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ABSTRACT 

The anti-Estrogen Receptor (ER) therapy Tamoxifen has historically been used as a first-line 

treatment against ER-positive breast cancer. However, 30% of Tamoxifen-treated tumours develop 

resistance against the drug (TamR). Breast Tumour Kinase (BRK), a tyrosine kinase, presents itself 

as a possible target to combat TamR resistance as it drives tumourigenesis in breast cancer cells. 

Previous research has shown that BRK knockdown re-sensitizes TamR cells to the drug, though 

the mechanisms behind BRK’s functioning in TamR have yet to be elucidated. To address this, I 

used a global phosphoproteomics approach to compare MCF7 cell lines, that differed in their 

sensitivity to Tamoxifen, and TamR T47D cells, that differed in BRK expression, and found a total 

of 1048 differentially expressed phosphopeptides. Pathway analysis revealed overrepresentation 

of the IGFR and insulin receptor signaling in both MCF7 and T47D TamR cells as well as when 

BRK was knocked down in T47D TamR cells. Specifically, BRK knockdown resulted in the 

inhibition of Insulin Receptor Substrate-1 (IRS1) through the hyperphosphorylation of the S1101 

site and the hypophosphorylation of the Y896. Subsequent RT-PCR and ChIP-qPCR analyses 

revealed that both BRK knockdown and inhibition reduced downstream changes in cyclin D1 gene 

expression mediated by IRS1. To further identify BRK-specific targets, phosphotyrosine-enriched 

phosphoproteomics analysis was also conducted, comparing T47D Parental, T47D TamR and 

T47D TamR BRK knockdown cells. Out of 6492 phosphosites identified, 118 high -confidence 

phosphotyrosine sites were analyzed for significant changes in phosphorylation levels to identify 

differentially regulated pathways in TamR versus Parental cells and changes in these pathways 

when BRK is knocked down in TamR. Total proteomics analysis was then used to calculate the 

phosphorylation levels of these peptides relative to their total levels. Through this, I identified 

potential BRK-specific targets involved in TamR such as CDK1, GSK3-beta and catenin delta-1. 

Of these targets, I was able to validate that both the knockdown and inhibition of BRK in TamR 

cells resulted in the hypophosphorylation of both CDK1 and catenin delta-1 at the Y15 and Y904 

phosphosites respectively. Overall, these findings indicate that BRK helps regulate TamR through 

its interaction with signaling intermediaries in the IGFR/insulin receptor signaling pathway.  
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1.0 BACKGROUND 

1.1 Breast Cancer 

According to global cancer statistics, as of 2021, breast cancer surpassed lung cancer as the most 

diagnosed malignancy with over 2.3 million new cases (Sung et al., 2021). In women, breast cancer 

is also the leading cause of cancer death in 110 countries, as it accounts for 1 in 4 cancer cases and 

for 1 in 6 cancer deaths (Sung et al., 2021). Current efforts in curtailing the disorder have been 

focussed on primary prevention through programs that encourage weight reduction and physical 

activity alongside early detection through mammography (Sung et al., 2021). In fact, women that 

have participated in mammography screenings have been shown to significantly benefit from 

therapy at the time of early diagnosis and are associated with reduced breast cancer mortality 

(Coldman et al., 2014; Tabár et al., 2019). While these measures have been effective, current 

treatment strategies are important to prolong survival and quality of life in patients. Due to the 

heterogeneity of breast cancer at a molecular level, treatments have been developed  to tackle the 

molecularly diverse nature of these tumours (Harbeck et al., 2019). Recently, therapies have been 

developed to target specific molecules in order to address the heterogeneity of breast tumours 

(Harbeck et al., 2019).  

1.1.1 Subtypes of Breast Cancer 

Breast tumours have been grouped according to the molecular alterations that distinguish them. 

The classification system, first reported in 2000, divided breast cancers into 4 subtypes, luminal A 

and luminal B (overexpressing ER), Human Epidermal growth factor Receptor 2-enriched (HER2-

enriched but without ER expression), and basal-like or Triple-Negative (Perou et al., 2000). This 

system helped determine diagnostics and clinical management of breast cancer and allowed for a 

more biology-based approach to therapy (Sorlie, 2007). Today, breast cancer cases are classified 

into 5 subtypes instead, with an additional subtype dedicated to luminal B-like cancers that also 

overexpress HER2 (Vuong et al., 2014). Tumours that express the hormone receptors ER, 

progesterone receptor (PR) and/or HER2 are considered hormone receptor-positive tumours while 

those that do not express any of the hormone receptors are called Triple Negative Breast Cancers 

(TNBCs). The major focus of this thesis will be on Luminal A breast cancer and its therapy 

Tamoxifen. 
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1.1.2 Luminal A Breast Cancer 

A vast majority of breast tumours are classified as either luminal A-like (60-70%) or luminal B-

like (20-25%) with both TNBC (5-10%) and HER2-positive cases (13-15%) representing the 

remaining minority (Harbeck et al., 2019). The term “luminal” refers to the similarity between the 

genes expressed by the luminal epithelial cells of the breast and those expressed by the tum our 

(Johnson et al., 2020). Luminal A subtype tumours generally are well differentiated carcinoma 

with a low frequency of p53 mutations, higher expression of PR and low Ki-67 expression, an IHC 

marker for cell proliferation (Johnson et al., 2020). Due to the high expression of ER in these 

tumours, patients are highly receptive to endocrine therapy (which targets the estrogen receptor) 

and benefit more from single endocrine therapy than combined chemo-endocrine therapy (Puppe 

et al., 2020). The preponderance of luminal tumour cases displays the highly important role of the 

estrogen receptor in the progression of breast cancers. In fact, since 1970, the targeting of ER has 

been considered complementary to surgery as a treatment of ER+ breast cancer in patients 

(Lumachi et al., 2015). 

1.1.2.1 Role of the estrogen receptor in luminal A breast cancers 

Estrogen, otherwise known as 17β-estradiol, a steroid hormone, plays a vital role both in the 

development of the mammary gland and the progression of breast cancer (Manavathi et al., 2013). 

The ligand performs its function by binding to the estrogen receptor, a ligand -dependent 

transcription factor that drives multiple cellular functions, including proliferation and migration 

(Manavathi et al., 2013). While there are two subtypes of the ER, ERα and Erβ, the predominant 

presence of ERα in the mammary gland makes it more relevant to the current discussion (Fuentes 

and Silveyra, 2019). The interaction between estrogen and the ER occurs in the cytosol, where 

intracellular ERα is located. Once the ligand binds to its receptor, ERα can either regulate signaling 

cascades in the cytosol, through GPER1 or PI3K signaling, or it can recognize and bind to Estrogen 

Response Elements (EREs) of genes that drive cell proliferation, differentiation and migration, 

amongst other functions (Fuentes and Silveyra, 2019; Lee et al., 2005). Thus, ERα has both 

genomic and non-genomic functions. The genomic effects of ERα are directed by its translocation 

into the nucleus where it identifies EREs in gene promoter regions (Fuentes and Silveyra, 2019). 

However, a report in 2004 suggested that more than 30% of genes regulated by ERα do not contain 
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an ERE (Fuentes and Silveyra, 2019; O'Lone et al., 2004). Non-genomic signaling of ERα includes 

its regulation of PI3K/AKT signaling downstream of various growth factor signaling pathways 

(Manavathi et al., 2013).  

1.1.2.2 Non-genomic role of ERα in breast cancer 

The presence of ERα in the nucleus, plasma membrane, mitochondria and the endoplasmic 

reticulum suggests the receptor performs extranuclear functions that are important to the 

development and progression of breast cancer (Levin, 2009). Particularly, the functioning of ERα 

in the cytosol results in the activation of several signal transduction cascades (Levin, 2009). For 

example, the methylation of ERα at the arginine 260 residue allows for its interaction with the 

tyrosine kinases Src and Focal Adhesion Kinase (FAK) (Le Romancer et al., 2008). Additionally, 

in ER+ breast cancer cells, it has been shown that estrogen dependent ERα activity increases the 

phosphorylation and activation of the effector protein AKT through its Ser473 residue (Lee et al., 

2005). Previous studies have also demonstrated that, through its interaction with the adapter 

protein Shc, ERα interacts with IGF1R and induces its phosphorylation as well as AKT and MAPK 

phosphorylation downstream, resulting in the formation of a Shc-ERα-IGF1R complex in breast 

cancer cells that regulates signaling cascades (Manavathi et al., 2013; Song et al., 2004). This 

crosstalk between ERα and growth factor receptor signaling appears to be mediated by adapter 

proteins such as Shc (Manavathi et al., 2013). In fact, when Shc was knocked down in ER+ breast 

cancer cells, estrogen-induced IGF1R activation was reduced by 87% (Song et al., 2004). Another 

example of this crosstalk was found when investigators identified the mammalian target of 

rapamycin (mTOR)/S6 kinase 1 complex as critical to the interaction between IGF1R and ERα as 

the inhibition of S6K1 kinase activity ablated its association with ERα and thereby prevented ERα 

from performing its genomic transcription function downstream (Becker et al., 2011). As S6K1 

overexpression is associated with poor survival in ER+ breast cancer patients, the interaction 

between S6K1 and ERα is suggested to be crucial for breast cancer development (Becker et al., 

2011).   

ERα signaling activity also impacts processes such as drug resistance, migration, and apoptosis 

prevention (Manavathi et al., 2013). Integrin-linked kinase (ILK) binds to ERα and regulates breast 

cancer cell migration through the PI3K pathway and the inhibition of PI3K reduces ILK-mediated 
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cell migration regulation by ERα (Acconcia et al., 2006). Additionally, it was found that 

Tamoxifen, an ERα antagonist, could act as an agonist in ERα’s role in the deacetylation of tubulin, 

implying the role of ERα in drug resistance (Acconcia et al., 2006). More recently, ERα was found 

to interact with histone deacetylase 6 (HDAC6) to deacetylate tubulin, resulting in enhanced cell 

migration and growth in ER+ breast cancer cells (Azuma et al., 2009). Estrogen stimulation and 

ERα has also been shown to block apoptosis in breast cancer cells through the phosphorylation 

and inactivation of BAD, a proapoptotic protein, through the Ras/PI3K/AKT pathway (Fernando 

and Wimalasena, 2004). The study showed that hydrogen peroxide or serum withdrawal induced 

cell death was abrogated by the action of estrogen and ERα through the PI3K/AKT pathway 

(Fernando and Wimalasena, 2004).  

In addition to its interactions with intermediaries in growth factor signaling cascades, G-protein-

coupled ER (GPER1) acts as an alternative estrogen receptor and mediates a rapid non-genomic 

response (Hsu et al., 2019). GPER1 is a transmembrane receptor with a structure that is different 

from the nuclear ER receptors (Hsu et al., 2019). GPER, upon stimulation with estrogen, has been 

shown to mediate activation of the EGFR signaling pathway, resulting in the upregulation of 

HIF1α (Hypoxia Inducible Factor 1α) (De Francesco et al., 2014). Additionally, estrogen mediated 

GPER activation resulted in the inactivation of FOXO3a through PI3K and EGFR transactivation 

(Zekas and Prossnitz, 2015). The overall effect of the action of GPER is an increase in breast 

cancer cell survival as well as a greater propensity in these cells for drug resistance as traditional 

therapies such as Tamoxifen act as agonists of GPER rather than antagonists (De Francesco et al., 

2014; Zekas and Prossnitz, 2015). However, contrasting results have been found wherein GPER1 

expression correlates with increased disease-free survival of ER+ breast cancer patients and 

activation of GPER1 reduces cell proliferation in ER+ breast cancer cells (Ariazi et al., 2010; 

Broselid et al., 2013). The contradicting results indicate a context dependent function for GPER 

in ER+ breast cancer.  

Overall, the induction of the ER by estrogen in breast cancer cells results in the increased cell 

survival, growth, and migration mainly through growth factor signaling mechanisms, either 

through ER interaction with intermediaries such as PI3K, AKT, Src, ERK1/2 or through direct 

interaction between GPER and EGFR, resulting in activation of the growth factor receptor itself. 
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1.1.2.3 Genomic role of ERα in ER+ breast cancer 

Known as the classical mechanism of ER signaling, direct genomic signaling involves the action 

of ERα as a transcription factor induced by its ligand estrogen (Fuentes and Silveyra, 2019). 

Estrogen binding to the ER causes a conformational change in the receptor, allowing for its 

dimerization and subsequent translocation to the nucleus where it recognizes and binds to ERE 

sequences of target genes (Le Dily and Beato, 2018). A landmark genome-wide screening in 2004 

identified 70,000 EREs in the human genome, using HeLa cells (Bourdeau et al., 2004). A more 

recent analysis used gene expression data from the Gene Expression Omnibus database and 

discovered that, in ER+ breast cancer cells, ERα positively regulated approximately 160 genes and 

negatively regulated 70 genes (Cheng et al., 2020). Overall, genes regulated positively by ER were 

associated with reduction in apoptosis and an activation of G-protein coupled receptor signaling 

pathways (Cheng et al., 2020). These genes include, for example, progesterone receptor (PGR) 

and Growth receptor estrogen binding-1 (GREB1) (Cheng et al., 2020). PGR is itself 

overexpressed in luminal A breast cancers and is a key regulator of tumourigenesis as they bind to 

progesterone response elements and regulate gene expression (Daniel et al., 2011). GREB1 was 

found to be a crucial regulator of breast cancer cell growth in ER+ breast cancer cell line MCF7  

when they were induced with estrogen (Sun et al., 2007).  

In addition to directly interacting with ERE sites to induce gene expression, ERα also performs its 

genomic function indirectly by binding to transcription factors or proteins which themselves have 

direct interactions with promoter sites (Fuentes and Silveyra, 2019). For example, ERα has 

functional interactions with AP-1 and Sp-1 in an ERE independent manner by regulating genes 

such as cyclin D1, leading to cell cycle progression and estrogen-stimulated breast cancer cell 

proliferation (Yaşar et al., 2016). This interaction between unliganded ERα and these transcription 

factors is also a crucial mechanism for anti-ER therapy resistance (Fuentes and Silveyra, 2019).     

In concordance with its relationship with IGFR, ER was also found to associate with nuclear-

localized IRS1 (Insulin Receptor Substrate 1), a docking protein of IGFR, at ERE sites to d rive 

transcription of the gene pS2 (Morelli et al., 2004). In fact, another study has suggested that IRS1 

may be a coactivator of unliganded ER, a mechanism that bypasses anti-ER therapies in breast 

cancer (Sisci et al., 2007).  
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1.1.2.4 Luminal A breast cancer cell lines: MCF7 and T47D   

The MCF7 cell line was isolated in 1970 from the pleural effusion of an ER-positive breast tumour, 

from the patient Helen Marion, by Soule and colleagues at the Michigan Cancer Foundation after 

which it is named (Lee et al., 2015). Historically, the MCF7 cell line has been widely used to study 

the overexpression of ER as it mimics clinical ER-positive breast tumours (Lee et al., 2015). Its 

successful use in breast cancer research is reflected by over 25,000 publications using the cell line, 

a figure only eclipsed by the 80,000 reports attributed to the HeLa cell line (Lee et al., 2015).  

The T47D cell line is another representative of the ER-positive breast cancer cell line category. 

The cell line was established in 1979, by Keydar and colleagues, from the pleural effusion of an 

ER-positive breast cancer patient (Keydar et al., 1979). As T47D cells share molecular and 

phenotypic characteristics with MCF7 cells, they have also been widely used for breast cancer 

research (Dai et al., 2015). In fact, the two cell lines are often used interchangeably for in vitro 

research (Dai et al., 2015). While both 2D gel imaging and RTPCR analyses have shown 

considerable similarities between the two cell lines, proteomics analyses have shown at least 164 

differentially expressed proteins between MCF7 and T47D cells (Aka and Lin, 2012). These 

include interleukin-10, which is more strongly expressed in MCF7 cells and prohibitin, which has 

a higher expression in T47D cells (Aka and Lin, 2012).  

1.1.3 Treatment of luminal A breast tumours 

As outlined above, the importance of the estrogen receptor made it a primary target for therapy 

development. These therapies are often referred to as “endocrine therapy” since they target ER, a 

hormone receptor. Historically, endocrine therapy has been the most efficient method to treat ER+ 

breast cancer patients. They can be classified into two main subtypes based on their actions: 

steroidal and non-steroidal antiestrogen agents (Belachew and Sewasew, 2021). Steroidal anti-

estrogen agents are full antagonists of estrogen receptor activity while non-steroidal antiestrogens 

are partial agonists (Belachew and Sewasew, 2021). To reduce the severity of side effects, it is 

more desirable to use antiestrogens that also have partial agonist activity, thereby reducing the 

impact of estrogen receptor inhibition (Belachew and Sewasew, 2021). Tamoxifen, the most 

widely used antiestrogen agent, is an antagonist of ERα in breast tissue while acting as an agonist 

elsewhere in the body and is therefore recommended to premenopausal breast cancer patients 
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(Furman et al., 2019). Fulvestrant is an antagonist of ERα with no partial agonist activity, is 

associated with more severe side effects as a result and is therefore recommended to 

postmenopausal breast cancer patients (Boer, 2017). Finally, aromatase inhibitors are a class of 

drugs that target the synthesis of estrogen itself and, like Fulvestran t, are considered a harsher 

treatment (Augusto et al., 2018).  

1.1.3.1 Aromatase inhibitors 

The enzyme aromatase aromatizes the A-ring of androgens, the final step in the biosynthesis of 

estrogen from its precursor, testosterone (Ghosh et al., 2012). Once the active site of the enzyme 

was found, it allowed for the design and discovery of aromatase inhibitors (AIs) (Augusto et al., 

2018). By reducing the activity of aromatase, AIs reduce the amount of circulating estrogen in a 

patient, thereby lowering the activity of the estrogen receptor pathway (Augusto et al., 2018). As 

estrogen production is significantly higher in tumours than in surrounding non-cancerous tissue, 

AIs were found to be potent and efficacious in treating breast cancer, particularly in post -

menopausal women, who produce more estrogen than pre-menopausal women (Bhatnagar, 2007).  

Currently there are 3 main AIs that are used to treat estrogen receptor-positive breast tumours 

(Augusto et al., 2018). These modern, third-generation AIs have been designed to decrease 

estrogen levels, by inhibiting aromatse, without affecting the synthesis of other steroids 

(Bhatnagar, 2007). Letrozole inhibits aromatase by mimicking the substrate of the enzyme 

androstenedione, binding to the active site reversibly and thereby acting as a competitive 

antagonist and reducing estrogen production downstream (Bhatnagar, 2007). Anastrozole binds to 

the heme iron domain of the aromatase enzyme reversibly and inhibit the enzyme’s catalytic 

activity (Milani et al., 2009). By contrast, exemestane irreversibly binds to the aromatase active 

site through covalent bonding (Deeks and Scott, 2009). In a clinical setting, these AIs are being 

used in post-surgery treatment regimens for postmenopausal breast cancer patients (Augusto et al., 

2018). However, more recently, they have been considered for the treatment of premenopausal 

women (Augusto et al., 2018).     

Though AIs are potent and efficacious, clinical trials have shown that they can cause greater side 

effects when compared to Tamoxifen therapy (Augusto et al., 2018). For example, increased 

musculoskeletal, cardiovascular and sexual dysfunctions are associated with AI use vs Tamoxifen 
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therapy (Augusto et al., 2018). Indeed, reduction in bone density and increase in fractures is a 

major consideration when comparing AIs to Tamoxifen therapy (Augusto et al., 2018). This may 

be a consequence of the antagonistic effects of AIs vs the partial agonist, partial antagonistic effects 

of Tamoxifen.  

1.1.3.2 Selective Estrogen Receptor Down-regulator (Fulvestrant) 

Fulvestrant, first discovered in 1989 as a potent antiestrogen, was approved by the FDA for the 

treatment of Tamoxifen-resistant breast cancer in 2002 (Boer, 2017). To this day, Fulvestrant is 

primarily used as a secondary therapy when patients have relapsed after 5 or more years of 

Tamoxifen treatments (Boer, 2017).  

The drug exerts its effect by competitively binding to the ER, preventing estrogen binding and 

impairing ER activity (Nathan and Schmid, 2017). Once bound to the ER, Fulvestrant impairs ER 

dimerization, immobilizes the receptor in the nuclear matrix and targets it for proteasomal 

degradation (Boer, 2017; Long and Nephew, 2006). Interestingly, the Fulvestrant-ER complex 

interacts with these nuclear matrix proteins (CK8 and CK18) through helix 12 of the receptor, 

thereby immobilizing the complex and preventing ER from identifying EREs and regulating gene 

transcription downstream (Long and Nephew, 2006).  This interaction was also found to be 

essential in driving the ubiquitin-mediated targeting of the receptor for proteasomal degradation 

(Long and Nephew, 2006; Yeh et al., 2013). The depletion of the ER ensures that the receptor is 

unresponsive to estrogen, reducing the ability of the ligand to stimulate the ER pathway and 

therefore breast cancer progression overall (Boer, 2017). Importantly, Fulvestrant is a complete 

ER antagonist in all tissues as it consistently reduces both ER and PR levels in the tumour as well 

as the whole body (Boer, 2017). Due to its wide ranging effects, Fulvestrant is often only 

recommended to post-menopausal women with recurring, tamoxifen-resistant breast cancer (Boer, 

2017). 

Clinical trials have explored the possibility of using Fulvestrant as a single-agent therapy in post-

menopausal women who had not been given antiestrogens of any kind previously  (Robertson et 

al., 2016). Fulvestrant showed superior efficacy in this context when compared to anastrozole 

(Robertson et al., 2016). Therefore, in the future, Fulvestrant may be considered a first-line therapy 

in postmenopausal women with ER+ breast cancer. Currently, clinical trials are investigating the 
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possibility of using Fulvestrant in combination with CDK4/6 inhibitors or mTOR inhibitors or 

growth factor receptor inhibitors (Boer, 2017). 

1.1.3.3 Selective Estrogen Receptor Modulator: Tamoxifen 

Tamoxifen is currently one of the most widely used and best selling breast cancer drugs (Quirke, 

2017). Initially, Tamozifen was synthesized in 1962 as a contraceptive before development of the 

drug was switched to focus more on its ability to treat breast cancer (Quirke, 2017). Eventually, in 

1977, Tamoxifen was approved by the FDA for the treatment of advanced breast cancer (Quirke, 

2017). Over time, Tamoxifen also became vital to the prevention of breast cancer recurrence in 

premenopausal patients after 5 years of treatment (Jordan, 2006). Currently, Tamoxifen is a first-

line therapy against ER+ breast cancer before surgery and is used to prevent recurrence of ER+ 

breast cancer after surgery (Quirke, 2017). 

 

Tamoxifen is a Selective Estrogen Receptor Modulator (SERM). It acts as an agonist in the uterus 

and bone but, importantly, acts as an antagonist in breast tissue (Chang, 2012). Tamoxifen 

competes with estrogen for binding to the ER as it has a greater affinity to the receptor than its 

ligand (Chang, 2012). Once it does bind to the receptor, it forces a conformational change that is 

similar to that caused by estrogen binding differing only in the repositioning of helix 12, which 

causes the occlusion of the ER coactivator interaction site (Shiau et al., 1998). This effectively 

prevents the formation of the AF2-ER complex which traditionally drives gene transcription 

(Chang, 2012). The conformation induced by Tamoxifen binding to ER also reduces the rate of 

ER dimerization (Powell and Xu, 2008). Therefore, Tamoxifen not only competitively reduces 

estrogen binding to ER but also prevents ER from performing its gene expression regulation 

activity (Chang, 2012).  

 

Functionally, Tamoxifen binding to ER results in a reduction in the proliferation rate of ER+ breast 

cancer cells as well as a reduction in tumour volume through the inhibition of estrogen-ER 

dependent growth proliferation regulation (Asghar Butt et al., 2015; Jiagge et al., 2016). In 

addition, Tamoxifen has been found to increase oxidative stress in these cells (Jiagge et al., 2016). 

Tamoxifen has been shown to have both cytotoxic and cytostatic effects on breast cancer cells. 

The cytostatic effects of Tamoxifen have been shown to be associated with its effect on IGF1R 
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signaling (Guvakova and Surmacz, 1997). As discussed previously, ER signaling is directly 

associated with that of IGF1R and when ER is inhibited by Tamoxifen, therefore, IGF1R signaling 

is inhibited (Guvakova and Surmacz, 1997). Additionally, Tamoxifen treatment has been shown 

to reduce the number of cells that moved to S phase during division, thereby trapping them in G2 

phase and perhaps inducing pro-apoptotic signals in these cells (Pérez-Tenorio et al., 2006). 

Several studies have shown that tamoxifen treatment promotes apoptosis in breast cancer cells 

through an increase in reactive oxygen species (ROS) and upregulation of proapoptotic pathway 

genes (Moriai et al., 2009; Rouhimoghadam et al., 2018). One of these investigations revealed as 

many as 4710 unique genes were altered in terms of their expression when ER+ MCF7 breast 

cancer cells were treated with Tamoxifen (Rouhimoghadam et al., 2018). These changes included 

the differential expression of genes in the pro-apoptotic TP53 signaling pathway including 

intermediaries such as Bak and PUMA (Rouhimoghadam et al., 2018). In fact when the anti-

apoptotic protein surviving was overexpressed in MCF7 cells treated with tamoxifen, it abrogated 

the growth inhibitory effects of the drug, implying that Tamoxifen has a significant role in inducing 

apoptosis in ER+ breast cancer cells (Moriai et al., 2009). Additionally, treatment with Tamoxifen 

has been shown to reduce breast cancer cell migration and invasion (Li et al., 2017).  

 

Clinically, treatment with tamoxifen has been shown to reduce tumour volume as well as 

angiogenesis in patients treated with the drug (Marson et al., 2001). Due to the role of ER in 

promoting angiogenesis through the regulation of VEGF (Vascular Endothelial Growth Factor, 

involved in angiogenesis) gene expression, Tamoxifen inhibition of the pathway results in reduced 

angiogenesis and contributes greatly to reduction in tumour volume (Marson et al., 2001). In 

addition, Tamoxifen reduces the expression of genes involved in cell cycle and proliferation which 

are regulated by the estrogen receptor in vivo (Davies et al., 2011).  

 

Tamoxifen is prescribed to premenopausal women because, while it is a competitive antagonist in 

breast tissue, it acts as an agonist in other tissue such as the endometrium where it known to 

promote endometrial cancer (Rani et al., 2019). After the initial 5-year period of treatment with 

Tamoxifen, it has been observed that 30% of women relapse within 15 years (Rani et al., 2019). 

