol of dNTP in a total of 13 µL and incubating 

the mixture at 65°C for 5 minutes. The reverse transcription procedure was performed using 

SuperScript III Reverse Transcriptase (Life Technologies) according to the manufacturer’s 

manual. In summary, 4 µL of 5X First Strand Buffer, 1 µL of RNase OUT, 1 µL of 0.1 M DTT 

and 1 µL of SuperScript III reverse transcriptase were added to the 13 µL previously described. 

Samples were then incubated at 25°C for 5 minutes, followed by 55°C for 1 hour, and lastly 

70°C for 15 minutes. Samples were then diluted by adding 180 µL of nuclease-free water to a 

total volume of 200 µL. These samples were then used right away or stored at -20°C until use.  

2.5.5 Quantitative Realtime-PCR 

For qRT-PCR, a mastermix was prepared using 17.5 µL of 2X Taq Universal SYBR 

Green Supermix (Bio-Rad), 11.9 µL of nuclease-free water, 3.5 µL of diluted cDNA, and 2.1 

µL of the indicated primers (10 µM). Triplicate wells were then loaded with 10 µL of 

mastermix each in a 96-well qPCR plate. Plates were loaded on an Applied Biosystems 7500 

Real-Time Fast PCR thermocycler. The PCR reaction was as follows: initial 5 minutes hold at 

50°C, 10 minutes denaturation at 95°C, followed by 40 cycles of denaturation at 95°C for 15 

seconds, then annealing and extension at 60°C for 60 seconds. Relative mRNA expression was 

determined using the ΔΔCT method and normalization was done using ribosomal 18S specific 

primers. All the primers used for qRT-PCR can be found in Table 2.1. 
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2.5.6 Library Preparation and Sequencing 

This part was performed by Genome Quebec facilities as a service; the samples were 

processed as follows. Total RNA was quantified using a NanoDrop Spectrophotometer ND-

1000 (NanoDrop Technologies, Inc.) and its integrity was assessed on a 2100 Bioanalyzer 

(Agilent Technologies). Libraries were generated from 250 ng of total RNA as follows: mRNA 

enrichment was performed using the NEBNext Poly(A) Magnetic Isolation Module (New 

England BioLabs). cDNA synthesis was achieved with the NEBNext RNA First Strand 

Synthesis and NEBNext Ultra Directional RNA Second Strand Synthesis Modules (New 

England BioLabs). The remaining steps of library preparation were done using the NEBNext 

Ultra II DNA Library Prep Kit for Illumina (New England BioLabs). Adapters and PCR 

primers were purchased from New England BioLabs. Libraries were quantified using the 

Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies) and the Kapa Illumina GA 

with Revised Primers-SYBR Fast Universal kit (Kapa Biosystems). Average size fragment 

was determined using a LabChip GX (PerkinElmer) instrument. 

The libraries were normalized, denatured in 0.05 N NaOH and then diluted to 200 pM 

and neutralized using HT1 buffer. ExAMP was added to the mix and the clustering was done 

on an Illumina cBot and the flowcell was run on a HiSeq 4000 for 2x100 cycles (paired-end 

mode) following the manufacturer’s instructions. A phiX library was used as a control and 

mixed with libraries at 1% level. The Illumina control software was HCS HD 3.4.0.38 and the 

real-time analysis program was RTA v. 2.7.7. The program bcl2fastq2 v2.18 was then used to 

demultiplex samples and generate fastq reads. 
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2.6 Bioinformatics 

2.6.1 Single-cell RNA Sequencing Analysis 

Single cell RNA-Sequencing (RNA-Seq) analysis was originally performed by Wu et 

al. [179]. Raw UMI counts and cell metadata were acquired from ENA accession 

PRJEB35405. The data was processed using Seurat v4.0.0 [180]. Normalization and feature 

selection was performed using SCTransform [181] while regressing out the proportion of 

mitochondrial reads. Data was normalized and then processed with principal component 

analysis prior to generating UMAP embeddings base on the first PCs. Using FindNeightbors 

(dims=1:30) and FindClusters (resolution=0.2) functions implemented in Seurat. Cell type 

annotations from the original publication were used to define cluster labels for the data. All 

expression data shown in figures correspond to log-transformed counts per 10 000 UMIs. 

2.6.2 RNA-Sequencing Processing and Differential Expression 

Transcript quantification for each sample was performed using Kallisto (v0.45.0) [182] 

with the GRCm38 transcriptome reference and the -b 50 bootstrap option. The R package 

Sleuth (v0.30.0) [183] was then used to construct general linear models for the log-transformed 

expression of each gene across experimental conditions. Wald’s test was used to test for 

significant variables for each gene and the resultant p-values were adjusted to q-values using 

the Benjamini-Hochberg false discovery rate method. Significant genes were defined as genes 

with a q-value < 0.05. An effect size (beta coefficient of the regression model) cut-off of |b|>1 

was also used for each data set. 

2.6.3 Gene Set Enrichment and Pathway Activity Inference 

Enrichment of gene sets among differentially expressed genes was assess using the R 

package gProfileR. All gene sets discussed have a significant enrichment (Benjamini-
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Hochberg adjust p-value <0.05) and relative enrichment between up- and down-regulated 

genes is reported. For pathway activity inference, we used the R package PROGENy (v1.9.6 ) 

[184]. Pathway activity was compared between experimental conditions using a simple linear 

model and p-values were adjusted using the Benjamini-Hochberg false detection rate method. 

2.7 Statistical Analysis and Data Collection 

In vitro experiments were all conducted in a minimum of three independent 

experiments and averaged. Error bars on all graphs represent Standard Error of the Mean 

(SEM). P-values were calculated between two groups using a two-tailed student’s t-test 

analysis. For comparison between more than 2 groups, a one-way ANOVA approach was used 

along with a Tukey Post-hoc test. For Kaplan Meier survival analysis, a Mantel-Cox log-rank 

test was used to obtain a p value. Significance was determined by a p value under or equal to 

0.05. In the figures, asterisks are used to represent different value for p (* = p ≤ 0.05, ** = p ≤ 

0.01, *** = p ≤ 0.001). For quantification of histology, multiple independent tissue samples 

were collected, and multiple sections of tissues were sectioned and stained. At least 10 field 

of views from random areas were used for the quantification, except for the lungs, which were 

assessed throughout for lesions.  

Power calculations were performed early on to estimate that 15 mice were needed per 

genotype to detect a significant difference (p ≤ 0.05) of 30 days in survival between 

Postn(+/+):NeuNDL, Postn (+/-):NeuNDL and Postn (-/-):NeuNDL with a power of 0.80. 

These calculations were performed using a mean survival of 210 days with a standard deviation 

of 31 days. 
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Table 2.1. List of primers  

A list of primers, with their sequences and application used throughout this thesis is provided. 

 Primer Application Sequence (5’ to 3’) 

Postn Forward Cloning TTAGGATCCATGGTTCCTCTCCTGC 

Postn Reverse Cloning TGCGAATTCTCACTGAGAACGGCCT 

Postn Forward WT (p01) Genotyping AGTGTGCAGATGTTTGCTTG 

Postn Reverse WT (p02) Genotyping ACGAAATACAGTTTGGTAATCC 

Postn Reverse KO (p03) Genotyping CAGCGCATCGCCTTCTATCG 

NeuNDL Forward Genotyping TTCCGGAACCCACATCAGGCC 

NeuNDL Reverse Genotyping GTTTCCTGCAGCAGCCTACGC 

m18S Forward qRT-PCR GTCCCTGCCCTTTGTACACA  

m18S Reverse qRT-PCR GATCCGAGGCCTCACTAAAC  

mPostn Forward qRT-PCR AAGTTTGTTCGTGGCAGCAC 

mPostn Reverse qRT-PCR TTCTGTCACCGTTTCGCCTT 
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Table 2.2 List of antibodies 

A list of antibodies with supplier and catalog number used throughout this thesis are provided.  

Antibody Supplier Catalog Number 

Rat monoclonal anti-mouse CD45 BD Pharmingen 550539 

Donkey anti-Mouse IgG (H&L), HRP Bio-Rad 170-6516 

Goat anti-Rabbit IgG (H&L), HRP Bio-Rad 170-6515 

Rabbit monoclonal anti-Phospho-ErbB2 

(Tyr1221/1220) 

Cell Signaling 

Technology 

2243 

Rabbit monoclonal anti-Phospho-Smad2 

(Ser465/467) 

Cell Signaling 

Technology 

3108 

Rabbit monoclonal anti-phospho-AKT (Ser473) Cell Signaling 

Technology 

4060 

Rabbit monoclonal anti-α-Smooth Muscle Actin 

XP 

Cell Signaling 

Technology 

19245 

Rabbit monoclonal anti-Smad2 XP Cell Signaling 

Technology 

5339 

Rabbit monoclonal anti-PDGFRα XP  Cell Signaling 

Technology 

3174 

Rabbit monoclonal anti-Vimentin XP Cell Signaling 

Technology 

5741 

Rabbit polyclonal anti-AKT Cell Signaling 

Technology 

9272 

Rabbit polyclonal anti-PARP Cell Signaling 

Technology 

9542 

Goat Polyclonal Mouse Periostin/OSF-2 Isoform 

2 

R&D Systems AF2955 

Goat Polyclonal Human Periostin/OSF-2 R&D Systems AF3548 

Mouse anti-Goat IgG-HRP Santa Cruz 

Biotechnology 

sc-2354 
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Mouse monoclonal anti-p-ERK (Y204) Santa Cruz 

Biotechnology 

sc-7383 

Mouse monoclonal anti-PCNA Santa Cruz 

Biotechnology 

Sc-56 

Mouse monoclonal anti-Smad4 Santa Cruz 

Biotechnology 

sc-7966 

Rabbit Polyclonal anti-ERK 1/2 Santa Cruz 

Biotechnology 

Sc-154 

Mouse monoclonal anti-beta-Actin  Sigma-Aldrich A5316 

Mouse monoclonal anti-ErbB2 Sigma-Aldrich OP15 

Rabbit polyclonal anti-Ki-67  Sigma-Aldrich AB9260 

Donkey anti-Goat IgG Alexa Fluor 488 Thermo 

Fisher/Invitrogen 

A-11055 

Donkey anti-Rabbit IgG Alexa Fluor 594 Thermo 

Fisher/Invitrogen 

A-21207 
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Chapter 3 

Deletion of Postn in Neu-driven mammary tumors delays tumor onset and 

increases overall survival 
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3.1 Introduction and Rationale 

Our lab and other groups have previously shown that POSTN plays an important role 

in regulating critical processes of tumorigenesis in breast cancer and that its expression has 

been associated with the development of a more invasive and aggressive disease [143, 185-

187]. It has been proposed that infiltrating tumor cells are dependent on Postn expression for 

lung colonization and that Postn recruits Wnt ligands to increase their signaling in cancer stem 

cells [143, 188]. It was also shown that acquired POSTN expression in human breast cancers 

results in a significant increase in tumor growth and angiogenesis involving VEGF through 

the activation of an integrin αvβ3-FAK signaling pathway [186]. Using DNA aptamer 

technology, disruption of Postn binding to its cell surface receptors and integrins shows a 

marked reduction in primary tumor growth and distant metastasis [189]. Multiple studies have 

observed a correlation between poor survival and the expression levels of Postn in both cancer 

tissue and serum [142, 187].  

As POSTN has been shown to contribute to the processes of tumorigenesis and 

metastasis as well as being of poor prognostic value, we assessed the role of Postn in ErbB2-

induced tumorigenesis and metastasis in-vivo. The observations that Postn expression 

promotes more aggressive phenotypes, led to the hypothesis that a global Postn deletion would 

result in a delay in tumor onset, an increase in overall survival and a reduction in lung 

metastasis in a murine model of HER2-induced mammary tumorigenesis. 

3.2 Global deletion of Postn in Neu-driven tumorigenesis delays tumor onset and increase 

overall survival   

To assess the effect of Postn in ErbB2-mediated tumor formation, we crossed MMTV-

NeuNDL transgenic mice [58] into Postn-deficient mice bearing a knock-in a LacZ-Neo 
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cassette, deleting exons 1 to 3 [190] (Figure 3.1 A&B). PCR was used to genotype mouse 

DNA for the Postn allele and the NeuNDL positivity (Figure 3.1 C&D).  The NeuNDL model 

expresses an activated Neu (HER2 rat homolog) in the mammary luminal epithelium that leads 

to mammary tumors that resemble human HER2-positive breast cancers [58].  

