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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. /n 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 fibroblasts'. 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)!. Structures at the end of each branch, known as lobules, contain
specialized luminal epithelial cells that secrete milk upon hormone stimulation during pregnancy.
During embryonic development, ectodermal cells form the mammary milk line and organize along
it into placodes from which the ductal structure eventually sprouts®. Surrounding cells differentiate
into fibroblasts and preadipocytes and stimulate further differentiation of mammary epithelial
cells>*. The last step of embryonic mammary development is proliferation through the fat pad
precursor mesenchyme, which creates the foundation for the ductal structure®. 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 lumen®’. In vivo tracking of these cells
has demonstrated that the branching process is driven by a hierarchy of progenitor cells®.
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 lactation®. 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 state!®. 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 al'.



mammary gland to regenerate each pregnancy cycle suggests the presence of a maintained pool of

mammary stem cells in adult tissue!!.

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 year!2. In 2024, breast cancer accounted
for an estimated 25% of new cancer cases and 13% of cancer deaths in female Canadians'3. 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)'*. 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
HER2"7,

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 receptors'®. 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 heterogenity'®. These subtypes are associated with the least aggressive disease

progression and most favourable prognosis. Patients with luminal breast cancer typically present



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 metastasis'®. 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 alone?’ 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 cancers'®? 2. 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-positive?**. About 10% of patients present with
metastases'®. 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
metastases'®. First line treatment consists of chemotherapy in conjunction with a HER2-targeting
monoclonal antibody, but up to 70% of patients will develop resistance*2%, HER2-positive breast
cancer is also associated with a higher rate of recurrence than average®.

TNBC is the most rare subtype, accounting for approximately 10-15% of diagnoses®’. 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 ESRI, PGR, and HER2, and therefore
possesses no unique receptors for targeted therapy'*?. Treatment options are extremely limited,
and chemotherapy is the standard of care!*. 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 transition'®*°. This subtype is highly metastatic and has an increased propensity to



metastasize to the brain compared to the other subtypes, contributing to its less favorable
outcome'’.

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)!>'7. 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 HER2". 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 receptors'>:®.
Some studies, however, report an increased risk of developing resistance to hormone therapy,
potentially due to crosstalk of HER2 and ESR1 pathways*'-*2. 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 subtype'”. This is generally defined as an IHC score of 1+ or 2+,
and a negative ISH result®. 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 cancer'”. Taken together, HER2-positive, TPBC,

and HER2-low cases make up about 50% of all tumours>*.
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)*. 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 Roskoski*.



dimerization regions; a transmembrane domain; and a C-terminal intracellular domain that
contains a kinase region and a carboxyterminal tail**. However, HER3 does not harbor a functional
protein kinase domain?’. 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 tissue*®>°.

Ligands of the EGFR family are categorized according to their compatible receptor®’. The
first group consists of the HER 1-exclusive ligands: epidermal growth factor, amphiregulin, epigen,
and transforming growth factor alpha*'**. The second group are ligands that bind to HER1 and
HER4: betacellulin, epiregulin, and heparin-binding epidermal growth-like factor*>“®. The last
two groups are comprised of neuregulins that bind to HER3 and HER4 (group 3) or exclusively
HER4 (group 4)%049-53,

In addition to ligand binding, heterodimerization or homodimerization is required for
activation®**°, 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 signalling®. As HER2 has no known ligand,
it is always in the open conformation and able to dimerize®*. While HER3 is able to form a
functional homodimer, it rarely occurs and only possesses a fraction of the kinase activity of other

family members®’. Generally, heterodimerization is preferred to activate the downstream

signalling of both partners>.



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
HER3%*. 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 overexpressed®*. 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 elucidated®®°.

When overexpressed, HER2 activates pro-survival pathways contributing to the development
of a number of cancers, especially breast, lung, and gastric cancers®!. 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 amplification®>®*. 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 reactivated®*%>. HER2 amplification and copy number in human breast



tumours remains constant throughout disease progression, and is associated with subtype-defining
characteristics rather than providing staging information®%¢7,