These relapses account for 25% of breast cancer cases overall (Rani et al., 2019). Due to the 
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incidence of Tamoxifen resistance (TamR), a better understanding of the molecular mechanisms 

behind the process will lead to more effective strategies that will help tackle resistant cancers as 

well as prevent their formation in the first place.  

 

1.1.4 Drug resistance in luminal A breast cancer 

Despite the development and use of AIs, Fulvestrant and Tamoxifen, as described above, breast 

tumours do develop resistances and the resultant relapses are major causes for concern. Clinically, 

endocrine resistance refers to the recurrence of cancer within 2 years after post-surgery endocrine 

treatment in early breast cancer cases or continued disease progression during the first 6 months 

of endocrine therapy in advanced breast cancer cases (Hartkopf et al., 2020). A small subset of 

patients do not respond to initial anti-estrogen drugs despite their tumours expressing ER, a 

phenomenon called de novo resistance (Hartkopf et al., 2020). While resistance against one anti-

estrogen agent may be overcome by using another, development of secondary resistances has also 

been observed (Hartkopf et al., 2020). For example, letrozole or fulvestrant alone have been shown 

to be effective in treating tamoxifen-resistant patients but these patients do develop resistances 

against letrozole or fulvestrant eventually (Hartkopf et al., 2020).  

1.1.4.1 Mechanisms of Acquired Endocrine Resistance 

The status of estrogen receptor expression, mutations in the ER gene ESR1 and growth receptor 

crosstalk contribute significantly to the development and maintenance of endocrine resistance 

(Rani et al., 2019). For example, receptor tyrosine kinases (RTKs) such as IGF1R have all been 

well characterized for their roles in endocrine drug resistance and ongoing clinical trials are 

investigating the possibility of combining endocrine agents with anti-RTK drugs (Hartkopf  et al., 

2020). The following section will broadly cover the mechanisms of endocrine resistance with a 

focus on IGF1R signaling as the pathway was found to be significantly involved in the subject of 

the project, BRK-driven Tamoxifen resistance.  

1.1.4.1.1 Mutation of ER or Loss of Expression of ER 

Reduction in ER expression contributes to acquired resistance to endocrine therapies, particularly 

Tamoxifen (Rani et al., 2019). However, 25% of tumours that become resistant to Tamoxifen are 
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responsive to either Fulvestrant or an AI and 20% of Tamoxifen resistant tumours do not have a 

reduction in ER (Gutierrez et al., 2005; Johnston et al., 1995). In the Tamoxifen resistant tumours 

that lack ER, however, the loss of the primary target of endocrine therapy is the primary driving 

factor behind the development of resistance.  

In the population of breast cancers that display reduced or non-existent ER gene expression, it was 

found that there was a increase in CpG site methylation which may have contributed to the 

reduction in ER expression (Ottaviano et al., 1994). An investigation in 2001 suggested that the 

histone deacetylation at the site of ER transcription may cause the loss of expression of the receptor 

in breast cancers, as the inhibition of the deacetylase HDAC induced ER transcription in BC cell 

lines (Yang et al., 2001). Interestingly, it was found that ER-negative breast cancer cells, which 

would normally be resistant to endocrine therapy, became responsive to Tamoxifen when they 

were treated with histone deacetylase inhibitor (HDACi) and DNA methylase-1 (DNMT1) 

inhibitors (Fan et al., 2008). Thus, the loss of ER expression through DNA methylation and histone 

deacetylation in ER+ breast cancer cells contributes to endocrine resistance and HDAC inhibition 

might be a viable method to prevent this (Rani et al., 2019). In fact a phase II clinical trial, 

conducted in 2011 tested the effectiveness of a combination of the HDAC inhibitor vorinostat and 

tamoxifen in the treatment of tamoxifen resistant breast cancer cases (Munster et al., 2011). They 

found a clinical benefit rate of 40% with an objective response rate of 19% in 43 patients (Munster 

et al., 2011).  

Mutations in the ESR1 gene, which encodes ER have been observed in at least 1/3 rd of breast 

carcinoma, according to a study by Fuqua and colleagues (Fuqua et al., 2000). In ER+ breast cancer 

patients treated with tamoxifen, mutations were observed in the ligand  binding domain of the 

receptor and caused the constitutive activation of ER, which itself is a well-known method of 

acquired resistance (ligand independent activation of ER signaling) (Jeselsohn et al., 2014). 

Another study found mutations such as Y537S, Y537N and D538G in the ligand binding domain 

which changed the conformation of the receptor such that the binding of tamoxifen to ER would 

result in the agonist conformation rather than the antagonist conformation described previously 

(Toy et al., 2013). Overall, these mutations result in the aberrant activation of ER despite the 

presence of Tamoxifen or AIs as shown by a study that showed the D538G mutation in ER leads 
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to enhanced proliferation and resistance to tamoxifen (Merenbakh-Lamin et al., 2013). These 

studies and others have put a spotlight on monitoring ESR1 mutations and using them as 

biomarkers for endocrine resistance in ER+ breast cancer patients (Takeshita et al., 2016). These 

studies demonstrate that ER mutations, while relatively rare, can be used as markers to predict 

endocrine resistance or response to endocrine therapy (Rani et al., 2019). 

1.1.4.1.2 Receptor Tyrosine Kinase Signaling Pathways 

Receptor tyrosine kinases (RTKs) are a family of membrane receptors that, upon binding to their 

respective ligands, induce a signaling cascade that results in the induction of gene transcription, 

proliferation, migration and invasion (Rani et al., 2019). Of these RTKs, the most prominently 

characterized in breast cancer have been the Epidermal Growth Factor Receptors (EGFR), which 

include HER2 and Insulin-like growth factor-1 receptor (IGF1R) (Rani et al., 2019). An overall 

upregulation of RTKs is a sign of a poor prognosis and is observed widely in breast cancers 

(Templeton et al., 2014). The major signaling pathways that are utilized by these RTKs to 

transduce their signal are the Mitogen Activated Protein Kinase (MAPK) pathway, the JAK/STAT 

pathway and the PI3K/AKT pathway (Rani et al., 2019).  

The EGFR family of receptors include HER1, HER2, HER3 and HER4 and are also known as the 

ErbB family of growth factor receptors. HER2 overexpression occurs in 20-30% of breast cancer 

cases including ER+ BC cases (Pernas and Tolaney, 2019).  

The G-protein coupled Estrogen Receptor (GPER), when stimulated by estrogen, is the primary 

conduit for the crosstalk between the ER pathway and EGFR signaling (Revankar et al., 2005). 

Estrogen binding to membrane-bound GPER leads to increased phosphorylation of MAPK in 

breast cancer cells that express the receptor while MAPK phosphorylation remains unchanged in 

cells that do not express GPER (Filardo et al., 2000). Additionally, it has been shown that growth 

factor signaling (primarily HER2 expression) is upregulated not only in ER+ breast cancer cell 

lines but also in patients treated with tamoxifen (Gutierrez et al., 2005). When MCF7 cells 

overexpressing HER2 were treated with tamoxifen, it was found that their growth was stimulated 

rather than inhibited, implying that in HER2-expressing ER+ breast cancer cells Tamoxifen acts 

as an agonist rather than an antagonist (Shou et al., 2004). More recently, an examination of 
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tamoxifen resistant tumours revealed that activating HER2 mutations were responsible for the 

development of therapy resistance in these patients (Nayar et al., 2019).  

EGFR (HER1) has also shown to contribute to tamoxifen resistance. A recent article showed that 

tamoxifen treatment in ER+ breast cancer cells results in the upregulation of EREG, an EGFR 

activator protein, which subsequently increases EGFR activity in these cells despite tamoxifen 

treatment (He et al., 2019). Another study showed that both EGFR and HER2 are upregulated in 

MCF7-xenografts that tamoxifen-resistant but not in those that were sensitive to the drug 

(Massarweh et al., 2008). They also showed that this increase in EGFR/HER2 was accompanied 

by heightened MAPK phosphorylation downstream (Massarweh et al., 2008). MCF7 cells 

expressing EGFR were resistant to the growth inhibitory effects of Tamoxifen and this effect of 

EGFR was driven primarily by PI3K/Akt signaling (Moerkens et al., 2014). 

In tumours that overexpressed HER2 and were tamoxifen resistant, the gene expression of ER-

inducible targets was reduced while those representing the targets of HER2 signaling were 

overexpressed, implying that these tumours switched from traditional ER signaling to HER2 

signaling as they developed resistance to Tamoxifen (Creighton et al., 2008). The importance of 

this switch between ER to HER2/EGFR signaling has been investigated. A dual EGFR/HER2 

inhibitor Lapatinib was found to restore Tamoxifen sensitivity in otherwise Tamoxifen -resistant 

HER2+ breast cancer cell lines (Leary et al., 2010). A recent phase II clinical trial studied the 

combinatorial treatment of lapatinib and tamoxifen in patients with breast cancer who did not 

respond to Tamoxifen previously (Gartner, 2017). Another phase II trial investigated the use of 

EGFR inhibitor Gefitinib in combination with Tamoxifen in patients with ER+ metastatic breast 

cancer, leading to improved progression-free survival vs placebo (Osborne et al., 2011).  

1.1.4.1.3 IGF1R and Insulin Receptor Signaling in Tamoxifen resistance  

Both insulin and insulin-like growth factor (IGF) act through their respective receptors to regulate 

biological processes such as apoptosis, cell growth and differentiation (Rani et al., 2019). The 

Insulin Receptor (IR) and the Insulin-like Growth Factor-1 Receptor (IGF1R) have a high degree 

of homology and therefore share a vast majority of downstream signaling, particularly through 

PI3K/AKT and Ras/MAPK signaling (Nagao et al., 2021). While both insulin and IGF can bind 
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act as ligands to IGF1R and IR respectively, this ligand-receptor interaction has lower aff inity 

(Nagao et al., 2021). When phosphorylated, hence activated, IGF1R and IR is associated with poor 

survival outcomes in patients with ER+ breast cancer (Law et al., 2008). Both receptors are also 

frequently overexpressed in all breast cancers, including ER+ breast tumours (Rostoker et al., 

2015).  

There are several pieces of evidence showing that IGF1R pathway dysregulation is involved in 

tamoxifen resistance and endocrine resistance overall (Rani et al., 2019). A recent siRNA screen 

identified key regulators associated with IGF1R-mediated tamoxifen resistance, including proteins 

involved in MAPK signaling including the p21-activated kinase 2 (PAK2) which was identified 

as the strongest inducer of Tamoxifen resistance (Zhang et al., 2018). IGFBP-1, an IGF1 binding 

protein which regulates the availability of the factor, was found to promote Tamoxifen resistance 

in ER+ breast cancer cells through IGF1R and ERK pathway activation (Zheng et al., 2020).  

Interestingly, however, the inhibition of IGF1R in Tamoxifen resistant MCF7 and T47D cells did 

not restore sensitivity to the drug in these cell lines (Fagan et al., 2012). Fagan and colleagues 

found that while IGF1R inhibition did affect AKT phosphorylation in Tamoxifen sensitive cells, 

it had no affect on AKT phosphorylation in Tamoxif en resistant cells (Fagan et al., 2012). 

However, a dual IR/IGF1R inhibitor reduced AKT phosphorylation in both Tamoxifen sensitive 

and resistant cell lines, implying that crosstalk between the two receptors may be responsible for 

ineffectiveness of the IGF1R inhibitor alone (Fagan et al., 2012). Additionally, IGF1R inhibition 

was found to reduce the sensitivity of ER+ breast cancer cells to tamoxifen by reducing FoxO1 

expression (FoxO1 being a previously characterized inducer of Tamoxifen resistance) (Vaziri-

Gohar et al., 2017). Therefore, it appears that the loss of IGF1R rather than its overexpression is 

associated with reduced tamoxifen efficacy (Vaziri-Gohar et al., 2017). This may be due to the 

dependence of IGF1R expression on ER functioning, as described previously (Rani et al., 2019). 

Reduction in IGF1R levels were observed in Tamoxifen resistant breast cancer cells though a 

similar reduction in IR levels was not observed (Fagan et al., 2012). In fact, patients with 

Tamoxifen-resistant tumours and high levels of IGF1 and ER expression took a longer time to 

develop resistance, further bolstering the theory that IGF1/IGF1R enhance tamoxifen sensitivity 

rather than resistance (Rani et al., 2019). Taken together, these studies indicate that a crosstalk 
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between both IGF1R and IR is responsible for driving tamoxifen resistance and inhibition of IR 

may be necessary to tackle Tamoxifen resistance, especially given the lack of effectiveness of 

IGF1R inhibition in clinical trials investigating Tamoxifen resistance (Fagan et al., 2012; Rani et 

al., 2019). However, concerns over severe metabolic side effects associated with IR inhibition 

have slowed development of anti-IR inhibitors (Rostoker et al., 2015). 

In addition to dysregulation of RTKs such as EGFR, IGFR and IR, it is important to note the roles 

of signaling molecules downstream of these receptors in the development and maintenance of 

Tamoxifen resistance. In Tamoxifen resistant MCF7 cells, it was found that AKT and protein 

kinase B (PKB) phosphorylation was significantly higher than in their Tamoxifen sensitive 

counterparts, which may contribute to the relatively higher aggressiveness of Tamoxifen resistant 

tumours (Jordan et al., 2004). This phenomenon was reversed when these cells were treated with 

a PI3K inhibitor which reduced AKT phosphorylation (Jordan et al., 2004). By extension the 

PI3K/AKT/mTOR signaling pathway was implicated in the development of Tamoxifen resistance 

(Kirkegaard et al., 2005). In patient carcinoma that were previously treated with Tamoxifen, high 

pAKT expression was observed and predicted reduced overall survival outcomes in these cases 

(Kirkegaard et al., 2005). The data implied that these markers were indicative of poor therapeutic 

response, high relapse possibility and increased risk of death (Kirkegaard et al., 2005).  

1.2 Breast Tumour Kinase (BRK) 

Breast Tumour Kinase or BRK (also known as PTK6) is a non-receptor tyrosine kinase that is 

highly expressed in breast cancer tissue while being lowly expressed or non-existent in normal 

mammary gland (Aubele et al., 2008). BRK is a member of a family of non-receptor tyrosine 

kinases referred to as BRK family kinases (BFKs), along with FRK (Fyn-related Kinase) and 

SRMS (src-related kinase lacking C-terminal regulatory tyrosine and N-terminal myristylation 

sites). As non-receptor tyrosine kinases, BFKs show similarities with the Src family kinases in 

terms of their domain structure (Goel and Lukong, 2015).  

As implied by its high expression in breast carcinoma, BRK has an important role in breast cancer 

progression, and it represents a valid target of investigation. Additionally, BRK has been shown 

to be an oncogene, as it activates other oncoproteins, resulting in an increase in cell proliferation, 
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migration, invasion, and metastasis (Ang et al., 2021). As previous clinical trials targeting RTKs 

and other non-receptor tyrosine kinases have not yielded significant benefits in combating 

Tamoxifen resistance, BRK presents itself as a target of therapeutic significance (Ang et al., 2021). 

1.2.1 Discovery, structure, and biochemical activity 

In 1994, the cDNA coding for BRK was cloned from a sample of metastatic breast tumour tissue 

and from T47D and MCF7 cell lines (Mitchell et al., 1994). At the time Mitchell and colleagues 

discovered that BRK was capable of  autophosphorylation on its tyrosine residues and that it was 

not expressed in normal breast tissue (Mitchell et al., 1994). Later, PTK6, the gene that encodes 

for BRK, was located on chromosome 20q13.3 in humans and shares conserved sequences with 

Src between exons 1/2 and exons 7/8 (Haeyul et al., 1998; Park et al., 1997).  

The protein product of the PTK6 gene, BRK, is a 451-amino acid kinase containing 3 important 

domains: a Src homology 3 (SH3) domain, a SH2 domain and a tyrosine kinase (SH1) domain 

(Ang et al., 2021). The SH3 domain recognizes and binds to proline-rich peptides on target 

substrates, for example, peptides with a canonical PXXP-type motif have been recognized by the 

kinase (Zheng et al., 2010). The SH2 domain regulates substrate binding and phosphorylation as 

mutations in this domain have been shown to affect BRK binding to and phosphorylation of its 

target STAP2 (Mitchell et al., 2000). The kinase domain is the region of BRK that catalyzes the 

phosphorylation of BRK substrates on specific tyrosine residues (Goel and Lukong, 2015).  

Studies have shown that autophosphorylation of BRK at its Y342 residue (located in the kinase 

domain) increased its phosphorylation activity while the phosphorylation of the Y447 residue 

(located in the C-terminal tail) caused the inhibition of the kinase (Qiu and Miller, 2002). This 

implied that the activation and inhibition of BRK functioned in a manner similar to c -Src (Goel 

and Lukong, 2015). Phosphorylation of BRK at Y447 results in the BRK-SH2 domain binding to 

the site, thereby favouring a close conformation and inhibiting activity (Goel and Lukong, 2015). 

Dephosphorylation at the Y447 site, by protein tyrosine phosphatases, releases SH2 binding, 

allowing for an open conformation and the subsequent autophosphorylation of Y342 an d the 

activation of BRK (Goel and Lukong, 2015). Mutation of the site from Y to F results in a 2.5 fold 

increase in BRK activity while a mutation at the Y342 site abrogated kinase activity (Qiu and 
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Miller, 2002). Other amino acid sites important to BRK functioning include K219 and W184.  

K219, located in the ATP-binding pocket of the kinase domain, is a residue required for ATP 

binding to BRK and is therefore vital to its enzymatic activity (Goel and Lukong, 2015). The W184 

residue, located in the linker region between the SH2 and kinase domains, stabilizes the active 

conformation of BRK as a W184A mutation reduces BRK autophosphorylation significantly (Kim 

and Lee, 2005). The activity of BRK, particularly the phosphorylation of Y342, appears to be 

regulated by Protein Tyrosine Phosphatase 1B (PTP1B) (Fan et al., 2013). PTP1B inactivates BRK 

by directly interacting with and dephosphorylating the Y342 activation site (Fan et al., 2015).  

1.2.2 BRK Substrates and Binding Partners 

BRK binds to and phosphorylates a variety of proteins by localizing to the nucleus, cytoplasm and 

cell membrane (Goel and Lukong, 2015). Lukong and colleagues showed that BRK 

phosphorylates Sam68, an RNA-binding protein, at the Y440 residue resulting in the nuclear 

localization of Sam68 and inhibiting its RNA-binding activity and tumour suppressor function 

(Lukong et al., 2005). BRK also phosphorylates paxillin phosphorylation at Y31 and Y118, 

resulting in cell migration in an EGF-dependent mechanism involving Rac1 activation (Chen et 

al., 2004). BRK was found to interact with both STAP2 (signal transducing adaptor protein-2) and 

STAT3 (signal transducer and activator of transcription-3) to drive cell proliferation (Ikeda et al., 

2010). Interestingly, BRK also interacts with all 4 members of the ErbB receptor tyrosine kinase 

family and thereby plays a role in breast cancer progression through stimulation with growth 

factors (Goel and Lukong, 2015; Kamalati et al., 2000a; Kamalati et al., 1996). Additionally, BRK 

interacts with IGF-1R, another receptor tyrosine kinase, driving survival, and suppressing 

apoptosis (Irie et al., 2010). Downstream of IGF-1R and IR, BRK interacts with IRS4 (Insulin 

Receptor Substrate-4) as its binding with the adaptor protein is increased upon IGF1 stimulation 

in ER+ breast cancer cells (Qiu et al., 2005). In keeping with the theme of BRK and its role in 

growth factor receptor signaling, an association between BRK and AKT was found to suppress 

kinase activity of AKT through the phosphorylation of uncharacterized tyrosine residues (Zhang 

et al., 2005). By contrast, BRK can enhance AKT activity by phosphorylating Y315 and Y326 

residues, therein highlighting the cell-line and context specificity of BRK interaction with its 

substrates (Zheng et al., 2010). β-catenin, an important intermediary in the Wnt signaling pathway, 
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was characterized as a BRK substrate and its phosphorylation results in reduced β-catenin 

transcription (Palka-Hamblin et al., 2010). Presently, there are 35 known interactors of BRK with 

diverse biological effects including cell proliferation, migration, metastasis and differentiation in 

cancers in general but breast cancer in particular (Goel and Lukong, 2015). 

1.2.3 Cellular roles of BRK in Breast Cancer 

The increase in expression of BRK in breast carcinoma and its contrasting low expression in 

normal breast tissue has been well characterized by previous studies (Goel and Lukong, 2015). A 

recent publication showed that not only was BRK expression increased by up to 5 -fold in breast 

cancer tissue vs normal mammary tissue, its activity (phosphorylated Y342 levels) was 

significantly increased in tumour samples obtained from patients (Peng et al., 2014). Half of the 

patients presented with active BRK while 40% of patients exhibited the membrane-bound form of 

active BRK which is often associated with higher grade tumours and increased oncogenic activity 

(Peng et al., 2014). The cause for this overexpression has not been well characterized currently. A 

study by Aubele and colleagues attempted to find if BRK overexpression was a result of increased 

copy number (Aubele et al., 2009). In a dataset of 426 invasive breast tumours, BRK gene copy 

number was only increased in 45% of the same, therefore a clear link between BRK gene 

amplification and its protein overexpression was not found (Aubele et al., 2009). Therefore, it is 

reasonable to theorize that the increase in BRK levels may be a result of regulation at the mRNA 

and post-translational level (Goel and Lukong, 2015). However, recently, it was shown that BRK 

expression can be induced by Hypoxia-Inducible Factor 1α (HIF1α) in TNBC cell lines because 

of increased physiological cell stress (hypoxia) (Regan Anderson et al., 2016).  

This finding lends credence to theories that BRK is a stress response protein and can be induced 

during cancer development to combat the various stressors (including hypoxia) that cancer cells 

must withstand to proliferate. When activated in breast cancer cells, BRK regulates important 

cellular functions such as proliferation, evasion of cell death, invasion, migration, metastasis and 

cancer metabolism (Ang et al., 2021).  
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1.2.3.1 Cancer cell growth and avoidance of cell death 

The relationship between BRK and EGFR has been well characterized previously and was one of 

the first examples of the growth-promoting effects of BRK activity in breast cancer cells (Kamalati 

et al., 1996). When these cells were stimulated with EGF, BRK active site phosphorylation was 

increased and BRK, in turn, directly phosphorylated the Y845 site on EGFR’s kinase domain 

(Chen et al., 2004). This residue, when phosphorylated, prevents the ubiquitination and turnover 

of EGFR, allowing for continual stimulation of the pathway (Li et al., 2012). Overall, the effect of 

this interaction is the increased proliferation of luminal A breast cancer cells (Kamalati et al., 

2000b). It is possible that the BRK-EGFR interaction is an important factor in the low success rate 

of anti-EGFR therapies in breast cancer (Ang et al., 2021).  

BRK interacts with HER2, another member of the EGFR family, resulting in a HER2 induced 

activation of Ras/MAPK signaling and cyclin E activity downstream which results in increased 

cell proliferation in breast cancer cells overexpressing HER2 (Xiang et al., 2008). The 

simultaneous knockdown of BRK and HER2 in HER2+ breast cancer cells not only decreased the 

phosphorylation of MAPK1/3, but it also reduced the growth of HER2+ tumours in vivo (Ludyga 

et al., 2013). Heregulin, a HER3 and HER4 ligand was also found to activate BRK which then 

activates ERK5 (Extracelluar signal Regulated Kinase 5) and p38 MAPK in ER+ breast cancer 

cells (Ostrander et al., 2007). Additionally, overexpression of BRK sustained ERK1/2 activation, 

increased Ras/MAPK signaling and induced cell growth downstream (Xiang et al., 2008). In vivo 

studies highlighted that BRK expression in tumours increased cell survival and delayed mammary 

gland involution (Lofgren et al., 2011). 

IGF-1, the ligand of the IGF1R receptor, can induce the phosphorylation of BRK at its tyrosine 

residues (Qiu et al., 2005). This event appears to occur through the direct interaction between 

IGF1R and BRK wherein BRK modulates IGF1R phosphorylation and vice versa, in breast cancer 

cells (Irie et al., 2010). This interaction between the two kinases promoted anchorage independent 

cell survival as well (Irie et al., 2010). This function of BRK, through IGF1R, is mediated by the 

phosphorylation of ERK and AKT downstream of IGF1R and was found to trigger anti-apoptotic 

signals (such as Bim) and prevent cell death in anchorage independent conditions (Irie et al., 2010).  
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A recent study by Lange and colleagues found that the ectopic expression of BRK alone was able 

to promote cell survival in TNBC cells (Regan Anderson et al., 2016). In their study, it was found 

that BRK was a regulatory target of a complex between GR (glucocorticoid receptor) and HIF1α 

when these breast cancer cells were under cellular stress (Regan Anderson et al., 2016). 

Interestingly BRK expression was not only sufficient to promote cell survival in these cells, but it 

was also carrying out this function independently of the GR- HIF1α complex, possibly through the 

activity of p38 MAPK as described previously (Regan Anderson et al., 2016). This study 

effectively showed that BRK was capable of regulating cell survival on its own.  

Another well characterized BRK function in breast cancer has been its interaction with members 

of the STAT family. Namely, BRK interacts with STAT3 through the adaptor protein STAP2 

thereby phosphorylating STAT3 on its Y705 residue in ER+ breast cancer cells (Ikeda et al., 2010; 

Liu et al., 2006). BRK knockdown in these cells resulted in a reduction of cell proliferation by 

reducing STAT3 phosphorylation and transcription activity downstream (Liu et al., 2006). 

STAT5b was also found to interact with BRK in HER2+ breast cancer cells as it phosphorylates 

STAT5b at Y699 and activates the transcription factor (Weaver and Silva, 2007). Knocking down 

BRK or STAT5b reduced DNA synthesis and growth in these cells (Weaver and Silva, 2007). 

Phosphorylation and inactivation of tumour suppressor protein Rb (retinoblastoma protein) results 

cells entering the S phase of the cell cycle (Ang et al., 2021). BRK overexpression was found to 

promote cell proliferation through the activation of the cyclin E-CDK2 complex which 

phosphorylates and inactivates Rb, allowing for cell cycle progression (Xiang et al., 2008). When 

BRK is knocked down, therefore, there is a reduction in both cyclin E and cyclin D levels, implying 

BRK affects the cell cycle (Ludyga et al., 2011).  

1.2.3.2 Invasion, Metastasis and Angiogenesis 

An important hallmark of cancer malignancy as the disease progresses is the ability of tumour cells 

to detach and invade surrounding tissue, referred to as metastasis (Hanahan and Weinberg, 2011). 

