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Abstract 

Breast cancer is one of the most diagnosed and fatal malignancies, and its incidence increases each 

year. The HER2-positive subtype is associated with aggressive disease and poor outcome, with a 

high risk of acquired resistance to first-line treatment. A key contributor to these qualities is 

epithelial-to-mesenchymal transition (EMT). Sox9 has been linked to tumorigenesis and EMT in 

many cancers, but its role in HER2-positive breast cancer has yet to be fully characterized. 

Previous studies have identified a gene network downstream of HER2 that promotes a stem-like 

phenotype in vitro and reduces overall survival in vivo due to Sox10 upregulation through a PDK1-

AKT-Sox9 axis, and we have shown that Sox10 deletion reduces stemness and inhibits 

hyperplasia. We hypothesized that Sox9 drives a distinct genetic program required for invasion 

and the maintenance of stem cells. To determine the effect of Sox9 on cell phenotype we have 

generated Sox9-deficient cells with a CRISPR/Cas9 knockout and Sox9-overexpressing cells by 

lentiviral transduction. In vitro characterization of these cells demonstrated significant decreases 

in proliferation, sphere-forming, and invasion in the Sox9-deficient cells with stronger effects 

observed in complete knockout cells compared to those with residual Sox9 expression. RNA-

sequencing revealed an upregulation of epithelial-associated genes in Sox9-deficient cells. Lastly, 

we have shown that Sox9-deficiency inhibits expansion in vivo using orthotopic and tail-vein 

injection models. Together, our findings suggest that Sox9-knockout inhibits stemness in HER2-

positive tumour-derived cells. Further insight into the role of Sox9 may reveal novel therapeutic 

targets for breast cancer treatment.  
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1.  Introduction 

1.1. Mammary Gland Development 

Mammary glands are among few tissues whose development occurs mostly post-natally. The final 

ductal structure branches radially from the nipple through the mammary fat pad, which is vascular 

and collagen-rich, and surrounds the structure in fibroblasts1. Each branch is comprised of an inner 

luminal layer made of polarized cells and an outer basal layer in direct contact with the basement 

membrane (Figure 1.1)1. Structures at the end of each branch, known as lobules, contain 

specialized luminal epithelial cells that secrete milk upon hormone stimulation during pregnancy1. 

During embryonic development, ectodermal cells form the mammary milk line and organize along 

it into placodes from which the ductal structure eventually sprouts2. Surrounding cells differentiate 

into fibroblasts and preadipocytes and stimulate further differentiation of mammary epithelial 

cells3,4. The last step of embryonic mammary development is proliferation through the fat pad 

precursor mesenchyme, which creates the foundation for the ductal structure5. The more complex 

and mature ductal structure forms at puberty, with most proliferative activity occurring in the 

terminal end buds (TEBs). TEBs consist of a single layer of undifferentiated cap cells, which give 

rise to the myoepithelium, surrounding the central body cells, which give rise to the luminal 

epithelium and eventually undergo apoptosis to form the lumen6,7. In vivo tracking of these cells 

has demonstrated that the branching process is driven by a hierarchy of progenitor cells8. 

Throughout adulthood, alveolar buds are formed from estrogen receptor (ESR1)/ progesterone 

receptor (PGR)-negative luminal progenitors and terminally differentiate into secretory cells 

during pregnancy to facilitate lactation5,9. Further branching of the ductal tree also occurs during 

this time. Involution occurs after weaning and is characterized by the death and clearing of alveolar 

and secretory cells that return the ductal tree to a pre-pregnancy-like state10. The ability of the   
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Figure 1.1. Schematic representation of a mature mammary duct cross section. Inner luminal 

(duct) or secretory (lobule) cells and outer myoepithelial cells are encased in a basement membrane 

surrounded by fibroblasts from the mammary fat pad stroma. Figure adapted from Pellacani et al1.  
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mammary gland to regenerate each pregnancy cycle suggests the presence of a maintained pool of 

mammary stem cells in adult tissue11.  

1.2. Molecular Subtypes of Breast Cancer 

Breast cancer remains one of the most prevalent and lethal malignancies, accounting for more than 

2,000,000 new cases and 600,000 deaths globally each year12. In 2024, breast cancer accounted 

for an estimated 25% of new cancer cases and 13% of cancer deaths in female Canadians13. It is a 

highly complex and heterogenous disease. While each case arises from a different mutational path, 

subtypes sharing molecular characteristics have been established to direct prognosis and treatment 

decisions.  

The molecular classification system of breast cancer is based on tumour gene expression 

profiles and the presence or overexpression of specific surface receptors on the tumour cells. Most 

commonly, breast cancer is divided into three molecular subtypes: hormone receptor positive 

breast cancer, human growth factor receptor 2 (HER2)-positive breast cancer, and triple negative 

breast cancer (TNBC)14. Recent studies point to the emergence of two additional subsets: triple 

positive breast cancer (TPBC), and HER2-low breast cancer, which share predominating 

molecular characteristics with other subtypes but still possess a potentially targetable level of 

HER215–17.  

Most cases are hormone receptor positive and therefore categorized as one of the luminal 

subtypes. Together luminal A and B cases account for about 60% of diagnoses and are 

characterized by the overexpression of ESR1 and PGR receptors18. The luminal B subtype is more 

proliferative than luminal A, noted by the increased expression of Ki67, and tends to manifest with 

more intra-tumoural heterogenity18. These subtypes are associated with the least aggressive disease 

progression and most favourable prognosis. Patients with luminal breast cancer typically present 
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without secondary tumours, greatly improving their outcome. In those with metastatic disease, 

there is a preference for bone metastases, which is a prognostic marker of a more favourable 

outcome than other sites of metastasis19. Treatment typically consists of chemotherapy and 

endocrine therapy to better target ESR1/PGR mediated signalling, which has been found to 

improve the five-year recurrence by about 50% compared to chemotherapy alone20–22. 

HER2-positive breast cancer accounts for 20-30% of diagnoses and is associated with a less 

favourable prognosis and more aggressive disease progression than hormone receptor positive 

breast cancers19,23–25. This subtype is characterized by the overexpression of HER2, typically 

measured by immunohistochemistry (IHC) and in situ hybridization (ISH), where a score of 3+ by 

IHC or a positive ISH result is considered HER2-positive23,24. About 10% of patients present with 

metastases19. Visceral metastases tend to be the first site of secondary tumours, which are 

associated with a better outcome than brain metastases but a worse outcome than bone 

metastases19. First line treatment consists of chemotherapy in conjunction with a HER2-targeting 

monoclonal antibody, but up to 70% of patients will develop resistance26–28. HER2-positive breast 

cancer is also associated with a higher rate of recurrence than average23. 

TNBC is the most rare subtype, accounting for approximately 10-15% of diagnoses29. It is also 

considered the most aggressive subtype and is associated with the least favourable prognosis. 

TNBC is characterized by the lack of expression of ESR1, PGR, and HER2, and therefore 

possesses no unique receptors for targeted therapy14,29. Treatment options are extremely limited, 

and chemotherapy is the standard of care14. TNBC arises in the luminal mammary epithelium but 

adopts a basal gene signature and expresses basal markers such as cytokeratin 5/6, due to a later 

phenotype transition18,30. This subtype is highly metastatic and has an increased propensity to 
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metastasize to the brain compared to the other subtypes, contributing to its less favorable 

outcome19. 

Recent advances have identified HER2 expressing tumours that, while previously considered 

ineligible, are sensitive to novel HER2 targeted therapeutics, especially to antibody-drug 

conjugates (ADCs)15–17. This has led to the emergence of two classifications: TPBC and HER2-

low breast cancer. TPBC is a subset of luminal A/B breast cancer and is defined by the expression 

of ESR1, PGR, and HER215. It is more aggressive than the luminal A/B subtypes but is more 

targetable than luminal or HER2-postive tumours due to the expression of additional receptors15,16. 

Some studies, however, report an increased risk of developing resistance to hormone therapy, 

potentially due to crosstalk of HER2 and ESR1 pathways31,32. The HER2-low subtype is a subset 

of TNBC and is only defined by the presence of HER2, but at a relatively lower expression than 

what is seen in the HER2-postive subtype15. This is generally defined as an IHC score of 1+ or 2+, 

and a negative ISH result33. Since there is less expression of HER2, HER2-low tumors are less 

responsive to treatment than HER2-positive tumours, thus, the subtype is associated with a less 

favourable prognosis than HER2-positive breast cancer15. Taken together, HER2-positive, TPBC, 

and HER2-low cases make up about 50% of all tumours34. 

1.3. HER2-Positive Breast Cancer 

1.3.1. The EGFR Family 

The human epidermal growth factor receptor (EGFR) family comprises four receptor-tyrosine 

kinases: HER1 (EGFR, ErbB1), HER2 (ErbB2, Neu), HER3 (ErbB3) and HER4 (ErbB4)35. It has 

become one of the most studied receptor families since its discovery. Although each member is 

unique, they share a general structure (Figure 1.2). EGFR family proteins possess an N-terminal 

extracellular domain comprised of two leucine-rich ligand binding domains and cysteine-rich  
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Figure 1.2. Schematic representation of EGFR family structure and ligands. HER1 and HER4 

contain all functional domains. HER2 lacks a known ligand and is always in the open 

conformation, and HER3 lacks a functional intracellular protein kinase domain. Ligands are 

grouped according to their compatible receptor: group 1 binds exclusively HER1, group 2 binds 

HER1 and HER4, group 3 binds HER3 and HER4, and group 4 binds exclusively HER4. The two 

most common monoclonal antibody treatments for HER2, trastuzumab and pertuzumab, bind 

distinct epitopes at the extracellular domain near the cell membrane and dimerization domain, 

respectively. Figure adapted from Roskoski40.  
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 dimerization regions; a transmembrane domain; and a C-terminal intracellular domain that 

contains a kinase region and a carboxyterminal tail36. However, HER3 does not harbor a functional 

protein kinase domain37. These growth factor receptors are found in most non-hematopoietic 

tissues and are involved in signalling pathways that regulate cell cycle, differentiation, 

proliferation, apoptosis, and tissue development. Murine models with systemic EGFR family 

knockouts have been reported with embryonic or perinatal lethality due to developmental 

dysfunction in a variety of organs, especially in cardiac and brain tissue38,39. 

Ligands of the EGFR family are categorized according to their compatible receptor40. The 

first group consists of the HER1-exclusive ligands: epidermal growth factor, amphiregulin, epigen, 

and transforming growth factor alpha41–44. The second group are ligands that bind to HER1 and 

HER4: betacellulin, epiregulin, and heparin-binding epidermal growth-like factor45–48. The last 

two groups are comprised of neuregulins that bind to HER3 and HER4 (group 3) or exclusively 

HER4 (group 4)40,49–53. 

In addition to ligand binding, heterodimerization or homodimerization is required for 

activation54,55. Ligand binding induces a conformational change in HER1, HER3, and HER4 that 

allows for dimerization. Dimerization induces the autophosphorylation of multiple tyrosine 

residues in the c-terminal tail, triggering downstream signalling56. As HER2 has no known ligand, 

it is always in the open conformation and able to dimerize54. While HER3 is able to form a 

functional homodimer, it rarely occurs and only possesses a fraction of the kinase activity of other 

family members57. Generally, heterodimerization is preferred to activate the downstream 

signalling of both partners54.  
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1.3.2. The HER2 Oncogene 

HER2 is an orphan receptor and does not have any known ligands. It is the preferred 

heterodimerization partner of each of the other family members and preferentially dimerizes with 

HER354. Due to its conformational capacity for dimerization, HER2 is able to homodimerize and 

activate its downstream signalling pathway independent of ligand binding, especially in conditions 

where it is overexpressed54,58. Heterodimerization or homodimerization with HER2 both result in 

the phosphorylation of tyrosine residues within the c-terminal tail, initiating a protein cascade that 

activates PI3K, MAPK, and src-signalling, promoting proliferative and pro-survival/ anti-

apoptotic pathways. Under normal conditions, HER2 is involved in a variety of developmental 

processes, including normal mammary gland development and cardiac and skeletal muscle 

function. HER2 has an integral role in mammary ductal branching but the mechanism through 

which the signalling pathway is regulated has not been fully elucidated59,60.  

When overexpressed, HER2 activates pro-survival pathways contributing to the development 

of a number of cancers, especially breast, lung, and gastric cancers61. Fluorescent in situ 

hybridization (FISH) revealed that normal cells each have one-to-five gene copies of HER2 but 

HER2-positive breast cancer cells have at least 25 copies, and immunofluorescent staining and 

immunoblotting have shown up to a 100-fold increase in amplification62,63. Due to its preferential 

binding in the EGFR dimerization hierarchy, the high-level expression results in an increase in 

HER2-containing dimers, and ligand-independent hyperactivation of downstream HER2 

signalling. This effect is further enhanced not only by HER2’s ability to self-phosphorylate through 

homodimerization, but also its ability to avoid normal regulatory mechanisms. HER2 appears to 

inhibit dimer degradation, allowing its dimerization partners to avoid endocytic degradation, be 

recycled and quickly reactivated64,65. HER2 amplification and copy number in human breast 
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tumours remains constant throughout disease progression, and is associated with subtype-defining 

characteristics rather than providing staging information66,67. 

HER2 variants with constitutively active signalling or otherwise increased tumorigenicity have 

also been identified. The most characterised isoform is P95HER2, a fragment with an incomplete 

extracellular domain68. The fragment arises from two mechanisms: the proteolytic shedding of the 

extracellular domain catalyzed by ADAM10, and by alternative messenger RNA (mRNA) 

translation from internal initiation codons69,70. P95HER2 has been found in about 20% of all breast 

cancer cases and in 30% of HER2-positive breast cancer cases, and is associated with increased 

treatment resistance to HER2 targeted therapy as inhibitory molecules cannot bind to the external 

portion of the receptor71,72. Defects in the extracellular domain have been found to increase the 

transforming efficiency of HER2 by up to 100-fold73. For these reasons, P95HER2 and related 

variants are considered prognostic markers of worse outcome and may help shape treatment 

decisions.  

Somatic mutations can contribute to HER2 driven tumorigenesis, although these are quite rare. 

Less than 5% of breast cancer cases are estimated to express mutant HER2, and the rate of HER2 

mutations in other cancer types is not much higher74. HER2 mutations are most common in bladder 

cancer, where they are only found in an estimated 8% of cases74. The most common HER2 

mutations across all cancer types are found in the protein kinase domain and result in constitutive 

activation74. The most prevalent mutation is a 12 base pair insertion in exon 20 resulting in a 

tandem repeat of tyrosine-valine-methionine-alanine (YVMA)74. HER2YVMA has been extensively 

studied in the context of lung cancer, where it has been found to increase the dimerization affinity 

of HER2 and the subsequent trans-phosphorylation of other EGFR family members, especially in 

dimers containing HER1 and HER375. While the biological effects of HER2 mutants are clear, 
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there are conflicting reports in the literature as to whether HER2 mutations alone are a risk factor 

for cancer development, as reviewed by Galogre et. al76. Regardless, given the rarity of these 

occurrences, the main driving force behind HER2-mediated tumorigenesis is its overexpression. 

The oncogenic potential of HER2 has been extensively characterized. The link between HER2 

and cancer was first reported in a study where mouse fibroblast cells were transfected with DNA 

from rat neuroglioblastomas, resulting in their transformation with characteristics consistent with 

fibrosarcoma77. One of the transforming genes encodes a protein identified as Neu, the rat homolog 

of human HER278. Further cloning of the wild-type form of Neu revealed that it was not sufficient 

to transform cells, instead the transforming ability was due to a point substitution mutation in the 

transmembrane domain, V664E, that increased tyrosine kinase activity79,80. This mutation has been 

named NeuT. Overexpression of the wildtype c-Neu in mouse mammary glands was only shown 

to have transformation activity after undergoing small deletions in the juxtamembrane domain, 

resulting in increased dimerization and tyrosine kinase activity81. This is in contrast to 

transformation by HER2. Overexpression of wildtype HER2 was shown to be sufficient to induce 

transformation in vitro in a number of cell lines, including mouse fibroblasts and human mammary 

epithelial cells. Transformation by HER2 had similar effects on proliferation, invasion, drug 

resistance, and apoptotic resistance82–86.  

