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Abstract 

Cancer is a complex disease, requiring specific treatments for each type. Triple-negative 

breast cancer (TNBC) is the most aggressive form of human breast cancer; however, it 

lacks specialized treatments, leaving patients with poor prognoses. The underlying 

molecular mechanisms responsible for the aggressive traits of TNBC remain elusive; 

however, one crucial clue is that TP53 and RB1, important tumour suppressor genes, 

are commonly mutated together in TNBC patients. Evidence suggests mutations of 

these genes could collectively promote metastasis. To better understand the effects 

TP53 and RB1 mutations have on metastatic characteristics of TNBC, we generated a 

cell line model by successfully knocking out TP53 and RB1 from a TNBC cell line, 

utilizing CRISPR-Cas9. Validation assays monitoring cell cycle phase distribution, 

metastasis-promoting gene expression, and cell migration revealed the intricacy of 

developing a TNBC cell line model and that further modifications are essential. Once 

established, the model could prove essential for identifying TNBC therapeutic targets. 

Keywords:  Triple Negative Breast Cancer; TP53; RB1; Metastasis; Cell line model; 

CRISPR-Cas9 
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Chapter 1.  
 
Introduction 

What Is Cancer? Cancer is commonly characterized as an aberrant proliferation 

of cells that often results in abnormal function of the affected tissue or organ. Cancer can 

occur in various body tissues ranging from the non-vital ones such as colon, breast, and 

ovaries, to the most vital such as the brain, lungs, and liver, with certain types being 

more common than others1. Cancer can be inherited genetically or induced by 

environmental factors, leading to mutations in genes that drive tumourigenesis. In late 

stages, cancer cells can acquire the ability to infiltrate neighbouring blood or lymph 

vessels, and eventually metastasize to other organs, the main cause of cancer-related 

deaths. Despite a tremendous amount of research investigating the characteristics of 

cancers, for instance, tumourigenesis pathways, tumour microenvironment, or tumour 

metastatic mechanisms, that potentially lead to the development of therapeutics, cancer 

remains one of the top 10 causes of death, worldwide. One of the reasons for such high 

mortality is, undoubtedly, the complexity and diversity of these diseases; each cancer 

type is unique, based on the particular tissues and mutations involved. Certain types of 

cancer are classified further into subtypes which require their own specific treatments. 

Therefore, to fully understand the characteristics and complications of each cancer 

subtype, an investigative model that closely mimics specific types of cancer cells and is 

compatible with various experimental approaches is crucial. 

1.1. Breast Cancer 

Breast cancer is the most commonly diagnosed cancer among females, in 

Canada and globally2,3. Histologically, breast carcinoma is divided into multiple subtypes 

based on its specific morphological and cytological patterns4. While there are many 

histological breast carcinoma subtypes, invasive lobular carcinoma (ILC) and invasive 

ductal carcinoma (IDC) are the two main subtypes, with IDC being the most common 

subtype. ILC initiates at breast lobules where milk is produced, whereas IDC originates 

at the milk duct. Due to the physical location of breast lobules, ILC is much more difficult 

to detect by a mammogram5, causing patients to remain undiagnosed until later stages 

of cancer development. Despite the late diagnosis, ILC patients exhibit a significantly 
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better survival rate than IDC patients6. This phenomenon could be explained by the 

molecular differences among the breast cancer subtypes. 

1.1.1. Molecular Subtypes of Breast Cancer 

Breast cancer is highly heterogeneous and requires different strategies for 

efficient treatment, depending on the subtype. Generally, its progression is driven by an 

over-expression of at least one of the following endocrine or growth factor receptors: 

estrogen receptor (ERα), progesterone receptor (PR)7, and human epidermal growth 

factor receptor 2 (HER2)8. In normal breast epithelium, these receptors function to 

regulate growth and differentiation9,10. Overexpression of these receptors leads to 

uncontrolled, aberrant growth of tumour cells. Based on the expression status of these 

receptors, breast cancer is classified by immunohistochemistry into four major subtypes: 

luminal A, luminal B, HER2-enriched, and basal-like11. Both luminal A and B subtypes 

exhibit the overexpression of either ERα or PR but may or may not over-express 

HER212. The expression status of these hormone receptors may appear similar; 

however, luminal B proliferates at a quicker rate than luminal A13. Both of these subtypes 

often show a better prognosis and are more common in ILC than other, more aggressive 

molecular subtypes14. They can be treated by hormonal therapy, which represses 

hormone production or inhibits hormones from binding to their corresponding receptor12. 

The HER2-enriched subtype however, lacks ERα and PR expression but shows an 

elevation in HER2 expression15. This subtype is more aggressive than luminal A and B; 

patients often experience a worse prognosis and develop a higher risk of relapse11. 

Nonetheless, it can also be treated by targeted therapy, suppressing the kinase function 

of HER216. On the other hand, the basal-like subtype, usually referred to as triple-

negative breast cancer (TNBC), displays the most aggressive traits, clinically, but its 

specific treatments remain underdeveloped17. 

1.1.2. Triple Negative Breast Cancer (TNBC) 

TNBC is classified by immunohistochemical data as breast cancer that lacks the 

expression of ERα, PR, and HER218. Approximately 17% of patients diagnosed with 

breast cancer have TNBC18. The terms TNBC and basal-like breast cancer are 

sometimes used interchangeably. However, basal-like breast cancer also expresses 

genes that are characteristic of myoepithelial breast cells19. Not all TNBC cases are 
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classified as basal-like; TNBC can also be classified as claudin-low breast cancer20. The 

claudin-low subtype has mesenchymal and stemness characteristics, which are traits of 

metastatic cancer cells20. This subtype has low expression of claudin and occludin 

proteins, which are important tight junction proteins, facilitating cell-cell adhesion20. Due 

to the lack of ERα, PR, and HER2 expression, hormone therapy or HER2-targeted 

therapy are not an option for TNBC patients, instead, the main treatment approach for 

TNBC is chemotherapy21. Moreover, studies show TNBC patients express a higher 

likelihood of metastasis and death within five years, compared to non-TNBC patients22. 

Surprisingly, those rates were only higher in the first three years after diagnosis, 

suggesting TNBC has an early aggressive nature22. Furthermore, TNBC patients have a 

higher risk of developing brain and lung metastasis19, which drastically increases the 

likelihood of death. Thus, the development of specific therapeutics for TNBC, especially 

therapies that suppress metastasis, needs to be a top priority of clinical breast cancer 

research. 

1.1.2.1. Molecular Subtypes of TNBC 

The heterogeneity of breast cancer further divides triple-negative breast cancer 

into six different molecular subtypes23. The six subtypes are basal-like 1 and 2, 

immunomodulatory, mesenchymal, mesenchymal stem-like, and luminal androgen 

receptor. Each subtype has unique characteristics to support tumour growth and 

progression. Basal-like 1 and 2 subtypes have enriched expression of genes associated 

with cell division, DNA damage response, and growth factor signaling pathways, 

allowing them to rapidly grow and divide24 (Table 1.1). The immunomodulatory subtype, 

on the other hand, often overexpresses genes involved in immune signal transduction 

pathways25 (Table 1.1). Mesenchymal and mesenchymal stem-like subtypes are among 

the most aggressive types as they have an enhanced expression of genes involved in 

cell motility, extracellular matrices (ECM) rearrangement, cell differentiation pathways, 

and epithelial-mesenchymal transition (EMT)25 (Table 1.1), all of which promote cancer 

metastases. Lastly, the luminal androgen receptor subtype has high levels of expression 

of androgen receptor (AR) and genes involved in steroid synthesis26 (Table 1.1). 

Interestingly, this subtype shows a similar gene-expression profile to the HER2-enriched 

breast cancer subtype, while the other subtypes express a profile more similar to the 

basal-like subtype23. 
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Table 1.1. Six TNBC molecular subtypes 

TNBC Subtypes Molecular Characteristics 

Basal-like 1 ↑ expression of genes associated with cell division and DNA repair 

Basal-like 2 ↑ expression of genes associated with growth factor signaling pathway 

Immunomodulatory ↑ expression of genes associated with immune signal transduction pathways 

Mesenchymal ↑ expression of genes associated with cell motility, ECM rearrangement, MET 

Mesenchymal stem-like ↑ expression of genes associated with mesenchymal stem-cell 

Luminal AR ↑ expression of AR and genes associated with steroids synthesis 

Note: ↑ indicates an enhancement 

1.1.2.2. TP53 and RB1 are frequently mutated together in TNBC 

Despite the differences in the molecular traits, TNBC patients often express 

mutations in tumour protein p53 (TP53) and RB transcriptional corepressor 1 (RB1) 

genes, which correlates with poor prognosis27–29. These are well characterized tumour 

suppressor genes which encode for Tumour Protein P53 (p53) and Retinoblastoma 

protein (RB), respectively. These proteins play an important role in regulating cell-cycle, 

DNA repair, and apoptosis (programmed cell death)30,31. Malfunctioning of these genes 

can potentially lead to disastrous, uncontrollable cell growth. 

In a high-throughput RNA sequencing study by Shah et al., approximately 53% of 

the primary TNBC samples had mutations in TP53 and 7.7% had mutations in RB132. 

Out of those 53% with mutations in TP53, 14% also showed mutations in RB132 (Figure 

1.1). Unsurprisingly, tumours with deficiency in both TP53 and RB1 display high rates of 

aneuploidy and abnormalities of chromosomes which include chromosomal changes, 

translocations, and the loss of chromosomal fragments33. This level of severity of 

abnormalities in chromosomes can lead to downstream modifications in cell growth and 

further drive replication of ‘abnormal’ cells. Similarly, another study utilizing genome and 

transcriptome sequencing revealed TP53 mutations and/or loss of heterozygosity in 64% 

of the TNBC tumour samples28. The most frequent mutation occurred in the DNA-binding 

region of p53, which may perturb its DNA-binding ability. In this study, RB1 was also 

found to be mutated in 21% of TNBC tumour samples28. One of the detected mutations 

occurs within the conserved pocket domain, resulting in a malfunctioning RB protein. 

Ultimately, using larger data sets obtained from cBioPortal and The Cancer Genome 

Atlas (TCGA), Jones et al. found that 40% of TNBC samples show concurrent TP53 and 

RB1 mutations29 (Figure 1.1). Interestingly, mutations in both these genes together 
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occur more frequently in TNBC, compared to the other breast cancer subtypes29, 

suggesting their potential concomitant role in driving the progression of TNBC. 

 

Figure 1.1. p53 and RB are commonly mutated together in TNBC patients. 
RNA sequencing analysis by Shah et al. (A) revealed that 53% of TNBC primary samples have 
p53 mutations32. 14% out of those samples also have RB mutations32. An analysis by Jones et 
al., using the TNBC data from cBioPortal and The Cancer Genome Atlas (B), showed that 40% of 
the samples have both p53 and RB mutations29. 

Not only do TP53 mutations occur in the primary TNBC tumours, TP53 mutations 

have been found in circulating tumour cells (CTCs) of metastatic TNBC patients34,35 and 

are conserved between primary and metastatic tumours36. Using next-generation 

sequencing, Madic et al. revealed that 26 out of 31 metastatic TNBC patients had a 

TP53-mutated tumour and TP53 mutations were also found in the circulating tumour 

DNA of 84% of those patients35. Likewise, another study by Bingham et al. revealed RB1 

mutations in CTCs as well as metastatic tumours of TNBC patients37. Moreover, the 

increasing number of circulating tumour cells also correlates with a shortening of the 

time of disease progression and decrease in overall survival of patients35. The above 

evidence strongly suggests a potential role of mutated TP53 and RB1 in promoting 

aggressive metastatic TNBC. 
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1.2. Tumour Protein P53 (p53) 

TP53 is a tumour suppressor gene which encodes for p53 protein, “the Guardian 

of the Genome”. p53 functions as a transcription factor to prevent tumourigenesis by 

regulating cell cycle arrest, DNA repair, and apoptosis30. Its function is induced by DNA 

damage detected during the cell cycle. In response to DNA damage, p53 becomes 

phosphorylated38 and upregulates cyclin-dependent kinase inhibitor 1A protein (p21) 

expression, which induces G1/S cell cycle arrest by upregulating RB activity to stall the 

cell cycle from transitioning into the S phase, when synthesis and replication of DNA 

occurs39 (Figure 1.2). p53 can also bind to transcription-replication repair factors to 

transactivate genes which are responsible for DNA repair40,41. For cases in which DNA 

damage is not repaired, p53 promotes the expression of B-cell lymphoma 2 (Bcl2) and 

Bcl2-Associated X (BAX) proteins to induce apoptosis42 (Figure 1.2). Overall, these 

functions of p53 allow the elimination of abnormal cells, preventing their accumulation 

and progression to tumour formation. p53 is tightly regulated by mouse double minute-2 

(MDM2) (also known as E3 ubiquitin-protein ligase) via a p53-MDM2 negative feedback 

loop30 (Figure 1.2). When DNA is damaged, MDM2 is expressed through transcriptional 

activation facilitated by p53; however, MDM2 function is inhibited. Once DNA is repaired, 

MDM2 is activated and targets p53 for ubiquitination by binding to its N-terminus, 

inducing p53 degradation43. Interestingly, MDM2 gene expression is amplified in human 

breast cancer, inhibiting p53 tumour suppressor function44. 
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Figure 1.2. p53 regulates apoptosis and cell cycle progression. 
At the G1 checkpoint of the cell cycle, phosphorylation (P) of p53 is induced by DNA damage. 
p53 activates CDKN1A transcription which enhances G1/S cycle arrest via E2F transcriptional 
activity inhibition by phosphorylated RB. On the other hand, mutant p53 inhibits CDKN1A 
transcription either directly or through NFIB activation. p53 enhances Bcl2 and BAX expression to 
induce apoptosis. p53 is negatively regulated by MDM2. 

1.2.1. Mutations in TP53 lead to malfunctioning p53 proteins 

Mutations in TP53 can arise from both germline and somatic mutations. Children 

or young adults who carry germline TP53 mutations inherited from their family are more 

susceptible to developing Li-Fraumeni syndrome, a disease characterized by the 

formation of multiple primary tumours, including breast carcinomas45. Li-Fraumeni 

syndrome is caused by mutations of TP53 in both alleles; thus, people with a germline 
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TP53 mutation only require a somatic mutation in the other allele to develop the 

syndrome45. Exposure to environmental factors such as carcinogens, including 

ultraviolet radiation and tobacco smoke, can induce DNA alterations which lead to 

somatic mutations in TP5346. 

Mutations in TP53 often result in p53 losing its tumour suppressor function. The 

six main domains of p53 are: the transactivation domain I (amino acid residues 1 – 42), 

the transactivation domain II (amino acid residues 43 – 63), proline-rich domain (amino 

acid residues 64 – 93), DNA-binding domain (amino acid residues 94 – 291), the homo-

oligomerization domain (amino acid residues 324 – 355), and the C-terminal 

phosphorylation domain (amino acid residues 356 – 393)47 (Figure 1.3). A linker 

segment tethers the DNA-binding domain and the homo-oligomerization domain47 

(Figure 1.3). To perform its gene transactivation function, p53 forms a homo-tetramer on 

DNA strands. Thus, mutations that affect p53 oligomerization or DNA-binding will likely 

diminish wild-type p53 functions. Mutations in TP53 are often missense mutations, which 

are point mutations that convert one amino acid residue to another. Known mutational 

hotspots include R175H, G245S, R248Q/W, and R273H/C48,49 (Figure 1.3). These 

mutations in the DNA-binding domain directly perturb the DNA-binding ability of p53 as 

they abolish arginine residues, a positively charged amino acid that interacts with the 

negatively charged phosphate groups of the DNA backbone. On the other hand, 

replacing glycine, a small amino acid lacking a side chain, with serine, containing a 

hydroxyl group, could potentially affect the folding of the DNA binding domain of p53, 

disrupting its DNA binding ability. Aside from disrupting the DNA-binding region, 

mutations can also affect the structural stability of p53 by creating large water accessible 

crevices within the protein50. This will result in the exposure of hydrophobic residues to 

the aqueous surroundings, leading to thermodynamic instability. Mutations can also 

prevent tetramerization of p53, inhibiting its gene transactivation function50. Overall, 

mutations in p53 that directly affect its DNA-binding ability, protein stability, or ability to 

form a homo-tetramer often lead to a loss of its wild-type function as a tumour 

suppressor protein. 
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Figure 1.3. p53 domain architecture. 
p53 consists of six main domains: Transactivation domain I (aa. 1 – 42), Transactivation domain 
II (aa. 43 – 63), Proline-rice domain (aa. 64 – 93), DNA-binding domain (aa. 94 – 291), linker (aa. 
292 – 323), Homo-oligomerization domain (aa. 324 – 355), and C-terminal phosphorylation 
domain (aa. 356 – 393). Seven hot spot mutations are shown in the DNA-binding domain. (aa. = 
amino acid) 

1.2.2. Can TP53 be an oncogene and promote tumour metastasis? 

Despite p53 being well-known as a tumour suppressor protein, TP53 was initially 

thought to be a proto-oncogene, a gene which generally functions in cell growth, but 

promotes tumourigenesis once mutated. p53 was first discovered in 1979 as a protein 

that interacts with simian virus 40 (SV40) large tumour (T) antigen51. In SV40-

transformed mouse cell lines where the virus DNA was integrated into the mouse cell 

lines’ genome, Lane and Crawford observed that the T antigen expressed from SV40 

DNA formed a complex with two proteins from the host cells, one of which was a 53 kDa 

(kilodalton) protein51. This protein was much more prevalent in the transformed cells 

compared to the normal, healthy cells52. Shortly after, molecular cloning of the 53 kDa 

protein was performed to allow researchers to better understand its function53. Several 

experiments revealed that p53 could promote tumourigenesis and cell immortality54–56. 

Interestingly, p53 from normal cells and p53 from virus-induced tumour cells reacted 

differently to various conformational-specific monoclonal antibodies57, suggesting they 

are potentially two different proteins. Moreover, virus-induced tumour cells also showed 

genomic re-arrangements which led to either an inactivation of wildtype (WT) p53 or an 

expression of mutant p5358,59. Soon after, researchers realized that the p53 they used in 

the previously mentioned experiments, which implicated p53 as a tumour promoting 
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protein, was the mutant form. The p53 protein from normal cells was not able to 

transform normal, healthy cells to cancer cells; rather, it suppressed the process60,61. 

Thus, it was concluded that the WT p53 exhibits a tumour suppressor function but 

acquires the ability to promote tumourigenesis once mutated. 

As demonstrated during the discovery process of p53, mutant p53 acquires the 

ability to promote tumour formation and progression. In addition to losing tumour 

suppressor functions, mutant p53 can exhibit ‘new’ molecular functions. For instance, 

mutations can alter binding sites on p53, affecting its ability to interact with other 

proteins. Mutant p53 can forge new interactions with different transcriptional factors and 

enhance or repress gene transcription, or it can interact with other proteins, enhancing 

or inhibiting their functions62–65. For instance, p53 D281G but not the WT p53 can bind to 

erythroblast transformation specific (ETS) transcription factor to upregulate multi-drug 

resistance-1 (MDR1) gene expression, which is responsible for alterations in drug 

transport63 (Figure 1.4). This enhances the ability of tumours to become more resistant 

to chemotherapy and thus, continue to proliferate and potentially mutate to more 

aggressive progenitors. 

Another mechanism by which mutant p53 enhances tumour progression is down-

regulating MicroRNA (miR)-223, miR-205, miR-130b, and miR-27a66–69. miRs are short 

fragments of RNA which post-transcriptionally regulate gene expression by interacting 

with complementary mRNA sequences to prevent their translation. The direct target of 

miR-223, miR-205, and miR130b is zinc finger E-box binding homeobox-1 (ZEB1)68,70–72; 

whereas, the direct target of miR-27a is epidermal growth factor receptor (EGFR)69. With 

a reduction in these miRs, epithelial-mesenchymal transition (EMT) and invasion are 

promoted via increased ZEB166,68 and EGFR-induced tumourigenesis69. ZEB1 represses 

the expression of E-cadherin, a junction protein and an epithelial cell marker, allowing 

cells to transition into mesenchymal cells by loss of adhesion to neighbouring cells73. In 

line with this, patients with more miR-130b appear to have better survival rates68. 

Mutations in p53 can further exert their ability to promote tumour progression by 

inhibiting the expression of other tumour suppressor proteins. As discussed briefly, WT 

p53 induces expression of p21 when cell cycle arrest is needed30. p53 R280K, another 

common p53 mutation, induces a conformational alteration in the region that interacts 

with the promoter site of CDKN1A, the gene that encodes p2147 (Figure 1.4). This 
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mutation could therefore result in decreased expression of p21. Consequently, cell cycle 

regulation function of RB would be decreased as well, preventing G1/S cell cycle arrest 

and therefore, promoting cell proliferation. As this mutation of p53 is dominant negative, 

the presence of a WT p53 allele will not restore the WT function74. Similarly, a 

transcription factor nuclear factor 1 B-type (NFIB) interacts with the Cyclin-Dependent 

Kinase Inhibitor 1A (CDKN1A) promoter to down-regulate p21 expression75 (Figure 1.4). 

Interestingly, an increase in expression of NFIB is found in TP53-mutated TNBC, which 

suggests the involvement of mutant p53 in elevating NFIB expression75 (Figure 1.4). 

Though overexpression of NFIB has not been found to promote TNBC metastasis, it is 

highly associated with the elevated replication of mesenchymal stem cells (MSCs) in 

TP53- and RB1-mutated small cell lung cancer (SCLC)76. In TNB carcinomas, MSCs 

have been shown to promote lung colonization by secreting the C-C motif chemokine 

ligand 5 (CCL5) which enhances cell motility and invasiveness77. As a consequence, 

mouse xenograft experiments revealed that the presence of CCL5 significantly facilitated 

the extravasation of intravenously injected human TNBC cells into the lung77. 

Another tumour suppressor that mutant p53 targets is tumour protein p63 (p63). 

p63 is a transcription factor in the p53 family78. Through whole genome analysis, p63 

has been shown to regulate hundreds of genes which include other transcription factors 

and adhesion molecules78. Its particular role in suppressing tumour progression is 

through maintenance of epithelial homeostasis79. Under WT conditions, p63 can form a 

complex with p53 to suppress EMT through transcriptional regulation. However, studies 

have found that when p63 forms a complex with mutant p53 (R172H and R175H) in 

tumours, its ability to suppress EMT is inhibited80,81 (Figure 1.4). WT p53 may be able to 

compete and forms a functioning p53/p63 complex; nevertheless, the overall repression 

of EMT via p63 would still be reduced even with only one mutant p53 allele. 