As these tumours develop, they require blood supply and thus the f ormation of blood vessels 

becomes paramount to providing nutrients and oxygen (Hanahan and Weinberg, 2011). BRK has 

been implicated in both processes.  
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In the study by Chen and colleagues, EGF-induction of breast cancer cells resulted in increased 

cell migration through BRK-mediated activation of paxillin and Rac1 (Chen et al., 2004). Paxillin 

is a focal adhesion protein that controls interactions between actin and the extracellular matrix 

(López-Colomé et al., 2017). BRK phosphorylates paxillin at Y31 and Y118, activating the protein 

to promote migratory and invasive characteristics in breast cancer cells (Ang et al., 2021). A follow 

up study showed that BRK phosphorylated p190RhoGAP at its Y1105 site , leading to RhoA 

inhibition and activation of the oncogene Ras which promotes migration and invasion in both ER+ 

and triple-negative breast cancer cell lines (Shen et al., 2008).  

Focal adhesion kinase (FAK) is a tyrosine kinase that plays a vital role in cell-cell communication 

and is frequently associated with increased cancer metastasis and invasion when its high 

expression is detected in breast tumours (Zhou et al., 2019). BRK has been characterized as a 

regulator of FAK as it phosphorylates the latter at its Y576/577 residues and BRK knockdown was 

found to reduce both the phosphorylation at the site and results in fewer metastases by inactivation 

of FAK (Peng et al., 2015). The same study identified breast cancer anti-estrogen resistance protein 

1 (BCAR) as another BRK target as BRK knockdown disrupted BCAR1 phosphorylation at its 

Y165 site, inhibiting it (Peng et al., 2015). Functionally, BRK knockdown resulted in reduced 

metastases in vivo in mice that were injected with HER2-positive breast cancer cells (Peng et al., 

2015). In a recent study, Miah and colleagues found that BRK phosphorylates SMAD4 and targets 

it for degradation, resulting in the inhibition of the tumour suppressor FRK downstream (Miah et 

al., 2019). As FRK is involved in suppressing epithelial to mesenchymal transitions (EMT), this 

resulted in an increase in EMT-specific transcription factors SNAIL and SLUG in breast cancer 

cells (Miah et al., 2019). Interestingly, in keeping with the theme of BRK’s role in stress response 

signaling, independent studies by Pires et al. and Regan Anderson and colleagues found that 

hypoxia induced BRK induction resulted in increased tumour metastasis in vivo (Pires et al., 2014; 

Regan Anderson et al., 2013). These results reiterate the point that BRK is a major factor in the 

induction of hypoxia-induced cancer processes.  

Osteopontin is a factor that induces vascular endothelial growth factor (VEGF)-dependent tumour 

progression and angiogenesis by activating BRK, nuclear factor-kappaB (NFkB) and activating 

transcription-4 (ATF-4) (Chakraborty et al., 2008). Analysis of clinical specimen revealed an 
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increase in angiogenesis when osteopontin triggered VEGF-directed pathways (Chakraborty et al., 

2008). HIF1α, a regulator of BRK expression and a regulatory partner, is also a well characterized 

regulator of VEGF-directed angiogenesis (Semenza, 2012).  

Overall, BRK plays multiple roles in signaling pathways involved in breast tumour progression. It 

appears to act as a linker between growth factor receptors and downstream effector proteins  by 

activating the relevant proteins. Additionally, its relationship with HIF1α implies a stress response 

element to BRK functioning which positions it as a gene that is activated when cells are exposed 

to stressors such as drug treatments. Therefore, the kinase presents itself as a possible therapeutic 

target for inhibition.  

1.2.3.3 BRK Activity in Breast Cancer and its Inhibition 

BRK displays increased activation in breast cancers compared to normal breast tissue, as 

characterized previously (Chakraborty et al., 2008; Liu et al., 2006; Qiu et al., 2005). In a couple 

of these reports, BRK was found to be more active in MCF10A and MCF7 breast cancer cells that 

were stimulated by EGF and IGF respectively (Kamalati et al., 1996; Qiu et al., 2005). The 

Hepatocyte Growth Factor (HGF) activates the Met receptor which in turn was found to increase 

BRK kinase activity in triple-negative and ER+ breast cancer cell lines (Castro and Lange, 2010). 

Osteopontin, as discussed previously, also induced BRK activation and angiogenesis of breast 

carcinoma (Chakraborty et al., 2008).  

It is well established that BRK activation is driven primarily by growth factor receptor activity in 

breast tumours, however the mechanisms driving the inactivation of BRK are not well known 

(Goel and Lukong, 2015). Gao and colleagues showed that suppressor of cytokine signaling 3 

(SOCS3) associated with the SH2 domain of BRK and targeting it for degradation through its 

inherent kinase inhibitory activity (Gao et al., 2012). In ovarian cancer models, PTP1B 

dephosphorylation of BRK at the Y342 active site but currently the same mechanism has not been 

identified in breast cancer cells (Fan et al., 2013).  

A couple of reports have attempted to investigate small molecule BRK inhibitors and their effects 

on BRK activity and its functioning as a promoter of cell growth (Jiang et al., 2017; Mahmoud et 

al., 2014). Mahmoud et al. determined that 4-anilino substituted α-carboline compounds were 
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potent inhibitors of BRK and that, of these compounds, a variant with a hydroxyl substitution was 

the most potent inhibitor of BRK (Mahmoud et al., 2014). The compound, named 4f in the report, 

was able to inhibit proliferation significantly in MCF7 breast cancer cells and was shown to be 

highly specific for BRK with no significant inhibition of similar non-receptor kinases such as 

AKT, JAK3 and Src (Mahmoud et al., 2014). In a follow up study, this inhibitor was found to 

induce cell death in non-adherent breast cancer cells, an effect similar to BRK knockdown and 

therefore implying the inhibition was effective (Oelze et al., 2015). The compound 4f is now 

available commercially as Tilfrinib (Tocris Cat. No. 5579). Another group, Jiang and colleagues, 

developed small molecule inhibitors against BRK activity (Jiang et al., 2017). Using a compound-

centric approach, they identified XMU-MP-2 as an effective BRK specific inhibitor (Jiang et al., 

2017). In both T47D and MCF7 cells, XMU-MP-2 inhibition of BRK reduced cell proliferation 

and tumour growth in vitro and in vivo respectively (Jiang et al., 2017). Overall, these findings 

display the possible therapeutic benefits of targeting BRK in breast cancer cells.   

1.2.4 BRK and Drug Resistance 

Recent studies have investigated the role of BRK in resistance against cancer therapies. In fact the 

overexpression of BRK was found to confer resistance towards radiotherapy in triple -negative 

breast cancer cells (Bourton et al., 2015). It was found that BRK performed this function by 

making these cells resistant to DNA damage, though the role of BRK in the DNA damage response 

pathway is still being explored currently (Ang et al., 2021). In mammary epithelial cells, BRK 

expression induced doxorubicin (chemotherapeutic) resistance (Lofgren et al., 2011). In a previous 

study that identified the co-amplification of BRK and HER2, it was found that BRK expression 

conferred resistance to the anti-HER2 therapy Lapatinib in HER2+ breast cancer cells (Xiang et 

al., 2008). A recent article reported that BRK was induced in TNBC cells that were exposed to 

Taxol or 5-fluorouracil (both chemotherapeutic agents) and the higher expression remained stable 

in Taxol-resistant MCF7 cells (Anderson et al., 2018). In fact, it was found that stress response 

factors such as the glucocorticoid receptor and the aryl hydrocarbon receptor (AhR) were found to 

form a complex with HIF1α and aid the induction of BRK (Anderson et al., 2018). A follow up to 

these results revealed that BRK in turn mediated AhR by associating with it through  its SH2-

domain and activating the receptor (Dwyer et al., 2020). By inhibiting AhR, Taxol-resistant cells 
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were resensitized to the drug (Dwyer et al., 2020). Cetuximab is an anti-EGFR antibody used to 

treat breast tumours overexpressing the receptor (Li et al., 2012). BRK knockdown in cetuximab 

resistant breast cancer cells was found to resensitize these cells to the drug by increasing the levels 

of EGFR that were being degraded (Li et al., 2012). 

In both Tamoxifen and Fulvestrant-resistant breast cancer cells, BRK inhibition induced p38-

directed induction in apoptosis (Ito et al., 2017). Indeed, tumour growth was abrogated in drug 

resistant MCF7 xenografts when BRK was knocked down (Ito et al., 2017). Jiang et al. also 

showed that the inhibition of BRK in Tamoxifen resistant MCF7 cells was successful in reducing 

their proliferation in the presence of Tamoxifen (Jiang et al., 2017).   

Taken together, these studies not only implicate BRK in breast cancer disease progression but also 

in drug resistance against breast cancer therapies including chemotherapeutics and targeted 

therapies.  

1.3 Phosphorylation and its Importance in Cancer  

Post-translational modifications of proteins are vital for driving various cellular functions such as 

gene expression, enzymatic activity, protein stability and degradation as well as protein -protein 

interactions (Singh et al., 2017). While there are more than 200 types of modifications, both 

reversible and irreversible, phosphorylation is perhaps the most well characterized PTM (Singh et 

al., 2017). 

Protein phosphorylation involves the attachment of a phosphate group (PO4) to polar side chains 

on amino acids causing a protein to change conformation due to the hydrophilic polar nature of 

the phosphate group (Ardito et al., 2017). The phosphate group is often donated by a molecule of 

adenosine triphosphate (ATP) which turns into adenosine diphosphate (ADP) upon the transfer of 

its terminal PO4 group to the amino acid side chain (Ardito et al., 2017). Conversely, a phosphate 

group can be removed from an amino acid residue by transferring the PO4 molecule to an ADP 

molecule, turning it into ATP (Ardito et al., 2017). Approximately 40% of phosphorylations occur 

on either serine (S), threonine (T) or tyrosine (Y) residues through the transfer of the PO4 to the 

hydroxyl group of these amino acids (Vlastaridis et al., 2017). Within this subset, serine, and 

threonine phosphorylation accounts for 86.4% and 11.8% of phosphosites respectively with 
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tyrosine phosphorylation being the rarest at 1.8%, though some large scale phosphoproteomics 

analyses were able to find pY sites represented 3% of their phosphoproteome (Ardito et al., 2017; 

Batth et al., 2018). Protein phosphorylation/dephosphorylation on STY sites helps regulate 

processes such as signal transduction, cell growth and development and protein synthesis as 

enzymes and receptors are activated or deactivated through phosphorylation and removal of 

phospho groups through the action of kinases and phosphatases respectively (Ardito et al., 2017). 

In addition to determining whether a protein is active or inactive, phosphorylation and 

dephosphorylation can also enhance stabilization, mark proteins for degradation, determine 

localization and determine protein-protein interactions (Turdo et al., 2021).  

Various hallmarks of cancer can be driven by errant phosphorylation events and dysregulation of 

both kinases and phosphatases (Hanahan and Weinberg, 2011). For example, the overexpression 

and increased enzymatic activity of the receptor tyrosine kinase HER2 is a hallmark of HER2-

positive breast cancer cases (Hsu and Hung, 2016). Increase in phosphorylation 

(hyperphosphorylation) or decrease in phosphorylation (hypophosphorylation) of specific amino 

acid residues on kinases or their targets affects signal transduction in crucial growth factor receptor 

pathways which, in turn, increases tumour growth, evasion of cell death and growth suppressors 

as well as induction of angiogenesis and metastasis (Hanahan and Weinberg, 2011; Radivojac et 

al., 2008). As a majority of these pathways involve kinases that recognize and phosphorylation S, 

T and Y sites, it is important to review the role and importance of these kinases in cancer in general.   

1.3.1 Role of Kinases in Cancer 

Kinases play overlapping and complex roles in various cancer hallmarks such as cell 

transformation, tumour growth, survival and proliferation (Bhullar et al., 2018). They can, 

however, be roughly categorized based on their target residues. Firstly, there are S/T kinases that 

specifically recognize and phosphorylate serine and/or threonine residues on their targets (Bhullar 

et al., 2018). These include mitogen-activated protein kinases (MAP kinases) such as ERK1/2, 

JNK and p38 (Bhullar et al., 2018). MAP kinases often act downstream of receptor tyrosine kinases 

as they help propagate extracellular signals such as growth factors, hormones and cytokines 

through downstream signaling cascades (Dhillon et al., 2007). At least 125 of the 518 human 

protein kinases are S/T kinases (Ardito et al., 2017). Secondly, there are protein tyrosine kinases 
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(PTK) which make up 90 of the kinases characterized in humans (Robinson et al., 2000). PTKs 

can be further divided into 2 subclasses: receptor tyrosine kinases and non -receptor tyrosine 

kinases (Robinson et al., 2000). Of the 90 tyrosine kinases, 58 belong to the receptor tyrosine 

kinases subclass while 32 belong to the non-receptor tyrosine kinase subclass (Robinson et al., 

2000).  

1.3.1.1 Serine/Threonine Kinases in Cancer 

Of the serine/threonine kinases, PKA (protein kinase A), MAPKs, RAF, AKT, GSK3, and cyclin-

dependent kinases (CDKs) have been the most well characterized drivers of cancer (Turdo et al., 

2021). In breast cancer cells, PKA is activated through the action of G-protein coupled estrogen 

receptor upon the binding of estrogen to the receptor and through this, it enhances multiple-drug 

resistance in these cells (Moody et al., 2015). When triple-negative breast cancer cells were 

stimulated with insulin growth factor (IGF1), it resulted in an increase in the phosphorylation of 

MAPKs such as ERK1/2 as well as AKT and that this activation was vital to driving metastasis in 

these cells (Zhu et al., 2011). In ER-positive MCF7 breast cancer cells, overexpression of active 

RAF1 made these cells more resistant to chemotherapeutics taxol and doxorubicin (Davis et al., 

2003). Inhibition of GSK3β phosphorylation reduced the viability of both breast cancer cells in 

vitro as well as patient-derived xenografts in vivo and it also overcame chemoresistance in both 

cases (Ugolkov et al., 2016). Dysregulation of Cyclin-dependent kinases such as CDK1/2 and 

CDK4/6 is a well known hallmark of irregular growth and cell cycle progression in cancer (Turdo 

et al., 2021). CDK1/2 inhibition caused cell cycle arrest and apoptosis in both Tamoxifen-sensitive 

and Tamoxifen-resistant breast cancer cell lines (Johnson et al., 2010).  

1.3.1.2 Receptor Tyrosine Kinases in Breast Cancer 

While 58 different RTKs have been found in humans, they can be classified into 20 different 

subfamilies based on similarities in structural features (Butti et al., 2018). A key feature of RTKs 

is that they are capable of not only phosphorylating tyrosine residues on target molecules but they 

are also capable of trans-autophosphorylation of tyrosine sites within the same RTK molecule 

(Butti et al., 2018). As receptors, RTKs are activated by ligands such as growth factors (EGF, IGF, 

for example) cytokines or, in some cases, collagen fibres form the extracellular matrix (Butti et 
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al., 2018). When ligands are not present, RTKs are inhibited by the physical contact between 

phosphorylated inhibition site in the activation loop and the kinase domain (Butti et al., 2018). 

Ligand binding changes RTK conformation in such a way that dephosphorylates the autoinhibitory 

phosphosite, resulting in an open, active conformation which itself allows for the ligand-induced 

dimerization of these kinases (Butti et al., 2018). RTKs then recruit, phosphorylate and activate 

downstream effector molecules such as Insulin Receptor Substrate (IRS) and Grb2 -associated 

binder 1 (GAB1) which are recruited to IGFR/InsR and EGFR respectively (Du and Lovly, 2018). 

These effector proteins then participate in downstream signaling cascades, generally through the 

phosphorylation and activation of MAP kinases (ERK1/2, for example) and PI3K/AKT signaling 

(Du and Lovly, 2018). Therefore, upon ligand binding and activation, RTKs drive the 

phosphorylation of key downstream targets that propagate the growth stimulatory signal of their 

ligands. One key example of this is the activation of the non-receptor tyrosine kinase Src by RTKs 

upstream (Gocek et al., 2014). Src is phosphorylated on its Y213 residue by the RTKs EGFR and 

HER2 (Gocek et al., 2014). Upon phosphorylation at this site, Src is activated and can 

subsequently phosphorylate targets such as STAT3, Akt and MAPKs downstream (Gocek et al., 

2014). Key RTKs involved in breast cancer include EGFR (Epidermal Growth Factor Receptor), 

IGFR (Insulin Growth Factor Receptor), InsR (Insulin receptor) and have been discussed in 

previous sections with respect to their role in both breast cancer progression and drug resistance 

(Butti et al., 2018).  

1.3.1.3 Non-receptor Tyrosine Kinases in Breast Cancer 

The 32 human non-receptor tyrosine kinases (NRTKs) are classified into 10 subfamilies based on 

similarities in their domain structure (Gocek et al., 2014). Of these NRTKs, perhaps the best 

characterized and well studied are the Src family kinases, which also include BRK family kinases 

(Gocek et al., 2014). The prototypical member of this family, Src, plays a role in the regulation of 

multiple signaling pathways implicated in breast cancer such as PI3K/AKT signaling, MAP kinase 

signaling and STAT3 activation (Gocek et al., 2014). Previous studies have shown that Src-

mediated activation of STAT3 through the phosphorylation of its Y705 activation site regulates 

cell proliferation of breast cancer cells (Garcia et al., 2001). Src-mediated STAT3 regulation in 

this manner was found to be mediated by the activation of EGFR upstream (Garcia et al., 2001). 
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In addition, Src regulates the tyrosine phosphorylation of PTEN, a tumour suppressor that acts 

upstream of AKT (Lu et al., 2003). The phosphorylation of PTEN at these tyrosine sites inhibits 

it and prevents PTEN from inhibiting AKT downstream (Lu et al., 2003). This causes increased 

AKT phosphorylation and activity and therefore increased growth proliferation  in breast cancer 

cells (Lu et al., 2003). Overall, in its role as an NRTK, Src helps to propagate the signal induced 

by RTKs upstream by affecting secondary signaling pathways such as Akt and MAPK signaling 

(Gocek et al., 2014). Interestingly, in breast cancer cells, Src also phosphorylates EGFR on Y727, 

Y764 and Y896, all of which are in the activation loop of the RTK (Irwin et al., 2011). This activity 

of Src effectively demonstrates the complex and inter-dependent nature of RTK and NRTK 

signaling in cancer progression.  

In many ways, the diverse cellular roles and functions performed by BRK (prototypical member 

of the BRK family of kinases) exemplifies the properties of NRTKs (Gocek et al., 2014). As 

described in detail in section 1.2, BRK phosphorylation of its targets such as STAT3, Akt, paxillin  

and EGFR drive cell proliferation, migration, metastasis, and angiogenesis, amongst other 

functions (Ang et al., 2021). Another member of the BRK family of kinases is FRK (Fynn-related 

kinase). In contrast to BRK’s oncogenic activity, FRK is a tumour suppressor as its expression is 

lost in breast tumours while normally expressed in mammary tissue (Brauer and Tyner, 2009). In 

normal mammary epithelial cells, FRK was found to physically interact with PTEN, another 

tumour suppressor, to prevent its degradation by phosphorylating it at its Y336 residue (Goel and 

Lukong, 2016; Yim et al., 2009). In doing so, FRK prevents the activation of AKT downstream of 

PTEN and thereby prevents pro-oncogenic signaling in mammary epithelial cells (Yim et al., 

2009).  

Overall, several hallmarks of cancer are driven by phosphorylation of proteins that drive signaling 

pathways which then result in changes in gene expression that results in cancer progression (Turdo 

et al., 2021). As a result, many of the kinases discussed are the subject of anti-cancer treatment 

development. The Src inhibitor dasatinib is currently being tested for the treatment of ER-positive 

breast cancer in patients who had already been treated with aromatase inhibitors (Martellucci et 

al., 2020). However, targeting Src has not yielded significantly beneficial results yet as progression 

free survival rates under dasatinib treatment remain similar to those without dasatinib (Martellucci 
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et al., 2020). By contrast, the antibody against HER2, called Trastuzumab is effective in the 

treatment of HER2-positive breast cancers when combined with chemotherapeutic agents 

(Maennling et al., 2019). Due to the diversity of its roles and actions in breast cancer cells, it is 

possible that targeting BRK would provide significant benefits in a clinical setting, hence the 

importance of elucidating the mechanisms by which BRK functions in Tamoxifen-resistant breast 

cancer.  

1.4 Phosphoproteomics 

Kinase signaling and its subsequent dysregulation in cancer has been the target of investigation 

and drug development for decades (Savage and Zhang, 2020). A detailed analysis of kinase 

signaling, therefore, is necessary to build an understanding of the intricate set of events that drive 

phosphorylation/dephosphorylation of kinases, phosphatases and their targets (Urban, 2022). 

Proteomics refers to the large-scale study of proteins contained in a cell line, tissue or organism 

and it allows for the elucidation of the expression of multiple proteins at once  (Graves and 

Haystead, 2002). Phosphoproteomics is the large-scale study of phosphorylation of these proteins 

(Savage and Zhang, 2020). Therefore, the advent of mass spectrometry-based phosphoproteomics 

analysis allows for a more in-depth exploration of these kinase-driven phosphorylation events 

(Savage and Zhang, 2020).  

1.4.1 Mass spectrometry and its role in phosphosite identification 

Mass spectrometers are capable of detecting both the presence and the relative abundance of 

peptides as well as deriving their sequences by using fundamental molecular properties such as 

mass and charge (Sinha and Mann, 2020). These highly sensitive analytical instruments consist of 

3 parts: an ion source, a mass analyser and a detector (Sinha and Mann, 2020). Samples prepared 

for mass spectrometry are first separated using high performance liquid chromatography (HPLC) 

before being pumped through a micrometre-sized spray charged at a voltage of between 2-4 kV 

which results in the disintegration of the liquid sample into highly charged peptide ions in the gas 

phase (Sinha and Mann, 2020). The mass analyser then separates these ions by their mass-to-

charge ratios (m/z) by using a oscillating electrical fields and measuring the velocity of the ions 

(Time-of Flight analysers) or by measuring the oscillation frequencies of the ions (Orbitrap 
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analyser) (Sinha and Mann, 2020). Once these ions are separated, they pass through a detector 

which produces mass spectra which represent the quantitative output of the process (Sinha and 

Mann, 2020).  

Peptides are sequenced through a process called fragmentation which occurs just prior to the 

detection stage (Sinha and Mann, 2020). Ions from the mass analyser are fragmented through 

collision with inert gasses, resulting in the breakage of some peptide bonds between amino acid 

residues in the peptides (Sinha and Mann, 2020). The resultant mass spectra contain information 

on the amino acid masses in these fragments and can therefore be used to identify the peptide 

sequence (Sinha and Mann, 2020). Any modifications present on these amino acids can then be 

detected by looking for shifts in mass at the specific site (Urban, 2022). For example, detecting a 

mass shift of 80 Da in the spectra at a specific site indicates serine, threonine or tyrosine 

phosphorylation (Urban, 2022). MS and proteomics analysis software assist in this process by 

deconvoluting mass spectra to identify peptides by comparing them to a peptide library containing 

known peptide sequences and their respective spectra (Sinha and Mann, 2020). The software can 

then use the sequences to identify the protein of which the peptide fragment is a part and can 

subsequently identify the location of the phosphosite that has been modified on the protein (Savage 

and Zhang, 2020). 

Peptide abundances can then be quantified using either label free or labeled approaches (Sinha and 

Mann, 2020). In label free quantification (LFQ), either the number of spectra (spectral counting) 

or the intensity of the MS signal (area under the curve method) are extracted, normalized and used 

for measuring peptide abundance (Sinha and Mann, 2020). LFQ is experimentally easier to execute 

and is economical but has greater variance in quantification (Sinha and Mann, 2020). Labelled 

approaches use stable isotopes to label the peptides such that their mass shift can be detected and 

quantified during MS spectra analysis (Sinha and Mann, 2020). For example, cells can be grown 

in a medium containing tyrosine labeled with 13C atoms, hence incorporating the isotope into 

peptides which will be detected in the MS later (Urban, 2022). 

The final output of this process is a data matrix containing a list of the proteins whose peptides 

were identified, their corresponding abundances, sites of phosphorylation, peptide sequences  as 

well as the respective p-values associated with the quantifications of abundance (Savage and 
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Zhang, 2020). This data matrix can then be statistically filtered for significantly altered 

phosphosite or protein expression between given conditions (Savage and Zhang, 2020).  

1.4.2 Mass Spectrometry Sample Preparation 

To pass a sample through the mass spectrometer for proteomics and phosphoproteomics analysis, 

it must be appropriately processed. The effective and high-yield extraction of proteins from 

biological samples (cell lines, in this case) and the subsequent efficient digestion of these proteins 

into peptides is paramount to ensuring consistent, comparable datasets are obtained across all the 

cell lines or conditions being tested (Gerritsen and White, 2021).  

Sample preparation begins with cell lysis and protein extraction. Currently, urea-based, lysis 

buffers containing the buffering agent HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) are preferred due to ease of protein denaturation and ease of removal through desalting 

(Gerritsen and White, 2021). Other buffer systems such as guanidine hydrochloride can be used 

for their heat resistant properties however they can reduce efficiency of protein digestion 

downstream (Gerritsen and White, 2021). While sodium dodecyl sulfate (SDS) is a widely used 

protein denaturing agent in western blotting, it cannot be easily removed in later stages of sample 

preparation and may interfere with the mass spectrometer (Gerritsen and White, 2021). Typically, 

the lysis buffers also contain protease and phosphatase inhibitors to preserve the phosphorylation 

status as well as the integrity of the proteins (Kanshin et al., 2012). These include aprotinin (serine 

protease inhibitor), phenylmethylsulfonyl fluoride (PMSF) (serine and cysteine protease inhibitor) 

and leupeptin (serine and cysteine protease inhibitor) (Kanshin et al., 2012). Phosphatase inhibitors 

include sodium orthovanadate (tyrosine phosphatases), sodium pyrophosphate (Ser/Thr  

phosphatases) and β-glycerophosphate ((Kanshin et al., 2012).  

The reduction and alkylation of denatured proteins takes place immediately after cell lysis  and 

prior to trypsin digestion (Rush et al., 2005). Proteins are reduced using dithiothreitol (DTT) to 

break disulphide bonds and the resultant cysteine SH-groups are then alkylated using 

iodoacetamide (IAA) to prevent the formation of new disulphide bonds (Müller and Winter, 2017). 

These proteins are then digested into peptides, most commonly using the protease trypsin, which 

cuts peptide chains at the carboxyl side of the amino acids lysine and arginine (Gerritsen and 
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White, 2021). Due to the frequency of arginine and lysine residues in the proteome, trypsin 

digestion yields peptide sizes that are compatible with MS detection (Gerritsen and White, 2021). 

