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Abstract 

The SRY-HMG-Box transcription factor SOX10 plays a critical role in neural crest 

development. While it has recently been identified as a mediator of the mammary stem/progenitor 

state, as well as a marker for aggressive basal-like breast cancer, its precise function in epithelial 

tumorigenesis remains unclear. Here, we identify Sox10 as a key regulator of tumor-initiating 

activity in HER2/Neu-driven mammary cancers. Genetic ablation of Sox10 in the luminal 

compartment of mice resulted in delayed but normal mammary gland development. In a murine 

model of HER2-positive breast cancer, Sox10 deletion conferred a dose-dependent delay in tumor 

onset, with a complete loss of tumor initiation in Sox10-deficient luminal cells. CRISPR/Cas9-

mediated Sox10 inactivation in HER2/Neu-transformed tumor cells led to reduced 3D invasion 

and diminished self-renewal in mammosphere assays. Established Sox10-deficient cell lines 

exhibited markedly impaired growth in orthotopic transplant models and failed to colonize lung 

tissue following tail vein injection, suggesting a loss of tumor-initiating capacity. Transcriptomic 

profiling revealed that Sox10-deficiency in HER2/Neu-transformed tumor cells leads to erosion 

of luminal cell identity and acquisition of basal/stem-like markers. Collectively, these findings 

demonstrate that Sox10 is required for a permissive cell progenitor state for HER2/Neu-driven 

tumor initiation and is critical to sustain the invasive and self-renewing traits that drive tumor 

progression and metastasis. The findings provide a novel therapeutic approach in the targeting of 

Sox10 signalling programs in the mammary epithelium which seemingly give rise to tumor cells 

of origin in HER2+ breast cancers.  
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1.1 Breast cancer heterogeneity 

Breast cancer is the most common cancer type among Canadian women and accounted for 

26% of all cancer diagnoses in women in 2025 (1). Based on the expression of specific molecular 

markers (2–4), breast cancers are divided into three major subtypes. These include the Luminal 

A/B, HER2-positive (Human epidermal growth factor receptor 2), and Triple-negative breast 

cancers (TNBC). Luminal A and B subtypes are defined by the presence of hormone receptors, 

but differ in terms of proliferation, HER2 status and prognosis.  

Luminal A breast cancers are the most common and are characterized by the expression of 

estrogen-receptor (ESR1) and/or progesterone-receptor (PGR), lack of HER2 expression and a low 

proliferative index (Ki-67 < 14%) (4–6). Conversely, luminal B subtypes often exhibit reduced or 

absent PGR expression, higher incidence of HER2 and increased proliferation (Ki-67 >14%) 

(4,5,7–10). Compared to luminal A, luminal B tumors can often present as a higher grade, exhibit 

worse prognosis and recurrence-free survival, and often require adjuvant chemotherapy paired 

with targeted ER/PR-receptor endocrine therapy (7,8,11–13). Together, the luminal subtypes are 

the most common, ranging from 65-75% of all breast cancer diagnoses (14–16).  

HER2-positive breast cancers account for approximately 20% of all breast cancer cases 

and are characterized by overexpression of the HER2 receptor and/or amplification of the ERBB2 

gene encoding HER2 on chromosome 17 (2,6,17–19). In a clinical setting, defining HER2-

positivity is done through immunohistochemical (IHC) or in situ hybridization (ISH) methods. 

Current ASCO/CAP guidelines define tumors as HER2-positive if they show complete 

circumferential membrane staining in more than 10% of tumor cells or exhibit gene amplification 
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as detected by ISH (18–22). Tumors presenting either of these characteristics are eligible for 

current HER2-targeted treatments, including trastuzumab and pertuzumab. 

Finally, TNBCs account for the remaining 10-20% of breast cancer diagnoses and are 

defined by lack of ER, PR, and HER2 expression (23–29). TNBCs represent the most aggressive 

form of breast cancer and are associated with poor clinical outcomes. Due to the absence of unique 

targetable receptors or other biomarkers, treatment options are very limited and rely on 

chemotherapy as the standard care (23,24,27,29,30).  

1.2 HER2 in breast cancer 

1.2.1 EGFR family of receptors 

HER2 is a member of the epidermal growth factor receptor (EGFR) family of type I 

receptor tyrosine kinases (RTK) including HER1 (EGFR), HER2, HER3, and HER4 (31–36). 

Sharing up to 45% sequence homology, these transmembrane glycoproteins consist of two 

repeating extracellular ligand binding domains linked through cysteine-rich regions, and an 

intracellular catalytic domain with tyrosine kinase activity (Fig. 1.1) (37,38). To facilitate receptor 

activation, ligand-induced homo-, or heterodimerization events are required. There are 13 known 

ligands to the EGFR family of receptors, which can be categorized into neuregulins (NRG), which 

primarily activate HER3 and/or HER4, and EGFR-activating ligands (38). There are 7 canonical 

EGFR ligands: epidermal growth factor (EGF), transforming growth factor α (TGFα), 

amphiregulin (ARG), epigen (EPG), epiregulin (EPR), β-cellulin (BTC) and heparin-binding 

EGF-like growth factor (HB-EGF), and neuregulins 1 through 6 (NRG1-6) (36,39–44). 

Interestingly, HER2 has no known ligands and acts as an “orphan” co-receptor that can only be 

co-activated through  
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Figure 1.1. Schematic of HER/ErbB family receptors and their respective ligands. HER/ErbB 
receptors are comprised of paired repeats of distinct extracellular domains (I, II, III, IV) coupled 
to a cytoplasmic tyrosine kinase domain (K) by a single transmembrane region. Receptor specific 
extracellular domains I and III (blue), and II and IV (pink/purple) share sequence homology, 
respectively. All respective domains are conserved in HER1 and HER4, while HER3 lacks kinase 
activity, and HER2 domain IV lacks conserved residues necessary for ligand binding (red). 
Canonical ligands specific to EGFR (dark grey) are epidermal growth factor (EGF), transforming 
growth factor α (TGFα), amphiregulin (AR) and epigen (EPG), epiregulin (EPR), β-cellulin 
(BTC), and heparin-binding EGF-like growth factors (HB-EGF), of which the latter three also bind 
with HER4. Neuregulins (light grey) 1 and 2 (NRG1/2) target both HER3 and HER4 while NRG6 
is specific to HER3. NRG3-5 are specific to HER4. 
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dimerization with ligand-bound partners (36,39,40,45,46). Unlike other members of the family, 

HER2 retains an open conformation despite the absence of ligand binding, which is believed to 

arise from two key residues in its autoinhibitory domain IV contact region which are not conserved 

(47). Consistent with this permanently ‘open’ configuration, HER2 has been identified as the 

preferred dimerization partner among all members in the EGFR family (48). Upon dimerization, a 

conserved 220 amino-acid region downstream of the catalytic domain is activated through auto-, 

or trans-phosphorylation events, recruiting activators that ultimately initiate subsequent 

downstream signalling events (36,38). In normal cells, HER2-based dimers activate MAPK, 

PI3K‑AKT, and JAK/STAT-dependent signalling pathways, mediating cell proliferation, survival 

and differentiation (32,34,36). While HER2 signalling can activate proliferation and survival 

pathways, sustained receptor activation in a normal context is insufficient to drive the tumor 

initiation observed in HER2⁺ breast cancers.  

1.2.2 HER2/Neu as an oncogene 

HER2 can become oncogenic through multiple cellular mechanisms. Somatic alterations 

leading to increased HER2 gene copy number are most commonly reported for elevated cellular 

HER2 expression (49–51). Notably, it has been observed that the HER2 locus harbors local 

genomic features that predispose it to palindromic amplification events, rendering it particularly 

susceptible to duplication (52). Indeed, genomic amplification events of the chromosome 17q12-

q23 locus harboring the ERBB2 gene have been well documented (6,53–55). However, it is 

apparent that HER2 does not only acquire its oncogenic potential through gene amplification. 

Human breast tumor-derived cell lines have been reported to overexpress HER2 transcripts up to 

6-8 fold higher per gene copy compared to normal mammary cell lines, independently of the status 

of HER2 gene amplification (56,57). Finally, although observed in only 4% of patients, activating 
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somatic mutations have also been reported in HER2-positive breast cancers (58). The most 

common HER2 mutations occur in the kinase domain between amino acids 755 and 781, followed 

by extracellular domain mutations at amino acid 309 or 310 (58). Kinase‑domain mutations, 

including L755S, D769H/Y, and V777L variants, have been shown to increase kinase activity and 

induce HER2-HER3 heterodimer-dependent activation of the PI3K and MAPK pathways (59). 

Similarly, mutations in the extracellular‑domain, most commonly the S310F mutation, have been 

shown to promote hyperphosphorylation and stronger dimerization, locking HER2 in an active 

conformation (60). Such reports demonstrate the dynamic relationship between HER2 

amplification, overexpression, and mutation in these cancers lending to aberrant activation of 

downstream signalling pathways. In some extreme cases, these mechanisms can culminate in 

cancers exhibiting up to 500-fold increases in the HER2 receptors at the tumor cell surface (61). 

At sufficiently high expression and activation levels, HER2 has even been shown to bypass its 

dependence on heterodimerization and recruit PI3K via Y1139 for direct activation (62). 

Similar to HER2, the rat ortholog Neu is a highly homologous RTK that lacks known 

ligands and signals through dimerization events with other ErbB receptors, activating PI3K and 

MAPK pathways (63,64). The Neu transmembrane receptor harbors distinct tyrosine 

phosphorylation sites that regulate its RTK-dependent transformation potential. Tyrosine residues 

Y1144 and Y1227 have been shown to independently activate MAPK signalling through 

complexing with Grb2 and Shc, respectively (65,66). PI3K-dependent oncogenic signalling 

through Neu has also been demonstrated through its ability to recruit the p85 subunit of PI3K to 

its phosphorylated tyrosine residues (67). The ability of Neu to transform cells in culture is 

conferred through an activating V664E point mutation (NeuNT) within the transmembrane domain 

resulting in increased dimerization and kinase activity (68–71). Subsequent studies of Neu 
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overexpression in mouse mammary epithelium revealed that efficient formation of mammary 

tumors is largely dependent on deletion mutations within the extracellular juxta-membrane region, 

further driving receptor activation (72–74).  

While Neu-induced transformation often requires mutational activation, similar studies 

using human HER2 have highlighted fundamental differences in their ability to drive 

transformation events. Indeed, overexpression of wild-type HER2 in mouse fibroblasts, human 

breast cancer cell lines, and normal mammary epithelial cells has been shown to be sufficient to 

induce cell transformation and tumorigenic growth (75–80). While these studies show that HER2 

harbors tumorigenic potential merely through its overexpression, mutagenesis studies targeting the 

transmembrane region of HER2 have been shown to further increase its transformation potential 

(81). However, such activating mutations have not been observed in spontaneous human HER2-

driven cancers. Despite their respective requirements for mutational activation, or lack thereof, 

both the human and rat receptors have been established as potent oncogenes. 

1.2.3 Current treatment methods for HER2-positive breast cancer 

There are several first-, and second-line treatment options currently used for targeting 

HER2-positive breast cancers. Monoclonal antibody therapy is currently the most common method 

for primary anti-HER2 therapies. Trastuzumab (Herceptin®, Genentech) is a monoclonal IgG1 

humanized murine antibody which can bind to the extracellular domain IV of HER2 (82,83). First 

introduced in 1998 as an approved treatment for HER2-positive breast cancer, Trastuzumab-bound 

HER2 receptors exhibit reduced ligand binding and receptor dimerization, as well as the ability to 

induce antibody-dependent cell-mediated cytotoxicity (ADCC) by interacting with natural killer 

immune cells (84,85). Pertuzumab (Perjeta®, Genentech), another monoclonal antibody, targets 
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the extracellular domain II of HER2 molecule and inhibits its dimerization with HER3 (86). Like 

Trastuzumab, Pertuzumab can also interact with Fc receptor on immune cells, further amplifying 

the ADCC phenomenon when administered in conjunction (87). Efficacious cytotoxic regimens 

have included Trastuzumab and Pertuzumab paired with a combination of a taxane-based 

(docetaxel, paclitaxel), platinum-based (carboplatin, cisplatin), anthracycline-based (doxorubicin, 

epirubicin), or anti-metabolite-based (fluorouracil) chemotherapies (88).  

Despite the demonstrated clinical efficacy of anti-HER2 targeted therapies, diminished 

efficacy is frequently observed through both de novo and acquired resistance associated with 

continued treatment (89). Resistance mechanisms are numerous such as loss of tumor suppressor 

PTEN expression (20-25% of HER2-positive cancers), mutational activation of PI3K signalling 

(25% of HER2-positive cancers), loss of the extracellular domain (ECD) IV Trastuzumab epitope 

(30% of HER2-positive cancers), overexpression of HER3 leading to high levels of trastuzumab-

resistant HER2-HER3 heterodimers (45% of HER2-positive cancers), and tumor necrosis factor ɑ 

(TNFɑ) induced overexpression of mucin 4 (MUC4) leading to masking of the trastuzumab-

binding epitope on HER2 (60% of HER2-positive cancers) (90–99). The prevalence of such 

resistance mechanisms and metastatic spread in current anti-HER2 targeted therapies highlight the 

need for alternative, or supplemental treatment methods that extend beyond receptor blockade 

alone. Specifically, identifying upstream transcriptional programs that sustain tumorigenic states 

may highlight novel targets and/or pathways to improve HER2⁺ breast cancer treatment. 
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1.3 Transgenic models of HER2-positive breast cancer 

1.3.1 The Mouse Mammary Tumor Virus (MMTV) promoter 

The MMTV promoter is a hormone-responsive transcriptional element derived from a 

milk-transmitted retrovirus identified in the 1930’s for its ability to induce mammary tumors in 

mice (100–102). MMTV viral particles can infect host mammary epithelium cells through binding 

and internalization with the mouse transferrin receptor 1 (Tfr1) (103). Subsequent hormone-

induced morphogenic events lead to virus replication and pro-viral integration, resulting in 

activation of growth promoting genes and eventually tumorigenesis (104–106). Interestingly, 

previous studies have since found that the self-renewing stem/progenitor cells of the mammary 

epithelium are the ultimate targets for viral infection and expression (101). Several hormone-

responsive elements in the long terminal repeat (LTR) of the MMTV promoter have been 

identified as key mediators of its mammary tissue-specific expression (107–111). Although the 

MMTV promoter is largely exclusive to the mammary epithelium, detectable levels of viral RNA 

have also been observed in the kidneys, salivary glands, seminal vesicles, and testes (112). Despite 

this, due to the observed mammary-epithelium-specific activity of the MMTV promoter, many 

transgenic mouse models currently employ a truncated LTR variant that exhibits efficient 

mammary-specific transgene expression without pro-viral DNA insertion (113).  

1.3.2 MMTV-Cre  

Studying the role of specific genes in mammary gland development through global somatic 

loss-of-function approaches have had limited use as they often result in non-specific physiological 

defects or embryonic lethality (114). To overcome these limitations, tissue-restricted genetic 

approaches have been developed to enable the conditional inactivation of target genes within 



 10 

defined tissues and cellular subsets. The first application of the MMTV-LTR for conditional gene 

deletion studies was in combination with the Cre-loxP recombination system (115). Using Cre 

recombinase under control of the MMTV-LTR, it became possible to induce spatially restricted 

gene deletion within mammary epithelium as early as 6 days of age (115,116).  

Today, three main MMTV-Cre transgenic strains are widely used: A, D, and F (117). These 

lines were generated with the same transgenic construct, however, they exhibit different spatial 

and temporal kinetics of Cre expression. For example, lines A and F exhibit Cre activity as early 

as one day of age, whereas Cre activity in line D has previously not been observed until 

approximately 3 weeks of age (116,118). However, lines A and F have also been associated with 

severe de novo developmental defects in alveolar development and differentiation (117,119). 

Differing levels of mosaicism have also been observed between strains, resulting in varying 

proportions of cells displaying non-recombined alleles, or Cre ‘escapees’ (120). Nevertheless, 

despite mosaicism observed in strain D, complete deletion is observed in older mice, likely due to 

chronic hormonal activation of the MMTV-LTR with each subsequent estrus cycle (117). 

Although these strains were generated using the same transgenic construct, it is believed that the 

observed differences in kinetics are likely a result of different sites of transgene integration and 

that chromosomal integration of the transgene may also affect the expression of genes critical for 

mammary gland development (117).  

1.3.3 MMTV-NeuNT, NeuNDL, and NIC 

The first HER2 breast cancer murine model was generated in 1988 and demonstrated that 

expression of the activated c-Neu oncogene (NeuNT) harboring the V664E point mutation under 

control of the MMTV-LTR promoter is sufficient to sustainably form mammary adenocarcinomas 
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that histologically resemble human HER2-positive tumors by 95 days of age (121,122). 

Subsequent studies further demonstrated that effective oncogenic activation of wild-type Neu was 

correlated with mutations in conserved cysteine residues in the extracellular domain promoting 

dimerization and a constitutively active conformation (123–125). The discovery of such rate-

limiting steps in Neu-induced tumorigenesis led to the widespread use of MMTV-Neu deletion 2-

5 (NeuNDL) models of breast cancer. These Neu variants harbor a 5 amino acid deletion which 

prevents cysteine bridge formation and promotes disulfide-stabilized dimers resulting in 

constitutive activation (125). While this model provides a novel pre-clinical platform to study 

HER2/Neu-driven mammary tumorigenesis, it is limited in its ability to assess target gene function 

in malignant transformation. Thus, to achieve concomitant Neu and Cre expression in the same 

cells, a new transgenic strain was generated. The MMTV-NIC strain harbors a MMTV-driven 

bicistronic construct containing the active NeuNDL oncogene followed by a Cre recombinase 

under the translational control of an internal ribosomal entry site (IRES) (126). In this model, 

mammary epithelium-specific expression of constitutively active NeuNDL is coupled to Cre 

expression which significantly limits the possibility for Cre-escape in cells that undergo Neu-

mediated transformation (125,126). While minimally-focal primary adenocarcinomas arise in this 

model by approximately 146 days, these mice exhibit a low propensity for metastatic colonization, 

specifically in the lungs (126,127). Nevertheless, the MMTV-NIC model has since been used in 

several pre-clinical applications to identify potential therapeutic targets and characterize their 

respective roles in HER2/Neu-induced mammary tumorigenesis (127–131). 

1.3.4 Polyoma Middle T Antigen and MMTV-rtTA/MIC mice 

 The polyoma middle-T antigen (PyMT) is a protein derived from the murine Polyoma virus 

identified for its ability to induce multifocal tumors in the salivary glands of infected mice (132). 
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It was found that expression of the middle-T protein is sufficient to transform F2408 rat fibroblast 

cells in vitro which subsequently develop into tumors upon transplantation into rats (133). PyMT 

is a transmembrane protein that acts as a potent oncogene through the Src kinase-dependent 

activation of three independent intracellular tyrosine residues (134–138). Resultant activation of 

downstream signalling programs, including the Ras/MAPK, PI3K, and PLC-γ pathways, occurs in 

a residue-specific mutually-exclusive manner (135–142). Despite the absence of an intrinsic kinase 

domain, activated PyMT can induce signalling cascades congruent to that of a constitutively active 

RTK, driving transformation events through increased cell survival and growth pathways 

(135,143). 

The first application of this potent oncogene to model breast cancer was established using 

the MMTV-LTR to drive mammary epithelium-specific expression of PyMT (144). To bypass 

potential deleterious effects of early PyMT expression on mammary gland development, a 

doxycycline-inducible model using the MMTV-LTR to drive expression of a reverse tetracycline 

transactivator (rtTA) was established (MMTV-rtTA) (145). When crossed with mice harboring a 

tetracycline-inducible (tetO) oncogene, this system permits complete mammary gland 

development prior to malignant transformation.  

To study target gene function through conditional Cre-mediated recombination, a tetO-

driven bicistronic construct containing the PyMT oncogene with an IRES linked Cre recombinase 

was established (tetO-MIC) (146). This configuration, similar to the MMTV-NIC model, 

precludes the possibility of Cre escape. Upon treatment of MMTV-rtTA:tetO-MIC (rtTA/MIC) 

bigenic mice with doxycycline, the mice develop multifocal, aggressive tumors that exhibit a high 

propensity for lung metastases (146). Tumorigenic progression follows through distinct 
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morphological stages: hyperplastic lesions, adenoma, intraepithelial neoplasia, local carcinomas, 

and finally dissemination to secondary sites, recapitulating the progressive histological stages 

observed in human breast cancer (141,147). Interestingly, due to the inducible nature of this model, 

PyMT is seemingly recognized as a tumor-specific antigen which is targeted by the immune 

system, rather than a self-antigen (141). Due to this immune-selective pressure, mammary tumors 

are not fully penetrant, as only around 87% of females develop tumors (146,148).  

Although the rate at which tumorigenesis proceeds appears to be dramatically influenced 

by background strain, stage-dependent transcriptional profiling has revealed that during early 

hyperplastic stages, PyMT tumors exhibit a luminal-like ER+/PR+/HER2- expression profile 

(134,135,147,149,150). However, as tumors progress through the neoplastic state, ER/PR 

expression is lost and tumors acquire HER2-positive expression (134,135,147). Although they 

exhibit quite significant intertumoral heterogeneity, a vast proportion of late PyMT tumors have 

transcriptional profiles that are similar to HER2 + breast cancer (151). To this end, whole exome 

sequencing studies have revealed that latent acquisition of a HER2-positive profile may be, in part, 

due to palindromic duplication events of chromosome 11 that are common in PyMT tumors 

(67,141,152). Chromosome 11 is syntenic with human chromosome 17q12-q23 harboring the 

murine Erbb2 gene. Indeed, chromosome 11 genes, including ErbB2, Septin9, Col1a1, and Chad 

frequently exhibit elevated expression in both PyMT tumors and human HER2-positive breast 

cancers (53,54,67,151–154). 
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1.4 Biological landscape of the murine mammary gland  

1.4.1 Mammary gland development 

Mammary gland development is a highly dynamic, hormone-regulated process that, unlike 

most non-reproductive organs, occurs predominantly following the neonatal stage (155). Starting 

at embryonic day 10 to 11 (E10, E11), lens-shaped ectodermal placodes appear along opposing 

ventral milk lines, subsequently forming bulb-shaped buds increasing in size up to E15 (156). At 

this stage, sexual dimorphism is determined via sex-specific androgen signalling which induces 

condensation of the mammary epithelium in males, preventing extensive gland formation (157). 

In the female, however, these bud structures continue to proliferate into the fat pad precursor, 

which differentiates into white adipose tissue at birth, where the formation of a hollow lumen and 

subsequent epidermal invagination at the skin surface results in nipple formation. During these 

late gestational stages, the canalized bulb undergoes limited branching, generating a rudimentary 

ductal tree consisting of approximately 15-20 ducts by birth (158). 

Following birth, ductal growth proceeds isometrically (1.13 times relative to the rate of 

gross body surface area growth) for the first 3-week neonatal period (159). During this time, the 

mammary gland is comprised of a fibroblast-rich stroma of adipose and connective tissue 

surrounding the rudimentary ductal network partitioned by a laminin-containing basement 

membrane (160). The rudimentary ductal tree, filling only a small fraction of the mammary fat 

pad, is characterized by a cytokeratin (CK) 8+/11+/18+/20+/22+ luminal epithelium surrounded by 

a single alpha smooth muscle actin (ɑSMA)+/CK5+/14+ myoepithelial cell layer (161,162). Despite 

their limited growth at this stage, neonatal mammary tissues appear to be functionally committed 

to the epithelial secretory lineage. Previous studies have shown that fetal mammary tissue can 
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respond to heterotypic salivary stroma by the formation of a salivary-like pattern of branching 

(163,164). Salivary glands, like mammary glands and other epithelial-based secretory organs, 

share numerous molecular signalling pathways that result in branching phenotypes to increase 

surface area (165). Interestingly, in lactating hosts the salivary-like mammary epithelium 

structures express lactose synthetase and produce milk-like secretions (164). These observations 

support the existence of a progenitor-rich epithelial compartment that is functionally specified 

prior to birth, permitting the mammary anlagen to remain malleable to stromal cues during 

developmental processes. 

 At around 21 days of age, ductal expansion accelerates rapidly through highly proliferative 

terminal end buds (TEB) that drive rapid ductal elongation, branching, and fat pad invasion in an 

allometric manner (3.92 times relative to the rate of gross body surface area growth) (159). TEBs 

consist of four-to-six layers of proliferating cuboidal epithelium, giving rise to luminal cells in the 

subtending mature ducts as well as cap-localized myoepithelial cells (166). Their motile behavior 

is facilitated by a hyaluronic acid-rich end bud basal lamina that lacks extensive collagen networks 

which serves to reduce adhesions during stromal invasion (166,167). Indeed, the penetration of 

stromal tissue by the invading end bud appears to be a forceful, physical process, indicated by the 

mutual distortion of end bud basal lamina and apposed adipocytes (166). 

As ductal elongation proceeds, TEBs undergo bifurcation, giving rise to additional primary 

ducts which are then subject to subsequent lateral secondary-branching (168). Such morphogenic 

signals are initiated and maintained by various hormones, growth factors and cytokines (169). This 

hormonal regulation is mediated by two main endocrine groups: pituitary-derived factors (growth 

hormone; GH, follicle-stimulating hormone; FSH, luteinising hormone; LH) and ovarian-derived 
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factors (ER and PR), which are directly induced by FSH and LH, respectively (165). In addition 

to hormonal regulation, appropriate stromal matrix is necessary for sufficient ductal development. 

When cultured in vitro, mammary epithelial cells fail to establish sufficient cell polarity to induce 

ductal and/or end bud formation, even when cultured in 3D collagen gel. This phenotype, however, 

can be rescued when transplanted into de-epithelialized mammary glands (170–172). Strikingly, 

recent organoid studies have demonstrated that with supplementation of physiologically relevant 

stromal and hormonal factors, a single mammary epithelial cell can develop into a complex 

organoid that undergoes full branching morphogenesis, as well as estrus and pregnancy cycles, 

including lactation, in vitro (173). These resulting organoids can develop into fully functional 

mammary glands when transplanted into cleared fat-pad hosts in vivo. 

