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ABSTRACT 

 

THE EFFECTS OF NIDOGEN-1 ON CLAUDIN-LOW MAMMARY 

TUMOR CELLS  

 

Rebecca Jagroop                                                                                                               Advisor: 

University of Guelph, 2019                                                                        Dr. Roger Moorehead 

 

Nidogen is a glycoprotein that makes up 2-3% of basement membranes and has two 

isoforms: nidogen-1 (NID1) and nidogen-2 (NID2). There have been limited studies on NID1 

and cancer, with results demonstrating decreased invasiveness and metastatic capabilities in Nid1 

silenced cells of ovarian cancer and lung metastasis of breast cancer. Through previous work, a 

murine cell line representative of the claudin-low subtype, known as RJ423, was developed; it 

demonstrated a 5000-fold increase in Nid1 expression compared to the luminal subtypes. Based 

on these findings, we hypothesized that a high Nid1 expression contributes to the aggressive, 

metastatic nature of claudin-low tumors and that a NID1 knockdown would impair tumor 

proliferation and migration. Through immunofluorescence, migration assays and conditioned 

media (CM) experiments, it was revealed that a NID1 knockdown does decrease proliferation 

and migration of claudin low mammary tumor cells. However, NID1 does not impact epithelial 

to mesenchymal transition (EMT) and the exact effects on downstream effectors remains 

unclear. These results indicate that NID1 effects are cancer-type dependent and operates through 

different mechanisms to aid in tumorigenesis and metastasis. Thus, this may provide new 

therapies to target metastasis in claudin-low breast cancer by targeting NID1. 
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1. Introduction 

 Breast cancer is the most common type of cancer amongst women, with one in eight 

women expected to develop the disease during their lifetime (30). There are five main subtypes 

of breast cancer: luminal A, luminal B, HER2-positive, triple negative, normal breast-like tumors 

(19). Within the triple negative subtype, there is a subset of tumors designated as claudin-low 

that are known to be very aggressive and metastatic and have an incidence rate of 7-14% (21). 

However, patients diagnosed with claudin-low breast cancer have a poor prognosis with a five-

year disease-free survival rate of 67% (62) compared to patients with the luminal A subtype 

being 92.6% (82). Thus far, research has focused mainly on tumor cells alone; however, 

basement membrane (BM) components and its connection to the migration and invasion 

capabilities of malignant tumors has become an area of interest (2, 4, 60, 81). For tissue invasion 

and metastasis to be successful, cancer cells must cross BMs and colonize distant tissues (28). 

BMs contain strong bonds of laminin and collagen IV, which are linked by perlecan and nidogen 

and are located around all cell monolayers and multi-layered epithelia within the body (45).  

 Through past studies, nidogen has become an area of focus in relation to its effects on 

malignant tumors (2, 81). Nidogen is a glycoprotein that makes up 2-3% of the BM and has three 

globular domains within the core protein: these are denoted G1, G2 and G3 (45). Genes encode 

for two different nidogens: nidogen-1 (NID1) and nidogen-2 (NID2), which act as linker proteins 

to connect the superstructures of laminin and collagen IV together (33, 45, 78). There have been 

limited studies on NID1 and cancer, with results demonstrating decreased invasiveness and 

metastatic capabilities in Nid1 silenced cells within various cancer types (2, 81). Also, it has been 

observed that NID1 may regulate epithelial to mesenchymal transition (EMT) since an over-

expression of NID1 contributes to increased EMT gene expression, namely Vimentin (Vim) and 
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Twist2, within ovarian cancer (81). Furthermore, NID1 has the potential of influencing 

downstream signalling through possible integrin-focal adhesion kinase (FAK) interactions 

discovered within different cancer types since a slight reduction of phosphorylated ERK1/2 was 

observed within ovarian cancer (2, 81).  

Through previous work, a murine cell line known as RJ423 was developed, which is 

representative of the claudin-low subtype and demonstrated a 5000-fold increase in Nid1 

expression compared to the luminal-subtype cell line (RJ345). This, along with the emerging 

knowledge of NID1 on modulation of tumor invasion and migration, could explain whether a 

high Nid1 expression contributes to the aggressive, metastatic nature of claudin-low tumors.  

To discover the effects of NID1, experiments were conducted to determine the 

interactions of NID1 with EMT genes and downstream signalling pathways following the 

assessment of the overall impact on tumor proliferation and migration within claudin-low breast 

cancer cells. 
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2. Literature Review 

2.1 Breast Cancer Incidence and Prognosis 

 Cancer is the second leading cause of death worldwide and is responsible for 

approximately 30% of deaths in Canada, with the most common type among women universally 

being breast cancer (15). In 2017, there were an estimated 26,300 diagnosed cases and 5,000 

deaths among women in Canada due to breast cancer. Men are susceptible to the disease as well, 

with approximately 230 emerging cases and 60 deaths in Canada that occurred in 2017 (15). In 

2008, the incidence rate of breast was 11%, which increased to 12% in 2012, and there is an 

anticipated increase in the incidence of female breast cancer reaching 3.2 million new cases 

worldwide by 2050 (68). This anticipated increase is the reflection of the significance of breast 

cancer incidence and how it impacts society as a whole and the increased need for preventative 

measures and treatment options (68).    

 During the 1980s and 90s, the incidence rate of in situ and invasive breast cancer had a 

significant increase due to the widespread adoption of mammography screening (9). Overall, 

between 2005 and 2014, the incidence rate of invasive breast cancer remained stable, but age and 

race result in varying trends. Fortunately, mortality rates have decreased since the 1980s with an 

overall decline of 39% through 2015, mainly attributed to improved screening methods and 

better treatment options. However, incidence and mortality rates vary globally, with higher rates 

observed in less developed countries compared to developed countries (9).  

 The prognosis of breast cancer is predicted through the consideration of several factors, 

with the stage of breast cancer being the main determinant (9). Patients diagnosed with localized 

breast cancer have a five-year relative survival rate of 99%, which decreases to 85% with 
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regional and 27% with distant disease (12). Tumor size also impacts prognosis, with increased 

recurrence of breast tumors 5.0 cm or larger, regardless of the number of lymph nodes affected 

by cancer (9). Women with breast tumors 2.0 cm or less have a five-year relative survival rate of 

95%, which decreases to 85% with tumors 2.1-5.0 cm in size and 72% with tumors larger than 

5.0 cm (9). When breast cancer spreads to the lymph nodes, there is an increased recurrence risk 

with a less favourable prognosis (59). Additionally, tumor grade impacts survival rates as well, 

with low-grade tumors having a favourable prognosis due to slower growth rates, which are less 

likely to spread, compared to high-grade tumors (59). 

2.2 Risk Factors  

2.2.1 Gender and Age 

 Gender is one of the main risk factors of developing breast cancer (BreastCancer.Org). 

Statistically, females are more prone to developing breast cancer than males due to breast cells 

within women being responsive to growth-promoting hormones such as estrogen and 

progesterone (10). The male breast is mostly made of fat and not formed glands, their breast cells 

are inactive and estrogen levels are very low (5). In 2017, the incidence rate for women was 

130.3 for every 100,000 people compared to males with 1.2 (61).  

After gender, age is a major risk factor as it is often found in women during menopause 

or around the age of 50 (11). Breast cancer is less common in women under 40 as only ~3.6% of 

in situ breast cancer cases are diagnosed and ~4.7% of invasive breast cancer cases are diagnosed 

below that age; over 70% of breast cancer cases are diagnosed in women 50 and older (11). 

2.2.2 Reproductive History 
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 The main hormone that has been found to be associated with breast cancer is estrogen 

since it impacts breast cell growth (61, 67). The time that breast cells are exposed to estrogen can 

impact the likelihood for developing breast cancer. Teenagers who experience early menstruation 

(11 or younger) are found to have an increased risk of breast cancer due to exposure to estrogen 

for a greater amount of time. Older women who experience late menopause (after 55) are at a 

greater risk as well; during menopause, hormone levels (progesterone and estrogen) drop 

significantly, stopping menstruation. However, women who enter menopause after the age of 55 

are exposed to estrogen longer; in contrast, early menopause is connected to a lowered breast 

cancer risk. Additionally, the age of pregnancy is linked to breast cancer risk since estrogen 

exposure to breast cells is interrupted. Bearing children after the age of 30 slightly increases the 

risk of breast cancer compared to women who have children at an earlier age. Interestingly, 

women who have more children have increased protection against breast cancer compared to 

women who do not become pregnant at least once (61, 67). 

2.2.3 Family History 

 Ranking below gender and age, family history is known to be a contributing factor 

especially when one or multiple first-degree relatives such as a mother or sister has breast cancer 

(61). Also, second-degree relatives such as an aunt or grandmother from either side of the family, 

bilateral breast cancer in a relative, or a male relative with the disease can contribute to an 

increased risk of breast cancer (61). Additionally, genetic mutations play a role in developing 

breast cancer such as mutations to the BRCA1 and BRCA2 genes (39). These tumor suppressor 

genes exist normally in the body and when mutated, they can no longer control cancer growth 

(61). It can be inherited from both the mother and father’s side; fortunately, these mutations are 

rare, impacting only 1 in 500 people. Certain genetic conditions can be inherited that contribute 
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to an increased risk of breast cancer including Li-Fraumeni syndrome, which is caused by a 

mutation of the tumor suppressor gene TP53. Other conditions include Cowden syndrome 

(mutation of PTEN gene), Ataxia telangiectasia (mutation of ATM gene) and Peutz-Jeghers 

syndrome (mutation of STK11 gene; 61). 

2.2.4 Lifestyle Factors  

 Risk factors for developing breast cancer could also be extrinsic, such as lifestyle choices 

individuals make, including alcohol consumption, obesity and physical inactivity (75). Alcohol 

itself is not considered a carcinogen, although its metabolites have carcinogenic potential (22, 

64). Through in vivo studies, mammary epithelial cell growth is induced by ethanol thereby 

increasing serum estradiol concentrations in premenopausal women (22, 41). A maximum 10 mL 

of alcohol was previously recommended per day as studies had demonstrated that a higher 

consumption level increased the incidence for women (22, 76). However, additional studies have 

shown that 10 mL of alcohol per day increased the risk for breast cancer by 10% (13, 22, 27, 66, 

79). Therefore, it is recommended to consume as little alcohol as possible in order to reduce the 

risk of breast cancer.  

 Furthermore, obesity (possibly due to physical inactivity) has been found to increase the 

risk of breast cancer mainly in postmenopausal women (22, 76). Supporting data has found that 

the relative risk for a woman with a body mass index (BMI) greater than 25 kg/m2 is 1.5 

compared to women with a normal BMI (18.5–25 kg/m2) and is greater than 2 for women with a 

BMI above 30 kg/m2 (44). Therefore, physical activity is crucial in maintaining a healthy body 

weight to reduce the risk of breast cancer. It has been found that losing at least 4.5 kg of body fat 

between 18-30 years of age has been connected to a reduced risk of breast cancer during the 

premenopausal years of an individual (42).  
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2.3 Breast Anatomy and Cancer Development 

 The human breast (Figure 1A), also medically referred to as mammary glands, is made 

up of a collection of fat cells known as adipose tissue, which extends from the underarm to the 

collarbone and to the middle of the ribcage (6, 7). Female mammary glands contain lobules, 

which are found in 12-20 sections within each breast called lobes (7). The lobules have miniscule 

“bulbs” at the ends that produce milk in lactating women. These glands are connected to lobes by 

milk ducts that aid in the travel of milk to the nipple. Additionally, a network of fibrous 

connective tissue, nerves, ligaments, blood vessels, lymph vessels and lymph nodes are found 

within the adipose tissue (7).  

 The origin of cancer cell growth within the breast generally determines the breast cancer 

type (7). Most breast cancers begin in the glandular tissue are known as adenocarcinomas, while 

cancer cells originating in the milk-producing ducts are known as ductal carcinomas (Figure 1B; 

70, 71). Also, breast cancer could start within the lobules, known as lobular carcinoma (Figure 

1C), or other tissues or cells within mammary glands. These cancer cells may metastasize 

throughout the breast to reach lymph nodes or other parts of the body (70, 71). 

 Based on tumor origin, location and histopathology, the two most common breast cancer 

types are ductal carcinoma and lobular carcinoma, which are divided into in situ (non-invasive) 

and invasive breast cancer (9, 49, 50). Ductal carcinoma is most common, accounting for 

approximately 80% of all breast cancers cases, while ~13% of cases are lobular carcinoma (9, 

49, 50). Additionally, there are less common breast cancer types including tubular carcinoma, 

metaplastic carcinoma, histiocytoid carcinoma and signet ring carcinoma, with most being 

invasive and accounting for 5-7% of breast cancer cases (49).  
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Figure 1: Diagram of the human female breast and common sites of breast cancer development. 

A) Schematic representation of the female breast indicating where adipose tissue, ducts, lobules 

and lobes are located (modified from: Breast Cancer Care, n.d.). B) The development of ductal 

and C) lobular carcinomas within the ducts and lobules, respectively are referred to as in situ. 

Ductal and lobular carcinomas become invasive when uncontrolled proliferation of tumor cells 

allow tumor cells to invade the basement membrane and spread throughout the breast and body 

(Breast Cancer Foundation NZ, n.d.; “Minimalist/Pharmacist,” 2018).  
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 Ductal carcinoma in situ (DCIS) is the most common in situ breast cancer with ~83% 

diagnosed cases between 2010-2014 (9). This occurs when the epithelial cells lining the breast 

ducts are replaced with abnormal epithelial cells through uncontrolled proliferation. Lobular 

carcinoma in situ (LCIS) is not as common as DCIS, accounting for ~13% diagnosed breast 

cancer cases. This occurs when epithelial cells undergo hyperproliferation resulting in abnormal 

cells within the lobules. For both types, the basement membrane is not breached, and tumor cells 

do not invade the surrounding stroma and spread throughout the breast. This poses a low risk for 

potential metastasis; however, LCIS is associated with an increased invasion risk (9).   

 Unfortunately, most breast cancers are invasive, with invasive ductal carcinoma (IDC) 

accounting for ~75% of invasive breast cancer cases (49). IDC is similar to DCIS regarding the 

origin of abnormal epithelial cell proliferation; however, stromal invasion occurs allowing cells 

to spread to surrounding breast tissue (65). In time, IDC can metastasize to lymph nodes within 

and outside of the breast and potentially spread to other areas within the body (65). Invasive 

lobular carcinoma (ILC) is not as common as IDC, accounting for 5-15% of breast cancer cases 

overall (49). Like LCIS, it begins in the lobules, but ILC infiltrates the lobules and enters 

surrounding breast tissue (65). It is considered a multicentric disease due to the possibility of 

existing in more than one area of the breast, with the chance of spreading to the lymph nodes and 

metastasizing to other areas of the body (49).  