To evaluate tumor formation in Postn (-/-):NeuNDL mice, females were palpated 

biweekly to assess mammary tumor onset, progression, and endpoint. Supporting our 

hypothesis, Postn (-/-):NeuNDL animals developed tumors on average 41.7 days later when 

compared to Postn (+/+):NeuNDL mice (Figure 3.2 A). An intermediate phenotype was 

observed for the heterozygous Postn (+/-):NeuNDL animals with a tumor onset that was about 

28 days later than the wildtype control (Figure 3.2 A). Similarly, the control Postn 

(+/+):NeuNDL mice reached endpoint with a median survival of 201 days compared to 248 

days for the Postn (-/-):NeuNDL, a significant increase in median survival. Heterozygous 

Postn (+/-):NeuNDL had a median survival time similar to the Postn-null counterpart with 242 

days (Figure 3.2 B). The average time between onset and endpoint was assessed to estimate 

the effect of Postn on tumor growth. In a similar fashion, Postn (-/-):NeuNDL mice showed 

an average of 27.5 days from onset to endpoint compared to 17.9 days for control Postn 

(+/+):NeuNDL mice and 21.7 days for the heterozygous Postn (+/-):NeuNDL mice (Figure 

3.2 C).  Heterozygous animals showed a classical intermediate phenotype for all parameters 

analysed, suggesting a Postn dose-dependent effect on tumor initiation, tumor progression and 

median survival (Figure 3.2 A-C). 
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Figure 3.1: Schematic representation of the Postn (-/-):NeuNDL animal model. 

(A) The Postn (-/-) animal model was generated by a targeted knock-in of a LacZ-Neo cassette 

replacing exons 1, 2 and 3 previously described in [190]. The gray area represents the deleted 

region in the knock-out allele. The MMTV-NeuNDL transgenic model was generated by 

zygote injection of an MMTV-Neu transgene as previously described in [58]. (B) Breeding 

scheme for Postn (-/-):NeuNDL animals is represented schematically. (C) Genotyping PCR is 

shown on a 2% agarose gel for Postn wildtype (+/+), heterozygous (+/-) and knockout alleles 

(-/-) using a 3-primer system. (D) Genotyping PCR is shown on a 2% agarose gel for NeuNDL 

positive and negative animals. 
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Figure 3.2: Postn deletion in a Neu+ model delays tumor initiation and progression. 

(A) Biweekly palpation was performed to assess tumor onset in NeuNDL animals. Onset was 

defined by a mass greater or equal to 0,5cm3. Postn (-/-) animals showed a delay in tumor 

onset compared to the wildtype control. (B) Tumor bearing animals of all genotypes were 

palpated biweekly to measure tumor size. A total tumor burden of 1.7cm3 is set by the Animal 

Care Veterinary Services guidelines. A significant difference was observed between all 

genotypes. (C) Tumor progression was assessed by analyzing the time between onset and 

endpoint for each animal. Postn (-/-) animals showed a significant reduction in tumor 

progression compared to the wildtype control. (D)  Tumor protein lysates were assessed for 

expression of Postn, active (phospho-specific Y1221/22) and total ErbB2, to validate the 

NeuNDL and Postn knockout model. For panel A-C, N= 25, 32, 28 for Postn (+/+), Postn (+/-

) and Postn (-/-) respectively. ** = P ≤ 0.01, * = P ≤ 0.05.  
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Western blot analysis on endpoint tumors was performed to assess the expression of 

ErbB2 as well as Postn deletion in the Postn (-/-):NeuNDL tumors (Figure 3.2 D). Western 

analysis showed expression of ErbB2 and a complete absence of Postn in the Postn (-/-

):NeuNDL samples (Figure 3.2 D). Taken together, these results demonstrate that Postn 

deletion in ErbB2-induced mammary tumorigenesis delays tumor initiation, tumor progression 

and overall endpoint of tumor-bearing mice. 

3.3 Global deletion of Postn in Neu-driven tumorigenesis results in a reduced 

proliferation and apoptosis 

As POSTN has been shown to affect pathways regulating proliferation and apoptosis, 

we investigated the levels of cell growth and cell death markers in the endpoint tumors. The 

proliferation marker Ki67 was used to assess the mitotic index of tumors by IHC staining on 

endpoint tumors (Figure 3.3 A). Quantification of Ki67-positive nuclei showed a significant 

decrease from 22.1% for control Postn (+/+):NeuNDL to 15.2% for Postn (-/-):NeuNDL 

(Figure 3.3 B).  

Another proliferation marker, Proliferating Cell Nuclear Antigen (PCNA) was 

assessed by western blotting analysis but showed no significant difference between control 

and Postn-deficient tumors (Figure 3.3 C). This could be due to Western blot analysis 

performed on whole tumors which is less likely to pick up subtle differences at the single cell 

levels like Ki67 staining. 

As higher apoptotic index tends to be correlated with tumor malignancy [191], we 

assessed apoptosis  using western blot analysis on endpoint tumors for cleaved PARP. 
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Figure 3.3: Postn deletion in NeuNDL mice reduces proliferation and apoptosis. 

(A) Ki67 immunohistochemistry staining on endpoint tumors of both Postn (+/+):NeuNDL 

and Postn (-/-):NeuNDL animal models. Representative images are shown for both animal 

models. Scale bar = 200µm. (B) The percentage of Ki67 positive nuclei was enumerated using 

the ImageJ plug-in ImmunoRatio 1.0c. 5 random images from each tumor were analysed using 

the plug-in. N=10 tumors (C) Western blotting analysis showing the proliferation marker 

PCNA and the apoptosis marker PARP. Both full length and cleaved PARP are identified with 

arrowheads. Postn protein expression is also shown to validate the genotypes. N= 10 per 

genotype.  ** = P ≤ 0.01.  
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Interestingly, whereas 3 out of 4 wildtype tumors showed PARP cleavage, no Postn (-

/-):NeuNDL tumors displayed cleaved PARP, suggesting a decrease in overall cell death in 

those tumors. 

  Together these results suggest that the lack of Postn in the tumor environment 

decreases proliferation and cell death. This is usually indicative of better prognosis and less 

aggressive tumors. The differences observed in tumor initiation, progression and overall 

survival could be explained by a decrease in proliferation and apoptosis in the Postn-deficient 

mice. 

3.4 Global deletion of Postn in Neu-driven tumorigenesis does not alter the population of 

Cancer Associated Fibroblasts 

Over the last few years, substantial evidence has shown that the microenvironment and 

more specifically cancer-associated fibroblasts (CAFs) are responsible for the aggressive 

characteristics of breast cancer (reviewed in [192]). The observation that POSTN has also been 

involved in processes of extracellular matrix remodelling led us to assess the population of 

CAFs. Using a panel of antibodies recognized as markers for CAFs, we immunostained 

endpoint tumors from the Postn (-/-):NeuNDL and Postn (+/+):NeuNDL control.  

Alpha-smooth muscle actin (α-SMA), encoded by the ACTA2 gene, is a marker of 

cancer associated fibroblasts and also a predictor of tumor aggressiveness involving invasion 

and metastasis [193, 194]. Analysis of endpoint tumors revealed that α-SMA expression 

between Postn expressing and Postn depleted endpoint tumors was unchanged with around 

1% of the cells staining positive in both genotypes (Figure 3.4 A, B).   
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Figure 3.4: Cancer-associated fibroblasts markers are unchanged in Postn-null tumors. 

(A) alpha-SMA immunohistochemistry was performed on endpoint tumors from Postn 

(+/+):NeuNDL and Postn (-/-):NeuNDL animals. (B) Quantification of positive staining 

density of αSMA. Shown is the mean ± SEM. (C) PDGFRα immunohistochemistry for 

Wildtype and Postn deficient endpoint tumors was performed. Representative images are 

shown. (D) Quantification of positive staining density of αSMA. Shown is the mean ± SEM. 

(E) Vimentin immunohistochemistry was performed on endpoint tumors in animals from a 

Postn wildtype and Postn-deficient background.  (F) Quantification of positive staining 

density of αSMA. Shown is the mean ± SEM. Error bars = 200µm. N=10 per genotype for 

each staining.   
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CAFs also express platelet derived growth factor receptor alpha (PDGFRα) which is 

also generally associated with aggressive tumors [195]. In a similar fashion, PDGFRα 

expression was unchanged when comparing Postn (+/+):NeuNDL and Postn (-/-):NeuNDL 

endpoint tumors (Figure 3.4 C, D). The staining density was similar to αSMA, independent of 

the genotypes. Finally, we assessed the number of vimentin-positive cells, another marker of 

progression and invasion in breast cancer [196, 197]. Although vimentin expression was higher 

than α-SMA and PDGFRα, no significant differences were observed between the two 

genotypes averaging 12.7% and 29.5% for the WT control and Postn (-/-) tumors, respectively 

(Figure 3.4 E, F). The expression of vimentin was highly heterogeneous throughout the tumors 

and between tumors. In addition, vimentin expression was also observed in tumor cells. 

Although, many markers used for identifying CAFs are not exclusive to CAFs, the use 

of three independent markers showing no significant differences between genotypes strongly 

suggests that the population of CAFs is unchanged between the genotypes tested at endpoint. 

3.5 Global deletion of Postn in Neu-driven tumors does not affect immune cell infiltration 

into the primary tumors 

To gain further insights into the mechanisms of delayed tumor onset, progression, and 

prolonged overall survival in Postn-deficient mammary tumors, we assessed immune cells 

infiltration in the primary tumors of Postn (-/-):NeuNDL and Postn (+/+):NeuNDL animals. 

Multiple studies have shown that a higher immune infiltration correlates with improved 

clinical outcome and also a better response to treatment in breast cancers [198-200]. The 

classic marker to assess general immune cell infiltration is CD45, a marker of the 

hematopoietic lineage except for erythrocytes and platelets. Its wide usage as a marker for 

leukocytes provides a reliable estimation of immune infiltration in tumors.  
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Immunohistochemical staining for CD45 was used to assess the presence of infiltrating 

immune cells in endpoint tumors (Figure 3.5 A). Color deconvolution was used to facilitate 

the counting of the positive cells (Figure 3.5 B). Manual counts were used to quantify the 

number of infiltrating cells per mm2 and revealed no significant differences in the number of 

infiltrating immune cells in endpoints tumors (Figure 3.5 C), suggesting that Postn deficiency 

does not affect the recruitment of immune cells to the primary tumors. 

3.6 Postn-deficient Neu-positive tumors have decreased collagen deposition 

POSTN has been shown to affect extracellular matrix remodeling by modulating a 

plethora of ECM related proteins and mainly by crosslinking collagen [118]. Furthermore, 

collagen deposition in breast cancer has been recently associated with metastasis and 

aggressive behavior [201, 202]. Due to the involvement of POSTN in collagen cross-linking 

and promoting aggressive phenotypes in breast cancer, we investigated the effect of Postn 

deletion on collagen deposition in endpoint tumors from the Postn (-/-):NeuNDL and Postn 

(+/+):NeuNDL animal models. 

Using Masson’s Trichrome staining, we assessed collagen deposition in those tumors 

(Figure 3.6 A). Using thresholding, a common digital image processing method, we were able 

to extract every blue area from the images and calculate collagen positive pixels as 

apercentage. A marked reduction of collagen deposition was seen in the Postn (-/-):NeuNDL 

compared to the control Postn (+/+):NeuNDL endpoint tumors, supporting the notion that 

Postn can promote the stability and fibrillogenesis of the collagen network. Collagen 

remodelling can transform the environment and subsequently facilitate the establishment of a 

metastatic niche and promote growth in the tumor.  
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Figure 3.5: Postn deletion in Neu-induced tumors does not affect immune infiltration. 

(A) Representative images of CD45 immunohistochemistry staining for endpoint tumors in 

the Postn (-/-):NeuNDL and Postn (+/+):NeuNDL animal models. (B) An example of color 

deconvolution is shown, virtually removing the blue staining from the hematoxylin 

counterstain leaving only brown specific staining of CD45 to facilitate the quantification. Scale 

bar = 200µm (C) Using the color deconvolution images, quantification was done by manual 

counting of CD45 positive cells per mm2. Results are represented as the mean ± SEM. N= 10 

per genotype. 
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Figure 3.6 : Collagen deposition is reduced in Postn-deficient Neu-positive tumors. 

(A) Masson’s Trichrome (MT) staining was performed on Postn (-/-):NeuNDL and Postn 

(+/+):NeuNDL endpoint tumors. Collagen stains in blue while other components will stain 

red/purple. (B) Quantification using color thresholding was performed to calculate collagen 

positive pixels represented in percentage. The results are represented as the mean ± SEM. N = 

10 per genotype.  *** = P ≤ 0.001. 
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3.7 Global deletion of Postn in Neu-driven tumorigenesis does not affect lung metastasis 

POSTN expression has been correlated with metastasis in a panoply of studies in 

different types of cancers [143, 203, 204]. Its involvement in invasion and metastasis prompted 

us to investigate lung colonization in the Postn (-/-):NeuNDL model. The MMTV-NeuNDL 

tumor model is not optimal to study metastasis as only 67% of animals have been found to be 

positive for spontaneous lung metastases [82]. The number of animals that developed 

significant lung metastasis was much lower than the previously reported 67% for all animals 

studied. Nevertheless, we have harvested lungs at endpoint and performed Hematoxylin and 

Eosin (H&E) stains to detect tumor cells (Figure 3.7 A). The total tumor area in the lungs was 

calculated and represented as a percentage of the total lung area. Surprisingly, no change was 

observed in the overall lung coverage of cancer metastases and micro metastases (Figure 3.7 

B), suggesting that Postn deletion did not significantly impair the ability of Neu-positive tumor 

cells to colonize the lungs. 