Upon completion of puberty by approximately 8-weeks of age, ductal structures reach the 

periphery of the fat pad mesenchyme where TEBs become restricted to only single layers of each 

luminal and myoepithelial population (174–176). The final, and most expansive stage of mammary 

gland morphogenesis is reached during pregnancy and lactation stages following a surge of distinct 

hormonal cues (165,177). After the weaning of offspring, these hormonal signals drop resulting in 

subsequent involution of the expanded mammary gland through a controlled cell death cascade, 

restoring mammary gland morphology to a state resembling that preceding pregnancy (165). With 

each subsequent estrous cycle, a scaled-down version of this proliferative-apoptotic cascade is 

initiated, but then quickly aborted (165). 

Such complex developmental stages highlight the spatial and temporal coordination 

required to mediate the highly plastic nature of the postnatal mammary gland. Understanding how 

the stem/progenitor populations that drive these processes are maintained among the mammary 
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epithelial hierarchy will help contextualize both normal mammary gland biology and the 

mechanisms by which developmental programs are dysregulated during malignant transformation. 

1.4.2 Mammary epithelial hierarchy 

The cellular plasticity required to enable extensive mammary gland morphogenesis during 

developmental, estrous, and pregnancy cycles has implicated the existence of a stem cell-rich 

epithelial population. Indeed, the extent of just how plastic these tissues can be was first observed 

in 1959 when mice with de-epithelialized mammary fat pads were able to regenerate entire ductal 

trees following the transplantation of normal epithelial tissue (178). To this end, more recent 

studies have established fully functional mammary glands in similar de-epithelialized hosts 

through implantation of a single mammary stem cell (MaSC) derived from adult donors (179).  

These seminal studies have provided the foundation for a hierarchical model of mammary 

epithelial organization. In this model, MaSCs represent the cellular unit that harbors the highest 

degree of stemness and differentiation potential, ultimately giving rise to progressively lineage-

restricted progenitor populations (180–182). MaSC enriched subpopulations are comprised of 

long-term label-retaining cells, consistent with the presence of quiescent and asymmetrically 

dividing cells commonly observed in stem cell populations (183). These progenitor populations, 

which include basal (BP), and luminal progenitors (LP; which include hormone-responsive (HR⁺) 

ductal and HR⁻ alveolar progenitors), subsequently differentiate into myoepithelial, and mature 

ductal and alveolar cells, respectively. Eventual LP cell fate is decided by mutually repressive 

master regulators for HR+ and alveolar lineages, ER and E74-like factor 5 (ELF5), respectively 

(184).  
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Experimentally, interrogation of these discrete populations can be achieved using 

fluorescence activated cell sorting (FACS) in conjunction with lineage-specific surface markers 

that are conserved across human and murine epithelium (182). For example, staining lineage 

depleted (Lin-) human epithelial cells derived from breast tissue with fluorescent antibodies 

targeting EPCAM and CD49f can fractionate into mature luminal (EPCAM+ CD49f-), LPs 

(EPCAM+ CD49f+), MaSC-enriched basal/myoepithelial (EPCAM- CD49f+), and stromal cell 

(EPCAM- CD49f-) populations (185). In mice, EpCAM and CD49f similarly segregate luminal 

and basal compartments, while alternative marker combinations such as CD24/CD29 and 

CD24/CD49f among others, have also been widely used to enrich for specific subpopulations (Fig. 

1.2) (179,182,186). In mice, MaSCs are highly enriched in the cap cells surrounding the TEBs in 

pubertal mammary glands and can be isolated in the CD29hi CD24+ or CD49fhi CD24hi populations 

(179,187,188). Conversely, LPs can be isolated from the pan-luminal EpCAM+ CD49f+ 

subpopulation based on their CD61, CD14, or CD49b and Sca-1 status (186,189,190). 

1.4.3 Lineage commitment in normal mammary gland 

Despite the prospective isolation of distinct mammary epithelial subsets enriched for stem 

and progenitor activity in both mice and humans, the precise relationships between these 

populations have yet to be defined. While BPs and LPs are proposed to arise from MaSCs, the 

prevailing body of lineage-tracing literature suggests that, under normal physiological conditions, 

progenitor populations become largely lineage-restricted following differentiation from the MaSC 

compartment (182,191). In particular, the LPs appear to play a central role in maintaining luminal 

lineages during adult homeostasis. Lineage-tracing studies also suggest that luminal cells are 

sustained predominantly by unipotent LP populations (191–193).  
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Figure 1.2. Schematic model of epithelial hierarchy in the mammary gland and the respective 
origin cell population for tumor subtypes. Summary of respective stem, progenitor, and mature 
cell compartments along the differentiation hierarchy with their associated surface markers for 
isolation of respective populations. Thick red dotted arrows indicate the hypothesized cells of 
origin for the major tumor subtypes based on concomitant transcriptional profiles. Thin red dotted 
arrows indicate the luminal progenitor population that undergoes dedifferentiation under 
oncogenic insult.  
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The intrinsic lineage restriction of epithelial cell fate within the mammary gland may be 

actively regulated by extrinsic signals from neighboring cell populations. Previous lineage tracing 

experiments have shown that BPs and LPs co-transplanted will only contribute to cells in their 

respective differentiated lineages in resulting ductal outgrowths (191). However, when BPs are 

transplanted alone, they are sufficient in generating ductal outgrowths containing cells in both 

luminal and basal lineages through reactivation of a multipotent state (191,194). This phenomenon 

has been shown to be mediated, at least in part, by paracrine signalling through luminal cell-

expressed tumor necrosis factor (TNF), which restricts reactivation of basal progenitor 

multipotency under normal conditions (194). Thus, it appears that lineage maintenance within the 

mammary epithelium is actively maintained through paracrine signalling within the epithelial 

hierarchy. 

1.4.4 Oncogene-induced lineage plasticity 

While lineage maintenance is largely preserved under normal physiological conditions, 

accumulating evidence indicates that cellular fate change and lineage infidelity can be induced by 

oncogenic insults during malignant transformation. In the case of breast cancer, such 

dedifferentiation phenomenon have been described in a number of different mouse models (195). 

For example, in vivo lineage-tracing studies have shown that luminal-specific expression of PyMT, 

Neu, or the PI3K mutant, PI3KCaH1047R, results in the emergence of basal-like cells, producing 

hyperplastic lesions and tumors composed of mixed lineages (196–198). In contrast, oncogene 

expression exclusively in the basal cells results in partial dedifferentiation into luminal-like cells 

before giving rise to less aggressive luminal-like tumors (196,197). Importantly, the observed 

lineage infidelity was demonstrated to occur well in advance of overt tumor formation, suggesting 

that oncogene-induced reprogramming establishes the cellular heterogeneity that later 
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characterizes advanced disease. Further studies have also shown that the inactivation of tumor 

suppressors in the luminal populations results in tumors with mesenchymal features (199,200). 

Together, these studies support that breast cancer heterogeneity may be a byproduct of lineage 

promiscuity within the mammary epithelium during malignant transformation. Consequently, such 

hypotheses would posit that the expression of lineage-specific markers may not be a reliable 

indicator of the lineage origin of mammary cancers.  

1.4.5 Breast cancer cells of origin 

Conventionally, expression of cell-specific cytokeratins has been considered to be a 

byproduct lineage identity, rather than a determinant (184). Thus, rather than solely identifying 

tumor cell type based on ER/PR/HER2 and cytokeratin expression, pathologists can establish a 

much more comprehensive cell-of-origin identity by also interrogating lineage specific 

transcription factors. Indeed, such lineage-determining factors, including GATA3, androgen 

receptor (AR), forkhead box A1 (FOXA1), ELF5, and forkhead box C1 (FOXC1), have been 

widely implicated in human breast cancer gene expression clusters (184). The factors GATA3, 

AR, and FOXA1 commonly associated with the luminal/hormone-responsive lineage frequently 

associate with the core luminal and HER2-positive breast cancer gene clusters, where higher 

GATA3 and lower AR expression is observed in the more differentiated luminal cluster (182,184). 

FOXA1 is an upstream mediator of ER signalling and the subsequent differentiation into the HR+ 

lineage (201). Conversely, ELF5 and FOXC1 are key transcription factors in the differentiation of 

LPs into alveolar lineage and are found at the core of basal-like clusters (202).  

To this end, further molecular profiling of human breast cancer subtypes has revealed 

striking parallels with the normal differentiation hierarchy of the mammary epithelium, supporting 
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that tumor phenotypes likely reflect the identity of the precursor cells from which they arise (Fig. 

1.2) (182,185,203). At the transcriptomic level, MaSC-enriched populations show strong 

similarities to claudin-low breast cancers, while LP populations exhibit molecular profiles closely 

aligned with basal-like/TNBC tumors (185,204). In contrast, HER2-positive, luminal A, and 

luminal B tumors appear to correspond to distinct differentiation states within the luminal lineage, 

with luminal A tumors, the most differentiated subtype, displaying transcriptional programs most 

closely resembling mature luminal epithelial cells (182).  

In human breast cancer, tumors are conventionally thought to arise from the luminal 

epithelium-rich terminal duct lobular units (TDLUs) (193,205,206). Accordingly, the most 

parsimonious explanation for the origin of both luminal and basal-like human breast cancers is 

from the transformation of LP-rich populations in these structures (184). In contrast to human 

breast cancers, some models of murine mammary tumors can exhibit myoepithelial differentiation 

and mixed histologies (184). Historically, such mosaic phenotypes have been interpreted as 

evidence for transformation within the MaSC compartment (184). However, the previously 

mentioned lineage-tracing studies on lineage plasticity prior to oncogenic insult support a novel 

dedifferentiation phenomenon of committed progenitor lineages as a possible mechanism for the 

lineage heterogeneity observed in murine breast cancers. 

Historically, two models have been proposed to justify the biological basis of intertumoral 

heterogeneity observed across cancers: the genetic mutation model and the cell-of-origin, or cancer 

stem cell model (193). The genetic mutation model argues that tumor phenotype is dictated by the 

compounding effect of oncogenic mutations acquired by a cell, whereas the cancer stem cell model 

proposes that the tumor phenotype reflects intrinsic properties of the transformed cell-of-origin 
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(193,207). In fact, it seems probable that these two theories can both be true. A longstanding 

argument favoring stem cells as the cells-of-origin for cancer is that malignant transformation 

typically requires serial accumulation of genetic mutations, a highly time-intensive process (208). 

To this end, quiescent, and perhaps asymmetrically dividing cells, such as stem cells, would persist 

long enough to acquire the mutational burden necessary for transformation. In support of this 

theory, cancer risk has been shown to correlate with the cumulative number of stem cell divisions 

required to maintain tissue homeostasis over an organism’s lifetime (209). Evidence of such long-

lived murine stem/progenitor cell populations, particularly LPs, has recently been demonstrated 

through lineage-tracing studies, where ER⁺ hormone-sensing cells are maintained by quiescent LP 

populations (191,210,211). Robust LP populations within the luminal lineage have also been 

shown to be precursory to differentiated alveolar cells and are candidate cells-of-origin in 

heterogenous tumors following various oncogenic insults (212). Specifically, ELF5 has been 

shown to regulate these long-lived LP populations (202,213,214). Thus, LPs appear to represent a 

uniquely vulnerable cell type for oncogenic transformation. Indeed, numerous studies in MMTV-

Neu and MMTV-PyMT models have demonstrated that mammary tumors likely originate from 

LP populations (215–218). Specifically, the cellular fraction harboring the highest degree of 

tumor-initiating cell (TIC) potential is enriched in the CD61-expressing LP compartment 

(190,215,217). Other lineage tracing studies have shown that basal-like breast tumors etiologically 

arise from LPs rather than from basal stem cells, supporting a model of luminal-to-basal 

reprogramming during tumorigenesis (185,219,220). 

While lineage tracing and transcriptomic profiling are informative approaches for 

identifying prospective cells of origin, oncogene-induced lineage infidelity can complicate the 

identification of tumor origin. As discussed above, expression of lineage-specific markers does 
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not reliably indicate the cell-of-origin following malignant transformation. For example, genetic 

profiling of human basal-like/TNBC tumors closely resemble those of LP populations, and 

canonical “basal” markers such as CK5 and 17 have been shown to be expressed by luminal 

epithelial cells within the TDLUs from which most human breast cancers are believed to originate 

(184,221,222). Thus, functional studies that assess tumor-initiating capacity in vivo provide much 

needed context for efficiently defining tumor-initiating cells-of-origin. An example of such nuance 

can be observed in a previous study where luminal-specific ablation of p38ɑ, a mediator of the LP 

population, resulted in repression of luminal programs and induction of basal-like features, all 

while impairing tumor-initiating capacity (223). Here, the apparent acquisition of basal-like 

identity does not reliably indicate basal-origin, nor does it equate to enhanced functional stemness 

as commonly associated with basal-like signatures.  

Collectively, these findings support the notion that transcriptional regulators governing 

progenitors, and thus lineage identity, play a central role in oncogene-induced plasticity within the 

mammary epithelium. Given the apparent contribution of LPs as cells-of-origin in murine breast 

cancer, specifically in Neu-, and PyMT-induced tumorigenesis, it is reasonable to posit that 

targeted disruption of lineage-defining transcriptional programs will affect their responsiveness to 

malignant transformation and possibly identify novel regulators of HER2/Neu-induced 

tumorigenesis. 

1.5 SOX10 in development, lineage regulation and cancer 

1.5.1 SOX family of transcription factors 

 First identified for their role as testis-determining factors, the sex determining region Y-

related high mobility group-box (SOX) family of genes are highly conserved transcription factors 
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implicated in numerous developmental processes (224,225). SOX proteins have established roles 

in early stem cell-dependent processes including gastrulation, embryogenesis, neural induction, 

organ formation, and tissue differentiation (226). The SOX group, characterized by a highly 

homologous sequence specific DNA-binding high mobility group (HMG) domain, consists of 

twenty different factors categorized into subgroups SOXA through SOXH (227,228). Members of 

the same subgroup exhibit more than 70% shared amino acid homology and are often implicated 

in similar biological processes, but share very little sequence identity with members of other 

groups outside of the conserved HMG domain (226,229). The conserved HMG group recognizes 

the common consensus motif 5-(A/T)(A/T)CAA(A/T)G-3 and binds to the minor groove of DNA. 

This results in the bending of regulatory regions facilitating interactions with other factors to form 

transcriptional complexes (226,228–230). The HMG region is flanked with two nuclear 

localization signals and one internal nuclear export signal which facilitates nucleocytoplasmic 

shuttling (231,232). Supporting their importance in development, Sox-like genes have been 

identified in single celled choanoflagellates, suggesting an origin that precedes multicellularity 

(226,233). 

1.5.2 The SOXE group 

 One of the most phylogenetically old and well documented groups, SOXE, consists of 

SOX8, SOX9, and SOX10. SOXE factors are specifically implicated in sex determination 

(SOX8/9), chondrogenesis (SOX9), melanogenesis (SOX9/10), and neural crest cell development 

and differentiation (SOX8/9/10) (226,234–238). Their respective expression programs have been 

shown to exhibit unique, additive, and/or redundant effects on these biological processes (238). 

The SOXE subgroup is characterized by shared protein interaction (K2), c-terminal transactivation 

(TA), and dimerization (DIM) domains, the latter of which facilitates homo-, or heterodimerization 
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with other members of the SOXE family on palindromic Sox motifs (236,238,239). Upon DNA-

binding, cooperative action of the transactivating K2 and TA domains leads to transcriptional 

activation (238).  

 SOX8 exhibits similar expression patterns to both SOX9 and SOX10 and maintains more 

prominent roles in adult tissue homeostasis including regulating adipose tissue, Sertoli cells, and 

central nervous system (CNS) myelination rather than in early cell‑fate decisions (240). Due to 

this apparent functional redundancy, there have been limited studies on SOX8-specific function. 

Nevertheless, mutational studies on murine Sox8 have established its partial requirement in early 

developmental processes (241–243). Furthermore, genetic variants and alterations of SOX8 have 

been linked to multiple sclerosis, familial essential tremor infertility, and worse cancer prognosis 

(240). 

 The most functionally diverse member of the SOXE family, SOX9, has been widely 

studied for its role in sexual determination. Sox9 is sufficient and necessary to drive male 

determination in pre‑Sertoli cells and its inactivation can even induce sex reversal (244–246). 

Furthermore, Sox9 has been shown to be critical for the chondrogenic process as its deletion in 

murine limb buds prevents bone and cartilage formation and a loss of expression of chondrogenic 

factors Sox5 and Sox6 (247,248). Complementary gain-, and loss-of-function studies have also 

shown that SOX9 is required for the development of embryonic and adult neural stem cells and 

the multipotent neural crest (NC) cell population in the CNS development (248–250). Due to its 

apparent function in tissue-specific stem cell maintenance, dysregulation of such states and their 

subsequent differentiation pathways are logical candidates for malignant transformation. Indeed, 

SOX9 has been implicated in the formation and growth of tumors in various meso-, endo-, and 

ectodermal tissues including in prostate, skin, pancreas, CNS, ovary, esophagus, and breast (248). 
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In murine breast cancer models, it was found that luminal populations exhibited increased Sox9 

expression, which has recently been identified as a mediator of luminal-basal plasticity (200,251). 

Specifically, Sox9 has been shown to cooperate with Slug to drive mammary epithelial plasticity 

as well as facilitate endocrine treatment resistance through Esr1 silencing (251,252).  

1.5.3 Sox10 in development and tissue homeostasis 

  1.5.3.1 Sox10 in embryonic development 

Initially identified in 1993, mouse Sox10 and human SOX10 gene transcripts both encode 

466 amino acid peptides that share 92% nucleotide and 98% amino acid sequence homologies, 

respectively (232,253). Sharing highly overlapping functions with SOX9, the primary function of 

SOX10 appears to be in the regulation of multipotent progenitor populations where its canonical 

role has been most extensively characterized in neural crest (NC) lineage maintenance. Sox10 

expression is maintained throughout NC cell delamination and migration and mediates subsequent 

differentiation into numerous cell types including peripheral glial and neuronal cells, pigment, 

skeletal, and smooth muscle cells, and adult stem cells, among others (254–257). Human patients 

and mice exhibiting Sox10 dysfunction present with various NC-derived melanocyte, enteric, and 

peripheral nervous system abnormalities collectively referred to as neurocristopathies (e.g. 

Waardenburg syndrome and Hirschsprung disease) (254,258–261).  

1.5.3.2 Sox10 transcriptional control and downstream signalling 

Although the role of Sox10 in developmental processes has been well defined, the current 

understanding of regulatory pathways that drive Sox10 expression, as well as its downstream target 

genes, remains elusive (Fig. 1.3). Fourteen multiple-species conserved sequences (MCS)  



 28 

 
 
Figure 1.3. Sox10 and its upstream and downstream targets. Schematic representation of the 
murine Sox10 gene and encoded protein domains. Transcriptional regulators of Sox10 include 
NMI, ETS1. Sox10 mutual activators include EGR2, PAX3, FGF, and OLIG1. Sox10 target genes 
include MBP, DHH, ERBB3, MITF, DCT, and S100B. The Dimerization (D), High Mobility 
Group (HMG) DNA-binding domain, K2 transactivation domain, and C-terminal transactivation 
(TA) region are shown.  
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controlling Sox10 have been identified, two of which (MCS4 and MCS7) exhibit specific 

expression patterns that overlap with endogenous Sox10 expression in the CNS (262). These 

elements contain dimeric SoxE binding sites which are required for functional enhancer activity 

of these sequences, suggesting a SoxE-dependent regulation of Sox10 itself (262). Although some 

studies have demonstrated that Sox9 can induce Sox10, others have reported mutual repression in 

certain contexts (263–265). Indeed, we have demonstrated in MMTV-NDL cell lines that Sox10 

expression is dependent on phosphorylated Sox9 which was shown to be directly bound to a -7kb 

enhancer element upstream of the Sox10 TSS (266). Fibroblast growth factor (FGF) signalling, 

specifically FGF10 signalling through FGF receptors (FGFR), has been shown to regulate Sox10 

expression in NC-based developmental processes as well as in ocular organs and mammary 

epithelial cells (263,267,268). Supporting this, FGFR inhibition reduces Sox10 expression in LP 

derived organoids and reduces their functional stem/progenitor cell activity (267). Sox9 ablation 

reduces FGFR-mediated signalling by downregulating the expression of several FGF-pathway 

target genes, suggesting a mutual feedback mechanism between FGF and Sox9-dependent 

modulation of Sox10 expression (263). Furthermore, the ETS proto-oncogene 1 (Ets1), which has 

diverse roles in cancer biology, has been shown to interact with Sox10 during melanocyte 

differentiation through activation of the MCS4 enhancer (269,270).  

Other established Sox10 co-factors include N-myc interactor (Nmi), oligodendrocyte transcription 

factor-1 (OLIG1), paired box gene 3 (PAX3) and microphthalmia-associated transcription factor 

(MITF) in various NC-based processes (268). Interestingly, SOX10/MITF represents a key axis in 

NC lineage development and dysregulation of this SOX10-MITF signalling pathway has been 

implicated in melanomagmenesis (271). Other genes that appear to be directly regulated by Sox10 

are myelin basic protein (MBP), dopachrome tautomerase (DCT), desert hedgehog (DHH), S100b, 
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Early growth response-2 (Egr2), as well as the Egfr family member Erbb3 (268,272,273). 

Specifically, Sox10 maintains neural crest progenitor competence by sustaining Erbb3/Nrg-1 

signalling and preventing Bmp2-mediated loss of neuronal and glial differentiation potential 

(274,275). Notably, the regulation of Erbb3 by Sox10 suggests an interplay between Sox10-

dependent progenitor competence and Egfr family signalling. 

1.5.3.3 Sox10 in murine mammary gland homeostasis 

Although Sox10 exhibits overlapping expression profiles with Sox9 during certain 

developmental processes, unlike Sox9, Sox10 expression is retained in select tissues following NC 

delamination in the developing embryo. As a result, its expression in postnatal tissue homeostasis 

is largely sustained, a specific example being in the postnatal mammary epithelium (254). Upon 

induction of branching morphogenesis in ductal rudiments, early epithelial transcriptomic 

programs are silenced and replaced with later branching programs (276,277). Indeed, Sox10 

appears to belong to this latter group as demonstrated by recent studies showing that Sox10 

expression is undetectable at embryonic day E13.5, but increases drastically by E16.5 (276). 

Consistent with this temporal regulation, mammary epithelium-specific Sox10-deficient mice 

develop mammary rudiments, but fail to undergo extensive branching morphogenesis and fat pad 

invasion during puberty, further supporting its requirement in normal postnatal processes (278). In 

contrast to Sox10, Wnt/β-catenin signalling is largely downregulated at the onset of ductal 

branching in late embryogenesis (276). Thus, in mice expressing stabilized β-catenin, E16.5 

embryos exhibit compromised mammary rudiment branching accompanied with lack of Sox10 

induction, suggesting that suppressed Wnt/β-catenin is necessary for Sox10 upregulation 

(276,277).  
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While Sox10-associated transcriptional programs have been identified, attempts to 

characterize its precise role in the postnatal mammary epithelium have only recently been 

undertaken. Sox10 has been found to mark mammary epithelial cell populations exhibiting the 

highest degree of stem/progenitor activity, including both fetal and adult cells in vivo and in 

organoid systems in vitro (267). Within the adult luminal compartment, Sox10⁺ pan-luminal cells 

exclusively demarcate the LP population, while the more differentiated HR+ mature luminal cells 

are exclusively Sox10-. Importantly, it appears that Sox10 is a functional requirement in these 

stem/progenitor populations as its deletion results in reduced progenitor activity that can be 

increased upon its overexpression (267). Further lending to this functional requirement, 

transplantation of Sox10+ fetal MaSCs are able to reconstitute cleared mammary fat pads, while 

Sox10-deficient variants fail to do so (267). Subsequent mechanistic studies showed that Sox10 

directly binds to the promoter region of the genes that regulate stem/progenitor cell maintenance 

and epithelial plasticity (279).  

Together, these observations support a model in which Sox10 functions to actively 

maintain progenitor competence during postnatal ductal morphogenic events. Given that 

mammary stem and progenitor populations are widely implicated as cells-of-origin in breast 

cancers, it is not unreasonable to position Sox10 as a potential driver of functional competence 

during malignant transformation.  

1.5.4 Sox10 as an oncogenic marker  

Currently, the role of Sox10 in cancer biology remains elusive and controversial with 

different observations reported across several types of cancer (268,280). Supporting its role in 

melanocyte differentiation, tumors of the skin and soft tissue were the first to establish SOX10 as 

a marker for cancer (281). Since then, SOX10 has been identified as a biomarker for 
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basal/myoepithelial based carcinomas, including those of the salivary gland and TNBCs (216,282–

288). Specifically, it appears that high expression of SOX10 is found in 30-40% of TNBC cases 

(287,288). Although its precise biological function in these cancers remains unclear, it appears that 

SOX10 contributes to the malignancy of TNBC cells in vitro by modulating the epithelial-

mesenchymal transition (EMT) pathway (286). Others have reported that in murine models of 

basal-like mammary tumorigenesis, Sox10-expressing tumors exhibit a de-differentiated, 

mesenchymal-like phenotype (279). Sox10 haploinsufficiency in C3-TAg mice, a model of basal-

like breast cancer, significantly prolongs survival, further implicating Sox10 in basal-like breast 

cancer progression. Recent analyses of human TNBC samples have revealed extensive rewiring 

of SOX10-associated transcriptional programs commonly associated with LPs which lead to a 

more dedifferentiated NC-like state (289). The observed rewiring events correlate with epigenetic 

erosion events leading to promoter hypomethylation, particularly at lineage-defining CpG-island 

sites. Progressive epigenetic erosion in SOX10+ tumor-initiating cells may therefore facilitate NC-

like reprogramming events lending to the poor clinical outcomes associated with Sox10+ TNBC 

(289). Supporting this notion, it has been demonstrated that SOX10 is sufficient to reprogram 

human fibroblasts into induced NC cells when combined with epigenetic modifiers (290). These 

findings support a model where Sox10 expression in basal-like breast cancers may be the result of 

increased cellular adaptability from the reactivation of primitive developmental programs under 

oncogenic insult. As a critical stem/progenitor cell regulator, Sox10 may also act as a gatekeeper 

of “transformation competence” in LP populations. 

 While Sox10 appears to be functionally implicated in basal-like breast cancers, the current 

body of evidence for its role in HER2/Neu-induced tumorigenesis is limited. We have recently 

demonstrated that approximately 15% of The Cancer Genome Atlas (TCGA)-sourced HER2-
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positive breast cancers exhibit high SOX10 expression (266). Consistent with this, others have 

shown substantial variability in the proportions of SOX10+ populations (2%-79%) among HER2-

positive tumor samples (291–295). Interestingly, SOX10hi cohorts were associated with a stem-

like phenotype and worse prognosis, suggesting that SOX10+/HER2-positive tumors represent a 

more aggressive de-differentiated subtype (291,293,294). Finally, we have shown that the 

tumorigenic capacity of MMTV-NIC derived tumors and cell lines correlates with Sox10 

expression (294).  

