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ABSTRACT 

 

INVESTIGATION OF NCK1 AND NCK2 IN MAMMARY GLAND DEVELOPMENT AND 

BREAST CANCER 

 

Adam Golding         Advisor: 

University of Guelph, 2021        Dr. Nina Jones 

The adaptor proteins Nck1 and Nck2 are well-established signalling nodes which 

mediate diverse biological processes including cell proliferation and actin remodelling. 

Although they were first identified as oncogenes over 25 years ago and determined to 

have critical roles in development of many tissues, there has been limited investigation 

into Nck function in breast cancer and breast development. In this thesis, we have used 

a series of loss-of-function mouse models to advance the understanding of Nck1 and 

Nck2 function in normal mammary gland morphogenesis and HER2+ breast cancer 

progression. In the first study, we confirmed broad localization of Nck1 and Nck2 in the 

mammary gland. Using single knockout mice, we found that loss of Nck1 or Nck2 led to 

distinct defects in mammary gland branching throughout puberty, along with disruptions 

in the formation and persistence of terminal end buds, which drive mammary outgrowth. 

Mechanistically, we identified changes in cell proliferation but not apoptosis in these mice. 

In a parallel study, we found that Nck1 and Nck2 are both upregulated in aggressive 

human breast cancers, including HER2+ and triple-negative subtypes. Using a transgenic 

mouse model of HER2+ breast cancer coupled with conditional Nck deletion in the 

mammary gland, we showed that compound loss of both Nck1 and Nck2 significantly 

delayed tumour onset and reduced lung metastasis, and that these effects were not seen 

with deletion of a single paralog. Tumours isolated from these mice displayed changes in 

key regulators of actin and adhesion-based signalling. Altogether these findings provide 

new physiological insights verifying the requirement of Nck proteins in mammary gland 

development and in promoting HER2+ breast cancer, and they reveal their potential as 

targets to inhibit breast cancer initiation. 
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1.1 Breast Cancer Definition 

Breast cancer is a disease caused by uncontrolled growth of abnormal cells and it 

can occur in any mammary gland cells, including the epithelial cells of glandular milk ducts 

or from the same segment of the terminal duct lobular unit (TDLU) (Makki, 2015). Breast 

cancer or breast carcinoma is divided into ductal carcinoma in situ (DCIS) or invasive 

ductal carcinoma (IDC). DCIS occurs when potentially malignant cells undergo improper 

intraductal proliferation but are confined within the duct or TDLU (Makki, 2015). Invasive 

carcinoma is an abnormal malignant proliferation of neoplastic cells which have 

penetrated through the duct wall into the stroma (Figure 1-1) (Makki, 2015). While breast 

cancer can originate from either ductal cells (ductal carcinoma) or lobular cells (lobular 

carcinoma), it is understood today that tumour variation is not related to the cell origin 

site, despite shared molecular characteristics (Makki, 2015). 

 

 

 

Figure 1-1 Invasive Ductal Carcinoma (IDC) Invasive ductal carcinoma (IDC) is 
malignant abnormal proliferation of neoplastic cells which have penetrated through the 
mammary epithelial duct “wall”. The duct wall is composed of a single layer of luminal 
epithelial cells (turquoise) and surrounded by a layer of myoepithelial cells (yellow). 
Stroma is composed of adipocytes, fibroblasts, and macrophages.  
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Myoepithelial Luminal Cells  
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1.2 Breast Cancer Epidemology 

One out of every eight women in Canada will develop some form of breast cancer in 

their lifetime (DeSantis et al., 2019). Breast cancer is the second most common cancer 

in Canada and the second leading cause of cancer mortality in Canadian women (Health, 

2020; Ontario, 2010). The breast cancer mortality rate has decreased in Canada over the 

last 30 years due to improvements in screening and treatment, including targeted 

therapies (Health, 2020; Ontario, 2010). Because of these advances, there has been a 

drop in mortality within Canada by almost 50% since 1984 (Brenner et al., 2020). 

(DeSantis et al., 2019). However, despite improved therapy, breast cancer kills more 

women than any other cancer, equating to approximately 15% of cancer mortalities 

worldwide in 2012 (Schneider et al., 2014).  

 

1.3 Breast Cancer Subtypes and Treatment 

Breast cancer is categorized into three major subtypes based on the presence or 

absence of molecular markers for estrogen and progesterone receptors (ER and PR 

respectively) and human epidermal growth factor receptor 2 (HER2) (Perou et al., 2000; 

Waks and Winer, 2019) (Figure 1-2). These subtypes include hormone receptor (HR) 

positive, HER2 negative (HR+/HER2-) accounting for 70% of all breast cancers, HER2 

positive (HER2+) (15%-20% of breast cancers), and triple-negative breast cancer (TNBC) 

(15-20% of breast cancers), which lacks the expression of ER, PR, and HER2 and is 

highly metastatic. However, the categorization of breast cancer subtypes is not 

necessarily universal. They can be separated into subtypes that include luminal A/B 

(based on proliferation rates), basal-like, claudin-low, and normal breast-like where 

expression of markers cytokeratins 5/6 and claudins 3/4/7 further distinguish subtypes 

(Hsu and Hung, 2016; Malhotra et al., 2010; Waks and Winer, 2019). 
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Figure 1-2 Overview of Three Subtypes of Breast Cancer. Subtypes are shown top to 
bottom in increasing order by aggressiveness and worsening clinical outcome. 

 
 
 

Table 1-1 Breast Cancer Subtypes and Treatment Classification of 3 major breast 
cancer subtypes including biomarkers, the current therapeutic approach to treating this 
subtype, and reported percentage of cases. 

Subtype Biomarkers Therapy  Percentage 

Luminal A ER+, PR+/- HER2-Ki67 

Low 

Hormonal therapy 30-70% 

Luminal B ER+, PR+/- HER2+/ 

Ki67 high 

Hormonal therapy 

Trastuzumab 

10-20% 

HER2-enriched ER-PR- and HER2+ Trastuzumab 

Chemotherapy 

15-20% 

Triple-negative/ Basal-

like 

ER-,PR- and HER2+ Chemotherapy  5-15% 
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Due to improved screening and detection, 90% of breast cancers are not 

metastatic upon diagnosis (Waks and Winer, 2019). For non-metastatic breast cancer, 

current therapeutic practices are tumour eradication and preventing recurrence. Systemic 

therapy for these patients is dependent upon subtype. Patients with HR+ tumours receive 

endocrine therapy such as Tamoxifen and aromatase inhibitors (Letrozole, anastrozole) 

that in some cases are also combined with chemotherapy (Waks and Winer, 2019). 

Patients with HER2+ tumours receive ERBB2/HER2 directed antibodies (such as 

Trastuzumab) or small molecule inhibitor therapy combined with chemotherapy 

molecules, including paclitaxel and adriamycin. TNBC patients receive chemotherapy 

that is commonly a combination of either Docetaxel/ cyclophosphamide, 

Adriamycin/cyclophosphamide or Adriamycin/cyclophosphamide/paclitaxel (Waks and 

Winer, 2019). Unfortunately, despite these therapies, if the cancer spreads to a distant 

site (a process termed metastasis), TNBC patients have the lowest overall survival rate 

of approximately one year compared to approximately five years for the other two 

subtypes (Waks and Winer, 2019).  

 

1.4 Breast Cancer Metastasis 

As mentioned previously, once breast cancer has become metastatic in TNBC 

patients, the average prognosis is one year (Waks and Winer, 2019). Across all subtypes, 

the most common site of breast cancer metastasis is to the bone (Patanaphan et al., 

1988). Patients with the HER2+ subtype have a bone metastasis rate of approximately 

5% and have a higher metastasis rate to the brain and liver than patients with HR+ HER2- 

breast cancer. Patients with triple-negative disease present with the highest metastasis 

incidence to the lungs (Wu et al., 2014). 

 In addition, metastatic breast cancer remains untreatable and is responsible for 

90% of the nearly 700,000 breast cancer deaths per year worldwide (DeSantis et al., 

2019). The 5-year survival rate of metastatic breast cancer is 27%; for comparison, the 

5-year survival rate of localized breast cancer is 98.9% (DeSantis et al., 2019; Health, 

2020; Ontario, 2010). The tragic prognosis of metastasis, not limited to breast cancer, 

makes it a crucial target for clinicians and scientists today. Unfortunately, clinical predictor 

systems and programs (such as Oncotype DX and MammaPrint) are often limited to a 
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small array of genes (25-100) (Ontario, 2010). Therefore, expansion and identification of 

genetic and cellular mechanisms behind this process are needed (Gao et al., 2013; 

Harnan et al., 2019; Health, 2020; Ontario, 2010). 

 As breast cancer cells become metastatic, they acquire or develop migratory and 

invasive properties that depend on actin cytoskeleton remodelling. Understanding the 

cellular and molecular changes that induce such catastrophic transitions in the normal 

mammary gland epithelium is key to developing more effective therapies for metastatic 

breast cancer.  

 

1.5 Mammary Gland Development  

The mammary gland is a dynamic organ that evolutionarily distinguishes mammals 

in terms of function and unique morphogenic plasticity (Inman et al., 2015; Paine and 

Lewis, 2017). The mammary gland undergoes extensive remodelling during 

development, puberty, pregnancy, and regeneration following pregnancy (Inman et al., 

2015) (Figure 1-3). The adult mammary gland comprises a highly branched tree-like 

ductal network embedded within a surrounding fat pad (Inman et al., 2015). Epithelial 

cells compose the ductal network and surrounding basement membrane, while the fat 

pad is more diverse, containing fibroblasts, adipocytes, immune cells, blood vessels, and 

nervous system components (Inman et al., 2015). Duct development begins as a single 

epithelial cell that becomes a milk-producing organ through cell proliferation, migration, 

and invasion. The ability of epithelial cells to carry out these diverse cellular effects and 

facilitate development is critically dependent on actin cytoskeleton remodelling 

(Chakravarty et al., 2000; Crowley et al., 2000; Paavolainen and Peuhu, 2020; Xu et al., 

2019). 
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Figure 1-3 Mammary Gland Ductal Morphogenesis Mammary gland as it progresses 
from birth, through puberty, and to adulthood. Enlarged is a Terminal End Bud (TEB) from 
the leading edge of the ductal network during puberty. Within the TEB are many epithelial 
cell types but this figure displays four of the major types: Myoepithelial, Luminal, Cap, and 
Body cell. 
 

Murine mammary gland development begins during embryogenesis approximately 

ten days (E10) after conception when the bilateral milk lines form (Inman et al., 2015). At 

E11.5, five "placodes" appear along each parallel milk line, which also becomes the 

location of the adult mouse's nipples (Howlin et al., 2006; Inman et al., 2015; McNally and 

Martin, 2011; Paine and Lewis, 2017). Presence of the placodes initiates surrounding 

mesenchyme to harden, and by E13.5, the placode will have become a small bulb of 

epithelial cells (Inman et al., 2015). The proliferative epithelial bulb must invade the 

surrounding mesenchyme through a poorly understood process involving highly polarized 

epithelial cells breaking out from less polarized embryonic tissues. By E15.5, the bulb has 

grown into a rudimentary mammary "sprout" that will burst through the surrounding 

mammary mesenchyme into the underlying fat pad, forming an epithelial chord in the 

process (Inman et al., 2015; Paine and Lewis, 2017). Signalling components within the 

extracellular matrix (ECM) that surrounds the mammary glands direct the sprout to form 

a lumen and begin minor branching into the surrounding tissue (Inman et al., 2015). By 

Birth Puberty Adult 

Myoepithelial 

Cell 

Cap Cell 

Body Cell 
Luminal Cell 
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E18, a rudimentary mammary branch has formed that becomes relatively quiescent, 

growing much slower than during pubertal development (Inman et al., 2015) (Figure 1-3). 

  During puberty, the endocrine system releases estrogen and growth hormone 

(GH) from the ovaries and pituitary glands (Paine and Lewis, 2017). Hormonal signalling 

induces the rudimentary branch to undergo cell proliferation and formation of Terminal 

End Buds (TEBs) (Figure 1-3), facilitated mainly by Receptor Tyrosine Kinase (RTK) 

signalling (Ewald et al., 2008; Huebner et al., 2014; Koledova et al., 2018; McNally and 

Martin, 2011; Shamir and Ewald, 2015). TEBs are stratified bulb-shaped structures found 

at the leading edge of the developing duct. Cells within the TEB are largely non-adhesive 

and possess incomplete apicobasal polarity (Paavolainen and Peuhu, 2020; Paine and 

Lewis, 2017). The TEB is composed of four cell types, including luminal, myoepithelial, 

body and cap cells. Luminal cells line the inside of the duct and part of the TEB stem 

while myoepithelial cells form a surrounding layer that separates the TEB from the 

surrounding ECM. The head of the TEB consists of cap cells and body cells which 

eventually develop into myoepithelial and luminal cells respectively. Within the cap cells 

are a specialized population of hormone sensing cells which respond to growth factors 

like Fibroblast Growth Factor (FGF), Epidermal growth factor (EGF), and estrogen. Body 

cells interact with surrounding body cells primarily through E-Cadherin, whereas cap cells 

largely intereact with each other through P-cadherin (Mishra et al., 2019). TEBs invade 

the vacant fat pad as a collective unit leading to the formation of primary ducts. The TEBs 

progress through the fat pad, where they orchestrate the formation of the primary duct 

network. Once TEB-driven formation of the primary duct is complete, development 

undergoes a temporary quiescence, similar to the rudimentary branch preceding puberty 

(Inman et al., 2015; Paine and Lewis, 2017). Lateral branching off the primary ductal 

network begins during later estrous cycles to form secondary and tertiary branches that 

internally fill vacant fat pad areas. This process is unlike primary ductal branching as it is 

not TEB-mediated, and instead is primarily driven by hormone receptor signalling (Paine 

and Lewis, 2017). Additionally, whereas TEBs invade immature adipose tissue, 

secondary and tertiary branching occurs through the basement membrane and 

extracellular stroma surrounding the primary duct (Paine and Lewis, 2017) (Figure 1-4). 
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Despite intensive study of TEBs and their role in mammary gland branching, many 

aspects of their biology and function remain poorly understood. 

 

Figure 1-4 Terminal End Bud A Terminal End Bud (TEB) is shown with the surrounding 
mesenchyme. Four cell types of TEBs include luminal, myoepithelial, body and cap cells. 
Cap cells and body cells eventually develop into myoepithelial and luminal cells 
respectively. Cap cells contain a population of further specialized cells known as 
“hormone sensing cells” which respond to extracellular signals to direct TEB function. The 
mesenchyme is made up fibroblasts, adipocytes, macrophages, and extracellular ligands. 
 

TEBs are only present in mammary development and they have many unique 

features (Paine and Lewis, 2017). They are composed of a heterogeneous population of 

epithelial cells that work together as a functional unit that is simultaneously highly 

proliferative and apoptotic. Their invasion via "smooth" or protrusion-less leading-edge 

cells and roles in promoting angiogenesis and fibroblast recruitment are also uncommon 

properties of non-cancerous cells (Paine and Lewis, 2017). How TEB epithelial cells alter 

their properties and function in response to cell-cell interactions, cell-ECM interactions, 

and mechanical stress is primarily unknown (Paine and Lewis, 2017). Recently actin 

cytoskeletal rearrangement and focal adhesion signalling pathways have been implicated 

Myoepithelial Cell 

Cap Cells 
Body Cells Luminal Cell 

Hormone Sensing Cells  
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as potential mediators in many of these processes (Chakravarty et al., 2003; Grimm et 

al., 2006; Heckman-Stoddard et al., 2011; Mishra et al., 2019; Paavolainen and Peuhu, 

2020; Peuhu et al., 2017; Roarty et al., 2015a).   

TEBs are of particular interest because their cell communication, invasion, and 

mobility abilities all relate to breast cancer (Paine and Lewis, 2017). Additionally, they 

share important features to early breast cancers, including close contact with specialized 

stromal cell types and several key signalling pathways involved in cell growth and survival 

(Paine and Lewis, 2017). Improved understanding of mammary gland development thus 

provides insight into breast cancer progression. 

 

1.6 Signalling Pathways Involved In Breast Cancer Cell Function 

Despite comprehensive therapeutic approaches, the metastatic process remains a 

challenging area in breast cancer treatment (Rigiracciolo et al., 2021). The ability of breast 

cancer cells to spread through the blood and lymphatic vessels and gain a motile 

phenotype is driven by many processes. Several important factors are focal adhesion 

dynamic changes, cytoskeletal rearrangement, and regulation of matrix 

metalloproteinase (MMP) expression (Welch and Hurst, 2019). Cytoskeleton remodelling 

represents one of the most well-known phases that drives cancer cell migration (Vicente-

Manzanares et al., 2005). Integrin engagement by the ECM or growth factors promotes 

focal adhesion kinase (FAK) recruitment to the membrane in breast cancer cells, which 

leads to the formation of focal adhesions that ultimately regulate the rearrangement of the 

actin cytoskeleton leading to cell motility (Hall et al., 2011; Schaller, 2010) (Figure 1-5). 

The main proposed mechanisms of FAK function in cancer cell adhesion and migration 

include interaction with c-Src (Huveneers and Danen, 2009), interaction with p130cas 

(Chodniewicz and Klemke, 2004), phosphorylation of myosin light chain-kinase (Chen et 

al., 2014), the recruitment of paxillin at nascent focal adhesions in migrating cells (Hu et 

al., 2014), and Calpain-2-dependent protease activity (Carragher et al., 2003). However, 

there are many other proposed mechanisms, including regulation of actin cytoskeleton 

components Arp2/3 (Swaminathan et al., 2016), RhoGTPases (Tomar and Schlaepfer, 

2009), and N-WASP (Wu et al., 2004). Here I will discuss and highlight several key 

signalling proteins contributing to breast cancer motility related to the above mechanisms.  
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Figure 1-5 Signalling pathways involved in breast cancer with emphasis on 

adhesion signalling (Left) Process of cell motility facilitated or initiated by focal adhesion 

formation, leading to changes in cell shape, actin cytoskeleton rearrangement, and finally 

changes in cell signalling. (Right) Cell features and signalling proteins in an enlarged focal 

adhesion. 

 
 

1.6.1 Actin Cytoskeleton and Functions in Breast Cancer 

Nearly 80% of all cellular proteins contact the cell cytoskeleton. The cytoskeletal 

network provides a platform that hosts almost every cellular process and it plays a 

significant role in cell motility by mediating formation of cell membrane protrusions such 

as filopodia and lamellipodia(Murphy and Courtneidge, 2011). In breast cancer cells, 

dynamic reorganization of the actin cytoskeleton is associated with aberrant cancer cell 

motility during metastasis to local or distant sites (Rigiracciolo et al., 2021; Zouq et al., 

2009). The primary mechanism through which actin cytoskeleton changes are facilitated 

in breast cancer is through the Rho GTPases, which are established regulators in breast 

cancer cell metastasis as well(Humphries et al., 2020). Cell motility is generally initiated 

as cells respond to an extracellular stimulus, physical or chemical. Protrusions, which are 
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composed of actin, extend towards the extracellular signal. Adhesions stabilize the 

protrusion by linking the actin cytoskeleton to ECM proteins. ECM proteins and 

actomyosin contract causing force on the substratum, which simultaneously causes 

adhesions at the rear of the cell to disassemble. Overall, this leads to the cell body moving 

towards the stimulus.  