3.8 Postn deletion in vitro does not alter cancer cell proliferation, migration and invasion 

To better understand the mechanisms responsible for the delay in tumor initiation and 

growth, we investigated the effect of Postn deletion in tumor cells isolated from Postn (-/-): 

NeuNDL primary tumors. We have found that MEGS depletion results in Postn induction (see 

Chapter 4). Therefore,  to confirm Postn deletion, we subjected Postn deficient cells to MEGS 

removal experiments (Figure 3.8 A). Removal of the MEGS supplement results in a robust 

Postn induction in the wildtype cells (Figure 3.8 A). However, Postn protein is undetectable 

in Postn (-/-) tumor cells, confirming the null alleles in three isolates. To overcome issues 

associated with tumor heterogeneity, we have re-expressed Postn (pMSCV-  
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Figure 3.7: Postn deletion does not affect lung metastasis of Neu+ tumor cells. 

(A) Hematoxylin and Eosin staining of lungs from endpoint animals from the Postn 

(+/+):NeuNDL and Postn (-/-):NeuNDL. Total lungs were sectioned, and sections were 

collected at every 100µm. Micro metastases or metastases are depicted with an arrowhead. (B) 

Quantification of lung coverage was performed using the measurement tool in ImageJ. Data 

are represented as mean ± SEM. N= 10 for Postn (+/+):NeuNDL, 11 for Postn (-/-):NeuNDL.   
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Figure 3.8: Characterisation of Postn-deficient cell lines. 

(A) Three isolates of NeuNDL cancer cell lines from a Postn-deficient background were 

derived and grown in MEGS-depleted medium for 24 hours. Postn expression was assessed 

by Western blot. (B) Isolates A and B from a Postn (-/-):NeuNDL were infected using 

retroviral vectors to stably express pMSCV-Postn. The empty pMSCV vector was used as a 

control.  Resulting cell lines were then assessed for Postn expression using Western Blot 

analysis. 
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Postn) in these Postn-deficient cells. Puromycin selection was used to obtain stably 

expressing cell lines for both Postn and the pMSCV control vector and two independent 

isolates were established, designated A and B (Figure 3.8 B).  

As it was affected in the global deletion model in vivo, we first used these cell lines to 

assess proliferation. In contrast to our in vivo findings, the in vitro Postn re-expression model 

did not show any differences in proliferation when grown in a 2D model (Figure 3.9 A&B). 

This was observed for both isolates A and B.  

Even though metastasis was not affected in our global deletion model, studies have 

shown that POSTN is involved in the process of cell migration in multiple models [205, 206]. 

We then assessed cell migration in our Postn-deficient cells. Interestingly, Postn deletion in 

Neu positive tumor cells did not induce any significant differences in cell migration as 

measured by collagen-coated Boyden Chamber haptotaxis migration assays (Figure 3.10 

A&B). Isolate B showed an increase migration rate when compared to Isolate A, but no 

significant difference was seen between Postn expressing and non-expressing cells (Figure 

3.10 B). 

In a similar fashion, we assessed cell invasion through basement membrane extract 

(BME) -coated Boyden chambers. The membranes were then stained using crystal violet to 

assess the number of cells that invaded through the matrix (Figure 3.11). Surprisingly, a 

significant reduction in invasion potential is seen in Postn re-expressing isolate B while no 

significant difference was observed for isolate A. Although counterintuitive, it is unclear why 

isolate B shows a reduction in invasion potential upon Postn re-expression.  
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Figure 3.9: Postn re-expression in Neu+ tumor cells does not affect proliferation. 

Postn-null cells re-expressing Postn (see Figure 3.8) were seeded, and live cell counts were 

obtained for up to 4-days post-seeding. Panels (A) and (B) represents the two independent 

isolates (A and B). Data is represented as the mean ± SEM. N=3. 
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Figure 3.10: Migration rate is unaffected in Postn-null Neu-positive tumor cells. 

(A) Postn (-/-):NeuNDL cells were subjected to boyden chamber migration assay. Haptotaxis 

was assessed between cells stably re-expressing Postn (pMSCV-Postn) or the empty vector 

(pMSCV). This was performed on two independent isolates of Postn (-/-) cells. Representative 

images of crystal violet-stained membranes are shown. Scale bar = 200µm. (B) Quantification 

by manual counting of 10 representative field of views per membrane are shown in the bar 

graph. Data is represented as mean ± SEM. N=3. 
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Figure 3.11: Postn deletion in cancer cells does not affect their invasive capacity in vitro. 

(A) Brightfield microscopy images of crystal violet-stained Boyden chamber membranes 

following basement membrane extract (BME) invasion for two independent isolates (A and 

B) of Postn (-/-):NeuNDL cells expressing either pMSCV or pMSCV-Postn. (B) 

Quantification of invasion by manual counting of cells per field of view. 10 representative 

images were counted per field of view. Data is represented as the mean ± SEM. N=3, * = P ≤ 

0.05 
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This might be due to the fact that isolate B has a higher “baseline” invasive potential 

when compared to isolate A, suggesting heterogeneous invasive properties between the 

isolates. Nevertheless, our data show that Postn re-expression did not increase invasion in 

vitro. One possibility is that Postn secretion from the epithelial compartments could affect 

other cell types or that a 3D environment is required to show any effects of Postn secretion.  

3.9 Postn deletion in cancer cells does not alter tumor growth as 3D spheroids 

As 2D culture did not show any differences in proliferation, we assessed growth as 3D 

spheroids by performing mammosphere formation assays using Postn (-/-):NeuNDL cancer 

cells stably expressing either pMSCV or pMSCV-Postn. Following seeding in suspension, the 

mammosphere forming efficiency was not significantly changed between the groups (Figure 

3.12 B&D), suggesting that Postn deletion does not affect 3D spheroid growth. However, a 

drastic difference in mammosphere morphology was seen between isolate A and B, with A 

being much more spheroid and solid looking, while isolate B was much looser and monolayer-

like (Figure 3.12 A&C). These differences in morphology were also seen in different breast 

cancer cell lines [207].  

Although we used this technique to assess anchorage-independent 3D growth, it is also 

a measure of stem/progenitor cell activity in vitro when testing primary and secondary sphere 

formation. Interestingly, secondary sphere assays were unsuccessful using these cells. One 

possibility is that not enough mammospheres were formed in the primary passage to 

effectively seed secondary spheres. Alternatively, it is possible that the cells do not have 

enough self-renewal activity to form secondary spheres. 
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Figure 3.12: Postn deletion in cancer cells does not alter their sphere forming capacity. 

(A, C) Brightfield microscopy images of primary mammospheres from both isolates of Postn 

(-/-):NeuNDL cells stably expressing either pMSCV or pMSCV-Postn after 6 days of growth 

in 1x MEGS and 1X B27 supplement in low-attachment plates. Scale bar is equal to 400 µm. 

(B, D) Quantification of the respective Mammosphere Forming Efficiency was obtained by 

calculating the percentage of spheres per well with a diameter greater than 50 µm over the total 

number of cells seeded per well. Data represented as the mean ± SEM. N=3. 

  



66 

 

3.10 Postn deletion has no effect on subcutaneous tumor growth 

To further our understanding on the role of Postn on tumorigenesis, we assessed the in 

vivo growth potential of Postn (-/-):NeuNDL cells stably expressing pMSCV or pMSCV-

Postn. Cells from isolate A were injected subcutaneously in immune compromised mice (CD1 

nude mouse) and tumor diameters and volumes were assessed every third day post-injection. 

Surprisingly, no significant changes were observed when comparing Postn (-/-):NeuNDL cells 

stably expressing pMSCV or pMSCV-Postn (Figure 3.13 A&B). At endpoint, tumors were 

extracted and weighed to estimate overall growth with no significant differences between the 

two groups (Figure 3.13 C). Images of the biggest and smallest extracted tumors were taken 

to highlight the variation in sizes within the same groups (Figure 3.13 D).  

These data suggest that Postn deletion and reconstitution in Neu-positive tumor cells 

does not affect growth in immune compromised animals. The subcutaneous microenvironment 

expresses a basal level of Postn which could be sufficient to compensate for Postn deficiency 

in Postn (-/-):NeuNDL cells. Therefore, the injection site and tissue environment are likely to 

have an impact on tumor growth.  

3.11 Summary  

HER2-positive breast cancers accounts for 25-30% of all reported breast cancer cases 

and these tumors are generally more aggressive with poorer prognosis and clinical outcome 

[64]. It has been shown that POSTN promotes a more aggressive behavior in breast cancer by 

contributing to tumor growth, angiogenesis, and metastasis [186] [156]. Therefore, we 

hypothesized that deletion of Postn in both tumors and the microenvironment would 

significantly increase survival and outcome by delaying tumor onset and overall survival, 

making it a potential target for therapeutics.  
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Figure 3.13: Postn re-expression in deficient cells does not alter subcutaneous growth. 

(A) Postn-deficient NeuNDL cells were stably transduced with either pMSCV or pMSCV-

Postn and were injected subcutaneously in immunocompromised mice (5 mice per cell line). 

Tumors were measured every three days and mice were sacrificed when the tumor diameters 

reached 14 mm. Data are represented as the mean ± SEM. (B) Measured diameters were used 

to calculate the volume assuming tumors were spheroids (V= ¾ πr3). Data are presented as the 

mean ± SEM. N=5 (C) Once removed, the tumor mass was recorded and presented as the mean 

weight ± SEM. (D) The smallest and largest tumors from each group is shown next to a ruler 

to highlight the variance between the size of the tumors inside the same group. 
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In agreement with our initial hypothesis, the deletion of Postn lead to a delay in tumor 

onset and longer time to reach endpoint with better overall survival. Consistent with these 

observations, Postn-null tumors show reduced proliferation indices and lower levels of 

apoptosis markers. However, the loss of Postn in these animals did not affect the population 

of CAFs or the infiltration of immune cells as assayed by various specific markers. 

Interestingly, tumors from Postn knockout animals had decreased collagen deposition in the 

primary tumors which could play a role in the observed delayed onset and survival differences 

between genotypes. Furthermore, lung colonization was unaffected by the absence of Postn in 

this animal model. Lastly, our investigation of tumor cell cultures of Postn expressing and 

non-expressing lines in vitro revealed no significant changes in proliferation, migration, and 

invasion. Similarly, the growth of these cells as 3D spheroids or following injections in vivo 

was unaffected by the expression of Postn. 

These results suggest that Postn plays an important role in the initiation and growth of 

the primary tumors in MMTV-NeuNDL mice. The effect seen in vivo is unlikely to be due to 

Postn directly affecting epithelial cells, since those cells overexpressing Postn do not gain any 

advantage in culture. It is more likely that the effect seen are due to Postn affecting the ECM 

or other cell types conferring growth advantage to the tumors. It is tempting to speculate that 

the loss of Postn may alter collagen crosslinking and extracellular matrix remodeling. This 

could result in a poor environment for tumor initiating cells and niche establishment. This also 

supports the use of Postn or collagen as biomarkers for aggressive tumor and overall outcome 

in breast cancer.
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Chapter 4 

Acquired Postn gene expression is regulated by a bovine pituitary extract in vitro
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4.1 Introduction and Rationale 

Global deletion of Postn leads to better overall outcome in Neu-driven mammary 

tumorigenesis. Postn deficiency leads to a delay in tumor onset and better overall survival (see 

Figure 3.2 A, B). Tumors lacking Postn display reduced rate of proliferation and apoptosis 

(Figure 3.4), accompanied with decreased collagen deposition (Figure 3.7).  

Our observations stem from the global deletion of Postn. It has become apparent that 

the expression of POSTN in stromal compartments has a different effect than acquired 

expression in epithelial compartments [208]. In normal breast tissue, Postn expression is 

restricted to the stromal connective compartment whereas the epithelial component is always 

devoid of Postn [142]. The distribution of Postn expression in breast tumors is quite different 

from normal tissues. It was initially thought that Postn was exclusively expressed by 

fibroblasts and stromal compartments of the tumors. Interestingly, a subset of tumors also 

expresses POSTN in the epithelial compartments, which has been correlated with 

aggressiveness and poor overall survival [142, 208]. This suggests a deregulation of POSTN 

expression in a subset of epithelial cancer cells which could likely involve epithelial-specific 

regulatory mechanisms. We sought to investigate the signaling mechanisms that lead to 

acquired Postn expression in epithelial cancer cells. 