1.3.3. HER2-Targeting Treatment 

Treatment options for HER2-positive breast cancer have expanded over recent years but are still 

quite limited. First-line treatment consists of a chemotherapeutic in conjunction with a HER2 

targeting monoclonal antibody. The first monoclonal antibody introduced for the treatment of 

HER2-positive breast cancer (trastuzumab) was initially approved in 1998 in combination with the 

chemotherapeutic paclitaxel but it has since been approved for use in other HER2-expressing solid 



11 

 

tumours, such as in gastric and colorectal cancer, and on its own as an adjuvant therapy in early 

HER2-positive breast cancer28. It was first isolated in mice and humanized to prevent an immune 

response87,88. Trastuzumab directly binds to the extracellular domain near the cell membrane, but 

the mechanisms through which it inhibits downstream HER2 signalling are not fully understood89. 

The use of trastuzumab in conjunction with chemotherapy greatly improves survival and 

recurrence outcomes over chemotherapy alone, however the rate of acquired resistance to 

trastuzumab is 70%26–28. As it specifically binds to the HER2 extracellular domain its strongest 

effects are seen in cases driven by HER2 homodimers58. It is not effective in cases where the 

P95HER2 fragment is already expressed, nor is it effective at preventing HER2-HER3 dimers90,91. 

These findings indicate that cells may overexpress HER3 as a compensatory mechanism, and that 

individuals with high levels of P95HER2 may be innately resistant. 

Pertuzumab is a hamster derived-humanized monoclonal antibody that inhibits downstream 

signalling through steric dimerization inhibition. It has also been found to increase affinity for 

antibody-dependent cellular cytotoxicity, though this is not its main mechanism of action92. The 

epitope for pertuzumab does not overlap with the epitope for trastuzumab, and the combined use 

of both has synergistic effects89,92. Adding pertuzumab to the regimen was found to increase overall 

survival and decrease recurrence compared to trastuzumab, chemotherapy, and a placebo group 

with mild additional side effects93. Combining trastuzumab with pertuzumab blocks HER2-HER3 

dimerization as a compensatory mechanism and reduces the rate of acquired resistance. 

Pertuzumab was approved in 2012 for use in combination with trastuzumab and the 

chemotherapeutic docetaxel to treat metastatic HER2-postive breast cancer, but the approval has 

since been expanded to include its use as an adjuvant and neoadjuvant treatment in early HER2-
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positive breast cancer, still in combination with trastuzumab93,94. This combination is the most 

often prescribed treatment course for HER2-positive breast cancer.  

The search for novel HER2-targeting therapeutic options is ongoing. Among the most 

promising options are ADCs. ADCs combine the targeting ability of monoclonal antibodies with 

the cytotoxic effects of chemotherapeutics delivered as one entity. For the treatment of HER2-

positive breast cancer, two are currently used in the clinical setting. Ado-trastuzumab emtansine 

(T-DM1) was first approved in 2013, and fam-trastuzumab deruxtecan-nxki (T-DXd) was 

approved in 2019. T-DM1 combines trastuzumab with emtansine, a tubulin inhibitor, and was 

found to improve overall survival in patients with late-stage disease who have undergone prior 

treatment compared to patients treated with a “physician’s choice” regimen95. T-DXd instead 

combines trastuzumab with a topoisomerase I inhibitor and has similarly been found to be effective 

in patients with pre-treated late-stage HER2-positive breast cancer16. Especially interesting is the 

apparent ability of these drugs to target cells expressing low amounts of HER2, with IHC scores 

of 1+ or 2+. A phase III clinical trial demonstrating T-DXd’s efficacy in patients who express low-

levels of HER2 have led to it being the first drug approved to target HER2-low breast cancer33. 

1.3.4. Transgenic Models of HER2-Positive Breast Cancer 

Transgenic animal models are an invaluable tool for the study of disease progression. A number of 

models have been developed for the study of HER2-positive breast cancer. Most current transgenic 

models utilize the Neu oncogene driven by the mouse mammary tumour virus (MMTV) 

promoter96. The MMTV promoter fragment is primarily expressed in luminal mammary 

epithelium and myoepithelium but is also lowly expressed in the salivary glands and testes due to 

“leaky” expression97.  
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A number of mutations in Neu have been identified for the study of breast cancer. The first was 

designated as Neu-T, which contains an activating point mutation in the transmembrane domain79. 

Expression of Neu-T was sufficient to transform cell lines in vitro, and MMTV-driven expression 

in vivo results in mammary tumour formation consistent with human breast cancer79,98. In Neu-T 

transgenic female mice, tumours involving the whole mammary gland epithelium would arise in 

approximately 90 days98. This model was representative of a somatic mutation, which is rare in 

human breast cancer, and this led to the investigation of the transforming potential of wild-type 

Neu. A separate study found that transgenic female mice expressing the wild-type c-Neu driven by 

MMTV would form tumours in 5-10 months, even though the level of expression was similar to 

that of Neu-T97,99. The tumours that formed in this model almost exclusively contained Neu 

mutants with in-frame 7-12 amino acid deletions in the juxtamembrane domain and an in vitro 

experiment demonstrated the increased transforming potential of these mutants compared to the 

wild-type 81. These results indicate that tyrosine kinase activity is the rate determining factor in 

mammary tumorigenesis.  

Neu deletion 2-5 (NDL2-5) is a mutated form of Neu containing a five amino acid deletion 

that results in constitutive activation through the promotion of stable dimers, due to a lack of 

intermolecular cysteine bridges100. This is similar to a splice variant of HER2 found in human 

breast cancers where a 16 amino acid deletion prevents cysteine bridges, resulting in the formation 

of a dimer stabilizing disulfide bond81,100. The MMTV-NDL2-5 model uses the MMTV promoter 

to drive expression of the NDL2-5 oncogene. Tumours in this model spontaneously arise after 

about 160 days and are pathologically consistent with human breast carcinoma100. Metastases to 

the lungs are evident in 65% of the mice100. This oncogene is also used in a model designed to 

facilitate knockout studies, NDL2-5-IRES-Cre (NIC). The MMTV-NIC model allows for the 
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conditional co-expression of the NDL2-5 oncogene and Cre-recombinase through an internal 

ribosome entry site (IRES)101. In this model, a conditional allele can be deleted upon expression 

of the NIC cassette102. 

Mouse background has been shown to have an effect on tumour progression in models of breast 

cancer. Typically, the two most common backgrounds are FVB or C57B1/6. FVB mice are 

desirable for their high fecundity while C57B1/6 mice are considered best suited for knockout 

studies due to their increased capacity for germline transmission facilitated by 129/SvJ embryonic 

stem cells103. C57B1/6 mice have been shown to be resistant to HER2-driven tumorigenesis in two 

transgenic models. In models of HER2-positive breast cancer driven by Neu or Polyomavirus 

middle T (PyVMT), a transgenic model that mimics downstream HER2 signalling, tumour 

initiation was observed to be nearly twice as long in the C57B1/6 mice compared to FVB mice 

despite consistent levels of transgene expression in both strains103,104. Multiple genes have been 

identified to have a role in the suppressive effect104. These studies demonstrate that maintaining a 

consistent background is integral for the interpretation of in vivo results. 

1.4. Sox9 

1.4.1. Sox Family Proteins 

The sex-determining region Y high mobility group-box (SRY-HMG box; Sox) family consists of 

20 transcription factors in mammals. They were first discovered to have a role in male embryonic 

sex determination and are named for their transcriptional regulation of Y-chromosome genes105,106. 

They have since become known to be critical in a variety of processes for cell differentiation, tissue 

development and homeostasis, and contribute to various pathologies. The Sox family members 

share a highly conserved single homology box domain that binds the minor groove of AT-rich DNA 

sequences and bends DNA to regulate transcription either directly or through chromatin 
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remodelling107. The Sox homology box consists of two α-helical domains and an acidic tail that 

negatively regulate DNA binding through intramolecular binding107,108. When in the open 

conformation, this structure allows Sox proteins to control the expression of target genes by 

selectively binding to the consensus motif: 5’-(A/T)(A/T)CAA(A/T)G-3’109. Sequences flanking 

this region are specific to different Sox proteins110.  

Sox family members are subgrouped by sequence homology and similarities in biological 

function111. Nine groups have been defined in mammals: A, B1, B2, and C through H. Sox proteins 

within a subgroup typically share more than 50% sequence homology111. There tends to be 

significant overlap in their functions and often evidence of compensatory mechanisms amongst 

them.  

1.4.2. SoxE Subgroup 

The SoxE subgroup consists of three proteins: Sox8, Sox9, and Sox10111. Initially they were 

discovered along with 4 other Sox proteins based on their sequence homology to SRY111. 

Structurally and functionally, the members are very similar. Each member has highly conserved 

dimerization, HMG, and two transactivation domains112. Within the HMG domain is a nuclear 

export signal (NES) and two nuclear localization signals that flank the NES at the N and C 

termini113,114. In addition to their structural similarities, SoxE members also share functional 

similarities such as in male sex determination, chondrogenesis, neural crest development, and glial 

cell differentiation pathways. Dimerization is a property unique to the SoxE group and is required 

for chondrogenesis but not sex determination115. In recent years the SoxE subgroup has been 

implicated in numerous cancer types by contributing to stem and progenitor cell regulation and 

tumour progression. 
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Sox8 is the least characterized member of the SoxE subgroup. Like most Sox proteins it 

has a role in embryonic development, and is expressed in mouse embryos starting at 9.5dpc116. In 

adult human tissues it is most highly expressed in the brain117. Mutations or partial deletion of 

Sox8 have been shown to contribute to intellectual disabilities and infertility117,118. Although it is 

associated with male infertility, global knockouts of Sox8 in mice are not associated with other 

severe dysfunction, indicating functional redundancy with other SoxE proteins116,119. Sox8 is 

overexpressed in many cancer types, especially glioblastostoma, medulloblastoma, and TNBC120–

122. It has been implicated in a number of malignant pathways, particularly in the regulation of 

proliferation through Wnt/β-catenin signalling123,124. 

Sox9 is the most studied SoxE member. It was first investigated when a Sox9 mutation was 

observed to be a contributing factor to campomelic dysplasia, a syndrome defined by skeletal 

abnormalities, sex reversal, and neonatal lethality125. This highlights the main functions of Sox9 

in development: sex determination and chondrocyte differentiation. Haploinsufficiency of Sox9 

was also connected to campomelic dysplasia, indicating a dosage-dependent requirement for Sox9 

during embryonic development126. Sox9 is first expressed in mouse embryos by 9dpc and initially 

is involved in early cartilage and skeletal formation127,128. Throughout development it becomes 

more generally expressed in other tissues and is involved in testis differentiation and nervous 

system development129,130. Global knockouts of Sox9 are embryonically lethal, and conditional 

knockouts exhibit stronger phenotypes when more than one SoxE member is affected rather than 

just Sox9 alone, suggesting compensatory activity by Sox8 and Sox10131,132. Sox9 has been 

implicated in a number of malignancies, especially by regulating proliferation, stemness, and 

polarity in breast cancer, non-small cell lung cancer, central nervous system (CNS) cancers, and 
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gastrointestinal cancers133–137. Its expression has also been found to contribute to drug resistance 

in luminal breast cancer138.  

The last member of the SoxE subgroup, Sox10, is more similar to Sox9 than to Sox8111. 

Sox10 is critical for neural crest and peripheral nervous system development. In murine embryos, 

Sox10 becomes activated around 9.5dpc, during peripheral nervous system development, and later 

becomes integral to Schwann and glial cell differentiation in the central nervous system139,140. 

Global knockout of Sox10 is embryonically lethal, and mutated forms have been linked to severe 

developmental disorders, most notably demyelinating syndromes141–143. Sox10 has been shown to 

be a marker of basal-like breast cancer or TNBC and contributes to a less favourable prognosis in 

breast cancer through regulation of proliferation and stemness144–146.  

1.4.3. Sox9 Structure and Regulation 

Sox9 was first sequenced and identified during a screen for proteins related to SRY111. It was 

designated as part of the SoxE subgroup due to its sequence homology with two other novel genes, 

Sox8 and Sox10111. It was further isolated in mice and found to be located on chromosome 11 in 

a region syntenic to human chromosome 17q125.  

Murine and human Sox9 mRNA transcripts contain three exons separated by two introns 

(Figure 1.3)147. The coding sequence spans all three exons and in humans encodes a protein that is 

509 amino acids long147. Like other SoxE proteins, Sox9 contains a dimerization (DIM) domain, 

the HMG, a central transactivation (K2/TAM) domain, and a PQS-rich c-terminal transactivation 

(TAC) domain112. Uniquely, it contains a PQA domain comprised exclusively of proline, glutamine 

and alanine148. The DIM is a region exclusive to SoxE subgroup members and facilitates 

homodimerization or heterodimerization necessary for the transcriptional regulation of target 

genes through interactions between the DIM of one monomer and the HMG of the other149.  
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Figure 1.3. Schematic representation of human SOX9 gene and SOX9 protein structure. The 

SOX9 coding sequence spans all three exons and encodes a protein that contains dimerization 

(DIM), homology group (HMG), central transactivation (TAM), PQA, and c-terminal 

transactivation (TAC) domains. Roman numerals indicate exons, numbers above SOX9 gene 

indicate base pair relative to the start codon, and numbers under SOX9 protein indicate amino acid 

position. Figure adapted from Angelozzi and Lefebvre204.  
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 Dimerization is only required in some processes, implying that it is a context dependent 

mechanism115. The TAM and TAC domains are both required for transactivation, but the TAC 

domain is more integral to the function of Sox9 and can directly interact with other proteins150,151. 

These two regions have been found to function independently or synergistically, depending on 

cellular context112. The PQA domain is able to enhance transactivation but the mechanism 

responsible is not fully known148,152. 

Transcriptional regulation of Sox9 is quite complex and has yet to be fully understood. 

Patterns of expression throughout early development indicate that the regulation of Sox9 begins at 

the transcriptional level. During embryonic development, Sox9 activity is first detected during 

chondrocyte differentiation in a number of progenitor cells. Case studies involving campomelic 

dysplasia patients with Sox9 mutations outside the coding DNA sequence (CDS) indicate that a 

3MB region located up-and-downstream of the gene may be a regulatory region153. Various 

sequences within this region likely act as context-dependent enhancers for Sox9 

transcription153,154. Some studies with transgenic mice have begun to elucidate this mechanism, 

but homology is not always conserved in humans155–157. Methylation also contributes to the 

transcriptional regulation of Sox9. The gene has been found to be hypomethylated and therefore 

over-activated in breast cancer, especially following chemotherapy158.  

The post-transcriptional regulation of Sox9 is better understood. Specific regulatory 

mechanisms are highly context dependent and involve multiple pathways that direct nuclear 

localization, binding affinity, and degradation of Sox9. The most common modification is 

phosphorylation, which increases the binding affinity of Sox9 for DNA and increases transcription 

of its downstream targets159–161. In some contexts, this step is required. Another mechanism is 

ubiquitination by a small ubiquitin-like modifier (SUMOylation). SUMOylation can be activating 
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or inhibitory depending on cellular context162–164. Further activating or inhibitory post-

transcriptional regulation of Sox9 is mediated by microRNA and long noncoding RNA, as 

reviewed by Jana et. al165. 

1.4.4. The Role of Sox9 in Development and Homeostasis 

During embryonic development Sox9 plays key roles in brain development, sex determination, 

and chondrogenesis. In the central nervous system, Sox9 expression begins at 9.5dpc and is 

required for the generation and maintenance of neural stem cells130,166. Later, Sox9 also regulates 

the expression of targets necessary for glial, astrocyte, and oligodendrocyte differentiation166,167. 