HER?2 variants with constitutively active signalling or otherwise increased tumorigenicity have
also been identified. The most characterised isoform is P9SHER?2, a fragment with an incomplete
extracellular domain®. The fragment arises from two mechanisms: the proteolytic shedding of the
extracellular domain catalyzed by ADAMI0, and by alternative messenger RNA (mRNA)
translation from internal initiation codons®-’°. POSHER2 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 HER?2 targeted therapy as inhibitory molecules cannot bind to the external
portion of the receptor’"’2. Defects in the extracellular domain have been found to increase the
transforming efficiency of HER2 by up to 100-fold”. For these reasons, PO9SHER2 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 higher’*. HER2 mutations are most common in bladder
cancer, where they are only found in an estimated 8% of cases’*. The most common HER2
mutations across all cancer types are found in the protein kinase domain and result in constitutive
activation’*. The most prevalent mutation is a 12 base pair insertion in exon 20 resulting in a
tandem repeat of tyrosine-valine-methionine-alanine (YVMA)’*. HER2YYMAhas 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 HER3"°. While the biological effects of HER2 mutants are clear,



there are conflicting reports in the literature as to whether HER2 mutations alone are a risk factor

176, Regardless, given the rarity of these

for cancer development, as reviewed by Galogre et. a
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
fibrosarcoma’’. 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 activity’>*. 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 activity®!. 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 resistance®> 3¢,

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
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tumours, such as in gastric and colorectal cancer, and on its own as an adjuvant therapy in early
HER2-positive breast cancer?®. It was first isolated in mice and humanized to prevent an immune
response®”%8. Trastuzumab directly binds to the extracellular domain near the cell membrane, but
the mechanisms through which it inhibits downstream HER?2 signalling are not fully understood®’.
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%°°2%. As it specifically binds to the HER2 extracellular domain its strongest
effects are seen in cases driven by HER2 homodimers>®. It is not effective in cases where the
P9SHER?2 fragment is already expressed, nor is it effective at preventing HER2-HER3 dimers”*"!.
These findings indicate that cells may overexpress HER3 as a compensatory mechanism, and that
individuals with high levels of POSHER2 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 action®?. The
epitope for pertuzumab does not overlap with the epitope for trastuzumab, and the combined use
of both has synergistic effects®®*2. 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 effects’’. 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 trastuzumab®***. 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” regimen”. 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 cancer'®. 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 cancer™>.

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)

promoter‘)6

. 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” expression”’.
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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 domain’’.
Expression of Neu-T was sufficient to transform cell lines in vitro, and MMT V-driven expression
in vivo results in mammary tumour formation consistent with human breast cancer’*®. In Neu-T
transgenic female mice, tumours involving the whole mammary gland epithelium would arise in
approximately 90 days’®. 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
MMTYV would form tumours in 5-10 months, even though the level of expression was similar to
that of Neu-T°”. 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 8. 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 bridges'®. 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 bond®""'°. The MMTV-NDL2-5 model uses the MMTV promoter
to drive expression of the NDL2-5 oncogene. Tumours in this model spontaneously arise after

100 Metastases to

about 160 days and are pathologically consistent with human breast carcinoma
the lungs are evident in 65% of the mice!%. 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)!°!. In this model, a conditional allele can be deleted upon expression
of the NIC cassette'?%,

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 cells'®. 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 strains!®*»1% Multiple genes have been
identified to have a role in the suppressive effect!**. 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 genes'%%1%,
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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remodelling!'®’. The Sox homology box consists of two a-helical domains and an acidic tail that
negatively regulate DNA binding through intramolecular binding!°!1%. 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"'?. Sequences flanking
this region are specific to different Sox proteins''.

Sox family members are subgrouped by sequence homology and similarities in biological
function'!!. 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 homology'!'!. 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 Sox10''!. Initially they were
discovered along with 4 other Sox proteins based on their sequence homology to SRY!''!.
Structurally and functionally, the members are very similar. Each member has highly conserved
dimerization, HMG, and two transactivation domains''2. Within the HMG domain is a nuclear
export signal (NES) and two nuclear localization signals that flank the NES at the N and C
termini''>'"*. 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 determination'!>. 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 9.5dpc!!6. In

adult human tissues it is most highly expressed in the brain'!’

. Mutations or partial deletion of
Sox8 have been shown to contribute to intellectual disabilities and infertility!!”-!!8, 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 proteins!'!®!"?. Sox8 is
overexpressed in many cancer types, especially glioblastostoma, medulloblastoma, and TNBC'**-
122 It has been implicated in a number of malignant pathways, particularly in the regulation of
proliferation through Wnt/B-catenin signalling!?*!24,

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 lethality!*. 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 development'?. Sox9 is first expressed in mouse embryos by 9dpc and initially
is involved in early cartilage and skeletal formation'?"'?8, Throughout development it becomes
more generally expressed in other tissues and is involved in testis differentiation and nervous
system development!?!3°. 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 Sox10'!32 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 cancers'*3137 Its expression has also been found to contribute to drug resistance
in luminal breast cancer'3®.