4.2 Epithelial Postn expression is acquired in a subset of breast cancers 

Prior to directly assessing the regulation of Postn in the epithelial compartment of Neu-

positive tumors, we first assessed the epithelial expression of Postn in specific subtypes of 

breast cancers and in murine models of breast cancers. To test this, we established the 

proportion of tumors that acquired Postn expression in their epithelial compartments by 

immunohistochemistry using a panel of HER2 murine breast cancer models and comparing it 
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to a human tissue microarray (hTMA). The hTMA, containing a mix of subtypes (Biomax 

BR962), and endpoint tumors from MMTV-NeuNDL [58], MMTV-NIC [83] and  MMTV-

PyMT [79] models were subjected to IHC using an anti-Postn antibody (Figure 4.1 A).  

Following the staining, tumors that had 30% or more positive pixels in the epithelial 

compartments were classified as “acquired” while those under the threshold were classified as 

“non-acquired”. The rationale for the 30% threshold came from the observation that 90% of 

the tumors were either between 0-15% or 60-100%. Therefore, we arbitrarily selected a 

threshold between 15% and 60% to have an objective way of identifying acquired expression 

of Postn. Following quantification, 45% of human cores were positive for acquired expression 

independently of their breast cancer subtype (Figure 4.1 B). Interestingly, murine tumors from 

HER2-positive models also showed acquired Postn expression in 50-60% of the cases (Figure 

4.1 B), suggesting that human tumors and murine models acquire Postn at a similar frequency.  

To further analyze POSTN expression in various cell types present in breast tumors, 

we analyzed single-cell RNA-sequencing data generated by Wu et al [179] for 5 human triple 

negative breast cancers (TNBC). Using this data, we assessed POSTN expression levels across 

cell types and found that its expression is restricted to myoepithelial cells, fibroblasts, cancer 

cell populations and to a lesser extent to endothelial cells (Figure 4.2 A, B). Furthermore, 

comparing its expression between individual tumors shows that POSTN is consistently 

expressed in the fibroblast population but is expressed in cancer cells in only 2 of the 5 tumors 

(Figure 4.2 C).  

Taken together, these results show that Postn epithelial expression is acquired in 40-

50% of breast cancer irrespective of subtypes and species. It also demonstrates that Postn is   
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Figure 4.1: Postn distribution in tumors from murine cancer models and human TMAs. 

(A) Immunohistochemistry for the expression of Postn was performed on mammary gland 

tumors from a panel of MMTV-driven ErbB2-positive murine breast cancer models and on 

human Tissue Microarrays (TMAs). The models used were the MMTV-NeuNDL model (n=9), 

MMTV-NIC (n=10) and MMTV-PyMT (n=8). The human TMA contained 72 cores with 

various levels of HER2 expression and random breast cancer subtype. Error bar = 200µm (B) 

Tumors were classified as acquired or non-acquired according to their epithelial expression of 

Postn and were represented in a bar graph as a percentage of total cases. 
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Figure 4.2: POSTN distribution in cell types from a single-cell RNA-Seq TNBC dataset. 

(A) Clustered UMAP embedding of scRNA-seq data of 24,271 cells from 5 triple-negative 

breast cancer tumors. Data and cell type annotations were acquired from Wu et al. [179]. (B) 

Identical UMAP to (A) showing the distribution of POSTN expression across the cell types 

comprising the tumor. Expression values correspond to log-transformed counters per 10k 

transcripts. (C) Summary of the average POSTN expression (Z-score) in each cell type and the 

percentage of cells with POSTN detection for each patient (P1-P5). 
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expressed in a small subset of cell types in breast cancer, such as endothelial cells, fibroblasts, 

myoepithelial cells, and cancer cells. 

4.3 Mammary Epithelial Growth Supplement represses Postn expression in vitro 

During the isolation and growth of MMTV-NeuNDL cells used in Chapter 3, we 

fortuitously discovered that cells grown for extended periods in culture without replenishing 

the growth medium, start to express Postn (Figure 4.3). The induction of Postn following 

prolonged growth suggests that short lived components in the growth medium could be 

repressing Postn and are being depleted over time. We then investigated the effect of the 

different components in the growth medium in an attempt to identify the repressive elements.  

Surprisingly, the removal of MEGS from the growth medium was sufficient to 

markedly induce Postn mRNA expression (Figure 4.4 A). Although, in the presence of MEGS, 

removing the FBS from the growth media did not affect Postn mRNA expression (Figure 4.4 

A), Postn induction by MEGS depletion was even more prominent under low serum 

conditions. Similarly, protein expression was assessed following MEGS removal, FBS 

removal and a combination of both. Western analysis showed that MEGS removal induced 

Postn protein expression and that low FBS conditions synergized to enhance the induction of 

Postn without any effect on its expression when MEGS is present (Figure 4.4 B).  

To assess Postn expression at the single cell level, we performed immunofluorescence 

on cells growing in full medium or MEGS-depleted conditions for 24 hours using an anti-

Postn antibody (Figure 4.4 C). Cells that were positive for Postn showed high perinuclear 

staining similar to a Golgi apparatus staining, which is a typical immunofluorescence pattern 

for secreted proteins (Figure 4.4 C).  Quantification of Postn expressing cells from   
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Figure 4.3: Long term culture of NeuNDL cells leads to Postn induction. 

MMTV-NeuNDL cells were grown in full growth medium (10% FBS, 1X MEGS) for 0, 2 4 

and 6 days without medium change. Postn protein expression was assessed by western blotting 

analysis to evaluate depletion of the medium components. 
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Figure 4.4: Mammary Epithelial Growth supplement represses Postn Expression in vitro. 

(A) NeuNDL cells were treated with or without MEGS in varying FBS concentrations from 0 

to 10% and Postn mRNA expression was assessed 24 hours post-treatment. Data are 

represented as the mean ± SEM. N=3 for each treatment, *** = P ≤ 0.001. (B) NeuNDL cells 

were grown in the presence or absence of FBS and MEGS for 24 hours. Postn levels were 

assessed by western blot analysis. (C) NeuNDL cells were seeded on coverslips, grown in the 

presence or absence of MEGS for 24 hours. Individual coverslips were immunostained for 

Postn and DAPI. Error bar = 100µm. (D) Stained coverslips were manually counted to assess 

the percentage of Postn expressing cells in both conditions. Data are represented as mean ± 

SEM. *** = P ≤ 0.001 
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representative images showed a significant increase in the proportion of cells expressing Postn 

in MEGS-depleted cultures (Figure 4.4 D). The induction of Postn following MEGS-depletion 

was tested in additional cell lines to confirm that the induction was not isolate- or cell line-

specific. Although the kinetics were different, the induction of Postn was observed in an 

independent isolate from both a MMTV-NeuNDL and a MMTV-NIC tumor (Figure 4.5 A, B). 

Together our data suggest that components in the MEGS and serum can mediate the 

repressive effect on Postn gene expression. It also shows that the observed effect is likely due 

to increased transcription of the Postn gene, ruling out potential protein stability or secretion 

issues.  

4.4 Bovine Pituitary Extract represses Postn expression in vitro 

To further investigate the kinetics and mechanisms of MEGS-mediated repression, a 

time course experiment for the induction of Postn following MEGS removal from the growth 

medium was performed. Postn induction was first detected around 16 hours post-MEGS 

removal while maximal Postn expression occurred around 36 hours to reach a plateau 

maintained up to 48 hours (Figure 4.6 A). We then tested the individual components found in 

the MEGS. We subjected NeuNDL cells to a treatment with MEGS or its individual 

components (EGF, IGF1, Hydrocortisone, BPE) at their respective concentration found in the 

supplement. A 24-hour treatment with the individual components showed that only BPE and 

total MEGS had the same repressive effect on Postn expression (Figure 4.6 B). Similarly, BPE 

and MEGS were shown to significantly inhibit Postn mRNA induction (Figure 4.6 C), 

suggesting that BPE is necessary and sufficient to inhibit Postn gene induction.  

BPE is a complex tissue extract produced by homogenizing bovine pituitary glands in 

PBS. Therefore, additional analyses were performed to further identify the repressive  
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Figure 4.5: Removal of MEGS induces Postn in independent isolates and cell lines. 

(A) A NeuNDL independent isolate was subjected to a MEGS-deficient medium and Postn 

expression was assessed up to 48 hours post-removal. (B) A MMTV-NIC cell line was 

subjected to a MEGS-depleted medium and Postn expression was assessed up to 96 hours post-

medium change. 
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Figure 4.6: Bovine Pituitary Extract mediates Postn repression. 

(A) NeuNDL cells were seeded and grown under MEGS-depleted conditions for up to 48 hours 

and Postn levels were assessed at multiple time points. (B&C) NeuNDL cells were seeded and 

then grown in either MEGS, or individual MEGS components (EGF 3ng/ml, IFG1 0.01 

µg/mL, Hydrocortisone 0.5 µg/ml, BPE 0.4% v/v). Protein and mRNA expression were 

assessed by western blotting and Q-PCR analysis, respectively. mRNA expression data are 

represented as mean ± SEM. N=3, ** = P ≤ 0.01. 
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component(s) found in BPE. We first assessed whether its effect on Postn expression was 

following a dose-dependency relationship. 

To investigate this, a treatment with increasing concentrations of BPE (0%, 0.1%, 0.2% 

and 0.4%) was performed. Quantitative PCR analysis showed that a clear dose-dependency 

effect was observed on Postn mRNA levels.  A 50% reduction was measured at 0.1% BPE 

while a 70% reduction occurred at 0.4% (Figure 4.7 A). Heating the extract at 100°C for 15 

minutes prior to treatment completely abolished Postn mRNA induction, suggesting the 

denaturation of a protein-based repressive activity (Figure 4.7 B). 

Taken together, these results show that BPE can strongly repress Postn expression in 

in vitro. The active component(s) in BPE are acting in a dose-dependent manner and are heat-

labile, suggesting a proteinaceous component. 

4.5 Fractionation of BPE to narrow down potential repressors of Postn 

Due to the complexity of BPE, (abundance of proteins, hormones, amino acids, lipids 

and sugars), we attempted to fractionate BPE and ultimately use mass spectrometry to identify 

potential active components. We first performed an on-column size exclusion chromatography 

and obtained two absorption curves (Figure 4.8 A). Using a molecular standard curve allows 

for an estimation of the size of the proteins found in each of the peaks detected (Figure 4.8 A). 

Fractions were collected and pooled to reflect the 5 peaks identified with the chromatography 

absorption curve (Figure 4.8 B). Peaks were identified using mock colors and labeled P1 to P5 

with Pc being the fractions that did not correspond to any peaks in the absorption curve (Figure 

4.8 B). Silver stain analysis of the fractions (Figure 4.8 C), shows a significant overlap in the 

protein sizes present in multiple peaks, suggesting some leakiness in the fractionation.   
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Figure 4.7: The BPE repressive activity is heat labile and dose dependent. 

(A) NeuNDL cells were treated using 0%, 0.1%, 0.2% and 0.4% BPE to assess the dose-

dependency relationship in the repression of Postn. (B) NeuNDL cells were treated with PBS, 

MEGS and BPE that were pre-incubated at 37°C or 100°C for 15 minutes to assess the heat 

sensitivity of the repressive components. Postn relative mRNA expression is shown in the bar 

graphs as mean ± SEM, *** = P ≤ 0.001. 
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Figure 4.8: BPE size exclusion chromatography reveals repressive fractions. 

(A) On-column molecular size exclusion chromatography was performed on molecular weight 

marker standards (black curve) and BPE (Red Curve). The molecular weight of the peaks in 

the standard curve are shown in the box indicating the corresponding peak. (B) Size-exclusion 

chromatography absorbance curve for BPE is assigned colors corresponding to their peaks. 

(C) Fractions corresponding to each peak were collected and pooled. They were then subjected 

to electrophoresis on a 4-20% polyacrylamide gel and silver stained. Ladder marks are seen to 

the left of the ladder. BPE was also used in the electrophoresis as a control. (D) The fractions 

corresponding to the assigned peaks were then used to treat NeuNDL cells along with a BPE 

treatment to assess the repressive ability of the individual peaks. N= 3, * = P ≤ 0.05 
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Interestingly, peaks 1 and 5 had no proteins present on the silver stain which can be 

explained by the fact that they are well over 670kDa, and under 1.35kDa, respectively. Using 

the pooled fractions corresponding to each peak, we assessed the repressive ability of each 

peak by measuring Postn mRNA expression. Our PCR analysis revealed that peaks 2 and 3 

had very strong repressive activity even though these fractions were markedly diluted 

compared to BPE alone (Figure 4.8 D). Together these results show that we can concentrate 

the repressive components from BPE using molecular size exclusion chromatography.  

We next used on-column ion exchange chromatography to separate the proteins by 

their isoelectric points. To build from the size exclusion chromatography previously described, 

we combined peaks 2 and 3 together to form a combination designated P2-3. Following batch 

binding on Q Sepharose or SP Sepharose in low salt, the flow through (FT) was collected and 

the bound P2-3 mixture was then eluted with 1M NaCl. The “Bound” (B) and FT fractions of 

both types of Sepharose were used to treat NeuNDL cells and assess for Postn repression. The 

Q Sepharose FT and SP Sepharose B were shown to retain repressive activity following MEGS 

removal (Figure 4.9 A), suggesting that the repressive components found in P2-3 are positively 

charged.  