2.4 Breast Cancer Subtypes  

 There are five main breast cancer subtypes: luminal A and B, HER2-positive, normal 

breast-like, and triple negative (including basal-like and claudin-low) tumors (Table 1). The 

most common subtypes, luminal A and B, are estrogen receptor (ER)-positive, progesterone  



 

 
 

 

10 

Table 1: The five breast cancer subtypes with their respective hormone receptor descriptions and 

some key characteristics. *The subsets of triple negative breast cancer are labelled in blue. 

Subtype Description 

Luminal A ER & PR (+) HER2 (-) 

▪ Best prognosis 

Luminal B ER (+) HER2 (-) 

▪ Slightly worse prognosis 

HER2-Positive ER & PR (-) HER2 (+) 

▪ Highly proliferative compared to 

luminal cancers 

Normal Breast-Like PR, ER & HER2 (-) 

▪ Tumor proliferation is low (good 

prognosis) 

Triple Negative  PR, ER & HER2 (-) 

Poor prognosis and aggressive  

Basal-Like PR, ER & HER2 (-) 

▪ Aggressive, high metastatic rate to 

brain and lungs 

Claudin-low ER, PR & HER2 (-) 

▪ Low levels of claudins 3,4, and 7 
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receptor (PR)-positive and HER2-negative (31, 77). The relapse rate of luminal A patients is 

low, and they have a better prognosis compared to patients with luminal B breast cancer. This is 

because luminal B tumors have an aggressive phenotype with a high protein Ki67 (proliferation 

cell nuclear antigen) index. Its increase in proliferation-related and growth receptor signalling 

genes, with its tendency to have a higher grade is what makes it different from luminal A. 

However, the luminal tumors respond well to hormone therapy, but the same does not hold true 

for conventional chemotherapy (31, 77).  

 HER2-positive tumors are considered highly proliferative and possess a more aggressive 

biological behaviour compared to luminal cancers (77). These tumors are hormone receptor 

negative for ER and PR and can be found in about 20% of breast cancer patients (77). Various 

treatment options are available including the most well known, Herceptin that targets the HER2 

protein, which is not always successful due to the development of tumor resistance, leading to a 

worse prognosis (57).  

Additionally, normal-breast like tumors make up 5-10% of all breast cancer cases and are 

ER-, PR- and HER2-negative (77). These tumors can be considered triple negative; however, 

they cannot be classified as basal-like due to the lack of cytokeratin-5 (CK5) and EGFR 

expression. It contains low levels of Ki67, meaning tumor proliferation is low, and has a good 

prognosis (19, 77).  

Basal-like tumors are characterized with high nuclear and histological grade, an 

aggressive clinical behaviour and a high metastatic rate to the brain and lungs (77). Tumors are 

ER-, PR- and HER2-negative and often referred to as triple negative. However, these subtypes 

are not synonymous and are differentiated through immunohistochemical classifications. Basal-
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like tumors are ER-, PR- and HER2-negative via gene expression microarray analysis, while 

triple negative lacks protein expression of ER, PR and HER2 (19, 77).  

 Within the triple negative subtype, there is a subset of tumors designated as claudin-low 

known to be very aggressive and metastatic. This subset was discovered in 2007 through a study 

conducted by Herschkowitz et al, which analyzed the conserved gene expression characteristics 

of transgenic mouse models of breast cancer compared to human breast cancer data sets (21). 

These tumors are characterized with low gene expression of claudins 3, 4 and 7, E-cadherin 

(Cdh1) and occludin, important for tight junctions and cell-cell adhesion. Also, low luminal gene 

expression was observed, along with basal gene expression inconsistencies and high lymphocyte 

and endothelial cell marker expression. These findings were further supported by other groups 

that found 7-14% of breast cancer cases were claudin-low tumors. Also, an enrichment of genes 

important for EMT and immune cell infiltration, along with high genomic instability, was 

discovered within this subtype. Clinically, claudin-low breast cancer has a poor prognosis as 

there are no effective treatment options available, with evidence suggesting a resistance to 

conventional chemotherapeutic agents thus far (21).   

2.5 Tumor Invasion and Metastasis 

 For tissue invasion and metastasis to be successful for malignant tumors, cancer cells 

must cross BMs and colonize distant BMs (51). BMs contain strong bonds of laminin and type 

IV collagen, which are covalently cross-linked and bridged by perlecan and nidogens that are 

selective for certain cell types. For localized invasion to be successful, cancer cells must degrade 

the BM followed by the degradation of the matrix within the stroma through enzymes and matrix 

metalloproteinases (MT-MMPs). Here, angiogenesis is stimulated to enable transport of nutrients 

to the tumor to allow development and provide a route for tumor cells to enter and be transported 



 

 
 

 

13 

throughout circulation in a process known as intravasation. Once transported throughout the 

circulatory system, the tumor cells undergo biochemical interactions with the endothelial cells to 

form adhesions and eventually penetrate the BM through the process of extravasation. Next, 

seeding occurs with the establishment of micro-metastases that progress to clinically detectable 

macro-metastases, referred to as colonization, and angiogenesis is stimulated (Figure 2; 51, 74). 

2.5.1 Epithelial to Mesenchymal Transition 

 It is known that the initial detachment and escape of cancer cells from the primary tumors 

resembles the process known as EMT (34). EMT is a progression of cellular plasticity by which 

organized, static and polarized epithelial cells lose their cell-cell adhesion, epithelial morphology 

and polarity and acquire mesenchymal characteristics through biochemical and morphological 

changes such as motility and invasiveness (34, 38, 74). Additional characteristics acquired are an 

increase in mesenchymal gene expression such as N-cadherin and Vim. This progression is 

important in physiological processes such as embryonic development, but also contributes to 

pathological events such as the generation of circulating tumor cells in epithelial cancers. EMT is 

generally induced through the paracrine action of growth factors that modulate certain events or 

interactions such as upregulating EMT-specific transcription factors like Twist1/2, Snai1/2 and 

Zeb1/2. This results in the repression of epithelial genes, blocking apoptosis to promote survival 

and allowing self-renewal and drug resistance to facilitate local and distant invasion (34, 38, 74)  
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Figure 2: The tissue invasion and metastasis cascade. For invasion and metastasis to be 

successful for malignant tumors, cancer cells from the primary tumor must cross BMs and 

colonize distant BMs. To do so, tissue invasion occurs first, in which the BM is loss. Next, 

intravasation occurs in which the cancer cells gain access to blood and lymphatic vessels. They 

escape immune cell killing and are transported through circulation. Then extravasation occurs, 

leading to seeding, which is the establishment of micro-metastases. These micro-metastases 

progress to a clinically detectable macro-metastases, which is referred to as colonization 

(Adapted from Weinberg - Fig. 10-5). 
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2.6 Basement Membrane 

 The BM is a highly specialized extracellular matrix (ECM) and is located around all cell 

monolayers and multi-layered epithelia within the body (33, 45). It is a 50-100 nm thick dense, 

sheet-like structure that separates the epithelium from the stroma and is always in contact with 

cells. Its functions include structural support, regulation of cell signalling behaviors and 

providing a protective barrier. The main components of BMs include collagen IV, laminin, 

perlecan and nidogen. Of these components, it is known that collagen IV and laminin can self-

assemble into superstructures individually, which plays a vital role in the stability of BMs. 

Perlecan and nidogen influence the structural integrity through connecting the collagen IV and 

laminin networks, increasing stability. Additionally, there are minor components including 

fibulin, collagen XV and XVII that contribute to BM heterogeneity (33, 45).  

 Collagen IV contains a globular non-collagenous (NC) domain, which differs from 

connective tissue fibrillar collagen and makes up 50% of BMs (45, 52). It contains six distinct 

alpha chains with a C-terminal NC domain, a triple helical collagenous domain and an N-

terminal 7S domain. The C-terminal NC domains are cysteine- and lysine-rich, but lack 

hydroxyproline, which is crucial in network formation of collagen IV, along with the 7S domain. 

The collagenous domain contains Gly-X-Y amino acid sequences, which provide flexibility due 

to short interruptions within the sequences, found in the 7S domain as well (45, 52). 

Laminin is the most abundant non-collagenous protein found in BMs (29, 45). It is 

heterotrimeric, consisting of α, β and γ subunits and is best described as a three-pronged fork. Its 

C-terminus forms the base of the fork, which contains triple α helical coiled coil domains. Its N-

terminus makes up the remaining domains and contains the three chains that form the prongs of 

the fork (29, 45). 
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 Perlecan is a heparin sulfate proteoglycan and contains a core protein with five domains, 

which has binding sites for other main components of the BM (45). Three glycosaminoglycan 

(GAG) chains are covalently linked within the N-terminus of domain I; these GAG chains can 

tether growth factors to regulate cell survival and migration. Additionally, perlecan can connect 

the superstructures of laminin and collagen IV together through various binding interactions 

(45).  

Nidogen, also known as entactin, is a glycoprotein that contains 10% carbohydrates with 

N-linked and O-linked oligosaccharide chains (33, 45, 78). The core protein possesses three 

globular domains separated by rod-like structures composed mainly of endothelial growth factor 

repeats, denoted G1, G2 and G3 (Figure 3). Between G1 and G2, a short, flexible rod separates 

the two domains, while a longer, stiff rod separates G2 from G3. Nidogen mimics the function of 

perlecan by connecting the superstructures of collagen IV and laminin, instead of mirroring the 

self-assembly function of those components. As mentioned previously, collagen IV contains a 

triple helical domain that fuses to the G2 domain of nidogen, while the γ-3 chain of laminin 

binds to the G3 domain, effectively linking the two components. However, the exact function of 

the G1 domain is not highly discussed nor mentioned within literature. Thus, nidogen seems to 

have a key role in basement membrane formation for the sustainment of tissue construction (33, 

45, 78). 
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Figure 3: The basic structure of nidogen with its three globular domains (G1, G2 and G3) with 

rod-like structures separating each domain (Adapted from LeBlue et al. 2007). 
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2.7 Nidogen Isoforms 

Genes encode for two types of nidogens: NID1 and NID2, with the latter found in trace 

amounts within cardiac and striated muscles of adult tissue (53, 55). Through structural and 

biochemical studies, it was demonstrated that NID1 is not as limited, with a broader localization 

in various tissues. It has been found to contribute to BM stabilization through its binding ability 

to perlecan and fibulins. However, binding to the γ-1 chain of laminin is weaker in NID2 and it 

does not interact with fibulins, but it has a regulated expression pattern (53, 55). 

Through in vitro binding data, it was expected that the structure of BMs without NID1 

should be impacted; however, Murshed et al. (2000) concluded that the maintenance of BMs in 

vivo is not exclusively dependent upon NID1. Mice were generated with a systemic deletion of 

NID1 through targeting exon 3 of the Nid1 gene by flanking it with loxP sites. The NID1 

deficient mice were viable and appeared phenotypically normal with no anatomical 

abnormalities present. BMs still formed with little change in tissue and cellular morphology and 

they lived healthy lifespans with no fertility issues. However, it was seen that NID2 staining 

increased, mainly within skeletal and cardiac muscle, where it is normally found in trace 

amounts, in order to compensate for the NID1 deficiency. This was not due to having more NID2 

present, but either through unveiling NID2 epitopes or being redistributed from other ECMs. 

However, when NID1 was present, NID2 deficient mice displayed no differences in how BM 

components were expressed or distributed. Although there is a complementary role of the two 

isoforms, a neurological phenotype was observed within NID1 deficient mice, including a mild 

hind-limb ataxia, suggesting separate functions of each isoform (55). 

The complementary function of nidogen was further explored by Bader et al (2005), 

which demonstrated that the compensation was in fact true. Mice were generated lacking both 
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isoforms through crossing a NID1 (NID1-/-) deficient mouse with a NID2 (NID2-/-) null mouse. 

It was found that these mice developed defects in BM formation that contributed to fatal 

abnormalities in heart, limb and lung development. Interestingly, embryonic development was 

not impaired with mice lacking both isoforms survived until birth. However, BM defects were 

observed in certain organs, with normal assembly found within some tissues such as kidneys and 

the skin. This suggests that nidogen has tissue-specific roles and some tissues have several 

developmental requirements, as nidogen is not the main formation factor for BM for all tissues 

and organs (3). 

2.8 Nidogen and Cancer  

 Through a study on ovarian cancer patients, it was discovered that NID1 has the potential 

to be a cancer biomarker (47). Previous work found that NID1 can be detected in peripheral 

blood, with elevated amounts in patients with ovarian cancer. Lin Li et al. (2015) collected 

plasma samples from 265 ovarian cancer patients and 98 healthy women. An existing tumor 

biomarker, CA125, was examined in conjunction with NID1 to measure diagnostic ability 

through Elecsys Immunoassay Analyzer and enzyme linked immunosorbent assays (ELISA). 

Elevated plasma levels of CA125 and NID1 were detected in patients with ovarian cancer, for 

the advanced stage group and the primary debulking surgery group compared to the normal 

control group. Additionally, no correlation between plasma levels of CA125 and NID1 with 

tumor grade and chemotherapy sensitivity was observed. However, CA125 plasma levels were 

correlated with number of lymph node metastasis, while NID1 was not. The diagnostic value was 

further assessed with receiver operating characteristic (ROC) curves, with both CA125 and NID1 

distinguishing a healthy individual from an ovarian cancer patient, but NID1 could not 

distinguish patients with early stages of the disease from healthy individuals, while CA125 had 
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the ability to do so. Although NID1 did not show an outperformance compared to CA125, it still 

has potential diagnostic value as a biomarker (47).  

Similar findings were observed with NID2 compared to CA125, with increased serum 

levels of both markers within patients with early and late stage ovarian cancer (43). Through 

ROC curves, both NID2 and CA125 were able to distinguish an ovarian cancer patient from a 

healthy individual, but both markers could not differentiate between the normal control group 

and the benign group. Therefore, NID2 has the potential of being a cancer biomarker as well 

since it closely correlates with CA125, but like NID1, it does not display an outperformance 

(43).  

This idea was further strengthened in a study conducted by Torky et al. (2018), who also 

examined NID2 and CA125 within 144 women with ovarian cancer. Each woman had a 

diagnosis of adnexal mass and subjected to transvaginal Doppler ultrasound and assessment of 

serum levels of NID2 and CA125, following the removal of the masses. Of the 144 cases, 116 

were benign and 28 were malignant, with surgical removal ranging from partial resection to a 

complete hysterectomy to be sent for histopathological examination. It was found that there was 

a statistically significant correlation between serum CA125 and NID2 and the histopathological 

examination results, with serum NID2 having a sensitivity of 91.6%, a specificity of 62% and an 

accuracy of 68%. These promising results further emphasize the potential of NID2 being a 

biomarker for ovarian cancer; however, additional studies need to be conducted (69).  