Lys-C is also used as either an alternative to trypsin or in combination with trypsin in double-

digestion protocols, a process which minimizes missed cleavages by either enzyme (Gerritsen and 

White, 2021). Following digestion, samples are desalted to remove salts that would otherwise 

significantly influence the efficiency of MS ionization and therefore sensitivity (Jehmlich et al., 

2014). The samples are then lyophilized in order to remove solvents and increase reproducibility 

between samples (Jehmlich et al., 2014). Lyophilized peptides can then be dissolved in a mixture 

of acetonitrile and trifluoroacetic acid (TFA) which is a commonly used solvent for HPLC in MS 

(Sinha and Mann, 2020). For total proteomics analysis, this peptide mixture can be injected into 

the mass spectrometer.  

1.4.3 Global vs Phosphotyrosine-enrichment phosphoproteomics 

After trypsin digestion, desalting and lyophilization, the phosphoproteomics workflow can diverge 

based on the intended application or the question being investigated (Gerritsen and White, 2021). 

For labeled quantification approaches, peptides can be labeled at this stage before enrichment but 

for label-free quantification, phosphopeptide enrichment is conducted (Gerritsen and White, 

2021). 

Enrichment of phosphoserine, phosphothreonine and phosphotyrosine (denoted as pSTY from here 

on) can be performed using immobilized metal affinity chromatography (IMAC) or metal-oxid 

affinity chromatography (MOAC) (Gerritsen and White, 2021). IMAC depends on the affinity of 

the negatively charged phosphate group for the positively charged Fe3+ ion while MOAC depends 

on its affinity to Ti4+ in the form of titanium dioxide (Gerritsen and White, 2021). While this 

process should yield equivalent enrichment of pSTY sites, the relative abundances of pS vs pT vs 

pY phosphosites confound efforts to enrich phosphotyrosine sites especially (due to their low 

abundance of 0.1-1%) (Gerritsen and White, 2021). Thus, while a global phosphopeptide 

enrichment approach will yield sufficient pST sites, pY phosphopeptides may be inadequately 

enriched due to their relative rarity in the phosphoproteome (Gerritsen and White, 2021). 
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The most common method of extracting pY containing proteins and peptides involves the use of 

anti-phosphotyrosine specific antibodies to immunoprecipitate pY-containing peptides after 

trypsin digestion and desalting (Stokes et al., 2012). There are several commercially available, 

pan-specific anti-phosphotyrosine antibodies that can be used for this purpose (Gerritsen and 

White, 2021). However, due to the low abundance of pY sites, a large quantity of starting material 

is required during MS sample preparation (Gerritsen and White, 2021). For comparison, while as 

little as 100-200 μg of starting material is more than sufficient for proteomics analysis and 1 mg 

of material is enough for TiO2-directed pSTY enrichment, phosphotyrosine enrichment requires at 

least 10-30mg of starting material for a significant yield of pY-containing peptides for 

phosphoproteomics analysis (Gerritsen and White, 2021; Stokes et al., 2012).  

Phosphopeptide identification and quantification is vital to build an in -depth understanding of 

cancer cell signaling (Gerritsen and White, 2021). In this case, phosphoproteomics is critical to 

propose a mechanism of action for BRK in Tamoxifen resistant breast cancer. While the many 

targets and roles of BRK have been characterized in breast cancer overall, a high -throughput 

method like phosphoproteomics allows for the identification of BRK-specific signaling pathways 

that are affected in Tamoxifen resistant breast cancer cells and how these pathways are affected 

when BRK is depleted from these cell lines. 
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2.0 HYPOTHESIS AND OBJECTIVES 

Overall, the studies above have shown that, in mammary cell lines, BRK drives the initiation, 

maintenance and promotion of cancer phenotypes. The protein can be a contributing factor to 

endocrine resistance due to its differential expression in breast cancer versus normal breast tissue, 

its interaction with several vital growth factor signaling pathways and its mediation of proliferation 

and migration. In taxol resistant breast cancer cells, BRK induction has been shown to be vital to 

the resistant phenotype (Anderson et al., 2018). There is also evidence to show that BRK has a 

role in conferring cetuximab resistance (Li et al., 2012). By extension, I rationalized that BRK 

may have a similar role in conferring Tamoxifen resistance. A previous study has shown that BRK 

is induced in Tamoxifen resistant breast cancer cells (Jiang et al., 2017). Both the knockdown and 

the inhibition of BRK has been shown to affect Tamoxifen resistant cells (Ito et al., 2017; Jiang et 

al., 2017). By extension, a detailed, high throughput analysis of the role of BRK in Tamoxifen 

resistance will reveal pathways and substrates driven by BRK and which can be targeted by 

combinatorial therapies in the future. In fact, the proposed role of BRK in stress response signaling 

would make it a more clinically relevant target against breast tumour drug resistance by preventing 

tumours from activating pathways that circumvent therapies. Therefore, I will be investigating the 

role of BRK in Tamoxifen resistant breast cancer.  

Hypothesis 

I hypothesize that BRK contributes to the establishment of tamoxifen resistance as well as the 

maintenance of resistance thereafter by regulating BRK-specific pathways. 

Objectives: 

1. To study the effect of BRK inhibition/knockdown on Tamoxifen resistance. 

2. To identify pathways and targets involved in Tamoxifen resistance as well as when BRK 

is knocked down in TamR cells through phosphoproteomics through: 

a. Global phosphoproteomics of Parental vs TamR vs TamR BRK KD cells. 

b. pTyr-enrichment phosphoproteomics of Parental vs TamR vs TamR BRK KD cells. 

c. Total proteomics of Parental vs TamR vs TamR BRK KD cells 

3. Validation of BRK-specific targets in TamR. 
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3.0 MATERIALS AND METHODS 

3.1 Reagents and chemicals 

Tables 3.1 lists the reagents and chemicals that were used in the experiments described in the 

thesis. Table 3.2 details the reagents/chemicals manufacturer locations.  

Table 3.1 List of reagents and chemicals. The following table details the reagents and chemicals 
used in experiments described in the thesis. Catalogue numbers and supplier information is also 
listed. 
 

Reagents/Chemicals Supplier and Cat. No. 

30% Acrylamide/Bis Solution, 37.5:1 Bio-Rad, 1610158 

Acetonitrile, LC-MS grade ThermoFisher Scientific, 51101 

Acrylamide Bio-Rad, 1610101 

Agar Fisher Scientific, BP1425-2 

Bovine serum albumin Cytiva, SH30574.02 

Bradford's assay dye reagent concentrate Bio-Rad, 5000006 

Aprotinin Sigma-Aldrich, A62279 

Ampicilin Sigma-Aldrich, A9393 

Ammonium persulfate (APS) ThermoFisher Scientific, 17874 

BCA protein assay kit ThermoFisher Scientific, 23225 

Chloramphenicol  Sigma-Aldrich, C0378 

Dimethyl sulfoxide (DMSO) Fisher Scientific, TS-20684 

Dithiothreitol (DTT) Fisher Scientific, 3483-12-3 

Dulbecco's modified Eagle's medium (DMEM) ThermoFisher Scientific/Gibco, 

11971025 

Ethyl alcohol (EtOH) Fisher Scientific, S25310 

Ethylenediaminetetraacetic acid (EDTA) Fisher Scientific, S311-500 

Fetal bovine serum (FBS) ThermoFisher Scientific, A3160402  

Formic acid, LC-MS grade ThermoFisher Scientific, 28905 

Glycerol Fisher Scientific, BP229-1 
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Glycine Fisher Scientific, S80028 

Hydrochloric acid (HCl) Fisher Scientific, A508-P500 

HEPES (4-(2-hydroxyethyl)- 1-

piperazineethanesulfonic acid) 

Sigma-Aldrich, H3375 

Insulin solution from Bovine Pancrease Sigma-Aldrich, I0516-5ML 

Iodoacetamide, LC-MS-grade   Sigma-Aldrich, I6125     

Luna Universal One-Step RT-qPCR kit New England Biolabs (NEB), E3005L 

Methanol  Fisher Scientific, A411-4 

Nitrocellulose membrane Bio-Rad, 1620115 

Penicillin-Streptomycin solution ThermoFisher Scientific/Gibco, 

10378016 

Phenylmethylsulfonylfluoride (PMSF) Fisher Scientific, 329-98-6 

Phosphatase inhibitor cocktail ThermoFisher Scientific,78420  

Polyethyleneimine (PEI) Polysciences Inc., 23966-1 

Prestained Protein Ladder, Broad Range (10-230 

kDa) 

New England Biolabs (NEB), P7712   

Protease inhibitor cocktail Millipore Sigma, 04693159001 

Protein A/G-agarose beads Santa Cruz Biotech, sc-2003 

PTMScan Phospho-Tyrosine Rabbit mAb (P-Tyr-

1000) Kit  

Cell Signaling Tech, 8803 

Roswell Park Memorial Institute (RPMI) 1640 

Medium 

ThermoFisher Scientific/Gibco, 

11835055 

Sodium dodecyl sulfate (SDS) Fisher Scientific/Fisher BioReagents, 

BP166500 

Sodium orthovanadate (Na3VO4) Sigma-Aldrich, S6508-50G 

Sodium pyrophosphate  Sigma-Aldrich, S6422           

Sodium azide (NaN3)   Fisher Scientific, S227-100 

N,N,N´,N´-tetramethylethylenediamine (TEMED) Sigma-Aldrich, T9281  

Tamoxifen Sigma-Aldrich, T5648 

Trifluoroacetic acid (TFA), LC-MS-grade  ThermoFisher Scientific, 28904          
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Tris base  Fisher Scientific, BP152-5           

Triton X-100  Fisher Scientific, AC215680000  

Trypsin (Cell culture grade)  Fisher Scientific, SV3003101   

Trypsin (LC-MS grade) Worthington, LS-003744  

Tween-20 Fisher Scientific, BP337500  

Urea Fisher Scientific, U15-500 

Water (LC-MS grade)   Fisher Scientific, W-5  

 

Table 3.2 Supplier locations for reagents and chemicals procured. This table lists the names 
and addresses of all reagent/chemical suppliers. 
 

Supplier Location 

Bio-Rad Hercules, California, USA  

Cell Signaling 
Technologies 

Danvers, Massachusetts, USA  

Cytiva Marlborough, Massachusetts, 
USA 

EMD Millipore  Danvers, Massachusetts, USA  

Fisher Scientific  Walton, Massachusetts, USA  

Invitrogen Life 

Technologies   

Green Island, New York, USA  

LI-COR, Odyssey  Lincoln, Newark, USA  

New England Biolabs   Ipswich, Massachusetts, USA  

Polysciences Inc.  Warrington, Pennsylvania, 
USA 

Sigma-Aldrich St. Louis, Missouri, USA 

Santa Cruz 
Biotechnologies 

Santa Monica, California, USA   

ThermoFisher Scientific  Logan, Utah, USA  

Waters corporation  Wilford, Massachusetts, USA  

Worthington Lakewood, New Jersey, USA  

 
3.2 Cell lines and cell culture  

Parental, Tamoxifen sensitive MCF7 cells and their Tamoxifen resistant (TamR) counterpart were 

obtained from Axol Biosciences (Cat. No. ax4010 and ax4011 respectively). These cell lines were 

maintained in high-glucose, phenol red-free DMEM media supplemented with 10% FBS and 1% 

penicillin/streptomycin solution. Parental, Tamoxifen sensitive and Tamoxifen resistant T47D 
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cells were obtained from Ximbio (Cat No. 152111 and 152110 respectively). These T47D cell 

lines were maintained in high-glucose, phenol red-free RPMI media supplemented with 10% FBS 

and 1% penicillin/streptomycin solutions. Both MCF7 TamR and T47D TamR cell lines were 

grown in media containing 1 μM Tamoxifen to maintain the resistance phenotype. Parental T47D 

cells were stimulated with 8 μg/mL insulin for experiments testing the functioning of IRS1.  

3.2.1 Lentiviral-mediated shRNA knockdown of BRK in TamR cell lines 

Lentiviruses were generated by co-transfecting Human Embryonic Kidney 293T (HEK293T) cells 

with the vectors pMD2.G, psPAX2 and the shRNA constructs contained in lentiviral GFP vectors 

obtained from Origene (Cat. No. TL320500). PEI was used as the transfection agent. Media 

containing the lentiviruses were collected 48 hours after transfection and filtered using a 0.45-

micron syringe filter (Pall Laboratory, CA28143-352). Target cells (Parental MCF7 and T47D 

cells) were then infected with the lentivirus-containing media for a period of 48 hours before 

selection with puromycin (2 μg/mL).  

3.2.2 Cell proliferation assay using CCK8 

Parental, TamR and TamR BRK KD cell lines (both MCF7 and T47D) were grown until 

approximately 80% confluency. 1000 cells per cell line were seeded into 96 -well plates in 

triplicates (technical replicates). Cells were then grown in phenol red-free DMEM (for MCF7 

cells) or RPMI (for T47D cells) media containing 1 μM Tamoxifen. After 24 hours, 10 μL of CCK-

8 solution (Dojindo Laboratories, CK04) was added to each well and the plate was incubated at 37 

°C, 5% CO2 for 2 hours. Absorbance measurements (at 450 nm) for cell number determination 

were then taken using a microplate reader. Readings were taken every 24 hours for 5 days in total 

to generate the growth curves.  

3.3 SDS-PAGE  

Cell culture plates were aspirated and gently rinsed with ice-cold 1xPBS prior to harvesting 

directly in lysis buffer composed of 20 mM Tris (pH 7.4), 150 mM NaCl, 1mM EDTA, 1% Triton 

X-100, protease inhibitor cocktail, 2.5 mM Sodium pyrophosphate, 1 mM β-glycerophosphate, 1 

mM Na3VO4, 1 μg/mL Leupeptin. The lysates were then sonicated (on ice) at 10W for 3 pulses 
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lasting 10s each and were subsequently cleared through centrifugation at 10,000 g. 2x Laemmli 

was then added to the total cell lysates in a 1:1 ratio. The samples were then boiled at 100 °C for 

3 minutes prior to loading onto the gels (10 wells or 15 wells).  

For sodium dodecyl sulphate (SDS) Polyacrylamide gel electrophoresis (PAGE), 1.5 mm thick, 

10% polyacrylamide gels were prepared. SDS-PAGE was performed using the Mini-Protein 4 gel 

electrophoresis system (#165800FC, Bio-Rad, USA). The resolving gel comprised 10% 

acrylamide, 0.8% bis-acrylamide, 0.4% SDS, 375 mM Tris HCl pH 8.8, 0.16% (w/v) APS, 0.1% 

TEMED and H2O.  The stacking gel comprised 4% acrylamide, 0.8% bis-acrylamide, 0.4% SDS, 

125 mM Tris HCL pH 6.8, 0.24% (w/v) APS, 0.1% (w/v) TEMED and H2O. The gels were run 

in 1xSDS running buffer at a constant voltage of 100 volts for 2-3 hours (depending on the 

separation required for protein visualization) or until the bromophenol blue dye front passed 

through the gel. 

3.3.1 Western Blotting 

Following SDS-PAGE, the gels were removed from the apparatus and the stacking sections of the 

gels were discarded. Each gel was then placed on thick blot filter paper that was cut to the size of 

the gel and pre-soaked in western blot transfer buffer. A nitrocellulose membrane, also cut to the 

size of the gel and soaked in transfer buffer, were then placed on the gel and the assembly was 

completed with a piece of thick blot filter paper on top of the nitrocellulose membrane.  The 

complete transfer assembly was placed into a cassette as a part of the western blotting apparatus 

(Bio-Rad). The apparatus was then filled with western blotting transfer buffer and protein transfer 

proceeded for 2 hours at a constant voltage of 100V at 4 °C. 

Once protein transfer was completed, the membranes were blocked by incubation in 5% skim milk 

or 3% BSA in PBS (for phosphosite-specific primary antibodies) at room temperature for 1 hour 

on a rocking platform. The membranes were then washed in 1xPBS before the addition of primary 

antibodies diluted in primary antibody buffer (composed of 1xPBS with 5% BSA). The membranes 

were then incubated overnight on a rocker at 4 °C. They were then removed, washed once with 1 

x PBST for 5 min to reduce non-specific primary antibody binding and incubated with the 

appropriate mouse or rabbit secondary antibody (obtained from LICOR, 926-68070 and 926-
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32211 respectively) which were diluted at 1:10,000 concentration in the solution used during 

block. Secondary antibody incubation was conducted in the dark, at room temperature, on a rocker 

for a period of 1 hour. Finally, the membranes were washed 3 times with PBST for 3 min per wash. 

Membranes were scanned using the LICOR CLx Odyssey Scanner and images were acquired and 

analyzed using the instrument’s Image Studio Lite software (LICOR, USA). Images were exported 

and saved in .tiff format to reduce information loss. All western blotting experiments were repeated 

thrice for reproducibility and quantification purposes.  

3.3.2 Primary and secondary antibodies 

The anti-BRK (sc-166171), anti-β-actin (sc-47778), anti-BCRP (sc-377176), anti-ERα (sc-8005), 

and anti-pTyr20 (sc-508) primary antibodies were obtained from Santa Cruz Biotechnologies. The 

anti-phosphoBRK (pTyr342) was procured from EMD Millipore (Cat. No. 09-144). All other 

antibodies were obtained from Cell Signaling Technologies (CST) including anti-AKT (#9272), 

anti-phosphoAKT (Ser473) (#4060), anti-IRS1 (#2382), anti-phosphoIRS1 (Ser1101), anti-

phosphoIRS1 (Tyr895), anti-CDK1/2 (#9116), anti-phosphoCDK1/2 (Tyr15) (#4539), anti-δ-

catenin (#59854) and anti-phosphoδ-catenin (Tyr904) (#2910). All CST antibodies were diluted 

to a working concentration of 1:1000. Both anti-BRK and anti-pTyr20 antibodies were diluted to 

a working concentration of 1:250. Anti-BCRP and anti-ERα antibodies were diluted to a working 

concentration of 1:500. Finally, the anti-β-actin (sc-47778) and anti-BCRP (sc-377176) were 

diluted to a concentration of 1:1000.  

Secondary antibodies used for western blotting were obtained from LI-COR Odyssey, USA. Goat 

anti-rabbit (IR Dye-680RD IgG, #926-68071) and goat anti-mouse (IR Dye-800CW IgG, #926-

32210) secondary antibodies were used where applicable for all western blot analyses. As per 

manufacturer instructions, the secondary antibodies were diluted in double distilled water to a final 

concentration of 1 mg/mL and their aliquots were stored at 4°C.  

3.4 Immunoprecipitation 

Cells were cultured to 85-90% confluency on 10 cm cell culture dishes. Cell culture media was 

then aspirated, and the cells were rinsed twice with ice-cold PBS. To each plate, 500 μL of lysis 

buffer (containing was added 20 mM Tris (pH 7.4), 150 mM NaCl, 1mM EDTA, 1% Triton X-
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100, 1x protease inhibitor cocktail, 2.5 mM Sodium pyrophosphate, 1 mM β-glycerophosphate, 1 

mM Na3VO4) was added, the cells were then harvested, and lysates were kept on ice. The samples 

were then sonicated on ice at 10W power for 3 pulses lasting 10s each. The lysates were cleared 

through centrifugation at 10,000 g for 10 min at 4°C. The supernatant was then divided into 3 

portions: 1) 200 μL was kept aside for total cell lysate analysis, 2) 150 μL was kept aside for 

immunoprecipitation with mouse or rabbit IgG as a negative control and 3) 150 μL was kept aside 

for immunoprecipitation with the primary antibody against the protein of interest. The total cell 

lysate was stored at -20°C while the IgG control portion was incubated with either mouse or rabbit 

IgG (depending on the species of the primary antibody) and the primary antibody was added to the 

remaining cell lysate. Both cell lysates (IgG and primary antibody pulldown) were incubated at 

4°C with gentle rocking overnight. Next, 20 μL protein A/G bead slurry was added to each sample, 

and they were incubated with gentle rocking for 4 hours at 4°C. The mixture was centrifuged at 

6000 g for 30s at 4°C and the resultant pellet was washed 3 times with 500 μL of the lysis buffer, 

with a 30s, 6000 g centrifugation being conducted after every wash. After the final wash and 

centrifugation, the pellet was resuspended in 50 μL of 2x Laemmli sample buffer, vortexed for 10s 

and centrifuged for 30s at 6000 g. The sample was then heated at 100°C for 3 min and centrifuged 

at 10,000 g for 1 min. Finally, 12 μL of each sample was loaded per well for SDS-PAGE. 

3.4.1 Chromatin Immunoprecipitation (ChIP) 

Cells were cultured to a confluency of approximately 85%. DNA cross-linking was performed by 

the drop-wise addition of formaldehyde to a final concentration of 0.75% and swirled at room 

temperature for 10 min. Glycine was then added to a final concentration of 125 mM and incubated 

with shaking for 5 min at room temperature. The cells were then harvested as described above in 

the immunoprecipitation protocol. Cell pellets were resuspended in ChIP lysis buffer which 

consisted of 50mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA (pH 8), 1% Triton X-

100, 0.1% SDS, 0.1% Sodium Deoxycholate, protease inhibitors and phosphatase inhibitors. The 

resuspended cell lysates were then incubated with either anti-IRS1 antibody or normal rabbit IgG 

(negative control) with rotation for 1 hour. Protein A/G-PLUS-agarose beads (sc-2003, Santa Cruz 

Biotechnology) were then added to the mixtures and left to incubate at 4⁰C overnight. The mixtures 

were then centrifuged and washed prior to elution of the immunoprecipitated protein -DNA 
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complexes. The DNA from these complexes was then purified using the QIAquick PCR 

purification kit (Qiagen, #28104). Subsequent quantitative PCR analysis was conducted as 

described below. 

3.5 Quantitative and Reverse Transcriptase PCR 

3.5.1 Quantitative PCR 

Purified DNA obtained from cell lines was analysed using the Luna Universal qPCR kit protocol 

(New England Biolabs, #M3003). 100 ng of template DNA was added to a reaction mixture 

containing 1 x qPCR Master Mix, 10 μM forward (5’-CGGACTACAGGGGAGTTTTGTTG-3’) 

and reverse (5’-TCCAGCATCCAGGTGGCGACGAT-3’) primers specific to the cyclin D1 

promoter region. qPCR analysis was conducted using the manufacturer recommended 

thermocycling protocol.  

3.5.2 Reverse Transcriptase PCR 

Total RNA was obtained from cell lines using the Monarch Total RNA miniprep kit (New England 

Biolabs, #T2010S). Cells were grown to 90% confluency, harvested and pelleted through 

centrifugation. Cell pellets were resuspended in the RNA lysis buffer provided in the kit. Genomic 

DNA (gDNA) was then removed and total RNA was purified using the appropriate columns 

provided. The RNA was then eluted using nuclease-free water. RT-PCR analysis was then 

conducted using the Luna Universal One-Step RT-qPCR kit protocol. For each cell line, 1 μg total 

RNA was used as a template for RT-PCR analysis. For the quantification of cyclin D1 gene 

expression, the forward primer sequence of 5’-GCGGAGGAGAACAAACAGAT–3’ and the 

reverse primer sequence of 5’-GAGGGCGGATTGGAAATGA-3’.  For the quantification of c-

myc gene expression, the forward primer sequence of 5’-GCTGTAGTAATTCCAGCGAGAG-3’ 

was used with a reverse primer sequence of  5’-GAGTCGTAGTCGAGGTCATAGT-3’. RT-PCR 

analysis was conducted using the manufacturer recommended thermocycling protocol.  
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3.6 Sample preparation for global phosphoproteomics analysis 

3.6.1 Protein digestion and purification of peptides 

MCF7 Parental, MCF7 TamR, T47D TamR and T47D TamR BRK KD cell lines were cultured to 

90% confluency in 10 x 10 cm dishes for each cell line and harvested harvested in 1 mL per plate 

of urea lysis buffer composed of 10M urea and 20 mM HEPES (pH 8.0). The cell lysates were 

processed as described previously (Stokes et al., 2012). Briefly, the lysates were pooled and 

sonicated at 10W output with 3 pulses lasting 10s each. The lysates were cooled for 1 min between 

each pulse and the sonication was conducted at 4°C. The lysates were cleared by centrifugation at 

20,000g for 15 min at room temperature and the resulting supernatants was transferred to new 50 

mL tubes. The protein concentration in each lysate was then quantified using Bradford’s assay. 

For each cell line, 1 mg of total protein was set aside for further processing as this is the upper 

limit of starting material for the TiO2 phosphopeptide enrichment columns (ThermoFisher 

Scientific, #88303). The proteins in the lysates were reduced through the addition 1.25M DTT to 

the samples. They were mixed and incubated at 55°C for 30 min. The solutions were then cooled 

to room temperature before the addition of iodoacetamide and they were then incubated at room 

temperature for 15 min. Finally, these samples were diluted 4-fold such that the final concentration 

of urea is approximately 2M and 1/100 volume of Trypsin was added (to digest the proteins into 

peptides) at room temperature with mixing for 48 hours. The tryptic digests were purified and 

desalted using C18 Sep-Pak cartridges (#WAT051910, Waters Corporation, USA) which use 

reversed phase, solid phase extraction to adsorb and purify peptides. The C18 columns were 

equilibrated using 0.1% TFA solution before the application of the digested peptides. The bound 

peptides were then washed using 0.1% TFA and eluted using 0.1% TFA and 40% acetonitrile 

solution. Desalted and purified peptides were lyophilized overnight and later used for 

phosphopeptide enrichment.  

3.6.2 Enrichment of phosphopeptides (pSer, pThr and pTyr) using TiO2 columns 

The lyophilized peptides were resuspended in 150 µL of the provided binding/equilibration buffer, 

which acidifies the solution to a pH < 3.0. The TiO2 columns were then washed, equilibrated and 

the resuspended peptide samples were applied. The columns were centrifuged at 1000g for 5 min 
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to pass the sample through. The columns were then washed using the equilibration buffer and then 

the wash buffer provided, and a final wash was conducted using LC-MS grade water. Finally, the 

phosphopeptides were eluted using 50 µL of phosphopeptide elution buffer and lyophilized 

immediately prior to LC-MS analysis.  