 Recent evidence suggests that the actin cytoskeleton might be a promising target 

in cancer therapy (Bonello et al., 2009; Foerster et al., 2014). For example, breast cancer 

cells have been found to alter their actin cytoskeleton by accumulating F-actin in the 

immunological synapse preventing their recognition by natural killer cells, a subset of 

cytotoxic lymphocytes with important roles in innate antitumour immunity (Bersini et al., 

2020). An example of a protein which regulates actin cytoskeleton rearrangement to 

facilitate breast cancer metastasis and has shown efficacy in therapeutic targeting is 

protein kinase C ζ (PKC ζ)(Wu et al., 2016). A selective inhibitor of this protein inhibited 

cell adhesion and actin polymerization through attenuating phosphorylation of 1-Integrin 

and ultimately surpressed breast cancer metastasis and increased the survival time of 

breast tumour bearing mice(Wu et al., 2016). 

In addition to the direct contributions of actin cytoskeleton remodelling in breast 

cancer mentioned above, there is overwhelming evidence of how other proteins and 

hormones hijack the actin cytoskeleton to promote and enhance breast cancer 

progression. A few examples include prolactin (Silva et al., 2015), (Chin and Toker, 

2010)(Bersini et al., 2020) progesterone receptor (Fu et al., 2008), estrogen receptor 

(Giretti et al., 2008), and alpha-actinin-1 (Kovac et al., 2018).  

 

1.6.2 Focal Adhesions 

Focal adhesions (FAs) are large molecular complexes within cells consisting of 

transmembrane integrin clusters and many other structural and signalling proteins. The 

assembly of FAs is preceded by the formation of a cytoskeletal precursor, a bundle of 

actin filaments known as a microspike (Guvakova et al., 2002). The microspikes consist 

of radially oriented actin filaments positioned at the leading edge of the cell (Taylor et al., 

2011). Regulation of this process, particularly the signalling proteins involved, has been 

intensively investigated. Previous studies have focused on the structural link between the 
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ECM and cytoskeleton and how the extracellular environment facilitates transmembrane 

communication to the cytoplasm to promote breast tumour cell migration and metastasis 

(Haider et al., 2018; Qian et al., 2020). Below I will discuss some critical regulatory 

proteins in focal adhesions and their role in breast cancer cells. 

 

1.6.3 1-Integrin and Other Integrins 

The integrin family contains 18 -subunits and eight -subunits that combine to form 

24 distinct integrin receptors (Hynes, 2002). These 24 integrin receptors demonstrate 

specific tissue distributions with non-redundant functions in different cell types. The 

primary function of -Integrins is to mediate cell-cell and cell-ECM adhesion and 

communication. Integrins can activate many pathways intracellularly depending on the 

extracellular stimulus. For example, ECM components such as fibronectin, laminin, 

proteoglycans and collagen cause cell surface integrins to recruit a wide variety of adaptor 

and signalling proteins to the integrin cytoplasmic tail that ultimately forms a signalling 

adhesion complex (Horton et al., 2015; Huveneers and Danen, 2009; Paavolainen and 

Peuhu, 2020). These signalling adhesion complexes facilitate critical cell functions 

including cell polarity, motility, differentiation, proliferation, survival, and tumour 

angiogenesis (Bui et al., 2019; Huck et al., 2010; Pontier et al., 2010) and consequently, 

overexpression of integrins promotes these processes (Deng et al., 2012; Hehlgans et 

al., 2007; Huck et al., 2010; Nisticò et al., 2014; Pontier et al., 2010; White et al., 2004). 

Of particular interest are 1-containing integrins which represent the largest 

integrin subgroup. Although 1-Integrin can bind directly or indirectly to numerous 

proteins, it lacks enzymatic activity and does not have an actin-binding domain. However, 

1-Integrin can support actin cytoskeleton remodelling by activating signalling cascades 

and binding proteins with an actin-binding domain. Binding proteins such as Talin, Kindlin, 

Filamin, Alpha-actinin, Tensin, and Integrin-linked kinase (ILK) directly couple 1-Integrin 

to the actin cytoskeleton (Guan, 1997; Horton et al., 2015). Other 1-integrin binding 

partners of interest are FAK (Antoniades et al., 2021; Guan, 1997), paxillin (Horton et al., 

2015; Zouq et al., 2009), and Src family kinases (Horton et al., 2015; Zouq et al., 2009). 

The aggregation and activation of integrins is one of the most well understood and 
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described regulators of focal adhesion dynamics. During cell adhesion, integrins 

associate with cytoskeletal proteins tensin, paxillin, and talin and activate FAK, leading to 

subsequent autophosphorylation of integrins (Guan, 1997). 

 

 

1.6.4 Focal Adhesion Kinase (FAK) 

Numerous studies have linked FAK to the development and progression of cancer 

(Antoniades et al., 2021; Chauhan and Khan, 2021; Lahlou et al., 2012; Paul et al., 2020; 

Rigiracciolo et al., 2021; Wu et al., 2020). FAK is a tyrosine kinase with a molecular weight 

of 125 kDa that plays a vital role in cell-cell communication induced through cell adhesion 

signalling. It is activated downstream of integrin receptors in response to ECM binding 

(Guan, 1997). FAK also binds with paxillin and other known proteins within primary 

adhesion plaques through a focal adhesion targeting domain (Hehlgans et al., 2007; 

Rigiracciolo et al., 2021). Increased mRNA, total FAK protein, and phosphorylation have 

all been identified to correlate with the progression of breast cancer metastasis. 

Additionally, FAK has been shown to promote breast cancer progression in mouse 

models of Luminal B, HER2 (Lahlou et al., 2007, 2012), and TNBC (Paul et al., 2020; Wu 

et al., 2020).  

These studies demonstrate that FAK is a multi-functional protein that integrates 

and transduces signals into cancer cells via integrin as well as growth factor receptors. In 

addition to increased FAK demonstrating a role in promoting breast cancer, the targeted 

inhibition of FAK in breast cancer has shown positive effects in blocking breast cancer 

metastasis and tumour angiogenesis, in addition to inducing apoptosis of cancer cells 

(Antoniades et al., 2021; Chauhan and Khan, 2021). 

 

1.6.5 Paxillin 

Focal adhesions link the ECM and the actin cytoskeleton through various structural 

and regulatory proteins (Guan, 1997; Legerstee et al., 2019). This link is essential for the 

dynamic rearrangement of the actin cytoskeleton, particularly during the formation of 

protrusions at the leading edge of the cell that ultimately facilitates the translocation of the 

cell body. Activated paxillin recruits the small GTPase Cdc42, which triggers N-WASP 
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phosphorylation (Bray et al., 2013; Guan, 1997; Horton et al., 2015; Howe, 2001; 

Huveneers and Danen, 2009; Xu et al., 2019).  Paxillin phosphorylation is a critical step 

in these processes, preceded by activation of the Src/FAK pathway.  Evidence suggests 

that paxillin phosphorylation, in particular at Tyr118, is essential for N-WASP activation. 

N-WASP is the primary activator of the Actin-related proteins 2 and 3 (Arp2/3) complex 

(Chaki and Rivera, 2013; Ditlev et al., 2012; Nieto-Pelegrin et al., 2014; Okrut et al., 

2015a; Oser et al., 2009, 2011). 

 

1.6.6 Actin Related Protein Complex 2/3 (Arp2/3) 

Arp2/3 proteins form a complex which is responsible for nucleating actin filament 

assembly. Arp2/3 has been implicated in the promotion of breast cancer by acting 

downstream of several proteins, including HER2 (Yokotsuka et al., 2011), FAK (Giri et 

al., 2013), WAVE2 (Iwaya et al., 2007), N-WASP (Oser et al., 2009, 2011), Estrogen 

Receptor alpha (Sanchez et al., 2010), and Plk4 (Kazazian et al., 2017).  

Co-expression of Arp2 and WAVE2 is a predictor of poor prognosis in invasive breast 

cancers (Iwaya et al., 2007). A significant role of the Arp2/3 complex is inducing the 

formation of actin filaments to shape lamellipodia at the protrusive or leading edge of 

motile cells (Giri et al., 2013). Interestingly some evidence suggests that the Arp2/3 

complex can promote breast cancer progression by facilitating the function of MMPs, 

which are typically responsible for digesting the extracellular environment (Yokotsuka et 

al., 2011). The common HER2 antibody therapy Trastuzumab has been shown to 

suppress the ability of the Arp2/3 complex to facilitate lamellipodia formation and 

migration in breast cancer cell lines SKBR3 and AU565 (Yokotsuka et al., 2011). 

 

1.6.7 Src Kinase 

Src is a membrane-associated non-receptor tyrosine kinase that is ubiquitously 

expressed. It is responsible for transducing signals from cell receptors to their 

downstream targets and primarily functions in cell proliferation, migration, adhesion, and 

growth (Chang et al., 2008; Pohorelic et al., 2012; Wheeler et al., 2009). Src kinase is 

overexpressed or activated in many breast cancer cases and has been shown to promote 

breast cancer progression (Chang et al., 2008; Pohorelic et al., 2012; Wheeler et al., 
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2009). Src kinase has also been shown to associate with FAK to promote the progression 

and metastasis of estrogen-positive breast cancers (Planas-Silva et al., 2006). Therefore, 

many therapies have been developed to target and inhibit Src function in breast cancer 

(Hiscox and Nicholson, 2008; Hiscox et al., 2006; Kim et al., 2009).  

 

1.7 The Nck1 and Nck2 Cytoskeletal Adaptor Proteins 

In combination with the series of proteins described above, the Nck (Non-catalytic 

region of tyrosine kinase) family of adaptor proteins also regulates cytoskeletal 

remodeling. Nck consists of two widely expressed paralogs known as Nck1 and Nck2, 

referred to here collectively as Nck1/2 (Figure 1-6). First described in melanoma 

(Lehmann et al., 1990), Nck proteins are ubiquitously expressed across tissues and have 

over 200 binding partners (Buday et al., 2002). Nck1/2 universally coordinate signalling 

networks critical for actin cytoskeleton organization, cell movement, and axon guidance, 

and connect transmembrane receptors to many intracellular signalling pathways (Figure 

1-7).  

Nck1/2 are highly conserved and previously reported as functionally redundant 

(Buday et al., 2002; Lettau et al., 2010). Systemic loss of both Nck1 and Nck2 results in 

embryonic lethality at E9.5 (Bladt et al., 2003). Nck contains one SH2 domain and three 

SH3 domains (Buday et al., 2002; Lettau et al., 2010) (Figure 1-6). The SH2 domain of 

Nck can associate directly and indirectly with surface receptors such as 1-Integrin 

through FAK (Goicoechea et al., 2002; Guan, 1997), EGFR (Dionne et al., 2018; Li et al., 

1992), and HER2 (ErbB2) (Dankort et al., 2001). The SH3 domains coordinate 

intracellular responses through proteins including FAK, p130Cas, and PAK, in addition to 

its well-established activation of N-WASP to drive actin polymerization via the Arp2/3 

pathway (Okrut et al., 2015b; Rohatgi et al., 2001) In addition, evidence exists that Nck 

mediates cell proliferation through activation of the Sos/Ras pathway (Buday et al., 2002; 

Wunderlich et al., 1999). Moreover, loss of Nck has been shown to alter the cellular DNA 

damage response mechanism, ultimately sensitizing cells to apoptosis (Kremer et al., 

2007). 
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Figure 1-6 Nck Sequence Homology and Domain Binding Targets Sequence 
homology of the Nck1 and Nck2 paralogs within their overlapping SH3 and SH2 domains. 
The SH3 and SH2 binding domains are relatively similar and target similar sequence 
identities of other proteins, but the actual proteins the two interact with is widespread and 
in some cases very different. Nck SH3 domains bind the sequence PxxP, which stands 
for Proline (P), Any Amino Acid (x), Any amino acid (x), Proline (P). Nck SH2 domains 
bind to the sequence pYDE(P/D/V), which stands for phosphorylated tyrosine (pY), 
aspartic acid (D), Glutamic Acid (E), and then either of the following (proline (P), Aspartic 
Acid (D), Valine (V)). 

 

 

 

1.7.1 Previously Known Functions of Nck1 and Nck2 

 

1.7.1.1 Nck in Kidney Development 

In the kidney, our lab identified that Nck1/2 are critical to podocyte cell cytoskeletal 

rearrangement in vivo. The podocyte comprises actin-rich finger-like projections attached 

to the basement membrane to assist blood filtration processes (New et al., 2013, 2016). 

Nck1
SH3 SH3 SH3

SH2

PxxP

Nck2
SH3 SH3 SH3

SH2

82% 82% 76% 86%

Nck1/2

SH3 SH3 SH3

SH2

PxxP PxxP

pYDE(P,D,V)

Figure 2 Nck Sequence Homology and Domain Binding Targets
Figure 2 depicts the sequence homology of the paralogs Nck1 and Nck2 within their 
overlapping SH3 and SH2 domains. The SH3 and SH2 binding domains are relatively 
similar and target similar the same sequence identities of other proteins, but the actual 
proteins the two interact is widespread and often very different. 
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Conditional deletion of Nck1/2 in properly formed podocytes in mice resulted in their 

simplification caused by disruption of the actin cytoskeletal network (Jones et al., 2006, 

2009). Isolation and culture of these podocyte cells facilitated the demonstration that Nck 

loss perturbs actin remodelling and focal adhesion dynamics through dysregulation of the 

1-integrin receptor (Martin et al. Unpublished). 

 

1.7.1.2 Nck in Cardiovascular Endothelium 

The conditional Nck knockout strategy has been employed by our lab in 

cardiovascular research, specifically in the endothelium. Nck is required for the 

remodelling of immature vessel networks within the developing mouse heart. Nck is also 

crucial to a process known as endothelial to mesenchymal transition, similar to epithelial 

to mesenchymal transition (EMT) observed in cancer cells, where cells migrate and 

invade the cardiac jelly during heart valve formation (Clouthier et al., 2015). Nck-null 

endothelial cells isolated in this study demonstrated defects in actin organization, 

decreased FAK phosphorylation, and altered activation of the Rho GTPases.  
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Figure 1-7 Nck activation and intracellular signalling pathwaysTwo major pathways 
(Integrins and RTKs) that Nck1 and Nck2 can be activated in. These receptors can be 
stimulated by ligands, mechanosensing, or cross-phosphorylation from other activated 
receptors to initiate recruitment and activation of intracellular Nck1 and Nck2. Once either 
Nck1 or Nck2 is bound to a receptor, commonly though the SH2 domain, the protein 
primarily functions as an “adaptor” or signalling hub for downstream effectors through the 
remaining SH3 domains. Nck signalling has a well established role in actin cytoskeleton 
rearrangement. 
 

1.7.1.3 Nck In Invadopodia 

Metastatic breast cancer cells form actin-rich protrusions known as invadopodia. 

Although they share similarities to protrusions found on other normal cell types, these 

structures appear unique to cancer cells. Invadopodia coordinate their function through 

motility and secretion of MMPs. MMPs degrade the surrounding ECM and allow cells to 

Receptor 
Tyrosine 
Kinase 

Integrins

P

P
P

P

SH3 SH3 SH3

SH2

P

P
P

P
FAK

Pak, N-WASP, Arp2/3,  P-Spl76

Actin Branch Formation 
Cytoskeleton Rearrangement
Focal Adhesion Remodeling 

Figure 3 Nck activation and intracellular signaling pathways
Figure 3 depicts a few examples of two major pathways (Integrins and RTKS) that  Nck1 
and Nck2 can be activated in. These receptors can be stimulated by ligands, 
mechanosensing, cross phosphorylation, and other methods to attract intracellular Nck1 
and Nck2. Once either Nck1 or Nck2 is bound to a receptor, most often through it’s SH2 
domain, the protein can act as an “adaptor” or signaling hub for downstream effectors 
through it’s SH3 domains. The most activated pathway is rearrangement of the actin 
cytoskeleton. 
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invade the mammary tissue, blood vessels, and lymph nodes. In coordination with the 

invadopodia, cancer cells hijack canonical focal adhesion signalling dynamics to promote 

invasion. Nck is well established as an intermediate in invadopodia formation and 

maturation through N-WASP-Arp2/3 actin polymerization to reorganize the cytoskeleton 

within these structures (Morris et al., 2017; Oser et al., 2009, 2010) 

 

1.7.2 Emerging Functions of Nck1 and Nck2 

 

Nck in Tumourigenesis 

Nck was identified as an oncogene over 25 years ago (Chou et al., 1992). Its 

overexpression was capable of transforming fibroblasts that formed tumours in mice. 

Since this finding, investigation of Nck function in tumourigenesis is lacking. Nck has been 

studied in several cancers within the last five years and has re-emerged as a research 

focus. Nck2 was upregulated in human melanoma cell lines, and overexpression 

corresponded with increased proliferation, migration, and invasion of melanoma cancer 

cells (Labelle-Côté et al., 2011). Xenograft models found that increased Nck2 expression 

led to a corresponding increase in tumour incidence and growth in melanoma. In addition, 

upon investigating several breast cancer cell lines, Nck was most highly expressed in 

those representative of more aggressive breast cancer subtypes (Labelle-Côté et al., 

2011; Stylli et al., 2009). 

Accordingly, Nck overexpression was observed in human breast carcinoma 

tissues (Chaki et al., 2019) and a recent study showed that knockdown of both Nck1 and 

Nck2 in the triple-negative breast cancer cell line MDA-MB-231 was associated with 

delayed breast cancer progression and reduced metastasis upon injection into nude mice 

(Morris et al., 2017). In addition, Nck1 has recently been identified to enhance the 

progression of ovarian cancer through the PI3K/AKT/p70S6K signalling pathway (Liu et 

al., 2020). Whole exome sequencing data sets of non-BRCA1/2 cancers have implicated 

Nck1 as a cancer gene upregulated in basal breast cancers. Interestingly, different 

mutants of Nck1 were found to enhance viability and invasion of luminal breast cancer 

cells when overexpressed (Yin et al., 2019). Nck1 has additionally been implicated in 
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several other cancers including ovarian (Liu et al., 2020), lung (Zhou et al., 2021), cervical 

(Xia et al., 2019) and colorectal (Zhang et al., 2017).  

  

 Because of the recent evidence unearthing functions of Nck1 and Nck2 in breast 

cancer and many other cancers, we aim to investigate Nck1 and Nck2 in breast cancer.  