 In addition to NID1 as a cancer biomarker, Zhou et al. (2017) concluded NID1 to be a 

new EMT regulator within ovarian cancer. EMT is a multi-step process involving the loss of 

epithelial cell polarity, resulting in the acquisition of mesenchymal characteristics. Cells gain 

mesenchymal markers and lose epithelial markers, which initiates metastasis as mentioned 
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previously. A cell line (OVCAR-3-NID1-MC) with increased Nid1 mRNA and NID1 protein 

levels was established. Through qPCR and Western blots, an elevation in Vim and Twist2 and a 

decrease in Cdh1 was observed. NID1 silenced cells (HEY-NID1-si798 and HEY-NID1 si2983) 

were generated as well, and through qPCR and Western blots, opposing results were obtained 

with a re-expression of Cdh1, but no change in Vim observed. This suggests a partial EMT since 

the expression patterns of EMT markers did not follow the traditional EMT model. This partial 

state has been observed within developmental and cancer processes and could stem from the 

heterogenous nature of ovarian cancer (81).   

 Furthermore, MAPK and AKT pathways are associated with cancer cell migration and 

invasion through the upregulation of Twist; therefore, Zhou et al. (2017) examined the 

relationship between these pathways and NID1 induced EMT in ovarian cancer. With an over-

expression of NID1, an increase in phosphorylated ERK1/2 levels was observed, but no change 

was seen for phosphorylated AKT1, JNK or p38 levels. Next, with NID1 silenced cells, a slight 

reduction of phosphorylated ERK1/2 levels was observed. Therefore, it was thought that NID1 

leads to the activation of the MAPK pathway, but to further strengthen this conclusion, a MEK1 

inhibitor was used to treat OVCAR-2-NID1-MC cells, resulting in the abrogation of Vim and 

Twist2 expression without impacting Cdh1 expression (81). 

 Also, NID1 expression can influence metastatic capabilities through increasing cancer 

cell migration and invasion, which Zhou et al. (2017) demonstrated through invasion assays with 

Matrigel. With OVCAR-2-NID1-MC cells (over-expressing NID1), there was an increase in 

migratory and invasive capabilities compared to the control group. Additionally, the wound-

healing capabilities of cells with a NID1 over-expression were significantly greater than the 

control group; however, no effect on proliferation rate was observed. Opposing results were 
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observed with HEY-NID1 si798 and HEY-NID1 si2983 cells (NID1 silenced cells), with a 

decrease in migration and invasion capabilities, suggesting that NID1 impacts these two aspects 

that allow cancer cells to thrive (81).  

This notion was reinforced by Alečković et al. (2017), who conducted in vivo studies to 

illustrate the importance of NID1 in lung metastasis. MDA-MB-231 cells displaying high levels 

of endogenous NID1 resulted in a 10-fold increase in lung metastasis compared to the control 

group. Within 1-2 weeks, colonization occurred, suggesting an advantage of NID1 over-

expression in seeding and early colonization. To determine the connection of NID1 to support 

lung metastasis, NID1 secretion was silenced at varying levels. NID1-KD2 cells expressed the 

lowest level of NID1 with the largest reduction in lung metastasis (60-fold) compared to cells 

secreting slightly more NID1 (NID1-KD1) having a six-fold reduction (2). 

Surprisingly, NID2 effects on tumor migration and invasiveness oppose the observed 

results of NID1, as it was found to have a tumor metastasis suppression role in nasopharyngeal 

and esophageal squamous cell carcinomas (NPC and ESCC, respectively; 16). A study 

conducted by Chai et al. (2016), re-expressed NID2 in immortalized NPC and ESCC cells to 

determine clonogenic survival ability of the tumor cells and found that the colony-forming 

ability was significantly reduced. Next, a wound healing assay was conducted and through the 

re-expression of NID2 on immortalized NPC and ESCC cells, it was found that wound closure 

was delayed meaning that migration abilities were impaired. Matrigel inserts were used to test 

invasiveness and both cell lines displayed a significant reduction, confirming that NID2 plays a 

role in inhibiting cancer cell migration and invasion in vitro (16).  

Additionally, similar results were obtained when examining NID1 in prostate cancer, 

which was not observed in findings with ovarian cancer and lung metastasis of breast cancer. Ko 
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et al. (2015) examined the relationship between the membrane-anchored serine protease 

TMPRSS2 and ECM protein complexes and how it promotes growth and metastasis of prostate 

cancer cells. Through Western blots and LC/MS/MS analysis, it was identified that NID1 and 

laminin β1 were substrates of TMPRSS2 and through immunoblot analysis, it was determined 

that TMPRSS2 can proteolytically degrade NID1 and laminin β1. It was concluded that cells 

expressing TMPRSS2 lead to NID1 degradation causing weakened ECM networks and increased 

cell invasion. Thus, NID1 seems to have a profound effect on one of the most important features 

of malignant tumors that potentially results in death, explicitly metastasis (40).  

2.9 Nidogen Signalling 

Through previous studies, integrins αvβ3 and α3β1 have been identified as NID1 

receptors that enable cell binding to ECMs containing NID1 (2). Integrins are transmembrane 

heterodimeric glycoproteins that are crucial receptors that cells use to bind and respond to the 

ECM (1, 14). Integrins are comprised of α (~1000 amino acids) and β (~750 amino acids) 

subunits that are noncovalently associated and mediate the interactions of the cytoskeleton and 

the ECM (23). In vertebrates, 18 α and 8 β subunits exist that assemble into 24 different 

receptors possessing different binding abilities. These subunits are composed of an individual 

membrane-spanning helix and a small, cytoplasmic tail, with a flexible linker region between 

them (1, 14).   

 It is known that integrin binding of the ECM leads to FAK recruitment to focal adhesion 

sites (80). FAK is a tyrosine kinase comprised of a central kinase domain with a C-terminal 

domain containing the focal adhesion targeting (FAT) sequence and two proline rich sequences 

and an N-terminal FERM (band Four point one, Ezrin, Radixin, Moesin) domain. While inactive, 

the FERM domain binds to the kinase domain resulting in the closed conformation of FAK. 
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Target proteins are subjected to a steric inhibition due to FERM inhibiting FAK activity; 

therefore, they cannot access the catalysis cleft and tyrosine-397 (Y397) autophosphorylation 

site. Through integrin binding, an activating protein (ex. integrin β cytoplasmic domain) can 

displace the FERM domain, resulting in a conformational change and autophosphorylation at 

Y397 of FAK; this leads to binding of Src family kinases that phosphorylate other sites on FAK 

resulting in complete activation of FAK. With this, the FAK/Src complex can initiate 

downstream signalling pathways such as ERK1/2 and AKT through phosphorylation, which can 

play a role in cell migration and proliferation in cancer (80). 

 In a study by Zhou et al. (2017), integrin α3 was expressed in NID1 over-expressing cells 

(OVCAR-3-NID1-MC), which was found to increase FAK phosphorylation at Y397. 

Interestingly, FAK phosphorylation at Y397 as well as ERK1/2 phosphorylation was reduced 

when the cells were treated with an FAK inhibitor (PF573228; 81). Additionally, Alečković et al. 

(2017) examined how the phosphorylation of FAK at Y397 through integrin binding could be 

detected after cancer cell attachment in the endothelium. Cells used for attachment with high 

levels of endogenous NID1 (MDA-MB-231) had a low basal level of FAK; however, through 

integrin interaction, the level of FAK phosphorylation in endothelial cells increased (2). This 

further strengthens the idea of NID1 integrin binding influencing FAK signalling and its 

downstream affects on signalling pathways.   

2.10 Summary 

 Overall, the knowledge of BM components in relation to its anti-tumorigenic effects 

within breast cancer is not well documented. This, along with the emerging studies of the effects 

of NID1 on tumor migration and invasion, EMT genes and downstream signalling pathways 

highlights its relevance in this study on claudin-low breast cancer. 
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3. Rationale 

 Claudin-low breast cancer has become the key point of interest in this study due to past 

research emphasizing its relevance. The cell lines used in this study arise from an MTB-IGFIR 

transgenic mouse model, in which the overexpression of IGF-IR in the mammary epithelial cells 

in a doxycycline-inducible manner led to the development of mammary tumors designated as 

primary mammary tumors (PMTs) (25, 35, 73). Without doxycycline, the IGF-IR transgene is 

downregulated, and the tumors regressed or resumed growth independent of the IGF-IR 

transgene. The tumors that resumed growth were designated as recurrent spindle tumors (RSTs) 

due to their spindle-shape morphology. PMTs differ from RSTs due to their epithelial 

morphology and gene expression. PMTs express high levels of Cdh1, claudins 3, 4 and 7 and 

very low levels of mesenchymal genes such as snail, twist1, twist2, zeb1 and zeb2; the opposite 

was observed within RST tumors with low expression levels of epithelial genes and high 

expression levels of mesenchymal genes. RJ345 cells were isolated from PMTs and maintained 

an epithelial morphology and gene expression, resembling the luminal cancers through RNA 

sequencing data (not included). RJ423 cells were derived from RSTs and maintained a 

mesenchymal morphology and gene expression, resembling the claudin-low subtype through 

RNA sequencing data and especially because of the low levels of claudins 3, 4 and 7 (data not 

shown) (25, 35, 73). 

 Furthermore, Nid1 expression levels were determined within PMTs and RSTs through 

cDNA microarrays, which displayed a 5.5-fold increase in NID1 expression within RSTs 

compared to PMTs (data not shown). This was further supported through RNA sequencing on 

RJ345 and RJ423 cells, in which the former expressed almost no NID1 and the latter expressed 

over a 5000-fold increase in Nid1 expression This further emphasized the importance of NID1 
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and its potential in influencing cancer cell behaviour in the extremely aggressive and metastatic 

claudin-low breast cancer subtype.   
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4. Hypothesis and Research Objectives 

4.1 Hypothesis 

NID1 knockdown in claudin-low mammary tumor cells will impair tumor proliferation 

and migration in vitro. 

4.2 Objectives 

The purpose of this project is to knockdown NID1 in RJ423 cells to determine tumor 

proliferation and migratory capabilities within claudin-low breast cancer using in vitro studies. 

The specific aims of this research are the following:  

1. To determine whether NID1 deficiency influences tumor proliferation, apoptosis and 

migration in RJ423 cells in vitro: 

a. Tumor proliferation will be assessed through immunofluorescence with phospho-

histone H3 (PH3) as the mitotic marker and further evaluated through conditioned 

media (CM) experiments to obtain the percentage of PH3 positive cells 

b. Apoptosis will be determined through flow cytometry using annexin V since 

annexin V detects phosphatidylserine (PS), which is found on the plasma 

membrane during apoptosis to obtain the percentage of annexin V positive cells 

c. Tumor migration will be evaluated through an invasion assay using collagen IV 

coated inserts to avoid confounding variables of Matrigel containing nidogen and 

further evaluated through CM experiments, to obtain the percent area of cells that 

migrated through the insert 
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2. To evaluate whether NID1 regulates EMT genes and downstream signalling pathways in 

RJ423 cells in vitro: 

a. EMT gene expression will be assessed through qPCR to determine changes in 

mRNA expression levels of Cdh1, Vim, Twist1/2, Snai1/2 and Zeb1/2 

b. Downstream signalling pathways will be evaluated through examining the levels 

of phosphorylated FAK (P-FAK), phosphorylated AKT (P-AKT) and P-ERK1/2 

by conducting Western blots 
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5. Materials and Methods 

5.1 Cell Lines 

 RJ345 and RJ423 cell lines were selected from PMTs and RSTs, respectively, from an 

MTB-IGFIR mouse after overexpression and downregulation of IGF-IR, respectively (25, 35, 

73). RJ423-NID1-shRNA-A (NID1-A) and RJ423-NID1-shRNA-D (NID1-D; OriGene, 

TL501474) cells were generated after shRNA was introduced to reduce Nid1 gene expression. 

RJ423-sh-Control (shControl) cells were constructed by the introduction of a scrambled shRNA 

to RJ423 cells. Stable selection of the knockdowns and scrambled control were maintained using 

2 μL and 5 μL of puromycin, respectively (Gibco®, Grand Island, NY). 

 Cells were cultured in 10 mL of 1X Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco®, ref #: 11960-044) supplemented with: 10% fetal bovine serum (FBS; Gibco®, ref #: 

12483-020), 4 mM L-glutamine (Invitrogen 25030-081), 1 mM HEPES (Sigma HO887), 1 mM 

sodium pyruvate (Sigma 58636), 10 μg/mL antibiotic-antimycotic (ABAM; Wisent Inc., cat #: 

450-115-EL), 500 μg/mL estrogen (Sigma E2758-1g), 0.1 μM hydrocortisone (Sigma H6909-

10mL), 10 ng/mL epidermal growth factor (EGF; Sigma E9644-0.2mg) and 10 μg/mL insulin 

(Roche 11 376 497 001). Cells were incubated at 37°C and passaged 3-4 days after reaching 80-

90% confluency to maintain cell lines. 

5.2 RNA Isolation and qPCR 

 RNA was extracted using EZ-10 Spin Column Total RNA Minipreps Super kit (Bio 

Basic Inc., Markham, ON), following the manufacturer’s protocol. qScript cDNA mix 

(Quantabio, Beverly, MA) was used to reverse transcribe 1000 ng of RNA to synthesize cDNA. 

The SYBR Green (Bioline Reagents Limited, London, ON) qPCR Mastermix was used to 
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analyze gene expression through qPCR reactions with the CFX Connect Real-time PCR 

Detection system (Bio-Rad, Mississauga, ON). Primers for Nid1 (cat# 10025636 

qMmuCID0018281), Nid2 (cat# 10025636 qMmuCID0023291), Cdh1 (cat# 10025636 

qMmuCED0044197), Vim (cat# 10025636 qMmuCID0005527), Snai1 (cat# 10025636 

qMmuCID0024342), Snai2 (cat# 10025636 qMmuCED0046072), Twist1 (cat# 10025636 

qMmuCED0004065), Twist2 (cat# 10025636 qMmuCID0009652), Zeb1 (cat# 10025636 

qMmuCID0009095), Zeb2 (cat# 10025636 qMmuCID0014662) and Hprt (cat# 10025636 

qMmuCID0005679) were purchased from Bio-Rad Canada (Mississauga, ON). Further analysis 

to determine relative quantification was done through CFX- Manager 3.1 (Bio-Rad, Mississauga, 

ON) by normalizing expression values to Hprt. 