Mutant p53 also upregulates C-X-C-motif chemokine expression by increasing 

the promoter activity, while the WT p53 represses the expression82. CXC-chemokines 

that are found to have elevated expression level in cells with mutant p53 (R175H, 

H179L, R273H, D281G) includes CXCL5, CXCL8, and CXCL12 (Figure 1.4), all of 

which induce cell metastasis through various mechanisms82. CXCL5 and CXCL8 both 

induce angiogenesis83, while CXCL12 is involved in EMT84 (Figure 1.4). As a result, 

wound healing and Boyden chamber migration assays revealed that breast cancer cells 

with mutant p53 migrate significantly more than cells with WT p5382. However, knocking 
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down CXCL5 from cells expressing mutant p53 decreased cell migration, suggesting 

that mutant p53 promotes cell migration though increasing the expression of CXCL582. 

Lastly, mutant p53 can promote metastasis by upregulating the expression of 

genes responsible for angiogenesis and extracellular matrix (ECM) modification. WT p53 

typically inhibits angiogenesis85, which is a process essential for tumour progression. 

Mutant p53, conversely, can lose the ability to do so, resulting in significantly higher 

expression levels of vascular endothelial growth factor (VEGF) in patients with mutant 

p53 breast tumours85 (Figure 1.4). An experiment using a breast cancer cell line with a 

knocked-in mutant p53 (R273H) showed an increase in epidermal growth factor receptor 

(EGFR), which promotes cell growth, and integrins on the cell surface86 (Figure 1.4). 

Integrins allow tumour cells to form a meshwork with the ECM, inducing ECM 

modification and, therefore, removing a physical barrier for cell migration87. Overall, 

there is considerable evidence that mutant p53 promotes tumour progression and 

metastases in TNBC through various mechanisms and pathways. 

 

Figure 1.4. Mutant p53 promotes tumour progression through various 
mechanisms. 

By modifying protein expression or forming a complex with p63, mutant p53 enhances tumour cell 
cycle progression, epithelial-mesenchymal transition (EMT), angiogenesis, extracellular matrix 
(ECM) modification, and chemoresistance. 
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1.3. Retinoblastoma Protein (RB) 

Retinoblastoma gene (RB1) is another important tumour suppressor gene which 

encodes for retinoblastoma protein (RB). RB controls cell-cycle regulation by binding to 

members of the E2F transcription factor family (E2F) to halt cell cycle progression31 

(Figure 1.5). During the early G1 phase of the cell cycle, cyclin D/cyclin-dependent 

kinase (Cdk)4,6 phosphorylate RB to activate its function88 (Figure 1.5). Phosphorylated 

RB inhibits E2F activity by forming a complex with the transactivation domain of E2F and 

blocking gene transcription89,90 (Figure 1.5). During the late G1 phase, RB becomes 

hyperphosphorylated by cyclin A, E/Cdk2, releasing E2F to allow gene transcription and 

progression of the cell cycle to the S phase91,92, when DNA replication occurs (Figure 

1.5). If DNA damage is detected, p21, which is positively regulated by p53, will inhibit 

Cdk2, allowing RB to continue blocking E2F transcription activity30 (Figure 1.5). RB also 

represses gene transcription downstream of E2F by recruiting histone deacetylase 

(HDAC), an enzyme responsible for DNA-chromatin packaging, to E2F-regulated gene 

promoter sites93. A removal of acetyl groups facilitates the condensation of chromatin, 

resulting in transcriptional repression. There is a hypothesis that RB-E2F may be further 

involved in chromatin modification by forming a complex with a chromatin remodeling 

complex switch/sucrose non-fermentable (SWI/SNF)94. RB simultaneously binds to 

BRAHMA (BRM), a core subunit of the SWI/SNF complex95, and E2F to inhibit E2F 

activity and fully arrest the cell cycle at the G1 phase94. However, the ability of RB to 

modify chromatin complexes and modulate transcription of genes primarily regulated by 

other transcription factors has not been addressed. Overall, RB typically functions 

downstream of p53 to prevent replication of abnormal cells. 
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Figure 1.5. RB regulates cell cycle progression downstream of p53. 
At the G1 checkpoint of the cell cycle, phosphorylation (P) of p53 is induced by DNA damage. 
Subsequently, p53 activates the expression of p21, which negatively regulates RB function. 
Cyclin D/Cdk4/6 activates E2F-inhibition activity of RB by phosphorylating (P) RB. The inhibition 
of E2F transcriptional activity induces G1/S cell cycle arrest. Cyclin E/Cdk2, which is negatively 
regulated by p21, hyper-phosphorylates RB, releasing E2F from inhibitory interaction with RB to 
allow cell cycle progression. 

1.3.1. Mutation of RB1 leads to loss of RB function 

Mutations in RB1 commonly lead to a loss of function in RB protein, which is 

found in many types of cancer, including osteosarcomas, small cell lung carcinomas, 

prostate carcinomas, and breast carcinomas96–99. In order to acquire loss of function in 

cells, RB1 needs to be mutated in both alleles100. This is known as the two-hit 

hypothesis100. The first mutation is often genetically inherited100. With the presence of 
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only one WT allele, RB function is reduced, though it is sufficient for cells to produce WT 

phenotypes100. The second mutation, or a somatic mutation, is introduced by exposure 

to environmental factors including carcinogens and ultraviolet light. These factors can 

create chromosomal double-strand breaks which require repair to maintain genomic 

integrity101. This can be achieved through several molecular repair mechanisms 

including nonhomologous end joining and homologous recombination102. However, 

nonhomologous end joining can lead to gene deletion, potentially causing a 

malfunctioning or misfolded protein102. Furthermore, in the case of DNA double-strand 

breaks occurring in the WT allele, homologous recombination with the mutant allele will 

lead to loss of heterozygosity (LOH)102. This will consequently lead to two mutant alleles, 

both coding for inactivated proteins. Unsurprisingly, RB1 LOH was observed in 72% of 

TNBC patients103. 

RB is a member of the retinoblastoma protein family, with the other two members 

being retinoblastoma-like protein 1 (p107) and retinoblastoma-like protein 2 (p130)91. 

p107 and p130 have a similar function as RB104; however, they are not commonly 

mutated in human cancers105. These three proteins are known as the ‘pocket proteins’91. 

These proteins contain conserved protein-binding regions in the form of three distinct 

functional pockets: the small A/B pocket, the C pocket, and the large A/B pocket106 

(Figure 1.6). The small A/B pocket binds to proteins with the LXCXE motif, such as 

HDAC107. Mutations within the small A/B pocket inhibit the transcriptional repression 

activity of RB, confirming that RB and HDAC function as a unit to suppress gene 

transcription107. The C pocket, which is located near the C-terminus, binds to Abelson 

tyrosine kinase (c-Abl) in the nucleus108. This interaction inhibits c-Abl kinase activity. 

Once RB is hyperphosphorylated, c-Abl is released and its transcriptional activation 

function during the S phase of the cell cycle is regained108. Finally, the large A/B pocket 

binds to proteins in the E2F family106. As discussed briefly, RB halts cell cycle 

progression through its interaction with E2F. Despite having multiple pocket domains, 

RB’s interactions with proteins in different pocket sites are independent of each other107. 

As a matter of fact, evidence shows that RB function in multiple pocket sites is required 

to fully regulate cell growth. For example, a mutation in the LXCXE binding site of the 

small A/B pocket may not have interrupted the interaction of E2F in the large A/B pocket; 

however, the capacity of RB to suppress cell growth is still reduced107. This can 

potentially lead to an aberrant growth of cells, which is one of the key characteristics of 
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cancer. Intriguingly, an RB1 mutation detected in TNBC patient samples included the 

deletion of 37 base pairs from exon 12 and the addition of GT nucleotides (the 

conserved RNA splicing acceptor site)28. Sanger sequencing confirmed in-frame splicing 

of exon 11-13 of RB1 which resulted in the absence of 44 amino acids within the 

conserved pocket domain of RB, a mutation that would likely be detrimental to RB 

function28,109. 

 

Figure 1.6. RB domain architecture. 
RB contains three functional pocket domains. The small A/B pocket consists of domain A and B 
(aa. 371 – 579). The C pocket spans aa. 772 – 928. The large A/B pocket is a combination of the 
small A/B pocket and the C pocket (aa. 371 – 928). (aa. = amino acid) 

On the other hand, phosphorylation at specific sites within RB can cause 

conformational changes in RB’s structure that are detrimental to its function. For 

instance, the hyperphosphorylation of RB at the C pocket by Cdk4/6 and Cdk2 induces 

intramolecular interactions within the RB pockets, disrupting pocket structure and 

inactivating RB106,110. As well, phosphorylation at the C-terminus of RB is found to 

prevent its binding to c-Abl and LXCXE motif proteins111, thus promoting cell 

proliferation. All in all, the three RB pocket domains exhibit a tumour suppressor function 

and their ability to form interactions with other proteins is tightly regulated by RB 

phosphorylation. Hence, mutations that modify the pocket domains or the 

phosphorylation sites are likely to result in a loss of tumour suppressor function. 

1.3.2. Loss of function RB can promote tumour metastasis 

Mutations in RB1 often leads to a loss of tumour suppressor function and are 

also found to promote tumour metastasis. In TNBC samples where there is a 

concomitant upregulated activity of Myc proto-oncogene (Myc) and a loss of RB, an RNA 
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microarray showed amplification of the expression of EMT-promoting genes112. These 

genes include integrin alpha-3 (ITGA3) and fibroblast growth factor 10 (FGF10). Through 

the RB-E2F transcription factor axis, loss of RB enhances expression of genes 

responsible for tumour metastasis113. For instance, loss of RB decreases the expression 

of E-cadherin, an epithelial cell marker, and upregulates ZEB1 which leads to an overall 

promotion of EMT114,115 (Figure 1.7), a process which facilitates a detachment of cancer 

cells from the primary tumour site. Furthermore, a non-canonical function of RB that is 

mediated through hypoxia signalling has recently been uncovered. Beischlag et al. 

demonstrated that RB is a negative regulator of the thyroid receptor-retinoblastoma 

interacting protein (TRIP230) transcriptional coactivator, a coactivator that is 

indispensable for hypoxia-inducible factor-1α (HIF1α) and aryl hydrocarbon receptor 

nuclear translocator (ARNT) (also known as HIF1β) activity116. In this role, RB acts as a 

transcriptional repressor protein of the HIF1α and HIF1β transcription factors during 

activated transcription117. Subsequently, it was demonstrated that small-interfering RNA 

(siRNA)-mediated knock-down of RB in MCF-7 cells (a breast cancer cell line) led to a 

hypoxia-dependent up-regulation of the expression of several genes associated with 

metastasis and tumour progression, including C-X-C chemokine receptor 4 (CXCR4), 

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 (PLOD2), and vascular endothelial 

growth factor (VEGF)118. 

1.3.2.1. Hypoxia is the master regulator of cancer metastasis and survival 

Hypoxia, or low oxygen conditions (pO2 < 10 mmHg in tissues119,120), occurs 

when tumour cells over-proliferate, growing further from blood vessels and depleting 

their limited oxygen supply. This is common in adenocarcinomas, such as breast 

carcinomas. Hypoxia initiates the expression of survival genes121 such as solute carrier 

family 2 member 1 (SLC2A1) which encodes for glucose transporter 1 (GLUT1)122,123, 

controlling glucose uptake, and vascular endothelial growth factor A (VEGFA) which 

enhances blood vessel formation (angiogenesis)122, increasing oxygen supply (Figure 

1.7). These genes are essential for the tumour cells to survive under hypoxia and are 

regulated by hypoxia-inducible factors (HIFs)124,125. 

Increased activity of HIFs also causes tumour cells to become metastatic124,125. 

For instance, HIFs upregulate CXCR4 which promotes growth of primary tumour126, as 

well as cell migration through enhancing angiogenesis127,128 (Figure 1.7). Hypoxia-
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mediated upregulation of CXCR4 and its chemoattractant ligand, CXCL12, are essential 

for endothelial cells (EC) proliferation125. Knocking-down CXCR4 in ECs significantly 

decreased EC growth. Moreover, elevated CXCR4 expression in hypoxia also enhances 

trans-endothelial migration by responding to the increasing gradient of CXCL12. 

Knocking-down CXCR4 from a human-derived TNBC cell line, MDA-MB-231, diminished 

the cell migration ability under hypoxia125. 

HIFs also upregulate PLOD2 which promotes ECM remodelling129,130 (Figure 

1.7). Knocking down PLOD2 from fibroblasts reduced the stiffening of ECM generated 

under hypoxia129; the stiffness caused by ECM remodeling promotes cell migration131. As 

a consequence, a co-culturing of MDA-MB-231 and ECM from fibroblasts that were 

cultured in hypoxia (1% O2) resulted in MDA-MB-231 cells migrating at a much faster 

rate and more directional, compared to MDA-MB-231 cells that were co-cultured with 

ECM from fibroblasts grown under normoxic (20% O2) conditions129. Moreover, PLOD2 

also promotes the metastasis and invasion of breast cancer cells during in vivo 

experiments. Immunodeficient mice with MDA-MB-231 cells injected into the mammary 

fat pad exhibited cancer cell infiltration both in the lymph node and lungs130. Knocking 

down PLOD2 in these cells significantly decreased their infiltration into the lymph nodes 

and lungs. 

Furthermore, HIFs upregulate angiopoietin like 4 (ANGPTL4) which facilitates 

lung and brain specific metastasis in breast cancer132,133 (Figure 1.7). ANGPTL4 assists 

circulating tumour cells in extravasation, an important process for tumour cells to 

penetrate through blood vessels into a secondary tissue. Incubating ECs with a breast 

cancer cell line over-expressing ANGPTL4 led to disruptions of endothelial cell-cell 

junctions132. Additionally, immunodeficient mice injected with breast cancer cell line over-

expressing ANGPTL4 exhibited a 3-fold increase in lung metastasis, compared to the 

control cells that do not over-express ANGPTL4132. Similarly, immunodeficient mice 

injected with MDA-MB-231 cells showed a significant decrease in brain metastasis when 

ANGPTL4 was knocked-down133. 

Aside from enhancing tumour invasiveness, HIFs also allow tumours to become 

resistant to apoptosis124. Noman et al. found that the loss of protein tyrosine 

phosphatase non-receptor type 1 (PTPN1), a gene which is negatively regulated by miR-

210, decreases tumour cell susceptibility to cytotoxic T lymphocyte (CTL)-induced cell 
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lysis134 (Figure 1.7). HIFs upregulate miR-210 which further suppresses the expression 

of PTPN1, which encodes for protein tyrosine phosphatase 1B (PTP1B)134. However, the 

specific mechanism of how the loss of PTP1B protects tumour cells from lysis by CTLs is 

currently unidentified. HIFs also upregulate programmed death-ligand 1 (PD-L1), a 

transmembrane protein which is recognized by programmed cell death protein 1 (PD-1) 

on the cell surface of CTLs135 (Figure 1.7)m. The interaction between PD-L1 and PD-1 

suppresses the immune activity of CTLs, thus, preventing tumour cell death135. 

Overall, current literature suggests that the loss of RB function promotes tumour 

progression and metastasis either by losing the ability to induce cell cycle arrest through 

the RB-E2F axis or by enhancing the expression of metastasis-promoting genes through 

the RB-HIFs axis, all of which advance tumour progression and worsen patient outcome. 

 

Figure 1.7. The loss of RB promotes tumour progression through various 
mechanisms. 

The loss of RB decreases E-cadherin expressing and increases ZEB1 activity which promotes 
epithelial-mesenchymal transition (EMT). By enhancing the HIF1α-ARNT transcriptional activity 
under hypoxia, the loss of RB induces overexpression of genes which are responsible for 
angiogenesis, extracellular matrix (ECM) modification, extravasation, lung and brain metastasis, 
and escaping cytotoxic T lymphocytes (CTL)-induced cell lysis. 
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1.4. Mutations in both TP53 and RB1 could concomitantly 
drive metastasis in TNBC 

Metastasis, the spread of cancer cells to a secondary site, is the main cause of 

death in many types of cancer patients136. Metastasis is a multi-step process which 

requires the facilitation of different molecular pathways for cells to successfully 

metastasize to a secondary site. The main steps of metastasis involve local infiltration of 

primary tumour cells into adjacent tissue, intravasation (penetration into blood vessels), 

survival in the circulatory system, extravasation (exiting blood vessels into downstream 

tissue), and proliferation/colonization at the secondary site137. Indeed, mutations in both 

TP53 and RB1 possess a high potential to facilitate TNBC metastasis through various 

pathways. 

1.4.1. Epithelial-Mesenchymal Transition (EMT) 

The first step of metastasis requires cancer cells to lose epithelial cell properties 

and detach from a primary tumour. One important property of epithelial cells is their 

adherence to neighbouring cells through junction protein interactions138. The most well-

known epithelial cell marker is a junction protein called E-cadherin73. Loss of E-cadherin 

will result in loss of cell-cell adhesion (Figure 1.8). As discussed previously, the loss of 

RB function facilitates this by decreasing the expression of E-cadherin, through the RB-

E2F transcriptional axis113 (Figure 1.8). Once cancer cells are detached from one 

another, the epithelial-like cells undergo a morphological transformation into 

mesenchymal cells by undergoing EMT. This process converts a polar cell into a non-

polar, spindle-shaped cell which aids cell motility73 (Figure 1.8). Several transcription 

factors and signaling pathways are known to promote the EMT process. For example, 

ZEB1/2, which is upregulated by both mutant p53 and the loss of RB in hypoxia (Figure 

1.8), represses E-cadherin expression68,125, but up-regulates the expression of N-

cadherin, a mesenchymal cell marker139. Interestingly, mutant p53 (R175H) is found to 

reverse transforming growth factor β (TGF-β) function as a tumour suppressor, 

transforming it into a metastasis promoter80. The activation of TGF-β favours the 

formation of the mutant p53/p63 complex which in turn inhibits the EMT repression 

function of p6380,81 (Figure 1.8). Furthermore, HIFs facilitate EMT by enhancing the 

formation of invadopodia, actin-rich structures that help cells to interact with ECM by 

protruding the cell membrane. HIFs help form these structures by upregulating the 
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expression of cysteine and glycine rich protein 2 (CSRP2)140 (Figure 1.8). In breast 

cancer cell lines, CSRP2 promotes invadopodia by stabilizing actin bundles141. High 

expression levels of CSRP2 has also been found to be negatively correlated with overall 

survival, distant metastasis-free survival, and relapse-free survival of breast cancer 

patients, revealing its significant role in tumour metastasis141. 

 

Figure 1.8. Mutant p53 and the loss of Rb promote the loss of cell-cell adhesion 
and epithelial to mesenchymal transition (EMT). 

Activation of the TGF-β receptor induces the formation of a p53-p63 complex, which inhibits EMT. 
Formation of a mutant p53-p63 complex through TGF-β signaling prevents the inhibition of EMT. 
Mutant p53 also enhances EMT by increasing ZEB1/2 and EGFR activity via the downregulation 
of microRNAs. ZEB1/2 function is further upregulated by the loss of RB. Loss of RB reduces cell-
cell adhesion by decreasing the expression of E-cadherin, important cell junction proteins which 
function to adhere neighbouring epithelial cells. The loss of RB also contributes to the 
exaggeration of transcription of EMT-promoting genes, regulated by the hypoxia-inducible 
transcription factor (HIFs) complex under hypoxia. 
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1.4.2. Extracellular Matrix (ECM) Remodelling 

Degradation or remodelling of the extracellular matrix (ECM) is essential for 

tumour cells to escape through the basement membrane (BM) and intravasate into blood 

vessels136. The ECM is mainly composed of collagen and fibronectin142. It provides 

structural support for cells and helps facilitate cell-to-cell communication and cell 

adhesion142. The interaction between cells and the ECM occurs via the binding of 

fibronectin, which directly links the ECM to receptors (integrins) located on cell 

membranes87. As discussed previously, invadopodia formation facilitates a crosstalk 

between the cells and the ECM140. During tumour progression in various cancers, ECM 

proteases called matrix metalloproteinases (MMPs) are overexpressed, causing a 

reorganization of the ECM143–145. The loss of RB, together with hypoxia, increases the 

expression of MMP-2 and MMP-9 which are responsible for degrading the ECM146–148 

(Figure 1.9). Furthermore, the presence of integrins on cancer cell membranes 

enhances MMPs function by anchoring cells to the ECM86. This leads to hyperplasia 

(increase in cell growth) and enhancement of invasion149. Intriguingly, R273H p53 

increases integrin recycling which facilitates cancer cells forming a meshwork with the 

ECM86, enhancing ECM degradation by MMPs148 (Figure 1.9). Loss of RB under 

hypoxic conditions also promotes the expression of PLOD2 which also induces a re-

arrangement of the ECM129 (Figure 1.9). PLOD2 stiffens ECM, another process which 

enhances ECM degradation by MMPs and facilitates the invasion of tumour cells into 

lymph nodes or surrounding tissues129. 
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Figure 1.9. Mutant p53 and the loss of Rb enhance the degradation of the 
extracellular matrix (ECM). 

The loss of RB promotes degradation of the ECM by upregulating genes responsible for ECM re-
arrangement via HIFs complex-mediated transcription. Mutant p53 further increases ECM 
degradation by increasing the expression of MMPs and the recycling of integrin, promoted further 
cell-ECM interactions. 

1.4.3. Angiogenesis 

Angiogenesis, or formation of blood vessels, is another crucial step required 

during the initiation of metastasis. Approximately 100 years ago, it was discovered that 

angiogenesis is correlated with the metabolic rate of tissues or cells150. The density of 

capillaries is higher at tissues where the metabolism rate is high, as these tissues 

typically require an increased oxygen supply. Tumour cells, rapidly growing cells, often 

outgrow their oxygen supply and demand more nutrients and oxygen, which are 

available through blood vessels. To generate more blood capillaries, tumour cells 

activate HIFs complex, which is oxygen sensitive and upregulated by the loss of RB151. 