3.6.3 Reversed-phase chromatography and mass spectrometry 

Lyophilized peptides were dissolved in 0.1% formic acid prior to LC-MS analysis. Samples were 

analyzed by nano UPLC-MS/MS with a Proxeon EASY-nLC 1000 system interfaced to a Thermo-

Fisher Q Exactive HF mass spectrometer (analysis performed by Southern Alberta Mass 

Spectrometry Facility, University of Calgary).  Peptides were loaded on a trapping column and 

eluted over a 75 µm x 25 cm analytical column (Thermo-Fisher Scientific, USA) at 300 nL/min 

using a 4-hour reversed-phase gradient.  Both columns were packed with PepMap C18, 3 µM resin 

(Thermo-Fisher Scientific, USA).  Mobile phases A and B consisted of 0.1% formic acid in water 

and 0.1% formic acid in 90% acetonitrile, respectively.  Peptides were eluted from the column at 

300 nL/minute using the following linear gradient: from 2 to 25% B in 100 minutes, from 25 to 

50% B in 110 minutes, from 50 to 90% B in 112 minutes, from 90 to 2% B in 113 minutes and 

held at 2% B for an additional 7 min.  The spray voltage was 2.2 kV.  The mass spectrometer was 

operated in the data-dependent acquisition mode with the Orbitrap operating at 60,000 FWHM 

(Full width at half maximum) and 17,500 FWHM for MS and MS/MS respectively.  Full scans 

were acquired at a resolution of 60,000 FWHM with a maximum injection time of 120 milliseconds 

in the Orbitrap analyzer.  The 15 most abundant ions with charge states ≥ 2 were selected for 

MS/MS fragmentation by high collision-induced dissociation (HCD) and analyzed at a resolution 

of 17,500 FWHM with a maximum injection time of 60 milliseconds. 

3.6.4 Data processing and analysis 

Mass spectra were analyzed, and protein identification was performed by Dr. Laurent 

Brechenmacher at the Southern Alberta Mass Spectrometry Facility using Mascot search engine 

2.4.2 (Matrix Sciences, London, UK) against the human UniProtKB/Swiss-Prot database 

(13/02/2019 release; 20376 sequences). Trypsin was selected as the proteolytic enzyme, with a 

maximum of two to four potential missed cleavages, for the samples analysed before and after 
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acetylated-lysine enrichment, respectively. Peptide and fragment ion tolerance were set to, 

respectively, 10 ppm and 0.02 Da. Carbamidomethylation of cysteine was specified as fixed 

modifications. Variable modifications included phosphorylation of serine, threonine, and tyrosine. 

All Mascot result files were loaded together into Scaffold Q+S 4.3.2 (Proteome Software, Portland, 

OR, USA). Both peptide and protein false discovery rates were fixed at 1% maximum, with a one-

unique-peptide criterion to report protein identification. Benjamini-Hochberg correction was used 

for multiple hypothesis testing for the calculated peptide fold changes between the cell lines. 

Scaffold PTM 3.0.0 (Proteome Software) was used to annotate post-translational modifications 

from Scaffold results. Minimum localization probability was 95%. Relative quantification of 

phosphosites was conducted using Scaffold Q+S software.  

3.6.5 Pathway analysis 

Functional gene enrichment and pathway analyses were performed by myself using the online tool 

InnateDB (https://www.innatedb.com) to determine whether the differences in phosphosite 

regulation in these cell lines is represented at the level of cognate signaling pathways. InnateDB 

analyzes differential protein/peptide expression datasets, using information of fold change of 

peptides between two conditions, the associated p-value and uniport ID to generate cellular 

pathways that are significantly up or downregulated (Breuer et al., 2012). Thus, after the 

quantification information was obtained from Scaffold Q+S, an excel file containing the fold 

change, p-value and uniprot ID of MCF7 Parental vs TamR and T47D TamR vs T47D TamR BRK 

KD comparisons were uploaded to InnateDB. The tool returned several canonical signaling 

pathways with their associated p-values which represent the probability that the given pathway is 

statistically overrepresented by chance. A p value ≤ 0.05 was used as a threshold for the pathway 

analysis for this experiment and a list of overrepresented pathways was shortlisted accordingly.   

3.7 Sample preparation for phosphotyrosine-enrichment phosphoproteomics analysis 

3.7.1 Protein digestion and purification of peptides 

T47D Parental, T47D TamR and T47D TamR BRK KD cell lines were cultured to 90% confluency 

in 16 x 10 cm dishes for each cell line and harvested in 1 mL per plate of urea lysis buffer composed 

of 10M urea and 20 mM HEPES (pH 8.0). The lysates were then pooled, sonicated, and cleared 
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through centrifugation as described in section 3.6.1. Protein concentration was quantified using 

the Bradford’s assay and 10 mg of protein from each cell line lysate was set aside for further 

processing as this quantity was the starting quantity recommended for phosphotyrosine enrichment 

using the PTMScan® Phospho-Tyrosine Rabbit mAb (P-Tyr-1000) Kit, as described by Stokes 

and colleagues (Stokes et al., 2012). An additional 1 mg of lysate was set aside for total proteomics 

analysis and therefore did not undergo phosphotyrosine peptide enrichment detailed below in 

section 3.6.2. Reduction, alkylation, trypsin digestion, desalting and lyophilization of both 10 mg 

and 1mg peptides were done as detailed in section 3.6.1. The lyophilized peptides set aside for 

proteomics analysis were resuspended in 0.15% TFA solution and sent to the Proteomics Resource 

Centre at the University of Ottawa for LC-MS analysis. 

3.7.2 Enrichment of phosphotyrosine peptides using immunoaffinity purification 

Lyophilized peptides were resuspended in the immunoaffinity purification buffer, as per 

manufacturer protocol (Stokes et al., 2012). The pTyr1000 antibody-bead conjugates were washed 

five times with PBS and the resuspended peptides were applied to the 40 μL antibody-beads slurry. 

The mixture was then incubated on a rotator at 4°C for 4 hours. The beads were then washed five 

times with immunoaffinity purification buffer and 3 times with LC-MS grade water sequentially. 

Immunoaffinity-purified phosphotyrosine peptides were then eluted through the addition of 120 

μL of 0.15% TFA solution to the beads. The eluted peptides were then purified and desalted using 

C18 tips (ThermoFisher Scientific, SP201) using the same procedure and solutions described in 

section 3.6.1. Concentrated and desalted peptides were then sent to the Proteomics Resource 

Center at the University of Ottawa for LC-MS analysis. 

3.7.3 Reversed-phase chromatography and mass spectrometry 

Reversed-phase chromatography and mass spectrometry were performed by Dr. Zhibin Ning at 

the University of Ottawa’s mass spectrometry facility. The Exploris 480 mass spectrometer was 

connected to Dionex ultimate RS3000 HPLC system (ThermoFisher Scientific, San Jose, CA). For 

this analysis, the mass spectrometer was utilized with a nano-electrospray interface working in 

positive ion mode. The solvent system consisted of buffer A, consisting of 0.1% FA in water, and 

buffer B, consisting of 0.1% FA in 80% acetonitrile. Peptides dissolved in 0.15% TFA (as 
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discussed in section 3.6.2) were loaded ontp a 75 μm I.D. × 150 mm fused silica analytical column 

which was packed (in-house) with 3μm ReproSil-Pur C18 beads (100 Å; Dr. Maisch GmbH, 

Ammerbuch, Germany). Flow rate was set to 300nL/min and the gradient was set as 5–35% buffer 

B in 105 min, followed by 5min from 35%~80%, 5min of 80%, and 5 min of re-equilibration. The 

heated capillary temperature was set to 300°C and the spray voltage to 2.2 kV. One full MS scan 

from 350 to 1200 m/z was followed by a data-dependent MS/MS scan of the 15 most intense ions 

with a dynamic exclusion repeat count of 1 in 20 seconds. The mass resolution was 60000 for ms1 

and 15000 for ms2. A real-time internal calibration by the lock mass of background ion 

445.120025 was used. All data was recorded with Xcalibur software (ThermoFisher Scientific, 

San Jose, CA). 

The MS spectral peaks thus obtained were analyzed and processed using the software MaxQuant 

(version 1.6.17.0 (Cox and Mann, 2008; Cox et al., 2011). The spectra were searched and 

sequenced using the human fasta downloaded from Uniprot (April, 2021 release) along with the 

built-in contaminant sequences including commonly observed contaminants. Cysteine 

carbamidomethylation was selected as a fixed modification. Oxidation of methionine, N-terminal 

acetylation and ubiquitination were set as variable modifications. For phosphoproteomics analysis, 

an additional phosphorylation variable modification search term was set. Enzyme specificity was 

set to trypsin, not allowing for cleavage N-terminal to proline. Other parameters were set to default. 

3.7.4 Data processing and analysis 

Downstream bioinformatic analysis was done using Perseus, a partner software to MaxQuant,  

using the guidelines described in a publication by Tyanova and Cox and with the assistance of Dr. 

Zhibin Ning at the University of Ottawa’s Proteomics facility (Tyanova and Cox, 2018). Peptide 

intensities were log2(x) transformed, where x denotes the intensity (a measure of abundance) of 

each peptide. The transformed intensities were then filtered such that peptides that were not 

represented in at least 2 out of 3 biological replicates were removed from further analysis. The 

dataset was then normalized and differential expression between conditions (otherwise known as 

fold change) was calculated using ANOVA analysis between T47D Parental vs T47D TamR and 

T47D TamR vs T47D TamR BRK KD. Multiple hypothesis testing was conducted using 

permutation-based FDR. Significant fold changes were filtered using the ANOVA p-value cutoff 
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set at 0.05. For proteomics analyses, the uniprot IDs of the proteins corresponding to the peptides, 

their corresponding fold changes and p-values were exported to an excel file to be prepared for 

pathway analysis downstream. For phosphoproteomics analyses, an additional column detailing 

the phosphosite identified on the phosphopeptide was also exported for further analysis.   

3.7.5 Pathway analysis 

The online tool InnateDB (https://innatedb.com) was used to identify pathways that were 

overrepresented in the T47D Parental vs TamR comparison and the T47D TamR vs T47D TamR 

BRK KD comparison, as described in section 3.6.5. Pathway analysis protocol was kept consistent 

to afford comparisons between the two datasets obtained in sections 3.6 and 3.6.  

3.8 Statistical Analysis 

Absorbance values obtained through the CCK8 assay were compared across cell lines at a given 

time point using the two-sample student’s t-test (with p<0.05 considered statistically significant). 

This comparison was conducted using the GraphPad Prism 8.0.0 software for Windows (GraphPad 

Software, San Diego, California USA). Western blot, RT-PCR and ChIP-qPCR quantifications 

were also similarly compared using two-sample student’s t-tests through GraphPad Prism 8.0.0 

with p<0.05 considered statistically significant.  

Statistical analysis of MS data obtained in section 3.6.3 was conducted using Scaffold Q+S 4.3.2, 

as described in section 3.6.4, using the ANOVA test function in the software (p<0.05 considered 

significant). Statistical analysis of MS data obtained in section 3.7.3 is described in section 3.7.4. 

The software Perseus (developed by the Jurgen Cox group, https://maxquant.net/perseus/) was 

used to conduct ANOVA tests to identify statistically significant changes in peptide quantifications 

across the cell lines (Tyanova and Cox, 2018).        

 

 

 

 

https://innatedb.com/
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4.0 RESULTS 

4.1 The BRK inhibitor Tilfrinib effectively reduces phosphorylation of the BRK active site 

Y342 

Tilfrinib is a small molecule inhibitor that targets the active site of BRK, the tyrosine 342 site 

(denote henceforth as Y342), thereby preventing ATP binding to the kinase domain (Mahmoud et 

al., 2014). To find an optimal concentration for Tilfrinib inhibition, HEK293 cells were made to 

ectopically express BRK through the transfection of BRK-GFP in these cell lines. These HEK293 

BRK+ cells were then treated with increasing concentrations of Tilfrinib, ranging from 0.5µM to 

6 µM, for a period of 24 hours. The cells were then lysed and assayed for pBRK (Y342) expression. 

The main objective of the analysis was to ascertain the optimal concentration of Tilfrinib that 

would inhibit BRK activation without adversely affecting cell viability.     

As seen in Figure 4.1, I observed a dose-dependent inverse relationship between increasing 

Tilfrinib concentrations and pBRK levels. In fact, there was a drop of 250% in pBRK levels in the 

comparison between 0.5 µM and 2.5 µM treatments. The highest inhibition was observed when 

the cells were treated with 5 µM of Tilfrinib, however, these cells showed a significant decrease 

in viability as there was a reduction in confluency during cell culture  in cells treated with 4 µM 

Tilfrinib or above. There was no significant difference in the inhibition of BRK when using 2.5 

µM and and 3.0 µM concentrations of Tilfrinib, therefore the lower concentration of 2.5 µM 

Tilfrinib appeared ideal for future experiments to inhibit BRK activity. This concentration is close 

to the initial anti-proliferative GI50 values obtained by Mahmoud and colleagues when they tested 

it with MCF7 cells. Thus, the 2.5 µM concentration of Tilfrinib was used from hereon to inhibit 

BRK.       
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Figure 4.1 western blot analysis of the effect of Tilfrinib on HEK293 cells ectopically expressing 

BRK-GFP. A) HEK293 cells were transfected with BRK-GFP and analyzed for phospho-BRK 
(Y342), total BRK and beta tubulin (loading control) expression. B) Quantification of the 
immunoblot where phospho-BRK levels were calculated relative to total BRK and loading control 
levels.   

 
4.2 BRK is more active in TamR cells 

Tamoxifen sensitive (denoted as Parental or Par) and Tamoxifen resistant (denoted as TamR) 

MCF7 and T47D cells were assessed for differences in BRK expression and activity. A previous 

study by Jiang and colleagues showed that BRK levels increased upon the development of 

Tamoxifen resistance in MCF7 cells that were passaged in 1 µM Tamoxifen for 6 months (Jiang 

et al., 2017). For this analysis, parental MCF7 and T47D cells were grown in an equal volume of 

DMSO, the solvent used to dissolve Tamoxifen, to control for any effects the solvent may have. 

TamR MCF7 and T47D cells were grown in 1 µM Tamoxifen to maintain resistance.  
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While there was a slight increase in BRK levels in both MCF7 and T47D TamR cells,  it was not 

statistically significant (Fig. 4.2A & B). The lack of a difference in BRK levels in both MCF7 and 

T47D TamR cells implied this was not a cell-line specific occurrence. I next questioned if BRK 

was more active in Tamoxifen resistant cells. This was investigated using an antibody specific to 

the Y342 active site on BRK. As seen in Fig. 4.2A and B and as quantified in Fig. 4.1C, BRK 

activity (relative to total protein expression) was significantly higher in Tamoxifen resistant MCF7 

and T47D cells versus their Tamoxifen sensitive counterpart. This implies that while BRK 

expression did not change upon the induction of Tamoxifen resistance, the activity of BRK 

increased in Tamoxifen-resistant cells.         

There was no detectable difference in ER expression between TamR and parental cells, a result 

that is in corroboration with literature as Tamoxifen does not affect ERα protein levels (Guney 

Eskiler et al., 2016). Breast Cancer Resistance Protein (BCRP) expression was used to confirm 

that these cells had indeed become drug resistant (Krisnamurti et al., 2016). As seen Fig. 4.2A and 

B, BCRP levels were significantly increased in Tamoxifen resistant cells.  

Having found that BRK was more active in these ER+, Tamoxifen resistant, breast cancer cell 

lines, I then queried if the inhibition of BRK, using the inhibitor Tilfrinib, would resensitize these 

cells to Tamoxifen. MCF7 and T47D parental as well as TamR cells were passaged as before. A 

thousand MCF7 and T47D parental and TamR cells were seeded into a 96 well plate in technical 

triplicates. They were all then treated with 1 μM Tamoxifen with one set of TamR cells being 

treated with both 1 μM Tamoxifen and 2.5 μM Tilfrinib. The cells were grown for 5 days with 

absorbance at 450nm as an indicator of cell growth. As shown in Fig. 4.2D and E, both MCF7 and 

T47D TamR cells growth at a higher rate than their Tamoxifen sensitive counterparts in the 

presence of 1 μM Tamoxifen (p<0.01 indicated by *). Interestingly, the inhibition of BRK through 

the action of Tilfrinib resulted in the resensitization of MCF7 and T47D TamR cells as these cells 

grow at a rate that was not different from Tamoxifen sensitive parental cells (p>0.05) (Fig. 4C and 

D). The combinatorial treatment of Tilfrinib and Tamoxifen significantly enhanced the growth 

cytostatic action of the latter drug.  
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Figure 4.2 BRK and phospho-BRK (Y342) expression in Tamoxifen resistant cells and the effect 
of Tilfrinib inhibition of BRK on TamR cell proliferation. A and B) Both MCF7 and T47D cells 

were compared for their BRK expression, BRK activity (pBRK levels), ER-alpha and BCRP levels 
with beta tubulin and beta actin as loading controls. C) Quantifications of pBRK bands were first 
normalized against their respective loading controls. They were then divided with quantification 
of total BRK levels which were normalized against their loading controls. Relative activity of BRK 

in TamR vs Parental cells was then calculated and graphed (n=3 replicates). D and E) MCF7 and 
T47D TamR cells were treated with 1 μM Tilfrinib and grown in the presence of Tamoxifen for 5 
days. Growth was measured using the CCK8 assay. * denotes significant differences with p value 
< 0.05, n=3. ** denotes significant differences with p<0.01, n=3.  

 

4.3 TamR breast cancer cells are re-sensitized to the growth inhibitory effects of Tamoxifen 

upon BRK knockdown 

Using the method described in section 3.2.1, Tamoxifen-resistant T47D cells were transduced with 

scrambled shRNA (a non-specific shRNA control) and BRK shRNA to stably knock down BRK 

expression in these cells. T47D cells were chosen as the model for knockdown as these cells 

express more BRK than MCF7 cells. Therefore, I predict greater quantifiable changes, through 

phosphoproteomics, in these cells when BRK is knocked down. After BRK-shRNA transduction, 
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lysates collected following puromycin selection for successfully transduced cells were 

immunoblotted for BRK to confirm successful knockdown. As shown in Fig. 4.3A and C, BRK 

knockdown was successful. Using BRK shRNA, T47D TamR cells expressing 71% less BRK than 

scrambled shRNA-expressing T47D TamR cells were generated.  

 

Having determined, in section 4.2, that BRK inhibition resulted in resensitization of TamR cells 

to the drug, it was reasonable to question whether the knockdown of BRK expression would yield 

similar results. Hence, a proliferation assay was conducted with T47D parental, TamR and TamR 

BRK KD cells grown in 1 μM Tamoxifen. As seen in Fig. 4.2D, while TamR cells grew at a high 

rate in the presence of Tamoxifen, TamR BRK KD cells grew at a rate similar to T47D Parental 

cells (which are sensitive to Tamoxifen’s cytostatic action) (p>0.05 across all time points). 

Furthermore, these cells grew at a significantly slower rate than their TamR counterpart (p<0.01). 

These results are consistent with previous studies in which BRK knockdown has reduced cell 

proliferation rate in drug resistant breast cancer cells (Li et al., 2012). 

 

4.4 BRK knockdown results in the hyperphosphorylation of p38 Y182 and 

hypophosphorylation of STAT3 Y702 

 

As a proof of principle, I looked to replicate results that were obtained by Ito and colleagues (2017) 

by assaying phospho-p38 (Y182) levels in T47D TamR with reduced BRK. They found that p38 

was activated after BRK was stably knocked down (Ito et. al, 2017). Indeed, in the TamR BRK 

KD model in T47D cells generated here, it was found that phospho-p38 levels were elevated after 

BRK was knocked down in T47D TamR cells (Fig. 4.3B). Additionally, I also assayed the 

phosphorylation status of STAT3 Y702 as this is a known BRK-regulated phosphorylation site on 

STAT3 (Ikeda et al., 2010). As this is a known BRK substrate, I would expect the Y702 

phosphosite to be hypophosphorylated when BRK is knocked down in T47D TamR cells. As 

shown in Fig. 4.3B, STAT3 is indeed hypophosphorylated at its Y705 site, which results in 

reduced activity of the transcription factor. As expected, ER-alpha levels did not change upon 

BRK knockdown as the kinase is not known to regulate ER-alpha. Interestingly, however, BCRP 

levels were found to be reduced upon BRK knockdown in T47D TamR cells. This could be an 
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indication of increased drug sensitivity in these cell lines and may imply a direct relationship 

between BRK and BCRP.  

 

 

Figure 4.3. Assessment of BRK Expression and Knockdown in T47D TamR cells. A) Western 
blot analysis of T47D parental, TamR and TamR BRK KD cells for BRK, BCRP and ER-alpha 
expression. B) These cell lines were then assessed for the phosphorylation status of previously 

characterized phosphosites that have been affected by BRK knockdown in breast cancer cells. 
These include STAT3 Y702 and phospho-p38 Y182. C) Western blots were then quantified for 
BRK knockdown (n=3). D) Parental, TamR and BRK- T47D cells were subjected to a CCK8 cell 
proliferation assay for 5 days in RPMI + 10% FBS media containing 1μM Tamoxifen.  * denotes 

significant differences with p value < 0.05, n=3. ** denotes significant differences with p<0.01, 
n=3).        
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4.5 While BCRP levels were reduced in BRK KD, BCRP induction does not affect BRK 

 

While BCRP levels were reduced in T47D TamR BRK KD cells, it was unclear whether there was 

a direct relationship between BRK and BCRP that may have caused this reduction in BCRP levels.  

To investigate if there was a relationship between these proteins, I investigated if BCRP induction 

would also result in an increase in BRK expression. To this end, I stimulated T47D parental cells 

with 1 μM Doxorubicin for a period of 24 and 48 hours, as described previously by Davies and 

colleagues (Davies et al., 2014). As shown in Fig. 4.4A and C, BCRP expression increased 

significantly after 48 hours. However, this does not cause a concurrent increase in BRK levels, 

with no significant change in BRK expression after 24 and 48h Doxorubicin treatment (p>0.05 

across all comparisons).   

 

 

Figure 4.4. BCRP induction using 1 μM Doxorubicin did not cause an increase in BRK levels. A) 
T47D parental cells were treated with 1 μM Doxorubicin for 24 and 48 hours. BRK, BCRP and 
actin levels were assessed through western blotting. B) Blots were repeated thrice and quantified. 
BRK and BCRP levels were normalized to actin to control for loading. Error bars represent 

standard error. n=3 replicates for all samples.   



57  

  

4.6 Global phosphoproteomics of MCF7 Parental vs TamR and T47D TamR vs T47D TamR 

BRK Knockdown cell lines 

 

4.6.1 Phosphoproteomics workflow to enrich pSer/pThr/pTyr peptides using TiO2 columns 

 

To investigate changes in cellular signaling driven by phosphorylation, phosphoproteomics 

analysis was conducted. The first comparison was made between MCF7 Parental and TamR cells 

to determine serine, threonine, and tyrosine phosphosites (denoted as pSTY) and pathways that 

are altered in TamR cells compared to parental cells. The second comparison was made between 

T47D TamR and T47D TamR BRK KD cells to determine pSTY phosphosites and pathways that 

have been affected by BRK reduction in TamR cells. Pathways and phosphosites that are 

differentially regulated in both comparisons will be assessed. In other words, if a phosphosite or a 

signaling pathway is affected in TamR vs Parental cells and is also affected when BRK is knocked 

down in TamR cells, it is an ideal candidate for further validation on the effects of BRK on TamR. 

 

To accomplish this, label-free phosphoproteomics analysis through the enrichment of pSTY 

phosphopeptides was conducted, as described in the workflow diagram in Fig. 4.5.  Briefly, MCF7 

Parental, MCF7 TamR, T47D TamR and T47D TamR BRK KD cell lysates containing 1 mg of 

protein were isolated, reduced and alkylated before being digested by trypsin to yield peptides 

appropriate for phosphoproteomics analysis. Then, these peptides were purified and used for 

phosphopeptide enrichment using TiO2 columns. The pSTY peptides thus obtained were analyzed 

using LC-MS/MS. Peptides were sequenced and identified from the mass spectra using the search 

engine Mascot which also identified the proteins the peptides were derived from and the 

phosphosites modified on these peptides (Helsens et al., 2007). Phosphopeptides were then 

quantified using the software Scaffold (Searle, 2010).     

 

When comparing MCF7 Parental vs TamR cells, a total of 2036 phosphopeptides, mapping to 

1102 phosphorylated proteins were found (Fig. 4.6A). 1048 phosphopeptides mapping to 663 

proteins were common between Parental and TamR cells (Fig. 4.6B and C). When comparing 

T47D TamR vs TamR BRK KD cells, 2209 phosphopeptides, mapping to 1125 unique 
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phosphoproteoins, were identified (Fig. 4.7A). 827 phosphopeptides, mapped to 547 proteins, 

were common to both cell lines in this case (Fig. 4.7B and C).   

 

Figure 4.5. Workflow of the label-free, quantitative, global phosphoproteomics experiments 
conducted.  
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Figure 4.6. Global Phosphoproteomics of MCF7 cell lines that are sensitive (Parental) or resistant 

to Tamoxifen (Tamoxifen Resistant or TamR). A) Schematic describing the number of unique 
phosphopeptides and proteins identified from the spectra obtained through LC-MS/MS. B) Venn 

diagrams comparing the number of phosphopeptides and phosphoproteins found in Parental vs 

TamR MCF7 cell lines.      
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Figure 4.7 Global Phosphoproteomics of BRK Knockdown in T47D TamR cell lines with 
Scrambled as control. A) Schematic describing the number of unique phosphopeptides and 
proteins identified from the spectra obtained through LC-MS/MS. B) Venn diagrams showing 
similarities and differences in phosphopeptides and phosphoproteins found in T47D TamR 

(Scrambled control) vs T47D TamR BRK KD cell lines. 

4.6.2 Identification of significantly hyper/hypophosphorylated targets in MCF7 TamR vs 

MCF7 Parental cells 

 

Using the quantification analysis tools in Scaffold, the fold-change in phosphoprotein abundance 

in MCF7 TamR vs MCF7 Parental cells was calculated, and statistical testing was conducted by 

performing Welch’s t-test. The results were depicted in the form of a volcano plot as shown in 

(Fig. 4.8A). Significantly up or downregulated phosphoproteins were defined as those that have a 

greater than ±1 log2 (fold change). Fold changes with a p>0.05 were discarded as statistically not 

significant (Fig. 4.8A). The fold change cut-off has been represented in the volcano plot by the 

two vertical lines at -1 and +1 FC. The p-value cut-off has been represented by the horizontal line 

at 1.301 (-log10 of 0.05). Selected hyper and hypo-phosphoproteins have been labeled on the 

volcano plot and tabled (Fig. 4.8A and Table 4.1).  
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Of the targets listed in Table 4.1, a particularly notable protein is Insulin Receptor Substrate 1, 

which was found to be significantly hypophosphorylated at the S1101 residue in Tamoxifen 

resistant cells (Fold change of -1 with p = 0.047). Since fold change was calculated on a log2 scale, 

this implies that IRS1 is twice as phosphorylated in MCF7 parental cells than in TamR cells, at the 

S1101 site. IRS1 is an adaptor protein that plays a role in propagating insulin receptor (IR) and 

insulin growth factor receptor (IGFR) signaling when these receptors are activated by their 

respective ligands insulin or IGF (Insulin-like Growth Factor) (Mardilovich et al., 2009). When 

phosphorylated, the S1101 on IRS1 has been shown to reduce tyrosine phosphorylation and 

activation of IRS1 as well as downstream AKT pathway activation  (Li et al., 2004). With the 

hypophosphorylation of site in TamR cells, this implies that insulin receptor or IGFR signaling 

signaling is more active in TamR than in MCF7 parental cells. With previous studies having shown 

that IR signaling is unchanged in TamR cells while IGFR signaling may be inhibited, it is 

reasonable to hypothesize that IR signaling, rather than IGFR, is activated in MCF7 TamR cells 

and contributes to the continued resistance of these cells to Tamoxifen (Fagan et al., 2012).  