5.3 Immunofluorescence  

5.3.1 Cell Proliferation and Apoptosis 

 Immunofluorescence for PH3 was used to determine cell proliferation between RJ423, 

NID1-A, NID1-D and shControl cells. 40,000 cells/well of each cell line were plated on sterile 

glass cover slips that were initially placed in 6-well plates with 3 mL of supplemented media and 

incubated at 37°C for 36 h (36). Next, media was removed, and each well was washed twice with 

phosphate buffered saline (PBS); cells were fixed by adding approximately 1 mL of 10% neutral 

buffered formalin for 1 h at room temperature. Cells were washed twice with PBS and permeated 

with 200 μL of 0.2% Triton-X solution diluted in PBS for 5 min. Cells were washed twice with 

PBS again for 2 min each, then blocked with 200 μL of 5% bovine serum albumin (BSA) diluted 

in PBS for 10 min before 200 μL of 1:1500 dilution of anti-PH3 (Abcam Inc, Toronto, ON 

cat#ab14955) or a 1:400 dilution of anti-cleaved caspase 3 (Cell Signaling Technology, MA 

cat#ab9661) was added and left at 4°C for 24 h. After this period, 200 μL of 1:500 dilution of 
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goat anti-mouse 594 secondary antibody (ThermoFisher Scientific, Burlington, ON cat#A-

11032) was added to the coverslips and incubated for 1 h at room temperature. Cell nuclei were 

stained using DAPI and the coverslips were mounted on slides using Prolong Gold 

(ThermoFisher Scientific, Burlington, ON). Images were captured on an Olympus BX61 

fluorescent signal microscope (Olympus, Center Valley, PA) and cells counted using 

MetaMorph Imaging software (Molecular Devices, Sunnyvale, CA; 36). 

5.3.2 Conditioned Media Experiments to Determine Proliferation Effects on NID1-Silenced 

Cells  

 Immunofluorescence was used to determine the effects of NID1 on proliferation of cells 

using PH3 with CM. With this method, RJ423, NID1-A, NID1-D and shControl cells were 

incubated in 10 mm culture dishes at 2,000,000 cells/dish in supplemented media. After 60-70% 

confluency was reached, the media was removed, and cells were washed twice with PBS. Next, 

10 mL of serum-free media (with sodium pyruvate, glutamine and ABAM) was added and 

collected after 24 h. Sterile glass coverslips were placed in 6-well plates, then 40,000 cells/well 

of NID1-A and NID1-D were incubated in fully supplemented media for 24 h at 37°C. Next, 

media was removed, and wells were washed twice with PBS, after which serum-free media 

collected previously was added to each cell line (Figure 4) and allowed to incubate for 24 h at 

37°C; the remainder of the protocol was followed as stated previously. 
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Figure 4: Schematic representation of the 6-well plates used for immunofluorescence with CM 

to determine the effects on proliferation of NID1-silenced cells. NID1-A and NID1-D were 

seeded on glass cover slips within each row of two 6-well plates. Within each row, specific 

conditioned media collected from RJ423, shControl, NID1-A and NID1-D cells was added to 

each row for the cells to incubate in for 24 hours before carrying out the rest of the protocol. 
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5.3.3 Phalloidin Staining 

 F-actin distribution was evaluated using phalloidin staining on RJ423, shControl, NID1-

A and NID1-D cells. Each cell line was plated on sterile glass cover slips placed in a 6-well dish 

at 40,000 cells/well with 3 mL of supplemented media and incubated at 37°C for 36 h. Next, 

media was removed, then each well was washed three times with PBS and fixed with 

approximately 1 mL of 10% neutral buffered formalin for 1 h at room temperature. Cells were 

washed three times with PBS and permeabilized with 0.5% Triton X-100 in PBS at room 

temperature for 10 minutes. After, cells were washed with PBS three times and 5 μL of Alexa 

Fluor™ 594 phalloidin (Molecular Probes, cat# A12381) was diluted in 200 μL of 1% BSA in 

PBS for each well for 20 minutes. Cells were washed two to three times with PBS and images 

captured on an Olympus BX61 fluorescent signal microscope (Olympus, Center Valley, PA). 

5.4 Cell Invasion Assay  

5.4.1 Cell Migration 

Migration was assessed through cell invasion capabilities using the Cultrex® 24 Well 

Collagen IV Cell Invasion Assay kit (Gaithersburg, MD, cat #:3458-024-K) on RJ423, NID1-A, 

NID1-D and shControl cells, according to the manufacturer’s protocols. After step 12 of the 

protocol, media was removed from the insert and moved to an empty well. Next, a cotton swab 

was used to scrub the membrane twice with moderate pressure and placed in 100% methanol for 

2 min. The inserts were stained with Toluidine Blue Stain (20 mL RO water, 0.4 g sodium 

carbonate and 0.1 g Toluidine Blue) for 2 min. Inserts were rinsed by submerging them in RO 

water in two separate beakers and left to dry for 24 h at room temperature. Cells were then 

viewed using an Olympus IX71 microscope (Olympus, Center Valley, PA) and images were 
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captured and analyzed using QCapture x64 (Q Imaging, Surrey, BC) and Image J software 

(Figure 5; National Institutes of Health, Bethesda, MD). 
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Figure 5: Visual representation of using ImageJ to determine area percent for collagen IV coated 

inserts. Images were changed to an 8-bit format and the desired threshold was set that 

approximately represented the original image. Then the data was summarized through the 

“analyze particles” function to determine the percent area of cells that had migrated through the 

collagen IV inserts. 
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5.4.2 Conditioned Media Experiments to Determine if NID1 Influences Migration 

Capabilities  

Collagen IV coated inserts were used to determine the effects of NID1 on migration of 

cells through examining invasion capabilities. With this method, RJ423, NID1-A, NID1-D and 

shControl cells were incubated in 60 mm culture dishes at 1,000,000 cells/dish in supplemented 

media. After 60-70% confluency was reached, the media was removed, and cells were washed 

twice with PBS. Next, 2 mL of serum-free media (with sodium pyruvate, glutamine and ABAM) 

was added and collected after 24 h. Using the Cultrex® 24 Well Collagen IV Cell Invasion 

Assay kit (Gaithersburg, MD, cat #:3458-024-K), inserts were coated following manufacturer’s 

protocols, with four inserts placed in 12-well plates for different conditioned media. NID1-D 

cells were incubated in fully supplemented media until 80%-90% confluency was reached at 

37°C. Cells were trypsinized, collected in 15 mL conical tubes and centrifuged at 150 RCF for 5 

min at room temperature. Supplemented media was removed, cells were suspended in the 

conditioned media collected previously and 50,000 cells/mL of each cell line was added to the 

inserts. Next, fully supplemented media was added to the bottom of the well with 10% FBS to 

act as a chemoattractant (Figure 6A); the remainder of the protocol was followed as stated 

previously. To determine the ability of NID1to act as a chemoattractant, once cells were 

trypsinized, collected and centrifuged, the supplemented media was removed, and the cells were 

suspended in serum-free media (with sodium pyruvate, glutamine and ABAM). Next, 50,000 

cells/mL of each cell line was added to the inserts, with the conditioned media collected 

previously added to the bottom of the well (Figure 6B); the remainder of the protocol was 

followed as stated previously. 
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Figure 6: Schematic representation of 100 µL of NID1-D cells suspended in A) CM and B) 

serum-free media in collagen IV coated inserts within a 24-well plate containing 500 µL of 

conditioned media collected from RJ423, shControl, NID1-A and NID1-D cells or media with 

10% FBS to determine if NID1 influences migration or acts as a chemoattractant, respectively. 

This was repeated in separate 24-well plates for each conditioned media cell type. 
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5.5 Flow Cytometry  

 Flow cytometry using Annexin V was used to determine apoptosis. With this method, 

cells were incubated in 10 mm culture dishes at 250,000 cells/dish until desired confluency was 

achieved. The Annexin V-FITC Apoptosis Detection kit (eBioscience, Carlsbad, CA) was used 

to determine the percentage of Annexin V-positive cells once they became 80-90% confluent, 

according to the manufacturer’s protocol. The BD Accuri C6 flow cytometer (BD Biosciences, 

Mississauga, ON) was used to measure fluorescence at a flow rate less than 400 events/second 

and analyzed using the Accuri C6 software (BD Biosciences, Mississauga, ON).  

5.6 Western Blot 

5.6.1 Examining NID1 and NID2 Protein Levels  

 Cells were incubated in 60 mm culture dishes at 1,000,000 cells/dish in supplemented 

media (37). After 24 h, the media was removed, and cells were washed twice with PBS. Next, 1 

mL of serum-free media (with ABAM) was added and collected after 24 h. The serum-free 

media was centrifuged at 200 xg for 2 min and the supernatant was collected and filtered using 

Amicon® Ultra centrifugal filters (Etobicoke, ON), following the manufacturer’s protocol. Cells 

were lysed with 1 mL of RIPA buffer (15 mM NaCl, 50 mM Tris HCl pH 7.4, 2 mM EDTA, 

0.1% sodium dodecyl sulfate, 1% Triton X-100, 0.5% sodium deoxycholate for 100 mL of RIPA 

buffer), with 10 μL each of Phosphatase Inhibitors A, B and C (ThermoFisher Scientific, 

Waltham, MA). Cells were washed with PBS twice, after which 200 μL of RIPA buffer was 

added and cells were scraped before being collected in 1.5 mL tubes and left on ice for 20 min. 

The cells were centrifuged at 12.5 RPM for 15 min and the supernatant was collected. The 

protein concentration of both the conditioned media and lysates was determined using Bradford 
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assay reagents, following manufacturer’s protocol (Bio-Rad Canada, Mississauga, ON). Using an 

8% sodium dodecyl sulphate (SDS)- polyacrylamide gel, reduced proteins were separated with 

the XCell SureLockTM Mini-Cell Electrophoresis System (ThermoFisher Scientific, Waltham, 

MA) at 125 V for 2 h. Proteins were transferred onto Immun-Blot™ PVDF Membrane (Bio-Rad, 

Hercules, CA) using wet transfer at 25 V for 2 h. Membranes were blocked for 1 h at room 

temperature using 5% skim milk in Tris-buffered saline containing 1% Tween-20 (TBST). The 

membrane was then incubated with the primary antibodies NID1 (1:200 (cat# NBP1-97701)) and 

NID2 (1:250 (cat# MAB6760)) from Novus Biologicals (Oakville, ON) diluted in 5% BSA in 

TBST overnight at 4°C. The membranes were incubated with secondary antibody HRP-linked 

anti-rat IgG secondary antibody (1:2000; Cell Signaling Technology, Danvers, MA) for 1 h at 

room temperature. Proteins were detected, imaged and quantified using Clarity Western ECL 

substrate (Bio-Rad Canada, Mississauga, ON), a ChemiDocTMXRS+ system (Bio-Rad Canada, 

Mississauga, ON) and Image Lab software (Bio-Rad Canada, Mississauga, ON), respectively 

(37). 

5.6.2 Examining Phosphorylated and Unphosphorylated FAK, AKT and ERK1/2 Protein 

Levels  

 Three sets of NID1-A, NID1-D and shControl cells were incubated in 100 mm culture 

dishes at 1,000,000 cells/dish in supplemented media. After 24 hours, the supplemented media 

was removed, and the cells were washed with PBS twice. Next, serum-free media (with 

glutamine, sodium pyruvate, HEPES and ABAM) was added to each plate overnight. Then 

media was removed from one plate of each set of plates designated as time zero and conditioned 

media was added to the rest for 30 min (Figure 7). Cells were collected at each time point 

following the previously stated procedure and the rest of the protocol was conducted with a 10%  
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Figure 7: Schematic representation of culture dishes of shControl, NID1-A and NID1-D cells 

seeded and incubation times of cells before being collected. Column A) represents shControl, 

NID1-A and D cells collected without adding conditioned media at time zero. Column B) 

represents shControl, NID1-A and D cells collected after 30 min of being subjected to RJ423 

conditioned media. Column C) represents shControl, NID1-A and D cells collected after 30 min 

of being subjected to either NID1-A or D conditioned media.  
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SDS gel as above using the following antibodies from Cell Signaling Technology (Danvers, 

MA): FAK (1:1000, cat #3285S), P-FAK (1:1000, cat #3283S), ERK1/2 (1:1000, cat #9102S), 

P-ERK1/2 (1:1000, cat #9101S), AKT (1:1000, cat #9272) and P-AKT (1:1000, cat #9271). 

Once images were obtained, the volume was calculated for each band using Image Lab software 

(Bio-Rad Canada, Mississauga, ON).  

5.7 Statistical Analysis 

Statistical analysis was conducted for the comparison of multiple means was performed 

using one-way ANOVA followed by Tukey’s HSD test using GraphPad software (San Diego, 

California). Error bars represent standard error of the mean (SEM) for most experiments and 

standard deviation (SD) for Western blots due to duplicate trials. Statistical significance is 

indicated by asterisks as p<0.05. 
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6. Results 

6.1 Relative mRNA and Protein Expression of NID1 in Cell Lines Confirm NID1 

Knockdown  

 To evaluate the effects of NID1 on proliferation and migration, it must first be knocked 

down to gain a better understanding how this protein impacts these functions. First, Nid1 mRNA 

expression was evaluated through isolating RNA from each cell line, converting it to cDNA and 

conducting qPCR. The relative mRNA expression level of Nid1 in RJ423 was 0.4 ± 0.1 (n=4), 

shControl was 1.0 ± 0.5 (n=4), NID1-A was 0.00007 ± 0.00003 (n=4) and NID1-D was 0.00004 

± 0.00001 (n=3). shControl cells were set to 1.0 as values obtained from other cell lines were set 

relative to the shControl. Through statistical analysis, there was a significant reduction in Nid1 

expression in the knockdown cell lines compared to RJ423 and shControl (p<0.05; Figure 8A). 