Importantly, these findings suggest that while Sox10 expression may correlate with 

increased HER2/Neu-induced tumorigenicity, it is unclear whether its activity itself is required to 

sustain functional tumor-initiating capacity, or if it merely demarcates a plastic transcriptional state 

during malignant transformation.  

1.6 Rationale, Objectives, and Hypothesis 

SOX10 has been implicated as a determinant of NC specification, lineage plasticity, and 

maintenance of stem/progenitor competence. In the mouse mammary gland, Sox10 influences 

ductal morphogenesis and epithelial differentiation and marks mammary stem and LP populations. 

Upon oncogenic insult, SOX10 has been repeatedly associated with aggressive, basal-like breast 

cancers with poor clinical outcomes. Finally, SOX10 has recently been associated with more 

aggressive, de-differentiated instances of HER2⁺ breast cancers. 

Despite these observations, a few fundamental questions remain: how does Sox10 

specifically govern mammary epithelial progenitor populations? And does this regulation confer 

tumor-initiating capacity, or does it merely reflect a plastic transcriptional state? An attempt to 

address these questions, particularly in the context of HER2/Neu-driven tumorigenesis, will be put 

forward in this thesis. Employing a combination of luminal-restricted genetic models and 
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complementary in vitro approaches, we aimed to further elucidate the role of Sox10 in mammary 

development, tumor initiation, and luminal lineage maintenance. We believe that Sox10 

functionally defines the LP compartment which is required for the establishment and maintenance 

of a tumor-initiating competent state. Thus, our global hypothesis was that luminal-specific 

ablation of Sox10 would result in developmental defects and hindered HER2/Neu-induced 

mammary tumorigenesis. 

In Chapter 3, we aimed to define Sox10’s role specifically in luminal-associated lineage 

maintenance and mammary gland development. It was revealed that luminal Sox10 is required, at 

least in part, for efficient mammary gland development, and that loss of luminal Sox10 directly 

depletes the LP population, indicating a requirement for Sox10 in maintaining progenitor 

competence during normal epithelial homeostasis. 

In Chapter 4, we wanted to address whether tumor initiation and progression from 

HER2/Neu-induced transformation of the luminal epithelial compartment is Sox10-dependent. We 

demonstrated that Sox10 is crucial for malignant transformation of the luminal epithelium in vivo 

and that tumor initiation, progression and dissemination to secondary sites is completely abrogated 

upon Sox10 deletion. 

Finally, in Chapter 5, we assessed whether Sox10 regulates functional stemness or 

plasticity in the luminal epithelial lineage following malignant transformation. It was found that 

loss of Sox10 results in transcriptional reprogramming leading to erosion of programs sustaining 

luminal identity and subsequent collapse of tumor-initiating activity. 
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2.1 Animal care and experiments 

2.1.1 Animal husbandry 

All animal experimental procedures were pre-approved and conducted in accordance with 

University of Ottawa Animal Care and Veterinary Service guidelines. Rosa26R-LacZ, MMTV-

NDL, MMTV-NIC, MMTV-Cre, MMTV-rtTA and tetO-MIC transgenic mice were generously 

provided by Dr. William Muller (McGill University) and Lewis Chodosh (MMTV-rtTA; U Penn), 

while Sox10fl/fl mice were a kind gift from Dr. Michael Wegner (Friedrich-Alexander-Universität, 

Germany). Other than immune compromised hosts, all mice were maintained in an FVB/n 

background. Founder NCG mice were purchased from Jackson Laboratories and bred in-house. 

All pups were weaned at P21, and breeder females were retired after five litters. Any females 

harboring transgenic alleles leading to spontaneous mammary transformation (MMTV-NIC and 

MMTV-NDL) were not used as breeders.  

2.1.2 Genotyping 

Genotyping was performed using DNA extracted from ear notches collected at the time of 

weaning using the DNeasy Blood & Tissue Kit (Qiagen, Cat. No:69504) as per manufacturer’s 

protocol. PCR was performed using REDTaq DNA Polymerase (VWR, Cat. No:76620-472). DNA 

amplification was carried out as follows: denaturation at 95˚C for 5 mins, then 35 cycles of 

denaturation at 95˚C for 30 seconds, annealing at 58-62˚C for 30 seconds, and elongation at 72˚C 

for 45 seconds, and a final elongation step of 72˚C for 3 minutes. PCR reaction mixtures were ran 

on a 1% agarose gel containing 1:20,000 RedSafe (FroggaBio, Cat. No:21141) and DNA standard 

ladder (FroggaBio, Cat. No:DM001-R500-G) until sufficient band separation was achieved. 

Primer sequences and annealing conditions are listed in Table 2.1. 
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2.1.3 Tumor models 

For survival studies of spontaneous tumor models, MMTV-NIC, and MMTV-NDL 

females were monitored twice weekly for tumor development starting at 16-weeks of age. Tumor 

onset was defined by a total tumor burden of 5 mm³, and progression was tracked until endpoint 

of 17 mm³, at which time mice were euthanized and tumors collected. For hyperplasia analysis, 

NIC females were sacrificed at 16-, and 24-weeks of age. 

Onset and endpoint tumor volumes were defined by the University of Ottawa Animal Care 

and Veterinary Service guidelines. Tumor volume was calculated using the formula 4/3πr3. For 

MMTV-rtTA:tetO-MIC studies, experimental and control female mice of at least 8-weeks of age 

were given irradiated drinking water in dark water bottles containing 3.9 mM doxycycline which 

were changed once weekly. Treated mice were monitored for mammary tumor formation via 

abdominal palpation twice weekly following doxycycline induction and euthanized at endpoint.  

2.1.4 Orthotopic injections 

For orthotopic injection studies, 103, 104, 105, or 106 cells were resuspended in a 1:1 

PBS:Matrigel mixture and injected as 100µL fractions into the third or fourth mammary gland of 

12-, to 16-week-old female NCG mice. Right flanks were used for experimental injections, 

whereas left flanks were used for PBS:Matrigel only controls. Tumor development was monitored 

twice weekly by palpation until endpoint was reached. All animals of the same cohort were 

euthanized once the first mouse reached 17 mm3.  

2.1.5 Intravenous injections  

For intravenous tail vein injections, 106 cells were resuspended in PBS and injected into 

the left or right lateral tail vein of 12-, to 16-week-old female NCG mice. Mice were monitored 
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twice weekly for changes in body weight, respiration rate, and behavioral changes such as hunched 

posture and lack of grooming until the end of the 28-day study period.  

2.2 Histology 

2.2.1 Mammary gland whole mounting  

Fourth inguinal mammary glands were harvested and dry-mounted on glass slides. Glands 

were then defatted in 100% acetone for 7 days, stained in hematoxylin overnight, and subsequently 

destained in 70% EtOH:1% HCl for 48-72 hours. Glands were then dehydrated in 100% ethanol 

(2 x 30 minutes) followed by xylene overnight. Stained and dehydrated glands were then mounted 

using Permount™ mounting medium (Fisher, Cat. No:SP15-100) and imaged using a ZEISS™ 

Axioscan 7 microscope and analyzed with Zen 2.3 software. Absolute numbers of epithelial end 

bud and ductal branch points were enumerated for each gland using FIJI’s manual cell counter 

function. Fat pad invasion was determined by measuring the distance from the origin of the 

mammary ductal tree to the furthest epithelial end bud and dividing this length by the distance 

from origin of mammary ductal rudiment to the most distant fat pad boundary. Respective lengths 

were determined using FIJI. 

2.2.2 X-gal staining  

Fourth inguinal mammary glands from euthanized female MMTV-Cre Rosa26R-LacZ 

transgenic mice were dry-mounted on glass slides. Glands were fixed in 1% formaldehyde:0.5% 

glutaraldehyde:PBS for 30 minutes and then washed in 0.02% NP40: 0.01% Na-Deoxycholate: 2 

mM MgCl2:PBS detergent buffer (3 x 5 minutes). Tissues were incubated overnight in detergent 

buffer supplemented with 2.45 mM X-gal, 5 mM K3Fe(CN)5, 5 mM K4Fe(CN)6, and 1 mM EGTA 

with gentle agitation overnight and protected from light. Glands were destained with serial PBS 
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washes until solution ran clear. Glands were then mounted using Permount™ mounting medium 

(Fisher, Cat. No:SP15-100) and imaged using a ZEISS™ Axioscan 7 microscope and analyzed 

with Zen 2.3 software. 

2.2.3 Tissue processing, embedding and sectioning 

Fourth inguinal mammary glands were harvested from euthanized female mice and fixed 

in 10% buffered formalin for 72 hours. Fixed glands were then washed in PBS (3 × 5 min) and 

stored in 70% ethanol at 4°C until processing. Paraffin embedding and sectioning (4 µm thickness) 

were performed by the University of Ottawa Pathology Core facility.  

2.2.4 Immunohistochemistry and immunofluorescence 

FFPE sections were deparaffinized in xylene (3 x 5 minutes) and serially rehydrated in 

100% EtOH (2 x 5 minutes), 95% EtOH (2 x 5 minutes), 80% EtOH (1 x 5 minutes), and 70% 

EtOH (1 x 5 minutes) before undergoing antigen retrieval in 10 mM sodium citrate buffer (pH 6.0) 

in a pressure cooker for 10 minutes. Sections were slowly cooled to room temperature and 

subsequently quenched of endogenous peroxidase activity using 3% hydrogen peroxide (Sigma, 

Cat. No:H1009) for 15 minutes. Sections were then permeabilized and blocked using 0.1% Tween, 

0.05% NP-40, 1% BSA in PBS for 15 minutes and incubated overnight at 4°C with the indicated 

primary antibodies (Table 2.1) in 5% goat serum (Abcam, Cat. No:ab7481) in PBS.  

For immunohistochemistry, sections were then washed in PBS (3 x 5 minutes) and 

incubated with SignalStain® Boost IHC Detection Reagent (NEB, Cat. No:8125S/8114S) for one 

hour at room temperature. Sections were washed again and probed with Vector DAB Peroxidase 

Substrate Kit (MJS BioLynx, Cat. No:VECTSK4100), followed by hematoxylin/eosin 

counterstaining. Sections were dehydrated using 70% EtOH (1 x 5 minutes), 80% EtOH (1 x 5 
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minutes), 95% EtOH (2 x 5 minutes), 100% EtOH (2 x 5 minutes), and finally xylene (3 x 5 

minutes). Sections were then mounted using Permount™ mounting medium (Fisher, Cat. 

No:SP15-100) and imaged using a ZEISS™ Axioscan 7 microscope and analyzed with Zen 2.3 

software.  

For immunofluorescence, sections incubated with primary antibodies were washed in PBS 

(3 x 5 minutes) and incubated with Alexa Fluor-conjugated secondary antibodies (1:1000, 

Invitrogen; Table 2.2) and counterstained with DAPI (1:5000, ThermoFisher, Cat. No:D1306). 

Sections were mounted and imaged using a ZEISS™ Axio Imager 2 microscope with Zen 3.3 

software. 

2.3 Cell culture 

2.3.1 Cell line isolation 

Tumor-bearing female MMTV-NDL mice were sacrificed at endpoint. Tumors were 

removed and mechanically dissociated using a scalpel. The resulting tissue slurry was incubated 

overnight at 37°C in Gentle Collagenase/Hyaluronidase digestion medium (1:10 in DMEM; 

StemCell Technologies, Cat. No:7919). Following brief trituration, cells were pelleted (400 × g, 4 

min, 4°C) and red blood cells were lysed in ACK buffer (50 mM NH₄Cl, 10 mM KHCO₃, 0.1 mM 

EDTA, pH 7.2-7.4) for 5 min on ice. Cells were pelleted, resuspended in 32.3 µM DNase I (Sigma, 

Cat. No:10104159001) and passed through a 40 µm strainer to obtain a single-cell suspension. 

Lineage-negative (Lin⁻) cells were isolated using the Mouse Mammary Stem Cell Enrichment Kit 

(StemCell Technologies, Cat. No:19757), according to the manufacturer’s protocol. Cells were 

resuspended and plated in NDL culture medium (1:1 mix of DMEM (Corning, Cat No: 17-207-

CV) and Ham's F-12 (ThermoFisher, Cat. No:11765070) supplemented with 10% FBS (Corning, 
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Cat. No:35-016-CV), 1.3 nM IGF (ThermoFisher, Cat. No:PHG0071), 0.484 nM EGF 

(ThermoFisher, Cat. No:PHG0311), 10 µg/mL BPE (ThermoFisher, Cat. No:13028014), 1.38 µM 

hydrocortisone (ThermoFisher, Cat. No:A16292.03), 1% Pen/Strep (ThermoFisher, Cat. 

No:15140122), and 1% L-glutamine (ThermoFisher, Cat. No:25030081). Media was replaced 

daily until a doubling time of 24 hours was reached. Cells were then used for downstream 

experimental studies. 

2.3.2 Routine cell culture 

All primary murine cell lines isolated from MMTV-NDL tumors were cultured in NDL 

medium. Human lines were cultured in DMEM (Corning, Cat No: 17-207-CV) supplemented with 

10% FBS (Corning, Cat. No:35-016-CV), 1% Pen/Strep (ThermoFisher, Cat. No:15140122), and 

1% L-glutamine (ThermoFisher, Cat. No:25030081). Primary murine cell lines were used within 

20 passages of initial isolation. All cell lines were incubated in a humidified incubator set to 37˚C 

and 5% CO2. Routine passaging was carried out as follows: spent cell media was aspirated and 

cells were washed in PBS and then incubated with 0.25% Trypsin, 2.21 mM EDTA in PBS (Fisher, 

Cat. No:MT25053CI) at 37˚C for 5 minutes or until cell detachment. Trypsin was inactivated by 

adding FBS containing medium at a 5: 1 media: trypsin ratio. Cell suspension aliquots were diluted 

1:1 with trypan blue and counted using a hemacytometer. Live cells were seeded at 2.5 x 105 to 1 

x 106 cells depending on the cell line. 

2.3.3 Mycoplasma testing 

Cell lines were routinely checked for mycoplasma contamination by taking 2 µL aliquots 

of depleted media for PCR-based detection. PCR was performed using REDTaq DNA Polymerase 

(VWR, Cat. No:76620-472) as per manufacturer’s protocol using media aliquots as template DNA. 
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DNA amplification was carried out as follows: denaturation at 95˚C for 5 mins, then 40 cycles of 

denaturation at 95˚C for 30 seconds, annealing at 58˚C for 30 seconds, and elongation at 72˚C for 

45 seconds, and a final elongation step of 72˚C for 3 minutes. PCR reaction mixtures were ran on 

a 1% agarose gel containing 1:20,000 RedSafe (FroggaBio, Cat. No:21141) and DNA standard 

ladder (FroggaBio, Cat. No:DM001-R500-G) until sufficient band separation was achieved. 

Primer sequences are listed in Table 2.1. 

2.3.4 CRISPR-Cas9 mediated Sox10 inactivation 

For CRISPR-Cas9 mediated Sox10 inactivation, guide RNAs targeting upstream and 

inside of the Sox10 ORF in exons 2 and 3, respectively, were designed using Benchling 

(Benchling.com). Annealed oligos (Table 2.1) were cloned into BsmBI-digested pLKO-H2B-

mRFP-2A-puro (gift from Dr. Daniel Schramek, University of Toronto). Annealing was performed 

in a thermocycler: 37°C for 30 min, 95°C for 5 min, then ramped down by 5°C per min to 25°C. 

To generate Cas9-expressing lentivirus, 5 × 10⁶ HEK-293T cells were co-transfected with 

10 µg pLenti-Cas9-Blast (Addgene, Cat. No: 52962), 8 µg pCMV-dR8.2-dVPR (Addgene, Cat. 

No:8455), and 2 µg pCMV-VSV-G (Addgene, Cat. No:8454) using Lipofectamine 3000 

(ThermoFisher, Cat. No:L3000001) as per manufacturer’s protocol. Media was replaced 12 hours 

post-transfection and viral supernatant collected at 72 hours was then filtered through a 0.4 µm 

strainer. Target MMTV-NDL cell lines were transduced overnight with viral supernatant in the 

presence of 10 µg/mL polybrene and replaced with fresh media in the morning. 48 hours post-

transduction, cells were selected in 10.9 µM blasticidin for 4 days. For guide expression, selected 

cells were subsequently transduced with the pLKO-H2B-mRFP-2A-puro plasmid containing 

Sox10-targeting sgRNA guides and RFP⁺ cells were flow sorted using a Sony MA900. Cas9 

expression and Sox10 knockout efficiency were confirmed by Western blot. 
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2.3.5 Sanger sequencing  

To assess the nature of indels following CRISPR-Cas9-mediated Sox10 inactivation, 

genomic DNA was isolated from cell cultures using the DNeasy Blood & Tissue Kit (Qiagen, Cat. 

No:69504) and primers flanking exons 2 and 3 were used to PCR amplify the targeted region. 

Amplified products were subsequently cleaned up using the QIAquick PCR Purification Kit 

(Qiagen, Cat. No:28104) and 1 ng/µL of amplicon were mixed with 2µM of upstream forward 

primers for sanger sequencing using an Applied Biosystems 3730XL DNA Analyzer . Sanger 

sequencing was ran by the Ottawa Hospital Research Institute StemCore Laboratory Facility. 

2.3.6 Immunocytochemistry 

Cell lines were grown on uncoated coverslips until desired confluency was reached. 

Coverslips were washed with PBS and fixed with 4% paraformaldehyde for 10 min at room 

temperature. Cells were then permeabilized and blocked using 0.1% Tween, 0.05% NP-40, 1% 

BSA in PBS for 15 minutes and then incubated overnight at 4°C with the indicated primary 

antibodies (Table 2.2) in 5% goat serum (Abcam, Cat. No:ab7481) in PBS. Coverslips were 

washed in PBS (3 × 5 minutes) and then incubated with Alexa Fluor-conjugated secondary 

antibodies (1:1000, Invitrogen; see Table 2.2) for 1 hour at room temperature. Cells were then 

counterstained with DAPI (1:5000, ThermoFisher, Cat. No:D1306) for 5 min and washed again. 

Coverslips were mounted on slides using Dako Fluorescence Mounting Medium (Agilent, Cat. 

No:S302380) and imaged using a ZEISS™ Axio Imager 2 microscope with Zen 2.3 software. 

2.3.7 Proliferation assay 

2.5x104 cells were plated in 6-well plate and grown for 24-, 48-, 72-, and 96-hours. Media 

was collected and cells were trypsinized, pelleted (400 × g, 4 min, RT) and resuspended in 1.5 mL 
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of PBS. Absolute cell numbers were counted using trypan blue exclusion Vi-Cell cell counter 

(Beckman Coulter). Each cell line was seeded in three technical replicates for each time point and 

repeated as three independent experiments. 

2.3.8 Haptotactic Boyden chamber migration assay 

Cultures were serum starved overnight the day prior to seeding the assay. The next morning 

5x104 cells in 400 µL were seeded in the upper chamber of 10 ug/mL rat tail type I Collagen 

(VWR, Cat. No:354236) coated 8 µm pore Corning™ Transwell™ inserts (Corning, Cat. No:07-

200-150) containing 1% FBS DMEM/F12. Lower chambers were also filled with 400 µL of the 

same media. 4 hours post-seeding, membranes were washed in PBS (3 x 1 minute) and fixed for 

10 minutes in 4% PFA. Residual cells on the top membrane that did not migrate were removed 

using a cotton tipped applicator. After a second wash, membranes were cut out of the inserts and 

mounted with Prolong™ Gold Antifade Mountant with DNA Stain DAPI (ThermoFisher, Cat. 

No:P36931). Absolute cell numbers were counted using a ZEISS™ Axioscan™ 7 microscope and 

analyzed with Zen™ 2.3 software. 

2.3.9 3-Dimensional invasion assay 

To form tumor spheres, 96-well v-bottom plates (Fisher, Cat. No:NC0068972) were coated 

with 5 mg/mL Poly-HEMA (Sigma, Cat. No:P3932-10G) in 95%EtOH by adding 60uL per well 

and left to evaporate overnight. 5 x 103 cells were added to each well and placed on an orbital 

shaker and incubated at 37˚C for 48-hours. Spheres were lifted off agarose by gently pipetting off 

10 µL of media containing the single sphere. Each sphere was then resuspended in 40 µL of 1:1 

Matrigel:Collagen type I mixture and plated into the center of a 24-well plate and incubated at 

37˚C for 30 minutes until solidified. Suspended sphere droplets were then covered with 2% FBS 
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DMEM/F12 and cultured for 7 days. Spheroids were imaged every 24-hours using an EVOS™ 

M5000 (Invitrogen, Cat. No:AMF5000SV).  

2.3.10 Mammosphere forming assay 

For primary mammospheres, 2 × 10³ cells were seeded into ultra-low-attachment 24-well 

plates (Sigma-Aldrich, Cat. No:CLS3473) in 1:1 DMEM:F12 supplemented with Mammary 

Epithelial Growth Supplement (ThermoFisher, Cat. No:S0155) and B-27 (ThermoFisher, Cat. 

No:17504044) and cultured for 7 days. Spheres ≥ 50 µm in diameter were enumerated, pooled, 

and pelleted at 120 × g for 5 min. Sphere pellets were trypsinized for 10 minutes at 37°C and 

mechanically dissociated by passing through a 25-gauge needle three times. For secondary 

mammospheres, single-cell suspensions were counted using a hemacytometer and reseeded using 

the same conditions as for primary spheres. Cells were seeded at clonal density, cultured for 7 

days, and spheres were subsequently enumerated. 

2.4 RNA expression  

2.4.1 RNA isolation 

For fresh tissue, sections were excised from euthanized animals and homogenized in 1 mL 

of TRIzol (ThermoFisher, Cat. No:15596026) using a handheld tissue homogenizer. For cell lines, 

culture medium was aspirated and cells were immediately detached in 1 mL TRIzol using a cell 

scraper. Following incubation at room temperature for 10 minute, 200 µL of chloroform was added 

to the sample solution and shaken vigorously for 15 seconds and then again incubated at room 

temperature for 5 minutes. Samples were centrifuged at 12,000 x g for 15 minutes at 4˚C for phase 

separation. The upper aqueous phase was transferred to a new tube and RNA was precipitated out 

of solution by adding 500 µL of isopropanol and incubated for 10 minutes at room temperature. 
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RNA was then pelleted at 12,000 x g for 10 minutes at 4˚C, washed with 70% EtOH, and 

subsequently centrifuged at 7,500 x g for 5 minutes at room temperature. EtOH was aspirated off 

and pellets were left to dry for 10 minutes at room temperature and then resuspended in 50 µL of 

RNase-free water. Samples were then cleaned of DNA using the RNeasy Kit™ (Qiagen, Cat. 

No:74104) as per manufacturer’s protocol. RNA concentrations were determined using a 

Nanodrop™ Spectrophotometer (Fisher, Cat. No:13-400-518). 

 2.4.2 First strand cDNA synthesis 

For first strand cDNA synthesis, 500 ng of DNase treated RNA, 50 ng of random primers 

(ThermoFisher, Cat. No:48190011), 250 ng of oligo(dT)12-18 (ThermoFisher, Cat. No:18418012) 

and 10 nM of dNTP (ThermoFisher, Cat. No:R0181) was brought to a volume of 13 µL in RNase-

free water and incubated at 65°C for 5 minutes. To complete reverse transcription, 4 μL of 5X 

First Strand Buffer, 1 μL of RNaseOUT (ThermoFisher, Cat. No:10777019) , 1 μL of 0.1 M DTT, 

and 1 μL of SuperScript™ III Reverse Transcriptase (ThermoFisher, Cat. No:18080044) were 

added to the reaction mixture and incubated at 25°C for 5 minutes, 55°C for 60 minutes and 70°C 

for 15 minutes. The 20 µL reaction mixtures were then diluted to 200 μL in nuclease-free water. 

2.4.3 Quantitative PCR.  

For RT-qPCR analysis, a mastermix was set up containing the following: 17.5 μL of 2X 

iTaq Universal SYBR Green Supermix (BioRad, Cat. No:1725124), 2.1 μL of indicated primers 

at 10μM, 3.5 μL of cDNA and 11.9 μL of nuclease-free water. 10 μL from each mastermix was 

added to triplicate wells in a 96-well qPCR plate. RT-qPCR was performed using an Applied 

Biosystems 7500 Real-Time Fast PCR thermocycler as follows: initial denaturation at 95°C for 10 

minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds, and annealing and 
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extension at 60°C for 60 seconds. Relative mRNA expression was calculated using the ΔΔCT 

method and normalizing to total levels of ribosomal 18S. The primers used for RT-qPCR can be 

found in Table 2.1. 

2.5 Protein expression 

2.5.1 Western blotting 

Protein lysates were prepared from either cultured cell lines or freshly resected tumor 

tissue. Samples were washed in ice-cold PBS, then homogenized and lysed in RIPA buffer 

supplemented with protease and phosphatase inhibitors (0.05% SDS, 1% Triton X-100, 1% NP-

40, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA pH 8.0, 12 mM sodium deoxycholate, 

10 mM NaF, 1 mM DTT, 10 mM β-glycerophosphate, 0.6 mM sodium orthovanadate, 1 mM 

PMSF, 10 μg/mL leupeptin, 10 μg/mL aprotinin, 10 μg/mL pepstatin, and 100 μM benzamide). 

Samples were lysed on ice for 30 minutes with intermittent vortexing every 5 minutes followed by 

snap freezing at -80˚C. Cell debris was removed by centrifugation at 14,000 × g for 10 minutes at 

4°C, and the resulting supernatant was collected for protein quantification. 

Protein concentration was determined using the Bio-Rad Protein Assay Dye Reagent 

Concentrate (Bio-Rad, Cat. No:5000006). A total of 28 µg of protein was denatured at 100°C for 

5 minutes in RIPA buffer containing 4× SDS sample buffer (0.2 M Tris pH 7.4, 0.4 M DTT, 8% 

SDS, 40% glycerol, 6 mM bromophenol blue). Proteins were resolved by SDS-PAGE on 8% 

polyacrylamide gels in 1x SDS running buffer (25 mM Tris-HCl, 192 mM glycine and 0.1% SDS) 

at 50 mA for 45 minutes. Gels were transferred to PVDF membranes in 1X transfer buffer (48 mM 

Tris-HCl, 39 mM glycine and 20% methanol) at 100V for 90 minutes. Membranes were blocked 

in 5% BSA in TBS-T (50 mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween 20) and incubated 
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overnight at 4°C with primary antibodies (see Table 2.2). After being washed in TBS-T (3 x 5 

min), membranes were incubated for 1 hour at room temperature with HRP-conjugated goat anti-

host IgG secondary antibody (Bio-Rad, Cat. No:1706515 or 1706516). Following additional 

washes, protein detection was performed using Clarity Western ECL Substrate (Bio-Rad, Cat. 