We then set up large scale on-column ion exchange chromatography using SP 

Sepharose with the resulting absorption graph shown in Figure 4.9 B and C. Surprisingly, the 

area with small successive peaks, eluting at higher NaCl concentration, had a strong Postn 

repression activity shown by RT-PCR (Figure 4.9 D). In an attempt to narrow down our 

fraction selection even further, we tested the repressive ability of a subset of the P2-9 mixture 

by testing peaks 2 to 5 (P2-5) and peaks 6 to 9 (P6-9). Unexpectedly, neither P2-5 or P6-9 was 

able to repress Postn expression while P2-9 had a similarly strong repression as assessed by   



84 

 

 

Figure 4.9: Ion exchange chromatography reveals repressive fractions.  

(A) Fraction from peak 2 and 3 from the size exclusion chromatography were pooled and 

subjected to binding to Q and SP Sepharose. The fractions that bound are represented by a “B” 

while those that did not bind are represented by a “FT”. These bound and unbound fractions 

were then used to treat NeuNDL cells and Postn mRNA was assessed by RT-PCR. Data are 

represented by mean ± SEM. N=3, ** = P ≤ 0.01. (B) Absorption curve of P2-3 Q FT going 

through a column loaded with SP Sepharose. Salt gradient is shown in the pink curve from 0M 

to 1.0M NaCl. Colors were used to identify regions of interest such as flow through (FT), peak 

1 (P1) and peaks 2-9 (P2-9). (C) Part of the graph in (B) is represented without the FT region 

(blue) to emphasize the peaks in P2-9. (D) Fraction corresponding to the 3 regions (FT, P1, 

P2-9) were used to treat NeuNDL cells and repressive ability was assessed by RT-PCR along 

with a control and BPE treatment to assess Postn repression. N = 3, ** = P ≤ 0.01  



85 

 

the expression levels of both Postn mRNA (Figure 4.10 A) and protein (Figure 4.10 B). This 

suggests that P2-5 and P6-9 both contain independently important components that may 

synergize in the repression of Postn or that they both contain the same component but in 

concentration insufficient for an appropriate repression requiring the combination of all 

fractions to repress Postn. Taken together, these results show that the repressive activity is 

positively charged and mostly contained between 17-50 kDa. 

4.6 Identifying potential repressive proteins by Mass Spectrometry 

As we were unable to separate the fractions any further without losing the repressive 

effect on Postn, we used a mass spectrometry approach to identify the proteins present in the 

P2-9 repressive fractions, representing size exclusion chromatography P2-3 subjected to   

Sepharose ion exchange chromatography, resulting in the active peaks 2-9. This resulting 

extract has a significantly lower concentration of proteins than the original BPE which makes 

it an attractive sample to process for liquid-chromatography-mass spectrometry (LC-MS) and 

identify potential Postn repressive proteins. 

Sample processing and mass spectrometry revealed 45 statistically significant proteins 

present in our fractionated extract. Out of those proteins, 12 were eliminated due to being 

uncharacterized and having no known associated genes, leaving a total 33 proteins with an 

associated gene. The results from the 33 proteins are summarized in Table 4.1. Although 

multiple proteins were identified following the mass spectrometry, none of these proteins 

seemed to have a relevant link to Postn. After reviewing the literature, we came to the same 

conclusion that no evident links to Postn were established. To further study the regulatory 

mechanisms of Postn in breast cancer epithelial cells, additional approaches were used to 

identify potential pathways involved in the regulation of Postn.  
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Figure 4.10: Smaller subset of P2-9 are unable to repress Postn expression. 

(A) NeuNDL cells were treated with fractions containing peaks 2 to 9 (P2-9) as well as with 

fractions contained in peaks 2 to 5 and 6 to 9, P2-5 and P6-9, respectively. Postn relative 

mRNA expression was assessed by RT-PCR. Control and BPE treatment were used for 

comparison. Data are represented as mean ± SEM. N=3. (B) Western blotting analysis on 

NeuNDL cells treated with the same subsets of P2-9 (P2-5 and P6-9) to assess Postn protein 

expression.  
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Table 4.1 Validated protein identified in LC-MS. 

Data is sorted by significance and confidence from the LC-MS PEP score. The Gene ID as 

well as the Gene name/description is shown. 

Sum PEP Score Gene ID Description 

53.38 ALB Albumin 

10.40 AHSG Alpha-2-HS glycoprotein 

7.32 KRT1 Keratin 1 

6.83 SERPINA1 Serpin Family A Member 1 

6.46 CHGA Chromogranin-A 

6.06 KRT5 Keratin 5 

6.00 CGA Glycoprotein hormone alpha subunit 

4.88 CFB Complement factor B 

4.09 ORM1 Orosomucoid 1 

3.85 POMC Pro-opiomelanocortin 

3.51 ITIH2 Inter-Alpha-Trypsin Inhibitor Heavy Chain 2 

3.39 HBA1 Hemoglobin subunit alpha 1 

3.39 TTR Transthyretin 

2.96 A1BG Alpha-1B-glycoprotein 

2.91 ITIH4 Inter-alpha-trypsin inhibitor heavy chain 4 

2.49 SERPINF2 Serpin Family F Member 2 

2.17 TF Transferrin 

2.14 KRT14 Keratin 14 

1.84 KRT10 Keratin 10 
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1.56 RGS16 Regulator of G-protein signaling 16 

1.56 H2AFX H2A.X Variant Histone 

1.55 MSN Moesin 

1.18 RPL19 Ribosomal Protein L19 

1.13 ZC3H14 Zinc finger CCCH domain-containing protein 14  

1.11 EEF1A2 Eukaryotic Translation Elongation factor 1-alpha 2  

1.07 TXNL1 Thioredoxin Like 1 

1.05 PDAP1 PDGFA Associated Protein 1 

0.92 PPP2R5E Protein Phosphatase 2 Regulatory Subunit B'Epsilon 

0.78 PFN4 Profilin-4 

0.72 CDR2L Cerebellar Degeneration Related Protein 2 Like 

0.68 ANXA2 Annexin A2 

0.67 RPA2 Replication protein A2 

0.67 TTLL5 Tubulin Tyrosine Ligase Like 5 
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4.7 BPE starvation triggers immune-like response and reduces mitotic processes 

In parallel to the fractionation of BPE and LC-MS, we attempted to identify potential 

repressors of Postn expression following BPE treatment. We treated NeuNDL cells with either 

PBS or BPE in absence of MEGS and then performed RNA-sequencing to explore the 

expression pattern between the treatments and potentially identify an induced repressive 

activity.   

The RNA sequencing revealed 1984 significantly upregulated genes (at least a 2-fold 

increase) and 6570 significantly downregulated genes (at least a 2-fold reduction) in the BPE 

treated cells when compared to PBS (Postn expressing) (Figure 4.11 A). Volcano plots showed 

that an impressive number of genes were significantly up- or downregulated following the 

treatments (Figure 4.11 B).  Gene Ontology (GO) term enrichment analysis revealed an 

upregulation of genes involved in mitotic processes such as cell cycle, nuclear division, DNA 

metabolic processes, cell proliferation and development. Surprisingly, this was accompanied 

by a downregulation of immune response and viral infection genes such as innate immune 

response, herpes simplex infection, measles, influenza A, Human cytomegalovirus infection, 

human papillomavirus infection, human immunodeficiency virus 1 infection and phagosome 

(Figure 4.11 C). This supports the observation that cells growing in BPE are more proliferative 

due to the high levels of hormones and growth factors found in BPE. The downregulated GO 

terms suggests that cells that are BPE-starved and expressing Postn are behaving similarly to 

cells exposed to an inflammatory environment or viral infections. The full list of top scored 

GO terms is found in Figure 4.11. 

  



90 

 

Figure 4.11 BPE starvation reduces proliferation and triggers immune-like responses.  

(A) RNA sequencing was performed on NeuNDL treated with either 0.4% BPE or PBS and 

the differentially expressed gene are shown in a heatmap. (B) A volcano plot showing fold 

change on the X axis and significance on the Y axis. The dots in blue represent genes that are 

significantly changed with a respectable fold change. While the grey dots represent either a 

low statistical significance or small fold change. (C) Heatmap of GO terms associated with 

differentially expressed genes. Term Z-score is computed based on the difference in term 

enrichment in upregulated and downregulated genes. Positive values correspond to terms 

associated with genes upregulated following BPE treatment.  
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4.8 Summary 

 Breast cancer cells have been shown to display deregulated signaling cascades that can 

have detrimental effects on cell functions. For example, metabolic deregulation can lead to 

increased proliferation and resistance to treatment [209] while cell cycle deregulation often 

promotes genomic instability which is directly correlated with increased mutation rates and 

heterogeneity [210]. 

 Understanding how pro-tumorigenic genes are deregulated in cancer cells is critical to 

design new therapeutics and better treatments. We have shown that approximately 50% of 

breast cancer tumors, independent of the species and the subtype, acquire Postn expression in 

their epithelial compartments while the stromal compartment of all tumors shows Postn 

expression. To understand the regulation of Postn in the epithelial compartment of tumors we 

have established NeuNDL cancer cell lines from primary tumors to investigate the regulation 

of Postn. We found that the recommended growth medium contains components that repress 

Postn expression. The bovine pituitary extract (BPE) was identified as the major repressive 

activity for Postn expression. 

Using commercial BPE and various chromatography methods, we attempted to 

fractionate BPE to identify the repressive components. The resulting repressive BPE fractions 

were then subjected to LC-MS to identify potential repressive proteins. The mass spectrometry 

results were unsuccessful at identifying direct modulator of Postn expression but revealed 

potential players. Concomitantly, we also performed RNA sequencing on cells grown in BPE 

-supplemented or -depleted medium to assess the differences in the cell state for both 

conditions. This revealed that cells growing in the presence of BPE showed an increase in 



92 

 

mitotic processes while cells grown in its absence resulted in an immune-like responses 

possibly related to virus infections, immune rejections, and autoimmune diseases.   
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Chapter 5 

Postn gene expression in Neu-positive breast cancer cells is regulated by a FGFR 

signaling crosstalk with TGFβ/PI3K/AKT pathways
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5.1 Introduction and Rationale 

Several studies have implicated growth factors and hormones as regulators of POSTN 

expression [123]. POSTN has been shown to be implicated in a plethora of processes like EMT, 

ECM remodeling and development and multiple genes have been identified as potential 

regulators. Using the literature, the information found with the LC-MS following fractionation 

(Table 4.1) and RNA-sequencing data (Figure 4.11), we used a candidate molecule approach 

to identify critical signaling pathways involved in the regulation of Postn. Using a MEGS 

depletion assay on NeuNDL cells in vitro, we exposed the cultures to different pathway 

inhibitors and neutralizing antibodies and assessed Postn induction or repression. 

Postn gene regulation has been extensively demonstrated to be context-dependent  

[124]. For example, the TGF-β-dependent EMT inducer Twist-1 and Snail have been 

correlated with Postn expression in lung and prostate cancer [162, 163] while growth factors 

and cytokines like bFGF, IL-4, IL-13, Oncostatin M, PDGF, and TNFα have all been shown 

to induce POSTN expression in various systems  [126, 211-214]. This context-dependency led 

us to investigate the gene regulation mechanisms involved in Postn expression in ErbB2-

mediated tumorigenesis.  

5.2 Activation of TGFβ signaling leads to Postn induction in vitro 

Postn upregulation during TGFβ-induced EMT has been extensively studied as a 

TGFβ-inducible gene in many cellular contexts [163, 215]. Therefore, we tested whether a 

treatment with TGFβ-1 would be sufficient to induce Postn expression in NeuNDL cells grown 

in MEGS. The induction of Postn was confirmed by western blot analysis following a 24-hour 

treatment with TGFβ-1 in MEGS supplemented medium (Figure 5.1 A). In a similar fashion, 

NeuNDL cells were unable to induce Postn expression following MEGS removal when a  
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Figure 5.1 TGFβ signalling induces Postn expression in NeuNDL cells. 

(A) NeuNDL cells were treated in the presence of MEGS with or without 10 ng/ml of TGFβ-

1 for 0.5 and 24 hours. Phospho-SMAD2 antibody was used as a control for TGFβR activation. 

(B) NeuNDL cells were treated with 5µg/ml of TGFβR inhibitor SB431542 or DMSO control 

in either MEGS-deficient or MEGS-supplemented medium for 0.5 and 24 hours. Phospho-

SMAD2 antibody was used as a control for TGFβR inhibition. 

  



96 

 

 

TGFβR inhibitor (SB431542) was added (Figure 5.1 B). This suggests that TGFβR signaling 

is essential for Postn induction in NeuNDL breast cancer cell lines and that overstimulation of 

this pathway can revert the MEGS/BPE repressive effects.  