Next, NID1 protein expression was evaluated through the collection of cell lysates and CM, 

since NID1 is a secreted protein, and conducting a Western blot. Lanes 1-4 indicate the protein 

level in the CM with a band appearing around 150 kDa in both RJ423 and shControl, but none in 

the knockdowns (Figure 8B). Lanes 5-8 indicate the protein level in the cell lysates with no 

bands appearing in any cell lines (Figure 8B). 
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Figure 8: A) The relative mRNA expression levels of NID1 in each cell line normalized to Hprt 

housekeeping gene. B) Western blot analysis of NID1 protein levels for cells pre-treated in 

serum-free media for 24 hours to collect CM (lanes 1-4) and cell lysates (lanes 5-8). Statistical 

significance was determined using Tukey’s HSD Tests and one-way ANOVA. (* represents 

statistical significance between RJ423 and NID1-A/D (p<0.05); ** represents statistical 

significance between shControl and NID1-A/D (p<0.01); relative mRNA expression for NID1-

A/D are very low and therefore cannot be displayed). Error bars represent standard error 

(n=4/group).  
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6.2 Immunofluorescence Examining NID1 Confirms NID1 Knockdown  

 To further confirm that NID1 is not present within the NID1 silenced cell lines, 

immunofluorescence staining for NID1 was conducted. Qualitatively, NID1 (green) is observed 

in the RJ423 cells where it is confirmed through previous studies that NID1 is expressed at high 

levels (Figure 9A). However, for NID1-A and NID1-D, no NID1 expression is observed and the 

cells only appear blue (DAPI; Figure 9B, C).  
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Figure 9: Representative immunofluorescence staining of cell lines for NID1 to confirm NID1 

knockdown. A) RJ423; B) NID1-A; C) NID1-D (n=3/group; blue represents DAPI, green 

represents NID1). 
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6.3 Immunofluorescence Using Phospho-Histone H3 Determined Differences in 

Proliferation Among Cells and Cells Exposed to Conditioned Media  

 Cell proliferation in the presence of NID1 has not been explored in depth throughout 

literature. As it is a key target in cancer progression, cell proliferation was evaluated through 

immunofluorescence staining using PH3 to determine the percentage of PH3 positive cells. 

Qualitatively, DAPI staining causes all cells to be visible as it stains the nuclei (blue), but PH3 

positive cells appear brighter when imaged under a different wavelength (green; Figure 10A). 

The percentage of PH3 positive cells for RJ423 was 30.0% ± 2.9% (n=5), shControl was 27.3% 

± 2.6% (n=5), NID1-A was 17.1% ± 1.6% (n=5) and NID1-D was 12.8% ± 1.9% (n=5). Through 

statistical analysis, there was a significant reduction in cell proliferation in NID1-supressed cells 

compared to RJ423 and shControl (p<0.05; Figure 10B).  

 To confirm the changes in proliferation were due to NID1 levels, CM experiments were 

performed. Proliferation of NID1-A and NID1-D cells was determined in the presence of CM 

from RJ423 cells, shControl cells, NID1-A cells and NID1-D cells. It was anticipated that CM 

containing NID1 (RJ423 and shControl CM) would increase proliferation of NID1-A and NID1-

D cells, while CM lacking NID1 (NID1-A and NID1-D CM) would not. CM from RJ423 cells or 

shControl cells induced significantly more proliferation in NID1-A cells than CM from NID1-A 

or NID1-D cells (p<0.05; Figure 11A). These values were 5.2% ± 1.1% (NID1-A CM, n=4) and 

5.9% ± 0.6% (NID1-D CM, n=4) compared to 14.8% ± 1.01% (RJ423 CM, n=4) and 20.4% ± 

3.4% (shControl CM, n=4). Additionally, NID1-D cells treated with NID1-A and D CM had a 

significant decrease (p<0.05; Figure 11B) in the percentage of PH3 positive cells compared to 

cells treated with RJ423 and shControl CM. Again, these values were 7.2% ± 1.1% (NID1-A 
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CM, n=4) and 6.8% ± 1.1% (NID1-D CM, n=4) compared to 17.3% ± 2.9% (RJ423 CM, n=4) 

and 20.3% ± 3.0% (shControl CM, n=4). 
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Figure 10: Representative immunofluorescence staining of cell lines for proliferation using PH3. 

A) RJ423 cells stained with DAPI to visualize nuclei (blue) and the bright PH3 positive cells 

(green); B) Graphical representation from immunofluorescence staining for proliferation using 

PH3 to determine the percentage of PH3 positive cells within each cell line. Statistical 

significance was determined using Tukey’s HSD Tests and one-way ANOVA. (* represents 

statistical significance between RJ423 and NID1-A/D (p<0.01); ** represents statistical 

significance between shControl and NID1-A (p<0.01)/D (p<0.05)). Error bars represent standard 

error (n=5/group). 
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Figure 11: Graphical representation from immunofluorescence staining for proliferation using 

PH3. CM from RJ423, shControl, NID1-A and NID1-D were collected, and NID1-A and NID1-

D cells were treated with CM for 24 hours before being stained and counted. A) Percentage of 

NID1-A cells positive for PH3; B) Percentage of NID1-D cells positive for PH3. Statistical 

significance was determined using Tukey’s HSD Tests and one-way ANOVA. (* represents 

statistical significance between RJ423 CM and NID1-A/D CM (p<0.05 NID1A/D); ** represents 

statistical significance between shControl CM and NID1-A/D CM (p<0.01 NID1-A/D)). Error 

bars represent standard error (n=4/group).  
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6.4 Annexin V Determined No Changes in Apoptosis  

 As tumor cells can evade apoptosis, it became a point of interest whether the presence of 

NID1 altered this characteristic. To determine changes in apoptosis, flow cytometry using 

Annexin V with propidium iodide (PI) staining was conducted. The scatter plots were similar for 

each cell line (n=3; Figure 12A-D). The percentage of early apoptotic cells (Annexin V-positive) 

indicated no significant differences (p>0.05; Figure 12E) among cell lines, with values of 0.2% 

± 0.0006% (RJ423, n=3), 0.2% ± 0.0007% (shControl, n=3), 0.2% ± 0.0017% (NID1-A, n=3) 

and 0.2% ± 0.0012% (NID1-D, n=3). The percentage of late apoptotic/dead cells (annexin V and 

PI-positive) had slight variations among cell lines; however, there were no significant differences 

(p>0.05; Figure 12F), with values of 3.5% ± 0.0101% (RJ423, n=3), 2.1% ± 0.0003% 

(shControl, n=3), 1.5% ± 0.0063% (NID1-A, n=3) and 1.8% ± 0.0050% (NID1-D, n=3). This 

was further explored through immunofluorescence using cleaved-caspase 3; however, no 

differences were observed among cell lines (data not included).   
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Figure 12: Flow cytometry analysis of Annexin V with PI staining of cells to observe changes in 

apoptosis in NID1-supressed cells. A) RJ423; B) shControl; C) NID1-A; D) NID1-D; E) 

graphical representation of the percentage of early apoptotic cells (Annexin V-positive); F) 

graphical representation of the percentage of late apoptotic/dead cells (Annexin V+ PI-positive). 

Error bars represent standard error (n=3/group). 
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6.5 Collagen IV Coated Inserts Indicate a Decrease in Migration in NID1 Supressed Cells 

 Through previous studies on NID1, migration was a key feature that was influenced 

through the presence or absence of NID1. Cell migration was evaluated using collagen IV coated 

inserts to determine the percent area of cells that migrated through the inserts. Although Matrigel 

is typically used for migration/invasion assays, Matrigel contains NID1, thereby introducing a 

confounding variable (54). Collagen IV is a relevant substrate for mammary tumor cells as 

collagen IV is one of the most abundant proteins found within basement membranes (~50%; 45). 

Qualitatively, there seemed to be a drastic change between RJ423 cells and the NID1 knockdown 

cell lines (Figure 13A-D). The percent area for RJ423 was 76.6% ± 4.2% (n=3), shControl was 

64.7% ± 8.5% (n=3), NID1-A was 28.3% ± 6.9% (n=3) and NID1-D was 26.3% ± 2.1% (n=3). 

Through statistical analysis, there was a significant reduction in cell migration in NID1-

supressed cells compared to RJ423 and shControl (p<0.05; Figure 13E). 
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Figure 13: In vitro cell invasion assay on collagen IV-coated inserts depicting migration 

capabilities of cell lines over 24 hours. A) RJ423; B) shControl; C) NID1-A; D) NID1-D; E) 

graphical representation of the percent area that the cells covered while migrating through the 

insert. Statistical significance was determined using Tukey’s HSD Tests and one-way ANOVA. 

(* represents statistical significance between RJ423 and NID1-A/D (p<0.01); ** represents 

statistical significance between shControl and NID1-A (p<0.05)/D (p<0.01)). Error bars 

represent standard error (n=3/group). 
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6.6 Collagen IV Coated Inserts Indicate an Increase in Migration when Treated with NID1 

Containing Conditioned Media, Although NID1 does not Act as a Chemoattractant 

To confirm that changes in migration were due to NID1, CM experiments were 

performed. Migration of NID1-D cells was determined in the presence of CM from RJ423 cells, 

shControl cells, NID1-A cells and NID1-D cells. NID1-A was used in this experiment due to the 

interest of time and similar effects seen in both knock down cell lines in previous experiments. It 

was anticipated that CM containing NID1 (RJ423 and shControl CM) would increase migration 

of NID1-D cells while CM lacking NID1 (NID1-A and NID1-D CM) would have no impact. CM 

was collected from RJ423, shControl, NID1-A and NID1-D cells and treated NID1-D cells for 

24 hours within collagen IV coated inserts. Qualitatively, there seemed to be a noticeable 

increase in cell migration within the NID1-D cells treated with RJ423 and shControl CM 

compared to when treated with NID1-A and NID1-D CM (Figure 14A-D). The percent area that 

NID1-D cells covered with RJ423 CM was 65.6% ± 6.7% (n=3), with shControl CM was 48.7% 

± 4.8% (n=3), with NID1-A CM was 21.4% ± 3.3% (n=3) and with NID1-D CM was 25.9% ± 

3.4% (n=3). Through statistical analysis, there was a significant increase in percent area that 

NID1-D cells covered when treated with RJ423 and shControl CM compared to NID1-A/D CM 

(p<0.05; Figure 14E).  

 Additionally, CM collected from RJ423, shControl, NID1-A and NID1-D was placed 

below the insert with NID1-D cells suspended in serum-free media within the insert to determine 

whether NID1 acts as a chemoattractant, as it has such a profound impact on migration. 

Qualitatively, there seemed to be no noticeable changes between the CM of each cell line 

(Figure 15A-D). The percent area that the NID1-D cells covered with RJ423 CM below was 

1.2% ± 0.5% (n=3), with shControl CM below was 1.9% ± 0.5% (n=3), with NID1-A CM below 
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was 2.0% ± 0.9% (n=3) and with NID1-D CM below was 2.2% ± 0.7% (n=3). Through 

statistical analysis, no significant changes were observed between each cell line CM (p>0.05; 

Figure 15E); therefore, NID1 does not appear to be a chemoattractant.  
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Figure 14: In vitro cell invasion assay on collagen IV-coated inserts depicting migration 

capabilities of cell lines over 24 hours in CM. CM from RJ423, shControl, NID1-A and NID1-D 

was collected, and NID1-D cells were treated with CM within the insert for 24 hours before 

being stained and imaged. A) RJ423 CM; B) shControl CM; C) NID1-A CM; D) NID1-D CM; 

E) graphical representation of the percent area of NID1-D cells migrating through collagen IV 

inserts. Statistical significance was determined using Tukey’s HSD Tests and one-way ANOVA. 

(* represents statistical significance between RJ423 and NID1-A/D (p<0.01); ** represents 

statistical significance between shControl and NID1-A/D (p<0.05)). Error bars represent 

standard error (n=3/group). 
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Figure 15: In vitro cell invasion assay on collagen IV-coated inserts depicting migration 

capabilities of cell lines over 24 hours towards CM. CM from RJ423, shControl, NID1-A and 

NID1-D were collected and placed below the inserts with NID1-D cells suspended in serum-free 

media within the insert for 24 hours before being stained and imaged. A) RJ423 CM; B) 

shControl CM; C) NID1-A CM; D) NID1-D CM; E) graphical representation of the percent area 

of NID1-D cells migrating through collagen IV inserts. Error bars represent standard error 

(n=3/group).  
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6.7 Relative mRNA Expression Levels of EMT Genes within Cell Lines Display No Signs of 

EMT Progression 

EMT genes were assessed as NID1 expression was significantly elevated in RJ423 cells, 

which have a mesenchymal morphology and gene expression as mentioned previously.  

Therefore, it was anticipated that NID1 expression may play a role in EMT progression. This 

was compared to an opposing cell line, RJ345, which has an epithelial morphology and gene 

expression, with almost no NID1 expression to observe whether NID1 silenced cells express 

EMT genes similarly.  

The mRNA expression level of EMT genes was evaluated through isolating RNA from 

each cell line, converting it to cDNA and conducting qPCR. shControl cells were set to 1.0 as 

values obtained from other cell lines were set relative to the shControl. The relative mRNA 

expression level of Cdh1 in RJ423 was 1.9 ± 0.5 (n=3), RJ345 was 245.2 ± 13.2 (n=3), shControl 

was 1.0 ± 0.2 (n=3), NID1-A was 0.8 ± 0.03 (n=3) and NID1-D was 0.5 ± 0.1 (n=3). Through 

statistical analyses, Cdh1 expression was significantly greater within the RJ345 cells compared 

to the other cell lines (p<0.05; Figure 16A). Next, the relative mRNA expression level of Vim in 

RJ423 was 0.7 ± 0.1 (n=3), RJ345 was 0.0003 ± 7.292x10-5, shControl was 1.0 ± 0.6 (n=3), 

NID1-A was 0.6 ± 0.3 (n=3) and NID1-D was 0.6 ± 0.03 (n=3). Through statistical analyses, 

there was a significant reduction in Vim expression within RJ345 cells compared to the other cell 

lines (p<0.05; Figure 16B). Snai1 expression was examined next and in RJ423 cells it was 0.04 

± 0.1 (n=3), RJ345 cells was 0.7± 0.04 (n=3), shControl cells was 1.0 ± 0.2 (n=3), NID1-A cells 

was 0.4 ± 0.1 (n=3) and NID1-D cells was 0.4 ± 0.01 (n=3). Overall, there was no significant 

reduction of Snai1 expression within the NID1 knockdown cells compared to RJ423 and 

shControl (p>0.05; Figure 16C); however, there was a significant reduction within NID1-A 
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compared to shControl (p<0.05; Figure 16C). Conversely, Snai2 expression was evaluated and 

within RJ423 was shown to be 1.1 ± 0.2 (n=3), RJ345 was 0.03 ± 0.005 (n=3), shControl was 1.0 

± 0.3 (n=3), NID1-A was 1.3 ± 0.4 (n=3) and NID1-D was 1.6 ± 0.4 (n=3). A significant 

reduction was only observed within RJ345 cells compared to NID1-D through statistical analyses 

(p<0.05; Figure 16D). Next, the relative mRNA expression level of Twist1 in RJ423 was 1.2 ± 