 

1.8 Rationale and Thesis Objectives 

Nck1 and Nck2 are well-established regulators of the actin cytoskeleton (Bladt et al., 

2003; Buday et al., 2002) and in vivo studies show that Nck signaling is required to 

coordinate cellular architecture of kidney podocytes (Jones et al., 2006)(Jones et al., 

2006) and endothelial cells during angiogenic sprouting (Clouthier et al., 2015). Moreover, 

Nck was initially identified as an oncogene over 25 years ago where its overexpression 

was shown to transform mammalian cells which formed tumours in mice (Chou et al., 

1992; Lehmann et al., 1990; Li et al., 1992). However, Nck was largely not investigated 

in cancer for almost 20 years until studies linked Nck function to invadopodia formation 

(Oser et al., 2009, 2010) and melanoma tumour cell proliferation, migration and 

metastasis (Labelle-Côté et al., 2011). This latter study surveyed other cancer types and 

identified Nck overexpression in several breast cancer cell lines which recapitulate the 

most common breast cancer subtypes. Given the central role of actin signaling in 

mammary branching morphogenesis and breast cancer cell invasion, the goal of this 

thesis was to use animal model systems to explore the role of Nck1 and Nck2 in mammary 

gland development and breast cancer. We hypothesized that the combined loss of Nck1 

and Nck2 function would negatively impact branching morphogenesis and breast cancer 

cell metastasis. 

 

In Objective 1, we used global Nck1 or Nck2 knockout mice and analyzed mammary 

glands at several key timepoints of development. We assessed ductal outgrowth in 

addition to changes in TEBs, branching, and proliferation status. In parallel, we profiled 

expression of Nck1 and Nck2 in the mammary gland by immunostaining and   evaluation 

of online databases of single cell RNAsequencing. 
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In Objective 2, we used a HER2+ mouse model of breast cancer (MMTV-NIC) 

wherein we conditionally deleted Nck2 in the mammary epithelium of Nck1 knockout 

mice. We monitored tumour onset and lung metastasis in multiple genotypes. We also 

established cell lines from these mouse tumours and assessed signalling defects. In 

parallel, we used in silico databases to profile the overexpression rates of Nck1 and Nck2 

across all breast cancer subtypes in addition to analyzing human tissue samples from 

these subtypes. 

  



 

23 

 

 

 

 

 

 

 

 

 

 

 

 

2 CHAPTER 2: 

 MATERIALS AND METHODS 



 

24 

 

2.1  Mice 

For development studies, mouse models of Nck1KO (B6.Cg-Nck1<tm1>Paw) and 

Nck2KO (B6.Cg-Nck2<tm1>Paw) (Bladt et al., 2003) were used that had been bred for 

more than 10 generations onto the C57BL/6J background.  

For breast cancer studies we used transgenic NIC mice [MMTV-NEU (NDL2-5)-IRES-

CRE] on the FVB background as previously described (Ursini-Siegel and Muller, 2008). 

We backcrossed Nck1KO (B6.Cg-Nck1<tm1>Paw) and Nck2cKO (Nck2<tm3>Paw) 

floxed mice (Fawcett et al., 2007) onto the FVB background for at least 5 generations with 

the aid of speed congenic analysis and intercrossed them to generate our double mutant 

mouse line (FVB;B6.Stock-Nck1<tm1>Paw;Nck2<tm3>Paw). We then crossed our 

double mutant mice on FVB backgound with NIC mice on the FVB background to 

generate our tissue-specific NIC double mutant mouse line, similar to our previous report 

(Jones et al., 2006). Additionally Nck1KO and Nck2cKO lines were crossed separately 

with NIC mice to generate our single knockouts. All mice in this study were maintained 

on the inbred FVB/N background to reduce variability of tumour onset due to genetic 

background, and because of their sueceptibility to induced tumourigenesis. Mice were 

monitored weekly for mammary tumour formation beginning at 12 weeks. Once tumours 

were palpable, mice with tumours were monitored and measured twice per week until our 

humane endpoint of 10% overall tumour burden. All mice were euthanized by CO2 within 

a chamber at the Central Animal Facility (CAF). All animal studies were approved by the 

Animal Care Committee at the University of Guelph and complied with the Canadian 

Council of Animal Care guidelines. 

Mice were genotyped by PCR of genomic DNA prepared from punctured ear notches. 

Genomic DNA was prepared by treating tissue with 75 ul of 25 mM NaOH and 0.2 mM 

disodium EDTA for 30min at 95°C, followed by cooling to 4°C and addition of 75 ul of 

40mM Tris-HCl. 

 

Table 2-1 Genotyping Primers 

Cre1 gcagaacctgaagatgttcgc 

Cre2 gcacgttcaccggcatcaacg 
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2.2 Immunohistochemistry 

The fourth or matching opposite ninth mammary gland was extracted from mice at 

approximately age 35 days, 55 days, or 84 days and placed into a cassette incubated 

overnight in 10% formalin. Following 24 hours, cassette was moved to 70% ethanol. 

Cassettes were submitted to Animal Health Laboratory at the University of Guelph, where 

they were embedded into paraffin. Paraffin-embedded sections were stored until used for 

Immunohistochemistry (IHC). Sections were prepared from the paraffin-embedded block 

as needed and fixed to charged glass slides. Slides were cut from paraffin blocks at 4 um 

thickness and allowed to dry overnight in a 37C oven. The following day slides were 

washed three times with xylene for 5 minutes each and then hydrated. Hydration was 

done with three washes of 100% isopropanol for 2 minutes, followed by one wash of 95% 

isopropanol for 2 minutes, and then one wash of 70% isopropanol for 2 minutes, and 

finally one wash in deionized water for 2 minutes. After hydration slides were placed in 

Hydrogen Peroxide (H2O2) for ten minutes. Next slides were placed in a pH6 solution in 

a Biocare decloaking chamber. In the decloaking chamber, a Gemini rack was used to 

337L_Nck1_tm1_wt1 gcatgtagacaattacacttcagcacc 

339_Nck1_tm1_wt2 attcatggaatttcgaactcgccacc 

351_Nck1_tm1_lacZ1 ctgattgaagcagaagcctgcgatg 

352_Nck1_tm1_lacZ2 tattggcttcatccaccacatacagg 

365_Nck2_Flox1 ggataccacattggcattagtag 

366_Nck2_Flox2 gtgctcatttgacaagtgacac 

312_Nck2-KO_wt1 ctacactgcccagcaggaccagg 

314_Nck2-KO_wt2 cacatacagatacacacacgctgaag 

280L_Nck2-KO_ko1 ccaatggcaaaggtgatcatgacgg 

282L_Nck2-KO_ko2 cgccttctatcgccttcttgacgag 

MMTV-Neu Fwd  

MMTV-Neu Rev gtttcctgcagcagcctacgc 

MMTV-Cre Fwd tgc tct gtc cgt ttg ccg 

MMTV-Cre Rev act gtg tcc aga cca ggc 
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deparaffinize the slides. Slides were immersed in Dako Target Retrieval solution 10X in 

the decloaker machine. Decloacker program was run for approximately 15 minutes. The 

solution was decanted with deionized water and topped off. Following decanting the slides 

were flooded with 3% hydrogen peroxide. The slides were allowed to sit for 10-12 minutes 

and then flooded with buffer. Lastly the slides were run through Dako Autolink 48 machine 

and program was run dependent on the antibody. 

Following antigen retrieval, glands were stained using Nck 1794 rabbit antibody (a 

gift from Dr. Louise Larose, Montreal) at a concentration of 1:400 at pH 6, rabbit Ki67 

antibody (New England Biolabs D3B5, Mouse preferred/ IHC formulated) at 1:400 

concentration or Cleaved Caspase-3 (Asp175) (Cell Signalling Antibody #9661) at 1:400 

concentration. Immunohistology images were taken using Leica DM1000 and Leica 

MZ125 microscopes with an OMAX A3580U camera on the Toupview program and 

analyzed in ImageJ. 

 

2.3 Mammary Gland Wholemount Staining 

At designated endpoint (age timepoint), tissue extraction was performed where 

number four inguinal mammary glands were removed and placed on glass slides to be 

air-dried for 5-10 minutes. Slides were immediately fixed in Clarke’s Solution (75% 

absolute ethanol and 25% glacial acetic acid). The next day slides were removed from 

Clarke’s Solution and dehydrated in 70% ethanol for 30 minutes. Slides were then placed 

in carmine alum solution (0.5g carmine with 1.25g aluminum potassium sulphate 

dissolved in 120 mL of boiling H2O while stirring in fume hood). Slides were destained if 

necessary in destain solution (97% absolute ethanol and 3% HCL). On the following day, 

slides were dehydrated in increasing ethanol concentrations (70%, 90%, 100%) for 15 

minutes each. Slides were then placed in xylene to remove fat from the mammary gland 

and kept in xylene until imaged, after which point the gland could be dried. 
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2.4 Mammary Gland Analysis 

All analysis of mammary gland wholemounts was performed in FIJI (Fiji is just 

ImageJ). Quantification of length from the back of lymph node (LN) to the 3-4 furthest 

extensions of the ductal network represents mammary gland outgrowth (mm). 

Quantification of ductal branch area (mm2) represents the total ductal area extending from 

a perpendicular line from the back of the lymph node. Terminal end buds were quantified 

as any bulbous structure at the leading edge of the ductal branch network with a width > 

90 um. The duct lengths between branch points were measured by counting the number 

of branch points, and distance between, along the length of the longest three ducts 

invading past the lymph node. In addition, the total numbers of secondary and tertiary 

branch points were counted from the three longest invading ducts that were also 

measured for branch points. 

Ki67 positivity was quantified through analysis of images taken with Leica DM1000 

microscope with ToupView program at 40x magnification. Extended Depth of Field (EDF) 

was used at maximum resolution for highest quality imaging. At least three snaps with 

different parts of the image were taken and combined into EDF image processing. Images 

were transferred into ImageJ program to set scale (40x magnification, 16 px = 1um) and 

resaved. TIFF quality images were transferred into QuPath program (Version 1.2). 

Information on QuPath program available at https://qupath.github.io/. 

On Qupath the automation program was used initially with “Dab test script” available 

online. Cell detection in Qupath program was done using the default settings and then 

detected cells were processed through a “classifier”. For more details on classifier 

program see https://github.com/qupath/qupath/wiki/Classifying-objects. 

 Cell measurements were exported through detection measurements function, saved 

and data was compiled into Excel. For all cell measurements the following data was 

recorded: Total DAB positive nuclear area and count, total DAB negative nuclear area 

and count, overall region area and perimeter. Final calculation of Ki67 positivity was the 

percent area DAB in the following function. (DAB pos area) / (DAB pos area + DAB neg 

area). 

 

 

https://qupath.github.io/
https://github.com/qupath/qupath/wiki/Classifying-objects
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2.5 Histological Analysis 

Following necropsy, tumours and lungs were fixed in 10% neutral buffered formalin 

and transferred to 70% ethanol the next day. Samples were then paraffin-embedded, 

sectioned at 4um and stained for Hematoxylin and eosin (H&E), all by the Animal Health 

Lab at the University of Guelph. Mammary gland, tumour, and lung sections were 

analyzed using Leica DM1000 and Leica MZ125 microscopes with an OMAX A3580U 

camera on the Toupview program and analyzed in QuPath and ImageJ programs. Lung 

metastasis was identified by microscopic analysis, and five step-wise sections of the left 

lobe were taken at 100 um intervals. 

 

2.6 RT-qPCR 

mRNA was isolated from mammary glands and tumours using the PurelinkRNA 

Mini Kit (Invitrogen; Catalog# 12183018A) and treated with DNase 1. cDNA synthesis 

was performed with 1ug extracted RNA with qScript cDNA SuperMix (QuantaBio; 

Catalog # CA 101414-104). RT-PCR reactions were carried out using PerfeCTa SYBR 

green FastMix, ROX (Quanta Biosciences; Catalog # 95073-250) on a StepOnePlus 

Real-Time PCR system (Applied Biosystems). Expression differences between 

samples were calculated using the delta-Ct method. Differences were normalized to 

reference genes mHPRT and mGAPDH. Primer sequences utilized for the analysis are 

below. 

 

Table 2-2 Primer Information for RT-qPCR  

Gene Name Gene Accession Primers (FW & RV) Product Size  Secondary 

structure 

Reference (or indicate 

homemade) 

Twist 1 NM_011658.2 ggacaagctgagcaagattca 164 OK Primer bank 

6755907a1 cggagaaggcgtagctgag 

Twist 2 NM_007855.3 cgctacagcaagaaatcgagc 207 OK Primer bank 

6681177a1 gctgagcttgtcagagggg 

Snail NM_011427.3 cacacgctgccttgtgtct 133 OK Primer bank 

6755586a1 ggtcagcaaaagcacggtt 

ZEB1 NM_011546 gctggcaagacaacgtgaaag 121 OK Primer bank 

6756073a1 gcctcaggataaatgacggc 



 

29 

 

 

 

2.7 Immunoblotting 

Whole cell lysates (WCL) from tumours and primary cell lines were used to prepare 

samples for separation on sodium dodecyl sulphate (SDS) polyacrylamide gel 

electrophoresis (SDS-PAGE). Lysates were prepared by mixing with 5X SDS sample 

buffer (50% glycerol, 300 mMTris, 10% SDS, 25% β-mercaptoethanol) and boiled at 

100C for 5 minutes. For western blotting, proteins from WCLs were resolved on 10% 

SDS-polyacrylamide gel according to molecular weights (kDa) and then transferred to 

polyvinylidene fluoride (PVDF) membrane using semi-dry or wet transfer protocol. 

Membranes were blocked for 45 minutes in 1x TBST [10xTBST (0.02 M Tris, 0.15 M 

NaCl, 0.5% Tween 20) diluted in MilliQ water] containing 5% milk or Bovine Serum 

Albumin (BSA) and incubated overnight at 4C on a nutator with the desired antibody. 

The following day membranes were washed three times for 10 minutes in 1x TBST and 

E-cadherin 

(Cdh1) 

NM_009864.3  175 OK Primer bank 

6753374a1 caggtctcctcatggctttgc 

Cttccgaaaagaaggctgtcc 

Vimentin NM_011701.4 cggctgcgagagaaattgc 124 OK Primer bank 

31982755a1 cttgccactcagggaagga 

ERK1 NM_011952.2 tccgccatgagaatgttataggc 248 OK Primer bank 

21489933a1 ggtggtgttgataagcagattgg 

MMP14 NM_008608.4 cagtatggctacctacctccag 119 OK Primer bank 

31982191a1 gccttgcctgtcacttgtaaa 

ZEB1 NM_001360982.

1 

gctggcaagacaacgtgaaag 121 OK Primer bank 

6756073a1 gcctcaggataaatgacggc 

SLUG NM_011415.3 tggtcaagaaacatttcaacgcc 131 OK Homemade 

ggtgaggatctctggttttggta 

ER Alpha NM_001302533.

1 

gcacattccttccttccgtct 88 OK Homemade 

tgctggttcaagagcgtc 

AKT2 NM_007434.4 ctttgtcatacgctgcctgc 87 OK Homemade 

cgcatccactcttccctctc 

GAPDH NM_001289726.

1 

aggtcggtgtgaacggatttg 95 OK Homemade 

ggggtcgttgatggcaaca 

Nck1 NM_010878.3 gcggtcctcaggtgactgg 199 OK Homemade 

attcatggaatttcgaactcgccacc 

Nck2 NM_010879.3 ctacactgcccagcaggaccagg 148 OK Homemade 

cacatacagatacacacacgctgaag  

HPRT NM_013556.2 catggactgattatggacaggactg 126 OK Homemade 

atccagcaggtcagcaaagaact 
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incubated with secondary antibody for 1 hour at room temperature, followed by three 

additional washes in 1x TBST. PierceTM ECL Western Blotting Substrate kit (Catalog 

#32106) was used for blot detection by exposing membranes to film (Pierce). 

 

Table 2-3 Western Blotting Antibodies 

anti-FLAG M2  Mouse (1:1000) Sigma-Aldrich Catalog #F3165 

anti-FAK Rabbit (1:1000) Cell Signaling 

technology; 

Catalog #3285 

anti-p-FAK (clone 

M121) ( pY397)  

Mouse (1:1000) Abcam Catalog #ab24781 

anti-non-

phospho-Src 

(Y527) 

Rabbit (1:1000) Cell Signaling 

technology; 

Catalog #2107 

anti--actin  Mouse (1:5000) Sigma-Aldrich  Catalog #A2228 

anti-Nck  Mouse (1:1000) BD Transduction 

Laboratories 

Catalog #610100  

anti-Nck Rabbit (1:1000) Louise Larose 1794 

anti-p-Src (Y416; 

active) 

Rabbit (1:1000) Cell Signaling 

technology; 

Catalog #2101 

anti-Akt (C67E7)  Rabbit (1:1000) Cell Signaling 

technology; 

Catalog #4691 

anti-p-Akt (Serine 

473) D9E 

Rabbit (1:1000) Cell Signaling 

technology; 

Catalog #4060 

anti-Paxillin Rabbit (1:1000) Santa Cruz Catalog #sc-5574 

Lot #F1913 

anti-p-Paxillin 

(pY118) 

Rabbit (1:1000) Cell Signaling 

technology; 

Catalog #2541 

anti-p130-Cas Mouse (1:1000)  BD Transduction Catalog #610271 

anti-1-Integrin 

(M-106)  

Rabbit (1:1000) Santa Cruz Catalog #sc-8778 

anti-GAPDH Mouse (1:2000) Abm Catalog# (G041) 

anti-P-p130-Cas 

(pY410) 

Rabbit (1:1000) Cell Signalling 

technology 

Catalog# 4011 
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anti-Neu/Her2 (C-

18)  

Rabbit (1:1000) Santa Cruz Catalog #sc-284 

Horseradish peroxidase-conjugated goat anti-mouse and goat anti-rabbit (Biorad) 

antibodies were used as secondary antibodies. 

Densitometry  

 To calculate relative band intensities, films were imaged and quantitated using 

Image Lab Software (BioRad; Version 5.2). 

 

2.8 Primary Cell Line and Rescue Cell Line Generation 

MMTV-NIC mice of respective genotypes were sacrificed at 10% tumour endpoint. 

All surfaces and tools were sterilized with 70% ethanol before tissue extraction. The skin 

was opened from the urethral orifice area to the neck with sterilized scissors. The 

mammary breast tumours were isolated and washed with cold sterile phosphate-buffered 

saline (PBS 7.4 pH). Tumour location was recorded, and the tumour was transferred to a 

10 cm tissue culture plate and chopped with a sterile razor blade and scissors to 

approximately 1mm3 pieces. The chopped tissue pieces were incubated in 1mg/ml 

Collagenase/DMEM for 2 hours on a rocker at 37oC. Following the collagenase 

incubation, the suspension was centrifuged for 3 minutes at 200 x g. The supernatant 

was discarded, and the tissue precipitate was washed 3 times with PBS (pH 7.4) by 

centrifuging for 3 minutes at 200 x g and repeating washes. Tissue precipitate of cells 

was resuspended in normal growth medium (DMEM, 10% FBS, 200 Units/mL penicillin 

and 200 μg/mL streptomycin (Invitrogen)) and plated on a 10cm plate. Media was 

changed daily for three days. Cells were validated for expression of the HER2 receptor 

and loss of Nck expression using the antibodies in Table 2.5.  