Following the initiation of the male sex determination process by SRY, Sox9 promotes the 

differentiation of Sertoli cells to drive testis development, with low-level expression evident as 

early as 10.5dpc168. Sox9 expression is initially dependent on SRY but continues after SRY 

expression decreases and is able to drive male gonadal differentiation without a Y-chromosome, 

indicating prolonged self-regulation155,168,169. Throughout this process, Sox9 activates a number of 

targets that are necessary for ovarian pathway repression and differentiation of Sertoli cells and 

Leydig cells129,170.  

At the onset of chondrogenesis, Sox9 is involved in the determination of chondrocytes from 

osteochondroprogenitor cells163,171. From 11.5dpc onward Sox9 is highly expressed in nearly all 

chondrocyte derived cells throughout the process of chondrogenesis and expression remains 

elevated in mature cartilage128,172,173. Sox9 is involved in a number of pathways throughout 

chondrocyte development, and many of its downstream targets are chondrocyte specific genes, but 

also other transcription factors, including Sox5 and Sox6174. Other organs in which Sox9 is 

expressed and promotes differentiation include the lungs, heart, gastrointestinal tract, liver, 

pancreas, and retina175–180.  
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Sox9 remains expressed in a number of mature tissues to maintain homeostasis and normal 

function. In cartilage, Sox9 is necessary to facilitate repair after injury and prevent disorders like 

osteoarthritis by continuing to regulate stem cells181,182. In the liver, Sox9 is always expressed and 

plays a role in cell differentiation during tissue regeneration183. A similar mechanism has been 

observed in the pancreas and intestine where Sox9 expression is a requirement to maintain 

progenitor cells in adult tissue184. Sox9 is also involved in post-natal development. Conditional 

knockout of Sox9 was observed to result in impaired mammary gland development in mice185. 

Sox9 is expressed by luminal progenitors and is necessary for differentiation and proliferation of 

luminal cells185. The activation of Sox9’s targets appear to be context dependent. However, 

pathways of stem cell maintenance and lineage commitment tend to involve targets from the TGF-

β, Wnt/β-catenin and Notch pathways.  

1.4.5. The Role of Sox9 in Cancer 

Consistent with its role in proliferative and pro-survival pathways in numerous tissues, Sox9 has 

been implicated in the development and progression of many cancer types. Notably, Sox9 has been 

shown to be a biomarker for less favorable outcome in non-small cell lung cancer, hepatocellular 

carcinoma and CNS tumours 137,186–188. It is also a regulator of cancer stem cells (CSCs) and 

promotes stemness in prostate cancer, renal cell carcinoma, colorectal cancer, liver cancer, and 

pancreatic cancer134,188–190. In many cancers, Sox9 is found to be upregulated with Sox10 or Sox2, 

indicating that they are promoting similar pathways, with evidence of cooperation in some 

contexts191,192. Regulation of stemness in cancer often involves targets or crosstalk with the TGF-

β, Wnt/β-catenin and Notch pathways, the same pathways typically promoted by Sox9 for the 

maintenance of normal stem cell ratios. 
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In breast cancers, Sox9 has been shown to be co-expressed with Sox10. Together they have 

been associated with acquired treatment resistance to hormone therapy in luminal breast cancer138. 

In TNBC, Sox9 has been shown in vitro to promote both proliferation and stemness through growth 

and invasion assays136. Sox9 is also highly expressed in HER2-postive breast cancer, but its role 

has not been fully elucidated in the subtype. 

1.4.6. Sox9 and Sox10 in Breast Cancers 

Sox9 and Sox10 are active throughout mammary gland development. Sox9 is expressed in the 

ESR1/PGR-negative luminal progenitor population, and to a lesser degree in basal cells, where it 

appears to have a role in the dedifferentiation of unipotent luminal progenitor cells to bipotent 

progenitor cells and multipotent mammary stem cells9,185,193. Sox10 is present throughout the 

mammary gland and is strongly expressed in basal cells where it has been demonstrated to be 

required for myoepithelial progenitor function194. It has also been shown to contribute to stem cell 

maintenance through the dedifferentiation of basal progenitors to multipotent mammary stem 

cells194. Both transcription factors have been shown to be required for normal mammary gland 

development in mice185,195.  

Some studies have connected molecular signatures of breast cancer subtypes to normal 

mammary cells as their cell type of origin. TNBC appears most similar to early luminal progenitor 

cells, while HER2-positive breast cancer is most similar to ESR1/PGR-negative alveolar cells, and 

the luminal breast cancers are most similar to ESR1/PGR-positive luminal cells196,197. These 

genetic similarities suggest potential cell types of origin from differentiation states that are 

consistent with pathological features of each subtype, like stemness (Figure 1.4). However, due to 

the high degree of plasticity between cellular states in both normal mammary tissue and breast 

cancer this is likely an oversimplification of the actual oncogenic processes.  



23 

 

 

 

 

 

Figure 1.4. Schematic representation of potential relationships between normal mammary 

cell differentiation states and the origin of human breast tumours. Multipotent mammary stem 

cells give rise to unipotent progenitors that further differentiate into ductal, secretory, or 

myoepithelial cells. Various transcription factors facilitate the plasticity between cell states. Dotted 

lines connect the molecular subtypes to their closest normal cell based on genetic profiling. Figure 

adapted from Fu et. al11.   
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1.5. Stemness and EMT  

A key mechanism of acquired resistance in breast cancer is epithelial-to-mesenchymal transition 

(EMT). EMT generally describes the process through which epithelial-like tumour cells acquire 

mesenchymal-like characteristics. The resulting mesenchymal-like cells often display 

characteristics of CSCs or tumour initiating cells (TICs) due to their increased metastatic potential. 

In non-carcinoma malignancies, the process is known as dedifferentiation or phenotype switching. 

Epithelial-like cells are generally considered to be proliferative, treatment-sensitive, and non-

invasive, with high expression of epithelial markers like E-cadherin and claudin198,199. 

Mesenchymal-like cells display opposing characteristics. They are known to be self-renewing, 

treatment resistant, immune evasive, highly migratory, and highly invasive200,201. During EMT, 

epithelial markers are down-regulated, and mesenchymal markers like N-cadherin and vimentin 

are upregulated199. A complementary process, mesenchymal-to-epithelial transition (MET), occurs 

at distant sites during metastasis when CSCs are establishing a secondary tumour199. Together, 

EMT/MET plasticity is an important mechanism contributing to tumour heterogeneity, treatment 

resistance, and metastasis. There are multiple pathways through which EMT can be mediated. 

Most result in the upregulation of EMT transcription factors Zeb, SnaiI, and TWIST. Zeb and SnaiI 

inhibit epithelial gene expression while TWIST promotes mesenchymal gene expression200. In 

HER2-positive breast cancers the transforming growth factor beta (TGF-β), Notch, and Wnt/β-

catenin pathways play a major role in the EMT process. 

1.6. Objectives and Hypothesis 

Previous work in our lab has shown that Ste-20 like kinase (SLK), a serine-threonine kinase, is 

activated downstream of HER2. It was initially hypothesized that SLK deletion would inhibit 

tumour progression and increase overall survival. Surprisingly, our previous studies demonstrated 
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accelerated tumour onset and increased mammary stem and progenitor cell activity in MMTV-

NDL2-5/NIC mice bearing a conditional SLK knockout202. These changes were attributed to the 

induction of Sox10 in mammary cells. SLK is activated by PDK1, but we have shown that it also 

regulates PDK1 through a negative feedback loop. In the absence of SLK, Sox10 was induced 

through activation of a PDK1-AKT-Sox9 axis192. In vitro, phosphorylation of Sox9 by AKT 

induced Sox10 expression. A summary of this pathway is shown in Figure 1.5. 

One possibility is that SLK deletion led to an expansion of Sox10-expressing luminal 

progenitor cells. Recently, our lab has shown that luminal Sox10 deletion completely abrogates 

tumour initiation in SLK-expressing MMTV-NIC mice203(submitted). The expression of Sox9 in the 

luminal epithelial tissue of mammary glands from these mice suggests that Sox9 is unable to 

compensate for the loss of Sox10. Furthermore, we have shown that Sox10 expressing NDL 

tumour-derived cell lines exhibit a more stem-like behaviour than Sox10-deficient cells203(submitted). 

Our hypothesis is that Sox9 is driving a distinct genetic program required for invasion, 

stemness, and tumour progression following the Sox10-dependent induction of hyperplastic 

lesions. Our first objective was to determine the role of Sox9 on stemness in vitro. Using HER2-

positive tumour-derived cell lines we have tested the effect of Sox9 on proliferation, self-renewal 

ability, migration, and invasion. Our second objective was to assess the effect of Sox9 on tumour 

progression and metastasis in vivo. Tumour growth was assessed by orthotopic injection of Sox9-

expressing and deficient HER2-positive tumour cells. Metastasis was evaluated by tail-vein 

injection of the same cells.   
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Figure 1.5. Summary of Sox9 activation downstream HER2 signalling. In HER2 mediated 

tumorigenesis, HER2 is activated through heterodimerization or homodimerization and 

phosphorylates PI3K. PI3K converts PIP2 into PIP3, which then phosphorylates PDK1. AKT is 

activated by PDK1. SLK is thought to negatively regulate PDK1 through a negative feedback loop. 

Loss of SLK increases AKT activity, Sox9 activation, and Sox10 upregulation. Figure adapted 

from Al-Zahrani205.  
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2. Materials and Methods 

2.1. Plasmids and Cloning 

The following plasmids were purchased from Addgene: pMSCV-IRES-GFP II (pMIGII, 52107), 

pUMCV (8449), and pCMV-VSV-G (8454). The Sox9 mouse tagged ORF clone (MR237031) was 

purchased from Origene. The following plasmids were kindly gifted from Dr. Daniel Schramek 

(Lunenfeld-Tanenbaum Research Institute, Sinai Health): pLKO-H2B-mRFP-2A-puro and 

pLentiCas9-blast. Single guide RNA (sgRNA) targeting the exon 1 region of Sox9 were designed 

with Benchling (Benchling.com) and ChopChop (https://chopchop.cbu.uib.no). Non-targeting 

control sgRNA (sgNTC) were designed to not bind DNA. All oligonucleotide sequences are listed 

in Table 2.1. 

To generate the murine and human Sox9 knockout guide plasmid the lentiviral vector 

pLKO-H2B-mRFP-2A-puro was digested with BsmBI-V2 (NEB: R0739S) and NEBuffer 3.1 

(NEB: B7203S) at 55°C for 1 hour and the 9kb band was purified from a 0.8% agarose gel with a 

QIAQuick gel purification kit (QIAGEN) following the manufacturer’s protocol. The purified 

vector was dephosphorylated with rSAP (NEB: M0371) by incubating at 37°C for 30 minutes and 

heat inactivating by incubating at 65°C for 5 minutes. The product was purified with a QIAQuick 

PCR purification kit (QIAGEN), following the manufacturer’s protocol. Sense and antisense 

sgRNA were annealed using T4 ligase buffer (NEB: B0202A) and T4 polynucleotide kinase (NEB: 

M0201S) in a thermocycler with the following cycling protocol: 37°C for 30 minutes, 95°C for 5 

minutes, ramp down to 20°C at a rate of 0.1°C/ second. The annealed sgRNA were ligated to the 

dephosphorylated vector using Quick Ligase (NEB: M2200S) and Quick Ligation Buffer (NEB: 

B2200S), following the manufacturer’s protocol. To transform the ligated product, it was 

combined with 90µL NEB stable competent bug (NEB: C3040H), incubated on ice for 30 minutes, 
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and heat shocked at 42°C for 1 minute before incubating for 1 hour at 30°C, shaking at 250rpm. 

The broth was then spread on an agar plate with 100µg/mL ampicillin (Wisent Inc: 400-110-XG) 

and incubated for 24 hours at 30°C. Colonies were selected and grown in 3mL of LB broth (11% 

peptone [Gibco: 211677], 1% NaCl, 0.5% yeast extract [Thermo Fischer Scientific: BP1422-500]) 

for 24 hours at 30°C and 225rpm and DNA was extracted with a PureLink™ HiPure Plasmid 

Midiprep Kit (Invitrogen) by following the manufacturer’s protocol. Positive clones were 

identified by Sanger sequencing.  

 The Sox9 overexpression plasmid was previously constructed in our lab. Briefly, the 

retroviral vector, pMIGII, was digested with BamHI and XhoI. The Sox9 mouse tagged ORF was 

digested from a subcloning vector with BamHI and SaII and the Sox9 fragment was ligated to the 

pMIGII vector. The remaining steps were performed in the same manner as described above with 

the following exceptions: the plasmid was transformed with 90µL DH5α competent bacteria 

(produced in house), samples were incubated at 37°C instead of 30°C, and for 16 hours instead of 

24. 

2.2. Cell Culture 

2.2.1. Cell Lines 

All murine cell lines were isolated from endpoint MMTV-NDL mammary tumours and processed 

by our lab. Briefly, tumours were digested in collagenase and cells underwent lineage negative 

depletion by magnetic sorting to isolate luminal cells using the Mammary Stem Cell Enrichment 

Kit (Stemcell Technologies) according to the manufacturer’s protocol without the addition of 

CD24 or CD49f antibodies. Cells were cultured in the media described in section 2.2.2. Media was 

changed every 48 hours and the cells were passaged at 80% confluency until they reached a 

doubling time of approximately 24 hours. The parental human cell line, BT474, was kindly gifted 
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from Dr. Christina Addison (Ottawa Hospital Research Institute [OHRI] and University of 

Ottawa). 

2.2.2. Routine Cell Culture 

Murine cell lines were maintained in culture media containing equal parts Dulbecco's modified 

eagle medium (DMEM, Life Technologies: 11995123) and F12 (Thermo Fisher Scientific: 

11765070) supplemented with 10% fetal bovine serum (FBS, Corning: 35-077-CV), 1% 

penicillin/streptomycin (Gibco: 15140122), 1% L-Glutamine (Gibco: 25030081), and 1% 

mammary epithelial growth supplement (MEGS), a mixture of 0.003µg/mL human epithelial 

growth factor recombinant protein (Gibco: PHG0311), 0.01µg/mL human insulin-like growth 

factor 1 recombinant protein (Gibco: PHG0071), 10µg/mL bovine pituitary extract (Gibco: 

13028014), and 0.5µg/mL hydrocortisone (Thermo Scientific Chemicals: A16292.03). Human cell 

lines were maintained in DMEM culture media supplemented with 10% FBS, 1% 

penicillin/streptomycin, and 1% L-Glutamine. All cell lines were cultured in a 37°C humidified 

incubator with 5% CO2 and passaged at a dilution of 1:5 - 1:10 every 2-3 days. Mycoplasma testing 

was performed regularly by polymerase chain reaction (PCR) with the primers indicated in Table 

2.1. Cells passaged more than 20 times were not included in experiments. 

2.2.3. Transduction, Infection, and Selection 

For virus production, HEK293T cells were plated at a density of 5,000,000 cells/ 10cm culture 

plate. The following day they were transduced with linear polyethylenimine (linear PEI, Sigma-

Aldritch: 919012). 8µg packaging plasmid (pCMV-dR8.2 dvpr [lentivirus], or pUMCV 

[retrovirus]), 2µg of envelope plasmid (pCMV-VSV-G), and 10µg of viral construct were added 

to a 600µL solution of DMEM with 0.15M NaCl. The mixture was vortexed and incubated for 5 

minutes at room temperature. It was then added dropwise to a 600µL solution of DMEM with 
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0.15M NaCl and 0.118μg/μL Linear PEI. The mixture was incubated at room temperature for 30 

minutes and added to the cells. After 8-12 hours of incubation under normal conditions the media 

was replaced with 5mL fresh media. The cells were incubated under otherwise normal conditions 

for an additional 48 hours before the media was collected and filter sterilized through a 0.45µm 

pore filter.  

Cells to be infected were seeded at a density of 100,000 cells / 60mm culture plate the day 

prior to infection. 1mL of filtered media with 8µg/mL polybrene (Sigma-Aldritch: 107689) was 

added and the cells were incubated under normal conditions for 48 hours. Cells were passaged 

once before and after drug selection or sorting prior to use. 