5.3 Activation of FGFR signaling by bFGF represses Postn expression in vitro 

The FGFR signaling pathway is a highly complex system containing 23 signaling 

ligands and 4 receptors having a role in a wide range of cellular functions including migration, 

proliferation, and differentiation [216]. bFGF (FGF-2) has also been shown to induce POSTN 

in non-small-cell-lung cancer A549 cells [214]. Surprisingly, in contrast to A549 cells, we 

observed that bFGF treatment of NeuNDL cells following MEGS removal resulted in a 

complete repression of Postn expression (Figure 5.2 A). The addition of a pan-FGFR inhibitor 

(BGJ398) in combination with bFGF partially rescued the expression of Postn in NeuNDL 

cells (Figure 5.2 A).  

To investigate whether bFGF could be one of the repressive components found in BPE 

and FBS, we pre-treated the BPE with a bFGF neutralizing antibody prior to treating NeuNDL 

cells. This revealed that neutralizing bFGF following MEGS removal (PBS treated) increased 

the levels of Postn significantly (Figure 5.2 B), suggesting that bFGF in the serum might also 

have a repressive effect. In addition, pre-treatment of the BPE with the neutralizing antibody 

lifted the repression on Postn expression (Figure 5.2 B), suggesting that neutralizing bFGF in 

the BPE also results in Postn induction in NeuNDL cells. 
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Figure 5.2: bFGF is a strong repressor of Postn expression. 

(A) NeuNDL cells were treated in the absence of MEGS, with or without 10ng/ml of bFGF on 

its own or in combination with a FGFR pan-inhibitor BGJ398. Postn protein expression was 

assessed at 0.5- and 24-hours post-treatment. (B) MEGS-depleted (PBS) and BPE-

supplemented media was pretreated with bFGF neutralizing antibody (nAb) or control IgG for 

1 hour at 4°C. NeuNDL cells were then treated with anti-FGF pretreated media and Postn 

expression was assessed at 0.5 and 24 hours.  
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5.4 Postn regulation by bFGF and TGFβ is SMAD-independent and PKC-dependent 

Both FGF and TGFβ signaling share extensive crosstalk to numerous signaling 

pathways. To gain further insights into the Postn repression and induction mechanisms, we 

attempted to identify the pathways through which both factors mediated their effects. 

We then assessed whether the dependency on TGFβ signaling was due to canonical 

(SMAD-dependent) or non-canonical signaling (SMAD-independent). We tested SMAD 

activation by assessing nuclear import of SMAD2 following MEGS-removal. 

Immunofluorescence using an anti-SMAD2 antibody was performed following treatment with 

PBS (MEGS removal), bFGF and TGFβ and revealed that SMAD2 localization was 

unchanged after MEGS removal and bFGF treatment in NeuNDL cells (Figure 5.3). A control 

TGFβ-1 treatment was performed to assess a baseline activation of SMAD2 (Figure 5.3). 

These data suggest that Postn induction following MEGS removal does not involve canonical 

TGFβ signaling.  

FGFR activation can also affect multiple intracellular signaling cascades. As bFGF 

represses Postn expression, we assessed the effect of phorbol 12-myristate 13-acetate (PMA), 

a strong activator of protein kinase C (PKC). The use of PMA was as efficient as bFGF in 

preventing Postn induction following MEGS-removal (Figure 5.4). Furthermore, the use of 

bFGF and PMA in combination has a synergistic effect on the repression of Postn rendering it 

completely undetectable by western blot analysis (Figure 5.4). This suggests that bFGF-

mediated repression of Postn is at least in part due to the activation of PKC downstream of 

FGFRs. 
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Figure 5.3: SMAD2 nuclear import is unaffected by Postn induction and repression. 

(A) SMAD2 localization was assessed by immunofluorescence following a 24-hour treatment 

with PBS (MEGS-removal), 10ng/ml bFGF or 10ng/ml of TGFβ-1. Representative images are 

shown for SMAD2 as a single channel and merged with DAPI. TGFβ-1 treatment was used as 

a control for elevated SMAD2 nuclear import. Scale bar = 100µm (B)  Manual counting of 

DAPI and SMAD2-positive nuclei for 10 representative images per group was performed to 

represent data as a percentage of nuclear SMAD2-positive cells. Data are represented as mean 

± SEM.N = 3, *** = P ≤ 0.001 
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Figure 5.4: PKC activator represses Postn expression and enhances bFGF repression. 

NeuNDL cells were grown in the absence of MEGS, using 1µg/ml of PMA or DMSO, in 

combination with either PBS or 10ng/ml of bFGF. Postn expression was assessed by western 

blot at 0.5- and 24-hours post-treatment. Phosphor-ERK1/2 is used as a control for PKC 

activation by PMA. 
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5.5 PI3K/AKT is required for Postn induction following MEGS removal 

The PI3K/AKT system has been shown to be activated downstream of TGF and is a 

main pathway activated by receptor tyrosine kinases, implicated in cell survival and 

proliferation [217]. Interestingly, Postn signaling has been shown to be PI3K/AKT-dependent 

in multiple development and disease models [206, 218, 219]. Therefore, we tested the potential 

involvement of PI3K/AKT in the regulation of Postn expression.  

 To test this, we used a panel of inhibitors specific to critical components of the 

signaling cascade. The use of a PI3K inhibitor, LY294004, revealed a complete blockade of 

Postn induction following MEGS-removal accompanied by a reduction in Phosho-Akt S473 

(Figure 5.5 A). In a similar fashion, the use of a PDK1 inhibitor (PDK1 inhibitor II) resulted 

in the complete block of Postn induction (Figure 5.5 B). To further validate the requirement 

of this pathway in Postn induction, the pan-AKT inhibitor MK-2206 was tested. As for PI3K 

and PDK1 inhibition, MK-2206 also prevented the induction of Postn following MEGS 

removal from the growth medium (Figure 5.5 C). 

These results suggest that inhibition of the PI3K/AKT pathway at multiple levels is 

sufficient to completely block the MEGS starvation-mediated Postn induction (Figure 5.5 D) 

Although kinase inhibitors are notorious to have off-target effects, the use of three different 

inhibitors strongly support a major role for the PI3K/AKT pathway for the induction of Postn.  

5.6 FGFR activation by bFGF prevents TGFβ-mediated induction of Postn 

Our results show that TGFβ treatment can induce Postn expression in the presence of 

MEGS and that inhibition of the TGFβR blocks Postn induction upon MEGS removal.    
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Figure 5.5: PI3K/AKT pathway is essential for the induction of Postn. 

(A) NeuNDL cells were treated with 25 µM of PI3K inhibitor LY294004 or DMSO control in 

both PBS and bFGF (10ng/ml) supplemented medium in the absence of MEGS. Postn protein 

expression was assessed after 0.5 and 24 hours. Phospho-specific AKT (S473) was used as a 

control for inhibition of PI3K. (B) NeuNDL cells were treated with a PDK1 inhibitor at 10µM 

or DMSO control in in MEGS-depleted medium containing PBS or bFGF (10ng/ml). (C) 

NeuNDL cells were treated using 10µM of pan-AKT inhibitor MK-2206 or DMSO control in 

both PBS and bFGF (10 ng/ml) supplemented medium in absence of MEGS. Phospho-specific 

AKT (S473) was used as a control for the inhibition of AKT. (D) A simplified PI3K/AKT 

signaling pathway showing the order of PI3K, PDK1, and AKT as the central intracellular axis 

for activation of Postn. Receptor tyrosine kinases (RTKs) and integrins are shown as potential 

activator the PI3K/AKT intracellular pathway. 
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We next addressed whether bFGF treatment could suppress the effect of TGFβ on 

Postn induction. Therefore, a combination of bFGF and TGFβ was used in a MEGS-deficient 

environment and Postn expression was monitored. This revealed that bFGF was indeed 

capable of repressing Postn expression even in the presence of TGFβ-1 (Figure 5.6), 

suggesting that FGFR activation likely represses TGFβ downstream signaling either in part or 

completely. 

To investigate the role of the PI3K/AKT pathway in the crosstalk between bFGF and 

TGFβ, we assessed the repressive effect of combinations of bFGF neutralizing antibodies with 

the pan-AKT inhibitor MK-2206. Our data show that, treatment with both bFGF neutralizing 

antibodies and MK2206 results in a repression of Postn (Figure 5.7), suggesting that the 

induction of Postn following bFGF neutralization cannot proceed when AKT activity is 

inhibited. Similarly, TGFβ-1 treatment in the presence of MK-2206 failed to induce Postn 

expression (Figure 5.8), further supporting the notion that TGFβ-mediated induction of Postn 

is dependent on AKT activity. 

Together, these results suggest that the PI3K/AKT signaling pathway is a potential link 

between the TGFβ and FGFR signaling. Furthermore, activation of FGFR may result in an 

inhibitory crosstalk to PI3K/AKT downstream of TGFβ. Evidence of crosstalk between PKC 

and PI3K has been shown where PKCα is a strong inactivator of AKT signaling even in 

instances of hyperactive PI3K/AKT in endometrial cancer [220, 221]. This suggests that some 

PKC isoforms are negatively regulating the PI3K/AKT pathway potentially directly in the 

context of cancer.  
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Figure 5.6: TGFβ-mediated induction of Postn is abrogated by bFGF supplementation. 

NeuNDL cells were treated in the absence of MEGS, with 10ng/ml of TGFβ-1 in combination 

with 10ng/ml of bFGF or their respective controls. Postn protein expression was assessed 0.5- 

and 24-hours post treatment by western blotting analysis. Phospho-specific SMAD2 antibody 

is shown as a control for the activation of TGFβRs. 
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Figure 5.7: AKT inhibition following bFGF neutralization prevents Postn induction. 

NeuNDL cells were treated with either 10µM of a pan-AKT inhibitor, MK2206 or DMSO 

control in medium pre-treated with either non targeting IgG or bFGF neutralizing antibodies 

(nAb). Postn protein expression was assessed 0.5- and 24-hour post-treatment for each 

condition. Phospho-specific AKT (S473) was used as a readout the inhibition AKT by 

MK2206.  
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Figure 5.8: AKT inhibition prevents TGFβ-mediated induction of Postn. 

NeuNDL cells were treated with or without 10ng/ml of TGFβ-1 in combination with either 

10µM pan-AKT inhibitor MK2206 or DMSO control. Phospho-specific SMAD2 and AKT 

levels were used as control for TGFβR activation and AKT inhibition, respectively. 
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Together, these results suggest that the PI3K/AKT signaling pathway is a potential link 

between the TGFβ and FGFR signaling. It appears that PI3K/AKT is a common downstream 

target of both pathways in the context of Postn regulation. 

5.7 Summary 

 A number of signaling pathways have been identified as critical for breast cancer 

progression. These systems contain countless crosstalk between each other, often sharing 

similar effectors or inducing the same target genes. These highly regulated and complex 

networks have been highlighted in a multitude of studies, uncovering new cross-talks and 

novel regulators.  

Here, we reveal a major crosstalk between two extensively studied pathways that 

converge to regulate Postn expression in our model of HER2-postivive breast cancer. Firstly, 

the TGFβ pathway which promotes Postn expression through activation of the TGFβRs, acting 

in a non-canonical manner (SMAD-independent). The second one is the FGFR signaling 

pathway, which leads to a repression of Postn expression in a PKC-dependent manner. The 

last pathway identified is the PI3K/AKT for which the activity was found to be essential for 

the induction of Postn expression. Interestingly, FGFR activation was able to prevent TGFβ-

mediated induction of Postn. Importantly, the PI3K/AKT pathway is critical as its inhibition 

blocked the Postn induction upon FGF removal or TGFβ treatment.  

Taken together, these data suggest that Postn expression is induced through a 

TGFβ/PI3K/AKT axis while activation of FGFR by bFGF can repress this induction. It is still 

unclear where along the TGFβ/PI3K/AKT pathway this negative regulation occurs.  
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Chapter 6 

General Discussion 
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6.1 Summary of Findings  

HER2-positive breast cancer is a heterogeneous disease that represents 20-30% of all 

human breast cancers and is usually characterized by genetic alterations leading to 

overexpression and amplification of HER2 [64]. Tumors that are classified as HER2-positive 

are generally more aggressive, leading to a highly metastatic disease and a poor prognosis in 

patients  [64]. Even though targeted therapies exist against HER2, a high proportion of patients 

develop resistance and relapses over time and such treatment are deemed unsuccessful [222]. 

Metastatic breast cancer also remains generally incurable regardless of the subtype. Identifying 

pathways regulating tumor-promoting phenotypes is required to develop novel therapeutics 

and increase the drug arsenal available to treat such tumors. In this study we investigated the 

effect of Postn deletion on Neu-driven mammary tumorigenesis as well as the regulation 

mechanisms involved in controlling Postn expression in epithelial breast cancer cells.  

We have shown that Postn deletion delays tumor onset and overall survival 

accompanied with a decrease in proliferation and apoptosis in Neu-driven tumors. We have 

also shown a reduction in collagen deposition in the resulting Postn-deficient tumors. 