The last member of the SoxE subgroup, Sox10, is more similar to Sox9 than to Sox8'!!.
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 system!3%!40,
Global knockout of Sox10 is embryonically lethal, and mutated forms have been linked to severe
developmental disorders, most notably demyelinating syndromes'*!~!4*, 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 stemness!*146,

1.4.3. Sox9 Structure and Regulation

Sox9 was first sequenced and identified during a screen for proteins related to SRY!!'!. It was
designated as part of the SoxE subgroup due to its sequence homology with two other novel genes,
Sox8 and Sox10'!!, It was further isolated in mice and found to be located on chromosome 11 in
a region syntenic to human chromosome 17q'%.

Murine and human Sox9 mRNA transcripts contain three exons separated by two introns
(Figure 1.3)!*". The coding sequence spans all three exons and in humans encodes a protein that is
509 amino acids long'¥’. 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) domain''?, Uniquely, it contains a PQA domain comprised exclusively of proline, glutamine
and alanine'*®, 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 other!#.
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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 Lefebvre
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Dimerization is only required in some processes, implying that it is a context dependent
mechanism''®>. 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 proteins!>%!1!,
These two regions have been found to function independently or synergistically, depending on
cellular context''>. The PQA domain is able to enhance transactivation but the mechanism
responsible is not fully known!#%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 region!>. Various
sequences within this region likely act as context-dependent enhancers for Sox9
transcription!>*!3*, Some studies with transgenic mice have begun to elucidate this mechanism,
but homology is not always conserved in humans'>>'%7., 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 chemotherapy'®.

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 targets!>'°!. 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 contex . Further activating or inhibitory post-

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

reviewed by Jana et. al'®’.

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 cells'**!, Later, Sox9 also regulates
the expression of targets necessary for glial, astrocyte, and oligodendrocyte differentiation!®%-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 10.5dpc!®®. 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-regulation'>>131%% Throughout this process, Sox9 activates a number of
targets that are necessary for ovarian pathway repression and differentiation of Sertoli cells and
Leydig cells'?*!7,

At the onset of chondrogenesis, Sox9 is involved in the determination of chondrocytes from
osteochondroprogenitor cells'®*!'”!. 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 cartilage!?®!7%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 Sox6!™. Other organs in which Sox9 is
expressed and promotes differentiation include the lungs, heart, gastrointestinal tract, liver,

pancreas, and retina!”> 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 cells'®""!32, In the liver, Sox9 is always expressed and

183 " A similar mechanism has been

plays a role in cell differentiation during tissue regeneration
observed in the pancreas and intestine where Sox9 expression is a requirement to maintain
progenitor cells in adult tissue'®*. Sox9 is also involved in post-natal development. Conditional
knockout of Sox9 was observed to result in impaired mammary gland development in mice'®’.
Sox9 is expressed by luminal progenitors and is necessary for differentiation and proliferation of
luminal cells'®®. 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-

B, Wnt/B-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 3713188 1t i5 also a regulator of cancer stem cells (CSCs) and
promotes stemness in prostate cancer, renal cell carcinoma, colorectal cancer, liver cancer, and
pancreatic cancer'3*!#-1%_Tn 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
contexts!?1192, Regulation of stemness in cancer often involves targets or crosstalk with the TGF-
B, Wnt/B-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 cancer!*®.
In TNBC, Sox9 has been shown in vitro to promote both proliferation and stemness through growth
and invasion assays'*®. 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 cells®!#>!%3, 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 function!®*. It has also been shown to contribute to stem cell
maintenance through the dedifferentiation of basal progenitors to multipotent mammary stem
cells'®. Both transcription factors have been shown to be required for normal mammary gland
development in mice!8>!%,

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 cells'**!°7. 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.

22



TNBC HER2-positive Luminal A/B

&
©

C

o~

S !
C\ /:ESRl/PGR+ i ESR1/PGR+
Progenitor i Luminal Cell
N i
4 Luminal % :
" Progenitor @
@
Mammarv\NS ESRl/P_G R- ESR1/PGR- Secretory
Stem Cell O*JO\ Progenitor Alveolar Cell Cell
C} Basal Myoepithelial
Progenitor Cell

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. al'l.
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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 epi