Parental cells infected with Cas9 virus underwent blasticidin (Sigma-Aldritch: 203350) 

selection. Briefly, cells were plated in six well plates and cultured in their usual media with 5µg/mL 

blasticidin for 7 days. Cells infected with sgRNA-RFP virus or Sox9-GFP virus underwent 

selection by flow sorting. Briefly, cells were resuspended in fluorescence-activated cell sorting 

(FACS) buffer (phosphate buffered saline [PBS] with 1% FBS) and sorting was either performed 

with the Sony MA900 or by OHRI StemCore Laboratories with the MoFlo XDP.  

To sequence the CRISPR-Cas9 induced mutation a 200bp region was amplified and cleaned 

with a QIAGEN PCR purification kit. The fragment was ligated into a pJET1.2/blunt plasmid 

using the CloneJET PCR cloning kit (Thermo Fisher Scientific: K1231) by following the 

manufacturer’s protocol. It was transformed with DH5α competent bugs following the same 

method as previously stated in section 2.1. DNA extracted from selected colonies using a midiprep 

kit were sequenced by OHRI StemCore Laboratories with the primer supplied with the CloneJet 

kit. The sequences of the sequencing primer and all other mentioned oligonucleotides are listed in 

Table 2.1. 



31 

 

2.2.4. Clonal Expansion 

For clonal selection, cells were plated at a density of 5 cells/mL in a 96 well plate and cultured 

under normal conditions. 4 days after cell seeding, wells were assessed by fluorescent microscopy 

to ensure they only contained one colony of RFP expressing cells. Only cells from these wells were 

counted and expanded. Cells were sequentially passaged into larger wells once they reached 80% 

confluency, until they were maintained in 10cm plates as described in section 2.2.2. 

2.2.5. Immunocytochemistry 

Sterilized glass microscope cover slips were coated with collagen I (Corning: 354236) diluted 

1:100 in PBS and incubated at 37°C for 30 minutes before cells were seeded. Cells were cultured 

on the cover slips in a 6 well plate for at least 24 hours and washed three times with PBS before 

fixing with 1mL 4% paraformaldehyde (PFA). The cover slips were washed a further three times 

and concurrently underwent blocking and permeabilization in a buffer containing 0.2% Igepal (MP 

Biomedicals: 02198596-CF), 0.05% Tween 20 (Thermo Scientific Chemicals: J20605.AP), 1% 

bovine serum albumin (BSA, BioShop: ALB001.250) with 5% goat serum (Abcam: ab7481). The 

primary antibody was incubated overnight at 4°C in PBS with 5% goat serum, and the negative 

control was incubated with a mixture of only PBS and 5% goat serum. The coverslips were then 

washed three times with PBS and the appropriate fluorophore-conjugated secondary antibody was 

added and incubated in darkness at room temperature for 60 minutes in PBS with 5% goat serum. 

After three more PBS washes the nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI, 

Invitrogen: D1306) diluted 1:5000 in PBS for 10 minutes at room temperature and mounted on 

glass microscope slides with fluorescent mounting medium (Dako: S302380-2) and sealed with 

nail polish. All primary and secondary antibodies and their dilutions are listed in Table 2.2. 
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2.2.6. Proliferation Assay 

Cells were seeded in duplicate at a density of 25,000 cells/well in a 12 well plate. Every 24 hours 

for 5 days cells were washed with 500µL PBS, recovered with 200µL trypsin, and diluted in 800µL 

media. Suspended cells were stained with trypan blue and counted in duplicate with a 

hemocytometer to determine the number of viable cells per well. Three independent experiments 

were conducted with biological replicates. Images were taken with an EVOS microscope. 

2.2.7. Sphere-Forming Assay 

Cells were trypsinized, washed, pelleted, and resuspended in mammosphere-forming media 

(DMEM/F12 supplemented with 2% B-27 [Gibco: 17504044] and 1% MEGS [Gibco: S0155]). A 

single cell suspension was generated by passing resuspended cells through a 25G syringe three-to-

five times. Cells were then plated in triplicate in ultra-low attachment 24-well flat bottom plates 

(Corning: CLS3473) in 500µL of mammosphere-forming media. Cells were cultured under 

otherwise normal conditions for 7 days. Secondary spheres were seeded by disaggregating the 

primary spheres with 500µL trypsin and repeating the process of primary sphere seeding. On day 

seven following primary or secondary sphere seeding, phase contrast images of every sphere were 

taken at 4x magnification with an EVOS microscope and clusters of cells 40µm or larger were 

counted as a sphere. Sphere-forming efficiency was determined by the following calculation:  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
 ∙ 100% 

Three independent experiments were conducted with biological replicates. 

2.2.8. Transwell Migration Assay 

Prior to the experiment, cells were cultured overnight in serum-free media. They were counted, 

washed, and resuspended in 1% serum media in collagen coated 8.0µm pore chamber Transwell 
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inserts (Corning: 07-200-150). The chambers were placed in 1% serum media to measure 

haptotactic migration or 10% serum media to measure chemotactic migration. The chambers were 

cultured under otherwise normal conditions for 8 hours to allow cells to migrate. At the timepoint, 

all media was aspirated from the chambers and wells and the chambers were washed three times 

with PBS. Cells remaining in the chamber were removed by swabbing the inner surface with a 

sterile cotton swab. The chamber was placed in 400µL of 10% formalin for 10 minutes, followed 

by three PBS washes. To visualize the cells the chambers were incubated in darkness with 400µL 

of DAPI diluted 1:5000 in PBS for 10 minutes and washed three times with PBS. The membranes 

were cut from the chambers with a scalpel and mounted on glass slides with fluorescent mounting 

media and a cover slip. Images were taken with an EVOS microscope and migrated cells were 

quantified with ImageJ software from nine regions of interest (ROIs) per membrane and averaged. 

Three independent experiments were conducted with biological replicates. 

2.2.9. Transwell Invasion 

Transwell chambers were incubated at 37°C for 60 minutes with 100µL of Matrigel (Corning: 

CLS354234) diluted 1:40 in PBS in the chamber to coat the inner surface and a collagen I diluted 

1:100 in PBS to coat the outer surface. Cells were prepared and seeded as described in section 

2.2.8. All chambers were placed in 1% serum media and incubated under normal conditions for 24 

hours to allow for invasion. Fixing, staining, mounting, and quantification was performed as 

described in section 2.2.8. Three independent experiments were conducted with biological 

replicates. 

2.2.10. Droplet Invasion 

V-bottom 96-well (Sarstedt) and 24-well flat-bottom (Corning) plates were coated with 60µL or 

200µL 5mg/mL Poly(2-hydroxyethyl methacrylate) (poly-HEMA, Sigma-Aldritch: P3932), 
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respectively and allowed to evaporate overnight. Spheres were formed by seeding 5,000 cells per 

well in the poly-HEMA coated 96-well plate and culturing for 48 hours on a shaker at 120rpm. 

10µL of media containing the sphere was gently combined with 20µL each of collagen and 

Matrigel. 40µL of this sphere-containing mixture was plated in the poly-HEMA coated 24-well 

flat-bottom plates. Five replicates were seeded per cell line. Every 24 hours images were taken on 

an EVOS microscope at 10x magnification until the area of one sphere extended beyond the field 

of view, at which point all the invasive arms on a focal plane were counted and measured in pixel 

units using ImageJ software. Three trials were conducted with independent biological replicates. 

2.3. Protein Expression Analysis 

2.3.1. Collection 

Cells and tissues were collected and homogenized in RIPA lysis buffer (0.05% Sodium dodecyl 

sulfate [SDS], 1% Triton X-100, 1% NP-40, 50mM Tris Base [pH 7.5], 150mM NaCl, 2mM EDTA 

[pH 8.0], 12mM Na-Deoxycholate, 10mM NaF, 1mM DTT, 10mM β-glycerophosphate, 0.6mM 

NaVO3, 1mM PMSF, 10μg/mL leupeptin, 10μg/mL aprotinin, 10μg/mL pepstatin, and 100μM 

benzamide). All samples were either incubated on ice for at least 30 minutes or frozen immediately 

at -70°C and later thawed on ice for use. Thawed samples were centrifuged at 20,000 x g for 8 

minutes at 4°C prior to use. 

2.3.2. Protein Quantification and Western Blotting 

Protein concentration was determined by spectrophotometry with protein assay dye reagent 

concentrate (Biorad: 5000006) and samples were diluted in PBS and 1x SDS buffer (50 mM Tris 

Base, 100 mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol) to a protein concentration 

of 28µg/µL. Samples were denatured at 100°C for 5 minutes prior to electrophoresis on 
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polyacrylamide (BioRad: 1610158) gels at 50mA in 1x running buffer (25mM Tris Base, 192mM 

glycine, 0.1% SDS). Proteins were transferred to a polyvinyldene difluoride membrane for 90 

minutes with constant voltage at 100V in 1x transfer buffer (48mM Tris-HCl, 39mM glycine, 20% 

methanol). The membrane was incubated with a primary antibody diluted in Tris-buffered saline 

with Tween (TBST, 50mM Tris Base, 150mM NaCl, pH 7.4, 0.1% Tween 20) and 5% BSA on a 

rotator overnight at 4°C. The membrane was washed three times for 5 minutes with TBST prior to 

incubation for 60 minutes at room temperature on a nutator with the appropriate HRP-conjugated 

secondary antibody diluted in TBST with 5% BSA. The membranes were washed and target 

proteins were visualized with western ECL substrate (BioRad: 1705061) following the 

manufacturer’s protocol. Membranes were then exposed to X-ray film or imaged with a ChemiDoc 

(BioRad). For subsequent probings, the membrane was incubated for 20 minutes with stripping 

buffer (200mM glycine, 0.005% SDS, 0.01% Tween 20, pH 2.0) three times at room temperature 

on a nutator. The membrane was washed with TBST three times for 5 minutes before the next 

primary antibody was added. A list of primary and secondary antibodies and their dilutions is found 

in Table 2.2. 

2.4.  RNA Expression Analysis 

2.4.1. RNA Isolation 

Cells from 10cm dishes at 80% confluency and tissues were collected in 1mL Trizol buffer 

(Invitrogen: 15596018). Tissue samples were homogenized in the buffer prior to freezing at -70°C. 

Samples were thawed on ice and insoluble material was pelleted from tissue samples by 

centrifugation at 12,000 x g for 10 minutes at 4°C. To all samples, 200µL of chloroform was added 

and samples were vortexed for 15 seconds then incubated at room temperature for 3 minutes. 

Samples were centrifuged at 12,000 x g for 15 minutes at 4°C. The aqueous phase was transferred 
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to a new tube and 500µL of isopropanol was added to precipitate nucleic acids. The mixture was 

incubated for 10 minutes at room temperature before nucleic acids were pelleted by centrifugation 

at 12,000 x g for 10 minutes at 4°C. The pellets were washed with 75% ethanol and centrifuged at 

7500 x g for 5 minutes before drying for 10 minutes. The pellets were resuspended in 100µL of 

RNAse-free water and incubated at 60°C for 10 minutes. The RNeasy Mini Kit (QIAGEN) was 

used to treat samples with DNAse according the manufacturer’s protocol. RNA samples were 

assessed for concentration and purity using A260/230 and A260/280 ratios with a Nanodrop One 

(Thermo Fisher Scientific). 

2.4.2. cDNA Synthesis 

First strand compliment DNA (cDNA) was synthesized by incubating a 13µL mixture of 500ng of 

RNA, 50ng of random primers, 250ng of Oligo(dT)12-18 Primer (Thermo Fisher Scientific: 

18418012), and 10nmol of dNTP mix at 65°C for 5 minutes. Reverse transcription was performed 

with Superscript III Reverse Transcriptase (Invitrogen: 18080044) To each sample, 4µL of 5X 

First Strand Buffer, 1µL RNase OUT, 1µL 0.1M DTT, and 1µL of Superscript III Reverse 

Transcriptase were added and samples were incubated in a thermocycler at 25°C for 5 minutes, 

55°C for 60 minutes, and 70°C for 15 minutes before cooling to 4°C. Samples were diluted 1:10 

to a final volume of 200µL in nuclease-free water and stored at 4°C. 

2.4.3. qPCR 

For quantitative PCR (qPCR) analysis, 31.5µL of a mastermix for each gene being analyzed 

containing 5µL iTaq Universal SYBR Green Supermix (Biorad: 1725124), 0.6µL 10nM primers, 

and 3.4µL nuclease-free water per sample was added to 3.5µL of diluted cDNA to create a 

minimix. From each minimix, 10µL was plated in triplicate. Target transcript expression was 

quantified using a 7500 Fast Real Time PCR System (Applied Biosystems) thermocycler and the 
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following protocol: initial hold at 50°C for 20 seconds and initial denaturation at 95°C for 10 

minutes followed by 40 cycles of denaturation at 95°C for 15 seconds and annealing and extension 

at 60°C for 1 minute. The melt curve was generated by holding at 95°C for 15 seconds, 60°C for 

1 minute, 95°C for 30 seconds, and 60°C for 15 seconds. The derivative melt curve was used to 

verify that a single target was amplified in each reaction. Relative mRNA expression was 

determined using the ΔΔCT method, and normalization to the expression of the housekeeping gene, 

ribosomal 18S. All qPCR primers are listed in Table 2.1. 

2.5. Transcriptomic Profiling Bioinformatics 

2.5.1. Sample Preparation and Bulk RNA Sequencing 

RNA was extracted and purified as previously described in the RNA extraction and isolation 

section. Samples were sent for bulk RNA sequencing with polyA-enriched RNA (stranded) library 

preparation and 25,000,000 reads per sample by Genome Quebec. 

2.5.2. RNA-Sequencing Processing and Quantification 

Mouse RNA-sequencing reads were quality filtered using the rfastp R package. Filtered paired-

end reads were aligned to the mm10 reference genome using subjunc (Rsubread v2.22.1) with a 

custom-built index based on primary chromosomes (chr1–19, X, Y, M)206,207. Gene-level 

quantification was performed using the summarizeOverlaps() function (GenomicAlignments 

v1.42.0) in union mode, with a BamFileList of sorted and indexed BAM files208. Exonic regions 

were defined using TxDb.Mmusculus.UCSC.mm10.knownGene, grouped by gene, and read 

counting was performed with ignore.strand = TRUE. The resulting SummarizedExperiment object 

was used for differential expression analysis. 
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2.5.3. Differential Gene Expression Analysis 

Differentially expressed genes (DEGs) were identified with DESeq2 (v1.48.1)209. A 

DESeqDataSet was created from the raw count matrix with group information (sgNTCK31, 

sgSox9K31, sgSox9K32, sgSox9K36). Size‑factor normalisation, dispersion estimation, and model 

fitting were performed using the DESeq() function. Differential expression for each knockout 

clone versus sgNTCK31 was extracted using the results() function with contrasts, and log2FC were 

shrunken with lfcShrink(method = "apeglm") to improve ranking and visualization210. Genes with 

adjusted p < 0.05 (Benjamini–Hochberg) and |log2FC| > 1 were considered significant. 

2.5.4. Overrepresentation Analysis 

Shared DEGs (adjusted p < 0.05, |log2FC| > 1) from all Sox9 knockout clones underwent 

overrepresentation analysis (ORA) using the enrichPathway() function from the Gene Ontology 

Biological Processes database211. The ten most significant (adjusted p < 0.05) pathways were 

selected for visualization. 

2.5.5. Gene Set Enrichment Analysis 

Gene set enrichment analysis (GSEA) was performed using the clusterProfiler package (v4.6.2) 

with mouse gene sets from the MSigDB C6: oncogenic signature collection obtained through 

msigdbr package (v25.1.0)212–215. Genes were ranked by the average Wald test statistic across each 

Sox9 knockout clone and enrichment was performed using the GSEA() function with “p cutoff = 

0.05”. The top 10 positively and negatively enriched gene sets were visualized and ordered by 

normalized enrichment score (NES). 