Generation of Retrovirus Rescue Cell Lines 

C-terminal Flag-tagged mouse NCK1 was subcloned into the PQCIXP/Puromycin 

expression vector using BamHI and EcoRI restriction sites.  Mouse NCK2GFP was 

subcloned into the PQCIXB/Blasticidin expression vector using BamHI and EcoRI 

restriction sites. NCK2-PQCXIB, PQCXIB, NCK1-PQCXIP and PQCXIP were individually 

transfected into a retroviral packaging cell line, Phoenix (293T), using Effectene 

Transfection Reagent (Qiagen, catalog #301425) follow the manufacturer’s protocol.   
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Filtered viral supernatants were used to infect MMTV NIC Nck1/2 double knockout 

primary cell lines (denoted 403C1, 403C2, 403C3). NCK2PQCXIB or PQCXIB alone were 

expressed in primary MMTV NIC 403C1, 402C2, 403C3 cell lines. Cell lines were 

selected with 10 μg/mL Blasticidin. Expression of proteins was confirmed by Western blot. 

All three rescue cell lines and the vector alone line were selected with 10 μg/mL Blasticidin 

and 1.25 μg/mL Puromycin. Expression of proteins was confirmed by Western blot. 

 

2.9 Cell Culture and Cell Spreading 

Cells were grown in Dulbecco’s Modified Eagle medium (DMEM) (Sigma-Aldrich) 

supplemented with 10% Fetal Bovine Serum (FBS) and 200 units/mL penicillin and 200 

ug/mL streptomycin (InvitrogenTM) and maintained at 37C incubation with 5% CO2. 

Cell Spreading 

MMTV-NIC primary tumour cells and rescue lines were trypsinized and plated on 

coverslips coated with sterile fibronectin (0.1%) in DMEM supplemented with 10% FBS, 

100 U/ml penicillin, and 50ug/ml streptomycin. At designated timepoints following 

seeding, slides were fixed in 4% PFA in PBS for 15 min at room temperature. Samples 

were then fluorescently stained with Texas Red phalloidin (ThermoFisher Catalog 

#T7471) (1:40) or Paxillin (H-114, Santa Cruz sc-5574) (1:50) in PBS. Slides were fixed 

in DAPI ProLong Gold mounting medium (Invitrogen). Samples were observed under a 

Leica DMIRE2 epifluorescence microscope, and the cell surface area was quantified 

using ImageJ freeware. 

 

2.10  Human Sample Information 

Participants 

The use of mammary tissue samples from patients was approved by the Ethical 

Committee of Peking University Third Hospital in accordance with the Declaration of 

Helsinki, and written informed consent was received from each woman before sample 

collection.  

Twenty breast cancer patients admitted to Peking University Third Hospital from 

January 2018 to December 2019 were recruited for this study.  

The patients were chosen according to the following criteria:  
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(1) The patient is younger than 65 years old and has no complications of other organ 

tumours or special systemic diseases.  

(2) The patient was diagnosed with breast cancer by postoperative pathology after 

receiving surgical treatment, and also has the results of ER PR HER-2 gene test. 

(3) The metastatic lesions were pathologically confirmed to be of breast origin. 

 

Breast Cancer Sections from Participants  

After the preoperative examination and preparation, the patients underwent breast 

cancer resection or modified radical mastectomy, and the postoperative pathological 

specimens were immersed in 10% formalin solution for subsequent immunohistochemical 

experiments. Sections from human breast tumour samples were stained with hematoxylin 

and eosin or IHC against Nck1 (Antibody Abcam ab32120) or Nck2 (Antibody Abcam 

ab109239). 

 

Online Gene Expression and Tissue Databases  

The RNAsequencing information shown in Figure 3.1 was compiled from Tabula 

Muris Mouse single cell RNAseq project website. (https://tabula-muris.ds.czbiohub.org) 

Data on Tabula Muris website (Schaum et al., 2018) .The RNAsequencing data compiled 

in Figure 3.2 was retrieved from the Marion Lab website. 

(https://marionilab.cruk.cam.ac.uk/mammaryGland/) (Bach et al., 2017).  

The samples for normal breast tissue expression of Nck1 and Nck2 were retrieved 

from The Human Protein Atlas. The identifying information for the samples is as follows: 

Nck1 (Breast T-04000 Patient Id:2042) and Nck2 (breast T-0400 Patient id:3286). The 

antibodies used to stain this tissue are Nck1 (antibody CAB005063) and Nck2 (antibody 

CAB016116). 

In the microarray and RNA seq databases, there were n=487 and n=683 samples, 

respectively, that were positive for overexpression. The overexpression data to generate 

tables in Figure 4.1 are from The Cancer Genome Atlas. The percent over-expression of 

NCK1 and NCK2 in human breast cancer subtypes, from TCGA breast invasive 

carcinoma gene expression dataset (IlluminaHiSeq array) was determined as follows. 

Samples were split into normal and tumour. The average of each gene is calculated for 

https://tabula-muris.ds.czbiohub.org/
https://marionilab.cruk.cam.ac.uk/mammaryGland/
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non-tumour/normal samples, which serves as the baseline to which fold change is 

calculated in PAM50 subtypes. Fold change is calculated as follows; 

logFC=log2(tumour)/log2(normal). The numbers in table indicate the number of patients 

overexpressing Nck1 and Nck2 with a fold change of 1.5 or greater. The subset selected 

for this data was the BRCA subset from TCGA Provisional Breast Invasive Carcinoma 

dataset, with a total case number of n=1103. 

The survival graphs in Figure 4.1 were generated through data compiled into the 

GENT2 database. Survival Kaplan Meier (KM) plots for Nck1 and Nck2 divided by median 

cut-off were from the GENT database published on July 11th, 2019. (http://gent2.appex.kr) 

(Park et al., 2019). 

 

2.11 Statistics 

Comparisons of three or more groups were done using one-way ANOVA where star 

designation indicated significance (*adjusted p <0.05; ** p <0.01; **** p <0.0001) with 

post-hoc Dunnett’s multiple comparison test. All survival data was analyzed with Kaplan-

Meier analysis using log-rank (Mantel-Cox) test that indicated significant difference 

(p<.05). Statistical significance of groups of two were determined by unpaired t-test  

where star designation indicated significance (* is  p <.05; ** is < .01).  

 

  

 

http://gent2.appex.kr/
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3 CHAPTER 3: 

THE ROLE OF NCK1 AND NCK2 IN DUCTAL 

MORPHOGENESIS AND MAMMARY GLAND 

DEVELOPMENT 
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3.1  Abstract 

The adaptor proteins Nck1 and Nck2 are well-established signalling nodes that 

regulate diverse biological processes including cell proliferation and actin cytoskeleton 

rearrangement in many tissue types. Nck1 and Nck2 have been shown to facilitate the 

proper development of cardiac, adipose, and bone tissues. Here we have investigated 

the role of Nck1 and Nck2 in mammary gland development through loss of function 

studies and bioinformatic approaches. Through interrogation of publically available 

single-cell RNA-sequencing of mammary epithelial cells, we uncovered distinct 

expression profiles between the two paralogs, which we further validated using 

immunohistochemistry.  Next, using mice with global loss of Nck1 or Nck2, we have 

identified a role for Nck1 and Nck2 in ductal branching to facilitate proper outgrowth during 

puberty. Loss of Nck1 led to defected mammary gland outgrowth in early pubertal stages 

of mice, while loss of Nck2 also led to defects in early puberty which persisted throughout 

puberty. In both cases, the defects were resolved by 12 weeks of age. We additionally 

observed that loss of Nck1 and Nck2 deregulated proliferation rates in mammary 

epithelial cells. At five weeks, Nck1KO and Nck2KO ductal epithelial cells demonstrated 

significant upregulation in proliferation as marked by Ki67. In contrast, at eight weeks, the 

proliferation rates were significantly reduced for both genotypes compared to WT. The 

present studies identify previously unknown critical functions of Nck1 and Nck2 at several 

stages of mammary gland development. 

 

3.2 Nck1 and Nck2 are expressed in the developing mouse mammary gland 

To assess the role of Nck1 and Nck2 in mammary morphogenesis in the context 

of the native breast microenvironment, we analyzed virgin female Nck1KO (1KO) and 

Nck2KO (2KO) mice on the B6 background alongside wildtype (WT) controls. We first 

verified the complete deletion of Nck1 or Nck2 in the mammary gland of each mouse 

strain using quantitative PCR (qPCR) on mRNA extracted at 8 weeks of age and 

confirmed that deletion of one paralog did not affect expression of the other (Figure 3-

1A). Next, we assessed protein localization of Nck1 and Nck2 in the mammary gland at 

this same timepoint. Owing to specificity issues with paralog-directed Nck antibodies, we 

used a pan Nck antibody to perform immunohistochemistry on mammary gland sections 
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prepared from 1KO and 2KO mice, such that expression patterns in 1KO mice represent 

Nck2, and expression patterns in 2KO mice represent Nck1 (Figure 3-1B). Nck1 

expression was stronger than that of Nck2, and this staining was more prominent in ducts 

compared to TEBs within the same stained section. Lastly, we also analyzed single cell 

RNA sequencing (scRNA-seq) data of 8 week old mouse mammary gland tissue from 

Tabula Muris database and noted high expression of Nck1 in luminal, basal, stromal and 

endothelial cells, while Nck2 transcripts were restricted to luminal and basal cells (Figure 

3-1C). Altogether our results show that expression of Nck1 and Nck2 is broadly yet 

differentially detected throughout both the duct and TEB epithelium. 

 

Figure 3-1 Nck1 and Nck2 are expressed in the developing mammary gland (A) 
qPCR analysis of Nck1 and Nck2 expression, normalized to HPRT/GAPDH, in 8 week 
old mouse mammary glands of wildtype (WT), Nck1 knockout (1KO) and Nck2 knockout 
(2KO) mice (n=3).  (B) Immunohistochemical analysis of Nck1 and Nck2 expression using 
pan Nck antibody on mammary gland sections prepared from 8 week old 1KO and 2KO 
mice on the B6 background. Expression patterns in 2KO mice represent Nck1, conversely 
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expression patterns in 1KO mice represent Nck2. Images depict cross-sections of a duct 
and terminal end bud (TEB). Cells positive for staining appear brownish-red. (B) Nck1 
and Nck2 are expressed in the duct and TEB epithelium at 8 weeks. Scale bar = 20um 
and inset scale bar=10um. (C,D) Single cell RNA sequencing (scRNAseq) analysis of all 
cell types of the murine mammary gland from (https://tabula-muris.ds.czbiohub.org), with 
violin plots showing expression of Nck1 and Nck2. Gene expression is normalised to 
10,000 counts per cell.  

 

3.3 Single Cell RNAsequencing highlights differential clustered functional 

roles of Nck1 and Nck2 in the developing mammary gland 

To further our analysis of Nck1 and Nck2, we used available single cell 

RNAsequencing databases from the Marion Lab group, available through the UCSC 

cancer genome atlas. Cells from 8 week old mouse mammary glands have been 

separated into 15 distinct clusters. We observed distinct profiles for Nck1 or Nck2 gene 

expression through clusters created by the database (Figure 3-2). Nck1 expression was 

observed in Hormone sensing progenitors (Hsp) clusters called C1 and C2. In addition, 

Nck1 was found to cluster with Hormone sensing differentiated (Hsd) cells C4. Clusters 

C1, C2, and C4 were all marked by high overall expression of Hormone Receptor. 

Additionally, Nck1 expression clustered with Differentiated Alveolar cells (Avd) C8, 

Progenitor Alveolar cells (Avp) C10, and Luminal progenitors (Lp) C6. By contrast, Nck2 

was observed in the Hormone sensing progenitors (Hsp) C1 and C2 and it was particularly 

enriched in the mature luminal Hormone sensing differentiated (Hsd) C4 cluster. These 

data support the aforementioned findings that expression of Nck1 is more widespread 

compared to Nck2, and that their overall expression levels vary. 

https://tabula-muris.ds.czbiohub.org/
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Figure 3-2 Single Cell RNAsequencing of Nck1 and Nck2 in the mammary gland of 
8 week old mice (A) Dendrogram of clusters based on the log-transformed mean values 
of 15 clusters. (B) scRNA-seq of mammary epithelial cells (MECs) derived from 
nulliparous, mid gestation, lactation, and post-involution mammary glands identified 15 
clusters of MECs, as defined in (A) (Bach et al., 2017). (C) Nck1 gene expression was 
detectable primarily in luminal hormone sensing progenitors C1 and C2, hormone sensing 
differentiated C4, luminal progenitor C6, differentiated alveolar cells C8, and progenitor 
alveolar cells C10. (D) Relative expression of Nck1 within each cluster type is shown 
calorimetrically, with relative expression shown in the bar to the right. (E) Nck2 gene 
expression was detectable primarily in luminal hormone sensing progenitors C1 and C2 
and Hormone sensing differentiated C4. (F) Relative expression of Nck2 as shown for 
Nck1 in (D). All data retrieved from (https://marionilab.cruk.cam.ac.uk/mammaryGland/). 
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3.4 Loss of Nck1 or Nck2 delays ductal outgrowth and branching 

We next examined the role of Nck in ductal expansion by performing wholemount 

analyses on L4 mammary glands isolated from 5 (Figure 3-2A), 8 (Figure 3-2B) and 12 

(Figure 3-2C) week-old virgin female mice of each genotype. These timepoints represent 

established milestones for pre-puberty, puberty, and post-puberty, respectively, in B6 

mice (Hinck and Silberstein, 2005; Macias and Hinck, 2012). We used two methods to 

quantify the progressive elongation and branching of the ductal system throughout the 

subcutaneous fat pad during mammary gland development. Specifically, we scored duct 

length by measuring from the back of the lymph node to the tips of the 3-4 furthest 

extensions within the fat pad (ductal outgrowth), along with the total fat pad area covered 

by mammary epithelium (ductal branch area). At 5 weeks of age, before the onset of 

puberty, there is significantly less ductal outgrowth and ductal branch area in both 1KO 

and 2KO mice relative to WT (Figure 3-2D, E). At the 8 week mid-pubertal stage, the 

defects in outgrowth and branch area persist in 2KO mice compared to WT, while there 

are no significant differences between 1KO and WT mice (Figure 3-2D, E). In mature 12 

week old animals, there are no significant differences in ductal outgrowth or branch area 

among WT, 1KO, and 2KO mice (Figure 3-2D, E). These latter findings are consistent 

with the ability of 1KO and 2KO mothers to nurse and support the growth of their pups 

(data not shown). Collectively these findings indicate that Nck1 and Nck2 are required 

during early mammary gland development, and that compensation occurs to allow the 

formation of fully functional glands in adult mice. 
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Figure 3-3 Loss of Nck1 or Nck2 delays ductal outgrowth and total branch area at 
5 and 8 weeks Representative wholemount images of L4 mammary gland outgrowth in 
WT, 1KO, and 2KO mice at 5 weeks (A), 8 weeks (B), and 12 weeks (C) of age. A-C, 
scale bar 1mm. (D) Quantification of length (mm) from the back of lymph node (LN) to the 
3-4 furthest extensions of the ductal network represents mammary gland outgrowth (mm) 
(n=5-10 mice of each genotype per timepoint). (E) Quantification of ductal branch area 

(mm
2
) represents the total ductal area extending from perpendicular line from back of LN 

(n=5-10 per genotype). * adjusted P<0.05; ** P<0.01; **** P<0.0001 all by one-way 
ANOVA with post-hoc Dunnett’s multiple comparison test of 1KO and 2KO compared to 
WT at their respective timepoints (5,8,12 weeks). 

 

3.5 Loss of Nck1 or Nck2 differentially impact TEB number during 

development 

Mammary gland branching and outgrowth processes are driven by dynamic 

epithelial structures known as TEBs, which disappear once the fat pad has been fully 
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filled with the branched mammary gland. To quantitate TEB number and size, we 

performed morphometric analysis on mammary gland wholemounts prepared from mice 

at 5 (Figure 3-4A) and 8 weeks (Figure 3-4B) of age from each genotype. At the 5-week 

timepoint, we observed an increase in TEB number in 1KO mice but not 2KO mice 

compared to WT (Figure 3-4C), and we further noted excessive budding at the neck of 

the TEB in 1KO mice (Figure 3-4A, Middle). Despite the increase in TEB number 

observed in 1KO mice at 5 weeks, there was no difference at 8 weeks for 1KO mice 

compared to WT mice (Figure 3-4C). Conversely, in 2KO mice, there was a significant 

reduction in TEB number at 8 weeks compared to WT mice (Figure 3-4C). At both 

timepoints, there were no significant differences in TEB size across the three genotypes 

(Figure 3-4D). These results highlight distinct roles for Nck1 and Nck2 in TEB formation 

during mammary morphogenesis. 

 

Figure 3-4 Nck1 and Nck2 have opposing effects on TEB number at 5 and 8 weeks 
of age, with no effect on TEB size (A,B) Representative high magnification images of 
TEBs acquired from mammary gland wholemounts prepared from WT, 1KO and 2KO 
mice at 5 weeks (A) and 8 weeks (B). A,B scale bar 100um. (C) Quantification of total 
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TEB number per mouse at 5-week and 8-week timepoint. TEB minimum size was 100 um 
(n=5-10 mice of each genotype). (D) Quantification of average TEB size per mouse in 
each genotype at 5-week and 8-week timepoint. * adjusted P<0.05; all by one-way 
ANOVA with post-hoc Dunnett’s multiple comparison test of 1KO and 2KO compared to 
WT at their respective timepoints (5 and 8 weeks).  

 

3.6 Loss of Nck1 or Nck2 suppresses secondary and tertiary branching 

The formation of new primary ducts during puberty occurs upon bifurcation of the 

TEBs. In contrast, hormone-dependent signalling drives lateral sprouting of secondary 

side branches, followed by extension of short tertiary branches along the ducts (Inman et 

al., 2015). We analyzed whether loss of Nck1 or Nck2 impacts branching morphogenesis 

by performing morphometric analysis on mammary gland wholemounts prepared from 

mice at 5 and 8 weeks of age from each genotype (Figure 3-5A). At both timepoints, there 

were no significant differences in the distance between primary branchpoints among the 

three genotypes (Figure 3-5B). By contrast, we observed that the total secondary and 

tertiary branching was significantly reduced in 1KO and 2KO mice compared to WT at 5 

weeks of age, and 2KO mice but not 1KO mice showed a persistent reduction in total 

tertiary and secondary branching at 8 weeks of age (Figure 3-4C). These findings indicate 

specific requirements for Nck1 and Nck2 to induce mammary branching. 