Furthermore, we have uncovered a novel Postn regulation mechanism in epithelial breast 

cancer cells involving a signaling interplay between FGFR and the TGFβ/PI3K/AKT signaling 

pathways. Herein, we discuss the relevance and implications of these findings and propose 

future directions to further assess the role of Postn in breast oncopathologies. 

6.2 Postn-deletion delays Neu-driven tumor onset and survival 

Tumor growth and progression are incredibly complex processes which include 

multiple deregulation steps and interplay between various pathways to promote tumor growth. 

Cancer cells can undergo continuous proliferative signaling using multiple mechanisms such 
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as the production of growth factors as well as their specific receptors, leading to autocrine loop 

stimulation. They can also produce signals for normal cells within the stroma to induce 

responses that are conducive to cancer cell growth and survival [223, 224]. Alternatively, 

deregulation of receptor signaling by increasing the number of surface receptors as well as 

mutations leading to activation in the absence of ligands can also increase proliferation 

signaling pathways [225]. 

POSTN expression in cancer has been extensively studied in term of its pattern of 

expression and clinical outcome. However, very few studies investigated its role directly in 

tumor progression. Postn has been shown to be essential for cancer stem cell maintenance and 

metastasis in a murine breast cancer model (MMTV-PyMT) [143]. Here, we demonstrate that 

Postn-deletion results in a delay in tumor initiation and survival (Figure 3.2). Furthermore, we 

also have shown a decrease in the proportion of proliferation and apoptosis markers in Postn-

deficient tumors (Figure 3.3). We speculate that Postn remodeling of the ECM and its 

implication in integrin signaling could explain such a change in tumor progression and marker 

expression patterns for proliferation and apoptosis. 

Additionally, changes in the ECM can completely modify the environment in which 

the tumor is growing. The balance between ECM degradation and remodeling is an essential 

aspect of homeostasis and disease development. POSTN has been shown to induce matrix 

metalloproteinases (MMPs) levels, more specifically MMP-2 and MMP-9 [226, 227]. This 

family of proteins is responsible for ECM degradation. One possibility is that that a 

deregulation of the ECM degradation could result in an aberrant composition which could 

promote a proliferative environment. Although their clinical relevance in breast cancer is 

controversial, MMPs have been shown to be implicated in multiple pro-carcinogenic processes 
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such as cell proliferation, angiogenesis, cancer progression and metastasis [228]. Therefore, 

the lack of Postn in tumors would reduce the levels of those MMPs and potentially reduce 

proliferation rate and tumor initiation. 

Another possible explanation for these changes in tumor dynamics might be due to the 

ability for POSTN to bind and activate integrin signaling [219]. More specifically Postn has 

been shown to bind to integrin αVβ1, αVβ3 αVβ5, α6β4 and αMβ2 and activate the receptor and 

induce signal transduction [229]. These specific integrins, when activated by Postn can in turn 

activate signaling pathways such as FAK, PI3K, AKT, ERK, NF-κB and STAT3 (reviewed in 

[229]). All these pathways are involved in multiple processes of tumor initiation, progression, 

therapy-resistance, and metastasis. It is tempting to speculate that if a subset of these pathways 

are activated by Postn in our model, tumor onset and progression would be significantly 

delayed by the deletion of Postn. For example, Postn, through integrin signaling can activate 

PI3K, AKT and/or ERK, which are all survival and growth pathways. Postn deletion could 

explain the decrease in proliferation markers observed in our tumor study. Integrin αVβ5-

mediated activation of TNFα has been shown to induce apoptosis in multiple tumor cell lines 

[230]. This induction of apoptosis by TNFα usually requires that specific anti-apoptosis 

pathways are blocked or inactivated, such as NF-κB [230]. It is possible that TNFα is 

downregulated in Postn (-/-): NeuNDL tumors leading to a reduction of apoptosis marked by 

a reduction in PARP cleavage.  

The reduction in apoptosis markers observed in Postn (-/-) endpoint tumor would 

suggest that Postn is critical for oncogene-induced apoptosis. In a few cancer models, Postn 

has been shown to induce apoptosis and inhibit cell growth. For example, a study used a Postn 

(-/-) mouse model along with an inflammation-related colon carcinogenesis model to show 
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that Postn promoted apoptosis and growth inhibition [231]. Furthermore, using Postn (-/-) 

CAFs conditioned medium, they showed that growth rate was increased in the Postn-deficient 

medium when compared to its control [231]. A similar observation was shown in Dupuytren’s 

disease regarding Postn-related induction of apoptosis [232]. In contrast, multiple other studies 

showed an opposite role for Postn during apoptosis in colorectal cancer cells. Recombinant 

and fibroblastic Postn was shown to promote proliferation of colorectal cancer cells and Postn 

overexpression was also found to be a poor prognostic indicator in colorectal cancer [145, 

233]. These opposing roles for Postn in cell growth and apoptosis indicate a highly context 

dependent function for Postn. This can be explained by the difference in integrin expression 

patterns between cell types, suggesting that the biological effect of Postn can be modulated by 

the complement of integrins at the cell surface. Another possibility to explain the dual 

implications of Postn is the fact that specific variants can promote different pathways. For 

example, if a specific variant is preferentially expressed in a particular context, it can 

potentially promote cell growth or apoptosis.  

6.3 Postn-deletion alters Neu-driven breast cancer collagen deposition 

Another striking difference in our animal tumor model is the observation that collagen 

deposition was significantly reduced in Postn (-/-):NeuNDL tumors (Figure 3.6). This change 

in collagen could alter the entire ECM landscape and have major effects on the behaviour of 

the tumors. Multiple studies have implicated ECM composition and more specifically collagen 

deposition in the development, progression, and metastasis of breast cancers.  Dense breast 

tissues, evaluated by mammography, is one of the greatest independent risk factors in breast 

cancer [234, 235]. Furthermore, higher breast density areas are associated with an increase in 
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fibrillar collagen deposition [236, 237], which has been shown to promote tumor formation 

and progression in a murine model of mammary carcinogenesis  [238].  

Although these observations were made decades ago, the molecular mechanisms 

responsible for tumor promotion and progression in dense tissue are still unclear. Collagen 

deposition has also been shown to contribute to overall ECM stiffness which in turn also 

promotes cancer progression and resistance to chemotherapy [239]. 

ECM stiffness, also known as ECM rigidity, ECM tension and interstitial hypertension, 

has been correlated with tumor growth and increased rate of metastasis along with poor clinical 

outcome [240, 241]. LOX, the enzyme responsible for collagen cross-linking, is often 

upregulated in cancers, which correlates with a stiffer matrix and cancer malignancy by 

enhancing integrin signaling [242]. The increase in cancer incidence due to aging is explained 

partly by the fact that tissues in older population are generally stiffer and contain a higher level 

of aberrant collagen cross-linking [242]. 

A pivotal study investigated the effects of Postn deletion in the MMTV-PyMT model 

of breast cancer using Postn (-/-) mice; more specifically they studied its effect on metastasis 

[143]. The major conclusion was that infiltrating tumor cells must induce stromal Postn 

expression at the secondary site (lungs) to initiate colonization. In addition, the authors claim 

that POSTN is essential for the maintenance of cancer stem cells and that blocking POSTN 

functions prevents metastasis altogether. It was suggested that infiltrating tumor cells need to 

educate stromal cells at distant sites for them to start producing POSTN, subsequently 

establishing a metastatic niche. That study also showed that POSTN could recruit Wnt ligands 

and induce signaling in CSCs. In stark contrast, we have observed that Postn deletion does not 
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affect lung colonization in Postn-deficient tumor bearing animals (Figure 3.7) or the sphere 

forming potential of tumor cells in culture.  

Multiple studies have shown similarities between the PyMT and NeuNDL breast 

cancer models [243]. The main difference between PyMT and NeuNDL is the accelerated 

tumor onset and increased rate of metastasis in the PyMT model [79, 244]. It is possible that 

the PyMT model increased metastasis rate depends on Postn due to potential differences in 

downstream targets and modulators. This would suggest that some important ECM differences 

exist between the PyMT and NeuNDL model. Such a change in ECM composition and 

stiffness can lead to an increase in Wnt expression through integrin signaling [245]. Another 

possibility is that, due to the long latency of the NeuNDL model, cellular mechanisms can be 

activated to compensate for the absence of Postn. More in-depth side by side studies will have 

to be conducted to address these discrepancies.  

6.4 Postn is acquired in a subset of breast cancer epithelial compartments 

We have shown that Postn expression can be acquired in the epithelial compartment 

of mammary breast tumors in our in vitro models (Figure 4.1). Multiple studies have also 

shown POSTN expression in human and murine mammary cancer cells [208, 246]. Postn 

expression has also been shown to be elevated in high-grade tumors and correlated with the 

histological grade [247]. As histological grades are an indication of tumor differentiation, it is 

possible that less differentiated tumors acquire POSTN. Another possibility is that POSTN is 

induced through an unrelated mechanism and its expression drives cells to dedifferentiate.  

Interestingly, EMT also correlates significantly with the histological grade of tumors. 

As Postn as been shown to promote EMT in multiple cancer types [163, 248], it is also possible 

that elevated levels of Postn induces EMT events that are in turn responsible for a more 
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migratory and invasive disease resulting in an elevated histological grade. The opposite is also 

possible, whereby Postn is induced as a result of cells undergoing EMT.  

Our analysis of Postn re-expression in deficient breast cancer cells revealed no 

consistent or significant differences in their ability to proliferate, migrate, invade, and grow in 

3D spheroids (Figure 3.9, 3.10, 3.11, 3.12). Although the acquired expression of Postn is 

associated with an aggressive phenotype in tumor progression and metastasis, the expression 

of Postn in cultured cells did not affect their invasive properties in vitro and subcutaneously. 

It is likely that the Postn effects are dependent on a complex ECM network to modulate that 

invasive behaviour. 

Recently, studies have investigated the involvement Postn in the development and 

maintenance of cancer stem-like cells. Although controversial, some studies debate that the 

origin of breast tumors arise from cells that acquired self-renewal capabilities and intrinsic 

resistance to therapy designated cancer stem cells (CSCs) [249].  Furthermore CSCs, 

characterized by CD44+/CD24- and aldehyde dehydrogenase-1 (ALDH1) have been shown to 

promote cancer initiation, angiogenesis, and metastasis in breast cancer [250]. It has been 

demonstrated that POSTN contributes to the acquisition of stem-like features in breast cancer 

[251]. Therefore, one possibility is that the loss of Postn results in a reduction of CSCs, leading 

to decreased proliferation and delayed onset.  

6.5 Regulation of Epithelial Postn expression in vitro 

In this study, we have shown that a Bovine Pituitary Extract is a potent repressor of 

Postn expression in Neu-driven mammary cancer cells (Figure 4.6 B&D). The use of bovine 

pituitary extract as a hormone-rich growth-promoting supplement dates back to 1934 when a 

group used it as a growth supplement in vivo to study its effect on albino rat early growth 
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[252]. Later, it was common to use embryonic and brain extract to promote the proliferation 

of chicken periosteal fibroblasts [253]. The fact that this highly mitogenic extract can 

completely repress Postn expression is not overly surprising. Epithelial cancer cells growing 

in the presence of this extract are more likely to remain in a proliferative state and display a 

classical epithelial gene expression pattern. It is likely that BPE depletion in those cultures 

induce an adaptation response. This could be compared to cells going through a crisis when 

lacking nutrients. This is apparent when comparing the two conditions using RNA-Sequencing 

analyses (Figure 4.11).  

Indeed, response to biotic stimulus, virus infections and immune related terms are 

markedly down regulated in BPE-treated samples (Figure 4.11 C), suggesting that they are 

highly expressed in BPE-lacking conditions. In a similar fashion, terms related to proliferation 

are upregulated in BPE-treated cells. These data suggest that the cells are in a highly 

proliferative state when subjected to BPE, while cells lacking BPE are not proliferative and 

are perhaps trying to recruit the immune system, mimicking a response to virus infections. The 

upregulation of Postn could either cause this response or be as a result of that same response. 

The causality relationship between Postn and this response is yet to be established.  

We have shown that neutralizing bFGF from BPE by using an antibody is sufficient to 

lift the BPE-mediated repression on Postn expression in breast cancer cells (Figure 5.2 B). 

Interestingly, a study showed that a protein-based “Fibroblast Growth Factor” activity was 

first identified in an extract from bovine pituitary glands [254]. This specific “activity” was 

found to be thermolabile and protease sensitive, and was able to promote the proliferation of 

3T3 fibroblast at low concentrations [255]. The activity was then purified and would later be 

referred to as basic FGF (bFGF or FGF2) due to mostly a basic overall composition of amino 
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acids and its high isoelectric molecular point [256]. This strongly supports our observations 

that both BPE and bFGF have a similar repressive effect on Postn expression.  