39 

 

2.5.6. Heatmap of Selected Genes 

Rlog-transformed gene expression values were used to generate a heatmap for a curated list of 

lineage-related genes using the pheatmap package (v1.0.13)216. Expression values were row-scaled 

(z-score) and hierarchical clustering was performed using Euclidean distance. 

2.6. Animal Care 

2.6.1. Husbandry 

All mouse lines were maintained on an FVB/N background. Backcrossing was done with FVB/N 

mice (Jackson Laboratory) for at least two generations, with offspring DNA analyzed for FVB/N 

content by advanced speed congenic genotyping with microsatellite analysis. MMTV-NDL2-5 

transgenic mice were kindly provided by Dr. William Muller (McGill University). Only female 

mice were used for cell line isolation and were not used as breeders. NCG mice were kindly 

generated by Dr. Rebecca Auer’s laboratory (OHRI and University of Ottawa), and were 

immediately used in experiments without further husbandry. All husbandry and animal procedures 

were performed in accordance with the guidelines established by the Canadian Council on Animal 

Care and specific protocols were approved by the University of Ottawa Animal Care Committee. 

2.6.2. Genotyping 

Ear clips were taken from 3 week-old mice at the time of weaning. Samples were digested 

overnight and genomic DNA was isolated with the DNEasy Blood and Tissue kit (QIAGEN), 

following the manufacturer’s protocol. A Taq mastermix (VWR: 5200300-1250) was used for 

genotyping by PCR. The cycling protocol was as follows: initial denaturation at 95°C for 5 

minutes; 35 cycles of denaturation at 95°C for 30 seconds, annealing at 5°C lower than the primer 

melting temperature for 30 seconds, and elongation at 72°C for 45 seconds; and a final elongation 
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at 72°C for 5 minutes before being cooled to 4°C. Primer sequences used for genotyping are listed 

in Table 2.1. 

2.6.3. Orthotopic Injections 

Cells were cultured under normal maintenance conditions and confirmed to be negative for 

mycoplasma prior to injection. After trypsinization, cells to be injected were washed twice with 

PBS and serially diluted to the appropriate concentrations (104 or 105 cells/injection) in 100µL of 

a 1:1 mixture of PBS: Matrigel per injection. Right mammary glands 3 and 4 were injected with 

sgNTC cells while the corresponding left mammary glands were injected with sgSox9 cells. Each 

NCG mouse received four orthotopic injections with the same cell concentration, and two mice 

were injected per concentration. Mice were monitored once a week until tumours were detectable, 

at which point tumours were measured twice a week to assess their size. Tumour size was 

determined by taking two perpendicular diameter measurements and using the average as the 

variable d in the following calculation: 

𝑣𝑜𝑙𝑢𝑚𝑒 =
4

3
 ∙ 𝜋 ∙ (

𝑑

2
)

3
 

The time when the first tumour reached a volume of 0.5cm3 was considered tumour onset 

and endpoint was defined by a cumulative tumour burden of 1.7cm3, as per University of Ottawa 

Animal Care and Veterinary Service (ACVS) Guidelines.  

2.6.4. Tail Vein Injections 

Cells were cultured under normal maintenance conditions and confirmed to be negative for 

mycoplasma prior to injection. After trypsinization, cells to be injected were washed twice with 

PBS and 106 cells were resuspended in 100µL of PBS per injection. Cells were injected into the 

tail vein of each of six NCG mice per cell line. Mice were sacrificed 12 weeks after the injection, 
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this endpoint was determined by a preliminary experiment using the same number of parental cells. 

During this time, mice were monitored for behavioural signs. At endpoint, the lungs were collected 

and one lobe was prepared for paraffin embedding and sectioning while the other was prepared for 

FACS.  

For FACS, lungs were incubated in a 1:10 mixture of gentle collagenase/hyaluronidase 

(Stemcell Technologies: 07919): DMEM/F12 overnight at 37°C. Samples were then centrifuged 

at 350 x g for 5 minutes and resuspended in a 4:1 mixture of NH4Cl:1% BSA in PBS to lyse red 

blood cells during a five-minute incubation on ice. The samples were centrifuged at 300 x g for 5 

minutes and resuspended in 1mg/mL DNAse and passed through a 40µm strainer. The samples 

centrifuged again and resuspended in FACS buffer. FACS for RFP was performed using the Aurora 

Spectral Flow Cytometer (Cytek) and SpectroFlo software. 

2.7. Histology 

2.7.1. Tissue Preparation 

All murine tissues were fixed in 10% formalin for 48-72 hours then transferred to 70% ethanol 

and stored at 4°C. Samples were further processed and paraffin embedded by the University of 

Ottawa Louise Pelletier Histology Core Facility, and paraffin blocks were stored at room 

temperature. Mammary glands and mammary tumours were also sectioned to 4µm by the facility. 

Lungs were sectioned in house, with ten 5µm sections being taken per level with 100µm between 

levels. 

2.7.2. Hematoxylin And Eosin Staining 

Sections were deparaffinized with three 5-minute xylene washes followed by rehydration with five 

graded ethanol washes (100%, 100%, 95%, 95%, 80%) for 5 minutes each. Samples were 
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submerged in hematoxylin for 30-45 seconds and drained for an additional 15 seconds before three 

washes in deionized (DI) water. Samples were briefly submerged in acid alcohol, DI water, 

ammonium water, and DI water before counter-staining by submersion in alcoholic eosin (Leica: 

3801615) for 2 minutes. Samples were dehydrated in five graded ethanol washes (80%, 95%, 95%, 

100%, 100%) for 1 minute each, followed by three 5-minute washes in xylenes. Slides were sealed 

with coverslips using Cytoseal 60 (Thermo Fisher Scientific: 8310-4) and images were taken at 

10x magnification with a Zeiss Axio Scan.Z1. 

2.7.3. Immunohistochemistry 

Sections were deparaffinized according to the process described in section 2.7.2. Sections were 

washed in PBS and underwent antigen retrieval with 10mM sodium citrate for 10 minutes in a 

pressure cooker. After cooling, they were quenched with 3% hydrogen peroxide. Permeabilization 

was concurrent with blocking, as described in section 2.2.5. Primary antibody was incubated 

overnight at 4°C in either the permeabilization buffer or PBS with 5% goat serum. The slides were 

washed in PBS before the addition of the appropriate secondary HRP-conjugated antibody diluted 

in PBS with 5% goat serum and incubation for 60 minutes. The secondary antibody was washed 

with PBS and DAB Substrate (Vector Laboratories: SK-4100) was applied following the 

manufacturer’s protocol. Tissues were counterstained with hematoxylin, dehydrated, and sealed 

according to the process described in section 2.7.2. Images were taken at 10x magnification with 

a Zeiss Axio Scan.Z1.  

2.8. Reproducibility And Statistics 

For in vitro experiments, data shown is the mean of three independent biological replicates unless 

otherwise specified, and error bars represent the standard error of the mean (SEM). For fluorescent 

images, nine random fields of view were quantified per image and data is presented as the mean 
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of three independent biological replicates with error bars representing SEM unless otherwise 

specified. For orthotopic tumour injections, two mice per cell type were injected twice, and data 

shown is the mean tumour volume per mouse with error bars representing SEM. For tail-vein 

injections, at least three mice were included in the statistical analysis per cell type.  

 For statistical analysis of two comparisons, a student’s t-test was performed. For statistical 

analysis of more than two comparisons a one-way or two-way ANOVA was performed with a 

Dunnett’s post-hoc test. Significance is defined as *P<0.05, **P<0.01, and ***P<0.001.  
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Table 2.1. List of oligonucleotides. A list of oligonucleotide sequences and their application used 

throughout the thesis. All sequences are given 5’ – 3’. 

Name Type/ Application Sequence 

Sox9 Forward Primer, CRISPR mutation cloning CCAGCAAGAACAAGCCACAC 

Sox9 Reverse Primer, CRISPR mutation cloning GGGGTCGGTGAGTGCAGCCC 

Sox9 Forward Primer, genotyping GGGGCTTGTCTCCTTCAGAG 

Sox9 Reverse Primer, genotyping TGGTAATGAGTCATACACAGTAC 

NDL Forward Primer, genotyping  GTTTCCTGCAGCAGCCTACGC 

NDL Reverse Primer, genotyping  TTCCGGAACCCACATCAGGCC 

Sox9K1 Sense sgRNA CACCGGATGACCGACGAGCAGGAGA 

Sox9K1 Antisense sgRNA AAACTCTCCTGCTCGTCGGTCATCC 

Sox9K2 Sense sgRNA CACCGGTGTCCGAGCCGGAGCCCGA 

Sox9K2 Antisense sgRNA AAACTCGGGCTCCGGCTCGGACACC 

Sox9K3 Sense sgRNA CACCGGTACCCGCATCTGCACAACG 

Sox9K3 Antisense SgRNA AAACCGTTGTGCAGATGCGGGTACC 

NTC Sense sgRNA CACCGATCGGTATGTTTAGGGTT 

NTC Antisense sgRNA AAACAACCCTAAACATAACCGATC 

MGSO Primer, PCR mycoplasma testing TGCACCATCTGTCACTCTGTTAACCTC 

GPO-3 Primer, PCR mycoplasma testing GGGAGCAAACAGGATTAGATACCCT 

CloneJet Forward Primer, PCR CGACTCACTATAGGGAGAGCGGC 

18S Forward Primer, qPCR AGTCCCTGCCCTTTGTACACA 

18S Reverse Primer, qPCR GATCCGAGGCCTCACTAAAC 

OVOL2 Forward Primer, qPCR TCTCCCGACACCCTAATGAGC 



45 

 

OVOL2 Reverse Primer, qPCR CTCTGGAGTTTCAGGCTCCG 

KRT8 Forward Primer, qPCR GAAGCCAGGGCTTAGTGAGT 

KRT8 Reverse Primer, qPCR GGACATCGAGATCACCACCT 

PDGFRA Forward Primer, qPCR AGAGTTACACGTTTGAGCTG 

PDGFRA Reverse Primer, qPCR GTCCCTCCACGGTACTCCT 

PDGFB Forward Primer, qPCR CGCACAGAGGTGTTCCAGAT 

PDGFB Reverse Primer, qPCR GTGGTCCTCCAAGGTCACTG 

PDGFRL Forward Primer, qPCR AGGAGCAGGGAGAAAACAGG 

PDGFRL Reverse Primer, qPCR TCCATTCCACTTTGCTCCCC 
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Table 2.2. List of antibodies. A list of antibodies and their dilutions used in each application 

throughout the thesis. WB: western blotting, IF: immunofluorescence, IHC: 

immunohistochemistry. 

Antibody Name Manufacturer 

Catalog 

Number 

Dilution 

WB IF IHC 

Sox9 CST 82630S 1:1000 1:100 1:100 

Sox10 CST 89356S 1:1000 - - 

Neu Sigma OP15 1:1000 - 1:100 

β-Actin SigmaAldritch A5316 1:5000 - - 

α-Tubulin SigmaAldritch T5168 1:5000 - - 

Cas9 CST 14697S - - 1:200 

CK8 Abcam ab53280 - - 1:200 

Goat anti-Mouse IgG HRP-

conjugated 

BioRad 1706516 1:5000 - - 

Goat anti-Rabbit IgG HRP-

conjugated 

BioRad 1706515 1:5000 - - 

Goat anti-Rabbit IgG (H+L) 

Alexa Fluor™ 488 

Thermo Fisher 

Scientific 

A-

11008 

- 1:1000 - 

SignalStain® Boost IHC 

Detection Reagent (HRP, 

Mouse) 

CST 8125S - - Undiluted 

SignalStain® Boost IHC 

Detection Reagent (HRP, 

Rabbit) 

CST 8114S - - Undiluted 
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3. Results  

3.1. Effect of Sox9 in tumour cell pools 

The Sox9 transcription factor has been shown to be critical for the maintenance of stem cell 

populations and tumour progression in a number of cancer types, including TNBC134,136,188–190. 

Therefore, to gain insight into the effect of Sox9 on cell stemness and tumour progression we 

selected two Neu+ murine cell lines previously established in our lab from MMTV-NDL2-5 

endpoint tumours. Western blotting showed that the NDL3903 line expressed relatively high levels 

of endogenous Sox9, while the NDL668 displayed lower expression (Figure 3.1B). To first assess 

the effect of Sox9 inactivation, two sgRNA-IRES-RFP plasmids with sgRNA targeting exon 1 at 

401bp/ 9aa (sgSox9K1) and 485bp/37aa (sgSox9K2) relative to the start codon, were transduced into 

cell lines stably expressing Cas9 and RFP-positive cells were selected by flow sorting (Figure 

3.1.A). Control cells were generated in parallel by transduction with a non-targeting control 

sgRNA-IRES-RFP (sgNTCK1K2). Expression of Sox9 was assessed in the bulk-transduced 

populations by immunoblotting. Western blot analyses demonstrated efficient knockdown in both 

cell lines (Figure 3.1.B). Surprisingly, routine Western blot analysis revealed that bulk populations 

regained Sox9 expression after prolonged passaging in culture, suggesting that Sox9-expressing 

subpopulations outgrew Sox9-deficient cells (Figure 3.1.B). Thus, low passage cultures (<P5 after 

sorting) were used in subsequent studies. 

The role of Sox9 on tumour growth and stem cell function is well documented in a variety 

of malignancies134,136,188,190. To assess the effect of Sox9 inactivation in HER2-positive breast 

cancer, we began by investigating the proliferative ability and tumoursphere-forming ability of our 

cell lines in vitro. Proliferation in bulk populations was not found to be significantly different 

between the sgNTCK1K2 and sgSox9K1K2 cells of either line (Figure 3.1.C). However, significantly  
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Figure 3.1. Generation of initial knockout cell lines and the effect of Sox9 deletion on 

stemness.   
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Figure 3.1. Generation of initial knockout cell lines and the effect of Sox9 deletion on 

stemness. A) Schematic representation of the murine Sox9 gene with two sgRNA targeting exon 

I, numbers above indicate bp after start codon and roman numerals indicate exon. B) Parental 3903 

and 668 murine cell lines were treated with Cas9 lentivirus, underwent selection with blastocidin 

and were then treated with sgNTCK1K2 or sgSOX9K1K2 lentivirus to stably express Cas9 and 

inactivate Sox9. SOX9 protein expression was validated by immunoblotting after culturing for 

two, five, and 20 passages after flow sorting for RFP. C) Sox9 knockout does not affect 

proliferation in bulk cells. Cells were seeded in duplicate at a density of 25,000 cells/ well in a 12 

well plate and counted every 24 hours for 5 days. Significance of three independent biological 

replicates was determined by one-way ANOVA where P<0.05. D) Sox9 knockout reduces self-

renewal ability. Cells were seeded as a single suspension at an initial density of 2000 cells/ well in 

a 24 well ultra-low attachment plate. They were cultured in serum-free media supplemented with 

B27 and MEGS but otherwise normal conditions for 7 days. Secondary spheres were seeded by 

disaggregating the primary spheres and culturing for a further 7 days under the same conditions. 

Sphere-forming efficiency was calculated as a percentage of the number of spheres with a diameter 

greater than 40µm per initial number of seeded cells. Significance of three independent biological 

replicates was determined by two-way ANOVA where *P<0.05.  
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fewer secondary spheres were formed in the sgSox9K1K2 cells, suggesting that their self-renewal 

ability is reduced (Figure 3.1.D).  

Sox9-overexpressing murine and human cells were also generated by retroviral 

transduction of a Sox9-IRES-GFPII virus previously constructed in our lab. Vector control cells 

were infected in parallel with the IRES-GFPII plasmid without the Sox9 insert. Murine Sox9-

overexpression cells (3903OE) were generated from the same NDL3903 parental cells as the 

NDL3903 knockout lines and expression was validated by immunoblotting (Figure 3.2.A). 