No:1705061). Chemiluminescent signals were visualized using the Bio-Rad ChemiDoc™ Imaging 

System (Bio-Rad, Cat. No:12003153). 

2.5.2 Flow cytometry 

Fourth inguinal mammary glands were pooled and digested overnight at 37 °C in Gentle 

Collagenase/Hyaluronidase digestion medium (1:10 in 5% serum DMEM, StemCell 

Technologies, Cat. No:7919). Following red blood cell lysis in ACK buffer, cells were pelleted, 

resuspended in 32.3 µM DNase I (Sigma, Cat. No:10104159001) and passed through a 40 µm 

strainer to obtain a single-cell suspension. 

Cells were sequentially incubated with Zombie NIR viability dye (BioLegend, Cat. 

No:423106; 1:500) and TruStain FcX (anti-mouse CD16/32) Fc Block (BioLegend, Cat. 

No:101320; 1:200), each for 20 minutes with washes in 1% BSA/PBS between steps. Surface 

staining was then performed using the following antibodies: biotinylated Ter-119 (BioLegend, 

Cat. No:116203; 1:200), CD31 (BioLegend, Cat. No:102503; 1:200), CD45 (BioLegend, Cat. 

No:103103; 1:200), and Ly-51 (BioLegend, Cat. No:108303; 1:200); Brilliant Violet 421-

conjugated CD49f (BioLegend, Cat. No:313623; 1:400); PE-Dazzle 594-conjugated CD61 

(BioLegend, Cat. No:104321; 1:200); PerCP/Cyanine5.5-conjugated CD24 (BioLegend, Cat. 

No:101823; 1:200); and Brilliant Violet 711 streptavidin (BioLegend, Cat. No:405241; 1:400) for 

secondary detection of biotinylated antibodies. Flow cytometry acquisition was performed on a 

Cytek Aurora spectral cytometer. 
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For cell line staining, the following antibodies were used: Brilliant Violet 421-conjugated 

CD49f (BioLegend, Cat. No:313623; 1:400), Brilliant Violet 421-conjugated CD66a (BioLegend, 

Cat. No:134531; 1:200), and Alexa Fluor 647-conjugated CD326 (BioLegend, Cat. No:118212; 

1:400). Antibody surface flow cytometry acquisition was performed on a Cytek Aurora spectral 

cytometer. 

For RFP sorting following CRISPR/Cas9 inactivation of Sox10, cell suspensions were 

stained with FC block (BioLegend, Cat. No:101320; 1:200) for 20 min and sorted for RFP+ 

populations. FACS sorting was completed using a Sony MA900. 

2.6 Bioinformatics 

2.6.1 RNA-sequencing processing and quantification 

Triplicate RNA samples were subjected to RNA-seq at the Genome Quebec Facility using 

the Illumina NovaSeq 6000. Mouse RNA-seq reads were quality filtered using the rfastp R package 

and filtered paired-end reads were aligned to the mm10 reference genome using subjunc (Rsubread 

v2.14.2) (296,297). Differentially expressed genes were identified with DESeq2 (v1.40.2) (298). 

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

sgRNA2.1, sgRNA2.2) and genes with adjusted p < 0.05 (Benjamini-Hochberg) and |log2FC| > 1 

were considered significant. Rlog‑transformed counts were used to compute a Pearson‑correlation 

matrix; sample distances were defined as 1 minus the correlation value. The distance matrix was 

displayed as a heatmap using the pheatmap package (v1.0.12) with Euclidean distance used for 

hierarchical clustering (299). Pathway activity scores were computed with PROGENy (v1.18.2) 

using the top 100 downstream target genes per pathway to calculate scores (300). Z-score-

normalized samples were visualized using a heatmap with unsupervised hierarchical clustering. 
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Shared DEGs (adjusted p < 0.05, |log2FC| > 1) from both Sox10 knockout clones were analysed 

using the enrichPathway() function from the ReactomePA package (v1.42.0) (301). The ten most 

significant (adjusted p < 0.05) pathways were selected for visualization. GSEA was performed 

using the clusterProfiler package (v4.6.2) with mouse gene sets from the MSigDB C2: Chemical 

and Genetic Perturbations (CGP) collection obtained through msigdbr (v7.5.1) (302–305). The top 

10 positively and negatively enriched gene sets were visualized (gseaplot2) and ordered by 

normalized enrichment score (NES). Rlog-transformed gene expression values were used to 

generate a heatmap for a curated list of lineage-related genes. Expression values were row-scaled 

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

2.6.2 scRNA-seq processing and gene set scoring 

Raw UMI count data from previously published breast cancer scRNA-seq data was 

downloaded from the source publications (306–309). The data was then integrated using scVI and 

scANVI with default parameters, using sample identifiers as the batch variable. The scANVI 

embedding was then used to generate subsequent clustering and UMAP embeddings. Gene set 

scoring was performed using the AddModuleScore function implemented in Seurat. 

2.7 Reproducibility and statistical analyses  

For analyses comparing two independent variables, unpaired t-tests were used. For 

analyses comparing two or more independent factors with repeated measurements of the same 

experimental unit, repeated measures two-way ANOVA were performed. For Kaplan-Meier 

survival studies, log-rank (Mantel-Cox) was used. Power calculations were performed to estimate 

cohort sizes required to detect phenotypic differences among genotypes in tumor-free survival 

using a two-sided log-rank test (α = 0.05, power = 0.8). Based on these estimates and prior 
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experience with tumor latency studies in this model, cohorts of approximately 8 mice per genotype 

were considered sufficient to detect biologically meaningful differences in disease-free survival. 

For all analyses, a significance cut-off of p < 0.05 was used. In all figures, ns represents not 

significant (p > 0.05), * represents p ≤ 0.05, ** represents p ≤ 0.01, *** represents p ≤ 0.001, **** 

represents p ≤ 0.0001. All data is represented as the mean with error bars representing the standard 

error of the mean (SEM). All statistical analyses were completed using GraphPad Prism 10.2.3.  

For in vitro experiments, 3 independent biological replicates were performed. 

Quantification of immunohistochemistry or immunofluorescent images was conducted by taking 

≥ 5 biological samples per genotype for in vivo experiments, or 3 biological replicates per cell line 

for in vitro experiments. For all images, ≥ 10 random regions of interest per section were taken 

and quantified. For tumor cell injections, ≥ 4 mice were injected per cell line used.  
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Table 2.1 List of Primers 
qPCR Primers Supplier Cat. No: 

Krt8 Forward: TCCATCAGGGTGACTCAGAAA This manuscript N/A 

Krt8 Reverse: CCAGCTTCAAGGGGCTCAA This manuscript N/A 

      

Krt18 Forward: TCAAGATCATCGAAGACCTGAGG This manuscript N/A 

Krt18 Reverse: GCGCATGGCTAGTTCTGTC  This manuscript N/A 

      

Elf5 Forward: ATGTTGGACTCCGTAACCCAT This manuscript N/A 

Elf5 Reverse: GCAGGGTAGTAGTCTTCATTGCT This manuscript N/A 

      

Foxa1 Forward: ATGAGAGCAACGACTGGAACA This manuscript N/A 

Foxa1 Reverse: TCATGGAGTTCATAGAGCCCA This manuscript N/A 

      

Etv1 Forward: GCAAGTGCCTTACGTGGTCA This manuscript N/A 

Etv1 Reverse: GCTTCAGCAAGCCATGTTTCTT This manuscript N/A 

      

Krt5 Forward: TCTGCCATCACCCCATCTGT This manuscript N/A 

Krt5 Reverse: CCTCCGCCAGAACTGTAGGA This manuscript N/A 

      

Krt14 Forward: AGCGGCAAGAGTGAGATTTCT This manuscript N/A 

Krt14 Reverse: CCTCCAGGTTATTCTCCAGGG  This manuscript N/A 
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Acta2 Forward: GTCCCAGACATCAGGGAGTAA This manuscript N/A 

Acta2 Reverse: TCGGATACTTCAGCGTCAGGA This manuscript N/A 

      

Trp63 Forward: TACTGCCCCGACCCTTACAT This manuscript N/A 

Trp63 Reverse: GCTGAGGAACTCGCTTGTCTG This manuscript N/A 

      

Sox10 Forward: AGGTTGCTGAACGAAAGTGAC This manuscript N/A 

Sox10 Reverse: CCGAGGTTGGTACTTGTAGTCC This manuscript N/A 

      

18S Forward: AGTCCCTGCCCTTTGTACACA This manuscript N/A 

18S Reverse: GATCCGAGGCCTCACTAAAC This manuscript N/A 

     

Genotyping Primers    

Sox10 Forward: CAGGTGGGCGGGGCTCTT This manuscript N/A 

Sox10 Reverse 1: GTGAGCCTGGATAGCAGCAG This manuscript N/A 

Sox10 Reverse 2: TCCCAGGCTAGCCCTAGTG This manuscript N/A 

     

Cre Forward: TATTCGGATCATCAGCTACACCAGAG This manuscript N/A 

Cre Reverse: GGGATTGCTTATAACACCCTGTTACG This manuscript N/A 

      

Neu Forward: GTTTCCTGCAGCAGCCTACGC This manuscript N/A 

Neu Reverse: TTCCGGAACCCACATCAGGCC  This manuscript N/A 
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R26RForward: AATCCATCTTGTTCAATGGCCGATC This manuscript N/A 

R26R Reverse: CCGGATTGATGGTAGTGGTC This manuscript N/A 

      

rtTA Forward: CTG GTC ATC ATC CTG CCT TT This manuscript N/A 

rtTA Reverse: GGC GAG TTT ACG GGT TGT TA This manuscript N/A 

   

CRISPR sgRNA Guides    

sgNTC: CACCGATCGGTATGTTTAGGGTT This manuscript N/A 

sgNTC: AAACAACCCTAAACATAACCGATC This manuscript N/A 

      

sgSox10-1: CACCGGTTGGTACTTGTAGTCCGGA This manuscript N/A 

sgSox10-1: AAACTCCGGACTACAAGTACCAACC This manuscript N/A 

      

sgSox10-2: CACCGGTTCCCCGTGTGCATCCGCG This manuscript N/A 

sgSox10-2: AAACCGCGGATGCACACGGGGAACC This manuscript N/A 
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Table 2.2 List of Antibodies 
Antibody Supplier Identifier 

Sox10 Abcam Cat. No:ab180862 

    IHC - 1:400 

    WB - 1:1000 

Cleaved Caspase 3 CST Cat. No: 9661 

    IHC - 1:400 

Ki67 Santa Cruz Cat. No: sc-23900 

    IHC - 1:150 

Cre CST Cat. No: D7L7L 

    IHC - 1:50 

Keratin 8 Abcam Cat. No: 15036S 

    WB - 1:1000 

    IHC - 1:800 

Keratin 14 Abcam Cat. No: ab7800 

    IHC - 1:100 

Neu Sigma Cat. No: OP15 

    WB - 1:2000 

    IHC - 1:100 

Actin Sigma Cat. No: A5316 

  WB - 1:20000 

alpha-Smooth Muscle Actin CST Cat. No: 19245 

  IF - 1:500 
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Cas9 CST Cat. No: 14697S 

    IHC - 1:100 

Sox9 CST Cat. No: 82630S 

    WB - 1:20000 

    IHC - 1:200 

phospho-AKT CST Cat. No: 9271 

  WB - 1:1000 

AKT CST Cat. No: 9272 

  WB - 1:1000 

phospho-ERK Santa Cruz Cat. No: sc-7383 

  WB - 1:1000 

ERK Santa Cruz Cat. No: sc-154 

  WB - 1:1000 

Vinculin CST Cat. No: 13901 

  WB - 1:1000 

Goat anti-mouse IgG HRP conjugate  BioRad Cat. No: 1706516 

   WB – 1:5000 

Goat anti-rabbit IgG HRP conjugate BioRad Cat. No: 1706515 

   WB – 1:5000 

Goat anti-rabbit IgG (H+L) Alexa Fluor™ 488 Invitrogen Cat. No: A-11008 

   IF: 1:1000 

Goat anti-mouse IgG (H+L) Alexa Fluor™ 594 Invitrogen Cat. No: A-11005 

   IF: 1:1000 
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Brilliant Violet 711™ Streptavidin BioLegend  Cat. No: 405241 

  Flow – 1:400 

Biotin anti-mouse Ly-51  BioLegend  Cat. No: 108303 

  Flow – 1:200 

Biotin anti-mouse CD31  BioLegend  Cat. No: 102503 

  Flow – 1:200 

Biotin anti-mouse CD45  BioLegend  Cat. No: 103103 

  Flow – 1:200 

Biotin anti-mouse TER-119/Erythroid Cells  BioLegend  Cat. No: 116203 

  Flow – 1:200 

Brilliant Violet 421 anti-human/mouse CD49f BioLegend  Cat. No: 313623 

  Flow – 1:400 

PEDazzle 594 anti-mouserat CD61 BioLegend  Cat. No: 104321 

  Flow – 1:200 

PerCP/Cyanine5.5 anti-mouse CD24  BioLegend  Cat. No: 101823 

  Flow – 1:200 

Brilliant Violet 421™ anti-mouse CD66a  BioLegend  Cat. No: 134531 

  Flow – 1:200 

Alexa Fluor® 647 anti-mouse CD326  BioLegend  Cat. No: 118212 

  Flow – 1:400 

Brilliant Violet 421™ anti-mouse CD66a BioLegend  Cat. No:134531 

  Flow – 1:400 

TruStain FcX™ anti-mouse CD16/32  BioLegend  Cat. No: 101320 
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  Flow – 1:200 

NIR Zombie Live Dead BioLegend Cat. No: 423106 

  Flow – 1:500 
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Chapter 3: Sox10 regulates mammary ductal morphogenesis through regulation of the 

luminal progenitor population. 
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3.1 Introduction and Rationale 

As mentioned previously, Sox10 has recently been identified as a key mediator of the 

mammary stem/progenitor cell population and lineage plasticity, and is required for normal 

mammary gland morphogenesis (267,278,279,289). However, prior studies employed the use of 

the transgenic MMTV-Cre A strain, which has been shown to exhibit non-specific Cre expression 

within the myoepithelial compartment as well as intrinsic developmental abnormalities due to 

transgene positional effects (116,117,119). 

To better understand the role of Sox10 specifically in the luminal mammary epithelium, 

we utilized MMTV-Cre lines that drive expression predominantly within the luminal compartment 

(126,310–312). We therefore first assessed the requirement for Sox10 in mammary gland 

development with this genetic background to avoid confounding strain-specific developmental 

effects. Based on Sox10’s previously defined roles in mammary development and stem cell 

regulation, specifically of the MaSC, BP and LP compartments, we hypothesised that luminal-

restricted excision of Sox10 would result in less severe developmental defects than those observed 

in models with broader epithelial recombination. 

3.2 Generation of MMTV-Cre: Sox10fl/fl mice 

To achieve luminal epithelium-specific deletion of Sox10, mice harboring conditional 

Sox10fl alleles were crossed with MMTV-Cre transgenic animals, in which Cre recombinase is 

expressed under control of the MMTV promoter (Fig. 3.1A). In this system, Cre-mediated 

recombination excises a loxP-flanked Sox10 open reading frame, resulting in functional gene 

inactivation specifically within the luminal mammary epithelium (313). Offspring were genotyped 

by PCR to assess recombination of the Sox10 allele and the presence of the MMTV-Cre transgene 

(Fig. 3.1 B, C). 
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Figure 3.1. Schematic Representation of the MMTV-Cre: Sox10fl/fl animal model. (A) 
MMTV-Cre mice were crossed with Sox10fl/fl-EGFP for luminal-specific expression of Cre 
recombinase for Sox10 excision. (B) Representative PCR genotyping products of Sox10fl/+, 
Sox10fl/fl, and Sox10+/+ mice. (C) Representative PCR genotyping products of Cre+, and Cre- mice.  
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3.3 MMTV-Cre: Sox10fl/fl mice show delayed but normal mammary gland development  

To assess the requirement of luminal Sox10 in mammary gland development, whole 

mounts of the 4th inguinal mammary glands from pubescent and adult virgin female MMTV-Cre: 

Sox10+/+, fl/+, fl/fl mice were prepared (Fig. 3.2 A). Enumeration of epithelial end buds, ductal branch 

points, and fat pad invasion showed delayed ductal morphogenesis in pubescent 4-week-old 

MMTV-Cre: Sox10fl/fl females (Fig. 3.2 B-D) Interestingly, age matched hemizygous MMTV-Cre: 

Sox10fl/+ mice did not exhibit any obvious developmental defects. As MMTV-Cre: Sox10fl/fl mice 

progressed through puberty, however, these developmental defects were abrogated. No significant 

defects in mammary gland structure and morphology were observed in adult virgin females at 11-

weeks of age, which displayed complete ductal penetration and branching complexity comparable 

to wild-type controls (Fig. 3.2 B-D).  

Together, these data suggest that while luminal-specific Sox10 loss impairs pubertal ductal 

morphogenic events, normal adult ductal morphology is achieved as mice progress through 

pubertal developmental stages. 

3.4 Luminal-specific Sox10 excision does not affect epithelial organization 

Hormone-dependent mass morphogenic events leading to murine mammary rudiment 

bifurcation and ductal elongation occur around 21-days of age (159). However, previous reports 

have demonstrated latent mammary epithelium-specific expression of Cre in MMTV-Cre D strains 

(116). Therefore, to coincide the observed pubertal delay with Cre expression during early 

mammary gland development, MMTV-Cre mice were crossed with ROSA26R-LacZ reporter 

animals. In these mice, Cre-mediated recombination excises a loxP-flanked transcriptional STOP 

cassette to permit LacZ expression (Fig. 3.3 A). Whole-mount β-galactosidase staining of  
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Figure 3.2. Luminal Sox10-deletion delays mammary gland development. (A) Representative 
images of hematoxylin stained MMTV-Cre: Sox10+/+ and fl/fl pubescent and adult mammary gland 
whole-mounts at 28-, and 80-days of age, respectively. (B-D) Quantification of epithelial end buds 
(B), ductal branch points (C), and fat pad invasion (D) in hematoxylin stained MMTV-Cre: 
Sox10+/+, fl/+ and fl/fl mice. *, **, ***, **** represents p < 0.05, 0.01, 0.001 and 0.0001, 
respectively. Data shown as mean ± SEM. n ≥ 6 mice/group. 
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Figure 3.3. Ductal-specific Cre expression is present in P14 MMTV-Cre mice. (A) Schematic 
representation of the MMTV-Cre: R26R LacZ animal model where R26R LacZ mice were crossed 
with MMTV-Cre to monitor LacZ expression following Cre excision of loxP flanked stop codon. 
(B) Whole mounted P14 mammary glands from R26R LacZ and MMTV-Cre: R26R LacZ mice 
stained for β-galactosidase activity. 
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mammary glands from postnatal day 14 (P14) female pups confirmed Cre activity specifically 

within the ductal epithelium of MMTV-Cre: ROSA26R LacZ mice, demonstrating active Cre 

expression prior to the onset of pubertal ductal outgrowth (Fig. 3.3 B). 

Next, to confirm efficient inactivation of Sox10 within the luminal epithelium, co-

immunofluorescence for the luminal marker CK8, and Sox10 was performed on formalin-fixed 

paraffin embedded (FFPE) mammary gland sections from adult MMTV-Cre: Sox10+/+ and fl/fl 

mice. As expected, basal cells retained Sox10 expression, however, immunofluorescence showed 

a significant reduction of luminal-specific CK8+ Sox10+ nuclei by approximately 75% in MMTV-

Cre: Sox10fl/fl females when compared to wild-type (Fig. 3.4 A, B). A similar and progressive 

deletion of this Sox10 allele throughout the lifespan of the animals has also been previously 

observed (313). 

Although total end buds, ductal branch points, and fat pad invasion remained unchanged 

in Sox10-deficient adult females, we wanted to assess whether Sox10 inactivation resulted in more 

subtle defects in mammary epithelial organization. Immunofluorescence for CK8 and αSMA 

revealed normal bilayered ductal organization in MMTV-Cre: Sox10fl/fl glands (Fig. 3.4 C). 

Further quantification of luminal and myoepithelial cell proportions showed no significant 

differences between genotypes (Fig. 3.4 D, E). 

Together, these data indicate that MMTV-Cre-mediated Sox10 excision is initiated prior 

to puberty and transiently delays pubertal ductal development with no lasting defects to overall 

epithelial organization or lineage composition in the adult mammary gland. 



 66 

 

Figure 3.4. Luminal excision of Sox10 in MMTV-Cre mice does not affect epithelial 
organization. (A) Representative images of adult MMTV-Cre: Sox10+/+ and fl/fl glands dual 
stained for Sox10 and CK8 show efficient Sox10 deletion in the luminal epithelium. (B) 
Quantification of Sox10+ CK8+ cells in (A). (C) Representative images of adult MMTV-Cre: 
Sox10+/+ and fl/fl glands stained for CK8 and αSMA show normal epithelial organization. (D, E) 
Quantification of CK8+ (D) and αSMA+ ductal cell proportions in (C). **** represents p < 0.0001. 
Data shown as mean ± SEM. n ≥ 5 mice/group. Scale bar 20µm. 
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3.5 Loss of Sox10 does not impair ductal cell survival or proliferation in adult MMTV-Cre 

females 

Although adult MMTV-Cre: Sox10fl/fl females show no apparent morphological 

developmental defects in the mammary epithelium, we tested whether this was due to potential 

compensatory mechanisms from Sox10 inactivation resulting in altered cell proliferation or cell 

death. Adult virgin females were stained with Ki67 or cleaved caspase-3 (CC3) to assess 

proliferation, and apoptosis, respectively. Occasional CC3-positive cells were detected in both 

genotypes (Fig. 3.5 A), however, the proportion of ducts containing at least one CC3-positive cell 

did not differ between Sox10+/+ and Sox10fl/fl animals (Fig. 3.5 B). Similarly, Ki67 immunostaining 

revealed comparable proportions of proliferating ductal epithelial cells in both groups (Fig. 3.5 C, 

D). 

These data indicate that luminal-specific deletion of Sox10 does not measurably affect 

epithelial cell survival or proliferation in the adult mammary gland, consistent with the absence of 

apparent developmental abnormalities in adult mice. 

3.6 Sox10 is required for maintenance of the luminal progenitor pool 

The term “luminal adaptive secretory precursor” has been proposed to describe the most 

disparate group of mammary luminal cells encompassing all luminal/alveolar 

progenitors/precursors, luminal secretory, and hormone receptor-negative populations (314). We 

will hereafter use LPs to refer to luminal cells with potential stem/progenitor activity. Due to the 

previous reports identifying critical roles of Sox10 in murine mammary stem/progenitor cell 

function, we assessed the pan-luminal and LP-specific compartments of MMTV-Cre: Sox10+/+ and 

fl/fl adult females using flow cytometry (267,279). Lineage-negative epithelial cells were segregated 

into luminal and basal compartments based on CD24 and CD49f expression (181,182,186,187). 
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Figure 3.5. Loss of Sox10 does not impair ductal cell survival or proliferation in adult 
MMTV-Cre females. (A) Representative images of adult MMTV-Cre: Sox10+/+ and fl/fl glands 
stained with cleaved-caspase 3 (CC3). Arrowheads indicate CC3+ cells. (B) Quantification of the 
proportion of ducts with ≥ 1 CC3+ cell from (A). (C) Representative images of adult MMTV-Cre: 
Sox10+/+ and fl/fl glands stained with Ki67. (D) Quantification of Ki67+ ductal cells from (C). Data 
shown as mean ± SEM. n ≥ 6 mice/group. Scale bar 50µm. 
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Luminal Lin- CD24hi CD49f+ cell populations in adult MMTV-Cre virgin females showed no 

difference in total luminal populations between wild-type and Sox10fl/fl mice (Fig. 3.6 A). These 

observations are consistent with the preserved ductal architecture in Sox10fl/fl glands observed. 

Interestingly, further sorting of the pan-luminal compartment into the LP-enriched Lin-

CD24hiCD49f+CD61+ population enriched for LP activity (181,182), showed a 2-fold reduction in 

the LP population in MMTV-Cre: Sox10fl/fl females (Fig. 3.6 B, C). 

In this model, the Sox10fl allele is linked to an EGFP construct which, when unrecombined, 

acts as a reporter for Sox10 expression. However, EGFP expression is lost upon Cre excision 

(313). This retention of EGFP expression permits the usage of this system to identify cells that 

escaped Cre excision. To assess the efficiency of Cre-mediated recombination in MMTV-Cre: 

Sox10fl/fl mice, we quantified residual EGFP expression in the Lin-CD49f+CD24hi luminal 

epithelial compartment. 

A detectable EGFP⁺ population was observed in MMTV-Cre: Sox10fl/fl mice and absent in 

wild-type controls (Fig. 3.7 A). Quantification revealed that fewer than 5% of luminal cells 

retained EGFP expression in MMTV-Cre: Sox10fl/fl animals (Fig. 3.7 B), indicating relatively 

efficient Cre excision in this population. Robust EGFP fluorescence can be seen in whole-mount 

mammary glands from Sox10fl/fl mice (Fig. 3.7 C). 

Together, these findings indicate that while Sox10 is not required for maintenance of the 

total luminal epithelial population, it is specifically important for sustaining the LP compartment 

in the adult mammary gland.  
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Figure 3.6. Sox10 is not required for adult ductal morphogenesis but required for 
maintenance of the LP pool. (A) Representative flow cytometry plots of 8-week-old adult 
MMTV-Cre: Sox10+/+ and MMTV-Cre: Sox10fl/fl glands. Luminal cells were identified by the Lin-

CD49f+CD24hi population further enriched for CD61+ to identify the LP compartment (Lin-

CD49f+CD24hiCD61+). (B) Quantification of total luminal cells (Lin-CD49f+CD24hi) in (A). (C) 
Quantification of the LP compartment (Lin-CD49f+CD24hiCD61+). * represents p < 0.05. Data 
shown as mean ± SEM. n ≥ 3 mice/group. 
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Figure 3.7. Minimal Cre escape indicates efficient Sox10 recombination in luminal 
epithelium. (A). Representative flow cytometry plots showing residual EGFP expression under 
the Sox10fl/fl-EGFP reporter in the luminal (CD49f+CD24hi) population in MMTV-Cre: Sox10fl/fl. 
EGFP expression marks the cells retaining an unrecombined Sox10fl/fl-EGFP allele. (B) 
Quantification of EGFP expressing luminal cells (CD49f+CD24hi) in (A). (C) Representative 
image of EGFP expression in an 8-week-old pre-fixed Sox10fl/fl whole mounted mammary gland. 
* represents p < 0.05. Data shown as mean ± SEM. n ≥ 3 mice/group. 