 

44 

 

 

Figure 3-5 Loss of Nck1 or Nck2 reduces secondary and tertiary branching (A) 
Representative wholemount images of L4 mammary glands in WT, 1KO and 2KO mice 
at 8 weeks of age, highlighting primary branch with branchpoints in red. Scale bar 1mm. 
(B) Quantification of distance between individual branches extending from the primary 
branches at the 5-week and 8-week timepoints. The duct lengths between branch points 
were measured by counting the number of branch points along the length of the the 
longest three ducts invading past the lymph node (n=5-10 mice of each genotype). (C) 
Quantification of the total number of secondary and tertiary branches in 5-week and 8-
week old mice, counted from the three longest invading ducts that were measured in B.  
* adjusted P<0.05; ** P<0.01; all by one-way ANOVA with post-hoc Dunnett’s multiple 
comparison test of 1KO and 2KO compared to WT at their respective timepoints (5 and 8 
weeks). 
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3.7 Loss of Nck1 or Nck2 disrupts mammary epithelial cell proliferation 

during development 

Given the defects in ductal morphogenesis and branching observed in 1KO and 2KO 

mice during prepubertal and pubertal outgrowth, we next investigated the proliferation 

status of the mammary epithelium. We performed immunohistochemical staining of 

mammary gland sections at 5 and 8 weeks of age using Ki67 as a nuclear marker of cell 

proliferation in ducts (Figure 3-6A) and TEBs (Figure 3-6B). Quantitation of Ki67 positive 

nuclei revealed a significant increase in the percentage of Ki67-positive cells in ducts of 

both 1KO and 2KO mice at 5 weeks compared to WT controls, with a concomitant 

decrease at 8 weeks in both 1KO and 2KO mice (Figure 3-6C). In TEBs, 2KO mice but 

not 1KO mice showed a similar increase in Ki67-positive cells at 5 weeks (Figure 3-6D). 

In 8 week old mice, similar to observations in ducts at this timepoint, significantly fewer 

Ki67-positive cells were present in both 1KO and 2KO mice (Figure 3-6D). Together these 

results suggest that Nck1 and Nck2 regulate proliferation of the mammary epithelium. 
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Figure 3-6 Loss of Nck1 or Nck2 disrupts mammary epithelial cell proliferation 
during development (A, B) Representative images of Ki67 immunostaining on mammary 
gland sections prepared from 5 and 8 week old WT, 1KO, and 2KO mice showing ducts 
(A) and TEBs (B). A,B scale bar 25 um. Ducts were distinguished by having less than 75 
cells and TEBs by having more than 75 cells. One section per mouse was quantified with 
a minimum of 5 duct and TEB structures quantified. (C) Quantification of Ki67 positive 
cells in ducts at 5 and 8 weeks (n=3-4 mice per genotype). (D) Quantification of Ki67 
positive cells in TEBs at 5 and 8 weeks (n=3-4 mice per genotype). * adjusted P<0.05; all 
by one-way ANOVA with post-hoc Dunnett’s multiple comparison test of 1KO and 2KO 
compared to WT at their respective timepoints (5 and 8 weeks). 



 

47 

 

 

3.8 Discussion 

Genetic studies have previously established that Nck proteins are essential for 

embryonic development and functionally redundant (Bladt et al., 2003). The redundancy 

between Nck1 and Nck2 is most likely a product of the many binding partners shared 

between the two paralogs. However, emerging evidence demonstrates that Nck1 and 

Nck2 possess unique functions, in line with the identification of several paralog-specific 

interactors, in addition to their distinct but overlapping tissue expression patterns. In the 

present study, we extend this notion and demonstrate that Nck1 and Nck2 display 

complementary yet distinct functions in mammary gland development.  

Nck adaptors are well-established regulators of cell proliferation (Labelle-Côté et 

al., 2011; Liu et al., 2020; McCarty, 1998; Nguyên et al., 2004), migration (Chaki and 

Rivera, 2013; Chaki et al., 2019; chang et al., 2020; Clouthier et al., 2015; Labelle-Côté 

et al., 2011; Liu et al., 2020; Morris et al., 2017), and invasion (chang et al., 2020; García 

et al., 2016; Labelle-Côté et al., 2011; Morris et al., 2017; Stylli et al., 2009). Consistent 

with these cellular effects, we have identified defects in ductal outgrowth, branching and 

cell proliferation in the mouse mammary gland upon loss of Nck1 or Nck2. Ductal 

outgrowth and branch area are significantly impaired in both Nck1KO and Nck2KO 

animals at the onset of puberty (5 weeks), and this defect persists through the entirety of 

puberty (8 weeks) in Nck2KO mice before normalizing at maturity (12 weeks). A similar 

pattern is observed with secondary and tertiary branching in these animals. Alterations in 

ductal morphogenesis may occur in part due to defects in TEB number (not size), though 

the phenotypes are somewhat distinct between the genotypes. Nck1KO mice produced 

more TEBs early in puberty (5 weeks), though there was no change in their proliferation 

status at this timepoint. By contrast, Nck2KO mice showed fewer TEBs by the end of 

puberty (8 weeks), when decreased proliferation was also observed. Both Nck1KO and 

Nck2KO mice showed an increase in proliferation in ducts at 5 weeks, and a decrease at 

8 weeks, a switch that was also seen in the TEBs of Nck2KO mice.  

The effects of Nck deletion on mammary development are likely reflective of their 

unique expression patterns. While it has been difficult to accurately assess the cellular 

localization and tissue distribution of Nck1 and Nck2 due to a lack of precise paralog-
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specfic antibodies, the use of mouse lines with complete ablation of Nck1 or Nck2 

presents a unique opportunity to analyze relative localization of the opposite paralog 

using pan-anti-Nck antibodies. It is important to note this is not a perfect method as we 

cannot predict the potentially compensatory Nck distribution in the absence of one 

paralog. However, our qPCR analysis suggests that comparable levels of Nck1 mRNA 

are present in Nck2KO mice and vice versa. We used this approach to stain mammary 

glands of midpubertal (8-week) mice and analyzed the expression in ducts and TEBs. We 

detected strong expression of Nck1 in ducts and TEBs in Nck2KO mice, and likewise 

expression of Nck2 in ducts and TEBs of Nck1KO mice. Notably, we observed stronger 

staining in ducts of Nck2KO, presumably representing Nck1, as opposed to Nck1KO 

mice, which only express Nck2. It is important to note this antibody has been previously 

characterized to recognize Nck1 more than Nck2, which can be observed in Figure 4-1B, 

where staining in total is stronger across Nck2KO samples than Nck1KO. However, 

relative staining of Nck1 in Nck2KO mice is much darker in epithelial cells of ducts than 

TEBs in the same section, and this pattern is not seen in Nck1KO mice. By contrast, 

Nck1KO mice potentially have higher relative staining of Nck2 in TEBs compared to ducts, 

although in general, staining is more equally distributed across ducts and TEBs. In 

support of these findings, transcript analysis shows higher expression of Nck1 in luminal 

and basal cells compared to Nck2, and Nck2 appears to be particularly enriched within 

hormone sensing luminal cells. 

The negative effect of Nck deletion on mammary branching is not surprising given 

the extensive previous studies defining Nck1 and Nck2 as potent modulators of actin 

cytoskeleton remodelling (Buday et al., 2002; Clouthier et al., 2015; Li et al., 2001; New 

et al., 2013; Rohatgi et al., 2001). In vivo, we and others have shown that mice with 

combined loss of Nck1 and Nck2 in endothelial cells show defects in cardiovascular 

development, including disrupted blood vessel branching and organization (Clouthier et 

al., 2015). These defects were attributed to altered actin cytoskeleton remodeling 

signalling through the small GTPases RhoA, Rac1, and CDC42, which are all regulated 

by Nck (Clouthier et al., 2015). In general, actin-based signalling has been understudied 

in mammary gland development; however, CDC42 (Bray et al., 2011, 2013), Rac1 (Zhu 

and Nelson, 2013), and RhoA (Ewald et al., 2008) have all been implicated as essential 
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regulators of mammary gland development. In our study, since there were no changes in 

the primary branch rate and only in secondary and tertiary branching, this defect might 

be a product of an overall smaller ductal network. We propose that as TEB size in Nck1KO 

and Nck2KO mice was relatively unaltered, that the rate of primary branches being 

formed by bifurcation of these structures was also unaltered. However, dysfunction of 

TEBs, caused by defects from lack of Nck1 and Nck2 signalling, led to their incomplete 

ability to invade through the developing mammary gland. Consequently, shorter ductal 

outgrowth resulted in a lower total amount of potential secondary and tertiary locations.  

 Genetic modification in mouse models to study mammary gland development has 

generated an impressive number of studies to inform biology and contributed to the 

overall understanding of in vivo morphogenesis. These models have enabled researchers 

to assign functions to particular genes and analyze how these proteins are required to 

complete ductal outgrowth and branch patterning (Howlin et al., 2006; McBryan and 

Howlin, 2016). At around 3-4 weeks of age, C57BL/6 mice enter puberty, leading to the 

formation of TEBs, which drive rapid ductal elongation, invasion, and branching of the 

epithelial mammary tree over a period of approximately 5 weeks. Coordination of this 

process is facilitated primarily through Estrogen Receptor Alpha (ER) (Mallepell et al., 

2006). Mammary glands of ER knockout mice are indistinguishable from wildtype 

controls at 4 weeks but unable to continue development beyond this point (Mallepell et 

al., 2006). Another critical regulator of this process is the Epidermal Growth Factor 

Receptor (EGFR) (Sebastian et al., 1998) which facilitates ductal morphogenesis through 

crosstalk with ER. Mice harbouring mutated EGFR (waved-2 mutation) exhibit less 

branching and ductal elongation at 5 weeks (Sebastian et al., 1998), which is 

phenotypically similar to the stunted ductal outgrowth and total branch area in 5-week 

Nck1KO and Nck2KO mammary glands. Unlike ER KO mammary glands, Nck1KO and 

Nck2KO glands can eventually elongate by adulthood to similar extents as WT 

counterparts. However, their early pubertal defects suggest potential roles in coordinating 

hormone receptor signalling responses to facilitate proper morphogenesis.  

 The concept of adhesion signalling proteins having essential roles in coordinating 

intracellular responses from hormone receptors would not be unique to Nck, and it has 

been shown for several Nck binding partners, including Focal Adhesion Kinase (FAK) 
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(Nagy et al., 2007) and indirectly B1-Integrin (Naylor et al., 2005). Notably, ER has 

recently been shown to bind and activate FAK directly (Rusidzé et al., 2021). 

Furthermore, conditional knockout of FAK (FAKcKO) in mammary epithelial cells 

produces a similar phenotype to Nck1KO and Nck2KO, where mammary glands in 

FAKcKO mice showed stunted ductal outgrowth at 5 weeks, but by 8 weeks they were 

able to produce ductal networks which resemble WT. Within this model, loss of FAK also 

resulted in a significantly defective proliferative response to estrogen stimulation 

(WT=20%, FAKcKO=7%). While our model did not incorporate added estrogen 

stimulation, we did observe proliferative defects at 5 and 8 weeks. At 5 weeks we 

observed that proliferation was significantly upregulated in ducts of 1KO and 2KO 

(WT=20%; 1KO and 2KO>40%) but at 8 weeks this trend reversed, and we observed a 

significant decrease (WT=40%; 1KO and 2KO=15%). Interestingly, we did not detect 

apoptosis changes between WT and 1KO or 2KO mice using TUNEL assays or staining 

with anti-cleaved-caspase3, similar to findings in FAK-KO mice (Kim et al., 2009). 

Because of the disrupted proliferation signalling we observed at several timepoints in our 

Nck1KO and Nck2KO mice, we hypothesized this would correspondingly affect apoptosis 

as both are commonly initiated by disrupted cell signalling. It instead appears that Nck1 

and Nck2 loss largely only affects proliferation. This concept potentially supports a role 

for Nck1 and Nck2 in mediating proliferation response of ER and EGFR signalling as 

opposed to activating a cell death response. 

Although the loss of Nck1 or Nck2 produced similar delays in ductal outgrowth, 

they differed in that only Nck2KO mice showed a decrease in the total TEB number. 

Similar defects in ductal outgrowth and TEB numbers have been reported in global c-Src-

KO mice (Kim et al., 2005), and they were hypothesized to result from an inability of 

mammary epithelial cells to activate a number of signalling pathways in response to 

exogenous estrogen stimulation (Kim et al., 2005). Additionally, deletion of both the 

RhoGTPases p190A and p190B (Chakravarty et al., 2000, 2003; Vargo-Gogola et al., 

2006) in mammary gland development resulted in stunted ductal outgrowth in early 

puberty. However, the defect was more dramatic in p190B mice, and this was attributed 

to p190B expression being localized in TEB cells. We attempted to analyze the 

localization of Nck1 and Nck2 expression in sections of TEBs and ducts taken from 
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Nck1KO and Nck2KO using IHC as well as through analysis of single cell RNAseq data. 

Despite our Nck antibody preferentially recognizing Nck1 over Nck2, preliminary 

observations of our IHC images indicate that Nck2 might be preferentially located in the 

TEB, and scRNAseq analyses show its upregulation in hormone sensing cells. It is 

therefore tempting to speculate that enrichment of Nck2 in TEB cells might be responsible 

for the prolonged defects we observed in Nck2KO mice, wherein TEBs have lost their 

ECM sensing abilities to facilitate proper mammary gland outgrowth. This could result in 

the upregulated proliferation response only observed in Nck2KO mice at 5 weeks as a 

compensation mechanism which in turn fails as Nck2KO mice have fewer TEBs at 8 

weeks. We hypothesize that, in general, the upregulated proliferation observed at 5 

weeks in Nck1KO and Nck2KO mice is a product of the extending ducts and TEBs 

attempting to override defects. Due to upregulation at the earlier timepoint this could result 

in a dropoff in proliferation at 8 weeks in Nck1KO and Nck2KO mice as proliferative 

signals terminate early compared to WT.  

It should be noted that the use of full body knockout models for Nck1 and Nck2 

could be disrupting cell function in stromal cell populations and/or adipose tissue, or the 

levels of hormones and growth factors that in turn influence mammary development. 

However, our RNAseq analysis shows that expression of Nck2 is largely consolidated in 

mammary epithelial cells, whereas Nck1 is expressed in multiple cell types. As such, the 

phenotypes observed in Nck2KO mice are most likely a product of disrupted function in 

mammary epithelial cells, however we cannot be as certain in Nck1KO mice. To clarify 

whether defects in Nck1KO mice could arise from contributions of other cell types, future 

experiments using transplantation and/or development of a Flox/Cre based Nck1 mouse 

model could be used, however these were beyond the scope of this project. Addtionally 

both Nck1KO and Nck2KO dams do lactate properly in adulthood but some anecdotal 

evidence exists of smaller litters in Nck2KO mice when bred around 6 weeks.  

In summary, Nck1 and Nck2 functions have been characterized in several 

developmental systems, including cardiac (Bladt et al., 2003; Clouthier et al., 2015) and 

kidney (Jones et al., 2009), and the studies herein now reveal a critical role for Nck1 and 

Nck2 in mammary duct morphogenesis. Analysis of signalling pathways responsible for 

mammary gland development is essential, as these pathways can become deregulated 
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and serve as promoters of breast cancer (Bray et al., 2013; Dong et al., 2020; Gjorevski 

and Nelson, 2011; Luetteke et al., 1999; Vargo-Gogola et al., 2006). Notably, during the 

course of this investigation, Nck1 and Nck2 have emerged as key regulators of mammary 

cancer (Chaki et al., 2019; Morris et al., 2017). Further investigation is needed to 

understand the mechanisms by which Nck1/2 signalling in development can be 

abnormally activated in breast cancer. 
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4 CHAPTER 4: 

THE ROLE OF NCK1 AND NCK2 IN A HER2+ 

BREAST CANCER MOUSE MODEL 
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4.1  Abstract 

The adaptor proteins Nck1 and Nck2 are well-established signalling nodes in cellular 

actin cytoskeleton remodelling. Although they were first identified as oncogenes over 25 

years ago, there is scarce in vivo evidence supporting their ability to induce tumour 

development or metastasis. Our lab has recently shown that Nck promotes endothelial 

cell migration, angiogenic remodelling, and epithelial-to-mesenchymal transition (EMT), 

and others have reported a requirement for Nck in invadopodia formation. These 

processes are all correlated with the invasion and metastasis of breast cancer cells. 

Accordingly, we have now determined that Nck1 and Nck2 are novel regulators of breast 

cancer progression. We have found that Nck1 and Nck2 are both upregulated in 

aggressive human breast cancers, including HER2+ and triple-negative subtypes. Using 

the MMTV-NIC transgenic mouse model of breast cancer, which allows simultaneous 

expression of activated HER2/ErbB2 and Cre recombinase in mammary epithelial cells, 

we have shown that deletion of both Nck1 and Nck2 significantly extends survival, delays 

tumour onset and reduces the incidence of metastasis. Protein analysis of tumours 

lacking Nck1 and Nck2 shows significant alterations to focal adhesion signalling 

dynamics. These findings provide new physiological insights verifying the role of Nck as 

an oncogene, and they reveal its potential as a target to inhibit breast cancer. 

 

4.2 Nck1 and Nck2 are enriched in HER2+ breast cancer, and 

overexpression correlates with poor survival 

Due to recent reports that Nck1 and Nck2 are important in the metastatic phase of 

breast cancer and overexpressed in human breast cancers (Morris et al. 2017; Yin et al. 

2019), we aimed to comprehensively investigate their functions in breast tumours. First, 

we evaluated Nck1 and Nck2 expression in healthy breast tissue through the publicly 

available Human Protein Atlas (HPA) database (Uhlen et al. 2015) (Figure 4-1A). 

Consistent with our earlier findings in the mouse, we observed that NCK1 and NCK2 are 

broadly expressed in epithelial cell types (luminal, myoepithelial) that compose the ductal 

structures of the mammary tissue but demonstrate comparatively lower expression in the 

surrounding adipocytes. Additionally, data provided by the HPA identified that Nck1 is 
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primarily localized in the luminal cells, whereas Nck2 is expressed in both luminal and 

myoepithelial cells. 

To follow our observations that Nck1 and Nck2 are robustly expressed in epithelial 

breast tissue, the origin site of almost all breast cancers, and recent evidence of a role 

for Nck in breast cancer (Morris et al., 2017; Yin et al., 2019), we decided to profile the 

expression of NCK1 and NCK2 across all breast cancer subtypes using several open 

access resources. We first queried The Cancer Genome Atlas (TCGA) (Koboldt et al.  

2012; Berger et al. 2018), which provides gene expression datasets of invasive breast 

carcinoma profiled by a 50-gene qPCR assay (PAM-50) that defines breast cancer 

subtypes (Basal-like, Her2+/enriched, and luminal A/B). Bioinformatic analysis of PAM-

50 microarray data revealed increased NCK1 and NCK2 transcript levels in all breast 

cancer subtypes. Consistent with previous findings showing Nck1 and Nck2 in triple-

negative breast cancer (TNBC) cell lines (Chaki et al., 2019; Morris et al., 2017), NCK1 

and NCK2 overexpression were highest in TNBC patients, and strong correlations were 

also seen with the HER2+ molecular subtype and in HER2+ luminal A/B patients (Figure 

4-1B). In all subtypes, overexpression of NCK2 was more pronounced than NCK1. Gene 

expression datasets obtained using RNA-Sequencing on updated TCGA patient data 

showed slightly lower NCK1 and NCK2 overexpression levels, particularly in HER2+ 

samples (Figure 4-1C). Next, we profiled the impact of overexpression of either NCK1 

and NCK2 on patient outcomes across all breast cancer patients using the Gene 

Expression Database of Normal and Tumour Tissues 2 (GENT2) database (Park 2019). 