Under hypoxia, HIFs transcribe various genes which encode for proteins responsible for 

multi-step angiogenesis (Figure 1.10). For instance, VEGF increases vascular 

permeability, creating gaps for the formation of new blood vessels and inducing EC 

growth121,152. Also, angiopoietin-2 (ANGPT2) facilitates endothelial sprouting from 

existing blood vessels153,154 (Figure 1.10). Meanwhile, MMP-2 and MMP-9 degrade the 

ECM, clearing the path for angiogenesis and inducing the release of angiogenic factors 

from the basement membrane155 (Figure 1.10). Mutant p53 (R175H, H179L, R273H, 

D281G) further promotes angiogenesis by increasing the expression of CXC ligands82, 
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which enhances the expression of MMP-2 and MMP-9156 (Figure 1.10). As mentioned 

previously, mutant p53 also loses its angiogenesis inhibitory capability due to the 

mutations, resulting in an elevated expression of VEGF85 (Figure 1.10). Similarly, while 

WT p53 represses the expression of CXCR4, mutant p53 (V143A and R280K) promotes 

the expression157 (Figure 1.10). This further promotes angiogenesis through the 

CXCR4/CXCL12 axis, as previously discussed128. 

Aside from assisting tumour survival in hypoxia, blood vessels are also one of the 

main routes cancer cells utilize to migrate from the primary site to a secondary site. 

Angiogenesis provides new routes for cancer cells to enter the circulatory system158. 

However, the hypoxia-induced angiogenesis mechanism, also known as sprouting 

angiogenesis, is only utilized by tumours at the early stage of development159. Tumours 

can acquire resistance to anti-angiogenic drugs which target VEGF159 because late 

stage tumours utilize another type of angiogenesis known as intussusceptive 

angiogenesis160, which does not rely on VEGF function. In this type, instead of sprouting 

new blood vessels from existing ones, blood vessels split down in the middle into two 

parallel vessels160. Currently, little is known about this mechanism, though hypoxia is not 

found to be associated with intussusceptive angiogenesis159. A relationship between 

mutant p53 and this form of angiogenesis has also yet to be investigated. 

 

Figure 1.10. Mutant p53 and the loss of RB promotes angiogenesis. 
Expression of genes, as well as chemokine ligands responsible for angiogenesis is enhanced by 
mutant p53 and the loss of RB via HIFs complex-mediated transcription. 
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1.4.4. Survival in the Circulatory System 

Various mechanisms promoted by loss of RB and mutant p53 facilitate the 

survival of cancer cells in the circulatory system. A combination of loss of RB and 

hypoxic conditions recruits macrophages and mesenchymal stem cells (MSCs) to the 

tumour site161 (Figure 1.11). The two recruitment mechanisms mainly involve CXC motif-

chemokines signalling and C-C motif-chemokines signalling. Breast cancer cells initially 

recruit MSCs by secreting CXCL16, which binds to CXCR6 on MSCs161 (Figure 1.11). In 

response to the recruitment by breast cancer cells, MSCs also secrete CXCL10, which is 

the ligand of CXCR3 on breast cancer cells161 (Figure 1.11). In a similar mechanism, 

breast cancer cells recruit MSCs by expressing CCR5 in response to CCL5 secreted by 

MSCs (Figure 1.11). These binding events signal cancer cells to secrete macrophage 

colony-stimulating factor 1 (CSF1), which binds to CSF1 receptor on MSCs, 

subsequently recruiting macrophages161 (Figure 1.11). The presence of tumour-

associated macrophages (TAMs) protects cancer cells from other immune cells in the 

circulatory system that may target the tumour162. As discussed previously, enhanced 

HIFs activity mediated by loss of RB also protects tumour cells from CTL-induced cell 

lysis through increasing the expression of miR-210 and PD-L1134,135 (Figure 1.11). 

Likewise, cancer cells expressing mutant p53 (R248W) secrete miR-1246-rich 

exosomes which subsequently recruits TAMs163. Aside from protecting tumour cells from 

other immune cells, TAMs also facilitate extravasation as well as prepare a pre-

metastatic niche, making it easier for cancer cells to establish a new colony162. 
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Figure 1.11. The loss of RB protects TNBC from immune cell-induced cell death 
via HIFs complex-mediated transcription. 

Through the C-X-C chemokine receptor and ligand signaling cascades, tumour cells recruit 
mesenchymal stem cells (MSC) and tumour-associated macrophages (TAM) to protect against 
other immune cells in the circulatory system. Upregulation of PD-L1 and down regulation of 
PTP1B also protects tumour cells from cytotoxic T-lymphocytes (CTL)-induced cell lysis. 
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1.4.5. Secondary Tissue Colonization 

Colonization is the final step before cancer cells successfully form a metastatic 

secondary tumour. For cancer cells to metastasize to a secondary site and successfully 

form a tumour, they must acquire the ability to penetrate through tissues of specific 

organs and adapt to the surrounding microenvironment. Common sites of breast cancer 

metastasis include bones, liver, lungs, and brain164. One of the factors which dictates the 

secondary site of a tumour is organ-specific barriers for cancer cell infiltration. For 

instance, capillaries in the bone marrow and liver are fenestrated, and are therefore 

more permissive towards circulating tumour cell infiltration165,166. On the other hand, lung 

capillaries are surrounded by ECs, basement membrane, and alveolar cells, all acting as 

obstacles that cancer cells must overcome to enter the lungs167. Similarly, the blood-

brain barrier in the brain, which is composed of ECs surrounded by basement 

membrane, pericytes, and astrocytes, is a major obstacle for cancer cells, preventing 

colonization in the brain168. To overcome these physical barriers, cancer cells upregulate 

specific genes which facilitate vascular modulation and communication with the 

surrounding microenvironment. These genes are often overexpressed in the primary 

tumour. 

TNBC poses a higher likelihood of metastasis to lungs or brain, compared to 

other types of breast cancer19. Upregulation of prostaglandin-endoperoxide synthase 2 

(PTGS2) (encodes for cyclooxygenase-2 (COX-2)) and MMP2 promote the ability of 

breast cancer cells to extravasate into lungs167 (Figure 1.12). Mice with PTGS2- and 

MMP2-knockdown cell lines injected intravenously showed a reduction in lung 

metastasis compared to the mice injected with the parental cell line. Likewise, 

overexpression of ANGPTL4 dissociates endothelial cell-cell junctions around the lung 

capillaries, allowing cancer cells to infiltrate into the lungs132 (Figure 1.12). MMP2 and 

ANGPTL4 are overexpressed in hypoxic cancer cells146,169. COX-2, which functions by 

responding to inflammation and promoting tumour growth and immunosuppression, is 

inhibited by WT p53 but not mutant p53170. 

Under hypoxic conditions, loss of RB leads to overexpression of a gene which 

facilitates brain metastasis. The cancer cells overexpress CXCR4 (Figure 1.12) which 

responds to chemoattractant CXCL12 secreted by astrocytes, non-neuronal cells in the 

brain, surrounding the blood-brain barrier171. Astrocytes can alter the brain 
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microenvironment to favour the survival and colonization of TNBC cells by secreting 

cytokines, such as TGF-α, TGF-β and interleukins172. These cytokines regulate cell 

growth and immune responses173. Astrocytes also express sphingosine-1 phosphate 

receptor 3 (S1P3) which, when activated by sphingosine-1 phosphate (S1P), has the 

downstream effect of decreasing endothelial cell-cell adhesion174. This aids cancer cell 

penetration through the blood-brain barrier, infiltrating the brain tissue. WT p53 

negatively regulates sphingosine kinase (SK1), which phosphorylates sphingosine to 

produce S1P175. In the absence of p53, SK1 levels elevate resulting in an increase of 

S1P and activation of S1P3175, further implicating mutation of p53 in formation of 

secondary tumours. 

Overall, much evidence suggests that mutations in TP53 and RB1 display a high 

probability of facilitating TNBC metastasis. Their mutations promote tumour metastasis 

from inducing morphological transition of tumour cells which promotes a detachment 

from a primary site, protecting tumour cells from cell lysis by immune cells, all the way to 

establishing a colony at a secondary site. Through enhancing the expression of various 

genes, such as CXCR4, PLOD2, and ANGPTL4, mutations in TP53 and/or RB1 assist 

tumour metastasis by enhancing angiogenesis, assisting ECM remodelling, as well as 

promoting extravasation into a secondary tissue, respectively. With their high potential 

ability to assist each and every step of TNBC metastasis, the specific molecular 

mechanisms of how mutations in TP53 and RB1 drive TNBC aggressiveness is worth 

investigating. 
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Figure 1.12. Mutant p53 and loss of RB promotes lung and brain metastasis. 
Through enhancing the HIFs transcriptional complex activity, the loss of RB enhances expression 
of genes which facilitate lung and brain metastasis. Similarly, mutant p53 increases the 
expression of genes which facilitate lung metastasis. 

1.5. Cell line model could aid the understanding of the 
effect of TP53 and RB1 mutations in TNBC 

The cell line model is an in vitro model in which cells extracted from a specific 

tissue of an individual are grown in a laboratory176. Adherent cells are cultured on a 

tissue-culture plate and suspended cells are cultured in a flask. In both cases, cells are 

submerged in cell culture media supplemented with essential nutrients for their growth. 

Cells are then incubated in conditions which favour cell proliferation, usually in a 

humidified incubator at 37 °C and 5% CO2. Cells can be passaged into a new vessel to 

maintain their growth or to prepare them for experiments. Adherent cells are often 

detached from a tissue culture plate via the use of a protease (e.g., Trypsin), or a 

chelating agent (e.g., EDTA). To store cell lines for future usage, cells are resuspended 
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in an appropriate culture media supplemented with 5-10% dimethyl sulfoxide (DMSO), a 

cryoprotectant which reduces ice formation to prevent cell death. The resuspended cells 

can be stored in the gas phase of liquid nitrogen. Though cell lines can be easily grown 

and maintained, the growth conditions favour cell proliferation and cell survival, which do 

not closely mimic physiological conditions. Thus, studies using cell lines could serve as 

preliminary data and a model which better mimics human physiological conditions, an in 

vivo model, should be used to more accurately test a hypothesis. 

Cells and cell lines used in a lab are categorized into different types, based on 

their life span176. Primary cells are cells that are extracted directly from tissues which can 

come from a biopsy, a surgery, or an animal model. These cells can be grown in a 

vessel using a similar method described previously176. Primary cells become cell lines 

once they are passaged into a new culture vessel and maintained. Generally, cell lines 

will continue to proliferate until they become senescent. However, genetic modifications 

can extend the replication ability of cells. On the other hand, aggressive cancer cell lines 

tend be immortalized, meaning they can continuously replicate and will not reach 

senescence. 

Using immortal cell lines as study models can be beneficial as they are cost 

effective, easy to maintain and expand, and can bypass ethical concerns. Thereby, 

immortal cell lines are commonly used in pre-clinical research, including cancer research 

and therapeutic development. Notably, the establishment of several cell lines has led to 

the emergence of important vaccines and cancer treatment developments. For instance, 

HeLa cell line (cervical cancer cell line) assisted scientists in developing an anti-polio 

vaccine177, and K562 and NB4 cell lines (leukemia cell lines) have driven the 

development of treatments for multiple types of leukemia178,179. These cell lines can 

typically be grown quickly and subsequently utilized for a broad range of in vitro 

experiments. For example, cell lines can be treated with drugs to measure how cells 

respond to the drugs or how certain molecular mechanisms are affected by the drugs. 

The genetic material or proteins can be extracted from the cells to determine the effect 

of the drugs on specific molecular pathways. Moreover, cell proliferation rate or 

apoptosis upon drug treatment can also be measured. 

More importantly, cell lines can be easily manipulated genetically, which can 

provide meaningful information on downstream effects and functions of target genes. For 
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example, the underlying mechanism of how the loss of RB promotes metastasis can be 

investigated by suppressing the expression of RB1 gene in a cell line and observing the 

genotypic as well as phenotypic changes of the cell line. Several genetic editing tools 

are commonly utilized to silence gene expression or even modify DNA sequences. Small 

interfering RNA (siRNA) and short hairpin RNA (shRNA) knockdown protein expression 

by inducing the RNA interference pathway180. An anti-sense strand of siRNA forms a 

complex with a complementary mRNA molecule along with an enzyme which will digest 

the mRNA, preventing its translation to a protein product181. shRNA induces protein 

knockdown through a similar mechanism as siRNA, except the target sequence is 

expressed to form an internal hairpin structure, which is processed prior to hybridizing 

with the targeted mRNA182. A more powerful gene editing tool which is widely used by 

researchers nowadays is clustered regularly interspaced short palindromic repeats 

(CRISPR)-Cas9. Rather than manipulating protein expression at the mRNA level, 

CRISPR-Cas9 has the ability to edit DNA genomic sequences, introducing various types 

of mutations to suppress the expression of the target gene183. This approach provides a 

much more stabilized silencing of protein expression as the corresponding mRNA will 

likely not be transcribed and, therefore, continual and active suppression of newly 

generated mRNA is not required. 

MDA-MB-231 is a well-established TNBC cell line that is widely used in breast 

cancer research. The cell line was derived from a 51-year-old, Caucasian female patient 

with metastatic breast adenocarcinoma184. This cell line is particularly easy to maintain 

and replicates rapidly, making it a suitable model for efficient experimental data 

collection. More importantly, MDA-MB-231 expresses a mutant form of p53, R280K 

p53185, which will allow us to directly compare cancer cell phenotypes as a consequence 

of either a loss of p53 function mutation or the R280K point mutation, which could be 

either a loss or gain of function mutation. The direct comparison will help uncover which 

type of TP53 mutation could drive the aggressiveness of TNBC. As such, MDA-MB-231 

was selected as the parental cell line for the generation of an in vitro model. 

1.5.1. CRISPR Cas-9 technology facilitates genes modification in cell 
line model 

CRISPR-Cas9 is a genomic editing tool derived from a natural immune defense 

mechanism utilized by a wide range of bacterial species183. These bacteria that have 
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been previously infected by viruses will integrate fragments of the viral genetic material 

into their own genome within segments called CRISPR arrays. If the bacteria are then 

infected with the same virus, transcription and processing of the CRISPR array 

generates an RNA molecule that contains a guide sequence complementary to a 

segment of the foreign viral genome (gRNA). This molecule associates with an RNA-

guided endonuclease, such as Cas9, and binds to its complementary sequence on the 

viral genome, allowing the endonuclease to digest and destroy the foreign DNA, 

preventing infection. 

Researchers have used components of this bacterial mechanism to create an 

immensely powerful tool for genomic editing in eukaryotic cells. Cells can be transfected 

with expression vectors encoding both customized gRNA sequences and the Cas9 

endonuclease183. The gRNA can then guide Cas9 to whichever segment of the genome 

the gRNA has been designed to complement, providing the segment contains a 

protospacer adjacent motif (PAM) sequence. At this specific site, Cas9 will generate a 

DNA-double stranded break (DSB) within the targeted segment or gene. DNA repair 

machinery will attempt to mend the DSB in order to maintain genomic stability by two 

main mechanisms, non-homologous end joining and homologous recombination. These 

repair mechanisms often result in insertion/deletion mutations (indels) which introduce 

frameshifts and stop codons, potentially resulting in a functional knockout of the gene. 

Successful gene knockouts can then be screened by single cell colony propagation 

followed by immunoblotting for the gene knockout product of interest. In this way, 

researchers have the ability to create a wide range of different cell lines with stable gene 

knockouts of interest for further study. 

1.6. Rationale 

TNBC patients suffer from a lack of specialized treatments and thus exhibit a 

poor prognosis. The underlying mechanisms which drive TNBC progression and 

metastasis are not well studied; however, TP53 and RB1 are commonly mutated 

together in TNBC. Mutations in TP53 and/or RB1 have evidently been shown to promote 

aggressive tumour progression and metastasis. Hence, creating a TNBC cell line model 

utilizing CRISPR-Cas9 to knockout TP53 and RB1 could provide a useful tool to unveil 

the tumour progression driving mechanisms controlled by p53 and RB. The valuable 
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information gained from experimentation on this model could prove beneficial to the 

eventual development of therapeutics for TNBC. 

1.7. Hypothesis 

We hypothesize that our established TP53 and RB1 knockout cell lines will 

exhibit an enhancement in tumour aggressive traits, specifically in increased cell cycle 

progression, elevated metastasis-promoting genes expression, and better response to 

chemoattractant for migration. We further hypothesize that TP53 – RB1 double knockout 

(DKO) MDA-MB-231 will be the most aggressive, compared to TP53 or RB1 single 

knockout. 

1.8. Objectives 

The aim of this thesis is to generate cell line models to elucidate the role of 

concomitant mutations in TP53 and RB1 in promoting TNBC aggressiveness. Our 

specific objectives are: 

1. To genetically modify the MDA-MB-231 cell line by knocking out both 
TP53 and RB1 utilizing CRISPR-Cas9 technology 

2. To validate that the established cell lines present changes in the 
molecular mechanisms regulated by p53 and/or RB under normoxic 
and hypoxic conditions. The specific mechanisms include: 

• Cell distribution in different phases of cell cycle 

• Expression of metastatic-promoting genes 

• Migration of cells via responding to chemoattractant 
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Chapter 2.  
 
Experimental Procedures 

2.1. Cell culture 

MDA-MB-231 (ATCC) cells were cultured in Dulbecco's Modified Eagle Medium, 

high glucose, glutaMAX (DMEM; Gibco) supplemented with 10% Fetal Bovine Serum 

(FBS; Gibco) and 1% of 10,000 units (U)/mL penicillin and 10,000 µg/mL streptomycin 

(Pen/Strep; Gibco). Cells were incubated in a humidified incubator at 37°C and 5% CO2. 

Once cells reach approximately 80% confluency, cells were passaged at a 1:20 split 

ratio to allow cells to continue to grow. To passage cells, cell media was aspirated, and 

cells were washed with warm 1x phosphate-buffered saline (PBS - 137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4). Subsequently, PBS was 

removed, and cells were detached by incubating with a small volume of Trypsin EDTA 

(0.25% Trypsin, 0.1% EDTA; Corning) for 1 min at room temperature. For a 10-cm tissue 

culture plate, 1 mL of Trypsin EDTA was used. Once cells were detached, 4 mL of 

culture media was added to neutralize Trypsin EDTA. Cells were then passaged on to a 

new tissue culture plate. 

2.2. CRISPR-Cas9 gene knockout 

TP53-knockout (KO), RB1-KO, and TP53-RB1-double knockout (DKO) MDA-MB-

231 cell lines were generated in collaboration with Robert Payer from the Beischlag lab, 

Faculty of Health Sciences (FHS), Simon Fraser University (SFU). TP53-KO and RB1-

KO MDA-MB-231 cell lines were generated by Robert Payer (Table 2.1), and I 

generated TP53-RB1 DKO cell lines by knocking out TP53 from one of the RB1-KO 

MDA-MB-231 cell lines generated by Robert Payer. The list of sgRNA sequences used 

by Robert Payer can be found in Appendix A.  
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Table 2.1. Knockout cell lines generated by Robert Payer 

Knockout cell lines Referred to as 

TP53-KO1 MDA-MB-231 (sgRNA 3-3) p53-KO1 

TP53-KO2 MDA-MB-231 (sgRNA 4-7) p53-KO2 

RB1-KO1 MDA-MB-231 (sgRNA 3-1) RB-KO1 

RB1-KO2 MDA-MB-231 (sgRNA 4-1) RB-KO2 

Note: The first number to follow sgRNA indicates the specific sgRNA sequence found in Appendix A. The next 
number indicates the specific clone. 

2.2.1. CRISPR-Cas9 plasmid preparation 

pSpCas9(BB)-2A-Neo, which will be referred to as PX495-Neo from here 

onward, was a gift from Ken-Ichi Takemaru (Addgene plasmid # 127762; 

http://n2t.net/addgene:127762 ; RRID:Addgene_127762) and it was used as a backbone 

plasmid (Figure 2.1). To prepare the plasmid for single guide RNA (sgRNA) insertion, 1 

µg PX459-Neo was digested with 10 U BbsI enzyme from New England Biolabs (NEB) 

in 10x NEBuffer 2.1 (NEB). The reaction was incubated in a 37 °C water bath for 3.5 h 

followed by heat inactivation in a 65 °C water bath for 20 min. The digested PX459-Neo 

plasmid was loaded and ran on a 0.8% agarose gel and was purified from the gel 

utilizing the Monarch DNA Gel Extraction Kit (NEB) as per manufacturer’s protocol. 

http://n2t.net/addgene:127762
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Figure 2.1. pSpCas9(BB)-2A-Neo (PX459-Neo) Plasmid Map 
A simplified PX459-Neo plasmid map, showing the important components including origin of 
replication (Ori), gRNA scaffold, Cas9, neomycin resistance gene (NeoR), ampicillin resistance 
gene (AmpR), and digestion sites for Not I and Bbs I. The figure was generated by PlasmaDNA 
Software. 

sgRNA oligos targeting TP53 (Table 2.2) were designed using a web-based tool, 

CHOPCHOP186, with the following parameters - Target: TP53, In: Homo sapiens 

(hg38/GRCh38), Using: CRISPR/Cas9, For: Knock-out. Four sgRNA sequences were 

selected using the following guidelines: 40 – 80% GC content, no direct off-targets, and 

targets the conserved exons in all of the p53 isoforms. 

Table 2.2. sgRNA sequences targeting TP53 

sgRNA Sequence (5′ → 3′) 
Targeted 

TP53 Exon 

Amino acid 
preceding 
the cut site 

Targeted 
p53 domain 

sgRNA 1 
F: caccgCCGGTTCATGCCGCCCATGC  

R: aaacGCATGGGCGGCATGAACCGGc 
Exon 6 N247 DBD 

sgRNA 2 
F: caccgCAGACCTCAGGCGGCTCATA 

R: aaacTATGAGCCGCCTGAGGTCTGc  
Exon 5 Y220 DBD 

sgRNA 3 
F: caccgGCGCCGGTCTCTCCCAGGAC 

R: aaacGTCCTGGGAGAGACCGGCGCc 
Exon 7 C277 DBD 

sgRNA 4 
F: caccgGGTGCCCTATGAGCCGCCTG 

R: aaacCAGGCGGCTCATAGGGCACCc 
Exon 5 P222 DBD 

Note: F = forward, R = reverse. Lowercase sequences indicate specific sequence required for plasmid cloning. 
Uppercase sequences indicate specific targets on TP53. DBD = DNA binding domain. 



37 

The designed sgRNA oligos were purchased from Integrated DNA Technology (IDT) and 

were re-constituted in TE buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA). To prepare the 

sgRNA oligos for ligation into the PX459-Neo plasmid, 100 µM of forward and reverse 

sgRNA oligos were simultaneously phosphorylated by 10 U T4 polynucleotide kinase 

(NEB) in 10x T4 polynucleotide buffer (NEB) and annealed using a thermocycling 

program.  