 72 

3.7 Summary 

Previously, it has been shown that Sox10 acts as a key regulator of the mammary stem cell 

population and lineage plasticity, and is required for normal mammary gland morphogenesis 

(267,278,279,289). Specifically, it was found that early Sox10 excision in both luminal and basal 

epithelial compartments prevents expansion of mammary rudiments during puberty-dependent 

morphogenic events (278). 

Here, we have shown that luminal-specific Sox10 deletion leads to a delay in pubertal 

mammary gland developmental that is fully resolved by adulthood with no apparent effect on 

overall mammary gland epithelial organization. It appears that although loss of Sox10 does not 

result in depletion of the adult total luminal population, there is a selective deficit in the LP 

compartment, suggesting that Sox10 may be dispensable for maintenance of the differentiated 

luminal epithelium but is necessary to sustain the LP pool. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 73 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Chapter 4: Loss of Sox10 abrogates HER2/Neu-induced mammary tumorigenesis through 

depletion of tumor-initiating cell population. 
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4.1 Introduction and Rationale 

The role of Sox10 in cancer progression remains elusive and controversial with contrasting 

observations reported across cancer types (268,280). In the context of breast cancer, we and others 

have shown that Sox10 is a marker for select basal-like carcinomas such as triple-negative breast 

cancers (216,282–288). Although its precise biological function in cancer remains unclear, it 

appears that Sox10 actively maintains mammary stem/progenitor populations and contributes to 

the malignancy of TNBC cells in vitro by modulating lineage plasticity (267,279,286,289).  

Using murine models of luminal-, and basal-like mammary tumorigenesis, Sox10-

expressing tumors exhibit a de-differentiated state and acquire a more basal-like phenotype (279). 

Mechanistically, Sox10 was found to directly bind promoter regions of genes regulating EMT, 

stem/progenitor cell activity, and NC identity (279). Functional studies using C3-TAg mice, a 

model of basal-like breast cancer, have revealed that Sox10 haploinsufficiency significantly 

prolongs survival, directly implicating it in disease progression (279).  

While Sox10 appears to be functionally implicated in basal-like breast cancers, the current 

body of evidence for its role in HER2/Neu-induced tumorigenesis is limited. Our recent analysis 

of TCGA datasets shows that approximately 15% of HER2-positive breast cancers are Sox10hi 

(294). Consistent with this, others have demonstrated substantial variability in proportions of the 

Sox10+ populations (2%-79%) among HER2-positive tumor samples (291–293,295). 

Interestingly, Sox10hi cohorts were associated with a worse grade and a stem-like phenotype, 

suggesting that Sox10+/HER2-positive tumors represent a more aggressive de-differentiated 

subtype (291,293,294). Supporting this, using a murine model of HER2-positive breast cancer, we 

have recently shown that endpoint tumors and cell lines harboring elevated Sox10+ expression 

levels exhibit increased stemness and enhanced tumorigenic capacity (294). 
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Despite these observations, it remains unclear whether the Sox10⁺ luminal population is 

functionally required for HER2-driven tumorigenesis, or whether Sox10 expression instead 

reflects a transient state of cellular plasticity that accompanies tumor progression. To directly 

address this question, we investigated the functional and genetic consequences of conditional 

Sox10 deletion in murine models of breast cancer, including the MMTV-NIC and MMTV-

rtTA/MIC systems. As previous associations between Sox10 expression and aggressive breast 

cancers have been reported, we hypothesized that luminal-specific deletion of Sox10 in murine 

models of such breast cancers would result in reduced overall tumorigenicity.  

4.2 Generation of MMTV-NIC: Sox10fl/fl mice  

To achieve luminal epithelium-specific HER2/Neu expression coupled with Sox10 

inactivation, mice harboring Sox10fl alleles were crossed with MMTV-NIC transgenic animals 

(126). In the NIC model, expression of a constitutively active Neu oncogene is linked to Cre 

recombinase via an IRES, resulting in bicistronic expression of Neu and Cre under control of the 

MMTV promoter. This configuration ensures that oncogene activation and Cre-mediated 

recombination occur within the same luminal epithelial cells. MMTV-NIC mice develop 

spontaneous mammary adenocarcinomas that histologically resemble human HER2-positive 

breast cancer (122). When crossed with mice carrying a loxP-flanked target allele, this model 

enables simultaneous oncogene expression and conditional gene deletion specifically in the 

luminal mammary epithelium (Fig. 4.1).  
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Figure 4.1. Schematic representation of the MMTV-NIC: Sox10fl/fl animal model. Schematic 
representation of wild-type, and Sox10fl alleles, as well as the MMTV-NIC transgene. MMTV-
MIC mice were crossed with Sox10fl/fl-EGFP for luminal-specific bicistronic expression of the 
NeuNDL oncogene coupled to Cre recombinase for Sox10 excision. 
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4.3 Loss of Sox10 in MMTV-NIC mice confers a dose-dependent survival advantage 

To determine whether Sox10 is functionally required for HER2/Neu-driven mammary 

tumorigenesis, disease-free survival was assessed for all MMTV-NIC: Sox10 genotypes. Kaplan-

Meier analysis revealed a significant, dose-dependent increase in disease-free survival following 

Sox10 inactivation (Fig. 4.2 A). Hemizygous MMTV-NIC: Sox10fl/+ mice exhibited a marked 

delay in tumor onset relative to wild-type controls as palpable tumors were readily detectable by 

about 80 days later in MMTV-NIC: Sox10fl/+ mice when compared to wild-type (Fig. 4.2 B). 

Strikingly, MMTV-NIC: Sox10fl/fl mice remained disease free for the duration of the study, 

indicating a complete failure of tumor initiation. Despite the pronounced delay in tumor onset, 

once tumors became palpable, the time from tumor onset to endpoint did not differ between 

hemizygous MMTV-NIC: Sox10fl/+and wild-type mice (Fig. 4.2 C).  

To validate that reduced tumorigenicity in hemizygous MMTV-NIC: Sox10fl/+ mice is not 

due to developmental defects arising from potential differences in MMTV-LTR kinetics between 

Cre and NIC models, total epithelial end buds and total fat pad invasion in adult MMTV-NIC: 

Sox10fl/+ were assessed. Corroborating our previous findings, no overt mammary gland defects 

were observed in MMTV-NIC Sox10fl/+ adult virgin mammary glands when compared to age 

matched wild-type controls (Fig. 4.3 A, B). 

To determine whether this convergence in growth kinetics reflected differences in Sox10 

expression, total mRNA and protein, as well as FFPE sections from endpoint tumors were 

examined. Western blot analysis revealed comparable levels of Sox10, CK8, and Neu across 

genotypes (Fig. 4.4 A, B). Immunohistochemical analysis similarly demonstrated equivalent  
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Figure 4.2. Luminal Sox10-deletion impairs Neu-induced tumor initiation. (A) Kaplan-Meier 
disease-free survival curves in MMTV-NIC: Sox10+/+, fl/, and fl/fl mice. Significance assessed by 
log-rank test (n ≥ 8 mice/group). (B, C) Tumor onset (B) (0.5cm3) and progression to endpoint 
(C) (1.7 cm3) were measured for all tumor bearing MMTV-NIC genotypes. n≥ 15 mice/group. 
**** represents p < 0.0001. Data shown as mean ± SEM. 
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Figure 4.3. Loss of Sox10 in MMTV-NIC mammary glands does not result in overt 
morphological defects. (A, B) Quantification of epithelial end buds (A), and fat pad invasion (B) 
in hematoxylin stained adult MMTV-NIC: Sox10+/+ and Sox10fl/+ females. Data shown as mean 
± SEM. n ≥ 6 mice/group. 
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Figure 4.4. Endpoint hemizygous Sox10 NIC tumors exhibit endogenous Sox10 expression 
levels equivalent to that of wildtype. (A) Endpoint tumor lysates were assessed for the expression 
of Sox10, CK8, and Neu using Western blot analysis. (B) Densitometric quantitation of Western 
blots shown in (A). Three independent runs were used for quantification. (C) Representative 
images of FFPE endpoint tumor sections from MMTV-NIC: Sox10+/+ and fl/+ stained for Sox10. 
(D) Quantification of Sox10+ stained cells from (C). (E) Relative expression of Sox10 and CK8 
using RT-qPCR in endpoint tumors from from MMTV-NIC: Sox10+/+ and fl/+ mice. Data shown 
as mean ± SEM. n ≥ 5 mice/group. Scale bar represents 50µm.  
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proportions of Sox10-positive cells in endpoint tumors (Fig. 4.4 C, D), and RT-qPCR confirmed 

no significant differences in Sox10 transcript abundance (Fig. 4.4 E). 

Together, these data support a model by which Sox10 functions in a dose-dependent 

manner during HER2/Neu-induced tumor initiation, wherein hemizygous MMTV-NIC: Sox10fl/+ 

exhibit significantly increased survival, while Sox10-deficient MMTV-NIC: Sox10fl/fl mice 

completely abrogate tumorigenesis for up to a year. Interestingly, tumors that eventually arise in 

MMTV-NIC: Sox10fl/+mice exhibit Sox10 expression levels similar to wild-type tumors. Thus, 

the comparable tumor progression kinetics observed in wild-type and heterozygote Sox10 mice 

likely reflects restored Sox10 dosage within those tumors.  

4.4 Sox10 loss does not affect endpoint tumor growth or survival 

Given the marked delay in tumor onset observed in Sox10-deficient MMTV-NIC mice, we 

next assessed whether this phenotype reflected modifications to tumor cell proliferative or survival 

programs in established tumors. Endpoint tumor sections and lysates from MMTV-NIC: Sox10+/+ 

and MMTV-NIC: Sox10fl/+ mice were analyzed for markers of proliferation, apoptosis, and 

downstream oncogenic signalling. 

Immunohistochemical staining for Ki67 revealed comparable proportions of proliferating 

tumor cells between genotypes (Fig. 4.5 A, B). Consistent with this, no significant differences in 

CC3 staining were observed (Fig. 4.5 C, D). Similarly, western blot analysis of endpoint tumor 

lysates showed no significant differences in the expression of proliferative markers PCNA and 

Cyclin D1, and apoptotic markers PARP, and CC3  
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Figure 4.5. Hemizygous Sox10 MMTV-NIC endpoint tumors do not show altered tumor 
proliferative or survival programs. (A) Representative images of Ki67 stained FFPE endpoint 
sections from MMTV-NIC: Sox10+/+ and fl/+ tumor bearing mice. (B) Quantification of Ki67+ 
stained cells from (A). (C) Representative images of CC3 stained FFPE endpoint sections from 
MMTV-NIC: Sox10+/+ and fl/+ tumor bearing mice. (D) Quantification of CC3+ stained cells from 
(C). (E) Endpoint tumor lysates were assessed for the expression of various proliferative and 
apoptotic markers using Western blot analysis. Three independent runs were used for 
quantification. (F) Densitometric quantitation of Western blots shown in (E). n	≥ 5 mice/group. 
Data shown as mean ± SEM. Scale bar represents 50µm. 
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(Fig. 4.5 E, F) Importantly, no obvious dysregulation of canonical HER2/Neu downstream 

pathways, as assessed by levels of phosphorylated ERK1/2 and AKT, were detected; indicating 

that MAPK and PI3K signalling remained largely intact in hemizygous Sox10 tumors (Fig. 4.5 E, 

F). 

Together, these findings indicate that endpoint tumors arising in hemizygous MMTV-NIC: 

Sox10fl/+ mice maintain equal Sox10 expression, tumor cell growth and survival, and intact 

downstream oncogenic signalling pathways that are indistinguishable from wild-type tumors. To 

this end, the delayed tumor onset observed in Sox10-deficient mice is therefore unlikely due to 

impaired growth or survival programs in established tumors, further supporting a role for Sox10 

during early tumor initiation. 

4.5 Hyperplastic lesion formation is delayed in Sox10-deficient MMTV-NIC mice 

Although Sox10 expression is comparable in MMTV-NIC: Sox10+/+ and fl/+ endpoint 

tumors, we hypothesized that reduced Sox10 dosage in hemizygous non-transformed luminal cells 

at the hyperplastic stage prior to onset might be sufficient to delay tumor initiation. To test this, 

mammary glands were collected at 16-weeks of age, prior to the emergence of palpable tumors 

and assessed for lesion formation.  

Hematoxylin staining of 16-week-old mammary glands revealed numerous hyperplastic 

lesions in wild-type MMTV-NIC: Sox10+/+ mice (Fig. 4.6 A-C). Strikingly, lesions were not 

observed in age matched MMTV-NIC: Sox10fl/+ mice (Fig. 4.6 A-C). On average, an additional 8 

weeks were required for hemizygous mice to display detectable hyperplastic lesions (Fig. 4.6 A-

C). Sox10 staining in 16-week-old Sox10-deficient MMTV-NIC: Sox10fl/fl revealed a marked 

luminal-specific reduction in Sox10+CK8+ luminal cells, while Sox10 expression was retained in 

the basal  
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Figure 4.6. Hyperplastic lesion formation is delayed in Sox10-deficient MMTV-NIC mice. 
(A) Representative images of hematoxylin stained FFPE mammary gland sections from 16-, and 
24-week-old MMTV-NIC mice. Arrows indicating areas of transformed lumen in 24-week-old 
mice. (B, C) Quantification of total mammary gland coverage (B) and average size of hyperplastic 
lesions (C) in section from (A). (D) Representative images of 16-week-old MMTV-NIC: Sox10+/+ 

and fl/fl glands stained for Sox10, CK8, and αSMA. Scale bar represents 200µm and 20µm, 
respectively. n≥ 6 mice/group. Data shown as mean ± SEM. *, ** represent p < 0.05, and 0.01, 
respectively. 
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ɑSMA+ layer, suggesting efficient luminal Sox10 excision prior to the age of tumor onset (Fig. 4.6 

D). 

Since Sox10 hemizygosity in MMTV-NIC: Sox10fl/+ mice is expected to reduce total 

Sox10 expression without altering the proportion of Sox10+ luminal cells, we next quantified the 

relative Sox10 protein levels using relative fluorescence intensity. Indeed, total Sox10+ CK8+ cells 

remained unchanged between groups, while immunostaining revealed a marked reduction of 

Sox10 expression in 16-week-old hemizygous MMTV-NIC: Sox10fl/+ females (Fig. 4.7 A, B). 

Notably, hyperplasia-bearing 24-week-old MMTV-NIC: Sox10fl/+ females exhibited higher 

relative Sox10 expression than at 16-weeks of age, coinciding with the emergence of detectable 

hyperplastic lesions (Fig. 4.7 C).  

Together, these findings support that reduced Sox10 expression in the luminal epithelium 

delays the onset of hyperplastic lesion formation in MMTV-NIC mice. Furthermore, increased 

Sox10 expression accompanies the transition from normal epithelium to early hyperplasia, 

suggesting a critical role for Sox10 during the earliest stages of HER2/Neu-induced tumorigenesis. 

4.6 Sox10-deficient MMTV-NIC females remain disease free up to 1 year of age  

Given the complete absence of palpable tumors in Sox10-deficient MMTV-NIC Sox10fl/fl 

mice, we next asked whether early hyperplastic lesions formed but failed to progress into 

adenocarcinomas. To address this, mammary glands were harvested from one-year-old MMTV-

NIC: Sox10fl/fl females and examined histologically. Sox10-deficient mice displayed normal ductal 

architecture and were indistinguishable from age-matched wild-type controls, with no evidence of 

hyperplastic lesions or tumor formation (Fig. 4.8 A). When assessed for expression of Sox10, 

immunofluorescent staining of year old MMTV-NIC Sox10fl/fl mice showed that  
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Figure 4.7. Sox10 hemizygosity in MMTV-NIC: Sox10fl/+ mice reduces relative Sox10 
expression in luminal cells. (A) Representative images of 16-week-old MMTV-NIC: Sox10+/+, 

and fl/+ mammary gland sections stained with Sox10 and CK8. White dotted lines on ductal 
structures represent relative fluorescent profiles of approximately ten CK8+ cells and their 
associated Sox10 expression levels. Red dotted lines on accompanying RFU plots represent 
average fluorescent intensity of cellular Sox10 detected in each profile. (B, C) Quantification of 
total Sox10 expressing CK8+ luminal cells (B) and average intensity of detected Sox10 signal (C) 
in (A). Scale bar represents 20 µm. Data shown as average quantification for 10 ductal structures 
per animal. n≥ 5 mice/group. Data shown as mean ± SEM. *, *** represent p < 0.05, and 0.001, 
respectively. 
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Figure 4.8. Sox10-deficient MMTV-NIC remain tumor free for up to one year. (A) 
Representative images of Sox10-stained mammary glands from 365D old FVB and MMTV-NIC: 
Sox10fl/fl mice. (B) Representative images of 365D old Sox10+/+ FVB and MMTV-NIC: Sox10fl/fl 

glands stained for Sox10 and CK8. (C) Quantification of Sox10+CK8+ luminal cells from 
mammary gland sections in (B). n≥ 5 mice/group. Scale bar represents 50µm. Data shown as mean 
± SEM. **** represent p < 0.0001. 



 88 

Sox10 was absent in the majority of luminal CK8+ ducts with low expression observed in some 

(Fig. 4.8 B, C).  

Together, these data suggest that Sox10 is efficiently recombined prior to the onset of 

palpable tumor formation in hemizygous MMTV-NIC: Sox10fl/+ females and that the altered 

temporal Sox10 expression profile in these mice parallels the observed delay in tumorigenesis. 

Importantly, efficient luminal-specific Sox10 excision throughout the lifetime of Sox10-deficient 

MMTV-NIC: Sox10fl/fl females completely abrogates any evidence of malignant transformation 

while preserving normal ductal architecture.  

4.7 Loss of Sox10 reduces tumor-initiating cell compartment and stemness 

Previous lineage tracing studies have shown that basal-like breast tumors etiologically arise 

from LPs rather than from basal stem cells, supporting a model of luminal-to-basal reprogramming 

during tumorigenesis (185,219,220). To this end, past reports using MMTV-Neu and MMTV-

PyMT models have demonstrated that mammary tumors likely originate from LP populations 

(215–218). Specifically in the case of MMTV-Neu spontaneous mammary tumors, the cellular 

fraction harboring the highest degree of TIC potential has been found to be enriched in the CD61-

expressing LP compartment (190,215,217). Thus, to evaluate the tumor-initiating cell population 

in Sox10-deficient NIC females, mammary glands from pre-cancerous 16-week-old MMTV-NIC: 

Sox10+/+, fl/+, and fl/fl mice were stained for the Lin-CD49f+CD61+ TIC population. Strikingly, a 

dose-dependent reduction in this TIC population was observed in the Sox10-deficient groups of 

MMTV-NIC mice, supporting a depletion of tumor-initiating activity upon Sox10 inactivation 

(Fig. 4.9 A, B). Cells from this TIC compartment were further isolated and seeded in 

mammosphere formation assays to evaluate their capacity for functional stemness.  
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Figure 4.9. Sox10 defines the tumor-initiating cell compartment in hyperplastic MMTV-NIC 
mice. (A) Representative flow plots of 16-week-old MMTV-NIC: Sox10+/+, fl/+, and fl/fl mammary 
glands sorted for the TIC-enriched Lin-CD49f+CD61+ compartment. (B) Quantification of the TIC 
compartment from (A). (C) Representative images of primary and secondary mammospheres from 
cells isolated from the luminal (Lin-CD49f+CD24hi) compartment in (A). (D) Quantification of 
mammosphere forming efficiency from (C). n	 ≥ 2 mice/group. Data shown as mean ± SEM. ** 
represent p < 0.01. 
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MMTV-NIC: Sox10fl/fl mice showed a significantly reduced capacity for secondary sphere 

formation, suggesting a reduction in self-renewal abilities (Fig. 4.9 C, D). Interestingly, Sox10 

hemizygous MMTV-NIC Sox10fl/+ females did not show any indication of reduced stemness when 

compared to wild-type mice. 

4.8 Generation of MMTV-rtTA: tetO-MIC: Sox10fl/fl mice 

While we have established a key role for Sox10 in primary HER2/Neu-induced mammary 

tumor formation, we next wanted to assess whether Sox10 maintains a similar function in 

metastatic dissemination. However, due to the relatively low propensity for overt metastases in the 

MMTV-NIC model, we used an additional transgenic model that enables robust assessment of 

spontaneous metastases (126,127). To specifically assess the requirement for Sox10 in the 

development of invasive lesions, we used the doxycycline-inducible rtTA/MIC model, which 

drives expression of PyMT specifically within the luminal mammary epithelium.  

Following treatment with doxycycline, these mice develop aggressive, multifocal 

mammary adenocarcinomas with high incidence of metastatic lesions (146). Importantly, this 

model permits temporal control of oncogene expression, thereby uncoupling mammary gland 

development from oncogene-dependent transformation. This key feature allows full mammary 

gland development prior to oncogene activation, alleviating potential developmental defects 

arising from target gene excision and oncogene expression. Although this tumor model is not 

driven by HER2/Neu, PyMT-induced mammary tumors have been shown to recapitulate key 

receptor tyrosine kinase-dependent signalling pathways, including activation of PI3K and MAPK 

cascades that are central to HER2-mediated tumorigenesis pathways, and frequently acquire 

transcriptional profiles that are similar to HER2-positive breast cancer (135,143,151). 
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To achieve concomitant doxycycline-dependent luminal-specific excision of Sox10 and 

oncogene expression, MMTV-rtTA mice were first crossed with tetO-MIC mice. Resulting bigenic 

rtTA/MIC mice were then crossed with Sox10fl mice (Fig. 4. 10 A, B). In this model, luminal-

epithelium-specific expression of rtTA is driven by the MMTV-promoter. When paired with 

doxycycline, rtTA drives bicistronic expression of PyMT and Cre recombinase specifically 

through the tetO, resulting in luminal-specific oncogene expression and excision of the floxed 

Sox10 allele. Offspring were genotyped by PCR to confirm the presence of MMTV-rtTA and tetO-

MIC transgenes, as well as Sox10 allele status (Fig. 4.10 C).  

4.9 Loss of Sox10 in rtTA/MIC mice confers a dose-dependent survival advantage 

To determine whether Sox10 is required for primary tumor development in a PyMT-driven 

context, survival studies using rtTA/MIC: Sox10+/+, fl/+ and fl/fl mice treated with doxycycline were 

conducted. Consistent with the MMTV-NIC data, Kaplan-Meier analysis revealed a significant, 

dose-dependent increase in disease-free survival following Sox10 inactivation (Fig. 4.11 A). 

Hemizygous rtTA/MIC: Sox10fl/+ mice exhibited a moderate delay in palpable tumor onset relative 

to wild-type controls, with an average extension of approximately 11 days. In contrast, Sox10-

deficient rtTA/MIC: Sox10fl/fl mice remained disease free for the duration of the study, indicating 

a complete failure to form palpable tumors (Fig. 4.11 A). 

Since PyMT-induced mammary tumorigenesis is characterized by multifocal and 

synchronous transformation of ductal structures, with the majority exhibiting complete 

transformation with continued doxycycline treatment, efficient and reliable measurement of 

individual tumor progression through conventional palpation methods is not possible (146). 

Therefore, to effectively assess tumor burden in rtTA/MIC: Sox10+/+, fl/+ and fl/fl mice, total 

mammary gland weights were quantified relative to body weight at endpoint. Consistent with 
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Figure 4.10. Schematic Representation of the MMTV-rtTA: tetO-MIC: Sox10fl/fl animal 
model. (A, B) MMTV-rtTA mice were first crossed with tetO-MIC mice then subsequently 
crossed with Sox10fl/fl-EGFP for doxycycline inducible luminal-specific bicistronic expression of 
the PyMT oncogene coupled to Cre recombinase for Sox10 excision. (C) Representative PCR 
genotyping products of rtTA+, and rtTA- mice. (D) Representative PCR genotyping products of 
Sox10+/+, Sox10fl/+, Sox10fl/fl, and Sox10+/+ mice. (E) Representative PCR genotyping products of 
Cre+, and Cre- mice. 
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Figure 4.11. Loss of Sox10 provides a dose-dependent survival advantage in rtTA/MIC mice. 
(A) Kaplan-Meier disease-free survival curves in rtTA/MIC: Sox10+/+, fl/+, fl/fl mice. Significance 
assessed by log-rank test. (B) Proportional total mammary gland weight of mice in (A) at endpoint. 
(C) Representative IHC images of mammary gland FFPE sections from rtTA/MIC: Sox10+/+, fl/+, 

fl/fl mice treated with doxycycline for 10-weeks and stained with Sox10 and Cre. n	 ≥ 4 mice/group. 
Scale bar represents 50µm. n	 ≥ 4 mice/group. Data shown as mean ± SEM. ** represents p < 
0.01. 
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delayed tumor initiation, Sox10-deficient rtTA/MIC: Sox10fl/fl mice displayed a significant 

decrease in total mammary gland tumor burden (Fig. 4.11 B). When interrogated for ductal lesion 

formation, histological sections from in rtTA/MIC: Sox10+/+, and fl/+mice revealed extensive 

development of multifocal lesions that strongly stained for Sox10 (Fig. 4.11 C). Interestingly, 

rtTA/MIC: Sox10fl/fl mice similarly showed the presence of multifocal lesions, however, these 

were markedly smaller and lacked detectable Sox10, consistent with efficient Sox10 ablation. 

Importantly, Cre staining was evident across all genotypes, confirming that oncogene activation 

was maintained following Sox10 deletion (Fig. 4.11 C).  

Together, these findings demonstrate that Sox10 is required for efficient PyMT-driven 

mammary tumorigenesis, and that its loss confers a dose-dependent survival advantage. 