Here we observed a correlation between higher NCK1 or NCK2 expression levels and a 

reduction in overall survival rates (Figure 4-1D).  

 To determine whether this upregulation in Nck transcript levels in breast cancer 

might translate to changes in Nck protein, we collaborated with the group of Dr. Zemin 

Zhang at Peking University to profile human breast tumour samples for expression of 

NCK1 and NCK2 using commercial antibodies against either protein (Figure 4-1E). In 

biopsies of invasive ductal carcinomas, NCK1 and NCK2 are highly expressed in all the 

PAM-50 subtypes profiled in the TCGA microarray and RNA-seq analysis. These findings 

collectively demonstrate that Nck1 and Nck2 are upregulated in multiple human breast 

cancer subtypes and this correlates with poor survival outcomes. 
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Figure 4-1 Nck1 and Nck2 are expressed in normal mammary epithelium, 
overexpressed in all breast cancer subtypes from patient data sets, and highly 
expressed in human breast cancer tissue (A) Staining of NCK1 (Breast T-04000 
Patient Id:2042) and NCK2 (breast T-0400 Patient id:3286) in normal human breast tissue 
from samples in The Human Protein Atlas. Nck1 (antibody CAB005063) staining reveals 
expression primarily in the luminal epithelial cell layer. Nck2 (antibody CAB016116) 
staining reveals expression in both luminal and myoepithelial cells. (B) Percent 
overexpression of NCK1 and NCK2 in human breast cancer subtypes from TCGA breast 
invasive carcinoma gene expression dataset (IlluminaHiSeq array, 2016, n=487). Table is 
categorized by PAM50 subtypes: Basal-like, Her2-Enriched, Luminal A, and Luminal B. 
(C) RNA Seq Analysis of BRCA subset from TCGA Provisional Breast Invasive Carcinoma 
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dataset (n=683). (D) Survival KM-plots for Nck1 (left) and Nck2 (right) divided by median 

cut-off from the GENT2 database published July 11
th

,2019. (E) Human breast tumour 
samples stained with H+E or IHC against Nck1 (Antibody Abcam ab32120) or Nck2 
(Antibody Abcam ab109239) as indicated. 

 

4.3 Generation of mice with mammary-specific Nck1 and Nck2 knockout in 

a HER2+ breast cancer model 

To study the roles of Nck1 and Nck2 in breast cancer, we used a well-characterized 

mouse model of HER2+ breast cancer which captures aspects of tumour progression and 

metastasis (Figure 4-2A). HER2 (also known as ErbB2/Neu) overexpression is 

characteristic of over 30% of all human breast cancer patients (Waks & Winter 2019), and 

HER2+ breast cancer can become metastatic. In this transgenic model, Mouse Mammary 

Tumour Virus (MMTV) is a tissue-specific promoter which expresses in mammary 

epithelial cells at 6 weeks of age (Muller et al., 1988), and it drives expression of the Neu 

oncogene and Cre recombinase, which are coupled through an Internal Ribosomal Entry 

Site (Ursini-Siegel et al. 2008). Combining Neu and Cre on the same transcript ensures 

that all cells expressing the oncogene also undergo Cre-mediated excision of the gene of 

interest which is flanked by LoxP sites (herein referred to as a floxed allele). MMTV-NIC 

mice were intercrossed with a previously established compound transgenic mouse line 

carrying a floxed allele of Nck2 (Nck2-Flx) and a systemic knockout (KO) allele of Nck1 

(Figure 4-2B). This model allows conditional KO (cKO) of Nck2 in mammary epithelial 

cells of Nck1-null mice, while cells in the rest of the body retain Nck2 expression. Tissue-

specific Cre activity in the MMTV-NIC model is advantageous as it allows us to bypass 

the embryonic lethality associated with simultaneous systemic deletion of Nck1 and Nck2 

(Bladt et al., 2003). Using this approach, we generated 4 homozygous mouse lines, 

denoted Nck1WT;Nck2WT (WT), Nck1KO;Nck2WT (Nck1KO), Nck1WT;Nck2cKO 

(Nck2cKO) and Nck1KO;Nck2cKO (DKO or 1/2KO) (Figure 4-2C), as well as a series of 

heterozygous intermediates. 
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Figure 4-2 Generation of a conditional Nck1/2 knockout transgenic MMTV-NIC-
(Nck1ko/ko)2 (Nck2 flx/flx) mouse (A) Graphic demonstrating how MMTV-NIC is 
expressed in the mouse mammary gland. The tissue specific promoter MMTV ensures 
that activated ErbB2 (neu/HER2), the oncogene, is only expressed in mammary epithelial 
cells. Neu and Cre are coupled by an Internal Ribosome Entry Site (IRES) that ensures 
simultaneous expression. This prevents escapee populations of tumour cells that 
potentially lack successful Nck2 deletion.  (B) Schema depicting location of KO mutation 

in Nck1 and LoxP sites in the Nck2
flx/flx

 mouse line. (C) Representative cartoon mice for 
MMTV-NIC WT, Nck1KO, Nck2cKO and Nck1KO;Nck2cKO mice (FVB background) used 
in this study. 
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4.4 Loss of Nck1 and Nck2 delays tumour initiation in a HER2 breast cancer 

model 

To evaluate the contribution of Nck1 and/or Nck2 to HER2/ErbB2-dependent 

mammary tumour progression, we monitored all four genotypes for tumour development. 

WT, Nck1KO, Nck2cKO and Nck1KO;Nck2cKO mice all developed multifocal tumours 

with a median age of 130, 137, 117, and 158 days, respectively (Figure 4-3A). Notably, 

the loss of both Nck1 and Nck2 significantly delayed the onset of tumour formation in 

MMTV-NIC mice by ~28 days (Figure 4-3A). Furthermore, we also observed a significant 

reduction in days to endpoint in Nck1KO;Nck2cKO mice (180 days) compared to WT (158 

days) (Figure 4-3B). Although each genotype presented with different onset times, the 

tumour growth rate was similar between all genotypes (Figure 4-3C). Histological analysis 

of WT and Nck1KO;Nck2cKO mouse tumours demonstrated that they both exhibited 

characteristics of solid adenocarcinoma (Figure 4-3D), which matched previous studies 

using MMTV-NIC mice (Ursini-Siegel et al. 2008). We did not observe any obvious 

differences in cell morphology at higher magnifications (Figure 4-3E). To confirm the 

successful deletion of Nck1 and Nck2 in tumours isolated from Nck1KO;Nck2cKO mice, 

we analyzed pan-Nck protein expression in tumour cell lysates by western blot (Figure 4-

3F). Altogether, these data suggest that Nck1 and Nck2 are critical in the onset and 

progression of HER2+ breast cancer. 
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Figure 4-3 Combined Nck1 and Nck2 deletion delays tumour initiation in HER2 
breast cancer model (A) Kaplan-Meier analysis of tumour onsets in control MMTV-NIC 
WT (n=26), Nck1KO (n=13), Nck2cKO (n=10) and Nck1KO;Nck2cKO (n=12) mice. 
Median tumour onset values are indicated. Log-rank (Mantel-Cox) test indicates 
significant difference in NIC Nck1KO;Nck2cKO vs. NIC-WT (p<.05). (B) Kaplan-Meier 
analysis comparison of interim point of 5% tumour burden, as in A, using log-rank (Mantel-
Cox) test indicates significant difference in NIC Nck1KO;Nck2cKO vs. NIC-WT (p<.05). 
WT (n=21), Nck1KO (n=12), Nck2cKO (n=9), Nck1KO;Nck2cKO (n=12). The 5% tumour 
burden depicted is not an endpoint calculation. (C) No difference in tumour growth rates 
was observed between genotypes (D) H+E stained tumour sections demonstrate that 
deletion of Nck1 and Nck2 does not impact MMTV tumour structure. (Scale bar=1100um) 
(Inset=400umx400um). High magnification images of MMTV-NIC tumours from 
respective genotypes demonstrating no differences in cellular composition or structure. 
Scale bar = 50um. (E) High magnification images of MMTV-NIC tumours from respective 
genotypes demonstrating no differences in cellular composition or structure. Scale bar = 
50um. (F) Western blot analysis of tumour lysate from MMTV-NIC WT and 
Nck1KO;Nck2cKO mice depicting pan-Nck expression in WT mice and loss of Nck in 
Nck1KO;Nck2cKO mice. 
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4.5 Analysis of MMTV-NIC mice with heterozygous deletion/expression of 

Nck1 and Nck2 

In parallel with our analysis of Nck1KO, Nck2cKO, and Nck1KO;Nck2cKO 

genotypes in the MMTV-NIC model, we also analyzed intermediate genotypes or 

heterozygous mouse lines where either Nck1 or Nck2 were deleted, and the other paralog 

had heterozygous expression (Figure 4-4A). Interestingly, deletion of three of the four 

possible Nck1/Nck2 alleles did not significantly delay or extend survival compared to WT. 

Figure 4-4B compares MMTV-NIC tumorigenesis between WT, Nck1 HET, and 

Nck1 KO mice where Nck2 expression remains. Here we identified that all three 

genotypes exhibited similar rates of days to endpoint. Figure 4-4C is a similar comparison 

but focused on the Nck2 gene. We identified that WT, Nck2 HET, and Nck2cKO mice in 

which Nck1 expression remains all exhibited similar days to endpoint. Lastly, Figure 4-4D 

is our analysis of mice with heterozygous expression of both Nck1 and Nck2 (HET/HET), 

where we again did not find any significant changes in days to endpoint. These data are 

shown to highlight our robust analysis of all possible genotypes created during generation 

of the Nck1KO;Nck2cKO mouse line in which all four Nck alleles are deleted. 
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Figure 4-4 Analysis of MMTV-NIC mice with heterozygous deletion/expression of 
Nck1 and Nck2 (A) Days tumour free survival comparison of MMTV-NIC WT vs. Nck1 
KO;2 Het and Nck1 Het;2 cKO genotypes. Graph highlights differential impact on 
tumorigenesis between mice lacking three of four alleles (both het genotypes) versus 
mice with deletion of all four alleles for both Nck1 and Nck2. Kaplan-Meier analysis 
comparison using log-rank (Mantel-Cox) test indicates significant difference in NIC 
Nck1KO;Nck2cKO vs. NIC-WT (p<.05).  (B) Comparison of three genotypes with 
differential allele distribution of Nck1. (C) Same comparison for Nck2. (D) Comparison of 
MMTV-NIC WT mice versus mice with heterozygous alleles for both Nck1 and Nck2 
FLOX. Graphs demonstrate how heterozygous expression of Nck and changes in copy 
number do not impact tumour onset.  
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4.6 Reduced lung metastasis rates in MMTV-NIC Nck1/2cKO mice 

Following our findings of the importance of Nck in HER2-directed tumour 

development, we evaluated the impact of Nck1 and Nck2 in promoting metastasis within 

our MMTV-NIC model. As previously described, MMTV-NIC mice display metastatic 

lesions to the lungs at a 50% penetrance (Fantozzi and Christofori, 2006). We examined 

the penetrance and extent of metastasis across each genotype by extracting the lungs at 

a humane endpoint of 10% tumour burden and quantified the number of metastatic 

lesions and their area as an approximation of volume. Figure 4-5A shows representative 

H+E stained images for each of the following genotypes: WT, Nck1KO, Nck2cKO, 

Nck1KO;Nck2cKO. Five sections were analyzed from each mouse lung taken at 100 um 

stepwise intervals to check for metastasis.  

Figure 4-5B demonstrates that in WT, Nck1KO, Nck2cKO, Nck1KO;Nck2cKO 

mice, the penetration of metastatic lesions was 50%, 40%, and 30%, and 23%, 

respectively. The combined loss of Nck1 and Nck2 resulted in a 2.2 fold reduction of 

metastasis compared to WT. Although this decrease is currently insignificant, we 

hypothesize that increasing the n-value, in particular for our Nck1KO;Nck2CKO mice, 

which have proven difficult to breed, might lead to a significant difference in comparison 

to WT. 

The frequency of metastasis within WT, Nck1KO, Nck2cKO and 

Nck1KO;Nck2cKO genotypes provided evidence that deletion of both Nck1 and Nck2 

proteins might be impacting this phase of breast cancer. However, we had consistently 

observed that within our Nck1KO;Nck2cKO mice, the metastatic lung tumours were much 

smaller than other genotypes. We decided to measure the total area of metastatic 

tumours in all mice (Figure 4-5C). Total tumour area in the lung was determined by the 

sum of square millimeter tumour area of 5 sections taken from each lung. There is a 

notable decrease in median area in Nck1KO;Nck2cKO mice compared to WT, and again 

we hypothesize that the difference might become significant by increasing our n-value for 

Nck1;Nck2cKO mice.  

The quantification of the total tumour area within the lung sections of 

Nck1KO;Nck2cKO mice showed approximately 2-fold reduction compared to WT 
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counterparts. The results highlight that loss of full Nck signalling moderately impacts 

HER2 tumour progression and had functions in the subsequent metastatic phase. 
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Figure 4-5 Reduced lung metastasis in MMTV-NIC Nck1/2cKO mice (A) 
Representative H&E images of lung sections from mice of the indicated genotypes 
(collected at a similar tumour burden) analyzed for metastasis. Arrowheads mark 
microscopic metastases. (Scale Bar=1000um)(Inset Scale bar =100um). (B) The 
frequency of microscopic metastases within respective genotypes (WT (9/18), Nck1KO 
(5/12), Nck2cKO (3/9), Nck1KO;Nck2cKO (3/12)) is indicated in percentage of mice 
examined. Chi-square (and Fisher’s exact) test analysis was performed but was not 
significant (P=0.4529). (C) Graphs of total lung area that is covered by metastatic lesions 
in metastasis-positive mice from genotypes WT, Nck1KO, Nck2cKO, Nck1KO;Nck2cKO. 
(C Bottom) Same data shown on logarithmic axis to highlight size of Nck1KO;Nck2cKO 
lung tumours. 

 

4.7 Loss of Nck1/2 alters transcript expression of adhesion regulators 

Having established a role for Nck1 and Nck2 in HER2+ tumour initiation and 

subsequent metastasis, we next investigated signalling changes to determine the 

molecular consequences of Nck deletion in mammary epithelial tumours. We isolated 

protein and RNA from mammary tumours isolated at the endpoint from MMTV-NIC 

experimental mice. Using qPCR, we confirmed the successful deletion of Nck1 and Nck2 

in Nck1KO;Nck2cKO mice (Figure 4-6A), and then profiled expression of well-known 

regulators of adhesion, EMT, and proliferative pathways in these same samples. E-

Cadherin (Cdh1) (p=0.0219) and Vimentin (Vim) (p=0.0269) transcript levels were 

significantly downregulated in Nck1KO;Nck2cKO tumours compared to their WT 

counterparts (Figure 4-6B). 1-Integrin (ITGB1) was also slightly downregulated although 

this did not reach statistical significance (p=0.371).  No changes were observed in 

expression of MMP14.  Transcription factors associated with EMT (Snai2, Zeb1, Twist1, 

Twist2) and markers of cell proliferation (Akt2, Esr1, Mapk3) also did not show significant 

differences compared to WT (Figure 4-6C,D). 



 

67 

 

 

Figure 4-6 Loss of Nck1 and Nck2 deregulates adhesion signalling transcriptionally 
Quantitative PCR of cDNA/RNA isolated from tumours of MMTV NIC WT vs NIC 
Nck1KO;Nck2cKO split into (A) Nck and three signalling pathway groups (B) Adhesion,(C) 
EMT, and (D) proliferation markers. (* is p<0.05; ** is < .001 Statistical significance 
determined by unpaired t-test) p=.0219 for E-Cadherin and p=.0269 for Vimentin. 
 

4.8 Nck expression coordinates focal adhesion signalling at the protein level 

Findings from qPCR led us to analyze differences in expression of adhesion 

proteins in Nck1KO;Nck2cKO tumours compared to WT using western blotting and 

densitometric analysis (Figure 4-7A,B). Here we identified significantly decreased 
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expression of total 1-Integrin and FAK protein in Nck1KO;Nck2cKO tumours. These 

proteins are upstream activators involved in focal adhesion signalling pathways and are 

critical in the progression of HER2+ breast cancer (Huck et al., 2010; Lahlou et al., 2012). 

Signalling regulators downstream to a potential 1-Integrin-Fak-Nck relationship including 

paxillin, p130Cas and Src kinase were also downregulated, although these changes did 

not reach statistical significance (Figure 4-7B). We also examined the phosphorylation 

status of these proteins to indicate activation and/or signalling potential, but the changes 

were not significant when evaluated against corresponding total protein levels. To 

demonstrate that the observed changes in protein expression were not a global defect 

stemming from Nck1/2 loss, we also analyzed total AKT levels, and found that expression 

was similar in WT and Nck1KO;Nck2cKO tumours. Similarly, total levels of Neu oncogene 

expression were comparable in both genotypes. Lastly -Actin was analyzed to confirm 

equal loading of tumour lysates between WT and Nck1KO;Nck2cKO mice.  
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Figure 4-7 Loss of Nck1 and Nck2 deregulates adhesion signalling at the protein 
level (A) Activation levels and total protein in the Integrin/FAK pathway (as indicated) in 
primary tumour lysate from mice of the indicated genotype. (B) Densitometric analysis 
demonstrating significant downregulation of total FAK and B1-Integrin protein. (* is 
p<0.05; ** is < 0.01 Statistical significance determined by unpaired t-test) (p=0.003 for 
B1-Integrin and p=0.0408 for Total FAK protein). 
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4.9 Discussion 

The Nck adaptor proteins are ubiquitously expressed and well-known regulators 

of the cellular actin cytoskeleton (Chaki and Rivera, 2013; Ditlev et al., 2012; Nieto-

Pelegrin et al., 2014; Okrut et al., 2015a). In addition to their critical function in normal 

cells, Nck1 and Nck2 were identified initially as oncogenes almost thirty years ago (Chou 

et al., 1992; Lehmann et al., 1990); however, the specific functions of Nck in cancer were 

not thoroughly reinvestigated until recently. In the past decade, several studies have 

characterized functions of Nck1 and Nck2 in progression and metastasis in carcinomas 

of many tissues, including melanoma (Labelle-Côté et al., 2011), breast (Morris et al., 

2017; Yin et al., 2019), colorectal (Zhang et al., 2017), cervical (Xia et al., 2019), ovarian 

(chang et al., 2020; Liu et al., 2020) and lung carcinoma (Zhou et al., 2021).  