 

Table 4.1 Top 10 significantly hyper/hypophosphorylated proteins and peptides found in MCF7 
TamR cells when compared to MCF7 parental cells. FC>1 and FC<-1 were considered significant 
with p<0.05.   

 

Phosphorylation status

Uniprot 

Name Protein description p value

Fold 

Change Peptides Phosphosites

NPM1

Nucleophosmin isoform 1 [Homo 

sapiens] 0.0001 2.85

(K)CGSGPVHISGQHLVAVEEDAEsEDEEEE

DVK(L) S125

ILF3

Interleukin enhancer-binding factor 3 

isoform a [Homo sapiens] 0.0075 2.95

(K)QGGYSQSNYNsPGSGQNYSGPPSSYQ

SSQGGYGR(N) S860

ALKB5

RNA demethylase ALKBH5 [Homo 

sapiens] 0.035 3.00 (K)SYESSEDCSEAAGsPAR(K) S384

SF3A1

Splicing factor 3A subunit 1 [Homo 

sapiens] 0.016 3.32 (K)FGESEEVEMEVEsDEEDDKQEK(A) S359

TSC2 Tuberin isoform 4 [Homo sapiens] 0.0031 3.32 (R)SQsGtLDGESAAWSASGEDSR(G) S1420, T1462

IPP2

Protein phosphatase inhibitor 2 isoform 2 

[Homo sapiens] 0.0001 3.59

(K)IDEPSTPYHSMMGDDEDACsDtEATEAM

APDILAR(K) S87, T89

NAB2 NGFI-A-binding protein 2 [Homo sapiens] 0.013 -3.32 (R)APsPTAEQPPGGGDSAR(R) S6

NMD3

60S ribosomal export protein NMD3 

[Homo sapiens] 0.047 -2.32 (R)DSAIPVEsDtDDEGAPR(I) S468, T470

SFR19

Splicing factor, arginine/serine-rich 19 

[Homo sapiens] 0.013 -2.32 (R)sPFLKPDER(A) S874

IRS1

Insulin receptor substrate 1 [Homo 

sapiens] 0.047 -1.00 (R)HSsETFSSTPSATR(V) S1101

Significantly Hyper-

phosphorylated

Significantly Hypo-

phosphorylated
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Figure 4.8 Fold-change and pathway analyses of phosphoproteomics data (MCF7 TamR vs 
Parental). A) Volcano plots are depicted with the fold change of each phosphoprotein versus the 
negative log of p-value which was calculated through t-test (n=3, p < 0.05). B) Top signaling 
pathways identified from pathway enrichment analysis of the hyperphosphorylated proteins in the 

MCF7-TamR cells (figures to the right of the bars are p values). 
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4.6.3 Identification of significantly hyper/hypophosphorylated targets that are affected by 

BRK knockdown in TamR 

 

Having identified targets that were differentially phosphorylated in Tamoxifen resistance, I 

queried if any of these targets were differently phosphorylated when BRK was knocked down. 

Thus, I used the phosphoprotein quantification analysis of T47D TamR vs T47D TamR BRK KD 

cells to find if the phosphorylation of targets identified in TamR would change when BRK was 

knocked down. Statistical analysis and comparison were done using the Welch’s t-test, as before 

in section 4.6.2. The volcano plot shown in Fig. 4.9A and Table 4.2 depict the top hyper and 

hypophosphorylated hits identified. Fold change and p-value cut-offs for this dataset remained the 

same as the comparison between MCF7 Parental vs TamR cells. The phosphoprotein IRS1 was 

also identified in this dataset as its S1101 phosphosite was hyperphosphorylated when BRK was 

knocked down in T47D TamR cells. There was a 1.722-fold increase in IRS1 S1101 

phosphorylation (p value of 0.01). Since fold change was calculated as log2(phosphoprotein 

abundance), this value implies that IRS1 was 3.7 times more hyperphosphorylated in TamR BRK 

KD cells than in TamR cells. 

 

Table 4.2 Top 10 Significantly hyper/hypophosphorylated proteins and peptides found in T47D 
TamR BRK KD cells when compared to T47D TamR cells. FC>1 and FC<-1 were considered 

significant with p<0.05.   

 

Phosphorylation status

Uniprot 

Name Protein description p value

Fold 

Change Peptides Phosphosites

IRS1 Insulin receptor substrate 1 [Homo sapiens] 0.01 1.72 (R)HSsETFSSTPSATR(V) S1101

SCFD1 Sec1 Family Domain Containing 1 0.0001 2.14 (R)VNLEESSGVENsPAGARPK(R) S303

KHDR1

KH RNA Binding Domain Containing, Signal 

Transduction Associated 1 0.00013 2.14 (R)sGsmDPSGAHPSVR(Q) S18, S20

HDGF Heparin Binding Growth Factor  0.00026 2.43 (K)GNAEGssDEEGKLVIDEPAK(E) S132, S133

I2BP1 Interferon Regulatory Factor 2 Binding Protein 1 0.0038 2.95 (R)AGGAsPAASSTAQPPTQHR(L) S453

ACLY ATP Citrate Lyase 0.011 3.46

(R)TAsFSESR(A), 

(K)AKPAMPQDSVPsPR(S) S455

FARP1

FERM, ARH/RhoGEF And Pleckstrin Domain 

Protein 1 0.017 3.46 (K)VSAGEPGSHPsPAPR(R) S481

OSBP1 Oxysterol Binding Protein 0.00045 -3.84 (K)MLAEsDEsGDEESVSQTDK(T) S190, S193

NACA

Nascent Polypeptide Associated Complex 

Subunit Alpha 0.00097 -3.64

(K)VQGEAVSNIQENTQTPTVQEEsEEEEV

DETGVEVK(D) S2029

SF3A1 Splicing Factor 3a Subunit 1 0.00094 -3.32 (K)FGESEEVEMEVEsDEEDDKQEK(A) S329

NPM1 Nucleophosmin isoform 1 [Homo sapiens] 0.0001 -3.32

(K)CGSGPVHISGQHLVAVEEDAEsEDEEE

EDVK(L) S125

RETR3 Reticulophagy Regulator Family Member 3 0.0099 -2.32

(R)AMDNHsDsEEELAAFCPQLDDSTVAR(

E) S258

Significantly Hyper-

phosphorylated

Significantly Hypo-

phosphorylated
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4.6.4 Pathway analyses reveal significance of IGFR and insulin receptor signaling pathways 

 

As I found that IRS1 S1101 is hypophosphorylated in TamR and hyperphosphorylated when BRK 

was knocked down in TamR cells, pathway analysis was conducted to ascertain if the datasets 

indicated changes to either IGFR or IR signaling as well as identifying other functional, pathway-

level changes in these datasets. Using the method described in section 3.6.5, Innatedb.com was 

used to identify overrepresented pathways from the functional phosphoproteomics datasets  

(Breuer et al., 2012).  

The pathway enrichment analysis results show that indeed IRS1-mediated insulin signaling and 

IGF1R signaling cascades were shown to be enriched in both the TamR vs Par and TamR vs TamR 

BRK KD datasets (Figs. 4.8b and 4.9b). This was expected, not only due to the presence of IRS1 

in the datasets, but also because IGF1R and insulin signaling share similarities in signaling 

cascades, including AKT pathway activation and IRS1-mediated signaling (Nagao et al., 2021). 

Amongst these phosphoproteins that were enriched as a part of these pathways, both IRS1 and 

PDPK1 were found in both TamR vs Par and TamR vs TamR BRK KD datasets. PDPK1 is 

involved in AKT signaling and is an important mediator of the AKT signaling cascade which 

follows IRS1 activation (Jiang et al., 2022).  It is possible that BRK KD resulted in the inhibition 

of IRS1 downstream, potentially affecting IGFR signaling in TamR as a result (Fig. 4.9B). Due to 

these findings, it was reasonable to investigate how the phosphorylation status of IRS1 was 

affecting Tamoxifen resistant breast cancer cells and how IRS1 S1101 phosphorylation changes 

when BRK is knocked down.  

Pathway enrichment analysis, through InnateDB and Reactome, also revealed over-representation 

of ERBB2 (HER2) signaling, EGFR1 signaling and cell cycle signaling pathways (Figs. 4.8b and 

4.9b). These pathways were expected to be present in the analysis as they have been characterized 

extensively in their involvement in both the conferral and maintenance of Tamoxifen resistance  

(Rani et al., 2019).  
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Figure 4.9. Expression and pathway analyses of phosphoproteomics data (T47D TamR BRK KD 
vs T47D TamR (denoted as Scrambled). A) Volcano plot depicting the fold change of each 
phosphoprotein versus negative log of p value which was calculated through a t-test (n=3, p < 

0.05). B) Top signaling pathways identified from pathway enrichment analysis of the 
hyperphosphorylated proteins in the T47D TamR BRK KD cells (figures to the right of the bars 
are p values). 
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4.6.5 BRK knockdown and inhibition results in hyperphosphorylation of IRS1 S1101  

 

Immunoblotting of cell lysates was conducted to validate the results described above. As shown 

in Fig. 4.10A, IRS1 was indeed hypophosphorylated in MCF7 TamR compared to Parental. When 

BRK was knocked down in T47D TamR cells, however, IRS1 was found to be 

hyperphosphorylated (Fig. 4.10B). To address cell line differences in the phosphoproteomics 

datasets, T47D parental cells were used to see if the changes seen in MCF7 parental vs TamR cells 

was represented in T47D cells as well. Comparing T47D parental and TamR cells showed changes 

in S1101 phosphorylation as discovered through MS analysis in their MCF7 counterparts (Fig. 

4.10B). Indeed, when quantified, these changes displayed the same trends of hyperphosphorylation 

and hypophosphorylation as the MS analyses (Fig. 4.10C). The observation of IRS1 S1101 

hypophosphorylation in both MCF7 and T47D TamR cells further validates the phosphosite’s 

importance to Tamoxifen resistance and that this is cell-line independent (Fig. 4.10C).    

The knockdown of BRK in TamR cells resulted in a hyperphosphorylation of the site (Fig. 4.10B). 

The differences in total IRS1 expression across parental, TamR and TamR BRK KD cells appeared 

to be negligible (Fig. 4.10B). By quantifying and comparing the changes in IRS1 S1101 expression 

between TamR vs Parental and TamR BRK KD vs TamR cell lines, a  comparison can be made 

between the western blot quantifications and the fold change observations obtained through 

phosphoproteomics analysis (Fig. 4.10B and C). While the western blot quantifications showed 

the same overall trends as the MS quantifications (hypophosphorylation in TamR/Parental and 

hyperphosphorylation in BRK KD/TamR), the magnitude of the changes was significantly 

different between the MS and western blot quantifications (p<0.05, n=3) (Fig. 4.10C). The 

persistence of the trend across cell lines and techniques, however, is a validation of the 

observations in both MS and western blotting analyses.  
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Figure 4.10. A) Western blot analysis of IRS1 S1101 phosphorylation with actin as a loading 

control. B) Western blot analysis of IRS1 S1101 phosphorylation and total IRS1 levels in T47D 

cells. C) Graphical representation of the quantification of the immunoblot and comparison of the 

calculated fold changes with the values obtained from phosphoproteomics analysis. Statistically 

significant changes represented by * (p<0.05, n=3). D) Western blot analyses of total cell lysates 

(TCL) and IRS1 immunoprecipitation (IRS1 IP) from T47D Parental, TamR and TamR + Tilfrinib 

(2.5 μM treatment over 48 hours). Expression of BRK, IRS1 S1101 and total IRS1 were assessed.     
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4.6.6 BRK interacts directly with IRS1 

 

Having validated that IRS1 S1101 is hyperphosphorylated when BRK is knocked down, the 

interaction between IRS1 and BRK was further investigated through co-immunoprecipitation. 

T47D Parental and TamR cells were lysed in a non-denaturing Tris-HCL buffer. Additionally, to 

study the effect of BRK inactivation on its interaction with IRS1, T47D TamR cells treated with 

the BRK inhibitor Tilfrinib (2.5 μM treatment for 48 hours) and lysed as described above. While 

IRS1 pulldowns did yield coimmunoprecipitation of BRK, the reciprocal pulldown was 

unsuccessful in precipitating IRS1 (Fig. 4.10D). The unsuccessful reciprocal pulldown may have 

been due to the anti-BRK antibody affecting the binding site between BRK and IRS1, either 

directly or allosterically.  

Immunoblotting of the total cell lysates for total IRS1, IRS1 S1101 and BRK expression show that 

the inhibition of BRK using Tilfrinib results in the hyperphosphorylation of the IRS1 S1101 

phosphosite (Fig. 4.10D). I also found that BRK was pulled down with IRS1 immunoprecipitation 

from all 3 cell lines. This indicates a clear interaction between BRK and IRS1, apparently 

independent of BRK activation as BRK was pulled down in T47D TamR cells treated with 2.5 µM 

Tilfrinib (Fig. 4.10D). Assessment of IRS1 S1101 phosphorylation in the IRS1 pulldowns showed 

the same trend of hypophosphorylation in TamR vs Parental and hyperphosphorylation in TamR 

+ Tilfrinib vs TamR (Fig. 4.10D). Overall, these results corroborate the western blot validation of 

the phosphoproteomics results (Fig. 4.10D) and indicate that the inactivation of BRK is sufficient 

for IRS1 inactivation through the hyperphosphorylation of the S1101 inhibition site.  

4.6.7 Stimulation of T47D cells with insulin induces IRS1-mediated cyclin D1 gene expression 

 

Previous studies have indicated that IRS1 has important functions in the nucleus, particularly in 

response to estrogen treatment and in combination with ER (Morelli et al., 2004; Wu et al., 2008). 

Indeed, chromatin immunoprecipitation (ChIP) of c-myc and cyclin D1 promoters in mouse 

fibroblasts has shown that IRS1 localizes to these promoters and activates the gene transcription 

(Wu et al., 2008). Furthermore, in breast tumours that overexpressed IRS family proteins 

(including IRS1), increased levels of cyclin D1 and c-myc were observed (Dearth et al., 2006).  



69  

  

I therefore sought to study the effects of BRK knockdown and inhibition on the nuclear , gene 

regulatory function of IRS1 using the expression of c-myc and cyclin D1 as functional readouts. 

To this end, RT-PCR analysis of T47D Parental, TamR, TamR BRK KD and TamR + Tilfrinib 

(2.5 μM for 48 hours) cell lines were collected. Primers against cyclin D1, c-myc, BRK and actin 

coding regions were designed. RNA conversion to cDNA was followed by RT-PCR quantification 

of gene expression in one step using the kit protocol provided (New England Biolabs, #E3005L).  

As a proof of principle, T47D Parental cells were treated with insulin and cyclin D1 and c -myc 

expression were analyzed (Fig. 4.11A). By treating these cells with 8 μg/mL insulin, I expect the 

activation of the insulin receptor signaling pathway which would lead to the activation of IRS1 -

mediated cyclin D1 and c-myc transcription downstream (Lai et al., 2001; Mawson et al., 2005). 

Indeed, a significant increase in cyclin D1 and c-myc mRNA levels was observed when these cells 

were treated with 8 µg/mL of insulin for 48 hours (Fig. 4.11A). It should be noted, however, that 

c-myc mRNA was not detected in the untreated cells. The lack of c-myc expression in the untreated 

T47D Parental cell line does not align with RTPCR results from the experiments that f ollowed as 

c-myc expression was otherwise detected in T47D parental cells (Fig. 4.11A).  

Having established that both c-myc and cyclin D1 mRNA increase upon insulin-mediated 

activation of IRS1 signaling, I analyzed the effects of BRK knockdown (Fig. 4.11A) and BRK 

inhibition using 2.5 μM Tilfrinib on the expression of these genes, with actin included as a 

housekeeping gene and BRK included as a control whose transcription levels should not change. 

When BRK was knocked down in T47D TamR cells, I observed a statistically significant 

(p<0.001, n=6) decrease in cyclin D1 mRNA levels (Fig. 4.11B). Additionally, there was a 

significant increase in cyclin D1 mRNA levels in T47D TamR cells compared to their Parental 

counterpart (p<0.05, n=6) (Fig. 4.11B). These results align with the hypothesis that the inhibition 

of IRS1 due to BRK knockdown affects its ability to regulate cyclin D1 expression. By contrast, 

c-myc mRNA levels appear to be unaffected by BRK knockdown in TamR cells (Fig. 4.11B) with 

no significant differences observed in mRNA levels across the 3 cell lines. While c -myc was 

undetected in T47D Parental cells in the insulin-stimulation experiment, c-myc was detected here 

in all 3 cell lines (Fig. 4.11A and B). As expected, BRK levels were reduced in the BRK KD cell 

line.  
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When assessing the effect of BRK inactivation, using the BRK-specific inhibitor Tilfrinib at a 

concentration of 2.5 μM for a treatment period of 48 hours, on the gene transcription of cyclin D1 

and c-myc, a similar trend was observed with cyclin D1 expression (Fig. 4.11C). Cyclin D1 

expression was significantly reduced (p<0.05, n=6) in T47D TamR BRK KD cells vs their TamR 

counterpart. However, there was no significant difference in cyclin D1 mRNA levels between 

TamR and Parental cells (Fig. 4.11C). Since this comparison yielded significant differences 

previously, it is possible that experimental error increased variance in  results. Interestingly, the 

difference in c-myc mRNA levels between TamR and Parental cells was found to be significant, 

a finding which is not corroborated by results presented in Fig. 4.11B. Again, it is possible that 

variance between the two experiments was caused by either experimental error or differences in 

the replicates used in each experiment. 
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Figure 4.11. Cyclin D1 and c-myc RTPCR analyses of A) T47D cells stimulated with insulin (8 

µg/mL) and their untreated counterparts. B) T47D Parental, TamR and TamR BRK KD cell lines 

and C) T47D Parental, TamR and TamR + Tilfrinib (2.5 μM treatment over 48 hours) cell lines. 

mRNA levels were quantified by normalizing to the housekeeping gene and calculating expression 

relative to T47D Parental as the control. * denotes stastically significant differences (p<0.05, n=6).      
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4.6.7.1 Serum starvation before insulin stimulation results in a significant response in the 

insulin receptor signaling pathway 

In previous experiments, a treatment of 8 µg/mL insulin for 48 hours was used to stimulate IRS1 

activity. As insulin stimulation results in changes within minutes, it was important to establish a 

more appropriate window for measuring insulin-stimulated, IRS1-mediated gene expression. To 

this end, T47D Parental cells were treated with 8 µg/mL insulin for the time periods listed in Fig. 

4.13A. Phospho-AKT (S473) was used as a readout for the stimulation of the insulin  receptor 

signaling pathway as it is a downstream signaling intermediary that is activated upon insulin 

stimulation (Fig. 4.13A).  

As quantified in Fig. 4.12B, AKT activity increased drastically after 5 min with an approximate 

4.75x increase. AKT phosphorylation (relative to total AKT levels) peaked after 1 hour 

(approximately 12.5x increase) and remained constant until the 12-hour timepoint where there is 

a significant drop in AKT phosphorylation (Fig. 4.13B). Therefore, it was determined that a 30 

min stimulation of 8 µg/mL insulin would be appropriate for future testing of insulin mediated 

IRS1 functioning. 

Stimulation with insulin for these time periods also affected c-myc and cyclin D1 mRNA levels. 

Both c-myc and cyclin D1 transcription levels peak at 30 min with cyclin D1 mRNA levels 

remaining similar up to the 2-hour time point (Fig. 4.13A and B). Interestingly, c-myc transcription 

levels become undetectable beyond 2 hours of insulin stimulation, which is in keeping with c-

myc’s function as an early response gene (Fig. 4.13A). This result also explains why c-myc 

detection was unreliable in the previous experiment (Fig. 4.11A and B). Cyclin D1 levels peaked 

between 30 min to 1 hour, as mRNA levels were not significantly different between these 

timepoints (Fig. 4.13B). Taking these results into account, stimulation of the T47D parental, TamR 

and TamR BRK KD cells with 8 µg/mL insulin for 30 min was ideal for future experiments to 

probe IRS1 mediated gene regulation.  
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Figure 4.12. A) T47D Parental (T47D Par) cells were serum-starved for 24 hours and treated with 
8μg/mL of insulin for the indicated time periods with a no stimulation control. AKT activation 
(S473), total AKT, active IRS1 (Y896), total IRS1, BRK and actin were assayed with AKT 

activation as a measure of insulin stimulation. B) Western blot quantification, specifically for the 
phosphorylation of AKT at S473, normalized to actin expression. * denotes significant differences 
with p value < 0.05, n=3. ** denotes significant differences with p<0.01, n=3. 
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4.6.7.2 BRK knockdown and inhibition reduce IRS1-mediated cyclin D1 gene expression as 

well as affecting IRS1 activity. 

Having established that a 30 min stimulation of 8 µg/mL insulin would be appropriate for probing 

IRS1-mediated gene regulation, the experiments described in section 4.6.7 were repeated with this 

new stimulus condition in mind. When T47D parental, TamR and TamR cells treated with 2.5 μM 

tilfrinib were assayed for c-myc and cyclin D1 mRNA levels, the results showed that BRK 

inhibition by Tilfrinib reduced both c-myc and cyclin D1 mRNA levels significantly (p<0.05) (Fig. 

4.13C and D). When BRK was knocked down in T47D TamR cells, similar trends were observed 

as both c-myc and cyclin D1 levels were reduced (Fig. 4.13E and F). Overall, these results indicate 

that BRK inhibition and knockdown affects IRS1-mediated cyclin D1 and c-myc gene regulation.  

To investigate this further, two aspects of IRS1 were analyzed, its phosphorylation at the Y896 

activation site and its localization to the promoter regions of c-myc and cyclin D1 to initiate its 

gene regulatory activity (Fig. 4.14). As shown in figure 4.14A, IRS1 Y896 levels were lowered 

upon BRK knockdown, implying reduced activity. Using ChIP qPCR, the localization of IRS1 to 

the promoter regions of cyclin D1 and c-myc were assessed using the protocol and primer 

sequences described previously by Wu and colleagues (Wu et al., 2008). I found that IRS1 bound 

to the cyclin D1 promoter region (Fig. 4.14B). Furthermore, both the inhibition and the knockdown 

of BRK reduced IRS1 binding to the cyclin D1 promoter region. These results imply that BRK 

knockdown reduces IRS1 activity by affecting its Y896 site while also affecting its ability to bind 

to the promoter of cyclin D1.  
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Figure 4.13. A-B) Quantitative PCR analysis of T47D Parental cells serum-starved for 24 hours 
and treated with 8ug/mL of insulin for the time periods indicated. Cyclin D1 and c-myc mRNA 
levels were quantified. C-F) Quantitative PCR analysis of T47D Parental vs TamR vs TamR BRK 
KD or TamR + Tilfrinib cells for the mRNA expression of cyclin D1 and c-myc. Significant 

changes are denoted by * and ** (p<0.05 and p<0.01 respectively) and n=6 for all samples.  
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Figure 4.14. A) Western blot analysis of IRS1 and IRS1 Y896 with actin loading control. B) ChIP-
qPCR analysis of the cyclin D1 promoter site quantified from IRS1-chromatin pulldowns. T47D 
parental cells were serum-starved for 24 hours, followed by treatment with 8ug/mL insulin for 30 
min. Significant changes are denoted by * (p<0.05, n=6 for all samples). 
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4.7 Phosphotyrosine phosphoproteomics of T47D Parental vs T47D TamR vs T47D TamR 

BRK KD cells 

4.7.1 Phosphoproteomics workflow to enrich pTyr peptides using immunoaffinity 

purification 

Having looked at changes in pSTY peptides in MCF7 parental vs TamR cells and T47D TamR vs 

T47D TamR BRK KD cells, it was prudent to consolidate the phosphoproteomics data by 

analyzing one cell line instead of comparing across two cell lines. Additionally, because BRK is a 

tyrosine kinase, the next step in the phosphoproteomics analysis pipeline was to analyze tyrosine 

phosphorylation changes between T47D parental vs TamR vs TamR BRK KD cells.  

T47D TamR cells were transduced with scrambled shRNA and BRK shRNA to generate stable 

TamR cells and their BRK KD counterparts as before. The extent of BRK knockdown was then 

verified through western blot. As shown in Fig. 4.15B, BRK expression was reduced by 

approximately 70% in the knockdown cell line vs control. Furthermore, as a proof of principle, I 

was able to replicate prior results in these cell lines (Fig. 4.15A). Previously, I observed a reduction 

in phosphorylation of STAT3 (Y702), a direct BRK substrate, when BRK was knocked down in 

T47D TamR. I also found that p38 was hyperphosphorylated at the Y182 residue in the BRK 

knockdown cell line. Both these results were replicated in the newly generated cell lines were able 

to replicate these results for the newly generated counterparts of these cells. Therefore, I can be 

reasonably confident that the signaling changes discovered in these cell lines can be compared 

with the previous phosphoproteomics analysis to yield a cohesive model of BRK’s action in 

Tamoxifen resistance.  
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Figure 4.15 Generation of T47D TamR BRK KD cells for phosphotyrosine-enrichment 
phosphoproteomics. A) western blot of BRK, STAT3 Y702, STAT3, p38 Y182 and total p38 in 
the generated cell lines. B) Quantification of immunoblots of BRK knockdown in T47D TamR 

cells (n=3).      

Lysates of these cell lines were harvested from 16 x 10 cm culture plates grown to 90% confluence. 

They were then prepared for mass spectrometry as shown in Fig. 4.16. Before sample preparation 

began, each lysate was divided into 10 mg and 1mg fractions (in 3 technical triplicates) for pTyr 

enrichment and global phosphoenrichment respectively as pTyr enrichment requires more starting 

material, as per the protocol described by Stokes and colleagues (2012). The lysates were then 

reduced, alkylated, and digested as stated in section 4.6.1.  The resultant peptides were purified 

and lyophilized prior to enrichment. The 1 mg fractions were subjected to phosphopeptide 

enrichment using TiO2 columns as per section 4.6.1. The 10 mg fraction was subjected to 

phosphotyrosine enrichment using pTyrosine antibody-conjugated beads (Stokes et al., 2012).  