0.4 (n=3), RJ345 was 0.3 ± 0.1 (n=3), shControl was 1.0 ± 0.3 (n=3), NID1-A was 0.9 ± 0.2 

(n=3) and NID1-D was 0.7 ± 0.2 (n=3). Through statistical analyses, no significant reduction of 

Twist1 expression was observed within the NID1-silenced cells (p>0.05; Figure 16E). Similar 

results were seen with Twist2 expression, with no significant increase in expression observed 

within the NID1 silenced cells compared to RJ423 and shControl (p>0.05), and a statistically 

significant increase compared to the RJ345 cells (p<0.05; Figure 16F). The relative mRNA 

expression level of Twist2 in RJ423 was 1.2 ± 0.3 (n=3), RJ345 was 0.1 ± 0.04 (n=3), shControl 

was 1.0 ± 0.2 (n=3), NID1-A was 1.7 ± 0.3 (n=3) and NID1-D was 1.6 ± 0.2 (n=3). Next, Zeb1 

was evaluated and a statistical decrease was observed in RJ345 compared to RJ423 and 

shControl cells (p<0.05), but no significant differences observed compared to the NID1-silenced 

cells (p>0.05; Figure 16G). The relative mRNA expression level of RJ345 was 0.2 ± 0.004 

(n=3), RJ423 was 0.9 ± 0.1 (n=3), shControl was 1.0 ± 0.2 (n=3), NID1-A was 0.6 ± 0.2 (n=3) 

and NID1-D was 0.6 ± 0.05 (n=3). Finally, Zeb2 expression was evaluated with no significant 

differences observed among cell lines (p>0.05; Figure 16H). The relative mRNA expression 

level of RJ423 was 0.5 ± 0.3 (n=3), RJ345 was 0.1 ± 0.6 (n=3), shControl was 1.0 ± 0.6 (n=3), 

NID1-A was 0.7 ± 0.4 (n=3) and NID1-D was 0.6 ± 0.4 (n=3).  
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Figure 16: The relative mRNA expression levels of EMT genes in each cell line normalized to 

Hprt housekeeping gene. A) Cdh1; B) Vim; C) Snai1; D) Snai2; E) Twist1; F) Twist2; G) Zeb1; 

H) Zeb2. Statistical significance was determined using Tukey’s HSD Tests and one-way 

ANOVA. (** represents statistical significance between shControl and respective cell line 

(p<0.05); *** represents statistical significance between RJ345 and respective cell line 

(p<0.05)). Error bars represent standard error (n=3/group).   
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6.8 Phalloidin Staining Indicates No Change in F-Actin Distribution Between Cell Lines 

 NID1 is a secreted protein and could potentially influence cell adhesion; therefore, F-

actin was investigated since it is crucial to the cytoskeleton, especially for the formation of 

higher order structures such as filapodia and lamellipodia in the cells (24). To determine F-actin 

distribution within each cell line, phalloidin staining was conducted. Qualitatively, there were no 

significant differences observed between each cell line (Figure 17A-D).  
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Figure 17: Representative immunofluorescence staining of cell lines for F-actin using 

phalloidin. A) RJ423; B) shControl; C) NID1-A; D) NID1-D. (n=4/group). Blue represents 

DAPI, red represents phalloidin. 
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6.9 Western Blots Indicate Slight Changes in Phosphorylated FAK and ERK1/2 levels, but 

Drastic Changes in Phosphorylated AKT  

 As mentioned previously, it is known that NID1 binds to integrins αvβ3 and α3β1, which 

interact with FAK and could potentially affect downstream signalling pathways (2). The MAPK 

and AKT pathways were of interest due to previous studies examining its protein expression 

levels within ovarian cancer (81). To evaluate the effects of NID1 on these pathways, cells were 

subjected to conditioned media and collected at two time points to determine differences in 

protein expression levels of phosphorylated and unphosphorylated FAK, AKT and ERK1/2 

(Figure 18).  

Lanes 1-9 indicate high unphosphorylated FAK protein expression, at 125 kDa, in all cell 

lines at each time point subjected to different CM (Figure 18). Through examining P-FAK 

protein expression, it seems to be expressed equally in shControl, NID1-A and NID1-D cells at 

time zero (lanes 1-3) at 125 kDa. However, when exposed to RJ423 CM for 30 minutes, there 

seems to be slight reduction in expression for the NID1-D cells; however, expression levels of 

shControl and NID1-A seem to be equal (lanes 4-6). The expression levels of P-FAK for cells 

exposed to NID1-A and NID1-D CM for 30 minutes seem to decrease within the NID1-A and 

NID1-D cells compared to shControl cells (lanes 7-9).  

Through examining phosphorylated and unphosphorylated AKT protein levels, seen at 60 

kDa, lanes 1-9 indicate AKT expression within all cell lines at each time point subjected to 

different CM (Figure 18). However, P-AKT does not appear within the shControl and NID1-A 

cells at time zero, but there is a slight band at 60 kDa for NID1-D cells (lanes 1-3). shControl 

cells subjected to RJ423 CM for 30 minutes showed a band appearing at 60 kDa, but NID1-A 

and NID-D cells had no band and a faint band at 60 kDa, respectively (lanes 4-6). Additionally, 
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shControl cells exposed to NID1-D CM for 30 minutes had a dark band appear at 60 kDa, but 

NID-A and NID1-D cells exposed to NID1-D and NID1-A CM, respectively had no bands (lanes 

7-9).  

Finally, phosphorylated and unphosphorylated ERK1/2 protein expression levels, at 44 

and 42 kDa respectively, were examined with lanes 1-9 indicating ERK1/2 expression within all 

cell lines at each time point subjected to different CM (Figure 18). Examining P-ERK1/2, there 

were faint bands at 42 and 44 kDa for shControl cells at time zero; however, bands appeared in 

NID1-A cells and a darker band for NID1-D cells at 42 and 44 kDa (lanes 1-3). Cells exposed to 

RJ423 CM for 30 minutes showed a dark band for shControl cells, but faint bands for NID1-A 

and NID1-D cells at 42 and 44 kDa (lanes 4-6). The same pattern was observed in cells exposed 

to NID1-A or NID1-D CM, with darker bands for shControl cells, but faint bands for NID1-A 

and NID1-D at 42 and 44 kDa (lanes 7-9).  
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Figure 18: Western blot analysis of phosphorylated and unphosphorylated FAK, AKT and 

ERK1/2 protein levels for cells pre-treated in serum-free media for 24 hours and subjected to 

conditioned media. Lanes 1-3 represent shControl, NID1-A and NID1-D cells pre-treated in 

serum-free media for 24 hours and collected (t=0). Lanes 4-6 represent shControl NID1-A and 

NID1-D cells pre-treated in serum-free media for 24 hours, then exposed to RJ423 conditioned 

media for 30 minutes before being collected. Lanes 7-9 represent shControl, NID1-A and NID1-

D cells pre-treated in serum-free media for 24 hours, then exposed to either NID1-A or NID1-D 

conditioned media for 30 minutes before being collected.  
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Due to changes observed with P-FAK, P-AKT and P-ERK1/2, the ratios of intensities of 

each band (phosphorylated/unphosphorylated) was determined to assess differences between cell 

lines and CM. For P-FAK/FAK (Figure 19A) it was 0.6 ± 0.1 for shControl (t=0), 0.8 ± 0.1 for 

shControl with RJ423 CM (t=30) and 1.0 ± 0.02 for shControl with NID1-D CM (t=0). For 

NID1-A cells it was 0.9 ± 0.2 (t=0), 0.8 ± 0.1 for NID1-A with RJ423 CM (t=30) and 0.6 ± 0.02 

for NID1-A with NID1-D CM (t=30). For NID1-D cells it was 0.4 ± 0.03 (t=0), 0.5 ± 0.3 for 

NID1-D with RJ423 CM (t=30) and 0.5 ± 0.4 for NID1-D with NID1-A CM (t=30). For P-

AKT/AKT (Figure 19B) it was 0.1 ± 0.1 for shControl (t=0), 0.6 ± 0.04 for shControl with 

RJ423 CM (t=30) and 1.4 ± 0.05 for shControl with NID1-D CM (t=30). For NID1-A cells it 

was 0.1 ± 0.1 (t=30), 0.1 ± 0.04 for NID1-A with RJ423 CM (t=30) and 0.3 ± 0.2 for NID1-A 

with NID1-D CM (t=30). For NID1-D cells it was 0.2 ± 0.1 (t=0), 0.2 ± 0.01 for NID1-D with 

RJ423 CM (t=30) and 0.2 ± 0.1 for NID1-D with NID1-A CM (t=30). Finally, for P-

ERK1/2/ERK1/2 (Figure 19C) it was 0.1 ± 0.01 (44 kDa) and 0.8 ± 0.6 (42 kDa) for shControl 

(t=0), 0.8 ± 0.1 (44 kDa) and 3.4 ± 1.1 (42 kDa) for shControl with RJ423 CM (t=30) and 1.04 ± 

0.04 (44 kDa) and 4.3 ± 1.8 (42 kDa) for shControl with NID1-D CM (t=30). For NID1-A cells 

it was 0.6 ± 0.02 (44 kDa) and 3.0 ± 1.1 (42 kDa; t=0), 0.4 ± 0.1 (44 kDa) and 1.4 ± 0.2 (42 kDa) 

for NID1-A with RJ423 CM (t=30) and 0.4 ± 0.1 (44 kDa) and 2.2 ± 0.9 (42 kDa) for NID1-A 

with NID1-D CM (t=30). For NID1-D cells it was 0.5 ± 0.3 (44 kDa) and 2.7 ± 2.0 (42 kDa; 

t=0), 0.2 ± 0.2 (44 kDa) and 1.3 ± 1.1 (42 kDa) for NID1-D with RJ423 CM (t=30) and 0.3 ± 0.1 

(44 kDa) and 1.1 ± 0.2 (42 kDa) for NID1-D with NID1-A CM (t=30). Statistical analysis was 

not completed due to trials being conducted in duplicate.  
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Figure 19: Quantifications of protein expression levels of FAK, AKT and ERK1/2 were 

determined through the average ratio of phosphorylated/unphosphorylated band intensities of 

two biological replicates. A) P-FAK/FAK; B) P-AKT/AKT; C) P-ERK1/2/ERK1/2 (44 kDa and 

42 kDa, respectively).  
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6.10 Relative mRNA Expression of NID2 in Cell Lines Indicates Knockdown in NID1-

Silenced Cells and Slight Decrease in RJ423 cells 

To gain a broader understanding of how nidogen impacts tumor proliferation and 

migration, the other isoform, NID2, was examined to see its expression levels within the cells 

and to gain a better understanding of NID1 effects. Nid2 mRNA expression was evaluated 

through isolating RNA from each cell, converting it to cDNA and conducting qPCR. Through 

statistical analyses, there was a significant decrease in Nid2 expression within the two NID1 

knockdown cell lines compared to shControl cells (p<0.05). Also, there was a significant 

decrease in Nid2 expression in RJ423 cells compared to shControl cells (p<0.05); however, no 

significant differences were observed among the knockdown cell lines and RJ423 cells (p>0.05; 

Figure 20). The relative mRNA expression levels of Nid2 in RJ423 was 0.2 ± 0.2 (n=4), 

shControl was 1.0 ± 0.1 (n=4), NID1-A was 0.004 ± 0.003 (n=4) and NID1-D was 0.0004 ± 

0.0002 (n=4). shControl cells were set to 1.0 as values obtained from other cell lines were set 

relative to the shControl. Next, NID2 was examined at the protein level; however, no bands were 

present (data not included).  
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Figure 20: The relative mRNA expression levels of NID2 in each cell line normalized to Hprt 

housekeeping gene. Statistical significance was determined using Tukey’s HSD Tests and one-

way ANOVA. (* represents statistical significance between RJ423 and shControl (p<0.05); ** 

represents statistical significance between shControl and NID1-A/D (p<0.05)). Error bars 

represent standard error (n=4/group).   
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7. Discussion 

The BM has four main components, including nidogen, which is a glycoprotein that 

connects the superstructures of collagen IV and laminin, contributing to the BM structural 

integrity (45). There are two isoforms of nidogen: NID1 and NID2, with NID1 being the key 

interest of this study (45). NID1 appears to play a crucial role in the process of tumorigenesis, as 

high expression levels contribute to increased invasion and metastasis in ovarian cancer and lung 

metastasis of breast cancer (2, 81). Interestingly, when NID1 expression was silenced, the 

metastatic nature of tumor cells lessened (2, 81). However, other studies have found that a loss of 

NID1 has been linked to colon and gastric cancer development (72) and increased tumor 

invasion and growth in prostate cancer (40). Therefore, research behind the mechanisms of 

tumorigenesis have shifted its focus to how BM components contribute to the migration and 

invasion capabilities of malignant tumors. Additionally, studies found that ovarian cancer 

patients have elevated plasma levels of NID1 and NID2 compared to healthy controls, 

highlighting the importance of NID1 in cancer progression and detection (43, 47). Moreover, 

claudin-low breast cancer became an area of interest as it is a very aggressive and metastatic 

tumor with no effective treatment options (21). Through RNA sequencing data on RJ423 cells, 

which are representative of the claudin-low subtype, displayed a high expression of NID1. With 

the accumulated evidence, we sought to explore the theory of the effects of NID1 on tumor 

proliferation and migration in claudin-low breast cancer as a possible contributing factor to its 

aggressive nature. 

To begin determining the impacts of NID1 on tumor proliferation and migration in 

claudin-low breast cancer, cell lines were established, including NID1 knockdowns and a 

scrambled control. These constructs were completed through the transfection of RJ423 cells with 
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four short hairpin RNA (shRNA) oligonucleotides as well as a control (scrambled) shRNA. The 

RJ423 cells were pooled and selected in puromycin and once stable selection was achieved, 

qPCR was conducted to assess the knockdowns and control. The cell lines indicating the best 

knockdown of NID1 as well as the control shRNA were selected for experiments conducted in 

this thesis. Although stable, each cell line was subjected to routine tests (qPCR, Western blot, 

immunofluorescence) to ensure a consistent knockdown of NID1 was maintained to avoid issues 

in further experimentation.  