Thermocycling parameters: 

37 °C  30 min 

95 °C 5 min 

95 °C → 25 °C 5 °C/min 

Fifty ng of the digested PX459-Neo plasmid and 1 µL of each phosphorylated sgRNA 

duplex were subsequently ligated by 5 U T4 DNA ligase (NEB) in 10x T4 ligase buffer 

(NEB). The reactions were incubated at room temperature for 2 h. The ligated product 

was later transformed into competent TOP10 Escherichia coli (E. coli) by adding 5 µL of 

the product into 50 µL of the bacterial cells and mixing gently. The cells were incubated 

on ice for 20 min, followed by a heat shock incubation in a 42 °C water bath for 45 

seconds (sec). Afterwards, the transformed bacteria were incubated on ice for 2 min 

before plating onto Luria-Bertani agar containing 100 µg/mL ampicillin (Amp), selecting 

for bacterial colonies containing PX459-Neo plasmid expressing an ampicillin resistant 

gene (Figure 2.1). The plated bacteria were grown overnight (12 – 16h) at 37 °C. 

Approximately 20-30 colonies were observed per plate compared to 0 colonies for the 

negative control, which was plated with TOP10 E. coli transformed with 5 µL Milli-Q 

water. To purify the ligated plasmid, well-isolated single colonies were inoculated into 5 

mL of lysogeny broth (LB), containing 100 µg/mL Amp, and the bacterial culture was 

agitated (225 revolution per min) at 37 °C overnight (12 – 16h). The plasmids were 

purified using QIAprep Spin Miniprep Kit (QIAGEN) according to manufacturer’s protocol 

and eluted with nuclease-free water.  

To validate the successful insertion of sgRNA into the PX459-Neo plasmid, a 

restriction digestion of 1 µg of the purified plasmids by 10 U BbsI and 20 U NotI-HF 

enzymes was setup in NEBuffer 2.1 (NEB).The reactions were incubated in a 37 °C 

water bath for 3.5 h and subsequently ran on a 0.8% agarose gel to monitor the ability of 

enzymes to digest at their restriction sites. If the sgRNA was successfully inserted into 
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the PX459-Neo plasmid, the BbsI digestion site would be destroyed. This would result in 

a singular linearized plasmid, as only NotI-HF will have an intact restriction site to digest. 

On the other hand, if the plasmid spontaneously re-ligated prior to sgRNA insertion or 

sgRNA simply failed to insert, both restriction sites would remain intact. Therefore, the 

plasmid would be digested by both BbsI and NotI-HF, resulting in two distinct DNA 

plasmid fragments. In my case, all four reactions (one for each sgRNA) exhibited a 

single band on the agarose gel, indicating the successful insertion of all sgRNA 

candidates. 

2.2.2. Transfection of CRISPR-Cas9 plasmids into MDA-MB-231 cells 

The plasmid delivery cell transfection method chosen for this research was 

lipofection, a liposome-based method for DNA product delivery into cells187. At 24 h prior 

to transfection, RB1-KO2 MDA-MB-231 cells, which will be referred to as RB-KO2 from 

here onward, were seeded onto a 6-well tissue culture dish, targeted at approximately 

40% - 50% confluency. Plasmid constructs with the four candidate sgRNA insertions 

were transfected independently, along with a negative control plasmid containing no 

sgRNA insertions. Lipofectamine 3000 Transfection Reagent (Invitrogen) was used to 

transfect the cells as per manufacturer’s protocol, with the exception of replacing the 

Opti-MEM I Reduced Serum Medium (Gibco) with Dulbecco's Modified Eagle Medium 

with 4.5 g/L glucose, 0.11 g/L sodium pyruvate, without L-glutamine and phenol red 

(Corning). 2.5 µg of each prepared CRISPR-Cas9 plasmid construct was transfected 

into RB-KO2 cells. At 24 h after transfection, the culture media was replaced with DMEM 

supplemented with 10% FBS and 1% Pen/Strep to allow recovery of cells from the 

transfection process. At 48 h after transfection, media was replaced with DMEM 

supplemented with 10% FBS and 1% Pen/Strep with an addition of geneticin selective 

antibiotic (G418 sulfate) (Gibco) at 1 mg/mL, to select for cells expressing the neomycin-

resistance gene from the transfected plasmid (Figure 2.1). Culture media was replaced 

every 2-3 days until all the parental cells (untransfected) were dead. Surviving resistant 

cells were diluted to 0.5 cells/ 200 µL, and 200 µL of resuspended cells were plated onto 

each well of 96-well plates for single-colony selection. After incubation at 37 °C for 

several days, wells with small single colonies (likely originating from a single cell) were 

identified and expanded to screen for successful knockout. 
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2.2.3. Immunoblotting for TP53 knockout screening 

Immunoblotting was used to screen for cells in which TP53 was successfully 

knocked out, by confirming the absence of p53 protein expression. The identified single 

colonies from 96-well plates were expanded until they reached approximately 90% 

confluency on a 10-cm tissue culture plate. At this point, cells were harvested for 

immunoblotting. The culture media was aspirated, and cells were washed with ice-cold 

1x PBS. Cells were dislodged from the plate using a cell scraper and transferred into a 

microfuge tube. Subsequently, cells were pelleted by centrifugation at 1000 x g for 5 min 

at 4 °C. The supernatant was removed, and the cell pellet was resuspended and lysed 

on ice for 1 h in 200 µL of RIPA buffer (150 mM NaCl, 10 mM NaF, 50 mM Tris-HCl pH 

7.4, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5% Sodium deoxycholate, 1/2800 β-

mercaptoethanol (β-ME)) supplemented with 1x protease inhibitor cocktail (BioShop). 

During incubation, the cells were periodically vortexed every 15 min. After lysis, cells 

were centrifuged at 17,000 x g for 15 min at 4 °C. The supernatant (cell lysate) was 

collected and protein quantification was performed by the reducing agent and detergent 

compatible (RC DC) protein assay using the reagents and protocol provided by the RC 

DC protein assay kit (BioRad). Using the SmartSpec Plus Spectrophotometer (BioRad), 

the absorbance of each lysate was measured at 750 nm. The protein concentration was 

quantified according to Beer-Lambert law188 against a generated standard curve. All 

samples were then diluted in RIPA buffer to the same protein concentration and equal 

volume of each sample was loaded on a 10% SDS-PAGE gel. The gel was run at 60 V 

until the dye front entered the resolving gel (30 min) and then at 110 V until the dye front 

ran off the gel edge. The protein content of the gel was transferred at 4 °C, overnight (15 

h) at 4 mÅ to polyvinylidene fluoride membranes (PVDF, Thermo Fisher) submerged in 

Towbin Transfer Buffer (25 mM Tris, 192 mM glycine, 20% v/v methanol, pH 8.3) using a 

Western Blot transfer sandwich setup. The membranes were air dried and re-activated 

by submerging briefly in methanol. To minimize non-specific binding of antibodies, 

membranes were blocked with 5% skim milk in 1x Tris-buffered saline - Tween (TBS-T, 

2.5 mM Tris, 140 mM NaCl, 2.5 mM KCl, 0.5% Tween-20) and incubated at room 

temperature for 1 h. The membranes were thoroughly washed with 1x TBS-T before 

incubation with primary antibody (probing against either β-tubulin (β-tub), p53, or RB) 

overnight at 4 °C. The membranes were then thoroughly washed with 1x TBS-T 3 times 

for 10 min each. After the washes, the membranes were incubated with horseradish 
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peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature, followed 

by 3 more washes with 1x TBS-T. The immunoblots were visualized using the 

chemiluminescence property of HRP by incubating the membranes with Immobilon 

Crescendo Western HRP substrate (Millipore) for 5 min. GeneSnap software (Syngene) 

was used to image the immunoblots and GeneTools (Syngene) was used for band 

quantification. Band intensity of the protein of interest was normalized against β-tub 

(band intensity on the blot from the same sample. 

2.2.3.1 Antibodies for immunoblotting 

Primary Antibodies: 

• p53 – 1/1000 of Recombinant Anti-p53 antibody [E26] (ab32389) (Abcam) 

• RB – 1/2000 of Recombinant Anti-Rb antibody [EPR17512] (ab181616) 
(Abcam) 

• β-tub – 1/10000 of Anti-beta Tubulin antibody – Loading Control (ab6046) 
(Abcam) 

Anti-p53 and Anti-RB antibodies are rabbit monoclonal. Anti-β-tubulin antibody is rabbit 

polyclonal. The antibodies were diluted in 1x TBS-T 0.05% sodium azide. 

Secondary Antibody: 

Goat Anti-Rabbit IgG H&L Horseradish Peroxidase (HRP) - conjugated (HRP) 

(ab6721) (Abcam). The antibody was diluted in 5% skim milk 1x TBS-T with 1/10000 

dilution factor. 

2.3. Flow cytometry-based cell cycle assay 

Guava cell cycle reagent (Luminex) was used to determine the proportions of 

cells in different phases of the cell cycle, based on DNA content. The reagent contains 

propidium iodine which binds to DNA. The measured intensity of the propidium iodine 

dye is proportional to the DNA quantity in the cells. The experiment was setup as per the 

manufacturer’s protocol for the high-throughput Guava system. TP53-KO, RB1-KO, 

TP53-RB1-DKO MDA-MB-231 cells, as well as MDA-MB-231 cells transfected with 

PX459-Neo plasmid without sgRNA insertion (vector control), and untransfected MDA-

MB-231 cells (parental) were seeded onto a 12-well tissue culture plate to a targeted 
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60% confluency. Cells were incubated for 48 h in a humidified incubator at 37 °C, 5% 

CO2, and either under normoxia (20% O2) or hypoxia (1% O2). Subsequently, cells were 

trypsinized and transferred onto a 96-well plate (each sample in triplicate). The cells 

were fixed with ice-cold 70% ethanol, followed by staining with Guava cell cycle reagent 

(Luminex). Cell cycle analysis was performed by Guava easyCyte Flow Cytometer 

(Luminex) using InCyte 3.1 program from GuavaSoft Software with the setting 

parameters described in the manufacturer’s protocol. A minimum of 2000 gated events 

for each sample were collected. The percentage of cells in each phase of cell cycle was 

determined by FlowJo analysis software, using the Watson Pragmatic algorithm from the 

Cell Cycle analysis tool of the software. 

2.4. Quantitative Polymerase Chain Reaction (qPCR) 

TP53-KO, RB1-KO, TP53-RB1-DKO, vector control, and parental MDA-MB-231 

cells were cultured to approximately 85% confluency on a 10-cm tissue culture plate. 

Cells were further incubated in a humidified incubator for 24 h at 37 °C and 5% CO2, 

either under normoxia (20% O2) or hypoxia (1% O2). After incubation, cells were washed 

with ice-cold 1x PBS and RNA samples were extracted from the cells using TRI Reagent 

Solution (Invitrogen) following the manufacturer’s protocol. The RNA quantity and quality 

was assessed using the NanoDrop 2000 Spectrophotometer (Thermo Fisher). To test for 

RNA degradation, the RNA extracts were run on a 1% agarose gel with 0.5% v/v bleach 

via electrophoresis. Next, cDNA was generated from 2 µg of RNA from each cell line by 

performing a reverse transcription reaction using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems). The reaction was setup as per the 

manufacturer’s protocol  

Thermocycling parameters: 

25 °C  10 min 

37 °C 120 min 

85 °C  5 min 

4 °C hold 

To amplify and detect specific cDNA, qPCR was setup using the PowerUp SYBR Green 

Master Mix (Applied Biosystems). The synthesized cDNA was diluted 1/15 in nuclease-
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free water and 3 µM of forward and reverse primer mix was used. Each sample was run 

in triplicate for each of three different targeted genes of interest (CXCR4, PLOD2, and 

ANGPTL4) and a β-actin housekeeping gene, with the following thermocycling program: 

Thermocycling parameters: 

45 Cycles: 

95 °C 15 s 

60 °C 60 s 

Melt Curve: 

95 °C 15 s 

60 °C  60 s 

60 °C → 95 °C 0.3 °C/min 

95 °C  15 s 

qPCR output was analyzed by StepOnePlus System (Applied Biosystems). Primers 

were ordered from IDT and their sequences can be found in Table 2.3. 

Table 2.3. Primer sequences for qPCR 

Gene Forward primer (5′ → 3′) Reverse primer (5′ → 3′) 

CXCR4 TCTGTGACCGCTTCTACC  AGGATGAGGATGACTGTGG 

PLOD2 GCGTTCTCTTCGTCCTCATC GTGTGAGTCTCCCAGGATGC 

ANGPTL4 TCCACCGACCTCCCGTTAG CTGTTCTGAGCCTTGAGTTGTG 

β-actin GAGAAAATCTGGCACCACACC ATACCCCTCGTAGATGGGCAC 

 

Gene expression quantification was computed by extrapolating the obtained cycle 

threshold (Ct) value against the standard curve, generated by a dilution series of cDNA 

from the untransfected MDA-MB-231. The quantified gene expression values for the 

genes of interest were normalized against the gene expression value of the house 

keeping gene, β-actin. 

  



43 

2.5. Boyden chamber migration assay 

The Boyden chamber assay, or transwell migration, was utilized to observe the 

migration ability of TP53-KO, RB1-KO, and TP53-RB1-DKO MDA-MB-231 cells, 

compared to the vector control and parental MDA-MB-231 cells. 24 h prior to seeding for 

the assay, the cells were serum starved by replacing the culture media with DMEM, 

supplemented with 1% Pen/Step (starved media). After 24 h, cells were trypsinized, 

diluted to 200 cells/µL in starved media, and 40,000 cells were seeded onto 6.5 mm 

Tissue Culture Plate Inserts, Polyester (PET) Membrane, 8.0 µm pore size (VWR). 

These inserts sit atop a 24-well tissue culture plate. The wells below the inserts 

contained either starved media as a negative control, or DMEM, supplemented with 10% 

FBS and 1% Pen/Strep, as a chemoattractant to promote migration. Cells were 

incubated for 24 h in a humidified incubator at 37 °C and 5% CO2, either under normoxia 

(20% O2) or hypoxia (1% O2). Each KO cell line was seeded in triplicate under each 

condition. After incubation, the inserts were washed with ice-cold 1x PBS and the cells 

on the inserts were fixed with ice-cold methanol for 15 min, incubated at -20 °C. The 

inserts were washed again with ice-cold 1x PBS and the cells were subsequently stained 

with 0.4% toluidine blue in 1x PBS, incubated at room temperature for 5 min. The inserts 

were gently rinsed with distilled water after staining. Cotton swabs were used to remove 

cells inside the inserts that did not migrate to the other side of the membrane. The 

migrated cells were counted under a light microscope at the 20x objective magnification. 

Three random fields were selected, and the counted cell numbers were averaged. 

2.6. Statistical Analysis 

Each data point represents mean value + standard deviation (SD). All the assays 

were performed in biological triplicate, except for CXCR4 expression and migration 

assays which were done in biological duplicate. The statistically significant values were 

determined by Student’s T-test with two-tailed distribution, using two-sample equal 

variance. P-value < 0.05 is indicated as * and P-value < 0.01 is indicated as **. 
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Chapter 3.  
 
Results 

3.1. TP53 and RB1 were both knocked out from MDA-MB-
231 by CRISPR-Cas9 

To explore the metastasis promoting ability of TP53 and RB1, we generated, 

using CRISPR-Cas9 technology, an in vitro model of TNBC MDA-MB-231 lacking both 

genes. MDA-MB-231 expresses mutant (R280K) p53 and WT RB. To create the double 

KO, we used single TP53 and RB1 KO MDA-MB-231 cell lines previously generated by 

Robert Payer (Table 2.1). In an attempt to knock out the potential p53 isoform presence 

in TP53 KO MDA-MB-231 cell lines (p53-KO1 and p53-KO2, Figure 3.3), I designed a 

new set of sgRNA targeting the conserved domains among p53 isoforms (Table 2.2). 

Subsequently, RB-KO2 was used as the parental cell line to generate TP53 and RB1 

DKO MDA-MB-231 cell lines, with the aim of completely knocking out the potential p53 

isoform as well as the full length p53. Four different sgRNA sequences (Table 2.2) were 

incorporated into a CRISPR-Cas9 plasmid, PX459-Neo. The cells that remained from 

geneticin drug selection after the transfection were expanded and the TP53 knockout 

was validated by an immunoblotting assay. Initially, the cell pools were harvested and 

validated before proceeding to the single colony selection. Cells transfected with sgRNA 

4 showed the greatest decrease in p53 expression levels, whereas sgRNA 3 showed the 

smallest (Figure 3.1). Out of the 41 tested single colonies, 11 showed a loss of 

expression of the main p53 isoform at ~53 kDa (Figure 3.2). However, as the sgRNAs 

were designed to target exons 5-7 of p53, truncated forms of the full length p53 could be 

expressed. For the simplification of the report, the status of p53 protein of the cell lines 

that do not express full length p53 will be referred to as knockout, despite the potential 

expression of the truncated forms. Interestingly, all of the 11 clones that exhibited p53 

KO were transfected with PX459-Neo plasmid incorporated with sgRNA 2 or sgRNA 4, 

suggesting a difference in knockout efficiency among the four sgRNAs. Despite the loss 

of main p53 isoform expression, the prominent band at ~42 kDa remained in all the 

samples. Moreover, clone 4-3 also showed a band at ~35 kDa (Figure 3.2). Knocking 

out TP53 from the RB-KO2 cell line did not alter or recover the expression of RB (Figure 

3.2B). Clones 2-2 and 4-6, which established a successful knockout of both TP53 and 
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RB1 (Figure 3.2) were chosen for subsequent experiments and were referred to as 

DKO1 and DKO2, respectively (Figure 3.3). These two clones were chosen to reduce 

the cell damage from repeated freeze-thaw cycles, as the other clones which exhibited 

p53 KO were already stored at -80 °C. However, these additional clones could be used 

in future validation experiments to further support the data presented in this thesis. 

Table 3.1 contains a full list of knockout cell lines used in the following experiments, 

along with shortened names as to which they will be referred. 

 

Figure 3.1. p53 protein expression status of the transfected cell pools. 
Parental (MDA-MD-231), PX459-Neo without sgRNA-transfected cells (Vector), and cell pool of 
PX459-Neo sgRNA1, sgRNA2, sgRNA3, and sgRNA4 transfected (sgRNA sequences listed in 
Table 2.2) were harvested and lysed. Cell lysate of each sample was run on a 10% SDS-PAGE 
gel followed by transfer of the protein content onto PVDF membranes. p53 was probed by 1/1000 
of Recombinant Anti-p53 rabbit monoclonal antibody [E26] (ab32389, Abcam). β-tub was used as 
a loading control and was probed by 1/10000 of Anti-beta Tubulin polyclonal rabbit antibody – 
Loading Control (ab6046, Abcam). 1/10000 Goat Anti-Rabbit IgG H&L (HRP) (ab6721, Abcam) 
was used as the secondary antibody. 
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Figure 3.2. Single colony selection of TP53 and RB1 DKO MDA-MB-231. 
RB-KO2 cells were lipo-transfected with PX459-Neo plasmid incorporated with either sgRNA 1, 2, 
3, or 4, targeting TP53 (Table 2.2). Successfully transfected cells were selected by Geneticin 
treatment. Subsequently, the cells were diluted in DMEM to 0.5 cells/µL, seeded onto each well 
of 96-well plates, and expanded until there were enough cells to be harvested for an immunoblot. 
Harvested cells were lysed and cell lysate of each sample was run on a 10% SDS-PAGE gel 
followed by transfer of the protein content onto PVDF membranes (A). Cell lysate of all the clones 
that exhibited p53 KO was run on another 10% SDS-PAGE gel and the protein content was 
subsequently transferred onto PVDF membranes (B). p53 and RB were probed by 1/1000 of 
Recombinant Anti-p53 rabbit monoclonal antibody [E26] (ab32389, Abcam) and 1/2000 of 
Recombinant Anti-Rb rabbit monoclonal antibody [EPR17512] (ab181616, Abcam), respectively. 
β-tub was used as a loading control and was probed by 1/10000 of Anti-beta Tubulin polyclonal 
rabbit antibody – Loading Control (ab6046, Abcam). 1/10000 Goat Anti-Rabbit IgG H&L (HRP) 
(ab6721, Abcam) was used as the secondary antibody. Par. refers to the parental, untransfected 
MDA-MB-231. Vector refers to MDA-MB-231 cells transfected with PX459-Neo without sgRNA. 
For each clone, the first number indicates a specific sgRNA and the second number indicates a 
clone number. Clones 2-2 and 4-6, shown in red boxes, were selected for further analyses. 

 

Figure 3.3. p53 and RB protein expression status of cell lines used in the 
validation experiments. 

Parental (MDA-MD-231), PX459-Neo without sgRNA-transfected (Vector), TP53 single knockout 
(p53-KOs), RB1 single knockout (RB-KOs), and double TP53 and RB knockout (DKOs) cells 
were harvested and lysed. Cell lysate of each sample was run on a 10% SDS-PAGE gel followed 
by transfer of the protein content onto PVDF membranes. p53 and RB were probed by 1/1000 of 
Recombinant Anti-p53 rabbit monoclonal antibody [E26] (ab32389, Abcam) and 1/2000 of 
Recombinant Anti-Rb rabbit monoclonal antibody [EPR17512] (ab181616, Abcam), respectively. 
β-tub was used as a loading control and was probed by 1/10000 of Anti-beta Tubulin polyclonal 
rabbit antibody – Loading Control (ab6046, Abcam). 1/10000 Goat Anti-Rabbit IgG H&L (HRP) 
(ab6721, Abcam) was used as the secondary antibody. The full name of each clone is listed on 
Table 3.1. Vector control, p53-KOs, and RB-KOs are approximately 6-7 passages higher than the 
parental control; whereas DKOs are approximately 16-17 passages higher than the parental 
control.  
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Table 3.1. Knockout cell lines used in experiments 

Cell line Short Name 

MDA-MB-231 Parental 

PX459-Neo MDA-MB-231  Vector Control 

TP53-KO1 MDA-MB-231 (sgRNA 3-3) p53-KO1 

TP53-KO2 MDA-MB-231 (sgRNA 4-7) p53-KO2 

RB1-KO1 MDA-MB-231 (sgRNA 3-1) RB-KO1 

RB1-KO2 MDA-MB-231 (sgRNA 4-1) RB-KO2 

TP53-RB1-DKO1 MDA-MB-231 (sgRNA 2-2) DKO1 

TP53-RB1-DKO2 MDA-MB-231 (sgRNA 4-6) DKO2 

Note: The first number to follow sgRNA indicates the specific sgRNA sequence. sgRNA sequences for TP53 and RB1 
single KO can be found in Appendix A. sgRNA sequences for TP53 and RB1 DKO can be found in Table 2.2. The 
next number indicates the specific clone. 