In our investigation of Nck1 and Nck2 in breast cancer development, we aimed to 

profile the individual impacts of either paralog in the disease. Our analysis of normal 

breast tissue from the Human Protein Atlas (HPA) database identified that Nck1 

expression was localized in luminal epithelial cells and Nck2 expression in luminal and 

myoepithelial cells. In general, the broad expression of Nck1 and Nck2 in this tissue is 

not surprising as Nck1 and Nck2 are detected in many epithelial cell types across human 

tissues. The differences in localization are interesting in that the role of Nck2 in 

myoepithelial cells is unknown, and these cells are also distinct in that the aggressive 

basal breast cancer subtype is characterized as morphologically resembling them. This 

is interesting as the rate of Nck2 overexpression was notably much higher in the 

basal/TNBC breast cancer subtype highlighting a potential function of Nck2 in these cells. 

Similarly, the localized expression of Nck1 in luminal cells in conjunction with Nck2 

expression reveals a potential area of further investigation. 

In addition to normal breast tissue profiling, we also analyzed Nck1 or Nck2 mRNA 

levels across TCGA (BRCA subset) and used them to profile overexpression rates across 

different subtypes. We observed both Nck1 and Nck2 overexpression in the Basal or 

Triple Negative Breast Cancer subtype in microarray and RNA-seq datasets. Though 

there was a strong correlation of Nck1 and Nck2 overexpression in the HER2+ subtype 

of the microarray data, the correlation was not carried in the RNAseq data. To follow up 

on the observed differences, we collaborated with Peking University Medical Center, who 
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further characterized breast cancer tumours by IHC using antibodies against Nck1 and 

Nck2. Previously, groups have reported Nck1/2 protein overexpression in human breast 

cancer samples (Chaki et al., 2019), however, they analyzed pan-Nck expression, 

whereas we analyzed individual overexpression patterns of Nck1 and Nck2. Here we add 

to those findings by showing that Nck1 and Nck2 are overexpressed across the breast 

cancer subtypes TNBC, HER2+, and Luminal.  

Despite an increased understanding of the potential function of Nck1 and Nck2 in 

cancer, and in particular breast cancer, their role in vivo remains to be determined. As 

simultaneous inactivation of the Nck1 and Nck2 genes in experimental organisms results 

in early embryonic lethality (Bladt et al., 2003), it has made study of their combined loss 

of function difficult. To overcome this, in this current study, we have conditionally ablated 

the Nck2 gene in mammary epithelial cells in a mouse model system of HER2+ breast 

cancer (MMTV-NIC) on an Nck1-null background and assessed the functions of Nck1 and 

Nck2 in breast cancer development and progression in vivo.   

 As we generated our target MMTV-NIC model of Nck1KO; Nck2cKO, we created 

many intermediate mouse lines with different Nck copy numbers. Interestingly, in the 

analysis of tumour onset time for these mouse lines, we observed that a single allele of 

either Nck1 or Nck2 phenotypically resembled WT MMTV-NIC mice. Similarly, other 

combinations of alleles for Nck1 and Nck2 (Nck1WT;Nck2HET, Nck1HET;Nck2HET, 

Nck1HET;Nck2WT) all presented with tumour onset times that resembled WT. However, 

in our Nck1KO; Nck2cKO, when all alleles were modified, we observed a 28 day delay in 

tumour onset, suggesting, at least in breast cancer, that Nck1 and Nck2 can compensate 

for the function of each other even with only a single allele present. Additonally the tumour 

onset of Nck2cKO mice occurred slightly faster in our study, but this phenotype did not 

carry over to Nck1WT;Nck2HET. We hypothesize that this difference might be resolved 

by increasing our n value for Nck2cKO mice. In general, the generation of more mice has 

proven difficult in this study as a product of breeding difficulties combined with a facilitity 

wide mouse parovirus outbreak that led to colonies being moved to the isolation facility. 

Due to these delays, the resolution of this question remains a future direction.  

The combined loss of Nck1 and Nck2 in the MMTV-NIC model produced a similar 

phenotype to previously investigated focal adhesion proteins in the same model. One 
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example was the impact of deletion of 1-Integrin in the MMTV-NIC model (Huck et al. 

2010), where 1-Integrin deletion delayed tumour onset by 33 days (WT=125 days, 

KO=158 days), comparable to the 28-day delay in our model (WT=130 days, DKO=158 

days). In addition to these similarities in tumour onset, 1-integrin was also determined 

to have a significant role in the metastatic phase of the MMTV-NIC model of HER2+ 

mouse breast cancer (Huck et al., 2010). They identified that the loss of 1-integrin 

resulted in a 2-fold decrease (WT=67%, KO=33%) in metastasis, where we observed a 

2.2 fold decrease (WT=50%, DKO=23%). However, in both studies, the difference was 

not significant. They also examined metastasis by injecting dissociated primary tumour 

cells into the tail vein of nuce immonocompromoised mice, where they found the most 

significant defect in metastasis (p=.0174). Unfortunately, we were not able to investigate 

this model of metastasis during this thesis. 

In line with the previous model where 1-Integrin was deleted, analysis of the 

deletion of FAK in the MMTV-NIC model also produced a similar phenotype (Lahlou et 

al., 2012). Conditional deletion of FAK resulted in a 36-day delay in tumour onset 

(WT=146 days, cKO=182 days) (Lahlou et al., 2012). This model analyzed the area 

occupied by microscopic lesions where it was found that conditional deletion of FAK 

resulted in an approximately 2-fold reduction in area of metastasis (WT=8%, cKO=4%). 

However, the rate of metastasis was not decreased as much (WT=70%, cKO=50%) 

(Lahlou et al., 2012). 

 We first aimed to profile signalling changes in our Nck1KO;Nck2cKO by targeting 

several pathways through qPCR expression analysis. Due to the tumour onset and 

metastatic similarities of our phenotype to 1-Integrin KO, we profiled this gene and 

several other adhesion signalling genes. Also, adhesion signalling components like 

integrin and cadherin had been previously shown to be altered by Nck2 expression in 

melanoma cells (Labelle-Côté et al., 2011). In addition to analyzing adhesion signalling 

genes, we analyzed several EMT markers, as there was some previous evidence for Nck 

in an EMT-like process, EnMT, in endothelial cells (Clouthier et al., 2015). We also 

included several proliferation targets commonly altered in breast cancer tumours 

including Akt2, ERalpha, and ERK1 (Langdon, 2020; Riggio et al., 2017; Yu et al., 2019). 

Here we found that the most affected pathway was that of adhesion signalling, where we 
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identified significant downregulation of E-Cadherin and Vimentin, in addition to 

downregulation of 1-Integrin (but not significant). Downregulation of both Vimentin and 

E-Cadherin was surprising in regards to classical EMT signalling as typically the two have 

opposing expression profiles, meaning in EMT progression typically E-Cadherin would go 

down and Vimentin would go up. These abnormalities compared to classic EMT signalling 

in addition to the lack of changes in other EMT markers supports that loss of Nck1 and 

Nck2 in breast cancer is most likely not affecting EMT. 

 We further analyzed protein expression and used a similar approach to the 

previous 1-Integrin KO study in MMTV NIC mice where they explored expression and 

activation of integrin-linked signalling components. These included both total and 

phosphorylation status of FAK, paxillin, Src, and p130Cas in addition to total protein of 

1-Integrin and AKT. We also analyzed HER2 expression to ensure our phenotype was 

not a product of altered expression of the oncogene driving our cancer model.  

By assessing several known interacting partners of Nck1 and Nck2, including FAK 

(Goicoechea et al., 2002; Guan, 1997) and 1-Integrin (Labelle-Côté and Larose, 2011; 

Labelle-Côté et al., 2011; Tu et al., 1998), which both have been implicated in tumour 

onset, growth, and metastasis (Huck et al., 2010; Lahlou et al., 2012), we identified that 

loss of Nck1 and Nck2 impacted the expression of these proteins in HER2+ breast cancer. 

 We hypothesized that the downregulation of expression of these integrin adhesion 

signalling components was a product of their altered function without available 

intracellular Nck1 and Nck2. Nck1 and Nck2 are well-established intracellular modulators 

of receptor signalling, and there is evidence suggesting that their proper function is 

required for activation and precise regulation of downstream signalling (Dionne et al., 

2018; Goicoechea et al., 2002; Guan, 1997; Labelle-Côté and Larose, 2011). Without 

Nck1 and Nck2 modulating this function downstream of 1-Integrin and potentially 

crosstalk through other nearby RTKs, these proteins may be marked for ubiquitination 

and removed from the membrane. Therefore the deregulation of adhesion receptor 

signalling mediated by Nck reduces the total amount of the functional adhesion proteins 

in breast cancer cells. 

During the course of these studies, it was reported that shRNA-mediated 

knockdown of both Nck1 and Nck2 in human breast cancer cell lines reduces metastasis 
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(Morris et al., 2017), comparable to our findings. The researchers used MDA-MB-231 

TNBC cell lines to perform xenograft assays (cells were injected into the flank of nude 

mice) and compared tumour growth and lung metastasis between control and Nck1/2 

knockdown cells. Their control group presented with a lung metastasis rate of 4/7 while 

their Nck knockdown line presented with 0/7. Additionally, they found that while 

knockdown of Nck did not alter tumour onset, which we observed with our genetic deletion 

model, it did impact the primary tumour growth of xenografted MDA-MB-231 cells where 

shNck tumours grew slower. To rule out that their metastasis phenotype was not a product 

of a smaller primary tumour, they performed tail vein injections to verify that Nck 

knockdown indeed altered the extravasation stage of metastasis. The phenotype 

observed was primarily attributed to Nck1 and Nck2 facilitating ECM degradation through 

the accumulation of MMP14 at the cell surface (Morris et al., 2017). We profiled MMP14 

at the transcript level but similar to their findings, loss of Nck did not alter expression of 

MMP14. Additionally, Nck was identified to interact with Dok1 to facilitate podosome 

formation, which promoted ECM degradation (Chaki et al., 2019). Podosomes are 

extracellular finger-like projections protruding from the cell membrane which facilitate 

ECM invasion through mechanical and chemical means.  

However, these studies were conducted solely in cells of the TNBC/basal breast 

cancer subtype. A separate study recently identified Nck1 overexpression in basal-like 

subsets of TNBC by mRNA, which we confirm here, and additionally found that Nck1 

overexpression in luminal subtype breast cancer cells enhanced invasion and survival 

(Yin et al., 2019). This study however was limited to Nck1 and in vitro cell models. 

In conclusion, our study investigated human tissues to show that Nck1 and Nck2 

are overexpressed across all major subtypes of breast cancer (TNBC, HER2+, and 

luminal). We used a mouse model to study combined loss of Nck1 and Nck2 in breast 

cancer cells, in a system that recapitulates the HER2+ breast cancer subtype. Here we 

identified that loss of Nck1 and Nck2 significantly delayed tumour onset. As well, loss of 

Nck1 and Nck2 demonstrated a reduction in the rate of metastasis and lung tumour 

burden in HER2+ breast cancer but the difference between WT and Nck1KO;Nck2cKO 

was not signifcant. We observed that combined loss of Nck1 and Nck2 significantly 

downregulated focal adhesion signalling proteins previously implicated in HER2+ breast 
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cancer. These pathways have been previously hypothesized as potential mechanisms for 

Nck’s function in cancer (Labelle-Côté and Larose, 2011).  In addition, we identified 

transcriptional deregulation of E-Cadherin. The impacts of Nck1 and Nck2 signalling on 

these genes at the protein or transcript level in breast cancer, in particular certain breast 

cancer subtypes, adds to the understanding and context dependent understanding of 

tumour cell metastasis. 
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5 CHAPTER 5:  

DISCUSSION AND FUTURE DIRECTIONS 
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5.1 Context and Summary of Work 

 This thesis aims to advance our understanding of the function of Nck1 and Nck2 

adaptor proteins in mammary gland morphogenesis and HER2+ breast cancer. Increased 

investigation of Nck has uncovered that these proteins have dynamic individual and 

complementary functions dependent on the cell type and location (Labelle-Côté and 

Larose, 2011). The work outlined herein extends this notion and demonstrates that 

genetic loss of Nck1 and/or Nck2 disrupts key cellular and molecular processes in 

mammary epithelial development and tumorigenesis. 

Gene duplication events and the evolution of biological complexity have led to many 

mammalian gene families demonstrating functional redundancies and compensation. 

Indeed, on a systemic level, the Nck paralogs appear primarily redundant as single knockout 

animals are viable (Bladt et al., 2003), but simultaneous deletion of both proteins leads to 

embryonic lethality. Despite the viability of Nck individual knockouts, unique roles for the 

Nck adaptors are beginning to emerge (Labelle-Côté and Larose, 2011). For example, a 

recent investigation of Nck in melanoma (Labelle-Côté et al., 2011) identified that Nck2 

expression in particular propagated melanoma aggressiveness and progression. 

Additionally, many recent studies have conversely identified Nck1 to promote ovarian (chang 

et al., 2020), lung (Zhou et al., 2021), cervical (Xia et al., 2019), and colorectal (Zhang et al., 

2017). Non-cancer-related roles of Nck1 have been shown in adipogenesis (Haider et al., 

2018), bone metabolism (Aryal et al., 2015) and proteasomal degradation (Buvall et al., 

2013). Differential functions of Nck1 and Nck2 can be explained in part by the many non-

overlapping binding partners of each paralog (Jacquet et al., 2018; Labelle-Côté and Larose, 

2011). Our findings further highlight that Nck1 and Nck2 functions are complex, and that 

more detailed investigation is needed to explore their unique roles in development and 

disease. 

There is a high rate of cell proliferation, differentiation, apoptosis and migration within 

the ductal epithelia, surrounding ECM, and adipose tissue during mammary gland 

development. These processes are coordinated through cellular adhesion to the ECM and 

the mechanosensing of different ECM composition forces (Paavolainen and Peuhu, 2020). 

Cell adhesion to the ECM and receptor activation coordinate ductal patterning and 

distribution of a typical ductal network. In this work, we found that Nck1 and Nck2 are critical 
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in mammary gland development, where they appear to have differential effects in total duct 

formation and alter the proliferative abilities of TEBs and duct epithelial cells. For example, 

we observed defects in both Nck1KO and Nck2KO mice in ductal outgrowth at 5 weeks of 

age. This defect was prolonged in Nck2KO mice until 8 weeks of age, until it was eventually 

resolved by 12 weeks of age or adulthood. These findings suggest that Nck1 expression is 

less effective or efficient in promoting ductal outgrowth in Nck2KO mice. By contrast, Nck2 

expression is more effective in promoting ductal outgrowth by 8 weeks in Nck1KO mice, 

despite an earlier defect. We confirmed that there was no compensatory upregulation of the 

other Nck paralog in the respective KO mice at the 8 week timepoint. 

Nck has previously been shown to participate in signaling pathways that are critical 

in mammary gland development, including those that coordinate cell motility, actin 

cytoskeleton remodeling, and membrane receptor-mediated activation of downstream 

effectors. Several key mechanisms are depicted in Figure 5-1 below.  

 

Figure 5-1 Mediation of receptor signalling in cells with and without Nck1 and Nck2 
Figure 5-1 (A) depicts Nck1 and Nck2 signaling at the intracellular membrane. Here Nck1 
and Nck2 facilitate activation of listed pathways downstream of many membrane 
receptors but the two depicted here represent β1-Integrin and the EGFR. Nck1 and Nck2 
are bound to β1-Integrin through FAK and additionally the kinase ILK is shown. Nck1 and 
Nck2 also are depicted here to crosstalk between integrins and RTKs, facilitating the 
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highlighted pathways. (B) Depicts situation where Nck1 and Nck2 are removed and the 
receptors are no longer able to facilitate canonical signaling.  
 

Nck is a well-known mediator of directed cell migration, particularly during 

development, as previously described in our lab (Clouthier et al., 2015). Interactions with 

P21 activated kinase (PAK) link Nck directly to Rac-based cell motility pathways (Clouthier 

et al., 2015). PAK is essential to mammary gland morphogenesis (Wang et al., 2003). 

Additionally, the mammary epithelium's normal growth and development depend on 

interactions between epithelial cells and the adjacent ECM (Paavolainen and Peuhu, 2020). 

These interactions are dependent on Nck2, which bridges integrin and growth factor 

receptors through PINCH-integrin-linked kinase (ILK) and Focal Adhesion Kinase (FAK), as 

shown in Figure 5-1 (Goicoechea et al., 2002) (Clouthier et al., 2015). Previous evidence 

shows that loss of FAK in mammary gland development disrupts the luminal and 

myoepithelial cell layers and causes aberrant ductal morphogenesis (Nagy et al., 2007). 

Mammary gland development was also defective in β1-Integrin chimera mice, where β1 was 

altered to function as a dominant-negative (Faraldo et al., 1998). Additionally, FAK/Integrin 

pathways can be mediated via crosstalk with EGFR, a known upstream activator of Nck1 

and Nck2 through phosphorylation and other interactions (Li et al., 1992). Further 

experiments will be required to firmly demonstrate that either Nck1 or Nck2 mediate 

downstream receptor signaling from FAK/Integrin or EGFR pathways in mammary epithelial 

cells in vivo.  

Nck signaling is primarily involved in actin cytoskeleton remodeling. Intriguingly, 

proteins involved in the actin cytoskeleton signaling network have been relatively 

understudied in mammary gland development, despite previous findings that actin 

cytoskeleton genes are the second most differentially upregulated signaling group in 

mammary morphogenesis (Kouros‐Mehr and Werb, 2006). However, there is some recent 

evidence of their role in this process involving Ror2, an RTK whose activation leads to 

downstream actin remodeling through classical RhoA and ROCK signaling (Roarty et al., 

2015b). When Ror2 expression was altered in mammary gland development, dramatic 

changes in actin cytoskeleton genes, listed as larger signalling networks “actin cytoskeletal 

organization” and “actin filament-based processes”, occurred and alteration of these 

networks consequently affected developmental outcomes as determined through gene 
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ontology analysis (Roarty et al., 2015b). While Nck is not directly associated with ROR2 

signalling, the actin cytoskeleton pathways impacted by loss of ROR2 are pathways 

commonly regulated by Nck (Chaki and Rivera, 2013; Jones et al., 2006; Li et al., 2001; 

Stylli et al., 2009). 

 Our results show that loss of Nck alters typical proliferation rates in mammary gland 

ductal cells and TEBs. As stated previously, Nck is involved in cell-ECM interactions, which 

are essential regulators of cell growth and programmed cell death. Adhesion proteins like 

FAK (Nagy et al., 2007) and Src (Kim et al., 2005) are essential to mediate proliferation in 

response to Estrogen Receptor signaling in development. Proper adhesion to the ECM 

protects cells from apoptosis, and activation of FAK is a critical factor for controlling cell 

survival (Guan, 1997; Zouq et al., 2009). Here we describe a role for Nck in mediating 

proliferation responses and there is a great deal of evidence supporting other adhesion 

proteins like FAK and c-Src in these processes by coordinating receptor signalling at the 

membrane. Similarly, conditional knockout of ILK, another adhesion signaling effector, 

resulted in defective survival signaling in mammary epithelial cells (Akhtar et al., 2009). We 

hypothesize that the upregulation of proliferation in Nck1KO and Nck2KO mice at 5 weeks 

is a compensatory response to defective control of these signalling pathways. Furthermore, 

the subsequent decrease in proliferation at 8 weeks might result from a premature 

termination of proliferation signaling in Nck1KO and Nck2KO mice due to the early 

compensatory increase. 