4.10 Sox10 ablation completely abrogates lung metastasis in rtTA/MIC mice 

To determine whether Sox10 is required for metastatic dissemination in PyMT-driven 

mammary tumorigenesis, lungs from doxycycline-treated rtTA/MIC: Sox10+/+, fl/+ and fl/fl mice 

were examined for the presence of metastatic lesions. Gross inspection of lung tissue from 

rtTA/MIC: Sox10+/+ and fl/+ mice revealed numerous visible macro-metastatic nodules, whereas 

lungs from rtTA/MIC: Sox10fl/fl mice lacked any visible lesions (Fig. 4.12 A). Further histological 

examination of lung sections confirmed the presence of micro-metastatic niches in rtTA/MIC: 

Sox10+/+ and fl/+ mice, with metastatic foci staining strongly positive for Sox10 and Cre (Fig. 4.12 

B-E). In contrast, lungs from rtTA/MIC: Sox10fl/fl mice exhibited a complete absence of Sox10 or 

Cre staining, suggesting an absence of metastatic niches. (Fig. 4.12 B-E).  

Together, these data suggest that Sox10 is essential for the seeding of metastatic niches in 

the lungs during PyMT-driven mammary tumorigenesis. 
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Figure 4.12. Sox10 is required for establishment of metastatic niches in the lungs of 
rtTA/MIC mice. (A) Representative whole lungs from rtTA/MIC: Sox10+/+, fl/+, fl/fl mice treated 
with doxycycline for 10-weeks. Macrometastases are indicated with black arrow. (B) 
Representative IHC images of lung FFPE sections from (A) stained with Sox10 and Cre. (C-E) 
Quantification of total number (C), lung coverage (D) and average lesion size (E) of lung 
metastases in (B). n	 ≥ 4 mice/group. Scale bar represents 50µm. Data shown as mean ± SEM. * 
represents p < 0.05. 
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4.11 Sox10-deficient lesions do not progress with continued doxycycline treatment 

To better assess the kinetics of PyMT-induced transformation early on in tumorigenesis, a 

short-term doxycycline induction study was performed. As no significant differences were 

observed between rtTA/MIC: Sox10+/+ and fl/+ mice, subsequent analyses focused solely on 

rtTA/MIC: Sox10+/+ and fl/fl mice. Mammary glands were assessed following 2 weeks of 

doxycycline treatment, corresponding to an early stage of oncogene induction where 

approximately half of ductal lumen show evidence of transformation (146). Lesion sizes were then 

compared to that observed after the 10-week doxycycline course. Histological examination 

revealed that PyMT induction for 2 weeks resulted in significantly larger lesions in rtTA/MIC: 

Sox10+/+ mice when compared to that of rtTA/MIC: Sox10fl/fl (Fig. 4.13 A). Furthermore, lesions 

in rtTA/MIC: Sox10+/+ mice, appeared to progress with continued doxycycline treatment, giving 

rise to enlarged lesions by 10 weeks in some mice. In contrast, lesions arising in rtTA/MIC: 

Sox10fl/fl mice failed to increase in size with extended doxycycline exposure and remained 

comparable in size to those observed at the 2-week time point (Fig. 4.13 B). Immunohistochemical 

staining demonstrated efficient Sox10 ablation in rtTA/MIC: Sox10fl/fl lesions as well as Cre 

expression, once again supporting that oncogene activation is maintained despite the absence of 

tumor progression (Fig. 4.13 B).  

4.12 rtTA/MIC mice exhibit latent Sox10 allele excision 

In contrast to MMTV-NIC mice, the development of hyperplastic lesions in Sox10-

deficient rtTA/MIC: Sox10fl/fl glands suggests potentially different roles of Sox10 in HER/Neu-, 

and PyMT-induced tumorigenesis. However, an alternative hypothesis is that PyMT activation 

merely occurs prior to efficient Sox10 deletion in this model. Thus, to determine the potential  
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Figure 4.13. Sox10-deficient lesions do not progress after 2-weeks post induction in 
rtTA/MIC mice. (A) Representative IHC images of mammary gland FFPE sections from 
rtTA/MIC: Sox10+/+, fl/+, fl/fl mice treated with doxycycline for 2-weeks and stained with 
hematoxylin and eosin, Sox10 and Cre. (B) Quantification of average area of lesions in (A). n	 ≥ 
4 mice/group. Scale bar represents 100µm. Data shown as mean ± SEM. **, and **** represents 
p < 0.01, and 0.0001, respectively. 
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latency of Sox10 excision following doxycycline induction of the MIC transgene, a short time-

course analysis was performed in rtTA/MIC: Sox10+/+ and fl/fl mice following 5, 8, and 14 days of 

doxycycline treatment. Cre immunostaining was readily detectable within early ductal lesions of 

both groups of mice at all time points, confirming spatial and temporal activation of the tetO-MIC 

locus (Fig. 4.14). In contrast, Sox10 staining in rtTA/MIC: Sox10fl/fl lesions demonstrated delayed 

loss relative to Cre induction. Sox10 expression remained detectable at early time points despite 

Cre positivity and was progressively lost over time, with substantially diminished Sox10 signal in 

later time points (Fig. 4.14). These findings indicate that Sox10 excision is not immediate 

following activation of the tetO-MIC, indeed supporting a temporal lag in target allele 

recombination following oncogene expression. Together, these data support a mechanism by 

which Sox10 retention during early oncogene induction gives rise to a temporal window that 

permits Sox10-dependent lesion establishment, while prolonged doxycycline exposure leads to 

eventual Sox10 ablation and subsequent failure of tumor progression. 

4.13 Sox9 cannot compensate for Sox10 loss in NIC and rtTA/MIC models 

The SoxE family member Sox9 has been established as a mediator of luminal lineage 

commitment via LP regulation as well as tumor progression in basal-like breast cancer models 

(200,251,315,316). Given its role in LP maintenance and luminal-basal plasticity, as well as its 

high sequence homology and functional overlap with Sox10, we next wanted to evaluate whether 

Sox9 expression was modulated following Sox10 ablation (238). Since we saw depletion of TIC 

compartment in Sox10-deficient mice at 16 weeks of age, Sox9 levels were therefore similarly 

examined in 16-week-old MMTV-NIC mammary glands (Fig. 4.15 A). Robust Sox9 expression 

in both luminal and basal compartments was observed across all Sox10 genotypes, suggesting that 

the loss of Sox10 does not affect Sox9 expression and, importantly, that Sox10’s function in 
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Figure 4.14. rtTA/MIC: Sox10fl/fl mice exhibit latent Sox10 excision following doxycycline 
induction of the PyMT locus. Representative images of lung FFPE sections from of 5-, 8-, and 
14-day doxycycline treated rtTA/MIC: Sox10+/+, and fl/fl mice stained with Sox10 and Cre. Scale 
bar represents 50µm. 
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Figure 4.15. Sox10 inactivation does not affect expression of Sox9 in the ductal epithelium. 
(A) Representative images of mammary gland sections from 16-week-old MMTV-NIC: Sox10+/+ 

and fl/fl stained with Sox10 and Sox9. (B) Representative images of mammary gland sections from 
14-day doxycycline treated rtTA/MIC: Sox10+/+ and fl/fl stained with Sox10 and Sox9. Scale bar 
represents 50 µm. 
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HER2/Neu-induced malignant transformation appears to be independent to that of Sox9. 

Supporting this, Sox9 similarly remained unchanged in wild-type and Sox10-deficient rtTA/MIC 

mice (Fig. 4.15 B). Together, these data suggest a critical role for Sox10 in the maintenance of 

TICs in RTK-dependent mammary tumorigenesis that is independent of other SoxE family 

members.  

4.14 Summary 

Previously, it has been shown that Sox10 is a key regulator of cellular plasticity, 

stem/progenitor identity, and malignant progression in mammary tumorigenesis, particularly in 

basal-like and triple-negative breast cancer models. In HER2/Neu-driven contexts, Sox10 

expression has been associated with aggressive tumor phenotypes and poor clinical outcome. 

However, whether Sox10 plays a functional role in tumor initiation and progression, or instead 

reflects a transient state of cellular plasticity, has not been addressed. 

Here, we have shown that Sox10 is a dose-dependent regulator of mammary tumorigenesis 

in luminal HER2/Neu-, and PyMT-driven mouse models. Using the MMTV-NIC model, we show 

that luminal-specific Sox10 deletion markedly delays tumor initiation, with hemizygous loss 

prolonging disease-free survival and complete Sox10 ablation fully preventing tumor formation 

for up to one year. Consistent with this interpretation, Sox10 depletion significantly delays the 

formation of hyperplastic lesions. It appears that Sox10 acts as a key regulator of the 

Lin⁻CD49f⁺CD61⁺ tumor-initiating cell compartment in the mammary epithelium and upon its 

inactivation, tumor formation is markedly affected. We further demonstrate that Sox10 is required 

not only for efficient primary tumor initiation but also for tumor progression and metastatic 

dissemination using the dox-inducible rtTA/MIC model. 
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Chapter 5: Sox10-deficient HER2/Neu-transformed epithelial cells exhibit reduced 

stemness and erosion of luminal progenitor identity. 
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5.1 Introduction and Rationale 

We have demonstrated that Sox10 is functionally required for HER2/Neu-induced 

mammary tumor initiation and progression potentially through regulation of the luminal TIC 

compartment. While these in vivo studies establish a central role for Sox10 during mammary 

tumorigenesis, precisely how Sox10 confers the tumorigenic capacity to this TIC compartment 

remains unclear. Immunohistochemical analyses of endpoint tumors from wild-type and 

hemizygous MMTV-NIC: Sox10fl/+ mice in the previous chapter have shown very high incidence 

of Sox10+ cells in tumor sections and tissues. While we have yet to see HER2/Neu-, or PyMT-

transformed tissues that lack considerable Sox10+ cell contribution, the range of total Sox10-

positivity is quite broad, and the full extent of this Sox10 expression has not been comprehensively 

studied. Consistent with this murine heterogeneity, the proportion of Sox10+ nuclei varies 

markedly between human HER2⁺ breast cancer tumors, ranging from approximately 15% to 80% 

(130,291–293,295). This variability likely reflects differences in tumor cell state, cellular 

plasticity, and tumor-initiating or stem-like cell content across tumors.  

Such heterogeneity at endpoint ultimately limits the ability to directly interrogate Sox10 

function in vivo. Thus, to further define the role of Sox10 in HER2/Neu-driven mammary 

tumorigenesis, we employed an in vitro based approach. Here, Neu-transformed luminal epithelial 

cell lines isolated from tumor-bearing MMTV-NDL mice were established, subjected to CRISPR-

Cas9-mediated Sox10 inactivation, and assessed for functional behavior and transcriptional 

response. 
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5.2 Generation of CRISPR-Cas9 Sox10-inactivated Neu-derived cell lines  

To further investigate the role of Sox10 in HER2/Neu-induced mammary tumorigenesis in 

vitro, low-passage Sox10-expressing mammary tumor cell lines were derived from endpoint 

tumors arising in MMTV-NeuNDL mice (Fig. 5.1). Two independent Sox10+ tumor cell lines 

(BG1 and BG2) were successfully established. To achieve targeted Sox10 inactivation, cells were 

stably transduced with Cas9, and RFP-tagged single-guide RNAs (sgRNAs) directed against the 

Sox10 coding sequence, specifically in the D (sgRNA-1) and HMG (sgRNA-2) domains in exons 

3 and 4, respectively. A non-targeting RFP-tagged single-guide RNA (NTC) was used as a 

negative control. Following transduction, RFP⁺ cells were isolated by flow cytometry and 

expanded for downstream applications. 

Both guides demonstrated efficient inactivation of Sox10 in the BG2 cells as indicated by 

a significant loss of Sox10 immunofluorescent nuclear staining, with less than 5% of cells retaining 

detectable Sox10 expression (Fig. 5.2 A, B). Sox10 depletion was further verified through RT-

qPCR, which revealed a marked reduction in Sox10 transcript levels relative to NTC controls (Fig. 

5.2 C). Finally, western blot analysis confirmed that Sox10 knockout had no effect on Neu 

expression and the luminal marker CK8 (Fig. 5.2 D). sgRNA-2 transduced cell lines were 

randomly selected for subsequent functional analyses with the BG2 cell line. 

5.3 Sox10 is dispensable for tumor cell growth in vitro but is required for 3D-ECM invasion 

First, we wanted to assess whether the reduced tumorigenesis observed in vivo was in part 

attributed to altered tumor cell growth following Sox10 inactivation. To assess this, BG2sgNTC and  
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Figure 5.1. Schematic Representation of the MMTV-NeuNDL: Sox10fl/fl animal model. 
MMTV-NeuNDL female mice exhibit luminal-specific expression of the Neu oncogene. (B) 
Representative PCR genotyping products of NDL+, and NDL- mice.  
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Figure 5.2. Efficient CRISPR-Cas9 mediated Sox10-inactivation in MMTV-NDL mammary 
tumor isolated cell lines. (A) Representative immunofluorescence images of BG2sgNTC control, 
and Sox10-deficient BG2sgRNA-1 and BG2sgRNA-2 cells stained for Sox10 and DAPI. (B) 
Quantification of Sox10+ nuclei from (A). (C) RT-qPCR analysis of Sox10 mRNA expression in 
BG2sgNTC, sgRNA-1, and sgRNA-2 lines. (D) Immunoblot analysis of Sox10, Neu, and CK8 expression 
in BG2sgNTC and BG2sgRNA-1 cell lines. Data shown as mean ± SEM. *), and **** represents p < 
0.01, and 0.0001, respectively. 
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BG2sgRNA-1 cell lines were seeded in proliferation assays. Absolute cell counts over a four-day 

period revealed no significant differences between control and Sox10-deficient cells, indicating 

that Sox10 loss does not impair HER2/Neu tumor cell proliferation under standard in vitro growth 

conditions (Fig. 5.3 A).  

Given the established role of Sox10 in regulating stem/progenitor activity and EMT-

associated programs, we next assessed whether Sox10 inactivation altered ECM-dependent 

migration. Haptotactic Boyden chamber assays using collagen-coated membranes revealed no 

significant difference in the proportion of migrating cells between BG2sgNTC and BG2sgRNA-1 lines, 

suggesting that Sox10 is not required for haptotaxis in a two-dimensional context (Fig. 5.3 B, C). 

In contrast, when cells were assessed in a three-dimensional invasion assay, Sox10-deficient cells 

exhibited reduced in invasive outgrowth. Tumorspheres embedded within a Matrigel: Collagen 

matrix showed a modest, but significant reduction in serum-free radial invasion over a six-day 

period following Sox10 loss when compared to NTC controls (Fig. 5.3 D, E). This reduction in 

invasion was evident despite comparable serum-dependent proliferation rates (Fig. 5.3 A), 

indicating that Sox10 selectively regulates invasive behavior in a three-dimensional extracellular 

matrix environment, without affecting general cell growth or motility. 

Consistent with its proposed role in regulating stem-like and EMT-associated tumor cell 

behaviors, these data demonstrate that Sox10 is dispensable for tumor cell proliferation and 2D 

migration but may be required for efficient invasive growth in complex extracellular matrices.  

5.4 Sox10 loss is associated with reduced stemness in vitro and tumor growth in vivo 

As Sox10 has been shown regulate mammary stem/progenitor activity in vivo 

(267,279,289) (Fig. 4.9), we next assessed the functional stemness of the established cell lines in 

vitro. Consistent with prior observations in mammary organoid systems (267), Sox10- 
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Figure 5.3. Loss of Sox10 does not affect cell growth and motility but decreases invasiveness 
in MMTV-NDL cell lines. (A) Cell growth of BG2sgNTC and BG2sgRNA-1 cell lines was measured 
over 4 days using absolute cell counts. (B) Representative images of DAPI stained BG2sgNTC and 
BG2sgRNA-1 cells following 4-hours of haptotactic Boyden chamber migration. (C) Quantification 
of successfully migrated cells in (B). (D) Representative bright-field images of 3D tumor spheroid 
invasion of BG2sgNTC and BG2sgRNA-1 cell lines through a Matrigel: Collagen matrix over the course 
of 6 days. Yellow outlines indicate spheroid boundary. (E) Quantification of invasion relative to 
day 0 from (D). n = 3 biological replicates/cell line. Data shown as mean ± SEM. * represents p < 
0.05. 
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deficient HER2/Neu-transformed cell lines exhibited a significant reduction in functional 

stem/progenitor activity. Specifically, Sox10-deficient BG2 cells formed fewer secondary 

mammospheres compared to control cells, indicating impaired self-renewal capacity (Fig. 5.4 A, 

B). Despite this reduced functional stemness, Sox10 loss did not affect proliferation in vitro, 

suggesting that Sox10 is dispensable for bulk tumor cell growth under standard ‘in plastico’ 

conditions. To evaluate if this phenotype is preserved in 3D in vivo growth, BG2sgNTC and 

BG2sgRNA-1 cell lines were orthotopically injected into the mammary fat pad of immunodeficient 

mice. We observed that Sox10-deficient cells display a marked delay in tumor growth relative to 

control cells in NCG mice (Fig. 5.4 C, D). Surprisingly, when the tumors from the Sox10-deficient 

cells were further analyzed, Sox10 immunohistochemistry revealed that the proportion of Sox10+ 

cells was similar to that seen in the control lines (Fig. 5.4 E). Seeing as the pool of BG2sgRNA-1 cells 

did not show a complete loss of Sox10 (Fig. 5.2 A, B), these data support a mechanism by which 

tumors arising from injection of Sox10-deficient cells may be due to the residual population of 

Sox10-positive cells that undergo selective expansion in vivo. Regardless, as Sox10 deletion does 

not affect cell growth in vitro, these data suggest that Sox10 loss impairs tumorigenic growth in 

vivo. 

 

5.5 Clonally selected Sox10- cells exhibit severe impairment of tumor-initiating potential 

To assess the requirement for Sox10 in tumor growth and to exclude contributions from 

residual Sox10-expressing subpopulations, we next sought to generate clonally selected Sox10- 

HER2/Neu-transformed cell lines. However, during extended passaging of independently derived 

NIC-, and MMTV-NDL tumor cell lines, we observed substantial variability in Sox10 protein  
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Figure 5.4. Sox10 is required to maintain functional stemness in vitro and tumor growth in 
vivo. (A) Representative images of primary and secondary mammospheres formed following 7-
days growth of BG2sgNTC and BG2sgRNA-1 cell lines in ultra-low attachment plates. (B) 
Quantification of spheres ≥ 50 µm in diameter formed in (A). (C) Tumor growth curves of 
BG2sgNTC and BG2sgRNA-1 cell lines following orthotopic injection into the mammary fat pad of 
NCG mice. n ≥ 4 mice/group. (D) Representative images of tumors 28-days post injection from 
(C). (E) IHC staining for Sox10 in FFPE sections from endpoint tumors formed following 
orthotopic transplantation. n = 3 biological replicates/cell line. Data shown as mean ± SEM. * 
represents p < 0.05. 
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expression, with several lines exhibiting progressive or complete loss of Sox10 with continued 

passage (Fig. 5.5 A). These findings indicate that programs sustaining Sox10 expression may be 

unstable in long-term 2D culture. Strikingly, HER2/Neu-transformed cell lines that lose Neu and 

Sox10 expression with continued passage are able to eventually form tumors that re-induce Neu 

and Sox10 following orthotopic transplantation (Fig. 5.5 B-D). This suggests that Sox10-

dependent signalling programs have a certain degree of plasticity in 2D growth conditions but are 

essential for 3D tumor growth. Consistent with the observations that Sox10 is lost in 2D conditions, 

BG2 cells used in the preceding functional assays displayed gradual loss of Sox10 expression, 

raising concerns that clonal selection from this background could be problematic. In contrast, the 

independently derived HER2/Neu-transformed line, BG1, maintained stable Sox10 expression 

across multiple passages. Owing to this stability, BG1 cells were selected as a more suitable 

platform for clonal selection and expansion of Sox10- populations. 

To validate that the phenotypes observed using the BG2sgRNA-1 cell line were not guide 

dependent from specifically targeting amino acids 168-175 (sgRNA-1), a second, independent 

sgRNA was used to target amino acids 67-74 (sgRNA-2). Cas9-expressing BG1 cells transduced 

with either guide showed efficient Sox10 inactivation as confirmed via RT-qPCR (Fig. 5.6 A). 

BG1sgRNA-2 cells were selected for subsequent analyses. As for BG2 cells, BG1sgRNA-2 cells 

exhibited no change in proliferation but showed a significant reduction in secondary 

mammosphere formation, confirming the previously reported impaired self-renewal capacity (Fig. 

5.6 B, C).  

Individual BG1sgRNA-2 cells were clonally expanded, and two randomly selected 

populations (BG1sgRNA-2.1 and BG1sgRNA-2.2) were chosen for subsequent downstream analyses. 
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Figure 5.5. Neu-transformed cells frequently lose stable Sox10 expression in 2D growth but 
can be reinduced following orthotopic transplantation. (A) Immunoblot analysis of Neu and 
Sox10 expression across independently derived NIC-, and MMTV-NDL derived tumor cell lines 
at the indicated passages. (B) Immunoblot of Neu and Sox10 expression in pre- and post-injected 
Neu-transformed cell lines. (C) Flow cytometry of EGFP induction in tumors formed from 
injection of MMTV-NDL Sox10fl/fl cells. (D) Representative brightfield and EGFP images of 
tumors formed from injection of MMTV-NDL Sox10fl/fl cells. 
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Figure 5.6. Sox10-retaining BG1 cells recapitulate growth and stemness phenotypes 
following Sox10 ablation. (A) Quantitative RT-qPCR analysis of Sox10 mRNA levels in 
BG2sgNTC, sgRNA-1 and sgRNA-2 cell lines. (B) Cell proliferation curves of BG1sgNTC and BG1sgRNA-2 

cells over four days. (C) Mammosphere formation efficiency of primary and secondary spheres 
formed by BG1sgNTC and BG1sgRNA-2 cell lines under non-adherent conditions. Only spheres ≥ 50 
µm in diameter were enumerated. Data are presented as mean ± SEM. * and *** represent p < 
0.05 and 0.001, respectively. 
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The Sox10- clones of BG1sgRNA-2.1 and BG1sgRNA-2.2 cells were stained for Sox10 using 

immunofluorescence and neither clone showed any detectable Sox10-positive nuclei (Fig. 5.7 A). 

To confirm whether clonal selection of Sox10- BG1sgRNA-2 cells altered Neu expression or 

downstream RTK-dependent oncogenic signalling, western blot analysis was performed. While 

bulk Sox10-deficient BG2sgRNA-2 lines showed no significant differences in phosphorylated 

ERK1/2 or AKT levels compared to NTC controls, Sox10- clones exhibited increased pAKT levels 

(Fig. 5.7 B, C). Furthermore, Sox10- clones also exhibited increased Sox9 expression (Fig. 5.7 D). 

For both clones, targeted sequencing confirmed frameshift deletions resulting in premature stop 

codons within exon 4 of the Sox10 locus (Fig. 5.7 E). 

5.6 Sox10- HER2/Neu-transformed clonal cell lines have reduced tumorigenic potential in 

vivo 

To directly assess the tumorigenic capacity and TIC activity of clonally derived Sox10- 

cells, BG1sgRNA-2.1 and BG1sgRNA-2.2 clones were subjected to an orthotopic limiting dilution assay. 

Ten-fold dilutions of NTC control and Sox10- clones were orthotopically injected in the mammary 

fat pad of NCG mice.  

Across all injected cell dilutions (10⁶, 10⁵, and 10⁴ cells), BG1sgNTC control cells formed 

rapidly expanding tumors (Fig. 5.8 A). In contrast, while a subset of mice injected with Sox10- 

clones developed masses at early time points, these lesions failed to undergo any sustained growth 

over time and plateaued immediately after palpation (Fig. 5.8 A). Consistent with this observation, 

endpoint tumor weights were markedly reduced in all animals injected with Sox10- clones relative 

to controls, irrespective of initial cell numbers (Fig. 5.8 B, C). Extreme limiting dilution analysis 

revealed a profound reduction in TIC frequency in Sox10- clones, with estimated frequencies of  
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Figure 5.7. BG1 clones are devoid of Sox10 expression but exhibit upregulated AKT activity. 
(A) Quantification of Sox10-positive nuclei by immunofluorescence in BG1sgNTC and BG1sgRNA-

2.1 and sgRNA-2.2 clones. (B) Immunoblot analysis of Neu expression and downstream MAPK and 
PI3K signalling pathways (pERK1/2, ERK1/2, pAKT, AKT) in BG1sgNTC, BG1sgRNA-2 bulk 
knockout, and BG1sgRNA-2.1 and sgRNA-2.2 clones. (C) Densitometric quantitation of Western blots 
shown in (B). Three independent runs were used for quantification. (D) Immunoblot analysis of 
Sox9 expression in BG1sgNTC, and BG1sgRNA-2.1 and sgRNA-2.2 clones. (E) Sanger sequencing 
alignment comparing control sgNTC cells to two independent Sox10- clones (sgRNA-2.1 and 
sgRNA-2.2). Both edited clones contain frameshift-inducing indels at the sgRNA target sites 
leading to predicted premature truncation of Sox10. Data are presented as mean ± SEM. *, **, and 
**** denote p < 0.05, 0.01, and 0.0001, respectively. 
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Figure 5.8. Clonally selected Sox10- cell lines completely arrest tumor growth in limiting 
dilution assay. (A) Tumor growth curves of BG1sgNTC, BG1sgRNA-2.1 and BG1sgRNA-2.2 NDL clones 
injected orthotopically at 106, 105, or 104 cells into mammary fat pads of NCG mice. (B) Tumor 
weights of endpoint tumors from (A). (C) Representative images of tumors formed following 
injection of 106, 105, or 104 cells. (D) Tumor take rate and TIC frequencies of BG1sgNTC, BG1sgRNA-

2.1 and BG1sgRNA-2.2 clones. (E) IHC staining for Sox10 and HER2 in FFPE endpoint tumor sections 
formed following orthotopic transplantation. n ≥ 4 mice/group. Data shown as mean ± SEM. Scale 
bar represents 100µm. *, ***, and **** represent p < 0.05, 0.001 and 0.0001, respectively. 
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1/7,212 and 1/34,761 for BG1sgRNA-2.1 and BG1sgRNA-2.2 cells, respectively (Fig. 5.8 D). Other than 

rare small pockets of Sox10+ cells, immunohistochemical analysis of residual tissue confirmed the 

absence of Sox10 expression (Fig. 5.8 E). Importantly, HER2/Neu expression was maintained 

across all genotypes, indicating that impaired tumor growth was not due to loss of oncogene 

expression. Together, these data demonstrate that Sox10 inactivation profoundly compromises 

tumor-initiating capacity and abrogates sustained tumor growth in vivo, supporting a critical role 

for Sox10 in maintaining functional TIC activity in HER2/Neu-driven mammary tumors. 