Spectra obtained from the MS analysis were sequenced using the Andromeda search engine  as part 

of the MaxQuant software, thereby yielding sequenced phosphopeptides as well as the respective 

phosphosites found in the respective samples. The search results were subsequently analyzed using 

the Perseus software as described previously (section 3.6.5) (Batth et al., 2018; Tyanova and Cox, 
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2018). Phosphosite search results were filtered to remove reverse hits and contaminants before 

statistical processing, including normalization and log2 transformation were performed. In total, 

across all replicates and cell lines, the phosphoproteomics analysis identified 6492 phosphosites. 

Of these sites, 6325 were phosphoserine and phosphothreonine (pST) sites while 167 

phosphotyrosine (pY) sites were found. When these sites were filtered for high confidence 

phosphosites (with localization probability greater than 75%), 3739 pST sites and 118 pY sites 

were found (Fig. 5A). Localization probability refers to the confidence with which the search 

engine can assign a phosphosite at that location along the peptide sequence (Cox et al., 2011). 

Therefore, 3% of the total high confidence phosphoproteome obtained from the analysis contained 

pY phosphosites (Fig. 4.17A). All the identified pY sites were detected through the pY-specific 

enrichment approach, indicating that the immunoaffinity purification process was successful. 

Using a similar pY enrichment method, Batth and colleagues also obtained an approximate 3% pY 

site enrichment yield (Batth et al., 2018). Approximately 962 phosphosites were shared between 

T47D TamR and T47D Parental cells with 412 and 216 phosphosites unique to each  condition, 

respectively (Fig. 4.17B). In comparing phosphosites between TamR and TamR BRK KD cells, 

516 and 264 phosphosites were found to be unique in TamR and TamR BRK KD respectively 

(Fig. 4.17C).   
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Figure 4.16. Phosphoproteomics workflow for the analysis of T47D Parental vs TamR Vs TamR 

BRK KD cell lines. 



81  

  

 

Figure 4.17. Global phosphoproteomics analysis of T47D Parental vs TamR vs TamR BRK KD 

cell lines. A) Pie chart breakdown of the high confidence (probability > 0.75) phosphopeptides 
identified in the experiment. B and C) Venn diagram representations of common and unique 

phosphopeptides between T47D TamR vs Parental and T47D TamR vs TamR BRK KD.  

4.7.2 Identification of phosphosites differentially hypo/hyperphosphorylated in TamR vs 

Parental T47D Cells 

To identify pathways, substrates and kinases involved in TamR and differentially affected by BRK 

KD in TamR cells, it was important to identify phosphosites that showed significant differences 

between TamR vs Parental as well as TamR BRK KD vs TamR cell lines. To this end, I defined 

fold change and statistical significance cutoffs. The cutoff criteria for significant fold change were 

defined as a 1-fold change in either direction while the cutoff for statistical significance was 

defined as p<0.05. Fold change was calculated by subtracting the log2 (Intensity in TamR) – log2 

(Intensity in Parental) for these phosphopeptides, where intensity is the measure of abundance of 

the phosphopeptides calculated by the MaxQuant software.  
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After filtering for significantly hypo- and hyper- phosphorylated pTyr peptides, 17 targets were 

identified and have been listed in Table 4.3. Notably, the MAP kinase MAPK14, also known as 

p38 was found to be hypophosphorylated in TamR cells, a finding that corroborates not o nly 

previous results shown in Figs 4.3 and 4.15 but also work done by Ito and colleagues in 2017 (Ito 

et al., 2017). Other targets of interest include CDK1 and CDK2 which were found to be 

hypophosphorylated at the Y15 site. Both these cell cycle proteins have been implicated in 

controlling the transition between G1 and S phase in mitosis and have been targeted for inhibition 

in pre-clinical evaluations for Tamoxifen-resistance treatment (Johnson et al., 2010). Interestingly, 

the increased phosphorylation of CDK1 and CDK2 at the Y15 site has been associated resistance 

to chemotherapy (Tan et al., 2002). An analysis of CDK1/2 phosphorylation at Y15 relative to 

total CDK1/2 levels quantified through proteomics (section 4.7.4 and 4.7.5) may shed further light 

on this observation.  

Amongst the pST sites found, CD44 S706 and AKT1 S124 were hyperphosphorylated in 

Tamoxifen-resistant cells (Fig. 4.18A). Both phosphosites have been found to induce enzymatic 

activity when phosphorylated (Bellacosa et al., 1998; Peck and Isacke, 1998). The activity of both 

proteins has also been previously implicated in driving tamoxifen resistance, which further 

validates the drug resistant phenotype displayed by the T47D TamR cells  (Frogne et al., 2005; 

Hiscox et al., 2012). AKT1 is also a known BRK substrate at the Y315 phosphosite which also 

induces enzymatic activity (Zheng et al., 2010). However, AKT Y315 was not identified in this 

experiment across all samples. This finding is also in line with the increased activity of IRS1 

observed in Fig. 4.14 as increased IRS1 activity causes activation of AKT signaling downstream 

(Li et al., 2004). 

Analysis of the pathways enriched in this dataset (using Innatedb) revealed the overrepresentation 

of both IGF-1 signaling (through IGFR) and insulin receptor signaling (Fig. 4.18B). These 

pathways were also enriched in the phosphoproteomics dataset comparing MCF7 TamR and 

parental cells (section 4.6), which displays the importance of both pathways to TamR in a cell-line 

independent manner.     
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Table 4.3 Significantly hyper/hypophosphorylated pTyr peptides found in the phosphoproteomics 

comparison of T47D TamR vs T47D parental cells. FC>1 and FC<-1 were considered significant 
with p<0.05.   

 

Phosphorylation status Uniprot Name Protein Description pvalue Fold Change Peptide Phosphosite

CASKIN2 CASK interacting protein 2 0.001483676 2.083940665

RLLLEGGVDVNIRNTYNQTALDIVNQFT

TSQ Y253

HIPK2 homeodomain interacting protein kinase 2 0.02061858 1.943695237

DFGSASHVSKAVCSTYLQSRYYRAPEII

LGL Y361

PARD3 par-3 family cell polarity regulator 0.001650773 1.62862962

AKTREFRERQARERDYAEIQDFHRTF

GCDDE Y1080

HSPB1 heat shock protein family B (small) member 1 0.011861506 1.238508721

AVAAPAYSRALSRQLSSGVSEIRHTAD

RWRV Y82

MGP matrix Gla protein 0.029840333 0.608641403

ELNREACDDYRLCERYAMVYGYNAAYN

RYFR Y82

GAB1 GRB2 associated binding protein 1 0.021280809 -1.113883033

KSSGSGSSVADERVDYVVVDQQKTLA

LKSTR Y659

STAT5A signal transducer and activator of transcription 5A 0.060431913 -1.158032467

FSKYYTPVLAKAVDGYVKPQIKQVVPEF

VNA Y694

PLEKHA6 pleckstrin homology domain containing A6 0.05432546 -1.258839081

PSARFERLPPRSEDIYADPAAYVMRRSI

SSP Y492

MAPK3 mitogen-activated protein kinase 3 0.033959757 -1.268397619

RIADPEHDHTGFLTEYVATRWYRAPEIM

LNS Y204

PTPN11 protein tyrosine phosphatase non-receptor type 11 0.058288227 -1.525312205

RNGAVTHIKIQNTGDYYDLYGGEKFATL

AEL Y62

CDK1 cyclin dependent kinase 1 0.041140993 -1.775558012

_MEDYTKIEKIGEGTYGVVYKGRHKTTG

QVV Y15

CDK2 cyclin dependent kinase 2 0.040996557 -1.775558012

_MENFQKVEKIGEGTYGVVYKARNKLT

GEVV Y15

ATP8B1 ATPase phospholipid transporting 8B1 0.040996557 -1.805742711

VSTRRSAYAFSHQRGYADLISSGRSIRK

KRS Y1217

MAPK14 mitogen-activated protein kinase 14 0.002341169 -1.852256586

LDFGLARHTDDEMTGYVATRWYRAPEI

MLNW Y182

CRKL CRK like proto-oncogene, adaptor protein 0.012280005 -1.891459296

GPVFAKAIQKRVPCAYDKTALALEVGDI

VKV Y251

SHC1 SHC adaptor protein 1 0.006888675 -1.891511932

PPPPCPGRELFDDPSYVNVQNLDKAR

QAVGG Y427

CRIP1 cysteine rich protein 1 0.001213549 -1.963146418

____MPKCPKCNKEVYFAERVTSLGKD

WHRP Y12

Significantly Hyper-

phosphorylated

Significantly Hypo-

phosphorylated
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Figure 4.18. Fold-change and pathway analyses of phosphoproteomics data comparing the 

phosphopeptides quantified in TamR cells vs their Parental counterpart. A) Volcano plot depicting 

hyper and hypophosphorylated peptides in TamR vs Parental. (p<0.05, n=3) B) Top signaling 

pathways overrepresented in pathway enrichment analysis of the hyper and hypophosphorylated 
peptides represented in A). 
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4.7.3 Identification of pTyr phosphosites differentially hypo/hyperphosphorylated when 

BRK is knocked down in TamR 

Having identified targets involved in TamR, changes in these targets when BRK was knocked 

down in T47D TamR cells were analyzed. Using the fold change and p value cutoffs defined in 

section 4.7.2, significantly hyper/hypophosphorylated peptides were filtered, with a focus on 

targets already identified as being differentially regulated in TamR. Of the 14 pTyr peptides 

identified after filtering, p38 (MAPK14) was found to be hyperphosphorylated in TamR BRK KD 

cells, which once again corroborates findings in Figs. 4.3 and 4.15 and a previous study (Ito et al., 

2017). In line with the conclusions drawn by Ito et al., it is possible that BRK knockdown in this 

cell lines induces apoptosis through the hyperphosphorylation of p38 MAPK when treated with 

Tamoxifen, thereby restoring sensitivity (Ito et al., 2017). Unlike in the comparison between T47D 

TamR and parental cells, CDK1/2 was not found. AKT1 S124 and CD44 S706 were both 

hypophosphorylated (implying inhibition of activity) when BRK was knocked down, implying a 

reduction in AKT pathway activation. This finding reiterates the inhibition of IRS1 when BRK is 

knocked down in TamR, resulting in the relative inhibition of the AKT pathway.  

Pathway analysis of differentially phosphorylated targets in T47D TamR BRK KD revealed the 

dysregulation of insulin receptor signaling which corroborates our experiments on IRS1 activity 

and functioning (section 4.6). Furthermore, the enrichment of this pathway in both T47D TamR 

cells and T47D TamR BRK KD cells indicates the importance of the pathway and its disruption 

to TamR and restoring sensitivity to TamR upon BRK KD.  
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Table 4.4 Significantly hyper/hypophosphorylated pTyr peptides found in the phosphoproteomics 

comparison of T47D TamR BRK KD vs T47D TamR cells. FC>1 and FC<-1 were considered 
significant with p<0.05.   

 

Phosphorylation status Uniprot Name Protein Description pvalue Fold Change Peptide Phosphosite

MAPK3 mitogen-activated protein kinase 3 0.000559435 2.047200064

RIADPEHDHTGFLTEYVATRWYRAPEI

MLNS Y204

PGAM1 phosphoglycerate mutase 1 0.014520552 2.018688828

MWLPVVRTWRLNERHYGGLTGLNKA

ETAAKH Y92

ATP8B1 ATPase phospholipid transporting 8B1 0.004799647 1.971187413

VSTRRSAYAFSHQRGYADLISSGRSIR

KKRS Y1217

MAPK1 mitogen-activated protein kinase 1 0.011164164 1.93104769

RVADPDHDHTGFLTEYVATRWYRAPEI

MLNS Y187

PTPN11 protein tyrosine phosphatase non-receptor type 11 0.027141565 1.898836623

RNGAVTHIKIQNTGDYYDLYGGEKFATL

AEL Y62

CLDN3 claudin 3 0.001731505 1.841117183

SCPPREKKYTATKVVYSAPRSTGPGA

SLGTG Y198

MAPK14 mitogen-activated protein kinase 14 0.017363163 1.784491807

LDFGLARHTDDEMTGYVATRWYRAPE

IMLNW Y182

ALDOA aldolase, fructose-bisphosphate A 0.014855488 1.76308238

PEILPDGDHDLKRCQYVTEKVLAAVYK

ALSD Y204

SERINC5 serine incorporator 5 0.019522417 1.729444275

LTSTTRSSSDALQGRYAAPELEIARCC

FCFS Y345

MGP matrix Gla protein 0.002399721 1.57676244

ELNREACDDYRLCERYAMVYGYNAAY

NRYFR Y82

CASKIN2 CASK interacting protein 2 0.007122306 -1.67290809

RLLLEGGVDVNIRNTYNQTALDIVNQFT

TSQ Y253

ITSN2 intersectin 2 0.059437881 -1.82222321

IIPGSEVKREEPEALYAAVNKKPTSAAY

SVG Y968

PKP4 plakophilin 4 0.005105368 -2.07293536

STDYSTQYGLKSTTNYVDFYSTKRPSY

RAEQ Y1168

PARD3 par-3 family cell polarity regulator 0.002749129 -2.10762893

AKTREFRERQARERDYAEIQDFHRTF

GCDDE Y1080

Significantly Hypo-

phosphorylated

Significantly Hyper-

phosphorylated



87  

  

 

Figure 4.19. Fold-change and pathway analyses of phosphoproteomics data comparing the 

phosphopeptides quantified in TamR BRK KD cells vs their TamR counterpart. A) Volcano plot 

depicting differentially hyper and hypophosphorylated peptides in TamR BRK KD vs TamR cells 

(p<0.05, n=3). B) Top signaling pathways overrepresented in pathway enrichment analysis of the 

hyper and hypophosphorylated peptides represented in A). 
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4.7.4 Total proteomics analysis combined with phosphotyrosine proteomics analysis 

workflow 

Total proteomics analysis was also conducted to identify the effect of BRK knockdown on protein 

expression. Additionally, total proteomics analysis allows us to combine phosphoproteomics 

analysis with total peptide abundance to yield the relative phosphorylation of a given site as a 

function of total protein analyzed through MS (Fig. 4.20). Cell lysates generated previously 

(section 4.7.1) were used for total proteomics analysis, with 1 mg starting material per cell line. 

The workflow for sample preparation remained the same as before (section 4.7.1) with respect to 

reduction, alkylation, and digestion of the proteins in the lysates to the peptides required for MS 

analysis.   

Overall, 3966 proteins were analyzed for significantly up and downregulated proteins in TamR vs 

Parental and TamR BRK KD vs TamR cells (Figs 4.21 and 4.22). Significant changes (denoted by 

the black curves in Figs 4.21a and 4.22b) were determined using the program Perseus by setting a 

p value of 0.05 with significant fold changes being set by Perseus’ normalization algorithm 

(Tyanova and Cox, 2018).  
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Figure 4.20. Workflow of label-free quantitative proteomics analysis, including the combining of 
proteomics and phosphoproteomics analyses to yield relative phosphorylation analysis 
downstream. 
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4.7.5 Identification of differentially expressed proteins in TamR vs Parental T47D cells 

Changes in total protein expression can drive the development and maintenance of Tamoxifen 

resistance, therefore the analysis of differentially expressed proteins in TamR would elucidate 

pathways and regulatory mechanisms that are dysregulated when resistance is developed  (Rani et 

al., 2019).  

Of the numerous proteins identified as significantly up-regulated in TamR vs parental T47D cells, 

23 proteins were found to be involved in PDGFR (Platelet-derived growth factor receptor)-beta 

signaling (Fig. 4.21B). A recent publication revealed that the inhibition of PDGFR signaling 

resensitized TamR breast cancer cells to the drug, displaying the importance of the pathway to 

Tamoxifen resistance (Kim et al., 2021). The proteins identified as a part of this pathway in this 

dataset include GRB2 (Growth factor receptor-bound protein 2), an adaptor protein involved in 

EGFR signaling which itself drives Tamoxifen resistance (Rani et al., 2019). A second protein, 

BCAR1 (breast cancer antiestrogen resistance 1), was upregulated in TamR cells, which 

corroborates previous experimental findings (Kumbrink and Kirsch, 2012). Finally, increased 

expression of ABL1 was found in this dataset and the tyrosine kinase is involved in the 

enhancement of resistance to Tamoxifen (Zhao et al., 2010).  

Interestingly, the pathway involving the targets of c-myc transcriptional activation was also 

enriched in TamR cells compared to parental cells (Fig. 4.21B). The involvement of this pathway 

in the upregulation of proteins in TamR is consistent with c-myc’s contributions to Tamoxifen 

resistance (Chen et al., 2020). Additionally, the representation of c-myc targets in upregulated 

TamR pathways is consistent with the possible IRS1-directed increase in c-myc transcription 

shown in the results detailed in section 4.6.7. Of the c-myc targets enriched in this pathway, the 

overexpression of TP53 has been previously associated with conferring Tamoxifen resistance, 

albeit this is only prevalent in cases where TP53 is mutated (Grote et al., 2021).  

Overall, these findings indicate the importance of both c-myc transcriptional activation and 

PDGFR to Tamoxifen resistance. PDGFR is an alternative growth factor receptor pathway that 

drives Tamoxifen resistance as it has not been targeted using therapies (Kim et al., 2021). Our 

results indicate that targeting it may be effective in combating TamR breast tumours.  
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Figure 4.21. Fold-change and pathway analyses of T47D TamR vs Parental proteomics data. A) 
Volcano plot is depicted with the fold change of each protein versus the negative log of p value 

which was calculated through a student’s t-test (n=3, p < 0.05). Labeled data points are top 10 
up/downregulated proteins in TamR vs Parental. Data points above the black curves are 
determined as significant. Curve limits are determined through statistical analysis using Perseus 
software. B) Top signaling pathways identified from pathway enrichment analysis of the 

upregulated proteins in the T47D TamR cells. 
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4.7.6 Identification of differentially expressed proteins when BRK is knocked down in TamR 

T47D cells 

BRK knockdown may drive protein downregulation downstream of its kinase activity, which in 

turn may resensitize TamR cell lines to the therapy. To investigate this, downregulated proteins 

identified in the comparison between T47D TamR BRK KD and T47D TamR cell lines were 

analyzed for pathways overrepresented.  

PDGFR-beta signaling was found to be downregulated overall because of BRK knockdown. A 

total of 17 proteins associated with this pathway were identified in our dataset (Fig. 4.22B). In 

fact, the 3 targets described in the previous section, BCAR1, GRB2 and ABL1 were all reduced 

in expression when BRK was knocked down in TamR. The association between BRK and the 

PDGFR pathway, including its association with the 3 proteins mentioned above, has not been 

characterized. However, I can hypothesize that because BRK is involved in the activation of EGFR 

and prevention of its degradation and turnover, BRK knockdown would increase EGFR turnover 

and GRB2 downregulation, as it is an EGFR adaptor protein (Li et al., 2012). Thus, BRK may 

contribute to Tamoxifen resistance by either directly or indirectly affecting the expression of 

proteins involved in PDGFR signaling, thereby bypassing Tamoxifen’s effects through growth 

factor signaling.  

Validated targets of c-myc transcriptional activation were also overrepresented in the pathway 

analysis (Fig. 4.22B). The downregulation of this pathway is consistent with the reduction of c-

myc transcription with both BRK knockdown and inhibition in an IRS1-mediated manner. Since 

overexpression of TP53, a target of c-myc transcription activation, has been shown to confer 

resistance, it is reasonable to assume that the reduction in TP53 levels may contribute to the 

restoration of Tamoxifen sensitivity (Grote et al., 2021).  

Our results imply that BRK contributes to tamoxifen resistance by regulating PDGFR signaling as 

well as c-myc transcriptional activation, possibly through its action on IRS1. It follows, therefore, 

that BRK inhibition could be a powerful tool to combat Tamoxifen resistance as the potential 

therapy could affect various important signaling pathways.  
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Figure 4.22. Fold-change and pathway analyses of T47D TamR BRK KD vs TamR proteomics 
data. A) Volcano plot is depicted with the fold change of each protein versus the negative log of p 
value which was calculated through a student’s t-test (n=3, p < 0.05). Labeled data points are top 

10 up/downregulated proteins in TamR BRK KD vs TamR. Data points above the black curves 
are determined as significant. Curve limits are determined through statistical analy sis using 
Perseus software. B) Top signaling pathways identified from pathway enrichment analysis of the 
downregulated proteins in the T47D TamR cells. 
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4.7.7 Analysis of phosphopeptide vs total peptide abundance using phosphoproteomics  and 

proteomics data (phospho/total analysis) 

When investigating differential phosphorylation of proteins, it is important to take total protein 

expression into account as it affects the relative activity of a given kinase or protein in general 

(Singh et al., 2017). For example, it is possible for a phosphosite to appear hypophosphorylated 

simply because of low protein expression which reduces the number of peptides of that protein 

that may enter MS analysis. This may not be captured in phosphoproteomics analysis without 

concurrent proteomics analysis. Therefore, after having narrowed down and determined potential 

BRK specific, differentially regulated pTyr targets through phosphoproteomics analysis, it was 

important to combine this with the total proteomics analysis obtained at the same time. The 

proteins identified through the above analysis were matched with their corresponding 

phosphopeptides in the phosphoproteomics analysis conducted previously, with a focus on pTyr 

phosphopeptides as modification in these sites may be a direct result of BRK activity.  Matched 

phospho and total peptide pairs of intensities (measure of peptide abundance) were then divided 

to yield phospho over total intensity in all 3 cell lines (Parental, TamR and TamR BRK KD). A 

log2 function was applied to all intensities and then comparisons were made between TamR vs 

Parental and TamR BRK KD vs TamR by subtracting log2 (phospho/total intensity) of the 

conditions being compared (summarized in Fig. 4.20).  

4.7.8 Relative activity analysis reveals possible BRK targets affected by TamR and BRK 

knockdown in TamR 

Of the 118 pTyr peptides identified, 42 were matched with their corresponding total protein 

abundances. Of these, I sought to specifically find targets that were significantly 

hyperphosphorylated in TamR and significantly hypophosphorylated when BRK was knocked 

down in TamR as this trend would be an indication of BRK’s possible action on the target at the 

pTyr phosphosite in question. A total of 3 such candidates were found (Table 4.5).  

CDK1 (Cyclin-Dependent Kinase 1) was found to be hyperphosphorylated at its Y15 phosphosite 

in TamR (1.5820 fold-change, p<0.05) while these sites were hypophosphorylated when BRK was 

knocked down (-1.5729 fold-change, p<0.05). This is interesting as the phosphoproteomics 
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analysis alone indicated that Y15 was hypophosphorylated in TamR. However, the proteomics 

analysis revealed that the observation of hypophosphorylation was a result of reduced overall 

CDK1 expression in TamR. This observation highlights the importance of considering total protein 

levels when interpreting phosphorylation data. While these tyrosine sites are inhibitory, their 

phosphorylation has been shown to result in the induction of cell growth and tumourigenesis 

recently, though this effect may be highly context-dependent and therefore bears further 

investigation in the TamR context (Wang et al., 2015).  

Delta catenin-1 was identified as hypophosphorylated at the uncharacterized Y904 site when BRK 

was knocked down while being hyperphosphorylated in TamR. The protein may be significant in 

promoting breast cancer malignancy as described previously (Zhang et al., 2015). In a 

phosphoproteomics analysis of Src substrates in mammary epithelial cells stimulated with Colony 

Stimulating Factor (CSF), the Y904 site was reported as being a potential Src substrate (Knowlton 

et al., 2010). As Src and BRK do share similarities in substrates and targets, it is possible that BRK 

regulates the phosphorylation of the Y904 site on delta canenin-1 which may be important to the 

maintenance of Tamoxifen resistance.  

Finally, both GSK3-alpha (Glycogen synthase kinase-3) was found to be hypophosphorylated at 

its active site Y279, when BRK was knocked down in TamR cells. The hyperphosphorylation of 

the site has been shown to induce cell growth and overall, GSK3 expression has been associated 

with conferral of drug resistance, making it an excellent candidate for investigation on its 

interaction with BRK in TamR (Duda et al., 2020). Furthermore, GSK3 is linked to insulin 

receptor signaling through IRS1-PI3K-AKT signaling (Duda et al., 2020). It should be noted, 

however, that traditionally, AKT activation results in GSK3 inhibition while other studies have 

shown that GSK3 has both tumour promoter and tumour suppressor activity in breast cancer (Duda 

et al., 2020). Like CDK1 phosphorylation, if BRK does interact with GSK3, the effect of the 

interaction will likely be highly context dependent and will require extensive characterization. 
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Table 4.5. Significantly hyper/hypophosphorylated phosphopeptides were matched with their 

corresponding total peptide abundances.  

 

Following this match, relative phosphorylation was calculated by dividing phosphopeptide 

abundance with total peptide abundance. Finally, relative fold change between the respective cell 

lines was calculated (p<0.05, n=3). Targets were only chosen if they were hyperphosphorylated in 

TamR and hypophosphorylated when BRK was knocked down in TamR. “Effect of the site on 

protein function” (activation/inhibition) and “Effect of site on biological process” were obtained 

through the PhosphospitePlus database (https://www.phosphosite.org/homeAction.action). 

 

4.8 Validation of BRK-specific targets in TamR 

4.8.1 BRK knockdown reduces CDK1 Y15 and δ-catenin Y904 phosphorylation 

Having identified potential targets of BRK phosphorylation in Tamoxifen resistant T47D cells, 

validation became necessary to ensure that these phosphorylation changes were reproducible in 

vitro. Therefore, western blotting analysis was conducted using phospho-specific antibodies 

against CDK1 Y15, delta catenin-1 Y904 and glycogen synthase kinase-3 alpha Y279.  

The results in Fig. 4.23A show that the phosphorylation of CDK1 at Y15 is reduced in TamR and 

is further reduced when BRK is knocked down. However, CDK1 protein levels are themselves 

reduced in TamR, thereby accounting for the reduction of CDK1 Y15 levels. This reduction in 

total CDK1 levels in TamR is sustained when BRK is knocked down, implying that BRK 

knockdown does not necessarily affect total CDK1 levels but may play a role in reducing CDK1 

Y15 phosphorylation (Fig. 4.23A). The magnitude of these changes, when quantified, agree with 

the phospho over total protein calculations inferred from the MS analyses (Fig. 4.23B).   