3.2. Flow cytometry reveals complex changes in cell cycle 
regulation networks in TP53 and RB1 knockouts 

Both p53 and RB play direct and indirect roles in cell cycle regulation. In order to 

monitor the effect of their knockouts on MDA-MB-231 TNBC cell lines, I employed the 

Guava cell cycle assay, which stoichiometrically measures the amount of DNA in the 

cells of each knockout. A proportional distribution of the number of cells in each phase is 

generated to determine if the cell cycle has been disrupted (Figure 3.4). Accumulation of 

cells in the G1 phase indicates G1/S arrest, whereas accumulation of cells in the G2 

phase indicates G2/M arrest. I compared the relative distributions of cells in these cell 

cycle phases between the vector control and p53-KOs, RB-KOs, and DKOs, under both 

normoxia and hypoxia. 
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Figure 3.4. A representative cell cycle distribution of MDA-MB-231. 
Untransfected MDA-MB-231 cells were distributed into three cell cycle phases according to the 
measured propidium iodine intensity, which is proportional to DNA quantity. Cells were seeded to 
a targeted confluency of 60% and incubated in a humidified incubator at 37 °C, 5% CO2, and 20% 
O2 for 48 h. Subsequently, cells were fixed with ice-cold 70% ethanol and stained with Guava cell 
cycle reagent (Luminex). Percentages of cell distribution in phases G1, S, and G2/M were 
analyzed by Guava easyCyte Flow Cytometer (Luminex) using the InCyte 3.1 program from the 
GuavaSoft software. A minimum of 2000 gated samples were collected. The data collected was 
analyzed by FlowJo analysis software. Cell cycle analysis was applied to the gated cells. G1 
(blue) and G2 (green) peaks were determined using Watson Pragmatic model. S phase 
population (yellow) falls between G1 and G2 population. 

Under normoxia, the vector control exhibited a cell cycle phase distribution of 

44.9% G1, 22.5% S, and 13.2% G2 (Figure 3.5A), with the remaining cells being 

broadly distributed in the DNA quantity range higher than G2. G1 distribution was not 

significantly different when comparing the vector control to any knockout lines (Figure 

4.3A). However, p53-KO1, DKO1, and DKO2 showed a significant increase in the 

distribution of cells in the G2 phase compared to the vector control, with G2 distributions 

of 22.6%, 17.2%, and 23.1%, respectively (Figure 3.5A). p53-KO1 also had an 

accompanying drop in S phase distribution to 15.6% (Figure 3.5A). 

Under normoxia, direct comparisons between p53-KOs and DKOs cell cycle 

distributions were made to determine if the loss of RB further disrupts cell cycle 

regulation in the absence of p53. G1 phase distributions remained relatively similar 

between the p53-KO1 and DKOs (42.20% vs. 44.86% and 39.59%) (Figure 3.5A). 

However, DKO1 exhibited a substantial increase in S phase distribution compared to 
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p53-KO1 (22.53% vs. 15.64%) (Figure 3.5B). Moreover, both DKO1 and DKO2 had an 

increase in G2 phase distribution compared to p53-KO2 (17.2%/23.1% vs. 14.0%, 

respectively) (Figure 3.5B). Conversely, DKO1 showed a significant reduction in G2 

distribution compared to p53-KO1 (Figure 3.5B). This revealed that different KO clones, 

despite having the same gene knocked out, can behave differently in the context of cell 

cycle activity. 

Differences in cell cycle distributions of RB-KOs vs DKOs may reveal how p53 

regulates the cell cycle in the absence of RB and if regulatory functions are completely 

disrupted when both p53 and RB are knocked-out. Although the RB-KOs did not have 

significant changes in cell cycle distribution under normoxia compared to the vector 

control, both RB-KO1 and RB-KO2 had a significantly higher accumulation of cells in G1 

(53.0% and 55.5%, respectively) compared to both DKO1 and DKO2 (44.9% and 39.6%, 

respectively) (Figure 3.5C). Accompanying this, both DKO1 and DKO2 exhibited an 

increase in G2 accumulation compared to RB-KO2 (17.2%/23.1% vs. 14.5%, 

respectively) (Figure 3.5C). Comparing results between RB-KO2 and the DKOs is 

especially valuable as both DKO lines stem from RB-KO2 originally. 
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Figure 3.5. Cell cycle phase distribution by p53 and RB expression status under 
normoxia. 

Cell cycle phase distribution of each cell line is plotted as a bar graph, with percentage of total 
cells within each specific cell cycle phase plotted on the y-axis. Statistical comparisons of each 
cell line to the vector (A), direct comparisons between p53-KOs vs. DKOs (B), and RB-KOs vs. 
DKOs (C) were analyzed. Cells were seeded to a targeted confluency of 60% and incubated in a 
humidified incubator at 37 °C, 5% CO2, and 20% O2 for 48 h. Subsequently, cells were fixed with 
ice-cold 70% ethanol and stained with Guava cell cycle reagent (Luminex). Percentages of cell 
distribution in phases G1, S, and G2/M were analyzed by Guava easyCyte Flow Cytometer 
(Luminex) using the InCyte 3.1 program from the GuavaSoft software. A minimum of 2000 gated 
samples were collected. The data collected was analyzed by FlowJo analysis software. Error bars 
represent standard deviation. The statistical analysis was done using Student’s T-test. *, ** 
indicate p-value < 0.05 and < 0.01, respectively. 

The cell cycle phase distributions were also monitored with the same set of 

knockout cell lines and controls under hypoxic conditions (1% O2). This was done to 

determine if changes in molecular machinery and pathways that are regulated by 

hypoxia affect the progression of the cell cycle, in the context of p53-KO, RB-KO, and 

DKO. When compared to the vector control, the only significant changes in phase 

distribution observed under hypoxia was an increase in G2 for both p53-KO1 and DKO2 

(12.7% for control, 22.6% for p53-KO1, and 26.9% for DKO2) (Figure 3.6). Interestingly, 

this increase in G2 cell distribution in DKO2 was significant when compared against 

every other cell line in the experiment, except p53-KO1 (Figure 3.6B-C). This showed 

that this particular DKO may be prone to G2/M arrest in the context of tumour cells under 

both normoxia and hypoxia. 
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Figure 3.6. Cell cycle phase distribution by p53 and RB expression status under 
hypoxia. 

Cell cycle phase distribution of each cell line is plotted as a bar graph, with percentage of total 
cells within each specific cell cycle phase plotted on the y-axis. Statistical comparisons of each 
cell line to the vector (A), direct comparisons between p53-KOs vs. DKOs (B), and RB-KOs vs. 
DKOs (C) were analyzed. Cells were seeded to a targeted confluency of 60% and incubated in a 
humidified incubator at 37 °C, 5% CO2, and 1% O2 for 48 h. Subsequently, cells were fixed with 
ice-cold 70% ethanol and stained with Guava cell cycle reagent (Luminex). Percentages of cell 
distribution in phases G1, S, and G2/M were analyzed by Guava easyCyte Flow Cytometer 
(Luminex) using the InCyte 3.1 program from the GuavaSoft software. A minimum of 2000 gated 
samples were collected. The data collected was analyzed by FlowJo analysis software. Error bars 
represent standard deviation. The statistical analysis was done using Student’s T-test. *, ** 
indicate p-value < 0.05 and < 0.01, respectively. 
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When directly comparing results between the same cell lines grown under either 

normoxic or hypoxic conditions, there are no significant differences in either G1 or G2 

phase distributions. However, the amount of cells in the S phase decreases for some 

cell lines when hypoxic conditions are introduced (Figure 3.7). This includes RB-KO2 

(decrease from 19.3% to 13.7%), DKO1 (22.5% to 16.0%), and DKO2 (18.3% to 13.9%). 

Loss of cells distributed in the S phase could be another sign of G1/S arrest, as it could 

reveal a lack of cells entering the replication phase. Overall, the many differences in cell 

cycle phase distributions observed in these flow cytometry experiments reveal that p53 

and RB play a complex role in the cell cycle regulation of these TNBC cell lines, both 

under normoxic and hypoxic conditions. 

 

Figure 3.7. Cell population in the S phase of RB-KO2 and DKO were affected by 
hypoxia. 

Cells were seeded to a targeted confluency of 60% and incubated in a humidified incubator at 37 
°C, 5% CO2, and either at 20% O2 (normoxia) or 1% O2 (hypoxia) for 48 h. Subsequently, cells 
were fixed with ice-cold 70% ethanol and stained with Guava cell cycle reagent (Luminex). 
Percentages of cell distribution were analyzed by Guava easyCyte Flow Cytometer (Luminex) 
using the InCyte 3.1 program from the GuavaSoft software. A minimum of 2000 gated samples 
were collected. The data collected was analyzed by FlowJo analysis software. Error bars 
represent standard deviation. The statistical analysis was done using Student’s T-test. *, ** 
indicate p-value < 0.05 and < 0.01, respectively. 
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3.3. Knockout of TP53 and RB1 affect the expression 
patterns of hypoxia-inducible genes 

Mutations in both p53 and RB can directly or indirectly enhance the activity of 

molecular pathways that promote tumour progression and metastasis. To investigate 

how p53 and RB knockout may exacerbate those pathways in MDA-MB-231 TNBC cells, 

I measured the change in expression patterns of three genes that are involved in various 

processes of cancer metastasis: CXCR4, PLOD2, and ANGPTL4, under both normoxic 

and hypoxic conditions. CXCR4 regulates primary tumour cell proliferation and trans-

endothelial migration, PLOD2 assists primary tumour escape and intravasation through 

ECM remodeling, and ANGPTL4 facilitates secondary tissue invasion through 

dissociating endothelial cell-cell junctions. The expression of these three genes under 

normoxia vs. hypoxia was monitored by harvesting RNA and performing qPCR on 

controls, p53-KOs, RB-KOs, and DKOs, and normalizing the results to the mRNA 

expression of the housekeeping gene β-actin. 

Monitoring CXCR4 expression produced some surprising results. As expected, 

the parental MDA-MB-231 TNBC cells exhibited a measurable increase in expression of 

CXCR4 under hypoxia (CXCR4/β-actin normalized expression value shifted from 0.25 

under normoxia to 0.73 under hypoxia) (Figure 3.8A). This general trend continued for 

the other cell lines, though the expression increase was only statistically significant for 

p53-KO1, with the normalized expression value shifting 3-fold from 0.11 to 0.35 (Figure 

3.8). However, the CXCR4 expression level in the vector control increased considerably 

compared to the parental control, suggesting that the transfection process may influence 

CXCR4 expression level. Interestingly, general expression of CXCR4 under both 

normoxia and hypoxia was reduced drastically for many KOs, compared to the vector 

control, including p53-KO1, RB-KO2, DKO1, and DKO2 (Figure 3.8). For example, 

under hypoxia the normalized expression level for the vector control was 10.17, while 

the level for these four knockouts were 0.35, 0.08, 0.01, and 0.15, respectively. 

Surprisingly, CXCR4 expression levels significantly decreased in the DKOs compared to 

some single KOs (Figure 3.8C-D). Under hypoxia, p53-KO2 and RB-KO1 had 

normalized expression of 6.81 and 4.05, respectively, while DKO1 and DKO2 CXCR4 

expression was 0.01 and 0.15, respectively. DKO1 also had significantly reduced 

expression compared to p53-KO1, under both normoxia and hypoxia (Figure 3.8C). 
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Despite low variation between data points of technical replicates, β-actin-

normalized expression levels fluctuated greatly between biological replicates. To both 

mask the effect of this fluctuation and compare the differences between the controls and 

KOs in CXCR4 expression when cells are shifted from normoxia to hypoxia, the fold 

change was plotted for each cell line (Figure 3.8E). This revealed that DKO2 had the 

highest overall fold increase in expression from normoxia to hypoxia, at 6.64. This was 

higher than any other cell line, especially RB-KO1 at a 1.44 increase, a significantly 

smaller increase compared to DKO2. Overall, monitoring CXCR4 expression reveals 

that the gene’s role in cell migration likely changes in different tumour contexts 

depending on the presence or absence of p53 and RB and under normoxia vs. hypoxia. 

However, as the vector control behaved differently from the parental control, these 

observed changes are potentially caused by the off-target effect from the transfection. 
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Figure 3.8. The expression of CXCR4 was influenced by TP53 and/or RB1 
mutations both under normoxia and hypoxia. 

Bar graphs plot relative CXCR4 expression levels, normalized to β-actin expression, in each cell 
line under normoxia and hypoxia (A), with extremely low normalized expression values displayed 
in a separate, re-scaled bar graph, for readability (B). Statistical comparisons of each cell line to 
the vector as well as CXCR4 expression level under normoxia vs. hypoxia of each cell line were 
analyzed. Direct comparisons between p53-KOs vs. DKOs (C), and RB-KOs vs. DKOs (D) under 
hypoxia were analyzed. Fold increase in gene expression from normoxia to hypoxia for each cell 
line, with statistical comparisons of each cell line to the vector, p53-KOs vs. DKOs, and RB-KOs 
vs. DKOs were also analyzed (E). Cells were cultured to ~ 85% confluency and incubated in a 
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humidified incubator at 37 °C, 5% CO2, and either at 20% O2 (normoxia) or 1% O2 (hypoxia) for 
24 h. Subsequently, RNA samples were extracted using TRI Reagent solution (Luminex). mRNA 
was reverse transcribed into cDNA and qPCR was set up using the PowerUp SYBR Green 
Master Mix (Applied Biosystems). CXCR4 expression levels were normalized against the 
expression level of β-actin. Error bars represent standard deviation. Statistical analysis was 
performed using Student’s T-test. *, ** indicate p-value < 0.05 and < 0.01, respectively. 

PLOD2 expression profiles had some similarities with CXCR4, and some obvious 

distinctions, due to its different role in tumour growth and metastasis. The normalized 

PLOD2 expression increased with a normoxia to hypoxia shift for all controls and KO 

lines; however, this increase was only statistically significant for DKO2 (from 0.17 to 

0.60) (Figure 3.9A). Comparative data also produced no significant differences in 

expression levels under normoxia or hypoxia between any tested cell lines (Figure 

3.9A). When fold increase in expression of PLOD2 from normoxia to hypoxia was 

plotted, the only significant difference observed was p53-KO2 having a significant 

greater fold increase (5.62) compared to RB-KO1 (1.60) (Figure 3.9B). This data 

illustrates that hypoxia-inducible mechanisms enhanced by TP53 and RB1 double 

knockout in TNBC may not necessarily involve PLOD2. However, similar to the 

observation made for CXCR4 expression, the vector control behaved differently from the 

parental control; thus, any observed changes are likely caused by the off-target effects 

from the transfection. 
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Figure 3.9. TP53 and/or RB1 mutations did not affect PLOD2 expression neither 
under normoxia nor hypoxia. 

Bar graphs plot relative PLOD2 expression levels, normalized to β-actin expression, in each cell 
line under normoxia and hypoxia (A). Statistical comparisons of each cell line to the vector as well 
as PLOD2 expression level under normoxia vs. hypoxia of each cell line were analyzed. Fold 
increase in gene expression from normoxia to hypoxia for each cell line, with statistical 
comparisons of each cell line to the vector were also analyzed (B). Cells were cultured to ~ 85% 
confluency and incubated in a humidified incubator at 37 °C, 5% CO2, and either at 20% O2 
(normoxia) or 1% O2 (hypoxia) for 24 h. Subsequently, RNA samples were extracted using TRI 
Reagent solution (Luminex). mRNA was reverse transcribed into cDNA and qPCR was set up 
using the PowerUp SYBR Green Master Mix (Applied Biosystems). PLOD2 expression levels 
were normalized against the expression level of β-actin. Error bars represent standard deviation. 
Statistical analysis was performed using Student’s T-test. * indicates p-value < 0.05. 
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ANGPTL4-targeted qPCR expression data, again, suggested that the gene is 

hypoxia-inducible in MDA-MB-231 TNBC cells (Figure 3.10A). Under the circumstances 

of untransfected cells, the normalized expression increase was drastic, rising from 0.05 

under normoxia to 0.99 under hypoxia. This pattern of drastic increases continued for all 

transfected cells, with statistical significance identified for DKO2 (from 0.03 to 0.50). 

Overall, the hypoxia-inducible expression of ANGPTL4 was the most significant among 

the three genes evaluated by qPCR in this study. When comparing the normalized 

ANGPTL4 expression between cell lines, no significant differences or patterns were 

observed, not under normoxia nor hypoxia. 

Fold increase in ANGPTL4 expression for cells under hypoxia vs. normoxia was 

also monitored and revealed some significant patterns (Figure 3.10B-C). Though the 

vector control exhibited an overall higher expression of ANGPTL4, both under normoxia 

and hypoxia, compared to the parental control, the fold increase did not differ. p53-KO2, 

RB-KO2, and DKO1 had a strong hypoxia-inducible effect on expression, with fold 

increases of 50.34, 73.79, and 52.70, respectively. These were all significantly greater 

than the fold increase of the vector control, at 20.99 (Figure 3.10B). Interestingly, the 

fold increase was measurably higher for DKO1 (52.70) compared to RB-KO1 (25.39) 

(Figure 3.10C), suggesting the possibility that double knockout of p53 and RB could 

enhance hypoxic inducible effects in some contexts. 
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Figure 3.10. The expression of ANGPTL4 was influenced by TP53 and/or RB1 
mutations both under normoxia and hypoxia. 

Bar graphs plot relative ANGPTL4 expression levels, normalized to β-actin expression, in each 
cell line under normoxia and hypoxia (A). Statistical comparisons of each cell line to the vector as 
well as ANGPTL4 expression level under normoxia vs. hypoxia of each cell line were analyzed. 
Fold increase in gene expression from normoxia to hypoxia for each cell line, with statistical 
comparisons of each cell line to the vector were also analyzed (B), with a direct comparison 
between RB-KOs vs. DKOs presented in a separate graph (C). Cells were cultured to ~ 85% 
confluency and incubated in a humidified incubator at 37 °C, 5% CO2, and either at 20% O2 
(normoxia) or 1% O2 (hypoxia) for 24 h. Subsequently, RNA samples were extracted using TRI 
Reagent solution (Luminex). mRNA was reverse transcribed into cDNA and qPCR was set up 
using the PowerUp SYBR Green Master Mix (Applied Biosystems).  ANGPTL4 expression levels 
were normalized against the expression level of β-actin. Error bars represent standard deviation. 
Statistical analysis was performed using Student’s T-test. *, ** indicate p-value < 0.05 and < 0.01, 
respectively. 

Overall, the expression data presented here represented just a small snapshot of 

the complex hypoxia-inducible gene expression profile of TNBC tumour cells. The three 

representative genes chosen appear to act as hypoxia-inducible in the MDA-MB-231 

cancer model. Their relationship to regulation by p53 and RB appears to be complex in 

this model, but no definite conclusions can be drawn as the vector control reveals that 

there is likely an off-target effect caused by the transfection process.  

3.4. Neither hypoxic conditions nor knocking out TP53 and 
RB1 enhanced MDA-MB-231 cell migration ability 

As previously discussed, mutations in both p53 and RB play a complex and 

multifaceted role in cancer cell metastasis. Enhanced migration ability of cells is an 

important hallmark of metastatic tumours. To measure the migratory properties of the 

p53-KOs, RB-KOs, and DKOs, I employed the Boyden Chamber assay, in which cells 

are seeded on top of a porous, semi-permeable membrane and the number of cells that 

traverse this membrane is quantified. A negative control for migration was set up for all 

cell lines tested, in which the media that cells can migrate into across the membrane 

does not contain the chemoattractant FBS. As expected, minimal to no cells were able to 

migrate in these control experiments, both under normoxia and hypoxia. The 

experimental assay, in which an increasing FBS gradient was presented to cells that 

could traverse the membrane, resulted in a drastic increase in the number of migrated 

cells across all control and knockout cell lines, for both normoxic and hypoxic conditions 

(Figure 3.11). 
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Despite relatively high counts, the number of migrated cells varied drastically 

between experiments. Each biological replicate was composed of 3 technical replicates 

and within each technical replicate, cells within 3 separate fields of view were counted 

and averaged. Migrated cell numbers remained very consistent between technical 

replicates, however, differences in counts between biological replicates were large. 

These discrepancies were as drastic as 3-fold for some cell lines. For example, the most 

radical difference between biological replicates occurred with DKO1 (Figure 3.11A). 

Under normoxia, biological replicate raw counts differed from 120 to 425 and under 

hypoxia they shifted from 58 to 385 (data not shown). As a result, there was no statistical 

significance observed when comparing the cell migration abilities between any KO 

clones used in the experiments. This was true under both normoxic and hypoxic 

conditions. When comparing the difference in migrated cell numbers between normoxia 

and hypoxia, for the same clone, I also observed no significant change for any control or 

knockout lines (Figure 3.11A). These results reveal a few possibilities: either the p53 

and RB knockouts have little to no effect on the MDA-MB-231 tumour cell migration 

ability, the knockout effect is extremely sporadic and not fully captured in this limited 

data set, or uncontrollable error is not being accounted for between biological replicates. 

To potentially eliminate any systematic error that may spontaneously occur 

between biological replicates, the fold change of migrated cell counts for cells under 

normoxia vs. hypoxia was calculated for individual biological replicates before averaging 

the replicates (Figure 3.11B). This change in cell migration ability under normoxia vs. 

hypoxia was observed for each control and knockout. There was still no significant 

difference in this change between cell lines. In a final attempt to eliminate potentially 

uncontrollable count fluctuation between biological replicates, the raw counts for all 

knockout lines were normalized to the vector control before averaging. This also did not 

reveal any significant patterns or changes in cell migration abilities between clones or 

between normoxia vs. hypoxia (Figure 3.11C). Ultimately, this data reveals that with 

these specific cell lines and under the specific conditions of this cell migration assay, 

there is no discernable change in cell migration with the knockout of p53, RB, or both, 

and hypoxic conditions do not introduce any changes to this cell migration ability. 
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Figure 3.11. Mutations in TP53 and/or RB1 showed a minimal effect on MDA-MB-
231 cell migration. 