 Cellular signaling processes responsible for normal mammary gland development 

are often responsible for breast cancer as they become deregulated. Therefore, in our other 

research area, we aimed to investigate the functions of Nck1 and Nck2 in breast cancer 

processes. For this purpose, we used the MMTV-NIC breast cancer mouse model (Ursini‐

Siegel et al., 2008), which recapitulates HER2+ breast cancer in vivo. We identified that 

deletion of Nck1 and Nck2 in Nck1KO; Nck2cKO mice resulted in significantly delayed 

tumour onset, and although insignificant, reduced metastasis rates and lung metastasis 

burden. These phenotypes resemble previous studies investigating FAK (Lahlou et al., 

2012) and β1-Integrin (Huck et al., 2010) within the same model, MMTV-NIC. Specifically, 

conditional deletion of FAK, β1-Integrin, and Nck1/Nck2 in mammary epithelial cells all delay 
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tumour onset by approximately 30 days and reduce metastasis by about two-fold in MMTV-

NIC mice. 

β1-Integrin deletion within the MMTV-NIC model also results in defects in 

activation of several proteins including FAK, c-SRC, p130Cas, paxillin, Akt, and Stat3. 

Previous studies have linked Nck1 and Nck2 to coordinating the β1-Integrin-FAK 

signaling axis in cancer (Labelle-Côté and Larose, 2011; Labelle-Côté et al., 2011), 

therefore we further investigated how loss of Nck1 and Nck2 expression impacted these 

pathways. We observed reduced total protein levels of several key signaling components 

in the integrin-coupled pathway, including significant downregulation of FAK and β1-

Integrin. Taken together, our results show that poorly metastatic tumours of 

Nck1KO;Nck2cKO mice have major defects in β1-Integrin pathways classically 

associated with adhesion and survival signalling.  

During these studies, as previously mentioned, Nck was investigated in breast 

cancer where it was found Nck impacted MMP14 localization and balanced the activation 

of CDC42 and RhoA (Morris et al., 2017). It was determined that Nck is positively 

correlated with RhoA as an upstream activator and negatively correlated with CDC42. 

Nck silencing reduced the ventral and focal accumulation of MMP14 in extending 

invadopodia. It was found that the total pool of MMP14 found on the cell surface is not 

dependent on Nck; however, these studies were done in a triple negative breast cancer 

cell line, MDA-MB-231, that are much more dependent on invadopodia compared to 

HER2+ breast cancer cells.  

Additionally, several other proteins involved in the adhesion signalling pathway, 

including paxillin, were downregulated, though not significantly. The loss of expression of 

FAK and β1-Integrin in Nck1KO;Nck2cKO tumour cells might result from deregulated or 

inhibited ability to form and recycle focal adhesions. In addition, the loss of regulation and 

turnover of these adhesions at the cell membrane in Nck1KO;Nck2CKO tumour cells 

might result in the ubiquitination and endosomal degradation of β1-Integrin and FAK and 

other signaling components in this pathway, as shown in Figure 5-2. Future studies are 

needed to analyze this signaling pathway to better understand the mechanism and 

potentially develop therapies. 
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Figure 5-2 Loss of Nck1 and Nck2 disrupts canonical downstream signalling of 
integrins and other receptors Figure 5-2 depicts loss of Nck1 and Nck2 signaling at the 
intracellular membrane. Here RTK and Integrins exhibit altered function as their activation 
is not communicated to proper downstream signals. Defective receptors and intracellular 
proteins are marked with ubiquitin. Ubiquitination can activate protein recycling at the 
proteosome, or upregulation of apoptosis or pro-survival signalling. 

 

5.2 Future Directions 

 

5.2.1 Nck1 and Nck2 in mammary gland development 

Future studies of Nck1 and Nck2 in mammary gland development represent a critical 

area for follow-up research. The studies conducted in this thesis were done in mouse 

models with complete knockout of Nck1 or Nck2. Conditional knockout (cKO) models 

allow researchers to knock out proteins in a tissue-specific manner(Wagner et al., 1997) 

and are well established in mammary gland development (Miltenburg et al., 2009; Nagy 

et al., 2007). Considering the possible interfering effects coming from the surrounding 

mesenchymal cells such as fibroblasts and adipocytes in our Nck1KO and Nck2KO total 

body knockout models, conditional knockout of Nck1 and Nck2 may provide more precise 
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insight when loss of function is limited to mammary epithelial cells. Consequently, such 

experiments could determine that aspects of the phenotypes observed in our model could 

be a product of Nck1 and Nck2 deletion in non-epithelial mammary cell types. 

 As our research uncovered preliminary data on the localization of Nck1 and Nck2 in 

mouse and human mammary tissue, continued investigation is needed to confirm these 

findings. Flow cytometry is a well-established tool in mammary gland development studies. 

The mammary tissue can be sorted by cell type based on distinct markers such as CD24 

and CD29. In this setting, CD24 positive and CD29 low expression represents luminal cells, 

and CD24 positive and CD29 high expression represents basal cells. Furthermore, flow 

cytometry can be used to differentiate progenitor and mature cells using high and low 

expression of a marker like Intercellular Adhesion Molecule 1 (ICAM1) (Peuhu et al., 2017). 

The deletion of Nck1 and Nck2 could be impacting stem cell lineages in the developing 

mammary gland epithelia. Therefore, the flow cytometry analysis of Nck1KO and Nck2KO 

mammary gland tissue could provide insight into changes in the typical stratification and 

distribution of mammary epithelial cells. We hypothesize that Nck1 and Nck2 loss might 

impact these processes in mammary gland development as previous studies have identified 

that integrin signaling proteins such as β1-Integrin, FAK, and ILK are critical in mammary 

epithelial differentiation (Akhtar et al., 2009).  

 Another area in which these studies could be expanded is the use of in vitro organoid 

studies. Recently emphasis has been placed on the use of organoid models where cells can 

be cultured in modified 3D environments, such as floating in collagen for example. Cells can 

then be fluorescently analyzed to look at actin cytoskeleton defects or a variety of different 

features in response to mechanosensing or chemo-sensing their environment (Paavolainen 

and Peuhu, 2020). This could be accomplished through the use of clustered regularly 

interspaced short palindromic repeats (CRISPR) knockout. One commonly modified cell line 

in mammary gland development studies is NMuMG. Our lab has developed proficient 

CRISPR techniques to target and delete Nck1 and Nck2 and has begun preliminary work to 

facilitate this in NMuMG cells. Ultimately the use of cell lines to generate organoids in vitro 

can be used to test the branching ability in response to various extracellular stimuli. For 

example, we could test the branching abilities of organoids lacking either Nck1 or Nck2 in 
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response to estrogen stimulation or Epidermal Growth Factor (EGF) ligands (Leal et al., 

2012; Tolg et al., 2017).  

We have previously investigated proliferation rates in mammary epithelial structures 

such as TEBs, and as a reverse complement, we have aimed to investigate apoptosis. 

We have made use of several methods to accomplish this, but the data has not been 

conclusive. First, we subjected similar sections as used in our Ki67 experiments to the 

terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay. 

As shown in Figure 5-3, ducts from 5-week-old mice showed similar rates of TUNEL 

positivity between genotypes, and overall TUNEL positivity was very low across all 

genotypes. TUNEL staining on TEBs showed a modest increase in TUNEL positivity (1-

2 cells per TEB). Higher positivity in TEBs is most likely because they have a larger total 

cell population and more apoptosis in general.  In addition, we observed large variation 

in background staining of our TUNEL assay, sometimes within the same section. 

 

Figure 5-3 TUNEL analysis of ducts and TEBs at  5 week stage TUNEL-stained 
sections of the developing mammary gland at 5 weeks of WT, 1KO, 2KO mice. (A) 
Representative images of the the ducts and TEBs demonstrating TUNEL (+) or TUNEL 
(-) cells. Apoptotic or TUNEL (+) cells appear brown. Low positivity of the ducts (0-1 cells) 
and TEBs (1-2 cells) and the range of background staining made conclusive observations 
and quantification difficult. Arrows in TEB images mark TUNEL positive cells.(B) 
Preliminary quantification of percent cell positivity ((positive cells/ total cells)*100) in ducts 
and TEBs.  
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As discussed above, apoptosis positivity across our control and experimental groups 

was too low to quantify, and in some cases, all mammary epithelial structures within a 

section were negative (Figure 5-3). We have aimed to resolve this lack of positivity from 

TUNEL assays by using another apoptotic marker, cleaved caspase-3 by IHC. However, 

cleaved caspase 3 experiments have produced similar results to our TUNEL assay. Thus, 

the lack of apoptotic positivity observed in both assays suggests Nck1 and Nck2 loss might 

not impact apoptosis as dramatically as proliferation. This phenotype would not be 

uncommon as previously mentioned models of FAKcKO (Nagy et al., 2007) and total body 

Src-KO (Kim et al., 2005) both exhibited proliferation defects but lacked changes in 

apoptosis. Still, we aim to more extensively profile this to determine the relationship between 

Nck1KO and Nck2KO and apoptosis with increased confidence.  

 Our studies investigating the impact of Nck1 and Nck2 loss on mammary gland 

development have focused mainly on gross structural defects. However, we have begun 

to profile mammary gland tissue using qPCR. Preliminary results are shown below 

analyzing transcript expression of β1-Integrin and vimentin, an EMT marker shown in 

parallel studies in our lab to be impacted by Nck1 and Nck2 (Unpublished observations, 

Martin et al.) (Figure 5-4). 

 

Figure 5-4 QPCR analysis of β1-Integrin and Vimentin (A and B) Relative mRNA levels 
of β1-Integrin (A) and Vimentin (B), in mammary glands of WT, 1KO, 2KO mice at 8 weeks 
of age (n=3-4 per genotype). Statistical analysis was performed by one-way ANOVA with 
post-hoc Dunnett’s multiple comparison test of 1KO and 2KO compared to WT at their 
respective timepoints, but no significance was observed. Error bars indicate standard 
deviation.  
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5.2.2 Nck1 and Nck2 in breast cancer 

As a complement to profiling the in vivo roles of Nck1 and Nck2 in the MMTV-NIC model, 

future studies should investigate their functions in breast cancer at the cellular and molecular 

level. One approach is to use commercially available cell line models that represent the 

various subtypes of breast cancer. Due to the high rates of Nck1 and Nck2 overexpression 

identified in Basal or TNBC breast cancer, a suitable cell line would be MDA-MB-231. In 

addition, SKBR3 could be used as a model for HER2+ model and MCF7 as a model for 

hormone receptor-positive (HR+). To this end, breast cancer cell lines overexpressing Nck1 

or Nck2 have been generated by fellow lab members, and preliminary studies show 

increased cell invasion compared to control cells. With the recent establishment of CRISPR 

techniques in the lab, we can also generate Nck1 and Nck2 knockout cell lines.  

 

 In addition to generating Nck1 and Nck2 overexpressing cell lines using well-

characterized and published cell lines, experiments are underway to create and study 

primary cell lines from our MMTV-NIC mice. To date, we have developed a library of several 

cell lines from three MMTV-NIC Nck1KO; Nck2CKO mice displayed in Table 5-1. 

 

Table 5-1 Primary cell lines generated from MMTV-NIC mice 

Mouse Number and Genotype Name of Cell Lines 

Generated 

Mouse 403(MMTV-NIC Nck1KO; Nck2CKO) NIC403C1 

 NIC403C2 

 NIC403C3 

Mouse 504(MMTV-NIC Nck1KO; Nck2CKO) NIC504T4C4 

 NIC504T4C5 

 NIC504T4C6 

 NIC504T4C8 

Mouse 516(MMTV-NIC Nck1KO; Nck2CKO) NIC516C3 
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 NIC516C4 

 NIC516C5 

 

 

We have begun to profile these cell lines in a variety of ways. We have used transwell 

invasion, migration, and proliferation assays (not shown). In addition, informed by previous 

reports that Nck1 and Nck2 are regulators of focal adhesion signalling in tumours (Labelle-

Côté et al., 2011), we profiled focal adhesion components in our primary cell lines (Figure 

5-5). As we have to date been unable to generate cell lines from WT MMTV-NIC tumours, 

we obtained a control line from Dr. Josie Ursini Siegel in the interim. 

 

 

Figure 5-5 Preliminary western blots of Nck1KO;Nck2cKO primary cell lines versus 
J.U. wild type cell lines Preliminary western blots of total and activated Focal Adhesion 
signaling proteins comparing MMTV NIC WT (provided by Dr.Ursini Siegel; JU) and 
MMTV-NIC Nck1KO;Nck2cKO primary cell lines. WT cell lines are NIC4360 and 
NIC2877. Other lanes are our cell lines as listed in Table 5-1. 

 

We also developed single and double rescue cell lines using retroviruses to introduce 

Nck1FLAG and/or Nck2GFP or tags alone into our MMTV NIC Nck1KO;NckcKO primary 

cell lines. The cell lines we have developed thus far are displayed in Table 5-2. We 

monitored expression of Nck using western blotting, and noted that Nck2 was equally 

expressed in Y1 and Y4 lines. Overall expression of Nck1FLAG appeared qualitatively 
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higher than Nck2GFP. Nck1 was expressed in the single rescue Y3 line but not clearly 

detected in the double rescue Y4 line. Ongoing efforts are aimed at creating a series of cell 

lines with comparable expression. Nonetheless, we have used the available cell lines to 

profile proteins that were altered in the original tumour samples, and noted a potential 

restoration of FAK and paxillin protein levels in double rescue cells (Figure 5-6A). 

 

Table 5-2 Rescue MMTV-NIC cell lines 

Rescue Cell Line Name Added constructs 

Y1 +Nck2GFP and FLAG alone 

Y2 Control (GFP alone and FLAG alone) 

Y3 +Nck1FLAG and GFP alone 

Y4 +Nck1FLAG +Nck2GFP 
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Figure 5-6 Reintroduction of Nck into Nck1/2 deficient cells alters paxillin 
organization and cell spreading (A) Representative western blots showing expression 
of GFP,FLAG, and Nck2 in primary cell lines with Nck1FLAG and Nck2GFP reintroduction 
(Y1-Y4). (B) Representative fluorescent images from time course using antibodies for (B) 
Paxillin and (C) Phalloidin. Images were taken after 24 hours of cells being lifted and 
plated on 0.1% fibronectin coated coverslips. (D) Quantification of the results from 1 hour 
and 24 hour (as shown in B and C) of cells being allowed to spread. Quantification is the 
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average cell area of Y1-Y4 at timepoints 1-hour and 24-hours (10-25 cells quantified at 
each time point) Statistical analysis was performed by one-way ANOVA with post-hoc 
Dunnett’s multiple comparison test but not significant. 

We have also used immunofluorescence techniques to compare cell spreading in 

Nck1KO;Nck2cKO cells compared to our rescue lines. Preliminary experiments displayed in 

Figure 5-6 were conducted to observe changes in cellular structure features such as the 

cytoskeleton (through staining for F-actin) and focal adhesion distribution (through staining 

with a well-established focal adhesion marker, paxillin). Here we found that after spreading 

for 24 hours on fibronectin, Neu-expressing breast cancer cells lacking Nck1/2 

demonstrated altered actin stress fiber formation and FAs. FAs in our control rescue line 

(Y2) are typically localized to the periphery of the cell, whereas in rescue cell lines (Y1, Y3, 

Y4) they are more widely dispersed throughout the cell and appear more prominent.  

Additionally our preliminary findings show a trend where the addition of Nck1 and Nck2 

increased cell spreading, although insignificant, which resembled results observed in 

previous work where loss of Nck1 and Nck2 reduced cell spreading(Clouthier et al., 2015). 

These studies are preliminary, and we aim to generate more rescue lines from additional 

MMTV NIC Nck1KO;Nck2cKO primary tumour cell lines.  

 

In addition to profiling protein changes and structural defects in primary cell lines and 

tumour lysates, we have recently used these samples to perform RNAseq. For a 

comprehensive approach in our RNAseq analysis, we used tumours and primary cells. Here 

we compared WT and Nck1KO; Nck2cKO tumours from MMTV-NIC mice. For WT and 

Nck1KO; Nck2cKO groups, we included tumour RNA from equal numbers of mice with lung 

metastasis present and those without metastasis. This analysis has generated libraries of 

differentially regulated genes in both tumours and primary cell lines when Nck1 and Nck2 

are removed. The primary cell lines exhibited more differentially regulated genes as opposed 

to the tumours. Differentially regulated genes will be followed up in future studies by our lab. 

 These studies highlight the critical need for future investigations of Nck1 and Nck2 

using in vivo models which recapitulate other subtypes. The MMTV-NIC model is well 

established as a HER2 subtype mouse model, but models like MMTV-PyMT (Guy et al., 

1992), could be used for future investigation. Furthermore, as previous studies have 

identified a critical role of Nck function in TNBC breast cancer cell lines (Morris et al., 2017), 
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the conditional deletion of both Nck1 and Nck2 in a TNBC-like mouse model (Rennhack et 

al., 2019) might have an even more dramatic impact on tumour growth and metastasis 

compared to our MMTV-NIC mouse model. Recently an orally available inhibitor of Nck, 

which recognizes the DY pocket of the first SH3 domain of Nck, was developed to inhibit T-

cell activation in autoimmune diseases (Borroto et al., 2016). The use of this inhibitor to alter 

Nck function in cells or mouse models presents a unique and interesting opportunity that 

should be further explored. 

 

5.3 Conclusions 

The work presented in this thesis advances the understanding of Nck1 and Nck2 

function in mammary tissue, in development, and in breast cancer. Here we have aimed to 

provide novel information regarding Nck1 and Nck2 function at several critical stages in 

development. Nck1 and Nck2 loss of function studies identified key roles of Nck1 and Nck2 

in facilitating proper mammary gland outgrowth. While we primarily identified that Nck1 and 

Nck2 functions overlap in several capacities as defects were similar in Nck1KO and Nck2KO 

mice, there were several instances where the two paralogs displayed differences. We 

hypothesize that the striking phenotypic similarities in the developing mammary gland 

between Nck1KO and Nck2KO mice and known adhesion-regulating effectors of Nck, such 

as β1-Integrin, FAK, and possibly EGFR and ER, suggest a potential role for Nck in these 

signaling mechanisms. While Nck has been previously implicated in breast cancer by 

several groups, our studies provide a unique profile of Nck1 and Nck2 individually in human 

breast cancer across all subtypes, through protein analysis and bioinformatic approaches. 

Our work is the first to study Nck1 and Nck2 in a spontaneous breast tumour development 

model, where we identified critical roles in tumour onset and a potential role in regulating 

metastasis. We also identified disrupted adhesion signaling through profiling of tumours 

lacking Nck1 and Nck2, which exhibit defective metastatic potential and onset.  
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