Similarly, delta catenin-1 Y904 follows the trend of being hyperphosphorylated in TamR while 

being hypophosphorylated when BRK is knocked down in TamR cells (Fig. 4.23A). Interestingly, 

Protein Name Description
Phosphosite(s) 

identified

Effect of site 

on modified 

protein

Effect of site on 

biological process

Adjusted Fold 

Change (TamR 

BRK KD vs 

TamR)

p-value (TamR 

BRK KD vs 

TamR)

Adjusted Fold 

change(TamR 

vs Parental)

p-value 

(TamR vs 

Parental)

CDK1 Cyclin-dependent kinase 1 Y15 Inhibition Cell growth induced -1.5729 0.0021 1.5820 0.0029

CTNND1 Catenin delta-1 Y904 -1.0684 0.0083 0.6786 0.0455

GSK3A Glycogen synthase kinase-3 alpha Y279 Activation Cell growth induced -1.9163 0.0074 2.5140 0.0037

Uncharacterized

Targets that are affected by BRK KD in TamR (hyperphosphorylated in TamR, hypophosphorylated in TamR BRK KD)
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the magnitude of the differential phosphorylation observed in delta catenin-1 was significantly 

higher than that observed in the phospho/total proteomics analyses (Fig. 4.23B). This may be a 

result of the loss of delta catenin-1 peptides during MS sample preparation.        

 

Figure 4.23. Validation of CDK1 and catenin delta-1 as targets affected by BRK knockdown in 

TamR. A) Western blot analysis of CDK1 phosphorylation at the Y15 site and total CDK1/2, 
catenin delta-1 and phosphocatenin delta-1 at Y904 reveals hypophosphorylation of these proteins 
when BRK is knocked down in T47D TamR cells. B) Quantification of the Western blots in a. 
Both phospho and total protein levels were normalized to actin to control for differences in loading. 

Relative phosphorylation levels were then calculated by dividing phosphoprotein abundance with 
total protein abundance (n=3). Western blot quantifications were compared with quantified 
phosphopeptide/total peptide values obtained through mass spectrometry (n=3). 
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Having validated that BRK knockdown did indeed result in the observed hyper and 

hypophosphorylation of the targets tested, I next queried whether there was a direct interaction 

between BRK and either CDK1 or delta catenin-1 by conducting immunoprecipitation of BRK 

and detecting the presence or absence of these potential interactors. These findings indicate that 

while BRK does influence CDK1 and delta catenin-1 phosphorylation, it may not directly interact 

with these proteins and may require intermediary factors to mediate this intereaction.   

GSK3-alpha could not be detected in these cell lines and has therefore been excluded from 

investigation. This may be due to primary antibody deficiencies or due to the context specific 

nature of GSK3-alpha activity.  

4.9 Model of the proposed mechanism of action of BRK in Tamoxifen resistant breast 

cancer through IGFR/Insulin receptor signaling 

To summarize the findings of the present work, the ability of BRK to perform multiple functions 

within the insulin/IGFR signaling pathway can be considered as the pathway can help connect 

the diverse actions of BRK discovered through these results. To aid the construction of a model 

that could consolidate the results in this thesis, the protein-protein interaction database STRING-

DB (www.string-db.org) was queried with the targets of BRK found in the results described so 

far (Szklarczyk et al., 2020). Namely, BRK, delta catenin-1, CDK1, STAT3 and IRS1 were 

entered into the database to generate a possible interaction network. The network of potential 

interactions thus obtained was combined with experimental data from this work to generate the 

provisional model for the action of BRK in Tamoxifen resistance through the IGF1R/insulin 

receptor signaling pathway (Fig. 4.24). BRK drives Tamoxifen resistance by regulating 

intermediaries downstream of growth factor receptor activation, thereby bypassing Tamoxifen’s 

growth inhibitory effects by mediating estrogen-independent signaling. Amongst these 

intermediaries are 1) IRS1, through which BRK can indirectly regulate cyclin D1 expression 

which itself regulates cell division and proliferation, 2) STAT3, through which BRK regulates 

CDK1 and therefore the cell cycle, allowing TamR cells to circumvent the growth arrest caused 

by Tamoxifen 3) AKT, through which BRK can potentially regulate delta catenin-1 through E-

cadherin regulation which has been shown to drive epithelial to mesenchymal transition and may 

drive chemoresistance or TamR in this case (Soto et al., 2008).   
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Figure 4.24. Potential model for the mechanism of action of BRK in TamR through its regulation 

of the IGFR/insulin signaling pathway and signaling intermediaries downstream.  
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5.0 GENERAL DISCUSSION 

5.1 Conclusions 

Tamoxifen resistance in breast cancer cases can be driven by estrogen-independent signaling 

mechanisms, mediated by growth factor receptor signaling stimulated by growth factors ((Rani et 

al., 2019). Targeting receptor tyrosine kinases, such as IGFR, EGFR and HER2 that regulate this 

process has not yielded successful clinical results in terms of restoring Tamoxifen sensitivity in 

these tumours (Hanker et al., 2020). As a non-receptor tyrosine kinase, BRK acts as an 

intermediary between growth factor receptor activation and the activation of downstream signaling 

effector proteins such as AKT, MAP kinases such as ERK1/2, and regulators of gene transcription 

such as STAT3 (Ang et al., 2021). Therefore, it is reasonable that BRK would play a role in 

conferring drug resistance against Tamoxifen by regulating growth factor signaling, particularly 

through the insulin or IGFR signaling pathways (which share many effectors and intermediaries) 

which was elucidated in this work.  

I conducted phosphoproteomics analysis comparing MCF7 Parental vs TamR cells and T47D 

TamR vs T47D TamR BRK KD cells to find differentially phosphorylated targets in TamR and 

the effect of BRK KD on these targets. Through this analysis, I found that IRS1 S1101, an 

inhibitory phosphosite, was hypophosphorylated in MCF7 TamR cells but hyperphosphorylated 

in T47D TamR BRK KD cells. I corroborated these findings in the T47D cells and quantitatively 

compared the differences in the expression of IRS1 S1101 between the two experiments (mass 

spectrometry and western blot). IRS1 S1101 was indeed hypophosphorylated in T47D TamR cells 

vs Parental and hyperphosphorylated in TamR BRK KD cells vs TamR cells.  The S1101 site has 

previously been associated with downregulation of insulin receptor signaling (Li et al., 2004). The 

inhibition of the protein by phosphorylation at this site after BRK knockdown suggests the 

inhibition of IGF1R and insulin receptor signaling pathways, both of which have previously been 

implicated in tamoxifen-resistance and anti-ER therapy resistance in general (Mills et al., 2018).  

Taken together with the co-immunoprecipitation of BRK and IRS1, these results lead to the 

hypothesis that BRK regulates tamoxifen resistance through its interaction with IRS1 and, by 

extension, its effect on IGF1R and insulin receptor signaling. Additionally, BRK may play a role 
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in the stimulation of cell proliferation by IRS1, through PI3K and MAPK signaling in TamR cells 

and the reduction in cell proliferation upon BRK knockdown and inhibition may be partially due 

to the subsequent inhibition of IRS1 functioning. The inhibition of BRK using Tilfrinib did result 

in the inhibition of IRS1 through the hyperphosphorylation of the S1101 site, supporting the 

suggestion that BRK activity was necessary for the disinhibition of IRS1 but not for direct 

interaction with the protein as BRK-IRS1 coimmunoprecipitation was unaffected. This may be 

explained by the necessity of the SH2 and SH3 domains of BRK for direct interaction with its 

target and because Tilfrinib targets the kinase domain and not these domains, direct interaction 

between BRK and IRS1 is not affected by BRK inhibition. Additionally, BRK knockdown also 

affected the Y896 site on IRS1, which is involved in the increased activity of IRS1 as well as Grb2 

binding (Knowlden et al., 2008). As per the model proposed in Fig. 4.24, I hypothesize that BRK 

directly phosphorylates and activates IRS1 at this site. The site was discovered to be important not 

only to the conferral of resistance against the anti-EGFR therapy Gelfitinib, but also to the IGF1R-

driven conferral of TamR (Knowlden et al., 2008). The phosphorylation of Y896 also drives 

MAPK signaling, which further validates the model described in Fig. 4.24 wherein BRK’s primary 

function in TamR is to drive signaling cascades downstream of the IGFR/IR (Knowlden et al., 

2008).  

RTPCR analyses showed that the stimulation of T47D parental cells with insulin (8 µg/mL) was 

sufficient to induce cyclin D1 and c-myc gene transcription. These genes were chosen as functional 

readouts of IRS1-mediated gene regulation based on a previous literature (Dearth et al., 2006; Lai 

et al., 2001; Mawson et al., 2005). Additionally, these genes are important in the regulation of cell 

proliferation in tamoxifen-resistant cells as cyclin D1 was found to be necessary for TamR cell 

proliferation and increased expression of c-myc was demonstrated to play a role in cell 

proliferation (Chen et al., 2020; Kilker and Planas-Silva, 2006). Having established that insulin-

mediated stimulation of IRS1 increased cyclin D1 and c-myc transcription, I then assessed the 

effect of BRK knockdown and inhibition on the mRNA levels of these genes. Both cyclin D1 and 

c-myc mRNA expression was reduced both when BRK was knocked down and when BRK was 

inhibited by Tilfrinib. Following the principle that c-myc and cyclin D1 gene transcription 

functions as a readout of IRS1 activity, the result lends further support to the hypothesis that BRK-

IRS1 interaction leads to increased cell proliferation in TamR cells through IRS1-mediated cyclin 
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D1 gene transcription, among other pathways. Furthermore, ChIP qPCR analysis revealed that 

IRS1 did indeed localize to the promoter region of cyclin D1, though I was not able to find IRS1 

at the promoter site of c-myc. The lack of IRS1 localization to the c-myc promoter region after 

BRK knockdown and inhibition in T47D TamR cells may indicate an alternative regulatory 

mechanism for c-myc expression which is independent of BRK-IRS1 interaction. Notably, 

however, c-myc mRNA was found to be significantly increased in T47D TamR vs T47D Parental 

cells. This result corroborates previous studies that have indicated that c-myc expression is 

important to TamR (Chen et al., 2020). Assaying c-myc protein expression in these cell lines may 

further elucidate these trends.  

The identification of STY phosphosites in T47D Parental, TamR and TamR BRK KD cells  through 

high throughput phosphoproteomics analysis revealed key pathways and potential substrates 

involved in Tamoxifen resistance and affected by BRK knockdown. By combining TiO 2 

enrichment of pSTY sites with pY-specific enrichment, I was able to find 118 pY phosphosites 

and 3739 pST sites across the 3 cell lines and their biological replicates (n=3). By contrast, the 

TiO2 enrichment approach alone did not yield any pY peptide enrichment. One of the crucial 

tyrosine phosphosites identified was that of the p38MAPK Y182 site. p38MAPK was found to be 

hypophosphorylated in TamR vs Parental cells and hyperphosphorylated when BRK was knocked 

down in TamR cells. Functionally, Ito and colleagues have shown that the hyperphosphorylation 

of this site upon BRK knockdown was crucial for BRK-mediated apoptosis in both MCF7 and 

T47D TamR cells in the presence of Tamoxifen (Ito et al., 2017). While it has been hypothesized 

that p38 MAPK is a BRK substrate, the mechanisms by which BRK downregulation leads to p38 

MAPK activation through increased Y182 phosphorylation remain unclear (Ito et al., 2017; 

Ostrander et al., 2007). Another substrate of BRK, AKT1 was found to be differentially 

phosphorylated at the S124 residue in the phosphoproteomics data. AKT1 was found to be 

hyperphosphorylated in TamR vs Parental cells while being hypophosphorylated when BRK was 

knocked down in TamR cells. The S124 phosphosite is associated with the induction of enzymatic 

activity (Bellacosa et al., 1998). Functionally, the activation of AKT1 by BRK has been associated 

with prevention of anoikis in colon cancer cells and increase in cell proliferation as well as tumour 

growth (Riggio et al., 2017; Zheng et al., 2013). Taken together, the data suggests that BRK, 

through its regulation of AKT1, confers increased cell proliferation and prevents cell death in 
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TamR cells and that the knockdown of BRK abrogates these functions, resulting in resensitization 

of these cells to Tamoxifen.  

By supplementing phosphoproteomics data with total proteomics analysis, I was able to determine 

the relative phosphorylation of potential BRK targets in TamR cells. Targets that were 

hyperphosphorylated on tyrosine residues in TamR but hypophosphorylated when BRK was 

knocked down were the focus of further analyses as these would be the most likely to be targeted 

by BRK’s function as a tyrosine kinase. Three targets were thus identified, CDK1 Y15, delta 

catenin-1 Y904 and GSK3-alpha Y279.  

CDK1 Y15 is a widely characterized site that is important to the functioning of CDK1 in cell cycle 

regulation as it is a kinase-inhibitory site (Malumbres, 2014). The phosphorylation of this site 

prevents cell cycle progression from the G2 to M phase by abrogating CDK1 recognition of its 

substrates, preventing their phosphorylation (Malumbres, 2014). Interestingly, increase in CDK1 

Y15 phosphorylation has been shown to, 1) prevent Taxol-induced apoptosis in triple negative 

breast cancer cells, 2) contribute to drug resistance in osteosarcoma cell lines, and 3) contribute to 

to aggressive skin tumour development (Hu et al., 2022; Tan et al., 2002; Wang et al., 2015). 

Therefore, it is possible that the inhibition of CDK1 through the phosphorylation of Y15 

contributes to increased tumour growth and drug resistance.  

The findings in this present thesis validate that CDK1 Y15 is indeed hyperphosphorylated in TamR 

cells and hypophosphorylated when BRK is knocked down (Figs. 4.23 and Table 4.5). The 

hyperphosphorylation of the inhibitory tyrosine in Tamoxifen resistant cells may contribute to the 

increased growth rate of these cells in the presence of Tamoxifen (Fig. 4.2 and 4.3). The 

knockdown of BRK in TamR cells reduces the phosphorylation of this site, thereby contributing 

to the relatively reduced growth in these cells in the presence of Tamoxifen. It is reasonable to 

conclude that CDK1 Y15 contributes to Tamoxifen resistance possibly by preventing apoptosis 

induced by the cytostatic effects of Tamoxifen. By combining phospho and total proteomics data, 

I accounted for changes in CDK1 total protein expression (CDK1 levels were reduced in TamR) 

and determined CDK1 relative kinase activity in TamR and TamR BRK KD models. In fact, 

considering the studies that have identified the inhibition of CDK1 as an important factor in 
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escaping apoptosis and inducing drug resistance, the reducing in total CDK1 protein levels in 

TamR may be vital to its mechanism of action in Tamoxifen resistance.  

Having established that CDK1 Y15 phosphorylation is affected by BRK knockdown in TamR 

cells, I inquired whether BRK directly interacts with CDK1 and thereby drives phosphorylation of 

CDK1 at this site. While coimmunoprecipitation results showed no interaction between BRK and 

CDK1, it may be possible that an intermediary is required for the interaction between the two 

kinases. By entering these proteins into the protein-protein interaction database String-DB, I can 

speculate the possible intermediary for this interaction. According to String-DB, it is possible that 

BRK interacts with CDK1 through STAT3 (Fig. 4.24). STAT3 is a well characterized BRK 

substrate, which lends credence to this possibility (Liu et al., 2006). Our results have also shown 

that BRK knockdown affects STAT3 activation through the hypophosphorylation of its Y702 site.  

Therefore it may be reasonable to hypothesize that BRK indirectly regulates CDK1 Y15 

phosphorylation through its interaction with STAT3 and STAT3’s interaction with CDK1 (Shi et 

al., 2006).  

By using phospho/total proteomics analysis, I also identified delta catenin-1 Y904 as a 

differentially phosphorylated site in TamR and when BRK is knocked down in TamR (Table 4.5 

and Fig. 4.23). While the site has frequently been identified in other high throughput 

phosphoproteomics analyses, its importance to delta catenin-1 functioning has not been 

biochemically characterized (Knowlton et al., 2010; Sharma et al., 2014). Knowlton and 

colleagues determined that the site may be involved in the stabilization of E-cadherin and that 

phosphorylation of the site by SRC leads to reduced cell-cell adhesion in breast epithelial cells 

(Knowlton et al., 2010). Their findings, taken together with the results presented in Table 4.5 and 

Fig. 4.23, present the possibility that Y904 phosphorylation of delta catenin -1 results in the 

dysregulation of E-cadherin which can then increase proliferation in TamR cells through the 

activation of MAP kinase signaling. Interestingly, as BRK is related to SRC, it may recognize the 

Y904 site on delta catenin-1 as well and may regulated its phosphorylation. However, I was not 

able to find a direct interaction between BRK and delta catenin-1 through immunoprecipitation 

analysis. The reduction of Y904 phosphorylation on delta catenin-1 still indicates a role for BRK 

in the regulation of the protein in TamR cells. By querying String-DB, a possible interaction 
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between AKT and delta catenin emerged. Upon further analysis, it is possible that this interaction 

may be a result of AKT regulation of β-catenin, another cell adhesion protein which controls cell 

proliferation and interacts directly with BRK (Palka-Hamblin et al., 2010). β-catenin has also been 

implicated in driving Tamoxifen resistance as a study inhibiting its activity showed resensitization 

of TamR cells to the drug (Won et al., 2016). It is therefore possible that the interaction between 

BRK and delta catenin-1 requires the intermediary β-catenin and through this, BRK controls 

Tamoxifen resistance in breast cancer cells. A recent study showed that the blockage of β-

catenin/CDK1 signaling restored drug sensitivity in hepatocellular carcinoma xenografts that were 

resistant to the therapy sorafenib (Wu et al., 2018). Therefore, I can model a possible interaction 

between BRK, β-catenin, delta-catenin-1 and CDK1 which can contribute to drug resistance (Fig. 

5.1). I can hypothesize that BRK contributes to Tamoxifen resistance by regulating the β-catenin, 

delta-catenin-1 pathway which itself plays a role in regulating CDK1 activity, thereby conferring 

cell survival in the presence of Tamoxifen (Fig. 5.1). 

Finally, pathway analyses revealed the overrepresentation of IGF-1 and Insulin receptor signaling 

in both TamR vs Parental as well as TamR BRK KD vs TamR comparisons. This is congruent 

with the pathway analysis conducted in MCF7 Parental vs TamR and T47D TamR vs TamR BRK 

KD cells previously where these signaling pathways were also enriched. In finding these pathways 

in both datasets, I can be confident in continuing the investigation of the interaction of BRK and 

IRS1 and their role in Tamoxifen resistance as IRS1 is a crucial mediator of both IGF1 and Insulin 

receptor signaling (Rabiee et al., 2018).  

As stated above, one of the most crucial ways in which breast tumours become resistant to 

Tamoxifen is through the activation of estrogen-independent growth factor signaling (Rani et al., 

2019). Through the results described in this thesis, it is clear that BRK contributes to TamR by 

regulating various downstream effectors such as CDK1, delta catenin-1, STAT3, p38 and IRS1 in 

growth factor signaling pathways, particularly the IGFR/Insulin receptor signaling pathways. 

Therefore, by targeting BRK, one can simultaneously combat several effector proteins whose 

regulation is often shared between various growth factor receptor signaling pathways. This 

effectively abrogates one of the major mechanisms driving Tamoxifen resistant breast cancer and 

therefore makes BRK a viable target for combatting TamR. 
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Figure 5.1. Model of BRK’s mode of action in regulating Tamoxifen resistance by possibly 
controlling β catenin-delta catenin-CDK1 signaling. 
 
5.2 Future directions 

5.2.1 Characterizing the effects of BRK inhibition and knockdown on TamR in vivo 

While the present work has characterized the effects of both BRK knockdown and inhibition in 

vitro, using TamR cell lines, it is important to extend this work to characterize how these 

conditions can affect TamR mouse xenografts in vivo. In vivo characterization of the BRK inhibitor 

use in this context would increase the clinical significance of these results while also serving as an 

effective pre-clinical analysis for the use of Tilfrinib. Additionally, it would be prudent to repeat 

phosphoproteomics and total proteomics analyses on these mouse xenografts to determine if the 

changes seen in vitro can be replicated in vivo while primarily using Tilfrinib as a BRK inhibitor. 

Patient-derived xenografts (PDX) are increasingly being used as in vivo models of cancer and have 

been used previously to study Tamoxifen resistance (Simões et al., 2015). Therefore, a TamR PDX 
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mouse models can be developed to study the effects of BRK inhibition and would serve as an 

excellent pre-clinical evaluation for the effectiveness of Tilfrinib in the treatment of TamR. 

5.2.2 Phospho and total proteomics analysis of Tamoxifen resistant patient tumours 

In addition to developing TamR PDX mouse models, patient derived, TamR tumours can also be 

used for high throughput analyses of changes in protein expression and phosphorylation status of 

kinases. It has been established that there are multiple key differences in significantly altered 

kinases and genes in cancer cell lines and how these observations are different when translated to 

analyses of cancer tissue (Ertel et al., 2006). Therefore, it is important to determine if the changes 

observed at the cell line level (in T47D and MCF7 TamR cells) are also observed at a tumour level 

(in patient derived TamR tumours). By extension, to determine the role of BRK in driving TamR, 

patient-derived cell lines can be grown and depleted of BRK protein levels or of its kinase activity 

before MS analysis for phospho and total proteomics analysis. 

5.2.3 Characterizing the functional relationship between BRK, CDK1 and delta catenin-1 

While I characterized the effect of BRK knockdown on CDK1 Y15 phosphorylation and delta 

catenin-1 Y904 phosphorylation levels, the functional effect and biological significance of these 

changes bares investigation. It would be interesting to investigate if  the effect of BRK on these 

sites is direct or whether BRK acts through intermediaries. The Y904 site on delta catenin -1 has 

not been functionally characterized (Hong et al., 2016). It is possible that BRK recognizes delta 

catenin-1 as a substrate and phosphorylates it directly at the site. This can be studied by using in 

vitro kinase assays, generating site-directed mutations at Y904 of delta catenin-1 and looking for 

BRK binding at the site. Additionally, using CRISPR-directed knock-in, the point mutation at the 

Y904 site can be introduced in TamR cells to investigate the effect of abrogation of this 

phosphosite on drug resistance. This approach is suggested as an inhibitor that targets delta-

catenin-1 has not been developed yet. If the abrogation of the Y904 site influences Tamoxifen 

resistance, it may then lead to inhibitors against delta catenin-1 as a target to combat drug 

resistance. In contrast, the Y15 site on CDK1 has been well characterized as inhibitory to its kinase 

activity, thereby causing cell cycle arrest before mitosis (Johnson et al., 2010). Interestingly, 

CDK1 inhibition has been shown to reverse 5-fluorouracil resistance in therapy-refractive 
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colorectal cancer cells (Zhu et al., 2020). However, CDK1 inhibition through Y15 

hyperphosphorylation by HER2 in triple negative breast cancer cells has been shown to induce 

Taxol resistance (Tan et al., 2002). Y15 phosphorylation by HER2 indicates the site’s importance 

to drug resistance and cancer cell proliferation overall as HER2 plays a role in both processes 

(Rani et al., 2019). The role of BRK in the regulation of this site is undescribed currently. As stated 

in the model in Fig. 5.1, BRK may act on CDK1 through the β catenin-delta catenin-1 complex as 

BRK has been known to interact with β catenin directly. It is also possible that BRK may regulate 

CDK1 Y15 phosphorylation through its phosphorylation of HER2 which then phosphorylates 

CDK1 at the site and thereby contributes to its hyperphosphorylation in TamR. To elucidate the 

relationship between BRK, CDK1 and delta catenin-1, it is important to first identify if BRK 

directly interacts with CDK1 at its Y15 site or if it acts on the site through the catenin family 

proteins. Additionally, it is worth investigating how the phosphorylation of this site, which is 

normally associated with inactive CDK1 and cell cycle arrest, could result in Tamoxifen resistance. 

It is possible that the phosphorylation of the site allows for TamR cells to escape Tamoxifen-

induced cell death and use alternative mechanisms for survival and growth (Tan et al., 2002). 

Therefore, a mechanistic understanding of how this site drives TamR may lead to a better 

understanding of how CDK1 inhibitors may be used against TamR.  

5.2.4 Investigation of alternative targets in Tamoxifen resistance 

BRK is only one tyrosine kinase that is regulating signaling events in TamR. It would be interesting 

to investigate other signaling changes and the kinases that drive them, as an extension of the 

phosphorylation changes observed in the datasets described in Tables 4.1 and 4.3. For example, 

ILF3 (Interleukin enhancer-binding factor 3) is frequently overexpressed in colorectal cancer cells 

and has been found to promote breast tumour growth (Hu et al., 2013; Li et al., 2020). The S860 

site on this protein was hyperphosphorylated in MCF7 TamR cells vs MCF7 Parental cells (Table 

4.1). The characterization of this site and its importance to TamR would be a novel discovery.  

Similarly, HSPB1 (Heat shock protein beta 1) was found to be hyperphosphorylated in T47D 

TamR cells at its Y82 site. The site was unaffected when BRK was knocked down in these cells 

but its importance to TamR can still be investigated. HSPB1 activity is induced by phosphorylation 

of this site and this increase in activity is associated with the survival of pancreatic cancer cells in 
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response to genotoxic stress (Grierson et al., 2021). It is possible that the site is involved in the 

conferral of Tamoxifen resistance through its involvement in the stress response signaling 

pathway. Inhibitors that target HSPB1, such as RP101 and Quercetin, are commercially available 

and can therefore be used to investigate the involvement of the protein and its activation site in 

Tamoxifen resistance. While these are 2 examples, there are various sites listed in Tables 4.1 and 

4.3 that can be analyzed for their potential role in Tamoxifen resistance.  

Similarly, alternative targets from Tables 4.4 can be investigated to query the role of BRK in TamR 

cells. For this thesis, I narrowed down BRK-specific hits by only looking at pY phosphosites that 

were differentially phosphorylated in TamR, how they were affected when BRK was knocked 

down and if their total peptide abundances were discovered through proteomics. However, there 

are sites that may still be affected by BRK (listed in Table 4.4) but were discarded due to their 

total peptides not being found through proteomics. For example, PKP4 (plakophilin 4) was 

hypophosphorylated at its Y1168 site when BRK was knocked down in TamR cells but was filtered 

out as its total peptide abundance was not found through proteomics. PKP4 belongs to the 

plakophilin family of proteins which are involved in cell-cell adhesion (Neuber et al., 2010). PKP4 

phosphorylation at the Y1168 site does not currently have a known kinase, according to the 

database Phosphosite.org. BRK may recognize this site and phosphorylate it, thereby playing a 

role in Tamoxifen resistance. Such a novel site would be ideal for future analysis.   
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