Bar graphs plot the average raw # of cells migrated per field viewed under 20x objective lens 
under normoxia and hypoxia for each cell line (A). Fold change in the average # of cells migrated 
from normoxia to hypoxia of each cell line was analyzed (B). The average # of cells migrated for 
each cell line under normoxia and hypoxia were also normalized to the vector control (C). Cells 
were cultured in a serum starved media for 24 h. 4 x 104 cells were seeded onto 6.5 mm Tissue 
Culture Plate Inserts, Polyester (PET) Membrane, 8.0 µm pore size (VWR). The inserts were 
placed on top of the wells of 24-well tissue culture plates filled with either serum starved media 
(no FBS) or DMEM with 10% FBS. Cells were incubated in a humidified incubator at 37 °C, 5% 
CO2, and either at 20% O2 (normoxia) or 1% O2 (hypoxia) for 24 h. Subsequently, cells were fixed 
with -20 °C methanol and stained with 0.4% toluidine blue. The stained/migrated cells were 
counted under a light microscope at a 20x objective magnification. Error bars represent standard 
deviation. Statistical analysis was performed using Student’s T-test. There was no significant 
difference in cell migration when comparing each cell line to the vector. 
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Chapter 4.  
 
Discussion 

Specific treatments for TNBC remain underdeveloped as the underlying 

mechanisms that drive TNBC to progress more aggressively than other breast cancer 

subtypes are not fully understood. Here we generated an in vitro cell line model, double-

knocking out TP53 and RB1, to serve as a tool to study the metastasis-promoting 

mechanisms of two genes that are commonly mutated together in TNBC. The model 

was investigated for phenotypic consequences of single and double gene knockouts by 

a cell cycle assay, gene expression analysis, and a cell migration assay. The 

interpretation of these data is discussed below. 

4.1. Generation of an in vitro model of double TP53 and 
RB1 mutated TNBC  

In this investigation, we established p53 and RB DKO TNBC cell lines that 

express a non-detectable amount of full length p53 and RB proteins by immunoblot. 

However, the truncated forms of p53 and RB potentially remained expressed. One of the 

possible reasons why these truncated proteins are not detectable by immunoblot is the 

epitope of the antibodies used is likely located at the C-terminal region of the proteins, 

which would have not been expressed in the truncated forms, due to a frameshift 

mutation and potentially an introduction of a premature stop codon as a result of 

CRISPR-Cas9 gene editing. The truncated p53 and RB could also be thermodynamically 

unstable and become degraded immediately after expression. Furthermore, as multiple 

sgRNAs were designed to target multiple exons of p53 and RB, different truncated 

proteins in each KO cell line are likely expressed as in each cell, double-stranded break-

induced DNA repair could introduce different frameshift mutations. Thus, the existence 

of distinct truncated p53 and RB should be considered when analyzing the data from the 

validation experiments, as these may contribute to the changes observed in KO cell 

lines.  

Interestingly, despite designing all of the sgRNAs to target the conserved exons 

among all p53 isoforms, we observed striking differences in the knockout efficiency of 
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cells transfected with PX459-Neo incorporated with different sgRNAs (Figure 3.1). The 

cell pool transfected with sgRNA 3 showed very little decrease in p53 expression level 

compared to the untransfected cells; meanwhile, the cell pool transfected with sgRNA 4 

showed a drastic decrease (Figure 3.1). One possible explanation for these variations in 

knockout efficiency could be that, although each sgRNA targets the same gene, 

accessibility to certain regions of the gene may be reduced through packaging of DNA 

as chromatin. For instance, sgRNA 3 may target a genomic region that is tightly wrapped 

around histones, reducing the accessibility for Cas9 to generate a DSB. Whereas, 

sgRNA 4 may target an area that is readily exposed to Cas9. Moreover, MDA-MB-231 

cell line is an aggressive TNBC cell line which likely exhibits great genome instability, 

frequently introducing new mutations to various regions of the genome as the cell lines 

are passaged generation to generation. These mutations could alter the DNA sequences 

of the sgRNA-targeted regions, reducing the affinity for the sgRNA to the genome and 

thus, producing less efficient knockouts. Another possibility could be that errors were 

introduced during plasmid preparation, resulting in a disruption of the sgRNA sequence 

and preventing its interaction with the TP53 target site. Sequencing the plasmids after 

sgRNA ligation could have been performed to avoid this possibility.   

Intriguingly, a recent study by Clarke et al. showed that the gene knockout 

efficiency is highly dependent on the DNA strand that sgRNA targets189. If the sgRNA is 

designed to target the template strand of the genome DNA, which is the same strand 

uses by RNA polymerase machinery to perform DNA transcription, the knockout 

efficiency is drastically improved compared to sgRNA that targets the coding strand. This 

is because once the Cas9 enzyme introduces a DSB, it remains bound to the DNA, 

preventing access of DNA repair proteins to the repair site. However, RNA polymerase 

machinery that is translocating along the genome can dislodge Cas9 from the DSB DNA 

if the sgRNA targeted the template strand, thereby, allowing for DSB repair and 

enhancing efficiency of the genomic edit. In alignment with the observations by Clarke et 

al., sgRNA 4, which targeted the template strand of TP53, showed the highest knockout 

efficiency, compared to the other sgRNAs which targeted the coding strand (Figure 3.1). 

Hence, to maximize gene knockout efficiency, the targeted DNA strand should be taken 

into consideration when designing sgRNAs. 

The targeted exon of the gene of interest may also influence knockout efficiency. 

Generally, sgRNAs should be designed to target the most upstream exons of a gene 
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structure, especially if they code for a functional domain of the protein. The purpose of 

this is to introduce an indel mutation early in the gene, which could potentially create a 

frameshift, and subsequently lead to the introduction of a premature stop codon. 

Consequently, the translated protein would be misfolded and/or non-functional. On the 

other hand, targeting exons that are situated further downstream in the gene structure 

will decrease the possibility of introducing a premature stop codon, as there will be fewer 

nucleotides remaining downstream of the targeted site. In agreement with this, the cell 

pool transfected with sgRNA 3, which targeted exon 7, exhibited the lowest TP53 

knockout efficiency, compared to the cell pools transfect with sgRNA 1, 2, and 4, which 

targeted exon 6, 5, and 5, respectively (Figure 3.1). Due to the low knockout efficiency, 

cells transfected with sgRNA 3 did not proceed to the single clone selection process. 

Another factor to take into consideration when designing a gene knockout 

experiment is the method of genetic material delivery to target cells. While lipofection 

may be an efficient, cost-effective method to knockout a gene of interest, it can also 

cause cell cytotoxicity. An investigation by Nguyen et al. revealed an increase in 

apoptotic induction after cells were lipotransfected190. Within this study, microarray 

experiments also showed an upregulation of apoptosis-related genes in the lipo-

transfected cells. During single clone selection, it was observed that cells transfected 

with sgRNA 1 proliferated much slower than the cells transfected with sgRNA 2 or 

sgRNA 4. Differences in proliferation rates could be due to the potential genomic 

instability of the MDA-MB-231 cell line. This instability may cause certain cell pools to be 

more prone to cytotoxicity than others. Therefore, it is plausible that the clone 

transfected with sgRNA 1 had acquired genomic variations that enhanced its 

susceptibility to lipofection-induced cytotoxicity. As a result, the single clones selected to 

proceed to validation were either from cells transfected with sgRNA 2 or sgRNA 4 

(Figure 3.2). 

Not only can lipofection-induced cytotoxicity reduce knockout efficiency, changes 

in gene expression levels as a result of lipofection can interfere with the observation of 

potential changes in cell genotypes and/or phenotypes cause by a gene knockout. 

Therefore, multiple knockout clones should be validated to identify which changes are a 

direct effect of the gene knockout. Alternatively, another non-cytotoxicity-inducing 

method to deliver genetic materials into cells for gene knockout, such as lentiviral 

transduction, could be employed. For this method, cells are ‘infected’ by lentivirus 
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packaged with genetic material encoding Cas9 and sgRNA targeting a gene of 

interest191. However, as the genetic material transduced by lentivirus can be integrated 

into the host cell genome, there is potential for disruption of gene sequences in the 

integrated site, causing further genomic instability. Maintenance and preparation of 

effective lentivirus systems may also require specialized expertise and may not be as 

cost-effective. All in all, each transfection method has its own advantages and 

disadvantages, and an appropriate method to perform gene knockout should be selected 

according to the needs and expertise of the researchers. 

During knockout experiments in typical diploid eukaryotic cells, partial gene 

knockout may occur, as the cells contain two copies of each gene. However, the MDA-

MB-231 cell line was derived from a tumour of a breast cancer patient with a 

chromosomal count of nearly triploid. Specifically, MDA-MB-231 contains four copies 

TP53 and two copies of RB1192, making it increasingly difficult to completely knockout 

the expression of p53. This is a potential reason as to why some clones, such as clone 

1-2, 2-3, and 4-7, showed a partial reduction of p53 protein expression (Figure 3.2A) 

and why generating a knockdown with undetectable p53 levels was relatively difficult in 

these experiments. 

Although the expression of the main isoform of p53 was not detectable by an 

immunoblot in successful knockout clones, a band at ~42 kDa was rather prominent in 

all the clones (Figure 3.2). This band could represent two distinct possibilities: the 

presence of another p53 isoform resistant to the sgRNA knockout or non-specific binding 

of the antibody to an unknown target. A possible approach to determine if such a band 

represents an isoform of the target protein vs. a non-specific interaction could involve 

immunoblotting with an antibody that targets a different epitope of the same protein. If a 

different p53 antibody still generated the same band as the initial antibody, the 

interaction is very likely a true, specific antibody-antigen interaction. However, if no band 

is generated, then the initial antibody likely forms a strong, non-specific interaction with 

another protein, and the knockout of p53 is complete. However, it is also possible that 

the p53 isoform may not contain a specific epitope recognized by the new p53 antibody. 

To circumvent this, polyclonal p53 antibodies, targeting multiple p53 epitopes, could be 

used for validation.  
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A number of studies have found expression of p53 isoforms, particularly the 

Δ40p53 isoform, in breast cancer patients and cell lines193,194. This isoform lacks the first 

39 amino acids, which encode the transactivation domain (TAD) 1, caused by various 

alternative splicing events195. The molecular weight of this isoform is 42 kDa, making it a 

strong suspect candidate as the protein that represents the prominent band in the 

knockout clone blots. Strengthening this prediction is evidence that, besides the full 

length p53, the Δ40p53 isoform is the most commonly expressed isoform in breast 

cancer194. Furthermore, the high expression of Δ40p53 is most prominent in TNBC 

cells194. However, while other antibody-reacting p53 isoforms potentially present in the 

parental MDA-MB-231 cells were knocked out, the 42 kDa remained prominent in all of 

the clones (Figure 3.2). Additionally, the exons targeted by all sgRNAs in these 

experiments were within the protein coding region of all isoforms, including Δ40p53, 

eliminating the possibility that the isoform could evade knockout by the exclusion of the 

genomic changes induced by the sgRNA-targeted mutation. This suggests that the 

unidentified 42 kDa band is likely a non-specific interaction by the antibody. 

Nonetheless, until a definite answer is achieved, the potential of persistent Δ40p53 

expression in the clones used in the subsequent experiments should be considered 

during data interpretation. 

The specific role of Δ40p53 in promoting breast cancer progression and 

metastasis is currently unclear. However, Δ40p53 expression level is elevated in breast 

cancer cell lines, compared to normal breast epithelial cell lines194. Moreover, a high 

expression of Δ40p53 relative to the full length p53 is associated with a decrease in 

metastatic-free survival rate196. These observations suggest a possibility of Δ40p53 

involvement in breast cancer metastasis; thereby, the results obtained from the 

subsequent experiments could potentially be influenced by the presence of Δ40p53. 

Interestingly, clone 4-3 also shows a band at ~35 kDa (Figure 3.2). Unlike the 42 

kDa band, this band only appeared in one clone; thus, it is likely not due to a non-

specific binding event. Although this is still a possibility, as the high genomic instability of 

the cell lines could result in genomic re-arrangements or mutations that create a novel, 

non-specific binding partner for the antibody that is not present in any other single colony 

clone. But more likely, it represents a p53 isoform, Δ133p53. This isoform lacks the first 

133 amino acids, which encode TAD 1 and 2195. In contrast to the generation of Δ40p53, 

Δ133p53 is produced by the initiation of transcription at an internal promoter of the TP53 
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gene195. Despite sgRNA 4 targeting exon 5, located downstream of this promoter, 

Δ133p53 remained expressed. A possible explanation for this could be that only partial 

knockout of this isoform was achieved, due to the presence of multiple copies of the 

gene. Interestingly, expression of full length p53 by clone 4-3 was not detectable (Figure 

3.2). It is possible that an off-target effect introduced by the transfection process may 

have enhanced the internal promoter activity to express Δ133p53, specifically. Currently, 

little is known about this p53 isoform; though, Δ133p53 has been found to be an 

antagonist to full length p53, preventing full length p53-mediated apoptosis as well as 

G1/S cell cycle arrest194. Resistance to apoptosis is one of the main features of cancer. 

Hence, the relationship between Δ133p53 and cancer may be worth investigating. 

However, for the following cell line validation experiments, clone 4-3 was not pursued, as 

the potentially unknown effects of the isoform on cell line characteristics would over-

complicate data interpretation and could mask the effects of gene knockouts. 

Though the 42 kDa protein band in all of the clones and the 35 kDa protein band 

shown in clone 4-3 could represent Δ40p53 and Δ133p53 isoforms, respectively, it is 

likely not the case. As discussed previously, these KO clones could potentially express 

the truncated forms of p53; however, those were not detectable by immunoblot, 

indicating the epitope recognized by the p53 antibody used is likely located at the C-

terminal end of p53. Both Δ40p53 and Δ133p53 isoforms are missing domains from the 

N-terminal but also express 10 missense mutations within the C-terminal domains195. 

Hence, the p53 antibody used likely does not have the affinity specifically for these 

mutations, suggesting that the 42 kDa and 35 kDa bands represent non-specific binding 

of the p53 antibody.  

Overall, the TP53 and RB1 DKO clones 2-2 (DKO1) and 4-6 (DKO2), along with 

p53-KOs and RB-KOs, were selected (Figure 3.3) for further clone validation as well as 

investigation of the potential TNBC metastatic promoting ability in vitro of double 

mutated TP53 and RB1 cells. Clones 2-2 and 4-6 were two among several clones that 

appear to show non-detectable levels of full length p53 expression (Figure 3.2B). The 

RB expression status of these clones also remained non-detectable, assuring RB1 was 

stably knocked out (Figure 3.2B). An advantage of selecting two clones that were 

targeted by different sgRNAs is that if the results from the two clones are identical, the 

changes observed from the validation experiments, compared to the vector control, are 

likely due to the gene KO. However, as discussed previously, the potential of different 



72 

truncated forms of p53 being expressed in these two clones could also lead to variation  

the outcome. Thus, selecting two clones targeted by the same sgRNA could possibly 

eliminate this variation.  

As lipofection may alter gene expression and potentially causes other off-target 

effects, the data obtained from these KO clones were compared to the vector control 

cells to eliminate the effects that may have resulted from the lipofection. It is also worth 

noting that MDA-MB-231 cells express a mutated form of p53, specifically R280K p53, 

and not the WT185. This mutation occurs in the DNA binding domain of p5347, altering 

residue 280 arginine to lysine, both positively charged amino acids. Thus, the 

comparisons between cell lines were made based on the p53 and RB status shown in 

Table 4.1. 

Table 4.1. p53 and RB status of cell lines used in the experiment 

Cell line p53 status RB status 

Parental R280K WT 

Vector Control R280K WT 

p53-KOs KO WT 

RB-KOs R280K KO 

DKOs KO KO 

Note: KO = knocked out, WT = wildtype 

4.2. Mutations in TP53 and RB1 promote TNBC cell growth 
and survival 

p53 and RB are key cell cycle regulators, specifically known to induce G1/S cell 

cycle arrest. Cell cycle assays aimed to validate the KO cell lines by monitoring the cell 

cycle phase distribution of each KO clone. WT p53 induces G1/S arrest by activating 

p21 expression, which promotes RB expression39. Phosphorylated RB then binds to 

E2F, preventing E2F gene transcription activity and subsequently the progression of the 

cell cycle to the S phase91,92. Interestingly, a number of studies have indicated that 

R280K p53 decreases G1/S arrest47,197. Specifically, the R280K point mutation 

introduces a conformational change in p53, altering its p21 promoter binding site47. As a 

result, the downstream G1/S arrest cascade is disrupted. Supporting this, Bae et. al 

showed that knocking down R280K p53 increased G1 phase cell population but 

decreased S phase population, indicating G1/S arrest197. In alignment with this, p53-KO1 
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showed a significant reduction of S phase cell population, compared to the vector 

control, supporting the hypothesis that R280K p53 suppresses G1/S arrest (Figure 

3.5A). Conversely, when RB function was already lost, knocking out R280K p53 

decreased G1 cell population (RB-KOs vs. DKOs, Figure 3.5C), further reducing G1/S 

arrest. While evidence suggested that R280K p53 suppresses G1/S arrest, which can be 

rescued by knocking out R280K p53, the absence of RB, instead, prevented the rescue 

and further reduced G1/S arrest. This suggested that there could be another WT p53 

induced-molecular pathway responsible for cell cycle arrest; this WT p53 function 

however may not be compromised by the R280K mutation. Therefore, knocking out 

R280K p53 could decrease G1/S arrest through the suppression of this alternate 

pathway. 

Though it has not been studied recently, p53 has been found to regulate G2/M 

arrest by inhibiting Cdk2, a kinase required for cells to enter mitosis198. However, the 

relationship between R280K p53 and G2/M arrest is currently unknown. Interestingly, 

p53-KO1, DKO1, and DKO2 showed a significant increase in G2/M cell population, 

relative to the vector control (Figure 3.5A). The accumulation of cells in the G2 phase 

indicates G2/M arrest potentially caused by knocking out R280K p53. Similarly, in the 

absence of RB, knocking out R280K p53 increased G2/M phase cell distribution (RB-

KOs vs DKOs, Figure 3.5C) Thus, besides suppressing G1/S arrest, R280K p53 could 

potentially relegate tumour suppressor function of WT p53 by suppressing G2/M arrest, 

independently of RB. Consequently, TNBC tumours with a R280K mutant p53 could 

potentially exhibit over proliferation through uncontrolled regulation of the G2/M 

checkpoint, and therapeutic intervention to regain control of this checkpoint could be 

considered for these patients. 

In contrast, RB-KOs did not show any significant changes to any of the cell 

phase populations, compared to the vector control (Figure 3.5A). This could be because 

RB regulates cell cycle arrest downstream of p53. Inhibition of p21 expression by R280K 

p53 may have already diminished RB function in inducing cell cycle arrest. However, in 

the absence of both the WT and R280K p53, knocking out RB1 showed an increase in 

cell population in the S phase as well as a decrease in cell population in the G2/M phase 

(p53-KO1 vs. DKO1, Figure 3.5B), which are indications of a decrease in G1/S arrest 

and G2/M arrest, respectively. The observation suggests a possibility that other 

molecular pathway(s) independent of p53 could activate RB, allowing it to retain the 



74 

tumour suppressor function of inducing cell cycle arrest. Contradictory to this finding, 

DKOs showed an increase in G2/M cell population compared to p53-KO2 (Figure 3.5B), 

indicating an induction of G2/M arrest when RB1 is knocked out. Notably, the cell 

distribution in both S and G2/M phases are significantly different among p53-KO1 and 

p53-KO2, implying these two clones do not behave identically. The genomic instability of 

the cancer cells or off-target effects from lipofection may have interfered with the 

phenotypes. For that reason, examining more clones can strengthen the data by 

identifying the shared characteristics among different clones and eliminating any outliers. 

Hypoxia is a low oxygen microenvironment that is common in solid tumours such 

as breast adenocarcinomas121. Under hypoxic conditions, HIFs form a complex and 

induce cell cycle arrest via the upregulation of p21 expression199. Thus, we explored how 

the mutation status of p53 and RB may influence cell cycle arrest under hypoxia. As RB 

is involved in G1/S cell cycle arrest by being the downstream target of p21, I predicted 

that the loss of RB function would decrease G1/S arrest under hypoxia. Surprisingly, 

compared to normoxic conditions, RB-KO2, DKO1, and DKO2 showed a significant 

decrease in the S phase cell population under hypoxia (Figure 3.7), indicating an 

increase in G1/S arrest. RB has a non-canonical role of negatively regulating HIFs-

mediated gene transcription; therefore, loss of RB function will lead to an exaggeration 

of HIFs-mediated gene transcription118. Thus, it is possible that the loss of RB could 

have promoted the expression of HIFs-mediated genes which are involved in pathway(s) 

responsible for inducing G1/S arrest. 

In contrast to RB, there are currently no known relationship between p53 and cell 

cycle arrest that is regulated by hypoxia. I observed that under hypoxia, p53-KO1 

showed an increase in G2 cell population compared to the vector control, indicating 

G2/M arrest (Figure 3.6A). This was similar to the observation made under normoxia, in 

which knocking out R280K p53 restored G2/M arrest, suggesting hypoxia did not alter 

R280K p53 function in inhibiting G2/M arrest. However, the loss of RB together with the 

loss of R280K p53 significantly increased G2/M cell population under hypoxia (DKO2 vs. 

every other clones except for p53-KO1, Figure 3.6A-C). The elevated G2/M arrest of 

DKO2 could be the result of the combined effect of the loss of R280K p53, releasing 

G2/M arrest inhibition, as well as the loss of RB, promoting overexpression of HIFs-

mediate genes involved in cell cycle arrest. Typically, one major characteristic of cancer 

is aberrant proliferation. Conversely, under hypoxia where oxygen and glucose supplies 
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are limited, it would be strategic for cancer cells to reprogram to conserve the limited 

resources and focus on increasing access to these resources through mechanisms such 

as angiogenesis. Thus, it is deemed to be more beneficial for cancer cells to undergo 

cell cycle arrest under hypoxia, which could explain the observations made from the cell 

cycle experiments. Patients with p53-negative and RB-negative TNBC tumours, for 

instance, may have HIFs playing an enhanced role in tumour survival through cell cycle 

regulation, thus hinting at yet another set of strong candidates for therapeutic 

intervention. 