Although significant overexpression was achieved, no significant differences were observed in 

proliferation or sphere-forming efficiency between the 3903OE cells and control (3903Ctrl) cells 

(Figure 3.2.B). These experiments were repeated with a human HER2-positive breast cancer cell 

line (BT474), also with no significant differences in proliferation or sphere-forming efficiency 

between Sox9 overexpressed (BT474OE) or control (BT474Ctrl) cells (Figure 3.2.C). These data 

suggest that Sox9 overexpression in Sox9-expressing cells does not impact cell growth or self-

renewal ability, possibly due to Sox9 targets already bound by endogenous Sox9 with no effect by 

exogenous Sox9 expression. 

To circumvent the potential expansion of Sox9-expressing subpopulations in knockout 

pools, a new sgRNA (sgSox9K3, 803bp/ 143aa relative to the start codon) was designed, while the 

sgNTC sequence used in the generation of the previous knockout lines was kept (Figure 3.3.A). 

Our hypothesis was that this new sgSox9K3 would result in more efficient knockdown with a single 

guide. To mitigate the effects of prolonged cell culture, new pools were generated from early 

passage parental cell lines. The additional cell lines were generated as stated above and Sox9 

expression was validated by immunoblotting (Figure 3.3.B). Significant knockdown in both cell 

lines was achieved with sgSox9K3, but the effect of Sox9 deficiency on the bulk population was  
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Figure 3.2. Sox9 overexpression does not affect growth or stemness.  
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Figure 3.2. Sox9 overexpression does not affect growth or stemness. A) Parental cells were 

infected with a Sox9 retrovirus and protein expression was confirmed by flow sorting for GFP and 

immunoblotting after culturing for two passages. B) Sox9 overexpression does not affect 

proliferation. Cells were seeded in duplicate at a density of 25,000 cells/ well in a 12 well plate 

and counted every 24 hours for 5 days. Significance of three independent biological replicates was 

determined by one-way ANOVA where P<0.05. C) Sox9 overexpression does not affect primary 

or secondary sphere-formation. Cells were seeded as single suspension at an initial density of 2000 

cells/ well in a 24 well ultra-low attachment plate. They were cultured in serum-free media 

supplemented with B27 and MEGS but otherwise normal conditions for 7 days. Secondary spheres 

were seeded by disaggregating the primary spheres and culturing for a further 7 days under the 

same conditions. Sphere-forming efficiency was calculated as a percentage of the number of 

spheres with a diameter greater than 40µm per initial number of seeded cells. Significance of three 

independent biological replicates was determined by two-way ANOVA where *P<0.05.  
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Figure 3.3. Generation of early passage bulk Sox9 knockout cell lines. 
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Figure 3.3. Generation of early-passage bulk Sox9 knockout cell lines. A) Schematic 

representation of murine Sox9 gene with sgSox9K3 targeting exon I, numbers above indicate bp 

after start codon and roman numerals indicate exon. B) Parental cell lines were treated with Cas9 

lentivirus, underwent selection with blastocidin and were then treated with sgNTCK3 or sgSox9K3 

lentivirus to stably express Cas9 and inactivate Sox9. Sox9 protein expression was validated by 

immunoblotting after culturing for two passages after flow sorting for RFP. C) Sox9 deletion does 

not have an effect on proliferation in bulk cell populations. Cells were seeded in duplicate at a 

density of 25,000 cells/ well in a 12 well plate and counted every 24 hours for 5 days. Significance 

of three independent biological replicates was determined by one-way ANOVA where P<0.05. D) 

Sox9 deletion reduces primary and secondary sphere-formation in bulk cell populations. Cells 

were seeded as a single suspension at an initial density of 2000 cells/ well in a 24 well ultra-low 

attachment plate. They were cultured in serum-free media supplemented with B27 and MEGS but 

otherwise normal conditions for 7 days. Secondary spheres were seeded by disaggregating the 

primary spheres and culturing for a further 7 days under the same conditions. Sphere-forming 

efficiency was calculated as a percentage of the number of spheres with a diameter greater than 

40µm per initial number of seeded cells. Significance of three independent biological replicates 

was determined by two-way ANOVA where **P<0.01.  
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only assessed in NDL3903 cells. No significant differences between the proliferation of 

3903sgNTCK3 and 3903sgSox9K3 cells were observed (Figure 3.3.C). However relative sphere-

forming efficiency of both primary and secondary spheres was significantly reduced in the 

3903sgSox9K3 cells, supporting our findings with the previous independent sgRNAs (Figure 

3.3.D).  

3.2. Sox9 knockout reduces stem-like phenotype in clonal cell populations 

To enrich the sgSox9K3 for Sox9-deficient cells and limit the residual Sox9-expressing cells, clonal 

populations were expanded from single cells. Interestingly, more clones of sgNTCK3 cells were 

recovered than of sgSox9K3 cells. At the time the plates were assessed for wells containing single 

cells, 26 clones of 3903sgNTCK3 cells were present and RFP positive, while only 8 clones of 

3903sgSox9K3 cells were RFP positive (Figure 3.4.A). There were 88 clones of RFP 668sgNTCK3 

cells and 26 clones of 668sgSox9K3 cells (Figure 3.4.A). This supports our observations that Sox9-

deletion significantly affects the self-renewal capacity and growth of cells.  

Clonal populations were expanded and assessed for Sox9 expression by immunoblotting. 

In both cell lines, some of the clonal populations expressed Sox9 despite expression of the 

sgSox9K3/RFP guides, suggesting inefficient inactivation at high frequency or preferential 

expansion of Sox9-expressing cells (Figure 3.4.B-C). The Sox9-deficient NDL3903 clones were 

sequenced, and all were found to contain a single base insertion resulting in the same frame shift 

(Figure 3.5.A). Knockout clones 1 (3903sgSox9K31), 6 (3903sgSox9K36), and 7 (3903sgSox9K37) 

contained an adenosine insertion while knockout clone 2 contained a thymidine insertion at the 

same locus. Clone 2 (3903sgSox9K32) also contained a number of substitutions downstream of the 

CRISPR/Cas9 cut site.   
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Figure 3.4. Clonal population selection.  
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Figure 3.4. Clonal population selection. A) Sox9-expressing cells are more likely to form a 

clonal population. Cells were seeded at a density of 5 cells/mL in a 96 well plate and cultured 

under normal conditions. After 4 days, wells were assessed for RFP expression and colony number. 

Only cells from wells containing one colony with RFP expression were further passaged. B-C) 

Sox9 expression in NDL3903 and NDL668 clones was confirmed by immunoblotting. Squares 

indicate clones selected for characterization.  
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Figure 3.5. Sox9 in clonal cell populations.   
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Figure 3.5. Sox9 in clonal cell populations. A) 200bp regions flanking the CRISPR/Cas9 cut site 

were amplified and sequenced. No mutation was detected in the control clones but frame shifts 

were observed in the knockout clones. B) Protein expression of Sox9 and Neu were analyzed by 

immunoblotting after culturing for 5 and 20 passages after flow sorting for RFP. C-F) The Zeiss 

M2 was used to obtain 20x magnification images of NDL3903 (C) or NDL668 (D) cells five 

passages after sorting or NDL3903 (E) or NDL668 (F) cells 20 passages after sorting. Scale bars 

represent 100µm.  
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Two Sox9-negative NDL3903 clones, 3903sgSox9K31 and 3903sgSox9K36, were randomly 

selected for in vitro characterization. Control clone 1 (3903sgNTCK31) was also randomly selected 

for further studies. Further analyses of Sox9-deficient clones showed that all 3903sgSox9K31 cells 

expressed low residual levels of Sox9 as assessed by immunofluorescence staining (Figure 

3.5.C,E). While the expression of Sox9 in the sgNTCK3 clones is distinctly nuclear, Sox9 was 

observed to be localized throughout the 3903sgSox9K31 cells. The other NDL3903 knockout 

clones did not express detectable levels of Sox9 at low passage. 3903sgSox9K37 showed Sox9 

expression at high passages, with a similar nuclear and cytosolic localization as 3903sgSoxK31 

(Figure 3.5.E). To eliminate the possibility of confounding results due to residual Sox9 expression 

in 3903sgSox9K31 cells, some assays were repeated with the additional two knockout clones and 

a second sgNTCK3 clone (3903sgNTCK33) at a low passage.  

668sgNTCK32 cells were selected as the control clonal population. Although many clonal 

populations of the RFP-positive 668sgSox9K3 cells were expanded, only three knockout clones 

were found to be Sox9-deficient by immunoblotting and two (668sgSox9K33 and 668sgSox9K312) 

were randomly selected for characterization (Figure 3.4.C). However, as in the 3903sgSox9K31 

cells, 668sgSox9K312 was also found to express Sox9 by immunofluorescence throughout the cell, 

unlike the nuclear localization in the 668sgNTCK32 cells (Figure 3.5.D,F). At high passage, Sox9 

was readily detectable by immunoblotting in these cells (Figure 3.5.B). 

In the clonal populations, Sox9 deletion was found to have a significant effect on 

proliferation (Figure 3.6). In a five-day growth assay, significantly reduced growth rates were 

observed between the 3903sgSox9K32, 3903sgSox9K36, and 3903sgSox9K37 cells and their 

respective controls (Figure 3.6.B). No changes were observed between the 3903sgNTCK3 clones 

.and 3903sgSox9K31 cells, possibly due to residual Sox9 expression. Interestingly, growth plateaus   
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Figure 3.6. Sox9 deletion reduces proliferation.  
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Figure 3.6. Sox9 deletion reduces proliferation. A) Representative images of cell cultures 1 and 

5 days after seeding. Phase contrast images were taken with an EVOS microscope. Scale bars 

represent 100µm. B-C) Cells were seeded in duplicate at a density of 25,000 cells/ well in a 12 

well plate and counted every 24 hours for 5 days. Significance of three independent biological 

replicates was determined by one-way ANOVA where *P<0.05.  
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after 3 days in the complete knockout clones and they never reach confluency, whereas the 

3903sgSox9K31 cells grow to confluency, and the 3903sgNTCK3 clones form foci after becoming 

confluent. These results suggest that the presence of Sox9 may overcome contact inhibition. 

Similar results were observed in the NDL668 clones. Proliferation was significantly different 

between the 668sgSox9K33 and 668sgNTCK32 cells, but there no significance was observed in the 

668sgSox9K312 clone (Figure 3.6.C). As with the 3903sgSox9K31 cells, residual Sox9 expression 

in the 668sgSox9K312 cells could account for this. 

We then re-assessed the self-renewal ability of the clonal populations in vitro (Figure 3.7). 

Compared to the 3903sgNTCK3 clones, relative primary sphere-forming efficiency was found to 

be reduced by about 50% in each 3903sgSox9K3 clone, except 3903sgSox9K31, where the 

efficiency is unchanged. Again, this is likely due to residual Sox9 expression in this clone. The 

difference is significant in the 3903sgSox9K32 and 3903sgSox9K37 clones (Figure 3.7.E). 

Similarly, compared to the 3903sgNTCK3 clones, the relative secondary sphere-forming efficiency 

was significantly reduced (~50%) in the three knockout clones with no Sox9 expression. The 

relative sphere-forming efficiency of the 3903sgSox9K31 cells is not significantly different from 

any of the clones, but is about 75% of the 3903sgNTCK31 efficiency, suggesting that even reduced 

Sox9 levels may affect self-renewal ability (Figure 3.7.D). The relative primary and secondary 

sphere-forming efficiencies of the 668sgSox9K3 clones are not significantly different from the 

efficiencies of the control cells. A trend similar to the NDL3903 cells is apparent in the secondary 

spheres, where the relative secondary sphere-forming efficiencies of the 668sgSox9K33 and 

668sgSox9K312 cells is about 50% and 75% of the 668sgNTCK32, respectively (Figure 

3.7.F).While not significantly reduced with Sox9 depletion, migration follows a similar downward 

trend. In a haptotactic Transwell assay, migration trends negatively following Sox9 knockout   
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Figure 3.7. Sox9 deletion reduces self renewal ability.   
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Figure 3.7. Sox9 deletion reduces self renewal ability. A-C) Representative images of primary 

and secondary spheres from each cell line. Phase contrast images were taken at 10x magnification 

with an EVOS microscope. Scale bars represent 40µm. D-F) Cells were seeded as a single cell 

suspension at an initial density of 3000 cells/ well in a 24 well ultra-low attachment plate. They 

were cultured in serum-free media supplemented with B27 and MEGS but otherwise normal 

conditions for 7 days. Secondary spheres were seeded at a density of 2000 cells/ well by 

disaggregating the primary spheres and culturing for a further 7 days under the same conditions. 

Sphere-forming efficiency was calculated as a percentage of the number of spheres with a diameter 

greater than 40µm per initial number of seeded cells. Significance of three independent biological 

replicates was determined by two-way ANOVA where *P<0.05.  
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(Figure 3.8.A-B). Relative to the 3903sgNTCK31 cells, the migration in the 3903sgSoxK36 cells 

was reduced by approximately 50%. As in the sphere-forming assay, the effect of Sox9 knockout 

is stronger in the 3903sgSoxK36 cells than in the 3903sgSox9K31 cells. In a chemotactic assay, the 

same trend was apparent in the 3903sgSox9K36 cells, where chemotactic migration was reduced 

by about 50% relative to the 3903sgNTCK31 cells (Figure 3.8.C-D). 

The effect of Sox9 deletion on invasiveness was assessed with two independent assays. In 

a Matrigel-Transwell assay, invasion was significantly reduced in both knockout lines (Figure 

3.9.A-B). In contrast to the haptotactic and chemotactic migration assays, invasion was 

significantly reduced in both 3903sgSox9K31 and 3903sgSox9K36 cells relative to the 

3903sgNTCK31 cells, suggesting that Sox9 may control genetic programs required for invasion.  

The invasiveness of the cells was also measured by their ability to send invasive processes 

through Matrigel in a droplet assay. Although not significant, a downward trend was observed in 

the number of invasive protrusions produced per sphere, with half as many forming in 

3903sgSox9K36 relative to the control (Figure 3.9.D). However, a significant reduction in the 

average protrusion length is apparent between those formed by the 3903sgSox9K36 spheres and 

the 3903sgNTCK31 spheres (Figure 3.9.E). The average length of protrusions formed by the 

3903sgSox9K31 spheres was not significantly different from the control cells. The protrusion 

lengths were also binned to assess size distribution (Figure 3.9.F). Although a trend towards shorter 

arms was observed in 3903sgSox9K36 cells, differences in the distribution of arm length were only 

significant for protrusions measuring 350-450px in length. The 3903sgSox9K36 spheres did not 

form any protrusions larger than 650px. Together, this supports our observations from the 

Matrigel-Transwell assay and suggests that Sox9-deficient cells may be less invasive.  
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Figure 3.8. Sox9 deletion reduces migration.   
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Figure 3.8. The effect of Sox9 on migration. A) Representative fluorescent images of cells fixed 

on Transwell chamber (8µm pore) membranes after haptotactic migration. 50,000 cells were 

seeded per collagen-coated chamber with 1% serum media in both chambers. Cells were incubated 

under normal conditions for 8 hours. Cells were fixed with 4% PFA and stained with DAPI to 

visualize the nuclei. Scale bars represent 100µm B) Sox9 deletion results in a negative trend in 

haptotactic migration in clonal populations. ImageJ software was used to count the nuclei of 9 ROI 

from each of three membranes per cell line. Cell counts were normalized to the average of the 

sgNTC.1 replicates and significance of three independent biological replicates was determined by 

one-way ANOVA where P<0.05. C) Representative images of cells fixed on Transwell chamber 

(8µm pore) membranes after chemotactic migration. 30,000 cells were seeded per chamber with 

10% serum media in the bottom chamber and all other conditions as described in the haptotactic 

assay. D) Sox9 deletion results in a negative trend in chemotactic migration in clonal populations. 

Cells were counted and significance was calculated as described in (B).  
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Figure 3.9.Sox9 deletion inhibits invasive ability.   