5.7 Sox10- HER2/Neu-transformed cell lines fail to establish metastatic niches  

Next, we wanted to determine whether Sox10 is required for metastatic colonization. While 

lung colonization assays do not fully recapitulate the entire metastatic cascade, they can provide a 

measure of ability to survive in circulation, extravasate into host tissue, and establish metastatic 

niches; all functions of stem/progenitor like cells (317–319). Indeed, previous studies have 

demonstrated that propensity to form lung metastases following bloodstream injections of breast 

cancer cell lines is predominantly mediated by TIC/CSC rich populations (320–322). To test this, 

BG1 NTC control cells and Sox10- clones were injected intravenously into immunodeficient NCG 

mice. Lung tissues were harvested 28 days post-injection and assessed for metastatic burden. 

Supporting the limiting dilution assay results, mice injected with Sox10+ control cells developed 

extensive lung colonization, characterized by increased lung mass and numerous macroscopic 

lesions (Fig. 5.9 A, B). In contrast, mice injected with Sox10- clones exhibited lung weights 

comparable to uninjected controls and showed no evidence of detectable metastatic lesions (Fig. 

5.9 A, B), indicating a profound impairment in metastatic outgrowth .  
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Figure 5.9. HER2/Neu-transformed Sox10- clones fail to establish metastatic niches in the 
lungs in colonization assay. (A) Wet lung weight of NCG mice 28-days post intravenous injection 
of with106 BG1sgNTC, BG1sgRNA-2.1 and BG1sgRNA-2.2 NDL cells. (B) Representative images of lungs 
from (A). (C) IHC staining for Sox10 and Cas9 in FFPE lung sections following intravenous 
injections. n ≥ 4 mice/group. Data shown as mean ± SEM. Scale bar represent 100µm. **** 
represents p < 0.0001. 



 119 

Immunohistochemical analysis of adjacent lung sections revealed rare Cas9-positive 

niches in mice injected with Sox10- clones, confirming the presence of injected tumor cells within 

the lung tissue (Fig. 5.9 C). Notably, Cas9-positive populations lacked detectable Sox10 

expression, indicating that Sox10- tumor cells can intravasate into the lung environment. However, 

the absence of discernible metastatic lesions suggests that these cells fail to undergo efficient 

expansion or niche establishment. 

Together, these data demonstrate that while Sox10- tumor cells may reach secondary sites, 

Sox10 is required for the establishment and expansion of metastatic niches in the lungs, further 

supporting its essential role in TIC maintenance in HER2/Neu-driven mammary cancer. 

5.8 Sox10 depletion in HER2/Neu-transformed cells induces loss of luminal identity 

To gain further insights into Sox10-dependent genetic programs in our HER2/Neu-

transformed mammary tumor cell lines, RNA sequencing was performed on Sox10- BG1sgRNA-2.1 

and BG1sgRNA-2.2 clones and compared to the bulk BG1sgNTC cells. Unsupervised clustering based 

on Euclidean distances of rlog-transformed gene expression values revealed tight clustering of the 

two Sox10- clones, which segregated distinctly from NTC samples (Fig. 5.10 A). Differential 

expression analysis identified large and highly overlapping sets of downregulated and upregulated 

genes that were significantly altered in both Sox10- clones relative to NTC controls (adjusted p < 

0.05, |log₂FC| > 1) with over 1500 common genes in each set (Fig. 5.10 B).  

Unbiased transcriptomic analysis of Sox10-deficient HER2/Neu-transformed cells 

revealed a profound loss of luminal identity accompanied by acquisition of basal and stem-like 

transcriptional features. Across both Sox10- clones, multiple canonical luminal lineage and luminal 

progenitor markers were significantly downregulated (EpCAM, CK8, CK18, Foxa1, Ngfr, Etv1, 

and Elf5)  
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Figure 5.10. Sox10 deletion induces a defined transcriptional program in Neu-transformed 
mammary tumor cells. (A) Euclidean distance matrix of rlog-transformed RNA-seq data showing 
sample clustering based on 1 minus Pearson correlation, comparing Sox10- clones and NTC 
controls. (B) Venn diagrams illustrating overlap of significantly downregulated (blue) and 
upregulated (red) genes (adjusted p < 0.05, |log₂FC| > 1) identified in independent Sox10 knockout 
clones relative to NTC. 
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(Fig. 5. 11 A, B). However, some differences in expression (e.g. Esr1) were observed between the 

two clones, suggesting that they might represent different cell states. Nevertheless, both clones 

showed a marked luminal-to-basal shift based of their gene expression profile. Consistent with 

loss of luminal identity upon the loss of Sox10, markers associated with a MaSC phenotype (Lgr6, 

Id4, Snai2, Foxc1, and Wnt6) and classical basal identity (keratins 5 and 14, Acta2, and Trp63) 

were upregulated (Fig. 5.11 A, B). However, only a subset of genes associated with the MaSC 

phenotype was upregulated in Sox10- lines, indicating that Sox10- cells do not fully recapitulate a 

canonical mammary stem cell transcriptional program. Loss of luminal identity markers and 

acquisition of basal markers was validated via RT-qPCR (Fig. 5.11 C, D). 

Gene set enrichment analysis (GSEA) on the common DEGs using the MSigDB C2:CGP 

(Curated - Chemical and Genetic Perturbations) gene set collection identified multiple gene 

signatures associated with reduced luminal and increased mesenchymal/MaSC identity (Fig. 5.12 

A). Comparison to previous genetic profiling of murine and human breast cancers revealed that 

our Sox10- HER2/Neu-transformed cells displayed specific enrichment patterns consistent with 

genes associated with MaSCs and luminal breast cancers (323–325) Specifically, we observed a 

positive enrichment (NES = 1.84) for genes up-regulated in MaSCs (Fig. 5.12 B) but strong 

negative enrichment (NES = -2.16) for down-regulated genes (Fig. 5.12 C). Supporting this, Sox10 

knockout enriched (NES = 1.91) for genes down-regulated in luminal-like breast cancer cell lines 

(Fig. 5.12 D) and negatively enriched (NES = -1.95) for those up regulated (Fig. 5.12 E).  

Using the Reactome database and overrepresentation analysis on the list of common DEGs, 

we found that cytoskeletal remodelling, integrin interactions and ECM production were all likely 

affected by Sox10 ablation (Fig. 5.13 A). Notably, these pathways are commonly linked to 

processes that are central to invasive and progenitor-associated cellular states.  
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Figure 5.11. Sox10 ablation in HER2/Neu-transformed tumor cells promotes a luminal to 
basal/stem-like reprogramming. (A) Triplicate rlog-transformed gene expression values were 
used to generate a heatmap for a curated list of luminal and basal markers in BG1sgRNA-2.1 and sgRNA-

2.2 cells after analysis of all differentially expressed genes. (B) Volcano plot of differentially 
expressed genes common to both Sox10- clones. (C, D) RT-qPCR analysis of luminal lineage 
markers Krt8, Krt18, and Foxa1 (C) and basal/stem-associated markers Krt5, Krt14, Acta2, and 
Trp63 (D) in Sox10+ BG2sgNTC and Sox10- BG2sgRNA-2.1 and sgRNA-2.2 clones. Data shown as mean 
± SEM. *, **, ***, and **** represents p < 0.05, 0.01, 0.001, and 0.0001, respectively. 
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Figure 5.12. Clonal Sox10- tumor cells exhibit genetic shift towards mesenchymal/stem-like 
state. (A) Gene Set Enrichment Analysis (GSEA) of genes ranked by the average Wald statistic 
of both Sox10- clones. Gene sets were derived from the MSigDB C2: Curated Gene Sets – 
Chemical and Genetic Perturbations (CGP) collection for Mus musculus. The dot plot displays the 
top positively (activated in Sox10-) and negatively (supressed in Sox10-) enriched gene sets by 
NES with adjusted p < 0.05. Dot size reflects the number of contributing genes, and color indicates 
adjusted p-value. (B, C) Enrichment plots for the LIM_MAMMARY_STEM_CELL gene sets 
identified in (A). The UP gene set (B) (genes elevated in mammary stem cells) is positively 
enriched (NES = 1.84) in Sox10- clones while the down gene set (C) (genes downregulated in 
mammary stem cells) is negatively enriched (NES = -2.16). (D, E) Enrichment plots for the 
CHARAFE_BREAST_CANCER_LUMINAL_VS_ MESENCHYMAL gene sets identified in 
(A). The DN gene set (genes elevated in mesenchymal compared to luminal breast cancer) is 
positively enriched (NES = 1.91) in Sox10- clones (D) while the UP gene set (genes elevated in 
luminal compared to mesenchymal breast cancer) is negatively enriched (NES = -1.95) (E). 
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Figure 5.13. Sox10 loss alters cytoskeletal, ECM, and oncogenic signalling pathways 
associated with luminal identity. (A) Overrepresentation analysis of shared differentially 
expressed genes (adjusted p < 0.05, |log₂FC| > 1) using the Reactome database. The top 10 enriched 
pathways were selected based on adjusted p-value and are displayed ordered by gene ratio. Dot 
size represents the number of enriched genes per pathway, and dot color indicates adjusted p-value. 
(B) PROGENy pathway activity scores inferred from rlog-transformed gene expression of 
pathway target genes, calculated per replicate. Scores were z-score normalized across samples 
(row-wise), and hierarchical clustering was applied to both pathways and samples. 
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To further assess the directionality of these overrepresented programs, pathway activity 

was inferred using PROGENy. In line with our GSEA data, NFkB and hypoxia signalling 

pathways are significantly increased, both of which have been associated with mammary 

stem/progenitor-like cellular states (Fig. 5.13 B) (326,327). Conversely, MAPK, JAK-STAT, and 

TGFb signalling programs were reduced following Sox10 deletion, pathways previously 

implicated in the maintenance of progenitor identity, Neu-driven tumorigenic signalling, and 

ECM-associated invasive programs (328–331). The repression of these signalling programs 

supports the disruption of ECM-associated pathways identified by Reactome analysis, suggesting 

impaired ECM interaction. Thus, despite the apparent mesenchymal/stem-like transcriptional shift 

reported in the GSEA analysis, Sox10- cells exhibited functionally impaired invasion, stemness, 

and tumor-initiating capacity. Together, these data suggest that Sox10 is required for the 

maintenance of a functionally competent tumorigenic state and that its loss may induce a 

transcriptional reprogramming event that does not faithfully recapitulate a true mesenchymal 

/stem-like state.  

Although CRISPR/Cas9-mediated Sox10 inactivation in bulk BG1 populations resulted in 

incomplete loss of Sox10 expression, transcriptomic profiling of these bulk Sox10-deficient cells 

revealed highly concordant genetic responses to those observed in clonally derived Sox10- lines. 

Many of the differentially expressed genes and enriched pathways identified in the bulk Sox10 

knockout population overlapped with those observed in independently derived Sox10- clones, 

indicating that the transcriptional reprogramming associated with Sox10 loss is not solely 

attributable to clonal selection or long-term culture adaptation (Fig. 5.14 A, B). GSEA of bulk 

Sox10-deficient cells identified significant enrichment of gene signatures associated with reduced 

luminal identity and increased mesenchymal or progenitor-like programs (Fig. 5.14 C). In parallel,  



 126 

 
 
Figure 5.14. Bulk BG1 Sox10-deficient cells adapt genetic signatures similar to Sox10- clones. 
(A, B) Venn diagrams illustrating overlap of significantly downregulated (A) and upregulated (B) 
genes (adjusted p < 0.05, |log₂FC| > 1) identified in independent Sox10 knockout clones relative 
to knockout pool. (C) GSEA of genes ranked by the average Wald statistic for the Sox10-deficient 
pool. The dot plot displays the top positively (activated in Sox10-) and negatively (supressed in 
Sox10-) enriched gene sets by NES with adjusted p < 0.05. (D) Overrepresentation analysis of 
shared differentially expressed genes (adjusted p < 0.05, |log₂FC| > 1) using the Reactome database 
for the Sox10-deficient pool. The top 10 enriched pathways were selected based on adjusted p-
value and are displayed ordered by gene ratio. Dot size represents the number of enriched genes 
per pathway, and dot color indicates adjusted p-value. 
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overrepresentation analysis using the Reactome database similarly revealed enrichment of 

pathways involved in integrin-mediated cell-matrix interactions, extracellular matrix organization, 

and collagen biosynthesis and remodeling (Fig. 5.14 D). 

 Together, these analyses indicate that Sox10 loss induces coordinated alterations in 

lineage-specific transcriptional programs that collectively collapse LP-maintaining programs and 

lead to partial acquisition of a basal/mesenchymal-like identity.  

5.9 Sox10-associated transcriptional programs are conserved in human breast cancer 

To assess whether the transcriptional programs associated with Sox10 expression in murine 

Neu-driven tumor cells are conserved in human breast cancer, we analyzed a large single-cell 

RNA-sequencing dataset comprising approximately 278,000 cells derived from 91 primary human 

breast tumors spanning multiple molecular subtypes (332–335). Dimensionality reduction and 

cell-type annotation revealed heterogeneous epithelial, immune, and stromal populations, within 

which SOX10 expression was enriched in a discrete subset of epithelial cells (Fig. 5.15 A, B).  

To directly compare murine and human Sox10-associated transcriptional states, we 

performed gene set scoring using the top 50 genes downregulated upon Sox10 deletion in murine 

BG1 cells. This Sox10-dependent murine gene signature exhibited elevated activity in the SOX10hi 

epithelial population in human tumors, as well as in a subset of hybrid epithelial/mesenchymal 

cells (Fig. 5.15 C). A similar pattern was observed when applying the luminal/basal signature 

derived from Sox10- murine cells in Fig. 5.11 A, further supporting conservation of Sox10-

associated lineage programs across species (Fig. 5.15 D). Consistent with murine findings, basal-

associated markers such as TP63 were enriched in hybrid epithelial/mesenchymal populations, 

whereas luminal progenitor-associated genes such as KIT (c-Kit), which are downregulated  
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Figure 5.15. Human Sox10hi and murine Sox10+ breast cancer cells share significant genetic 
overlap. (A) UMAP plot of scRNA-Seq data processed from 91 human breast cancers showing 
the various cell types in the tumor samples. (B) UMAP of Sox10 transcripts showing a Sox10hi 
cluster in the epithelial population of all breast cancer subtypes. (C) Gene set scoring of the top 50 
common downregulated genes in the Sox10- clones. (D) Gene set scoring for the luminal/basal 
markers in Fig. 5.11. High scoring was observed in the Sox10hi cluster and in a hybrid 
mesenchymal/epithelial population. (E, F) Examples of a basal marker TP63 (E) and c-Kit (F), 
up- and down-regulated in Sox10-deficient cells, respectively. High TP63 counts were enriched in 
the mesenchymal/epithelial cluster whereas c-Kit was highly represented in the Sox10hi group.  
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following Sox10 loss in murine tumor cells, were preferentially expressed in SOX10hi epithelial 

cells (Fig. 5.15 E, F). Together, these analyses demonstrate that human SOX10hi breast cancer 

cells share a conserved transcriptional program with murine Sox10⁺ Neu-driven tumor cells, 

directly supporting the relevance of Sox10-regulated lineage states identified in this model to 

human disease.  

5.10 Prospective strategies for identification of Sox10⁺ tumor cell populations 

Given the central role of Sox10 in regulating tumor-initiating capacity and metastatic 

competency, we next sought to determine whether Sox10-expressing tumor cell populations could 

be prospectively identified using cell surface markers. Flow cytometric analysis of HER2/Neu-

transformed BG1 cells revealed highly polarized epithelial marker expression, including distinct 

EpCAM⁺/EpCAM⁻ and Ceacam1+/Ceacam1- populations (Fig. 5.16 A, B). When further 

interrogated with Sox10- cells, BG1sgRNA-2.1 clones exhibited a complete loss of the EpCAM⁺ 

fraction, while BG1sgRNA-2 bulk knockout cell lines showed significant, albeit incomplete, silencing 

of the Ceacam1+ population (Fig. 5.16 A, B). It is possible that the residual Ceacam1+ population 

present in the BG1sgRNA-2 bulk knockout cells is due to incomplete Sox10 ablation in this 

population. When the respective Ceacam1+/Ceacam1- populations identified in the control 

BG1sgNTC cells were FACS sorted and subsequently stained for Sox10, it was revealed that 

Ceacam1⁺ cells were almost exclusively Sox10+, while the Ceacam1⁻ population was largely 

devoid of Sox10 (Fig. 5.16 C). 

Together, these approaches establish both surface marker based and transcriptional 

strategies to identify and isolate Sox10-expressing tumor cell populations, providing a foundation 

for future functional interrogation and targeted perturbation of Sox10-dependent tumor states. 
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Figure 5.16. EpCAM and Ceacam1 identify Sox10+ populations in HER2/Neu-transformed 
cell lines. (A) Representative flow cytometry plots of Sox10+ BG1sgNTC and Sox10- BG1sgRNA-2.1 
clones stained for EpCAM. (B) Representative flow cytometry plots of BG1sgNTC and bulk 
BG1sgRNA-2 cell lines stained for Ceacam1. (C) Immunofluorescence staining of Sox10 and DAPI 
in Ceacam1+ and Ceacam1- populations sorted from BG1sgNTC cell lines in (B). 
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5.11 Summary 

Previously, we established Sox10 as a critical determinant of HER2/Neu-driven mammary 

tumorigenesis in vivo. Using conditional genetic models, we demonstrated that Sox10 is required 

for efficient tumor initiation, progression, and metastatic dissemination. However, interpretation 

of Sox10 function in established tumors was complicated by inter-tumoral heterogeneity and re-

establishment of Sox10 expression at endpoint. Such observations warranted an alternative 

approach to more directly interrogate Sox10 function in HER2/Neu-transformed mammary 

epithelial cells. 

Here, we employed HER2/Neu-driven mammary tumor derived cell lines to define the 

functional and genetic consequences of Sox10 loss in vitro and in vivo following CRISPR-Cas9 

mediated inactivation. Using both bulk and clonally selected Sox10-null lines, we demonstrate that 

Sox10 is essential for functional stemness in vitro, and tumor initiation and progression in various 

xenotransplantation assays in vivo. These functional impairments occurred despite conserved Neu 

expression, suggesting that Sox10 may regulate tumorigenic competency through pathways 

independent from canonical oncogenic signalling. 

Transcriptomic profiling of Sox10-deficient cells revealed that loss of Sox10 induces 

transcriptional reprogramming characterized by loss of luminal lineage and progenitor markers 

and gain of basal/stem-associated identity programs. Gene set enrichment and pathway analyses 

also demonstrated that cytoskeletal remodeling, integrin signalling, and extracellular matrix 

organization programs were dysregulated upon Sox10 inactivation, consistent with the observed 

defects in invasion and metastatic colonization. Notably, Sox10-deficient cells adopted a partial 

basal/stem-like transcriptional state that was functionally distinct from bona fide mammary stem 
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cells. Cross-species comparison with human breast cancer scRNA-seq data further demonstrated 

that murine Sox10-dependent gene signatures are selectively enriched in Sox10hi epithelial 

populations in human tumors, highlighting the translational relevance of Sox10-dependent lineage 

programs in murine HER2/Neu-induced mammary tumorigenesis to that of human disease. 

Finally, this chapter establishes foundational strategies for the prospective identification and 

experimental targeting of Sox10-expressing tumor cell populations.  
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6.1 Summary 

 The association of Sox10 with biological processes mediating mammary progenitor 

maintenance and basal-like/TNBCs has been well documented (267,276,278,279,289). Recently, 

we and others have shown that HER2-positive breast cancers exhibit substantial heterogeneity in 

their proportions of Sox10+ populations ranging from 2% to 79% of malignant tissues (130,291–

293,295). Despite these observations, the specific role of Sox10 in the maintenance of luminal 

epithelial populations and malignant transformation has not been fully elucidated.  

With this work, we aimed to address whether Sox10 is functionally required for 

HER2/Neu-, and RTK-dependent tumorigenesis, or whether it merely demarcates a transient state 

of cellular plasticity associated with tumor progression. To directly address this question, we 

investigated the consequences of luminal-specific Sox10 deletion in murine models of breast 

cancer, including the MMTV-NIC and rtTA/MIC systems. Collectively, the data presented in this 

thesis suggest that Sox10 is a critical determinant of mammary gland biology and, importantly, as 

a functional mediator of HER2/Neu-induced mammary tumorigenesis potentially through lineage 

stabilization of the LP-derived TIC compartment. 

6.2 Elucidating the role for Sox10 in mammary gland development 

6.2.1 Sox10 in ductal outgrowth 

We have demonstrated that luminal-specific Sox10 deletion results in a transient delay in 

pubertal ductal development, with adult glands ultimately exhibiting normal architecture and 

epithelial organization (Fig. 3.2). Despite an overall preserved ductal integrity in adult females, 

Sox10 loss led to a selective depletion of LP populations, suggesting that Sox10 may play a role 

in LP function, but not in the maintenance of the differentiated epithelium (Fig. 3.4, 3.6).  
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Beginning at approximately three weeks of age, ductal outgrowth from the mammary 

rudiment during puberty is a hormone-dependent morphogenic event characterized by active 

progenitor expansion driving terminal end bud proliferation and ductal elongation (159). We show 

that Sox10 regulates LPs, which are disproportionately responsible for supporting these processes 

(Fig. 3.6). In agreement with this, Sox10 deletion in the luminal compartment reduces the LP pool, 

resulting in delayed ductal invasion of the mammary fat pad. However, once puberty is complete 

and developmental pressures subside, the requirement for maximal progenitor function relaxes. 

This may permit slower, and potentially Sox10-independent, processes to complete ductal 

morphogenesis. Notably, hemizygous Sox10 MMTV-Cre females do not exhibit detectable delays 

in pubertal mammary gland development, suggesting that developmental programs are buffered 

against reduced Sox10 dosage (Fig. 3.2). These findings point to the possibility of a ‘goldilocks’ 

zone of Sox10+ LPs required for development. This is in contrast to the observed Sox10 dosage 

requirements in Neu-driven malignant transformation. Indeed, Sox10 hemizygous NIC females 

display significantly impaired tumor initiation, suggesting that Sox10-dependent programs are 

more dispensable during normal tissue morphogenesis than during malignant transformation (Fig. 

4.2). 

The delayed, but eventual development of mammary epithelium reported here contrasts 

with the previously reported complete developmental arrest observed in Sox10-deficient 

mammary glands (278). This disparity in reported absolute versus partial requirements for Sox10 

in development is likely attributable to the various MMTV-Cre strains and genetic backgrounds 

used in each respective study. In the present study, the luminal-restricted MMTV-Cre D strain was 

used in a pure FVB/n background. This strain has been shown to exhibit delayed and mosaic Cre 

expression, with complete penetrance only observed in older mice (116–118). In contrast, the 
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adjacent study employed the use of the MMTV-Cre A strain in a mixed background. While this 

strain exhibits higher penetrance and early temporal expression, it exhibits substantial epithelial 

promiscuity showing both luminal and basal expression (116,118,329). In this model, it is therefore 

likely that all Sox10+ BP and LP populations were subject to recombination, completely abrogating 

ductal outgrowth.  

Nevertheless, there remains the possibility that, as a whole, luminal-specific Sox10 may be 

required for ductal development. Thus, in a system with absolute luminal Sox10 ablation prior to 

pubertal development, ductal morphogenesis may not proceed past the development of the 

mammary rudiment. In the luminal-restricted model used here, the eventual development of the 

adult mammary gland may therefore have occurred through potential compensatory mechanisms.  

The most likely mechanism lending to eventual development is that our MMTV-Cre D 

mediated recombination is not instantaneous and has been shown to occur in a mosaic and 

progressive manner (117,313). By four weeks of age, most LPs may have efficiently recombined 

the Sox10 locus, resulting in delayed outgrowth. However, a small number of residual Sox10⁺ LPs 

may be sufficient to expand and complete ductal filling prior to complete Sox10 recombination. 

Thus, a model where Cre recombinase exhibits full penetrance in the luminal compartment prior 

to puberty may prevent this potential rescue phenotype.  

Second, the model implemented here was used by design to inactivate Sox10 only in 

luminal cells, leaving only basal/myoepithelial Sox10⁺ cells intact. While lineage plasticity is 

typically restricted during normal homeostasis, it is possible that the depletion of early lineage 

restricted luminal populations Sox10 inactivation may have eroded lineage-maintaining paracrine 

signalling events. This could ultimately result in a reprogramming of Sox10+ BPs to give rise to a 

luminal lineage (182,191). Such dysregulation in normal tissue homeostasis may have permitted 
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basal-to-luminal plasticity, whereby Sox10⁺ BPs contribute to luminal lineages in an inefficient 

manner, supporting the observed delay during puberty.  

Finally, it is possible that the role of Sox10 is not limited to intrinsic regulation of LPs but 

may also influence ductal morphogenesis by modulating responsiveness to stromal signalling cues. 

Indeed, Sox10 activation has been reported to be downstream of stromal signalling, specifically 

FGF, which coordinates epithelial restructuring programs during morphogenesis (263,267,268). 

While previous studies have demonstrated that Sox10⁺ luminal cells are exclusively PR-, and thus 

are unlikely to be direct hormone-sensing cells, others have shown that FGF signalling enhances 

fibroblast-induced branching of mammary epithelium by modulating paracrine signalling 

(267,336). Thus, if Sox10 is required for maintenance of the LP state, its loss could reduce this 

compartment’s ability to respond to stromal factors that drive epithelial restructuring programs 

during pubertal outgrowth. In our model, these stromal-dependent paracrine signals may select for 

residual Sox10⁺ cells, allowing delayed completion of morphogenesis. As an aside, the reciprocal 

relationship between Sox10 and PR expression may underscore the observed mosaicism of luminal 

Sox10 expression in the adult mammary gland. It is possible that mature Sox10+ cells may 

represent the HR- alveolar/secretory lineage, where Sox10- mature luminal likely demarcate the 

HR+ lineage.  