Through the cell cycle assay, I displayed the importance of p53 and RB in 

regulating the cell cycle in TNBC and how the mutations of these proteins may disrupt 

this regulation. Under normoxia, R280K p53 suppresses cell cycle arrest, while RB 

induces the arrest in the absence of R280K p53. However, when both R280K p53 and 

RB are knocked out, the suppression of cell cycle arrest becomes more prominent, 

promoting tumour cell proliferation. On the other hand, loss of RB, especially when 

accompanied by the loss of R280K p53, increases cell cycle arrest under hypoxia. This 

could allow tumour cells to conserve the limited resources required for cell growth, 

promoting tumour cell survival under hypoxia. Overall, mutations in TP53 and RB1 

enhance tumour cell growth and survival under various circumstances. Nonetheless, the 

data strongly suggests that multiple pathways, both dependent and independent of p53 

or RB, regulate cell cycle checkpoints. These alternate pathways are worth investigating 

as they could ultimately rescue cell cycle arrest functions when p53/RB pathways are 

disrupted. More importantly, members of these pathways could serve as potential 

therapeutic targets in p53 and RB negative tumours. To strengthen the predictions 

derived from these results, other assays including cell proliferation and apoptosis assays 

should also be incorporated. This would give a more complete outlook of the cell survival 

and proliferation profile of TNBC cells in the context of p53 and RB mutation in TNBC. 

4.3. p53 and RB mutations exert little to no effect on 
CXCR4, PLOD2, and ANGPTL4 expression 

Existing data suggest that mutations in TP53 and/or RB1 enhance expression of 

metastasis-promoting genes. Thus, monitoring the expression of genes known to be 

regulated by p53 or RB under normoxia and/or hypoxia was performed as another 

approach to validate the generated TP53 and RB1 DKO in vitro model. In this 
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investigation, gene expression level of CXCR4, PLOD2, and ANGPTL4 were explored, 

as evidence suggests they also acquire the ability to promote tumour metastasis in some 

breast cancers. 

Up-regulation of CXCR4 assists cell migration, specifically by enhancing the 

chemoattractant-responding ability of tumour cells. As an aspect of its tumour 

suppressor function, WT p53 was previously found to repress CXCR4 expression, while 

the mutant R280K p53 promoted the expression200.  In alignment with this, I showed that 

the absence of R280K p53 in p53-KOs and DKOs decreased CXCR4 expression level 

under both normoxia and hypoxia (Figure 3.8A). On the other hand, the loss of RB 

function in hypoxia was previously found to up-regulate CXCR4 expression118; thus I 

would expect RB-KOs to show an increase in CXCR4 expression level, especially under 

hypoxia. Contradictory to the existing data in literature, I observed a reduction of CXCR4 

levels in RB-KOs under hypoxia (Figure 3.8A). Interestingly, a study by Nobutani et al. 

revealed a down-regulation of CXCR4 in metastasized breast cancer cells201. Flow 

cytometry analysis showed a significant decrease in cell surface expression of CXCR4 in 

lung metastasized tumour cells, compared to the primary tumour cells. They also 

observed that the metastasized tumour cells entered a dormant state, which is a 

mechanism utilized by tumour cells to protect against immune attack202. There is a 

possibility that knocking out TP53 and RB1 promote tumour aggressive traits which 

mimic the characteristics of metastasized tumour cells. Hence, all of the KO clones, 

especially the DKOs, consistently showed a substantial decrease in CXCR4 expression 

(Figure 3.8A-D). 

Similarly, high expression of PLOD2 has been previously proven to facilitate 

tumour metastasis by promoting ECM re-modelling129,130. The loss of RB in hypoxia was 

shown to exaggerate PLOD2 expression under hypoxia118. However, in this 

investigation, neither knocking out p53 nor RB altered the PLOD2 expression level in 

normoxia or hypoxia (Figure 3.9); though, there is currently no known relationship 

between p53 and PLOD2 expression. Nonetheless, it is important to highlight that an 

increase in PLOD2 expression under hypoxia, accompanied by the loss of RB, was 

demonstrated in MCF-7 cell line118. MCF-7 is a breast cancer cell line, categorized as 

subtype luminal A203, which is much less aggressive than TNBC. This indicates that the 

expression level of PLOD2 could be at its maximum potential in an aggressive TNBC 
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cell line like MDA-MB-231, thereby, masking the effects mutated TP53 and RB1 may 

have on increasing the expression level of PLOD2. 

Metastasis of TNBC, specifically to the lungs and brain, is enhanced by an 

overexpression of ANGPTL4, which assists tumour cells in extravasation132,133. Similarly 

to PLOD2, ANGPTL4 expression levels have previously been shown to dramatically 

increase under hypoxia when accompanied by the loss of RB151, but a relationship 

between ANGPTL4 and p53 expression remains undetermined. Knocking out TP53 

and/or RB1 from MDA-MB-231, however, did not alter the expression levels of 

ANGPTL4, neither under normoxia nor hypoxia (Figure 3.10). The unexpected lack of 

change in expression levels of ANGPTL4 may be explained through reasoning similar to 

the PLOD2 expression data. The previously demonstrated increase in ANGPTL4 

expression due to the loss of RB under hypoxia occurred in the LNCaP cell line, which 

represents early-stage prostate cancer cells204; whereas, MDA-MB-231 represents an 

aggressive breast cancer subtype which may already express high levels of ANGPTL4, 

regardless of RB status. 

Overall, the expression data suggested mutations in TP53 and RB1 exert little to 

no effect on the expression of PLOD2 and ANGPTL4. Knocking out p53 and RB may 

have shown a decrease in CXCR4 expression, but a clear pattern was not established. 

One possible explanation for this lack of clarity could involve the high discrepancies of 

the results between each replicate, which may have stochastically influenced the overall 

gene expression patterns. Nonetheless, the fold increase analysis, in which the gene 

expression values in hypoxia are normalized to their corresponding normoxia value, 

revealed that CXCR4, PLOD2, and ANGPTL4 genes remain hypoxia-inducible, despite 

p53 and/or RB knockout. In most cases, p53-KOs, RB-KOs, and DKOs showed a 

substantial fold increase in gene expression, compared to the vector control, indicating 

that mutation in TP53 and RB1 could better promote tumour cell survival under hypoxia. 

As p53 and RB can promote metastasis through various molecular pathways, it is 

possible that PLOD2 and ANGTPL4 are not their target genes in TNBC. Thus, an 

analysis that fully encapsulates the gene expression of the entire genome, such as RNA-

sequencing analysis, could unveil the specific pathways that are influenced by p53 and 

RB mutations in TNBC. 
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4.4. TNBC cell migration was not affected by mutations in 
TP53 or RB1 

Collective evidence from existing literature suggests a high potential for 

concomitant TP53 and RB1 mutations to drive TNBC metastasis, supporting each step 

of the process from leaving the primary tumour to colonizing at a secondary site. 

Particularly, mutations in these genes have been shown to enhance EMT68,113, ECM re-

arrangement86,146,147, as well as the expression of chemoreceptors and 

chemokines118,200. All of these are crucial processes for effective cell migration through 

tissue. Furthermore, by negatively mediating a master regulator of metastasis, HIF1α, 

RB attenuates the expression of hypoxia-inducible metastasis-promoting genes118. 

Thereby, the loss of RB enhances cancer metastasis under hypoxia118. As such, it is 

important to validate the generated TP53 and RB1 DKO in vitro model by observing 

metastatic phenotypes of the cell model both under normoxia and hypoxia. 

A major factor that influences cell migratory properties is the ability of cells to 

respond to chemical stimuli, called chemoattractants. This mechanism is especially 

commonly utilized by immune cells to communicate and elicit immune responses205. In 

this investigation, cell migration in response to an increasing gradient of chemoattractant 

was monitored, with FBS acting as the chemoattractant. I predicted that cells would not 

migrate when the chemoattractant gradient was absent. Indeed, none of the clones 

migrated to the other side of the membrane of the insert when FBS was absent from the 

bottom chamber, but they all responded to the chemotactic signal and migrated towards 

to the bottom chamber when FBS was present (Figure 3.11A). This suggests that TP53 

and RB mutations in TNBC cells do not hinder the ability of the cells to utilize 

chemotactic signaling as a method of tumour cell migration and metastasis. 

One mechanism by which mutations in both TP53 and RB1 promote cell 

migration is through enhancing the expression of CXCR4, a chemokine receptor that 

responds to specific chemoattractants. WT p53 represses CXCR4 expression, while 

R280K p53 rescues the expression200. Likewise, through mediating hypoxia-inducible 

gene transcription, RB downregulates CXCR4 expression, but the expression is 

exaggerated when RB function is lost118. Overexpression of CXCR4 has been previously 

shown to induce migration under hypoxia in MCF-7 cells118. However, in the MDA-MB-

231 cell lines utilized in these experiments, knocking out p53 and RB did not enhance 
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migration under hypoxia (nor normoxia) (Figure 3.11A). Considering that CXCR4 

expression was also not promoted in the knockouts, this result is less surprising. It is of 

note that the previously mentioned experiments with MCF-7 cells utilized a different 

migration assay than the assay presented here. Those experiments utilized a Matrigel-

based migration assay, which includes membranes containing components that mimic 

the ECM for the cells to migrate through118. This assay provides a better measure of a 

tumour cells ability to migrate in tissues, compared to the migration assay used here, 

which is simply a measure of cell ability to respond to chemoattractants. Perhaps 

mutation of p53 and/or RB allow breast cancer cells to navigate the ECM more 

effectively through molecular re-arrangement of ECM components, and these effects 

were not captured in the migration assay. Moreover, a trans-endothelial migration assay, 

in which a monolayer of ECs is coated on the membrane to better mimic the tumour 

microenvironment, performed by Jin et. al showed that MDA-MB-231 cells were able to 

migrate in a hypoxia-inducible manner128. It is important to note that the chemoattractant 

used in the experiment was CXCL12, which is the CXCR4 ligand. Hence, the ability of 

mutation in TP53 and RB1 to enhance TNBC cell migration may be hindered by the 

absence of the specific chemokine ligand to CXCR4. Overall, testing the cell lines 

developed here against a migration assay that takes into account the components of the 

ECM, ECs, and the specific molecular interactions involved in chemotactic signalling of 

tumour cells could provide useful insight into the roles of p53 and RB in TNBC migration 

and metastasis. 

4.5. Future Directions 

Despite CRISPR-Cas9 being chosen as the method to knockout TP53 and RB1, 

alternative methods, such as siRNA and shRNA, could also be utilized, each of which 

provide their own advantages and disadvantages. CRISPR-Cas9 knocks out genes of 

interest at the genomic level and can stabilize the knockout183. This will likely prevent the 

re-expression of the genes of interest during experimentation. On the other hand, siRNA 

and shRNA suppress protein expression at the RNA level180. These two methods only 

transiently knock down target proteins and the protein of interest may be re-expressed. 

However, to observe an immediate effect of a loss of protein expression, siRNA and 

shRNA would be more suitable approaches as they are not time consuming to generate 

a knockdown. Whereas CRISPR-Cas9 requires several passages of cell line to establish 
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a knockout. During experimentation, any changes observed from the KO cell lines 

compared to the control could potentially be the result of the genomic changes caused 

by cell passaging or the adaptation of the cells to the knockout, rather than an immediate 

effect by the knockout.     

Though the TP53 and RB1 DKO in vitro model generated here revealed some 

insights into how mutations of these genes influence TNBC cell growth and survival, 

invasion-promoting gene expression levels, as well as tumour cell migration, there 

remained indisputable limitations that may have hindered clear interpretation of some 

data. First, cancer cell lines such as MDA-MB-231 harbour significant levels of genomic 

instability. As an unintended and unavoidable consequence of this, when cell cultures 

are split and propagated in isolation, any new genomic changes that occur in the 

following generations can manifest as genotypic and phenotypic variations. Specifically, 

vector control, p53 KOs, and RB KOs are approximately 6-7 passages higher than the 

parental control and the DKOs are approximately 16-17 passages higher than the 

parental control. This can interfere with the ability to make direct comparisons between 

cell lines as the changes observed in the KO cell lines could potentially be caused by 

genomic changes from cell passaging. Additionally, the potential off-target effects from 

lipofection, as well as the expression of various truncated p53 and RB may also 

contribute to the discrepancies in the genotypes and phenotypes of the cell lines. As 

shown in the statistical analysis of gene expression and migration assay data, lack of 

reproducibility was unfortunately a common theme. A possible approach to mitigate this 

could involve re-pooling knockout clones after single clone selection before proceeding 

to validation. This would provide a cell line that is genetically representative of several 

different clonal lines, which would eliminate the genotypic variations between single 

colony clones of the same knockout. 

Undeniably, the choice of the parental cell line for this investigation represents 

non-negotiable caveats, though the options were limited. MDA-MB-231 is categorized as 

a mesenchymal TNBC subtype, which represents a late-stage cancer25. This could be 

beneficial, as it provides the opportunity to study how late-stage cancer cells behave 

differently from early-stage cancer cells and which molecular pathways are involved in 

promoting aggressive phenotypes. However, using a highly aggressive TNBC model 

could mask the effects that TP53 and RB1 mutations may typically have on the ability of 

tumour cells to promote metastasis, as there are potentially many more genetic 
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variations at play that may already be driving cancer phenotypes. Moreover, MDA-MB-

231 has an existing p53 mutation which eliminates comparison of the results to a WT 

p53 model. Validation experiments with a cell line model expressing WT p53 could help 

determine whether R280K p53 behaves more similarly to p53 KO, which represents a 

loss of function mutation, or whether it acts as a gain of function mutation. Hence, 

choosing a parental line that represents an early-stage cancer and expresses WT p53 

could be beneficial to gain a better understanding of how p53 and RB knockout 

specifically and directly influences tumour progression and metastasis. 

Unfortunately, most existing TNBC cell lines likely represent late-stage cancers 

already, as TNBC typically exhibits an early aggressive trait. Moreover, TNBC also often 

expresses a mutant form of p53. One approach to circumvent the lack of WT p53 is to 

exogenously express WT p53 in the p53-KO cell lines. Using this approach, p53 

constructs with specific mutations generated by site-directed mutagenesis could also be 

introduced into breast cancer cell line models. Therefore, mutational hotspots that are 

found in the TNBC patient population, but not in commonly used cell line models, can be 

studied. This approach would allow for a more personalized characterization of breast 

cancers, possibly assisting the development of specific treatments depending on p53 

mutation. 

To obtain a better grasp on specifically which molecular pathways are up- or 

down-regulated by the mutated TP53 and RB1, RNA-sequencing analysis could be 

performed on the models generated. Similar to qPCR, RNA from the cell lines would be 

extracted to perform the analysis. But instead of monitoring the expression of a few 

genes of interest, mRNA transcription levels of the entire genome could be determined. 

Comparative large-scale analysis of the full transcriptome between different knockout 

cell lines could pinpoint if members of any specific metastasis-promoting pathways or 

mechanisms are consistently upregulated in p53- and/or RB-negative TNBC. This could 

highlight potential molecular candidates for therapeutic intervention. Besides mRNA 

analysis, total RNA-sequencing analysis could also give an insight into the regulation of 

non-coding RNA in TNBC. Though they do not code for proteins, non-coding RNA, such 

as micro RNAs, play important roles in regulating protein expression and can contribute 

to cancer progression. It is crucial to consider that the parental MDA-MB-231 cell lines 

also have mutations in other genes which could influence the expression status of genes 

of interest. Hence, generating the DKO models in different parental TNBC cell lines and 
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perform RNA-sequencing analysis to compare analysis between cell lines with differing 

genetic backgrounds could provide more complete insight into which pathways are 

affected by mutated p53 and RB. 

Once the generated in vitro model developed in this investigation is fully 

validated, that is, the vector control behaves similarly to the parental control and the data 

generated is reproducible in multiple validation experiments, the cell line will become a 

powerful tool that can be used to study TNBC metastasis in various ways. To start, the 

cells could be co-cultured with other molecules or cell types to gain information on how 

the model interacts with components of a typical tumour microenvironment, and not just 

in the isolated system of a petri dish with media. For instance, to better represent the 

physical barriers for cell migration, ECM proteins can be coated on top of the membrane 

in the transwell migration assay, monitoring the ability of cells to remodel ECM. Culturing 

the cell line with ECs could be helpful for exploring the extravasation ability of the cell 

line, observing for endothelial cell-cell contact disruption. Finally, co-culturing the cell line 

with immune cells could provide insights into whether mutations in TP53 and RB1 

protect cells from CTL-induced cell lysis, a mechanism utilized by tumour cells to survive 

in the circulatory system during metastasis. The co-culturing experiments suggested 

above could act as a first step towards understanding the mechanisms involved in the 

different phases of metastasis in TNBC, before costly and time-consuming in vivo 

experiments are utilized. 

In vitro experiments do not accurately represent the molecular microenvironment 

that tumour cells typically experience. Besides hypoxia, which is also considered an 

aspect of the tumour microenvironment, many proteins, such as ECM, or other cells, 

such as stromal cells and immune cells are also components of the tumour 

microenvironment206. Thus, any data obtained from in vitro experiments may not be 

directly applicable to cancer cells in the context of the human body. An in vivo study, on 

the other hand, can utilize animal models, which provide a much more accurate mimic of 

the complex network of interactions involving cells and other factors occurring inside the 

tissues of a cancer patient. To transform our in vitro cell line model into an in vivo model, 

the cell lines could be orthotopically transplanted into mice to establish a mouse 

xenograft. Phenotypic effects, such as metastasis of the tumour cells to a secondary 

site, could then be observed and compared between cell knockout lines. Moreover, the 

metastasized cells could be harvested to perform RNA-sequencing analysis as well, as 
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the more accurate tumour microenvironment may influence the transcriptome through 

new mechanisms induced by factors in the microenvironment that were not captured by 

in vitro experiments. This could again reveal crucial information, pinpointing which 

molecular pathways may have a heavy impact on cancer metastasis in the context of 

p53 and RB mutations. 

Besides exploring the underlying mechanisms on how mutations in TP53 and 

RB1 could promote the most aggressive form of TNBC, it is critical to search for potential 

therapeutic targets for TNBC expressing these mutations, as there is still a lack of 

specific, non-toxic induced treatments for TNBC patients. As mammalian cell networks 

are incredibly complex, we need a screening method which will cover the entire genome 

rather than focusing on specific pathways. An emerging new technique which 

researchers are using to identify therapeutic targets for cancer is known as synthetic 

lethality screening. Synthetic lethality occurs when a perturbation of two or more genes 

leads to cell death but deficiencies in any one of those genes alone result in viable 

cells207. Since cancer cells have known underlying mutations, synthetically lethal gene 

partners to these pre-existing mutated genes could be considered candidate therapeutic 

targets. Healthy cells would not be killed by targeting these candidates, as they do not 

possess the underlying, cancer-associated mutations. 

A synthetic lethality screen can be performed using a combination of CRISPR-

Cas9 techniques by transfecting cancer cell lines with lentivirus containing genomic 

library plasmids to target a wide array of different genes independently208,209. At least two 

cell pools, with and without the underlying mutation of interest, would need to be 

transfected. Lethal targets could then be identified by deep sequencing of the plasmids 

in the live cells, using next-generation sequencing technology. A comparison of the gene 

profile would be performed between the wild-type cell pool and the mutated cell pool. 

The genes which are present in the wild-type pool (indicating cell viable) but are missing 

from the mutated cell pool (indicating cell death) would be considered as potential 

synthetic lethal candidates. 

Computational methods can also be used to identify synthetic lethal targets. 

DAISY (Data mining synthetic lethality identification pipeline) identifies synthetic lethal 

pairs by screening for gene pairs which fall into three specific categories210. DAISY 

combines data from both clinical samples and cancer cell lines. The first category is 
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known as ‘genomic survival of the fittest’ which identifies genes that are co-inactivated 

and eliminated early within the cell population. This is because if the genes are a 

synthetic lethal pair, inactivation of both will result in cell death. The identification of gene 

pairs can be done by analyzing somatic copy number alteration and somatic mutation 

data. Genes which appear to be less co-inactivated will be selected. The second 

category entails gene pairs which when one of the genes from a pair is under-

expressed, the other gene’s activity increases. This can be identified by a shRNA screen 

in combination with transcriptome analysis. The third category is genes which are co-

expressed, as genes in a synthetic lethal gene pair often have similar biological 

functions. A gene pair which falls into all three categories would be identified by the 

program as a synthetic lethal pair. These candidate pairs could then be transitioned to in 

vitro experiments to determine if they act as synthetically lethal in the context of tumour 

cells. 

Overall, a synthetic lethal screen could bring us closer to identifying potential 

therapeutic targets for TNBC. For instance, possible candidates could be p107 or p130 

which function similarly to RB in regulating cell cycle arrest but are not commonly 

mutated in cancers104,105. Targeting these identified genes would not be toxic to the 

healthy cells as the synthetic lethality screen would only screen for targets which, when 

inhibited in TP53 and RB1 mutated cells specifically, result in cell death. These synthetic 

lethality screens provide a powerful tool that could complement well the cell line models 

developed in this investigation. This would move us towards the end goal of this 

research, the development of more specific therapeutics to improve TNBC patient 

outcomes. 

4.6. Conclusion 

TNBC presents patients with several clinical challenges and poor prognoses, 

derived from a complete lack of effective targeted therapies. Generalized treatments 

such as radiotherapy and chemotherapy have inherent drawbacks, especially for 

patients with secondary metastases, as the introduced toxicities do not selectively target 

cancer cells, resulting in damage to healthy cells and tissues. The molecular 

characteristics of TNBC specifically, compared to other types of breast cancer, make 

treatment development more difficult as common approaches, like hormonal therapy, are 

not effective. Therefore, the search for TNBC targeted therapies that do not induce 
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toxicities in healthy cells remains at the forefront of TNBC research. To facilitate the 

search for therapeutic targets, we have developed an in vitro model that expresses 

mutations in TP53 and RB1, genes than are commonly mutated together in TNBC. 

Mutations in the two well-known tumour suppressors, TP53 and RB1, have proven to 

play major roles in numerous mechanisms that drive the steps of TNBC metastasis. 

Mutant p53 abolishes many of its WT tumor-suppressor functions that keeps cell 

proliferation in check. As demonstrated in this study, loss of p53 function in TNBC 

promotes tumour proliferation and survival. Similarly, loss of function RB causes cells to 

lose the ability to control cell cycle progression but promotes cell survival under hypoxia 

when p53 function is also lost. With such a complex network of cancer-related molecular 

mechanisms that involve both TP53 and RB1, there is substantial evidence that 

mutations in these genes may work together to enhance breast cancer metastasis. 