70 

 

 

 

 

 

 

 

 

Figure 3.9. Sox9 deletion inhibits invasive ability. A) Representative fluorescent images of cells 

fixed on Matrigel coated Transwell chamber (8µm pore) membranes after invasion. 50,000 cells 

were seeded per Matrigel and collagen-coated chamber with 1% serum media in both inserts. Cells 

were incubated under normal conditions for 24 hours. Cells were fixed with 4% PFA and stained 

with DAPI to visualize the nuclei. Scale bars represent 50µm. B) Sox9 deletion reduces invasion 

in clonal populations. ImageJ software was used to count the nuclei of 9 ROI from each of three 

membranes per cell line. Cell counts were normalized to the average of the sgNTC.1 replicates 

and significance of three independent biological replicates was determined by one-way ANOVA 

where *P<0.05. C) Representative images of spheres suspended in Matrigel droplets. Cells were 

initially seeded at a density of 5,000 cells per well in a 5mg/mL poly-HEMA coated 96-well plate 

and cultured on a shaker at 120 RPM and otherwise normal conditions for 48 hours. Spheres were 

then suspended in a droplet of 1:1 Matrigel: collagen, covered with 1% media and cultured under 

normal conditions until an invasive protrusion extended beyond the field of view (5 days). D-F) 

The invasive protrusions formed by 5 spheres per cell line were counted and measured in pixels 

with ImageJ software. Significance of three independent biological replicates was determined by 

one-way ANOVA where *P<0.05 and ***P<0.005.  
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3.3. Effect of Sox9 knockout on gene expression 

To identify potential Sox9-dependent genetic programs, we performed bulk RNA-sequencing on 

3903sgNTCK31, 3903sgSox9K31, 3903sgSox9K32, and 3903sgSox9K36 cells. We reasoned that the 

use of 3 independent clones would reduce false positives due to clonal variability. Analyses of all 

replicates showed that there were only 343 positively regulated and 165 negatively regulated genes 

in common between all three knockout clones, suggesting that a significant number of changes 

may be due to clonal variability (Figure 3.10.A). Generally, epithelial markers were upregulated 

and stemness markers were downregulated in the knockout cells, however, the specific gene 

networks that were most affected varied in each clone. GSEA of each knockout clone relative to 

the control clone revealed activated gene signatures associated with differentiated, less metastatic 

cancers and apoptosis in 3903sgSox9K32 and 3903sgSox9K36 cells (Figure 3.10.C-D)217–224. 

Similar pathways were activated in the 3903sgSox9K31 cells, but with an upregulation of pro-

survival pathways that are not as apparent in the other two clones (Figure 3.10.B)225–227. A similar 

trend is seen in the downregulated gene signatures. Suppressed genes in the complete knockout 

clones are related to undifferentiated, metastatic cancers, growth, and motility, while in 

3903sgSox9K31 cells a contradictory suppression of pathways related to growth inhibition was 

observed (Figure 3.10.B-D)217,219,220,224,228–235. It is possible that Sox9 dosage affects the activation 

of some transcriptional networks. The low expression level of Sox9 in the 3903sgSox9K31 cells 

may favour binding to high affinity sites within distinct sets of genes such as growth suppression. 

We further investigated the differentially expressed genes by conducting OVA on the grouped 

knockout clones (Figure 3.11.B). We found an overrepresentation of genes related to migration, 

invasion, and cell signalling, suggesting that these systems were disproportionately affected by the 

deletion of Sox9. Sox9 is elevated in TNBC, therefore, we also investigated known markers of   
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Figure 3.10. Summary of differentially regulated genes in Sox9 knockout clones.   
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Figure 3.10. Summary of differentially regulated genes in Sox9 knockout clones. A) Venn 

diagram representing significantly downregulated (blue) or upregulated (pink) differentially 

expressed genes (adjusted p<0.05 |log2FC|>1) in common identified in the independent knockout 

clones relative to the control. B-D) Gene Set Enrichment Analysis of genes ranked by the average 

Wald statistic of 3903sgSox9K31 (B), 3903sgSox9K32 (C), or 3903sgSox9K36 (D). Gene sets were 

derived from the MSigDB C6: Oncogenic Signatures collection for Mus musculus. The dot plot 

displays the top positively (activated) and negatively (suppressed) enriched gene sets normalized 

enrichment scores (NES) with adjust p<0.05. Dot size reflects the number of contributing genes 

and colour indicates adjusted p-value. Figures by Samuel Delisle.   
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Figure 3.11. Sox9 deletion affects differentiation, not luminal to basal reprogramming.  
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Figure 3.11. Sox9 deletion affects differentiation, not luminal to basal reprogramming. A) 

Triplicate Rlog-transformed gene expression values were used to generate a heatmap for a curated 

list of luminal and basal markers in 3903sgSox9K31, 3903sgSox9K32, and 3903sgSox9K36 cells. B) 

Overrepresentation analysis of shared differentially expressed genes (adjusted p<0.05, |log2FC|>1) 

using the gene ontology biological processes database. The top 10 enriched pathways were based 

on adjusted p-value and are displayed ordered by gene ratio. Dot size represents the number of 

enriched genes per pathway, and dot colour indicates adjusted p-value. C) Quantitative PCR 

(qPCR) validation of selected epithelial markers in all clonal cells. Figures A and B by Samuel 

Delisle.  
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luminal and basal epithelial cells but found no clear trends (Figure 3.11.A)136. This finding suggests 

that while Sox9-deficient cells may be more differentiated, Sox9 is unlikely to have a significant 

effect on luminal to basal reprogramming. We validated our findings and assessed epithelial-like 

gene expression in additional clones by qPCR (Figure 3.11.C). While the fold change was variable 

between the clones, an upregulation was observed in all genes with the exception of OVOL2, 

which was not expressed in the 668sgSox9K3 clones. Corroborating the results of the bulk RNA 

sequencing, epithelial-associated genes were upregulated in the Sox9-deficient clones relative to 

the control clones. These results, together with our in vitro findings, suggest that Sox9-deficient 

cells are less stemlike than Sox9-expressing cells. To further test the effect of Sox9-inactivation 

we conducted in vivo experiments to functionally assess the stemness of the cell lines. 

3.4. Sox9 knockout inhibits cell growth in vivo 

Our in vitro data suggest that Sox9 deletion results in defects in proliferation, self renewal, and 

invasion. To test this in vivo we used functional xenograft assays in immunocompromised NCG 

mice. For these studies, as it is a complete Sox9 knockout, only 3903sgSox9K36 cells were tested 

alongside the 3903sgNTCK31 control cells. Orthotopic injections were performed as a model of 

tumour initiation and progression. Two different cell densities of Sox9-expressing and Sox9-

deficient clonal populations were injected into the mammary fat pads of mice. Supporting our 

mammosphere data, no tumours were detected in mammary glands injected with Sox9-deficient 

3903sgSox9K36 cells, suggesting a significant depletion of tumour-initiating capacity (Figure 

3.12.A). The time to tumour onset in glands injected with 3903sgNTCK31 was found to correlate 

with the number of cells injected. Most tumours ulcerated and resulted in humane endpoint being 

reached before the cumulative tumour burden dictated by ACVS (1.7cm3). Unexpectedly, no 

tumours strongly expressed SOX9 or SOX10 at endpoint (Figure 3.12.B), suggesting that the   
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Figure 3.12. Sox9 deficient cells do not form tumours when injected orthotopically.   
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Figure 3.12. Sox9 deficient cells do not form tumours when injected orthotopically. A) Each 

NCG mouse received four injections of the same concentration, with two injections of 

3903sgNTCK31 cells and two injections of 3903sgSox9K36 cells. After onset, tumours were 

measured twice weekly until humane endpoint. Point shape indicates individual mouse. B) Protein 

expression in tumours and mammary glands were assessed by immunoblotting. C-F) 

Immunohistochemical staining of SOX9 (C, brown), Cas9 (D, brown), CK8 (E, brown), and Neu 

 (F, brown) counterstained with hematoxylin (purple). Images were taken with a Zeiss Axio 

Scan.Z1 at 100x magnification. Scale bars represent 50µm.  
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3903sgNTCK31 cells may have become Sox9-deficient during expansion. The low level of SOX9 

detected is likely from the normal mammary gland tissue, as visualized by IHC (Figure 3.12.C). 

Cas9 was only evident in small clusters of Cas9-positive cells in the mammary glands injected 

with 3903sgSox9K36 cells (Figure 3.12.D). Cytokeratin 8 (CK8), a luminal marker, was evident 

throughout the tumours but was localized to the luminal layer of ductal structures in areas of 

normal tissue (Figure 3.12.E). A similar CK8 expression pattern was apparent in the mammary 

glands injected with 3903sgSox9K36 cells. Neu was expressed throughout luminal structures but 

was more strongly expressed in the tumour tissue (Figure 3.12.F). Together, with a reduced self 

renewal capacity in vitro, these data suggest that Sox9-deficient cells are unable to expand in vivo 

and have reduced tumour initiating potential.  

To test the ability of Sox9-deficient cells to colonize distant organs the same cell lines were 

injected into the tail-veins of NCG mice to assess extravasation and secondary tumour 

establishment in lung tissue. Within 2 weeks of injections, three of the six mice injected with 

3903sgNTCK31 cells expired due to causes unrelated to tumour burden and were excluded. At 

endpoint, lung tissues were harvested and single cell preparations were subjected to RFP flow 

sorting to quantitate the percentage of injected cells. Flow cytometry showed that the lung 

colonization ability of Sox9-deficient cells was about 50% of that of controls (Figure 3.13.A-B). 

Macrometastatic lesions identifiable by hematoxylin and eosin staining were only apparent in the 

lungs of mice injected with 3903sgNTCK31 cells, and Cas9 expression was detected throughout 

these structures (Figure 3.13.C). Lungs of mice injected with 3903sgSox9K36 did not show any 

obvious metastases identifiable by hematoxylin and eosin staining but did contain small clusters 

of Cas9-expressing cells scattered throughout the tissue (Figure 3.13.D). Together our data suggest   
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Figure 3.13. SOX9 knockout inhibits lung colonization.  
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Figure 3.13. SOX9 knockout inhibits lung colonization. A) Representative plots of FACS for 

RFP. Gating strategy is based on unstained lungs and cultured cells used in the injections. B) Fewer 

RFP positive cells were found in the lungs of mice injected with 3903sgSox9K36 cells. Each point 

represents a mouse injected with 1.0x106 cells. Summary data is normalized to the unstained lungs 

and the average of 3903sgNTCK31 samples. Significance was determined with an unpaired t-test 

where **P<0.01. C-D) Representative images of immunohistochemical staining for Cas9 (brown) 

counterstained with hematoxylin (purple), and hematoxylin counterstained with eosin (pink) in 

lungs from mice injected with 3903sgNTCK31 (C) or 3903sgSoxK36 (D) cells. Images were taken 

with a Zeiss Axio Scan.Z1 at 100x magnification. Scale bars represent 100µm.  
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that Sox9 knockout impairs tumour initiating activity and the establishment of distant niches 

following extravasation in lung tissues.  
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4. General Discussion 

4.1. Overview 

Metastatic breast cancer is a leading cause of cancer death globally, and its incidence is increasing 

each year12. The disease is particularly heterogenous and has been divided into molecular subtypes 

to help direct prognosis and treatment decisions. The HER2-positive subtype is driven by the 

overexpression of HER2 and is associated with worse outcome than hormone receptor-positive 

cancers14. Elevated HER2 expression results in an increase of HER2 containing dimers and 

promotion of pro-survival pathways downstream of HER2 signalling, contributing to a more 

aggressive disease progression19,23. This subtype is also associated with a 70% risk of developing 

resistance to first-line therapy, typically chemotherapy in conjunction with a HER2-targeting 

monoclonal antibody26–28. A key mechanism of metastasis and acquired treatment resistance in 

carcinoma is the process of EMT. Through EMT, epithelial-like cells acquire stem-like 

characteristics with increased self-renewal capacity, migration, invasion, and immune- and 

therapeutic resistance200,201. Further understanding of the gene and protein systems that are driving 

this process in HER2-positive breast cancer may reveal novel therapeutic options for HER2-

targeted therapies. Sox9 is integral to terminal differentiation in embryonic development and has 

been implicated as a regulator of stemness in a variety of cell types in both normal and pathological 

processes166,167,236. Notably, it has been implicated as a driver of tumorigenesis, EMT, and 

metastasis in many malignancies, but its role in HER2-positive breast cancer has not been fully 

investigated134,136,188–190. The involvement of Sox9 in these processes would identify it and its 

downstream networks as potential candidates for the development of novel therapeutic options. 

Here, we aimed to characterize the effect of Sox9-deficiency on the growth and stemness of HER2-

positive tumour-derived cell lines.  
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4.2. The role of Sox9 on tumour cell phenotype in vitro 

4.2.1. The effect of Sox9 deletion on Neu+ cell populations 

We began our investigation by identifying two Neu+ cell lines with high (NDL3903) and low 

(NDL668) endogenous Sox9 expression to assess the role of Sox9 on cellular phenotypes, and first 

used CRISPR/Cas9 to inactivate Sox9 in each. Although significant knockdown of Sox9 was 

achieved, residual Sox9 expression was observed. Serial passaging of those cells resulted in the 

return of Sox9 expression to near-control levels, suggesting that Sox9-expressing subpopulations 

have a growth advantage (Figure 3.1). The re-expressed Sox9 band appeared smaller than the 

wildtype when assessed by immunoblotting, suggesting that the protein was truncated in some 

way. It is possible that a protein is being translated from an internal start codon downstream of the 

CRISPR/Cas9 induced frame-shift mutation. This residual expression likely contributes to the lack 

of significant phenotypic changes observed in the bulk cells that are apparent in experiments using 

clonally derived cells. Sox9 has been demonstrated to affect proliferation and self-renewal ability 

in some cancer types, therefore, we assessed the effect of its deletion on these properties with 

growth and sphere-forming assays, respectively136,189. Although proliferation in the Sox9-deficient 

bulk cell populations was unchanged, the increase in Sox9 expression over time suggests that 

Sox9-expressing subpopulations are outgrowing the culture. Similar findings have been reported 

in vivo, where a mosaic Sox9-knockout model returned to a normal phenotype in just 8 weeks185. 

Primary sphere-formation is indicative of substrate independent growth, a progenitor cell 

characteristic, whereas secondary sphere-formation is indicative of self-renewal ability, a classic 

stem cell characteristic237. In both bulk Sox9-knockout populations, only secondary sphere-

forming efficiency was reduced, suggesting that while the bulk sgNTCK1K2 control cells were more 

stem-like than their sgSox9K1K2 counterparts, they were not more progenitor-like. 
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In an effort to obtain a more efficient knockout, we designed new sgRNA targeting the 

exon 1 region of Sox9 (sgSox9K3, Figure 3.3). The NDL3903 knockout line was generated from 

the same early-passage parental cells as the overexpressed line and a comparably early passage of 

NDL668 cells was used to generate control and knockout cells from an innately-low Sox9 

expressing line. We then reassessed cell growth and sphere-forming efficiency with the 

3903sgSox9K3 bulk populations and observed similar effects as in the s3903sgSox9K1K2 cells, 

although primary sphere-forming efficiency was significantly reduced in the knockout cells. 

Again, although significant Sox9 knockdown was achieved, residual Sox9 expression was still 

detectable and increased with cell passage, likely due to outgrowth of Sox9-expressing 

subpopulations. Therefore, clonal populations were expanded from Sox9-deficient cells. 