Importantly, these compensation mechanisms are likely not mutually exclusive and could 

have an additive effect permitting eventual development. Given the role of Sox10 in neural stem 

cell function, the delay in ductal outgrowth seen here is likely to be a result of reduced LP fitness 

following Sox10 loss. 
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6.2.2 Sox10 in maintaining established epithelial populations 

Morphologically, no overt defects were observed following luminal-specific Sox10 

ablation in adult virgin mammary glands (Fig. 3.2, 3.4, 3.5). Consistent with this, Sox10 loss does 

not alter mature luminal epithelial proportions nor disrupt the basal/luminal organization (Fig. 3.4 

C, 3.6 B). However, the cellular composition within the luminal compartment is skewed, as 

evidenced by a marked reduction in LP populations (Fig. 3.6 C). These findings suggest that Sox10 

is dispensable for the maintenance of the epithelial architecture but is required to sustain progenitor 

identity within the luminal lineage. 

The present study examined the dynamics of mammary gland pubertal development 

exclusively in adult virgin females. Consequently, it remains unclear how luminal Sox10 loss 

affects subsequent mammary remodeling processes that require extensive morphogenic events 

such as pregnancy, lactation, and involution. Similarly, although adult virgin glands appear 

morphologically normal, we cannot exclude more subtle defects associated with estrous cycling 

dependent remodeling. These considerations raise the possibility that Sox10 may contribute to 

epithelial plasticity during latent physiological events not addressed in the current study. To this 

end, transcriptomic analyses using Reactome and PROGENy pathways revealed downregulation 

of cytoskeletal and extracellular matrix-associated programs following Sox10 deletion in Neu-

transformed epithelial cell lines, pathways known to be critical for mammary epithelial 

restructuring (Fig. 5.13). While these analyses were completed in Neu-transformed epithelium 

rather than normal tissue, they point to developmentally important programs that Sox10 may 

contribute to. Future studies will be required to determine whether luminal-specific Sox10 is 

required for such morphogenic cycles through successive pregnancies. 
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The data presented in Ch. 4 and 5 support a prerequisite for Sox10 expression in luminal 

epithelial cells to establish a transformation competent state. Given that mammary tumor initiation 

in HER2/Neu-driven models has been demonstrated to arise from LPs, the reduced tumor-initiating 

cells observed in Sox10-deficient mammary glands may represent the most overt consequence of 

the Sox10-dependent LP depletion (215–218). Thus, Sox10+ LPs required for normal mammary 

development likely represent, or at least give rise to, the cellular compartment required for 

transformation later in life. Progressive Cre-mediated deletion of Sox10 throughout the lifespan of 

MMTV-NIC: Sox10fl/fl mice likely erodes this competent population prior to the onset of 

oncogenic transformation, thereby wholly preventing HER2/Neu-driven tumor initiation in Sox10-

deficient mice. 

Finally, the data presented here build on previous observations from our lab and help 

further contextualize our findings. Using the MMTV-NIC model, it was found that conditional 

deletion of the Ste-20-like Kinase (SLK) resulted in faster tumor formation. It was subsequently 

found that SLK deletion results in an increase in Sox10+ cells in vivo, accelerating tumor initiation 

(130). Supporting this, expression of Sox10 was sufficient to increase tumorigenicity in NIC 

derived cell lines (130). Interestingly, no overt defects were observed in adult virgin mammary 

gland development and similar proportions of total Sox10+ epithelial cells were observed between 

wild-type and SLK- mice (130). This led to the conclusion that, in a non-oncogenic background, 

SLK deletion does not cause the expansion of progenitor populations, suggesting that oncogenic 

transformation in combination with SLK deletion alters the luminal stem cell pool. However, the 

data presented here support a more nuanced interpretation of these findings. While we similarly 

show no overt developmental defects in adult mammary glands, it is apparent that depletion of LP 

populations can result in more subtle developmental defects that are not obvious when 
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interrogating fully developed glands (Fig. 3.2, 3.4, 3.6). Importantly, Sox10 expression within the 

mammary epithelium is heterogeneous, and bulk Sox10 immunostaining does not resolve 

functionally distinct progenitor subsets (Fig. 3.4 A, B). Thus, our current findings offer an 

additional layer of interpretation of the increased tumorigenicity observed in SLK-deficient NIC 

females, wherein enhanced Sox10 activity within the developing mammary epithelium may 

expand transformation-competent LP populations that were not resolved by prior bulk analyses.  

6.3 Sox10 in mammary tumorigenesis  

6.3.1 Sox10 is required for RTK-driven tumor initiation 

Previous studies have reported conserved expression of Sox10 in murine and human 

mammary progenitors (267,278,279,289). Supporting a role for Sox10 in mammary 

stem/progenitor cell function, its conditional deletion in the basal and luminal compartments 

impairs mammary gland development (278). Variable proportions of Sox10+ cells have been 

reported for both TNBC and HER2-positive breast cancers, suggesting that it is expressed in 

subpopulations of cancer cells (130,291–293,295). Using a conditional Sox10 allele, we tested the 

effect of Sox10 luminal deletion on overall tumorigenesis in a HER2/Neu-positive mouse model. 

Our data show that Sox10-deficient luminal cells abrogate Neu-induced tumor initiation in a dose-

dependent manner (Fig. 4.2 A). Consistent with previous data showing that hemizygous expression 

of Sox10 delays tumor progression in a basal-like model, the investigations here show a similar 

dose-dependent phenotype for Sox10 in a HER2/Neu-positive mouse model (279). Notably, once 

tumors arise in Sox10 hemizygous mice, they progress at rates similar to those observed in wild-

type mice (Fig. 4.2 B, C). Indeed, orthotopic injections of bulk Sox10-deficient cell lines 

demonstrated slow, but eventual growth of tumors (Fig. 5.4 C, D). Subsequent analyses revealed 
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similar levels of Sox10+ nuclei in the “deficient” tumor lines compared to wild-type controls, 

suggesting that residual Sox10+ cells were able to obviate selective pressures and eventually 

sustain tumorigenic growth (Fig. 5.4 E). Together, these observations across distinct models 

suggest that Sox10 dosage plays a rate-limiting role in mammary tumorigenesis. 

To determine whether related SoxE family members could compensate for Sox10 loss, we 

examined Sox9 expression in Sox10-deficient contexts. In a large T antigen mouse model, Sox9 

upregulation can drive luminal-to-basal plasticity and its deletion prevents the progression of 

hyperplasia to breast carcinomas (200). Interestingly, Sox9 protein levels were upregulated in 

Sox10-deficient HER2/Neu-transformed tumor cells, potentially contributing to the upregulation 

of basal genes (Fig. 5.7 D). However, we found that Sox9 expression was readily detectable in 

luminal cells following Sox10 deletion in vivo and that endogenous Sox9 was unable to rescue 

tumor growth in orthotopic transplants of Sox10-deficient cells, suggesting that Sox9 cannot 

compensate for Sox10 in driving tumor initiation (Fig. 4.15).  

6.3.2 Sox10’s function in tumor initiation versus progression 

Based on our data showing that Sox10 hemizygous mice eventually form tumors that 

progress at the same rate of wild-types, it may seem that Sox10 is selectively required for tumor 

initiation, but not in tumor progression. However, this interpretation is confounded by the fact that 

the tumors in NIC Sox10 hemizygous mice eventually acquire Sox10 expression levels similar to 

wild-type endpoint tumors (Fig. 4.4). Due to this upregulation of Sox10 in these tumors, it is not 

clear whether the effect of Sox10 on tumorigenesis is restricted to initiation, or if progression is 

also affected. Surprisingly, dox-treated rtTA/MIC Sox10fl/fl mice appear to develop transformed 

lumens prior to complete Sox10 excision (Fig. 4.15, 4.16). However, with sustained oncogene 

activation through chronic doxycycline treatment, these Sox10-deficient lesions do not progress 
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in size as observed in wild-type mice, supporting a Sox10-dependent role in tumor progression 

(Fig. 4.15 B). This is further supported in the LDA assay findings. While a drastic reduction in 

tumor-initiating potential was observed in Sox10- cells, the cell injections that formed small <0.5 

cm3 masses did so at rates comparable to controls (Fig. 5.8 A). Upon reaching this ‘onset’ stage, 

however, the Sox10- clones completely arrested tumor progression while the control cells were 

able to rapidly expand until endpoint (Fig. 5.8 C, D). Importantly, these small masses were devoid 

of Sox10 but retained Neu expression, while control tumors were composed of strikingly high 

proportions of Sox10+ cells (Fig. 5.8 E). Thus, if Sox10 were only required for tumor initiation, 

then Sox10-deficient tumors that successfully seeded would be expected to progress past this onset 

stage.  

Although we did not report any overt defects in growth and survival programs in tumor 

sections and lysates at endpoint, it is important to acknowledge that these represent a snapshot of 

tumor cell biology at the time of collection (Fig. 4.5). Such limitations may not capture more 

dynamic alterations to these signalling pathways. Indeed, Reactome and pathway analysis of the 

BG1 cell lines indicated overrepresentation of genes in ECM-associated programs with profound 

downregulation of MAPK, JAK-STAT, EGFR, and TGFb pathways upon Sox10 deletion (Fig. 

5.13). Notably, while we did observe a significant loss of 3D-invasion, downregulation of 

cytoskeletal/ECM-associated programs, and reduced functional stemness, there were no obvious 

changes to these cells proliferative capacity in 2D culture conditions (Fig. 5.3, 5.4).  

This presents a model where upstream oncogenic HER2/Neu and PyMT-mediated RTK 

signalling may be biochemically intact following Sox10 loss, but complex morphogenic programs 

downstream of these signalling cascades are dysregulated. Such mechanisms would support the 

apparent Sox10-independent survival and engraftment, but eventual plateau observed in the LDA 
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and tail-vein injection assays (Fig. 5.8, 5.9). Perhaps Sox10-deficient cells maintain the ability to 

survive injection and acutely respond to intact HER2/Neu expression, allowing them to give rise 

to rapidly developing lesions at either primary orthotopic sites or distant tissues during ‘metastatic’ 

spread. However, these local masses may ultimately fail to interact with the ECM and maintain 

progenitor-driven and stromal-dependent invasive growth. The HER2-HER3 heterodimer pair 

produces highly potent downstream activation of PI3K and MAPK and are one of the most 

abundant signalling pairs HER2+ breast cancers (337). As previously mentioned, Sox10 has been 

shown to drive expression of HER3 during NC developmental programs (274,275). Indeed, we 

found that Sox10 ablation resulted in significant depletion of HER3 transcripts. Thus, it is possible 

that loss of Sox10 erodes HER3-dependent migratory and invasive signalling programs necessary 

for ECM-interaction ultimately uncoupling malignant growth from late stage tumorigenicity, 

wherein established lesions still require Sox10 for disease progression. 

Regardless of the precise mechanisms, the observed dose-dependent phenotype highlights 

attractive translational implications. Seeing that partial suppression of Sox10 is sufficient to 

significantly increase survival in mice, the prospective for targeting Sox10-dependent signalling 

programs present a promising mechanism for therapeutic intervention in the treatment of such 

breast cancers.  

6.3.3 Luminal-to-basal shift and reduced stemness paradox 

Transcriptomic analyses of Sox10-deficient HER2/Neu-transformed tumor cells revealed 

reprogramming events leading to loss of luminal identity and the acquisition of 

basal/mesenchymal-specific markers (Fig. 5.11, 5.12, 5.14). However, it appears that these 

reprogramming events did not fully recapitulate canonical basal/mesenchymal-like programs 

commonly associated with increased aggressiveness and worse prognosis. Indeed, acquisition of 
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such transcriptional programs did not equate to functional stemness, as indicated by reduced 

functional tumorigenicity in Sox10-deficient cells (Fig. 5.8, 5.9). Supporting this, flow sorting 

analyses revealed a significant reduction in the number of LPs (MMTV-Cre:Sox10fl/fl) and 

mammary cells with tumor-initiating activity (MMTV-NIC:Sox10fl/fl) upon Sox10 deletion (Fig. 

3.6, 4.9). Our data also shows that Sox10 loss disrupts expression of canonical and non-canonical 

Wnt signalling pathways, as well as downregulation of several luminal-defining and stemness 

factors such as Foxa1, Notch3, Etv1, Elf5, and Msx1 (Fig. 5.11 A, B). Interestingly, Sox10 

inactivation also upregulates Sfrp1, a Wnt suppressor upregulated upon deletion of Ezh2 (338). 

Conversely, loss of Sox10 downregulates Etv1, shown to be required for the maintenance of the 

TIC phenotype (339).  

This dissociation between acquired basal signatures and tumorigenic potential presents a 

paradox wherein basal-like reprogramming events do not necessarily confer stem-like behaviors. 

Previous studies examining the role of p38ɑ, an established LP mediator, observed a similar 

disparity when luminal-specific p38ɑ inactivation was associated with reduced tumorigenicity, 

erosion of luminal identity markers and induction of basal-like programs (223). The possibility 

that inactivation of such LP regulators could downregulate luminal-defining programs that supress 

basal lineages should therefore be considered. Indeed, previous studies have demonstrated that 

luminal populations actively repress basal programs through epigenetic modifications (340). Other 

luminal identity factors, including FOXA1, have been shown to sustain luminal integrity by 

directly binding and repressing genes associated with basal-like programs (341). The extent of 

such lineage repression is further evidenced in previous reports of intercellular-dependent 

preservation of basal identity by paracrine luminal cell signalling (191,194). Thus, loss of luminal 

identity following Sox10 deletion may upend these lineage-defining epigenetic programs, 
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derepressing basal gene signatures without conferring the commonly associated increased 

functional stemness. This would ultimately result in a poorly defined luminal-basal hybrid state. 

Finally, previous studies in MMTV-Neu and MMTV-PyMT mice supported the notion that 

mammary tumors originate from LP cells (342,343). Similarly, lineage tracing studies showed that 

basal-like breast tumors etiologically arise from LPs rather than from BPs, suggesting luminal-to-

basal reprogramming (185,219,220). To this end, the seeding of distant metastases in PyMT-based 

models has been associated with tumor cells of luminal origin (216). Thus, the erosion of luminal 

identity in Sox10-deficient rtTA/MIC may be a rate-limiting step that precedes luminal-dependent 

tumor cell dissemination, resulting in the observed impaired lung colonization (Fig. 4.14). This 

hypothesis would be supported by the phenotype observed in HER2/Neu-transformed cell lines 

exhibiting reduced lung colonization and failure to expand metastatic niches (Fig. 5.9). While these 

models are representative of distinct stages of metastatic dissemination (full metastatic cascade vs 

survival in circulation and intravasation), together they suggest that Sox10 is required both for 

tumor-initiating competence as well as driving downstream luminal-dependent programs that 

support metastatic colonization and niche establishment. Importantly, the overall reduction of 

tumorigenic phenotypes across the respective models does not appear to be a product of MMTV 

promoter inactivation upon the loss of luminal identity as evidenced by retained Cre expression in 

rtTA/MIC in vivo and sustained HER2/Neu expression of Sox10-deficient MMTV-NDL cell lines 

in vitro and in vivo (Fig. 4.13, Fig. 4.14, 5.5 A, 5.8 E). 

6.4 Discrepancy of Sox10+ populations in human and mouse HER2/Neu-transformed 

tumors 

 A notable incongruency reported between human HER2-positive samples and Neu-based 

murine models is that the Sox10+ proportions seem to differ quite dramatically. As previously 
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reported by us and others, there is a considerable range in Sox10-positivity found in human HER2-

positive samples (130,291–293,295). Conversely, to date we have not observed NIC, NeuNDL, or 

even RTK-dependent rtTA/MIC tumor sections that show considerably low levels of Sox10+ cells. 

While the minimum amount of Sox10+ cells required for a tumor to be considered “Sox10+” has 

not been defined, it is uncommon to see hyperplastic or endpoint tumor sections that lack 

considerable Sox10+ cell contribution in murine tumors. This raises the question of whether the 

observed variability in Sox10 staining across species represents a species-specific role for Sox10 

in mice that is not as profound in humans.  

A few possible hypotheses for such disparity should be entertained. First, tumor samples 

derived from murine models of HER2-positive cancer are exclusively treatment naïve and are 

therefore not subject to therapeutic or immune pressures. As a result, the seemingly more 

tumorigenic Sox10+ populations are therefore not disproportionally targeted, consequently lending 

to elevated Sox10+ endpoint tumor cell proportions. This posits that highly heterogenous human 

HER2-positive samples may be a product of therapy-induced Sox10 selection pressures rather than 

a lack of requirement for Sox10 in tumorigenesis. While this mechanism may hold true, limited 

Sox10 association studies have specifically interrogated treatment naïve human samples, the few 

of which report significant variability in Sox10+ proportions in TNBC (15% vs 67%) (344,345). 

Another possible mechanism may be a disproportionate requirement for Sox10 in the 

respective stages of disease progression. Such phenomenon would be exacerbated by the vastly 

different kinetics observed between murine and human cancers. For instance, Sox10 appears to be 

absolutely required for the seeding of malignant niches as well as invasion and dissemination in 

murine models, but may be less important in their subsequent progression once established. This 

would suggest that Sox10 expression levels at endpoint may not be as pertinent as in early 
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malignant programs. Accordingly, while murine tumors are often analyzed near endpoint, they are 

still relatively early in evolutionary time compared to human disease. The high murine levels of 

Sox10 at endpoint may therefore be the result of compounding effects from the early Sox10 

requirement and rapid disease progression. Conversely, by the time human tumors are sampled, 

Sox10⁺ cells may have already successfully seeded disease, facilitated progression and then 

differentiated or been outcompeted by rapidly proliferating populations resulting in Sox10 

expression that may be silenced, or spatially restricted to select subpopulations. Thus, human 

breast cancer samples may represent a snapshot of advanced cellular heterogeneity that murine 

models cannot recapitulate.  

Finally, transgenic models do not represent a neutral sampling of mammary epithelium as 

they are driven by potent oncogenes often not physiologically equivalent to those observed in the 

human malignancies they aim to model. For instance, murine models of HER2-positive 

tumorigenesis employ the use of constitutively active oncogenes that preferentially drive rapid 

expansion of transformation-competent progenitor populations. Thus, if Sox10 programs 

disproportionally contributes to LP populations, and if oncogene expression is biased to such 

populations due to tissue-specific promoters, then these Sox10+ populations will certainly be most 

permissive to malignant transformation ultimately resulting in an amplified founder effect. In 

human disease, however, it is more likely that malignant transformation will occur over a longer 

time scale through loss of tumor suppressors or other mutational events across luminal states with 

higher degrees of heterogeneity. The consequences of such incongruencies can be observed when 

comparing tumor latency in murine models to natural human disease progression. Onset of 

spontaneous tumors in murine models, specifically in those employing HER/Neu and PyMT 

oncogenes, do not often exceed 6 months of age, with some arising prior to completion of puberty 
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(125,126,141,146). On a developmental scale, even the most latent models would be equivalent to 

early mid-life age in humans; approximately early to mid 20’s (346). While TNBCs are more 

frequently diagnosed in women under 40 years of age compared to other subtypes, the average age 

for diagnosis is 54 years of age (347,348). Interestingly, while TNBC is typically more aggressive 

and poorly differentiated in younger patients, there is limited evidence of age association in 

Sox10+-TNBC studies (287,348,349). Thus, while these models effectively capture qualitative 

stages and subtype biology, their compressed timescale cannot fully represent the natural temporal 

progression of human breast cancer. 

Rather than varying species-specific requirements for Sox10 in disease progression, it is 

plausible that the observed discrepancy between Sox10 contribution in murine and human breast 

cancers may be a consequence of fundamental limitations of murine models that do not earnestly 

recapitulate the physiological nuances of human breast cancer. 

6.5 Selective pressures sustaining Sox10 expression in vitro 

 As previously discussed, elevated Sox10 expression is a prominent feature in all 

transformed tissues that arise from the murine models employed here. Sox10 expression appears 

so fundamental for in vivo tumor growth that even in derived tumors cell lines that silence Sox10 

expression in vitro, Sox10 expression is either reactivated, or imperceptibly small Sox10+ 

populations propagate the ensuing Sox10+ tumors following orthotopic transplantation (Fig. 5.5). 

In contrast, loss of Sox10 expression with continued passage in vitro appear to be a frequent 

occurrence during the establishment of Neu-transformed cell lines. Sox10 expression has been 

reported to be absent in the PY230 cell line as well as several human HER2-positive and TNBC 

lines (279). Consistent with this, while 100% of NDL/NIC primary tumors show Sox10 expression 

at endpoint, only 10-20% of derived tumor lines retain Sox10 beyond early passaging (Fig. 5.5 A). 
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In our hands, early passage BG1 and BG2 lines display ~ 60-90% Sox10+ cells, but only BG1 cells 

retain their Sox10+ subpopulation with long-term passage (Fig. 5.5 A). This then raises the 

question of physiological or epigenetic requirements that are needed for Sox10 expression in vitro 

and how this may affect downstream studies employing these cell lines.  

A possible explanation is that 2D culture conditions impose selective pressures acting 

against Sox10+ progenitor populations, while more physiologically relevant orthotopic growth 

actively selects for this population. Given the role of Sox10 in stem-like LPs, Sox10+ populations 

would likely be more quiescent. As slow cycling cells prioritize plasticity over rapid growth, 

Sox10+ cells could be selected against in the pro-proliferative environment that serially passaged 

2D culture fosters. Apart from proliferative selection pressures, Sox10 expression likely also 

depends on ECM engagement and stromal-derived paracrine signalling. Specifically, the absence 

of fibroblast-secreted FGF in 2D culture, which has been demonstrated to be a determinant for 

Sox10 expression, may lead to the collapse of programs required for maintaining Sox10 levels 

(263,267). This absence of paracrine cues may lead to progressive collapse of progenitor-

associated transcriptional programs and corresponding chromatin accessibility at Sox10-

dependent regulatory elements. Such epigenetic plasticity would be in agreement with the 

reacquisition of Sox10 expression following orthotopic transplantation (Fig. 5.5 B-D). 

The stable retention of Sox10 expression in BG1 cells further suggests that, in rare cases, 

Sox10-dependent programs may become intrinsically stabilized possibly through epigenetic 

maintenance of Sox10 regulatory elements. Such intrinsic features likely reflect the differentiation 

state of the respective tumor from which this line was derived. If Sox10 retention in BG1/2 reflects 

epigenetic stabilization of progenitor-associated programs, this would confer a cellular state that 

would be more permissive for stem-like behavior in vivo. Supporting this, isolated cell lines that 
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have retained Sox10 expression, namely BG1/2, exhibit strikingly more rapid in vivo tumor growth 

when compared to other Neu-transformed cell lines that lose Sox10 in vitro (our unpublished data). 

This may be in part due to lack of requirement for epigenetic reprogramming, or selection to regain 

Sox10-dependent tumor-initiating competence following transplantation. Thus, it is likely that the 

tumors of origin where Sox10+ lines can be derived represent less differentiated cellular state that 

presumably retained their respective LP-like characteristics following in vitro propagation. 

Finally, these observations establish a framework that provides more contextualized insight 

to the luminal-basal/mesenchymal transcriptional reprogramming reported upon Sox10 loss. 

Rather than reflecting erosion of pan-luminal identity, perhaps Sox10 loss preferentially disrupts 

LP-associated programs within the luminal lineage such that ‘luminal marker’ downregulation 

largely reflects collapse of an LP-biased luminal state. Although GSEA signatures indicate 

numerous gene sets with increased stemness following Sox10 loss, these findings might be framed 

as derepression of stem cell programs, rather than activation (Fig. 5.12). Given that LP identity is 

an actively constrained state and not merely a halfway point between MaSCs and mature luminal 

cells, active repression of basal/MaSC programs are essential for LP identity preservation (340). 

Thus, acquisition of such GSEA signatures following Sox10 loss may indirectly reflect the 

destabilization of LP-mediated repressive programs. Furthermore, enrichment of stem-related 

gene sets in the GSEA analysis may largely be driven by the observed loss of luminal 

differentiation markers combined with increased expression of basal/mesenchymal-associated 

genes. As stem-like populations are not expected to retain features of a defined luminal state, 

coordinated loss of luminal markers in Sox10⁻ cells would bias enrichment toward stemness-

associated signatures. Indeed, if Sox10 loss resulted in bona fide acquisition of stem cell identity, 

one would expect enrichment of core functional stemness pathways such as canonical WNT/β-
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catenin, Notch, Hedgehog, or quiescence-associated programs. Instead, Sox10-deficient cells 

primarily exhibit enrichment of comparative basal gene signatures. Combined with the observed 

reduced functional tumor-initiating capacity, this framework argues against acquisition of true 

stemness programs but rather supports a model of maladaptive reprogramming from lineage 

destabilization. Importantly, parallel analyses of human breast cancer scRNA-seq datasets reveal 

that SOX10 expression similarly marks discrete epithelial subpopulations that share conserved 

Sox10-dependent transcriptional features with murine tumors, including enrichment of LP-

associated genes and exclusion of basal-associated programs (Fig. 5.15). Together, these cross-

species observations indicate that Sox10 maintains a conserved, stemness-permissive lineage 

competence state that is selectively reinforced in vivo, while its loss compromises tumor initiation 

and progression by destabilizing epithelial identity. 

6.6 Conclusions and future perspectives 

Previous studies have associated Sox10 expression with aggressive behavior in basal-like 

and TNBCs, as well as with stem/progenitor populations. In line with our initial hypothesis, our 

findings corroborate these observations by demonstrating that Sox10 functions as a regulator of 

lineage maintenance by mediating a progenitor state capable of tumor initiation and expansion. In 

the absence of Sox10, cells appear to undergo transcriptional lineage drift without retaining 

functional stemness. The transcriptional mechanisms by which Sox10 supports progenitor 

competence, including potential epigenetic regulation or interaction with other lineage-plasticity 

factors, remain unclear. Addressing these limitations will be important for fully elucidating how 

Sox10 integrates developmental and oncogenic programs in mammary epithelial biology.  

Whether acting to enforce lineage identity or sustaining self-renewal programs, Sox10 

appears to be a regulator of tumor competency and progression across distinct breast cancer 
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subtypes. In luminal tumors, Sox10 may be required to sustain a progenitor-like state permissive 

to transformation. In basal-like contexts, it may support lineage reprogramming from luminal 

origins. This dual role suggests that therapeutic targeting of Sox10 or its downstream effectors 

could impact not only tumor initiation, but also the maintenance of TICs and the evolutionary 

trajectory of tumors as they acquire more aggressive phenotypes. Currently, our lab is investigating 

potential candidates in Sox10-dependent HER2/Neu-induced tumorigenic programs through the 

use of various screens and reporters. These platforms may identify therapeutic strategies to disrupt 

Sox10-dependent transcriptional programs and therefore limit disease progression by impairing 

the maintenance of tumor-initiating cell populations that underlie aggressiveness and treatment 

resistance. 
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