Throughout the course of this research, the relative mRNA expression levels of NID1 

remained almost zero within the two knockdown cell lines (almost 100% knockdown) and 

exceptionally high within the shControl cells (Figure 8A). It was observed that the shControl 

cells expressed more NID1 than the RJ423 cells, and it is unknown why; however, it could be 

speculated that this was due to the transfection or selection procedures. Although this variation 

was observed, further experiments did not indicate a significant change in behavior as similar 

results were obtained in functional tests between RJ423 and shControl cells; therefore, it was still 

an acceptable control. Additionally, NID1 protein levels were assessed using CM and cell lysate 

samples. CM is media collected from cultured cells, which contains proteins secreted into the 

media by the cells (18). As a secreted protein, NID1 was only detected in CM samples rather 

than the cell lysate, accumulating at higher levels in the CM, but was still present in low levels in 

the cells as the cells produce and secrete NID1. This was observed in the Western blots, with 

RJ423 and shControl cells secreting detectable amounts of NID1 in the CM samples, but not the 

cell lysates (Figure 8B). The knockdown cell lines did not secrete a detectable amount of NID1 

in either CM or cell lysate samples, which confirmed NID1 knockdown at the protein level 

(Figure 8B). To further confirm NID1 knockdown, immunofluorescence staining for NID1 was 
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conducted on RJ423, NID1-A and NID1-D cells (Figure 9A-C). shControl cells were not 

included in this experiment since it was a preliminary evaluation to confirm NID1 knockdown. 

Also, trials were not conducted in triplicate due to the interest of time, so supplementary trials 

including shControl cells should be conducted for the experiment to be more conclusive. 

However, NID1 (green) was observed in the RJ423 cells, while the NID1-silenced cells only 

displayed DAPI staining (blue), which indicated a suppression of NID1 in NID1-A and NID1-D 

cells. 

We have demonstrated that cells expressing high levels of NID1 significantly enhanced 

proliferation capabilities compared to NID1-silenced cells. One of the most notable traits of 

cancer cells is their ability to maintain cell division through evading growth suppressors resulting 

in hyperproliferation (28). In the present study, we found a significant decrease in cell 

proliferation of NID1-A and NID1-D cells compared to RJ423 and shControl cells through 

immunofluorescence using PH3 as the mitotic marker (Figure 10B). To confirm that the above 

changes in cell proliferation were due to NID1 levels, CM experiments were conducted as RJ423 

and shControl cells secreted a detectable amount of NID1 compared to the NID1-silenced cell 

lines. With this, NID1-A and NID1-D cells were exposed to NID1 in the RJ423 and shControl 

CM to observe changes on the cells. Essentially, restoring NID1 in the media was done to 

observe possible effects on the NID1 knockdown cells to gain a better understanding of how 

NID1 impacts proliferation. It was observed that when NID1-A and NID1-D cells were exposed 

to RJ423 and shControl CM, the percentage of PH3 positive cells increased significantly 

compared to when NID1-A and NID1-D cells were treated with their own CM (Figure 11A, B). 

These findings further supported that NID1 impacted tumor cell proliferation in claudin-low 

breast cancer.  
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However, it has been found in a past study using human ovarian papillary serous 

adenocarcinoma cells with an overexpression of NID1, that NID1 did not significantly impact 

cell proliferation when observed over multiple time points compared to a vector control (81). 

Additionally, similar results were obtained in a separate study on the lung metastasis of breast 

cancer, with similar growth rates observed in human lung metastatic subline cells expressing 

more NID1 compared to cells with lower NID1 secretion (2). Moreover, proliferation was 

examined in a human endometrial cancer cell line with a downregulation of NID1 and no change 

in proliferation in NID1-silenced endometrial cancer cells was observed compared to a control 

vector after 48 hours in the presence or absence of serum (56). Furthermore, an endometrial 

orthotopic mouse model with female athymic nude mice was used to examine tumor growth of 

NID1-silenced human endometrial cancer cells compared to a control vector via transmyometrial 

injection. Interestingly, tumor size was reduced when NID1-supressed cells were injected 

compared to the control vector although mice had pre-existing NID1 in the body (56).  

 It has been shown that cancer cells have an underlying mechanism that supports invasion 

and metastasis through cell shape alterations and through cell-cell and cell-ECM attachment 

changes that result in increased migration of cells to invade distant organs (28). We found that a 

downregulation of NID1 in NID1-A and NID1-D cells significantly decreased cell migration 

using collagen IV coated Transwell inserts compared to RJ423 and shControl cells (Figure 13E). 

Next, CM experiments were conducted with collagen IV coated Transwell inserts to essentially 

restore NID1 in the media as mentioned previously, to confirm the impact of NID1 on migration 

on NID1-silenced cells. Placing the CM of RJ423 and shControl cells in the inserts with NID1-D 

cells, significantly increased migration compared to being exposed to knockdown CM (Figure 

14E). NID1-A cells were not used in this migration experiment due to the interest of time and as 
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it seemed that both NID1-silenced cell lines provided similar results. Through these additional 

experiments, it has been demonstrated that NID1 does impact migration in claudin-low breast 

cancer.  

In support of this, a previous study examining human ovarian papillary serous 

adenocarcinoma cells found that cells with an overexpression of NID1 were significantly more 

invasive and migratory compared to the control vector (81). Additionally, a study examining the 

lung metastasis of breast cancer found a significant increase in migration for MDA-MB-231 cells 

displaying a high expression level of NID1 compared to the vector control (2). Next, human lung 

metastatic subline cells with a decrease in NID1 expression were used to observe migration 

capabilities and it was found that there was a significant decrease in migration when compared to 

cells secreting more NID1 (60-fold and 6-fold NID1 reduction, respectively; 2). Finally, a 

previous report on human endometrial cancer cells found that a NID1 downregulation reduced 

cellular invasion and migration in vitro using Matrigel Transwell inserts, but it was not 

significant when compared to a scrambled control (56). Through in vivo studies, female athymic 

nude mice generated less metastases than the control group when mice were inoculated with 

NID1-downregulated human endometrial cancer cells via transmyometrial injection (56). This 

further supported the significant impact of NID1 on migration in claudin-low breast cancer. 

A possible mechanism for the observed effects for migration could be that NID1 acted as 

a chemoattractant. This was evaluated through placing the CM of RJ423 and shControl cells at 

the bottom chamber of the Transwell assay to observe whether the presence of NID1 would 

attract the cells through the insert. However, very few cells migrated through the insert (Figure 

15A-D), indicating that NID1 does not appear to be a chemoattractant and NID1 should be 

secreted near the cells to exert its effects on migration (Figure 15E).  
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The hallmarks of cancer indicated six characteristics that tumor cells acquire during 

development, with evading or resisting cell death being one key role (28). Therefore, it was 

hypothesized that knocking down NID1 would prevent the cells from escaping apoptosis since it 

has not been explored in literature. The plasma membrane of healthy cells is comprised of 

asymmetrically distributed lipids on the inner and outer leaflets. PS is normally restricted to the 

inner leaflet, exposed to the cytoplasm of the cell (17); during cell death, the cells lose this lipid 

asymmetry allowing PS to be exposed to the outer leaflet, which can be detected by Annexin V 

through flow cytometry (17). However, no significant differences were observed among cell 

lines, with the percentage of cells in the early apoptotic phase (Annexin V positive) being 

relatively the same (Figure 12E). However, the percentage of cells in the late apoptotic phase 

(necrotic, Annexin V and PI positive) seemed to vary from cell line to cell line, but it was not 

significant (Figure 12F). Additionally, this was explored through immunofluorescence staining 

for cleaved-caspase 3, which is an executioner caspase activated through initiator caspases 8 and 

9 in either the intrinsic or extrinsic pathways of apoptosis (48). However, no cleaved-caspase 3 

was detected amongst cell lines; therefore, NID1 does not appear to aid cells in evading 

apoptosis for tumor development so CM experiments were not performed.  

A previous report on ovarian cancer indicated that NID1 was a mesenchymal associated 

protein as it displayed a high expression in the mesenchymal and spindle subtypes (81). 

Therefore, EMT became an area of interest to explore the connection between NID1 and tumor 

migration. As mentioned, EMT is the process in which cells lose epithelial properties such as the 

expression of Cdh1 and gain mesenchymal characteristics such as the expression of Vim to aid in 

migration and invasion (81). In the present study, it was observed that the RJ423 and shControl 

cell lines did not re-express Cdh1 since its expression levels was significantly lower than RJ345 
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cells, which has an epithelial morphology and gene expression (Figure 16A). Additionally, we 

did not observe any significant change in the mesenchymal gene expression of NID1-A and 

NID1-D cells, as the expression of Vim, Snai1/2, Twist1/2 and Zeb1/2 were similar to RJ423 and 

shControl cells (Figure 16B-H). Therefore, we cannot conclude that NID1 was regulating EMT 

in claudin-low breast cancer as the loss of NID1 did not regulate the expression of epithelial or 

mesenchymal genes. Furthermore, the morphology of NID1-A and NID1-D cells appeared to be 

spindle-shaped and did not differ from the RJ423 and shControl cells, further supporting that 

NID1 did not impact EMT in claudin-low breast cancer (data not included). This did not follow a 

previously stated study on ovarian cancer which found NID1 to be a regulator of EMT (81). 

Using NID1-silenced human ovarian papillary serous adenocarcinoma cells, it was found that 

Cdh1 was re-expressed, but did not show any changes in Vim or Twist2 expression. These results 

suggested a partial EMT, which is important in developmental and wound healing processes, but 

also cancer progression (81). 

As mentioned previously, CM experiments were conducted due to NID1 being a secreted 

protein. It is known that secreted proteins mediate interactions between tumor and stroma and are 

essential for metastasis to be successful to target organs (2). There has been a connection 

between EMT and F-actin shown throughout literature, with modifications occurring in the 

cytoskeleton during EMT, resulting in loss of polarity and forming invasive structures to aid in 

motility (32). Therefore, the notion of NID1 impacting the cytoskeleton to affect tumor 

migration was examined, particularly F-actin as it is one of the main actin forms important in 

cellular mobility (32). However, through phalloidin staining, no changes in F-actin distribution 

was observed amongst the RJ423 and shControl cells compared to the NID1-A and NID1-D cells 

(Figure 17A-D). Thus, NID1 did not appear to affect F-actin distribution in the cytoskeleton to 
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impact migration of tumor cells, further supporting the above statement on EMT genes that 

NID1 does not regulate EMT in claudin-low breast cancer. 

Previous studies have shown that integrins α3β1 and αvβ3 are NID1 receptors that enable 

cell binding to ECMs containing NID1 (2). Through RNA sequencing data on RJ423 cells, the 

most probable receptor was α3β1 as the ITGB3 gene was expressed at very low levels (data not 

included). Integrins are heterodimeric glycoproteins important for cells to bind and respond to 

the ECM (1, 14). Integrin binding leads to FAK recruitment and through conformational 

changes, leads to the FAK/Scr complex to initiate downstream signalling pathways (ex. MAPK 

and AKT; 80). Therefore, we examined how NID1 impacts FAK, ERK1/2 and AKT 

phosphorylation at different time points using CM. The expression of P-FAK in NID1-A and 

NID1-D cells appeared to be slightly increased when treated with RJ423 CM for 30 minutes 

compared to being treated with either NID1-A or NID1-D CM for 30 minutes (Figure 18, 

Figure 19A). The slight increase in phosphorylation when subjected to RJ423 CM may be the 

result of integrin α3β1 binding due to detectable amounts of NID1 found in RJ423 CM, leading 

to the phosphorylation of FAK. However, P-FAK expression at time zero was variable amongst 

cell lines with high amounts of P-FAK expression in NID1-A compared to shControl and NID1-

D cells. Additionally, trials were conducted in duplicate; therefore, results remain inconclusive, 

but trend towards the correlation of NID1 and integrin-FAK interaction. As mentioned, integrin-

FAK interaction initiates downstream effectors such as ERK1/2 and AKT, which are key 

pathways in cell proliferation, migration and invasion (80). In the present study, a slight decrease 

in P-ERK1/2 was not observed with NID1-silenced cells (Figure 18, Figure 19C). No obvious 

changes were observed when NID1-A or NID1-D cells were treated with RJ423 CM or NID1-A 

or NID1-D CM for 30 minutes and results were variable among cell lines at time zero, with 
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NID1-D expressing the most P-ERK1/2 (Figure 18, Figure 19C). It was observed that P-

ERK1/2 expression is higher in shControl cells than the NID1-A and NID1-D cells when treated 

with RJ423 CM for 30 minutes and similar results were obtained when shControl cells were 

treated with either NID1-A or NID1-D CM for 30 minutes (Figure 18, Figure 19C). Variable 

results were observed in P-AKT expression as well, as NID1-A and NID1-D cells barely 

expressed P-AKT when treated with either RJ423 CM or NID1-A or NID1-D CM, but the 

shControl cells displayed an increase in P-AKT expression when treated with RJ423 CM and 

NID1-D CM (Figure 18, Figure 19B). This suggested that NID1 is not the only factor 

contributing to changes in the MAPK or AKT pathway. Additionally, Western blots were 

conducted in duplicates; therefore, statistical analyses were not completed. 

 In a previous report examining P-FAK expression in human ovarian papillary serous 

adenocarcinoma cells, integrin α3 was expressed in NID1 over-expressing cells (OVCAR-3-

NID1-MC), which was found to increase FAK phosphorylation at Y397 (81). Additionally, it 

was found that MDA-MB-231 cells (high endogenous levels of NID1) had low basal level of 

FAK, but through integrin interaction, the level of P-FAK increased, which further strengthened 

the notion that NID1-integrin binding leads to FAK interaction (2). In addition, a study 

conducted on human ovarian cancer cells with an overexpression of NID1 displayed an increase 

in P-ERK1/2, but no changes in P-AKT compared to the vector control (81). ERK1/2 was further 

explored with NID1-silenced cells, that displayed a slight reduction in P-ERK1/2 when 

compared to its vector control, suggesting that NID1 impacted the MAPK pathway, but not the 

AKT pathway (81). Similar expression patterns were not observed in the present study; 

therefore, the mechanism behind NID1 effects on tumor proliferation and migration remains 

unclear and further studies need to be conducted. 
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A plausible explanation for observed differences in findings in the present study 

compared to previous reports could be that NID1 is cancer-type dependent as NID1 was found to 

have a profound impact on ovarian cancer cells to promote invasiveness but contribute to 

proliferation and migration in claudin-low breast cancer via a different mechanism. It has been 

emphasized that the main role of NID1 in the ECM is to aid with BM assembly through collagen 

IV and laminin interactions, but it does have minor roles in the tumor microenvironment as well 

(56). This notion was supported through previous reports as tumorigenesis and metastasis was 

promoted by NID1 in endometrial cancer (56). Pedrola et al. (2015) suggested that when the 

matrix undergoes remodelling as a result of ECM protein displacement, this releases proteases 

such as MMPs and cathepsins that cause BM degradation and initiate tumor cell invasion. A 

previous report supported this possible mechanism of tumorigenesis and metastasis as Cathepsin 

S was found to cleave NID1 causing impairment in its binding ability to BM components (63). 