6.6 Epithelial Postn is induced by TGFβ signaling 

In this study, we show that TGFβ1 is sufficient to induce Postn expression in MEGS-

supplemented medium and that TGFβR inhibitor prevents Postn induction following the 

removal of MEGS (Figure 5.1 A&B). TGFβ is an interesting pathway since it has a dual role 

in breast cancer, both promoting and preventing tumor progression. In the context of 

transformation, TGFβ signaling has been shown to promote EMT which facilitates migration 

and metastasis of cancer cells [257]. However, TGFβ has also been shown to have tumor 

suppressor activity by promoting cell cycle arrest and apoptosis [258]. To this day, it is still 

unclear how this switch from tumor suppressor to promoter of metastasis occurs.[259] 

TGFβ is a well-established inducer of POSTN expression in multiple models and 

processes such as EMT, invasion and metastasis [128, 163]. We have also shown that Postn 

induction following BPE removal from the culture medium did not affect the localization of 

SMAD2 to the nucleus (Figure 5.3), indicating that the effect of TGFβ is not dependent on 

SMAD signaling and potentially involves non-canonical features of TGFβ signaling. There 

seems to be some context dependency in the mechanism of action by which TGFβ signaling 

can induce POSTN expression. In contrast to our findings, other studies have shown that 

SMAD2/3-dependent TGFβ signaling could induce POSTN expression [260-262].  

Interestingly, Fetuin-A, also known as Alpha-2-HS glycoprotein (AHSG), has been 

identified as one of the top hits in our mass spectrometry analysis (Table 4.1). This specific 

gene has been identified as a TGFβ antagonist by preventing TGFβ1 from binding to its cell 

surface receptors, suppressing signal transduction and subsequently EMT in intestinal tumors 
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[263]. This could explain how BPE is repressing Postn expression in our in vitro expression 

model (Figure 4.6 B&C). Fetuin-A that is present in the BPE could potentially block TGFβ in 

a manner that is like a TGFβR inhibitor (Figure 5.1 B) and subsequently prevent Postn 

expression that is dependent on an active TGFβ signaling pathway. 

 

6.7 Epithelial Postn repression by FGFR signaling 

Our data show that bFGF treatment of the cultures with neutralizing antibodies 

targeting bFGF can promote Postn expression, validating the repressive effect of bFGF (Figure 

5.2). Surprisingly, bFGF downregulation has been identified as a marker of poor prognosis in 

breast cancer using data to assess differentially expressed and aberrantly methylated genes 

with a novel   bioinformatic approach [264].  

An interesting relationship between bFGF and POSTN is the fact that germline and 

conditional loss-of-function for both genes revealed some phenotypic overlap. FGF2-null and 

Postn-null animals exerted muscle and skeletal development issues [190, 265, 266]. Likewise, 

conditional deletion of bFGF resulted in decreased cardiac hypertrophy induced by ischemic 

injury, delayed wound healing, and increased bone mineralization while Postn has been linked 

to cardiac issues, wound healing, and bone regeneration [267-271]. This overlap in processes 

suggest that their expression could be modulated by similar factors. 

Furthermore, Fetuin-A, a protein found in our mass spectrometry analysis following 

fractionation of BPE, has been shown to cause a significant increase in mRNA levels of 

multiple angiogenic and proinflammatory proteins, including bFGF [272]. This could also be 

a possible explanation for the repressive effects of BPE and active fractions following 
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chromatography. Fetuin-A could increase the production of bFGF by cancer cells, activate 

FGFR signaling and Postn repression in an autocrine loop.  

Another interesting observation is the fact that bFGF has an isometric point of 9.6, 

meaning a positive charge at physiological conditions and a molecular weight between 17 and 

23 kDa. These characteristics strongly suggest that bFGF could be in the fraction analyzed by 

mass spectrometry since the molecular size range and isoelectric point matched the eluted 

fraction characteristics. As our final fractions were extremely dilute, it is possible that the 

detection threshold did not identify bFGF.  

6.8 AKT activity is required for Postn induction in epithelial breast cancer cells 

The PI3K/AKT pathway has been extensively studied in a panoply of cancers. 

Alterations of this pathway is common and it is estimated that up to 60% of tumors have an 

hyperactivation of this system [273]. The catalytic domain of PI3K, coded by the PIK3CA 

gene, is commonly mutated or amplified in breast cancer and therapeutic inhibition of this 

pathway has shown some promising results in some types of breast cancers [274, 275]. We 

have shown that inhibition of the PI3K/AKT pathway, using three different inhibitors, 

completely blocked Postn induction following the removal of BPE (Figure 5.5).   

 Studies have shown that Postn activity is often modulated through the PI3K/AKT 

signaling pathway, whether it is to facilitate EMT or invasion [219, 276]. Although we have 

shown that Postn induction requires AKT signaling, it is still unclear which downstream target 

is responsible for this repression/induction mechanism. AKT can activate and deactivate a 

wide range of substrate to modulate different processes such as mTOR, FOXOs, GSK3b and 

several others (reviewed in [277]). The critical DNA elements or active chromatin regions that 

drive Postn expression in this context remain to be identified. This would pave the way for the 
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identification of specific transcriptional regulators implicated in the control of Postn 

expression. 

6.9 Signaling interplay modulating Postn expression in breast cancer cells 

Our results show that the regulation of Postn is quite complex, involving multiple 

signaling pathways. The control of its expression is showcased by a modulation of the FGFR, 

TGFβ and PI3K/AKT pathways. Our data show that the removal of bFGF from the culture 

medium is sufficient to induce Postn gene expression. This specific induction of Postn is 

however dependent on the activity of TGFβ/PI3K/AKT signaling. Furthermore, Postn 

upregulation through activation of this signaling axis appears to be SMAD-independent. In 

addition, the repression through activation of FGFR appears to be PKC-dependent.  

These individual pathways have been extensively studied as modulators of breast 

cancer progression. Interestingly, our data show that expression of Postn appears to proceed 

through a TGFβ/AKT pathway in this context. Along with the loss of bFGF expression, 

activation of the TGFβ/AKT axis could lead to Postn induction in tumor cells, contributing to 

an increase in invasion and subsequently, worse outcomes [264]. 

Interesting crosstalk between the aforementioned pathways have been identified in 

different disease and cancer models. TGFβ signaling has been shown to crosstalk to the 

PI3K/AKT [217, 278]. More specifically, binding and activation of p85, the regulatory subunit 

of PI3K, by TGFβRI and TGFβRII has been demonstrated in mammary epithelial cells [279]. 

Whether this is the mechanism responsible for Postn modulation in MEGS-depleted cells 

remains to be investigated. PI3K/AKT signaling has been shown to directly interact with 

SMAD3 to antagonize TGFβ-induced growth arrest and apoptosis [280, 281]. Furthermore, it 
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has been proposed that PI3K/AKT activation leads to TGFβ-dependent pro-oncogenic 

responses in breast cancer [282].  

 Contrary to our observations, a study using A549 cells, a non-small-cell lung cancer 

cell line, showed that bFGF induced Postn expression in a PI3K/AKT-dependent manner 

[214]. It is more than likely that Postn expression is subject to tissue- as well as tumor-specific 

regulation. However, it is interesting to note that Postn induction proceeds through PI3K/AKT 

signaling pathway in both cancer models.   

 Although we have shown that the PI3K/AKT pathway modulates Postn expression 

downstream of both FGFR and TGFβ, it is not clear what the AKT effectors are. We have 

shown that blocking the PI3K/AKT or TGFβ pathway leads to a complete repression of Postn, 

while bFGF is also repressing its expression. Our data suggest that a PKC-dependent FGFR 

signaling is repressing the PI3K/AKT pathway. One possibility is that FGFR activation 

prevents TGFβR from signaling to PI3K. Alternatively, the bFGF signal could prevent AKT 

from signaling to its downstream effector or components of the transcriptional complex. FGFR 

signaling could also be competing with the TGFβ/PI3K/AKT axis. This could imply that 

FGFR signaling promotes a proliferative state while the TGFβ/PI3K/AKT axis could promote 

a more mesenchymal and invasive state through the induction of Postn expression. Supporting 

this, TGFβ signaling has been shown to promote EMT through PI3K activation [283]. 

Furthermore, PKCα can suppress AKT activity through a Protein Phosphatase 2A (PP2A)-

dependent mechanism [220]. Given the number of PKC isoforms and targets, it is possible that 

some PKC substrates are acting through this TGFβ/PI3K/AKT axis (reviewed in [284]). For 

instance, the SKI protein, a potential PKC substrate, is a negative regulator of TGFβ acting  
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Figure 6.1 Schematic representation of Postn expression control. 

Summary model showcasing PI3K/AKT as the central modulator of Postn expression. FGFR 

signaling can repress Postn expression by acting somewhere in the PI3K/AKT pathway to 

prevent expression of Postn. TGFβ signaling is shown to activate PI3K to promote activation 

of this pathway, and eventually the expression of Postn. 
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through the SMAD family [285]. A brief summary of Postn gene expression modulation is 

shown in Figure 6.1. 

6.10 Perspectives and Considerations 

Genetic variation in patients influences susceptibility, progression, and response to 

therapy. In addition, genetic variability, other genes as well as the environment can influence 

the disease penetrance and progression. It becomes challenging to evaluate the contribution of 

a specific gene to breast cancer because of the high genetic variability found in the population. 

A way to study the contribution of a specific gene in breast cancer is to use inbred 

murine strains in controlled environments to obtain uniform tumor histology and decrease the 

complexity of genetic backgrounds [188]. This can be accomplished by using knockout models 

from identical backgrounds except for a specific locus where a gene mutation or deletion has 

been introduced. This uniformity in their genetic background permits the investigation of a 

genetic deletion in virtually identical mice. 

The use of such models also comes with disadvantages when comparing results from 

genetically identical murine models back to the human population. Extrapolation will provide 

a potentially limited correlation due to the exclusion of genetic variation. It is also possible to 

use outbred murine strain to study the effect of genetic variation on transgene expression and 

phenotypes observed. Interestingly, not all inbred mouse strains respond the same to transgene 

expression. The C57BL/6 genetic background was shown to be resistant to MMTV infections 

and tumorigenesis using the MMTV promoter was found to increase tumor latency 

significantly [84]. These specific observations led to the universal use of inbred FVB/N genetic 

backgrounds due to its high propensity to develop breast cancer.   
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It is then important to understand those limitations in terms of murine models of breast 

cancer before conclusions can be drawn from the results. In this study, we have used inbred 

FVB/N mice to evaluate the effect of Postn on Neu-driven mammary tumors.  

6.11 Future Studies 

Our understanding of the role of Postn in breast cancer is constantly evolving. This 

study, in addition to resolving important research questions, also unravels multiple open-ended 

issues and potential future directions. Using ATAC-seq (Assay for Transposase-Accessible 

Chromatin-Sequencing), it would be interesting to assess the differences in accessible or open 

chromatin between breast cancer cells grown in MEGS-supplemented medium to determine 

key regulatory factors that could be involved in the regulation of Postn. This could also be 

done on Postn-deficient cells in which Postn was re-introduced to see the effect of Postn 

expression on the availability of chromatin which could identify new signaling targets and 

functions for Postn in breast cancer.    

Another interesting avenue that has been briefly mentioned previously is the analysis 

of breast CSCs. This assessment is made by evaluating surface markers. Evaluating the 

percentage of CD44+/CD24- by flow cytometry in our Postn (-/-):NeuNDL would be a starting 

point to investigate the role of Postn in the establishment, maintenance, or self-renewal of 

breast cancer stem cells.  

An intriguing question which is quite technically challenging would be to assess 

whether Postn (+/+):NeuNDL cells are able to invade and colonize distant sites in a Postn (-/-

) environment. The difficult problem with this is the fact that Postn (-/-) animals would most 

likely reject cells expressing Postn. In recent years, multiple novel ways to induce immune 

tolerance to specific genes has been made available. For example, through a DNA vaccine, we 
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can train the murine immune system to accept foreign vectors and their encoded protein. A 

similar approach can most likely be optimized to build tolerance in Postn (-/-):NeuNDL 

animals and then injecting tumor cells orthotopically and assess metastasis. 

 The use of Postn conditional knockout or drug-inducible systems would greatly help 

eliminate early embryonic compensation effects, often seen with global knockout animals 

[286]. The use of such models gives a much better control over when and where your gene is 

deleted or expressed. The use of such animals would have been greatly beneficial to understand 

the Postn effects and dynamics in breast cancer. Conditional studies are currently limited as 

those animals have not yet been engineered or are not commercially available. 

6.12 Conclusion 

In this study, we explored the role of Postn in Neu-driven tumorigenesis using a global 

genetic knockout model. Our results show a major role for Postn in promoting tumor 

progression and aggressive features of breast cancer. Furthermore, we explained this 

phenotype to the relationship between collagen deposition and ECM composition.  Finally, we 

unraveled a novel Postn gene regulation mechanism in Neu-driven epithelial breast cancer 

cells involving FGFR, TGFβ, PI3K and AKT signaling pathways (Figure 6.1). Taken together, 

these findings suggest that Postn expression in breast cancer may be used for therapeutic 

approaches to prevent tumors from acquiring aggressive and invasive characteristics. 
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