We found that more clones of RFP-positive sgNTCK3 cells could be recovered than clones of 

RFP-positive sgSox9K3 cells in both NDL lines, supporting our previous finding of reduced self-

renewal ability in the Sox9-deficient cells (Figure 3.4). Sox9 knockdown has been shown to induce 

apoptosis in human TNBC and colorectal cancer, and its re-expression has been shown to rescue 

microRNA induced apoptosis in lung cancer136,238,239. It is possible that Sox9 inactivation in 

sgSox9K3 cells could induce cell death. This would also suggest that Sox9 deficient cells recovered 

after expansion may have been able to overcome a Sox9-driven requirement for growth and 

viability. RNA-sequencing analysis showed that there is significant variability in gene expression 

between the clones (Figure 3.10 and Figure 3.11). This could reflect adaptive differences in the 

activation of compensatory mechanisms in the absence of Sox9. The activation of gene pathways 

related to survival and cell growth suggests that the cells may be promoting pathways to 

compensate for Sox9’s dysfunction. Nonetheless, Sox9-deficient clones could be expanded and 

exhibited reduced proliferation, stemness and invasion compared to Sox9-expressing cells. 
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Many unsuccessful attempts were made to generate CRISPR/Cas9 mediated Sox9-knockout 

cells from human cell lines. At best, Sox9 appeared to be minimally reduced and the expression 

returned to control-like levels after one or two passages (Appendix Figure 1). Any attempts to 

expand clonal populations only resulted in Sox9-expressing colonies. These findings strongly 

suggest that the requirement for Sox9 is more critical in human cells than in murine cells, or that 

human cells are less likely to activate pathways to compensate for the loss of Sox9. This would be 

beneficial in the therapeutic targeting of Sox9, where compensatory mechanisms would be less 

likely to be activated. 

Unexpectedly, in all clones with residual Sox9 expression, Sox9 localization was apparent 

throughout the cell in contrast to the distinctly nuclear localization observed in the sgNTCK3 

clones. Alterations to the Sox9 protein due to the CRISPR/Cas9 mutation may have affected its 

regulation of nucleo-cytoplasmic shuttling, and this dysregulation may have contributed to the 

modest phenotypic difference observed in clones that express Sox9 at a low passage, referred to 

as incomplete knockout clones113. It is possible that the cell is unable to recognize the truncated 

protein as a fragment and the apparent increase of Sox9 at high passage in the knockout clones is 

due to the lack of degradation. 

In the complete knockout clones, 3903sgSox9K32, 3903sgSox9K36, 3903sgSox9K37, and 

668sgSox9K33, we observed growth arrest at high density, also known as contact inhibition (Figure 

3.6)240. As the sgNTCK3 cells continued to grow they formed a relatively consistent lawn of cells 

and began to form foci after reaching 100% confluency. In contrast, the complete Sox9 knockout 

cells reached a growth plateau before reaching more than 90% confluency. The incomplete 

knockout cells did not form foci but did grow to a higher density than the complete knockout cells. 

These growth patterns suggest that cells with Sox9 expression are not only more proliferative but 
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also able to overcome contact inhibition of growth. Cells that do not respond to contact inhibition 

tend to be more mesenchymal, and have a greater ability for substrate independent growth, as there 

is crosstalk between the regulatory pathways that promote proliferation and inhibit anoikis in cells 

undergoing EMT241.  

Generally, relative primary and secondary sphere-forming efficiency were reduced in the 

3903sgSox9K3 clones, relative to the 3903sgNTCK3 clones (Figure 3.7). Consistent with the 

observations from the proliferation assays, the complete knockout cells displayed reduced 

substrate independent growth as evidenced by their lower primary sphere-forming efficiency237. 

Results in the NDL668 cells were also consistent with the proliferation assay, as these cells were 

not observed to have their growth plateau following Sox9-deletion they were also less likely to 

have their growth inhibited by non-adherent conditions241. As in the bulk cell experiments, 

secondary sphere-forming efficiency was significantly reduced in all complete 3903sgSox9K3 

clones and trended towards reduced efficiency in the 668sgSox9K3 clones. These results suggest 

that Sox9 may promote both a progenitor-like and stem-like phenotype with a stronger, dose-

dependent effect on overall stemness237. These results are corroborated by our findings of 

differentially expressed genes, where the downregulation of metastatic signatures and upregulation 

of differentiated signatures in the Sox9-deficient clones suggests that they are less-stemlike 

without Sox9 (Figure 3.10 and Figure 3.11).  

The effect of Sox9 deletion on proliferation and sphere-forming efficiency was stronger in the 

NDL3903 cells than in the NDL668 cells, which may indicate a difference in their dependence on 

Sox9 mediated pathways. The NDL3903 cells have a higher endogenous expression of Sox9 and 

therefore may be more dependent on Sox9 than the NDL668 cells. 
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Migration and invasion are essential steps for metastasis. To form a tumour at a secondary site, 

cells must be capable of migrating away from the primary tumour and invading into surrounding 

tissue before entering the vascular system. The migratory and invasive abilities of cells are 

dependent on a number of cellular signalling pathways related to adhesion, polarization at the 

leading edge, and contraction242. In TNBC, the reduced focal adhesions in stem-like cells 

compared to epithelial-like cells allowed for the more mesenchymal cells to form more protrusions 

which, along with microtubule dysregulation, contributed to increased migratory ability243. 

Migration mechanisms can be divided into broad categories, two of which are haptotaxis and 

chemotaxis. Haptotaxis is a measure of migration across a substrate while chemotaxis is a measure 

of migration due to a chemical gradient, and each are activated by different signalling pathways244. 

Invasion is the ability of cells to move through a tissue or substrate, and involves activation of 

migratory mechanisms in addition to modification of cell-matrix interactions245. 

Migratory ability in the clonal populations was not significantly affected by Sox9 deletion in 

either the haptotactic or chemotactic assays, although a similar trend to those apparent in the other 

characterization assays was observed in the haptotactic assay (Figure 3.8). Sox9-deletion 

significantly reduced the invasive ability of the cells in both the Matrigel-Transwell and Matrigel-

droplet invasion assays (Figure 3.9). Consistent with our findings, Sox9 inhibition has been shown 

to reduce invasion and haptotaxis in a number of cancers, including TNBC, colorectal, and gastric 

cancer by reducing stemness246–248. Stemness has also been shown to be correlated with 

chemotaxis in breast cancers249,250. Again, these results are supported by our findings from the 

RNA sequencing. Matrix modification and regulation of locomotion are disproportionately altered 

in the Sox9-deficient clones relative to the sgNTCK3 control cells, suggesting that Sox9 has an 
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effect on the expression of genes required for invasion (Figure 3.11). Together, these results 

suggest that Sox9 may promote invasion, and therefore overall stemness in vitro.  

Throughout nearly all characterization assays, a trend was apparent where a more significant 

phenotypic change was observed between the complete knockout and control clones than between 

the clones with residual Sox9 expression and control clones. This suggests that Sox9 is affecting 

those phenotypes in a dose-dependent manner. However, a lack of dose dependent effect on 

primary sphere-forming efficiency was observed, suggesting that low levels of Sox9 expression 

may promote a progenitor-like phenotype, allowing cells to survive in low-attachment conditions 

and overcome restrictions of density-inhibited growth241. Since this trend was apparent in the 

haptotactic assay but not the chemotactic assay, the migration deficiency observed in the 

3903sgSox9K31 cells may be overcome by the presence of a chemoattractant, which activates 

pathways of directed migration that differ from those activated during haptotaxis244. 

4.2.2. The effect of Sox9 overexpression on bulk cell populations 

To test the effect of Sox9 overexpression on those cellular properties we stably infected one of the 

mouse cell lines, NDL3903, and a HER2-positive human cell line, BT474, with a Sox9-GFP 

retrovirus. Neither growth nor sphere-forming ability was found to be significantly affected by 

Sox9 overexpression (Figure 3.2). Sox9 is known to require heterodimerization and the 

recruitment of co-factors to transcriptionally regulate gene targets115,150. It is possible that the 

overexpression of Sox9 alone is not sufficient to further promote stemness pathways in HER2-

positive tumour-derived cell lines. It is likely that the relevant cofactors would also need to be 

overexpressed to maintain the required stoichiometry and observe a phenotypic change. Literature 

suggests that Sox9 is subject to tissue-dependent alternative splicing in a number of species, 

including mice and humans251. It is possible that our testes-derived Sox9 cDNA may not be fully 
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functional in mammary cells. As visualized by immunoblotting, the exogenous Sox9 expressed in 

both lines appears to be a larger protein than the endogenous Sox9 expressed in the control cells 

(Figure 3.2.A). The lack of alternative splicing in the testes’ isoform may render it biologically 

irrelevant in the context of HER2-positive breast cancer. 

4.3. The requirement of Sox9 in vivo 

4.3.1. Sox9 deficient cells do not expand in vivo 

Orthotopic injections are used to model tumour initiation and progression by implanting cells in 

their tissue of origin. This model provides a more pathologically relevant environment for tumour 

growth compared to an ectopic injection model252. As such, we injected 3903sgNTCK31 or 

3903sgSox9K36 cells directly into the mammary glands of mice to test the effects of Sox9 deletion 

on tumour onset and growth. Supporting our mammosphere observations, tumours only formed in 

mammary glands injected with control cells. This is in agreement with the RNA-sequencing data 

that suggests that Sox9 deletion results in a more differentiated phenotype, which would reduce 

the TIC potential of Sox9-deficient cells (Figure 3.10 and Figure 3.11). Although a substantial 

reduction in the tumour initiating capacity of Sox9-deficient cells was predicted, and clonal 

expansion should have removed the possibility of subpopulations, limiting dilution assays would 

need to be performed to conclusively determine the presence of a TIC subset253. Unexpectedly, the 

endpoint tumours did not strongly express Sox9 or Sox10, although we did detect a low level of 

Sox9 from the normal tissue (Figure 3.12).  

Immunohistochemistry revealed the presence of CK8 and Neu-positive cells throughout 

the tumours formed in control cell-injected mammary glands, suggesting that the tumours were 

luminal cells and driven by Neu (Figure 3.12.D-F). Cas9 expression was distinctly nuclear in the 

3903sgSox9K36 cells but not evident in the 3903sgNTCK31-injected tumours, and faintly evident 
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throughout the 3903sgNTCK31 cells in the lungs (Figure 3.12 and Figure 3.13). This difference 

may be due to our sgNTC sequence, which was designed not to bind DNA and results in Cas9 not 

actively being recruited to the nucleus in the control cells254. The difference between the Cas9 

staining in the orthotopic tumours and the tail-vein tumours may be due to antibody availability. 

The orthotopic tumours were larger and more dense, and a higher concentration of antibody may 

be necessary to visualize Cas9. Recent work in our lab suggests that Sox10 is required for tumour 

initiation in vivo, and while its expression may be lost in vitro it returns after in vivo 

implantation203(submitted). It is possible that the relatively high expression of Sox9 in these cells 

allows for Sox9 to compensate for the requirement of Sox10. For instance, at high levels, Sox9 

may turn on Sox10 targets even if it has low affinity binding for those SoxE sites. It is also possible 

that Sox9 is not required for proliferation in vivo after tumour onset due to interactions with the 

tumour microenvironment that are not represented in vitro. Further experiments would be required 

to determine the temporal expression of each protein and the mechanism through which the cells 

downregulate SOX9.  

4.3.2. Sox9 deficient cells do not form metastatic lesions 

A commonly used murine model to study metastasis in breast cancer is by cell implantation via 

lateral tail vein injection255. For metastasis to occur, tumour cells must migrate away from the 

primary tumour and invade into surrounding tissues before intravasating, surviving in circulation, 

extravasating through the capillary bed at a secondary site and establishing a niche in the new 

tissue. Tail vein injected-cells will first pass through the capillary network in the lungs, likely 

allowing successful extravasation and growth256. Lung tumours formed in this model are the result 

of cells that have successfully extravasated and formed a niche, and its key advantages are 

consistency and timing. As cells are injected into the tail vein, lung tumours can form much quicker 
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due to bypassing the requirements of primary tumorigenesis and intravasation and there is no 

possibility of mice reaching humane endpoint due to primary tumour burden without metastasis. 

Although tail vein injection does not recapitulate the metastatic process, it is a good measure of 

the invasive potential and TIC content of cell lines255. 

Here, we used tail vein injections as a model of lung colonization to gain insight into the role 

of Sox9 in metastasis. Flow cytometry analysis showed that lungs from mice injected with 

3903sgSox9K36 cells contained half as many tumour cells as those injected with 3903sgNTCK31 

cells, and this finding was corroborated with hematoxylin and eosin staining (Figure 3.13). 

Staining of lung sections with Cas9 revealed the presence of few knockout cells in the lungs. These 

results suggest that while Sox9 may not be required for extravasation, it is necessary for the 

expansion of tumour cells at secondary sites. Further work with a more robust and complete model 

of metastasis is required to fully elucidate the role of Sox9 in the metastatic cascade in HER2-

positive breast cancer. 

4.4. Future Directions 

The role of Sox9 in cellular processes is complex and is likely to involve the control of multiple 

pathways regulating stemness and invasion. Here, we have begun to investigate the role of Sox9 

in HER2-positive breast cancer and have uncovered many paths forward. To strengthen the 

findings of this study, in vitro experiments should be repeated with additional HER2-positive cell 

lines to ensure that the data is not specific to murine NDL cells. 

 To better understand the temporal expression of Sox9 in tumour onset and progression in 

vivo, tumours from orthotopic injections should be collected at various timepoints from pre-onset 

to endpoint for histological analysis of protein expression and RNA expression analysis. In depth 

analysis of Sox9 and related target expression over the course of tumour progression may reveal 
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insights into the underlying mechanisms of Sox9’s role in tumorigenesis. A particularly interesting 

experiment would be to assess the compensatory ability of Sox9 and Sox10 in tumour initiation. 

Expressing Sox10 in Sox9-deficient cells, and expressing Sox9 in Sox10-deficient cells prior to 

injection may determine if the initiation deficiency caused by the lack of one transcription factor 

could be rescued by the expression of the other. 

 Further insights into the effect of Sox9 on tumour initiation, progression, and metastasis 

could be obtained using transgenic models. Sox9 is essential for embryonic survival and remains 

necessary to maintain homeostasis in a number of cell types131. It is also critical for mammary 

gland development185. Therefore, a knockout model must be both conditional and inducible. The 

PyVMT-IRES-Cre model co-expresses the PyVMT oncogene and Cre recombinase through an 

IRES, under the control of a doxycycline-inducible Tet-On system257. Doxycycline can be used to 

induce conditional oncogenic expression and Sox9 excision simultaneously with a conditional 

allele257. Differences in tumour initiation, progression, and metastasis between the Sox9-

expressing and Sox9-knockout mice can be compared and the dose dependent effect of Sox9 can 

be assessed in mice heterozygous for the Sox9-flox allele126.  

 Another question outside the scope of this study is how Sox9 affects the process of EMT. 

Due to its transitional nature, EMT is a difficult process to study, and there are no robust functional 

assays. A potential experimental model of EMT in vitro would be to treat cells in culture with an 

EMT effector and monitor the protein and RNA expression of downstream targets in Sox9-

expressing and Sox9-deficient cells. 

4.5. Conclusion 

EMT is a key mechanism contributing to the high rates of acquired chemo-resistance in HER2-

positive breast cancer. Sox9 has been linked to cell stemness through a number of pathways in 
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malignancies where it has been shown to promote proliferation, migration, and invasion, but its 

role has not been fully characterized in HER2-positive breast cancer. Here, we have shown in 

HER2/Neu-positive tumour cell lines that Sox9 deficiency significantly inhibits proliferation, self-

renewal, and invasion in a dose-dependent manner but that the overexpression of Sox9 alone is 

insufficient to induce stem-like phenotypic changes in murine and human cell lines. In support of 

a role for Sox9 in cancer stem cell expansion, we have observed that Sox9 deletion suppresses 

EMT-related pathways and inhibits the ability of cells to expand in vivo. As Sox9 is also frequently 

expressed in TNBC, further work into investigating the role of Sox9 in EMT and acquired 

resistance may reveal novel candidates for the development of therapeutics targeting several breast 

cancer subtypes, including HER2-positive breast cancers.  
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6. Appendix 

 

Appendix Figure 1: Sox9 knockout was not achieved in human cell lines. Parental BT474 cells 

were treated with Cas9 lentivirus, underwent selection blastocidin and were then treated with 

sgNTC, sgSox91, or sgSox92 lentivirus to stably express Cas9 and inactivate Sox9. SOX9 protein 

expression was visualized by immunoblotting after culturing for two passages after sorting.  