Therefore, ECM turnover occurred, and the BM reorganized itself resulting in the release of 

more cathepsins leading to further BM degradation and an increase in cell invasion. On the other 

hand, results demonstrating a loss of NID1 promoting tumorigenesis and metastasis has been 

noted throughout literature, but in different cancer types. It was observed that when NID1 

expression is lost through promoter methylation in gastric and colon cancers, tumor growth and 

metastasis was increased due to no NID1 expression (72). Similar findings of NID1 effects have 

been observed in prostate cancer as well, suggesting the degradation of NID1 led to weakened 

BM assembly, thereby promoting metastasis and invasion (40). Overall, the relationship between 

NID1 and tumorigenesis and metastasis is complex and requires further study.  

In line with studies demonstrating NID1 inhibitory effects on proliferation and migration 

when silenced, another possible mechanism to explain the decrease of tumorigenesis occurring in 
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claudin-low breast cancer with silenced NID1 could be through the interaction of NID1 with 

other BM components. NID1 has a strong binding affinity to perlecan, which quiescent 

endothelial cells secrete to silence invasive and proliferative phenotypes of breast cancer cells to 

decrease tumorigenic signalling in vitro (26). It has been hypothesized that the reduced 

invasiveness of breast cancer cells through endothelial cells may be the result of downregulation 

of MMPs.  However, the exact pathways endothelial cells regulate to cause MMP 

downregulation remains unclear (26). Finally, NID1 may interact through other receptors and 

pathways besides FAK, ERK1/2 and AKT to promote tumor cell proliferation and migration 

when overexpressed such as its interaction with tumor endothelial marker 7 (TEM7; 46). To 

date, angiogenic potential has been determined with NID1-TEM7 interaction as the expression of 

both were upregulated during tumor angiogenesis; however, further studies are required to reveal 

additional physiological functions (46). 

Through the observed effects of NID1 on tumor proliferation and migration in claudin-

low breast cancer, it raised questions of the role of NID2. In this study, we examined the relative 

mRNA expression levels of NID2 in each cell line to determine its presence or absence. It was 

determined that NID2 was knocked down in the NID1-silenced cell lines but variably and highly 

expressed in the RJ423 and shControl cells, respectively. The variability seen in RJ423 cells was 

due to high expression in the first trial, as three subsequent trials conducted displayed almost no 

NID2 expression within RJ423, NID1-A and NID1-D cells, but was always expressed at high 

levels within shControl cells (Figure 20). Additionally, through RNA sequencing data on RJ423 

cells, the normalized read counts for NID1 and NID2 were 85, 393 and 121, respectively, 

suggesting that NID2 was expressed at much lower levels than NID1 in RJ423 cells (data not 

included). Additionally, the protein expression level of NID2 could not be detected, either due to 
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antibody quality or not enough NID2 present in the CM or cell lysates. However, since limited 

studies on NID2 have been conducted, finding the optimal antibody proved difficult. Due to 

NID2 being knocked down in NID1-A and NID1-D cells, indicated that the effects on 

proliferation and migration may not be solely caused by NID1 and could be a combined effect of 

the absence of both isoforms. Although NID2 research is limited, past studies have revealed its 

ability to impede metastasis in oesophageal and nasopharyngeal carcinomas when re-expressed 

in NID2 downregulated immortalized NPC and ESCC cells (16). It could be speculated that 

since NID2 expression in RJ423 cells was as low as NID1-A and NID1-D cells for additional 

trials and the impacts on tumor proliferation and migration were similar to shControl cells, NID2 

did not impact these parameters, but further research needs to be conducted. 

7.1 Limitations and Future Directions  

 One of the major limitations of this research is that both NID1 and NID2 were knocked 

down in both NID1-silenced cells (NID1-A and NID1-D). This makes it difficult to conclude 

whether the observed effects on migration and proliferation were the result of NID1, NID2 or a 

combination of both. However, since NID2 seemed to be expressed at a much lower level in 

RJ423 cells compared to the shControl cells, but both seem to have a similar profound effect on 

migration and proliferation, NID2 may have no effect in claudin-low mammary tumor cells. We 

cannot confidently comment on this notion without further experiments solely focused on NID2 

and its impacts on tumor proliferation and migration in claudin-low breast cancer. This includes 

generating a stable knockdown of NID2 in RJ423 cells, while leaving NID1 unaffected. Once 

successfully completed, similar experiments conducted within this study should be done to 

observe its effects on tumor proliferation and migration. Moreover, Western blot experiments 

were not conducted in triplicates due to the interest of time since multiple proteins were 
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examined. Therefore, the results obtained, such as the drastic changes observed in P-AKT 

protein expression and the variability in expression observed amongst cell lines at time zero for 

P-FAK and P-ERK1/2, should have additional replicates completed to confirm significance. 

 Future research should be focused on the significant effects on tumor proliferation and 

migration to fully elucidate how NID1 contributes to the metastatic nature of claudin-low breast 

cancer. Although CM experiments provided significant results and indicate that NID1 is 

impacting proliferation and migration through significantly increasing both aspects, future work 

should focus on using recombinant NID1 as CM may contain other factors. The main reason why 

recombinant NID1 was not used in this study was cost; however, the CM experiments conducted 

should be repeated with recombinant NID1 to replace RJ423 and shControl CM to confirm the 

impacts of NID1 on tumor proliferation and migration. This way, it would be known that NID1 

alone is being restored in the media of NID1-A and NID1-D cells and it can be shown that NID1 

is causing observed effects. Furthermore, in vivo studies should be conducted with these cell 

lines to gain a better understanding of how NID1 plays a role in claudin-low breast cancer on a 

live animal model. In vitro studies do not always provide similar results observed with in vivo 

studies since the environment of the latter is not as controlled; therefore, it is ideal to obtain 

results from both perspectives. In vivo studies were not conducted since FVB mice contain NID1 

throughout their pre-existing basement membranes; therefore, the effects of NID1-silenced cells 

may not be observed as pre-existing NID1 has the potential of overriding changes. To overcome 

this obstacle, mice should be generated with a systemic deletion of only NID1 throughout the 

body as a knockdown of both isoforms results in lethal abnormalities (3). Once established, 

mammary tumor cell injections and tail vein injections should be conducted to observe tumor 

development and metastatic capabilities, respectively. Finally, due to conflicting results 
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examining downstream signalling pathways, indicating that multiple factors may be acting on 

these cells to influence the ERK1/2 and AKT pathway, it would be ideal to use recombinant 

NID1 instead of CM for these experiments and add additional time points for cell collection (ex. 

t=0 min, t=15 min, t=30 min, t=60 min) to confirm that only NID1 is influencing these pathways. 

Additional pathways should also be examined since integrin-FAK signalling from NID1 binding 

may trigger pathways other than MAPK and AKT. A comprehensive assessment of proteins 

being impacted by NID1 can be done through mass spectrometry, intracellular flow cytometry or 

kinase activity assays.  
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8. Summary and Conclusions 

 In this study, the effects of NID1 were examined on proliferation and migration of 

claudin-low mammary tumor cells. It was found that when NID1 was silenced that proliferation 

and migration were significantly impacted and reduced compared to cells expressing NID1 at 

high levels, but apoptosis was not affected. This was further supported through CM experiments, 

when NID1-silenced cells were subjected to NID1-containing CM it resulted in a significant 

increase in the percentage of PH3 positive cells and an increase in migration through collagen IV 

coated Transwell inserts. This further emphasizes the importance of NID1 in relation to tumor 

proliferation and migration. EMT genes were examined as literature stated that when NID1 was 

silenced, a partial EMT was observed. However, in the present study that was not confirmed as 

NID1-silenced cell maintained a mesenchymal morphology and did not re-express Cdh1, 

suggesting that NID1 does not impact EMT in claudin-low breast cancer. As previous studies 

stated NID1 is involved in integrin-FAK interaction, we examined this relationship and noticed a 

possible interaction; however, trials were conducted in duplicate and results could not be 

confirmed. It is known that integrin-FAK interaction activates downstream signalling pathways 

such as the MAPK and AKT pathways. Through previous reports, NID1 results in activation of 

the MAPK pathway but does not influence the AKT pathway. However, we found variable 

results in P-ERK1/2 and P-AKT, suggesting that NID1 and other factors are at play. Thus, NID1 

is most likely cancer-type dependent and interacts through different means to impact 

tumorigenesis and metastasis. Additionally, NID2 expression was found to be knocked down as 

well in the NID1-silenced cells and in RJ423 cells in subsequent trials, thereby introducing a 

confounding variable as to if the observed effects are a combination effect or the effect of either 

isoform. However, RJ423 and shControl cells have similar effects meaning NID2 may not be 

contributing to these effects, but further experimentation is required to confirm this statement. In 
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conclusion, this study supports the stated hypothesis as a NID1 knockdown does impact tumor 

proliferation and migration of claudin-low breast cancer in vitro; however, the exact mechanisms 

involved require further research.  
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10. Appendix 1: Recipe for Solutions 

Fully Supplemented 1X Dulbecco’s Modified Eagle’s Medium (500mL) 

Fetal Bovine Serum    50 mL 

4 mM L-Glutamine    10 mL 

1 mM HEPES      5 mL 

1 mM Sodium Pyruvate    5 mL 

Antibiotic-Antimycotic    5 mL 

Estrogen      500 μL 

Insulin      500 μL 

Epidermal Growth Factor    250 μL 

Hydrocortisone     100 μL  

 

Phosphate Buffered Saline (PBS) (2L) 

Sodium Chloride     16 g 

Sodium Potassium Dibasic Anhydrous  2.3 g 

Potassium Chloride     0.4 g 

Potassium Phosphate Monobasic  0.4 g 

pH to 7.4 with HCl  

 

Western Blot Reagents  

RIPA Lysis Buffer (500 mL) 

1% Triton X-100    5 mL 

1% Sodium Deoxycholate    5 mL 

0.1% Sodium Dodecyl Sulfate (SDS)  0.5 mL 

150 mM NaCl     4.383 g 

50 mM Tris HCl, pH 7.5   3.0285 g 

10 mM EDTA     1.4612 g 
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Add H2O to 500 mL 

For every mL of RIPA, 10 μL each of Phosphatase Inhibitors A, B and C was added.  

1.0M Tris (pH 6.8) 

Tris Base     12.12 g  

H2O      100 mL 

pH to 6.8 with HCl 

1.5M Tris (pH 8.8) 

Tris Base     18.16 g 

H2O      100 mL 

pH to 8.8 with HCl 

10% Ammonium Persulfate  

Ammonium Persulfate    0.05 g 

H2O      500 μL 

10 % SDS 

SDS      10 g 

H2O      100 mL 

Resolving Gel (8% and 10% Polyacrylamide)  

H2O      4.6 mL (8%) 4.0 mL (10%) 

30% acrylamide mix     2.7 mL (8%) 3.3 mL (10%) 

1.5M Tris (pH 8.8)    2.5 mL (8%) 2.5 mL (10%) 

10% SDS      100 μL (8%) 100 μL (10%) 

10% ammonium persulfate    100 μL (8%) 100 μL (10%) 

TEMED      6 μL (8%) 4 μL (10%)  
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Stacking Gel (5%) 

H2O      2.1 mL 

30% acrylamide mix     330 μL 

1.0M Tris (pH 6.8)    250 μL 

10% SDS      20 μL 

10% ammonium persulfate   20 μL 

TEMED      3 μL 

3X Sample Buffer 

6% SDS      3.0 g 

187.5mM Tris HCl    1.47 g 

0.03% Bromophenol Blue   0.015 g 

PBS      35 mL 

30% Glycerol      15 mL 

Reducing Buffer 

3X Sample Buffer     175 μL 

1M DTT      25 μL 

Running Buffer 

Glycine      72.1 g 

Tris      15.1 g 

10% SDS      10 mL 

H2O to 1 L 

25X Transfer Buffer 

Glycine      90 g 
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Tris Base      18.2 g 

H2O to 500 mL 

1X Transfer Buffer 

Methanol       100 mL 

25X Transfer Buffer     20 mL 

H2O to 500 mL 

10X Tris Buffered Saline (TBS) 

NaCl      80 g 

20mM Tris Base    24.2 g 

H2O to 1 L  

Tris Buffered Saline with Tween (TBST) 

10X TBS      100 mL 

Tween-20      1 mL 

H2O to 1 L       

Blocking Solution  

TBST      25 mL 

5% Evaporated Skim Milk   1.25 g 

Antibody Dilution Solution  

TBST      50 mL 

5% BSA      2.5 g  

Immunofluorescence Reagents  

0.2% Triton X-100 in PBS (Permeabilizing Solution) 

PBS      50 mL 



 

 
 

 

97 

Triton X-100      100 μL 

5% BSA in 0.1% Triton X-100 in PBS (Blocking Solution) 

PBS      50 mL 

BSA      2.5 g 

Triton X-100      50 μL 

1% BSA in 0.1% Triton X-100 in PBS (Antibody Dilution Solution)  

PBS      50 mL 

BSA      0.5 g 

Triton X-100      50 μL 
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11. Appendix II: Sources for Material  

Abcam Inc, Toronto, Ontario, Canada 

Amicon®, Etobicoke, Ontario, Canada 

BD Biosciences, Mississauga, Ontario, Canada 

Bio Basic Inc., Markham, Ontario, Canada 

Bioline Reagents Limited, London, Ontario, Canada 

Bio-Rad, Mississauga, Ontario, Canada 

Cell Signaling Technology, Danvers, Massachusetts, United States 

Cultrex®, Gaithersburg, Maryland, United States 

eBioscience, Carlsbad, California, United States 

Gibco®, Grand Island, New York, United States 

GraphPad, San Diego, California, United States 

Invitrogen, Carlsbad, California, United States 

Molecular Devices, Sunnyvale, California, United States 

National Institutes of Health, Bethesda, Maryland, United States 

Novus Biologicals, Oakville, Ontario, Canada 

Olympus, Center Valley, Pennsylvania, United States 

OriGene, Rockville, Maryland, United States 

Q Imaging, Surrey, British Columbia, Canada 

Quantabio, Beverly, Massachusetts, United States 

Roche, Mississauga, Ontario, Canada 

Sigma-Aldrich, Oakville, Ontario, Canada 
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ThermoFisher Scientific, Burlington, Ontario, Canada 

ThermoFisher Scientific, Waltham, Massachusetts, United States 

Wisent Inc., Saint-Jean-Baptiste, Quebec, Ontario 

 

 

 

 

 

 

 

 