Studies have linked the mechanisms altered by either TP53 or RB1 mutation to all steps 

of metastatic cancer development, including EMT, blood vessel intravasation, 

angiogenesis, and colonization at secondary sites. However, the effect of mutated TP53 

and RB1, together, on promoting TNBC metastasis has yet to be investigated. Due to 

limitations in our experiments, TP53 and RB1 did not alter metastasis-promoting gene 

expression or cell migration, contradictory to previous findings. Though once 

modifications to our current model have been implemented, as suggested above, the 

model could serve as a useful tool to explore the metastasis promoting ability of 

concomitantly mutated TP53 and RB1 in TNBC. More importantly, as there are no 

current specific treatments for TNBC, our model could be utilized for therapeutic 

development. An approach such as genome-wide synthetic lethality screen using TP53- 

and RB1-mutated TNBC cancer cells could identify potential targets, perhaps some of 

which have been discussed in this thesis. 
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Appendix A.  
 
sgRNA sequences used for generating p53-KOs and 
RB-KOs by Robert Payer 

sgRNA 
Targeted 

Gene 
Sequence (5′ → 3′) Exon 

Amino acid 
preceding 
the cut site 

Protein 
domain 

sgRNA 3 TP53 
F: caccgGTGCTGTGACTGCTTGTAGA 

R: aaacTCTACAAGCAGTCACAGCACc 
Exon 4 I162 DBD 

sgRNA 4 TP53 
F: caccgTGACTGCTTGTAGATGGCCA 

R: aaacTGGCCATCTACAAGCAGTCAc  
Exon 4 M160 DBD 

sgRNA 3 RB1 
F: caccgTTGGGAGAAAGTTTCATCTG 

R: aaacCAGATGAAACTTTCTCCCAAc 
Exon 2 S82 

Cyclin 
fold A211 

sgRNA 4 RB1 
F: caccgAGCATTATCAACTTTGGTAC 

R: aaacGTACCAAAGTTGATAATGCTc 
Exon 4 S141 

Cyclin 
fold A211 

Note: F = forward, R = reverse. Lowercase sequences indicate specific sequence required for plasmid cloning. 
Uppercase sequences indicate specific targets on TP53 or RB1. DBD = DNA binding domain.  
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Appendix B.  
 
Statistical analysis of cell cycle experiments 

Table B.1. P-Values of cell cycle experiments under normoxia – G1 phase 

 Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.9780 0.5670 0.2132 0.0895 0.0424 0.9647 0.2208 

Vector 0.9780 1.0000 0.6516 0.2822 0.1572 0.0856 1.0000 0.3361 

p53-KO1 0.5670 0.6516 1.0000 0.0836 0.0282 0.0140 0.4487 0.4855 

p53-KO2 0.2132 0.2822 0.0836 1.0000 0.6082 0.2292 0.0829 0.0190 

RB-KO1 0.0895 0.1572 0.0282 0.6082 1.0000 0.1908 0.0059 0.0024 

RB-KO2 0.0424 0.0856 0.0140 0.2292 0.1908 1.0000 0.0019 0.0011 

DKO1 0.9647 1.0000 0.4487 0.0829 0.0059 0.0019 1.0000 0.0492 

DKO2 0.2208 0.3361 0.4855 0.0190 0.0024 0.0011 0.0492 1.0000 

 

Table B.2. P-Values of cell cycle experiments under normoxia – S phase 

 Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.2361 0.1348 0.3264 0.8351 0.9796 0.2060 0.6689 

Vector 0.2361 1.0000 0.0097 0.9934 0.1054 0.1067 0.9949 0.0778 

p53KO1 0.1348 0.0097 1.0000 0.0386 0.0760 0.0280 0.0044 0.1235 

p53KO2 0.3264 0.9934 0.0386 1.0000 0.2092 0.2348 0.9895 0.1643 

RBKO1 0.8351 0.1054 0.0760 0.2092 1.0000 0.7780 0.0732 0.7661 

RBKO2 0.9796 0.1067 0.0280 0.2348 0.7780 1.0000 0.0651 0.5451 

DKO1 0.2060 0.9949 0.0044 0.9895 0.0732 0.0651 1.0000 0.0530 

DKO2 0.6689 0.0778 0.1235 0.1643 0.7661 0.5451 0.0530 1.0000 

 

Table B.3. P-Values of cell cycle experiments under normoxia – G2 phase 

 Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.0220 0.0327 0.0290 0.1135 0.0147 0.4316 0.0900 

Vector 0.0220 1.0000 0.0091 0.4882 0.5095 0.2145 0.0124 0.0291 

p53KO1 0.0327 0.0091 1.0000 0.0111 0.0169 0.0114 0.0407 0.9010 

p53KO2 0.0290 0.4882 0.0111 1.0000 0.8861 0.5283 0.0137 0.0362 

RBKO1 0.1135 0.5095 0.0169 0.8861 1.0000 0.8097 0.0682 0.0444 

RBKO2 0.0147 0.2145 0.0114 0.5283 0.8097 1.0000 0.0040 0.0402 

DKO1 0.4316 0.0124 0.0407 0.0137 0.0682 0.0040 1.0000 0.1074 

DKO2 0.0900 0.0291 0.9010 0.0362 0.0444 0.0402 0.1074 1.0000 
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Table B.4. P-Values of cell cycle experiments under hypoxia – G1 phase 

 Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.4957 0.5846 0.1539 0.0213 0.0099 0.2238 0.9031 

Vector 0.4957 1.0000 0.3079 0.6347 0.2627 0.1460 0.7052 0.5278 

p53KO1 0.5846 0.3079 1.0000 0.0537 0.0016 0.0006 0.1026 0.8691 

p53KO2 0.1539 0.6347 0.0537 1.0000 0.3407 0.1387 0.9321 0.2601 

RBKO1 0.0213 0.2627 0.0016 0.3407 1.0000 0.2198 0.3716 0.0964 

RBKO2 0.0099 0.1460 0.0006 0.1387 0.2198 1.0000 0.1780 0.0574 

DKO1 0.2238 0.7052 0.1026 0.9321 0.3716 0.1780 1.0000 0.3115 

DKO2 0.9031 0.5278 0.8691 0.2601 0.0964 0.0574 0.3115 1.0000 

 

Table B.5. P-Values of cell cycle experiments under hypoxia – S phase 

 Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.1048 0.1418 0.2737 0.8954 0.4137 0.5270 0.5167 

Vector 0.1048 1.0000 0.0723 0.3420 0.1263 0.0852 0.1894 0.0897 

p53KO1 0.1418 0.0723 1.0000 0.1489 0.6514 0.6394 0.2448 0.5238 

p53KO2 0.2737 0.3420 0.1489 1.0000 0.3393 0.1956 0.5845 0.2128 

RBKO1 0.8954 0.1263 0.6514 0.3393 1.0000 0.8163 0.5882 0.8779 

RBKO2 0.4137 0.0852 0.6394 0.1956 0.8163 1.0000 0.3455 0.8767 

DKO1 0.5270 0.1894 0.2448 0.5845 0.5882 0.3455 1.0000 0.3835 

DKO2 0.5167 0.0897 0.5238 0.2128 0.8779 0.8767 0.3835 1.0000 

 

Table B.6. P-Values of cell cycle experiments under hypoxia – G2 phase 

 Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.0751 0.0827 0.1925 0.1499 0.3170 0.6752 0.0008 

Vector 0.0751 1.0000 0.0285 0.3081 0.3163 0.1656 0.0796 0.0048 

p53KO1 0.0827 0.0285 1.0000 0.0469 0.0403 0.0575 0.1870 0.0929 

p53KO2 0.1925 0.3081 0.0469 1.0000 0.9517 0.5777 0.2034 0.0033 

RBKO1 0.1499 0.3163 0.0403 0.9517 1.0000 0.5157 0.1734 0.0025 

RBKO2 0.3170 0.1656 0.0575 0.5777 0.5157 1.0000 0.3231 0.0021 

DKO1 0.6752 0.0796 0.1870 0.2034 0.1734 0.3231 1.0000 0.0079 

DKO2 0.0008 0.0048 0.0929 0.0033 0.0025 0.0021 0.0079 1.0000 
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Table B.7. P-Values of cell cycle experiments under normoxia vs. hypoxia 

 G1 Phase S Phase G2 Phase 

Parental 0.8698 0.0681 0.0416 

Vector 0.6047 0.9437 0.8339 

p53KO1 0.9506 0.0548 0.9868 

p53KO2 0.8864 0.2275 0.3162 

RBKO1 0.1718 0.1277 0.4337 

RBKO2 0.1136 0.0087 0.0884 

DKO1 0.1948 0.0374 0.2506 

DKO2 0.5494 0.0378 0.2646 
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Appendix C.  
 
Statistical analysis of gene expression experiments 

Table C.1. P-Values of gene expression experiments under normoxia – CXCR4 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.2799 0.1731 0.1767 0.1296 0.0795 0.0655 0.0803 

Vector 0.2799 1.0000 0.2557 0.5962 0.6804 0.2432 0.2400 0.2429 

p53KO1 0.1731 0.2557 1.0000 0.1439 0.1191 0.0612 0.0272 0.0752 

p53KO2 0.1767 0.5962 0.1439 1.0000 0.2958 0.1295 0.1260 0.1292 

RBKO1 0.1296 0.6804 0.1191 0.2958 1.0000 0.1138 0.1124 0.1136 

RBKO2 0.0795 0.2432 0.0612 0.1295 0.1138 1.0000 0.2295 0.9185 

DKO1 0.0655 0.2400 0.0272 0.1260 0.1124 0.2295 1.0000 0.3928 

DKO2 0.0803 0.2429 0.0752 0.1292 0.1136 0.9185 0.3928 1.0000 

 

Table C.2. P-Values of gene expression experiments under hypoxia – CXCR4 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.3312 0.0020 0.0459 0.0547 0.0025 0.0002 0.0268 

Vector 0.3312 1.0000 0.3169 0.7002 0.4989 0.3071 0.3046 0.3095 

p53KO1 0.0020 0.3169 1.0000 0.0411 0.0449 0.0172 0.0028 0.1734 

p53KO2 0.0459 0.7002 0.0411 1.0000 0.2221 0.0381 0.0373 0.0389 

RBKO1 0.0547 0.4989 0.0449 0.2221 1.0000 0.0394 0.0381 0.0412 

RBKO2 0.0025 0.3071 0.0172 0.0381 0.0394 1.0000 0.1616 0.5814 

DKO1 0.0002 0.3046 0.0028 0.0373 0.0381 0.1616 1.0000 0.2903 

DKO2 0.0268 0.3095 0.1734 0.0389 0.0412 0.5814 0.2903 1.0000 

 

Table C.3. P-Values of normoxia to hypoxia fold change in gene expression 
experiments – CXCR4 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.5193 0.8446 0.2182 0.1845 0.9188 0.3573 0.0869 

Vector 0.5193 1.0000 0.5965 0.3998 0.1104 0.4710 0.1991 0.1652 

p53KO1 0.8446 0.5965 1.0000 0.2335 0.1185 0.8707 0.2691 0.0850 

p53KO2 0.2182 0.3998 0.2335 1.0000 0.0734 0.1830 0.1119 0.5624 

RBKO1 0.1845 0.1104 0.1185 0.0734 1.0000 0.0435 0.7006 0.0231 

RBKO2 0.9188 0.4710 0.8707 0.1830 0.0435 1.0000 0.2262 0.0524 

DKO1 0.3573 0.1991 0.2691 0.1119 0.7006 0.2262 1.0000 0.0468 

DKO2 0.0869 0.1652 0.0850 0.5624 0.0231 0.0524 0.0468 1.0000 
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Table C.4. P-Values of gene expression experiments under normoxia – PLOD2 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.5831 0.9596 0.9434 0.1381 0.6730 0.5445 0.7556 

Vector 0.5831 1.0000 0.8180 0.5183 0.1852 0.9428 0.7875 0.3079 

p53KO1 0.9596 0.8180 1.0000 0.9285 0.2584 0.8518 0.7153 0.8370 

p53KO2 0.9434 0.5183 0.9285 1.0000 0.1278 0.6155 0.5066 0.8098 

RBKO1 0.1381 0.1852 0.2584 0.1278 1.0000 0.1923 0.3150 0.0984 

RBKO2 0.6730 0.9428 0.8518 0.6155 0.1923 1.0000 0.7658 0.4318 

DKO1 0.5445 0.7875 0.7153 0.5066 0.3150 0.7658 1.0000 0.3939 

DKO2 0.7556 0.3079 0.8370 0.8098 0.0984 0.4318 0.3939 1.0000 

 

Table C.5. P-Values of gene expression experiments under hypoxia – PLOD2 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.3282 0.6537 0.2125 0.2836 0.1550 0.3518 0.3635 

Vector 0.3282 1.0000 0.4484 0.9474 0.6145 0.9659 0.7340 0.5292 

p53KO1 0.6537 0.4484 1.0000 0.3293 0.5973 0.2769 0.4161 0.7468 

p53KO2 0.2125 0.9474 0.3293 1.0000 0.4891 0.9739 0.7542 0.3991 

RBKO1 0.2836 0.6145 0.5973 0.4891 1.0000 0.4418 0.5056 0.7955 

RBKO2 0.1550 0.9659 0.2769 0.9739 0.4418 1.0000 0.7338 0.3418 

DKO1 0.3518 0.7340 0.4161 0.7542 0.5056 0.7338 1.0000 0.4621 

DKO2 0.3635 0.5292 0.7468 0.3991 0.7955 0.3418 0.4621 1.0000 

 

Table C.6. P-Values of normoxia to hypoxia fold change in gene expression 
experiments – PLOD2 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.3432 0.3766 0.0788 0.2121 0.1770 0.3793 0.3095 

Vector 0.3432 1.0000 0.5216 0.2777 0.1664 0.6888 0.7139 0.6948 

p53KO1 0.3766 0.5216 1.0000 0.8591 0.3033 0.6103 0.6736 0.6526 

p53KO2 0.0788 0.2777 0.8591 1.0000 0.0499 0.4289 0.6345 0.5695 

RBKO1 0.2121 0.1664 0.3033 0.0499 1.0000 0.0929 0.2494 0.1883 

RBKO2 0.1770 0.6888 0.6103 0.4289 0.0929 1.0000 0.9138 0.9275 

DKO1 0.3793 0.7139 0.6736 0.6345 0.2494 0.9138 1.0000 0.9790 

DKO2 0.3095 0.6948 0.6526 0.5695 0.1883 0.9275 0.9790 1.0000 
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Table C.7. P-Values of gene expression experiments under normoxia – 
ANGPTL4 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.1733 0.3949 0.8811 0.7034 0.7912 0.2387 0.6018 

Vector 0.1733 1.0000 0.0968 0.1757 0.3022 0.1598 0.0783 0.1225 

p53KO1 0.3949 0.0968 1.0000 0.6010 0.3523 0.6792 0.7197 0.7602 

p53KO2 0.8811 0.1757 0.6010 1.0000 0.6515 0.9220 0.4485 0.7819 

RBKO1 0.7034 0.3022 0.3523 0.6515 1.0000 0.5907 0.2655 0.4676 

RBKO2 0.7912 0.1598 0.6792 0.9220 0.5907 1.0000 0.5143 0.8673 

DKO1 0.2387 0.0783 0.7197 0.4485 0.2655 0.5143 1.0000 0.5290 

DKO2 0.6018 0.1225 0.7602 0.7819 0.4676 0.8673 0.5290 1.0000 

 

Table C.8. P-Values of gene expression experiments under hypoxia – ANGPTL4 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.2288 0.6610 0.4084 0.5073 0.3821 0.7741 0.1708 

Vector 0.2288 1.0000 0.1848 0.9984 0.5080 0.8427 0.3773 0.1094 

p53KO1 0.6610 0.1848 1.0000 0.3489 0.3835 0.3354 0.5943 0.4773 

p53KO2 0.4084 0.9984 0.3489 1.0000 0.6329 0.8609 0.5182 0.2600 

RBKO1 0.5073 0.5080 0.3835 0.6329 1.0000 0.5500 0.7656 0.1953 

RBKO2 0.3821 0.8427 0.3354 0.8609 0.5500 1.0000 0.4631 0.2660 

DKO1 0.7741 0.3773 0.5943 0.5182 0.7656 0.4631 1.0000 0.3322 

DKO2 0.1708 0.1094 0.4773 0.2600 0.1953 0.2660 0.3322 1.0000 

 

Table C.9. P-Values of normoxia to hypoxia fold change in gene expression 
experiments – ANGPTL4 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.8517 0.2648 0.0045 0.5797 0.0326 0.0189 0.7808 

Vector 0.8517 1.0000 0.3618 0.0346 0.6532 0.0412 0.0473 0.7349 

p53KO1 0.2648 0.3618 1.0000 0.0620 0.3882 0.0669 0.0936 0.8744 

p53KO2 0.0045 0.0346 0.0620 1.0000 0.0048 0.2149 0.7813 0.3240 

RBKO1 0.5797 0.6532 0.3882 0.0048 1.0000 0.0373 0.0230 0.8759 

RBKO2 0.0326 0.0412 0.0669 0.2149 0.0373 1.0000 0.2846 0.1397 

DKO1 0.0189 0.0473 0.0936 0.7813 0.0230 0.2846 1.0000 0.3012 

DKO2 0.7808 0.7349 0.8744 0.3240 0.8759 0.1397 0.3012 1.0000 
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Table C.10. P-Values of gene expression experiments under normoxia vs. 
hypoxia 

 CXCR4 PLOD2 ANPTL4 

Parental 0.0185 0.1171 0.0210 

Vector 0.4011 0.1890 0.0636 

p53KO1 0.0092 0.2313 0.0874 

p53KO2 0.0625 0.0896 0.1691 

RBKO1 0.5293 0.3847 0.0808 

RBKO2 0.2403 0.0657 0.1882 

DKO1 0.5426 0.2762 0.1273 

DKO2 0.3296 0.0403 0.0324 
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Appendix D.  
 
Statistical analysis of cell migration experiments 

Table D.1. P-Values of cell migration experiments under normoxia 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.2948 0.4531 0.4171 0.1108 0.1839 0.3407 0.0728 

Vector 0.2948 1.0000 0.6993 0.6471 0.5708 0.6234 0.7816 0.9776 

p53KO1 0.4531 0.6993 1.0000 0.9635 0.3451 0.9856 0.5883 0.5588 

p53KO2 0.4171 0.6471 0.9635 1.0000 0.2886 0.9264 0.5575 0.4482 

RBKO1 0.1108 0.5708 0.3451 0.2886 1.0000 0.2037 0.9168 0.3929 

RBKO2 0.1839 0.6234 0.9856 0.9264 0.2037 1.0000 0.5508 0.0842 

DKO1 0.3407 0.7816 0.5883 0.5575 0.9168 0.5508 1.0000 0.7605 

DKO2 0.0728 0.9776 0.5588 0.4482 0.3929 0.0842 0.7605 1.0000 

 

Table D.2. P-Values of cell migration experiments under hypoxia 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.2263 0.7762 0.2929 0.2181 0.2965 0.4923 0.2787 

Vector 0.2263 1.0000 0.4191 0.4314 0.4922 0.3652 0.9462 0.6154 

p53KO1 0.7762 0.4191 1.0000 0.7050 0.2875 0.7633 0.5963 0.5884 

p53KO2 0.2929 0.4314 0.7050 1.0000 0.3035 0.7448 0.6824 0.7002 

RBKO1 0.2181 0.4922 0.2875 0.3035 1.0000 0.2843 0.6514 0.3571 

RBKO2 0.2965 0.3652 0.7633 0.7448 0.2843 1.0000 0.6503 0.5574 

DKO1 0.4923 0.9462 0.5963 0.6824 0.6514 0.6503 1.0000 0.7656 

DKO2 0.2787 0.6154 0.5884 0.7002 0.3571 0.5574 0.7656 1.0000 

 

Table D.3. P-Values of normoxia to hypoxia fold change of cell migration 
experiments 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.6054 0.2155 0.7114 0.8327 0.1073 0.2967 0.3191 

Vector 0.6054 1.0000 0.2563 0.9106 0.8657 0.3179 0.3608 0.4066 

p53KO1 0.2155 0.2563 1.0000 0.3172 0.2490 0.3492 0.7531 0.5987 

p53KO2 0.7114 0.9106 0.3172 1.0000 0.8322 0.6610 0.4426 0.5165 

RBKO1 0.8327 0.8657 0.2490 0.8322 1.0000 0.3448 0.3460 0.3875 

RBKO2 0.1073 0.3179 0.3492 0.6610 0.3448 1.0000 0.5170 0.6267 

DKO1 0.2967 0.3608 0.7531 0.4426 0.3460 0.5170 1.0000 0.8327 

DKO2 0.3191 0.4066 0.5987 0.5165 0.3875 0.6267 0.8327 1.0000 
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Table D.4. P-Values of cell migration experiments under normoxia normalized 
to Vector 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.0047 0.4604 0.0146 0.3038 0.3241 0.4089 0.2416 

Vector 0.0047 #DIV/0! 0.9152 0.0011 0.5319 0.9326 0.6131 0.7003 

p53KO1 0.4604 0.9152 1.0000 0.6938 0.6592 0.8934 0.6919 0.9001 

p53KO2 0.0146 0.0011 0.6938 1.0000 0.4173 0.6676 0.5162 0.4396 

RBKO1 0.3038 0.5319 0.6592 0.4173 1.0000 0.5447 0.9651 0.6896 

RBKO2 0.3241 0.9326 0.8934 0.6676 0.5447 1.0000 0.6125 0.7287 

DKO1 0.4089 0.6131 0.6919 0.5162 0.9651 0.6125 1.0000 0.7254 

DKO2 0.2416 0.7003 0.9001 0.4396 0.6896 0.7287 0.7254 1.0000 

 

Table D.5. P-Values of cell migration experiments under hypoxia normalized to 
Vector 

 
Parental Vector p53KO1 p53KO2 RBKO1 RBKO2 DKO1 DKO2 

Parental 1.0000 0.0125 0.6292 0.1197 0.3285 0.2949 0.4761 0.0355 

Vector 0.0125 #DIV/0! 0.6491 0.1358 0.5161 0.3637 0.7572 0.0451 

p53KO1 0.6292 0.6491 1.0000 0.9677 0.4499 0.9718 0.6398 0.8723 

p53KO2 0.1197 0.1358 0.9677 1.0000 0.4232 0.9950 0.6211 0.5886 

RBKO1 0.3285 0.5161 0.4499 0.4232 1.0000 0.4279 0.7825 0.4464 

RBKO2 0.2949 0.3637 0.9718 0.9950 0.4279 1.0000 0.6249 0.7737 

DKO1 0.4761 0.7572 0.6398 0.6211 0.7825 0.6249 1.0000 0.6566 

DKO2 0.0355 0.0451 0.8723 0.5886 0.4464 0.7737 0.6566 1.0000 

 


