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ABSTRACT 

Breast cancer is the predominant cancer type among Canadian women, with a striking 

incidence rate of one in eight women during their lifetime. Transcription factors play pivotal 

roles in breast cancer initiation and progression. Signal transducer and activator of transcription 3 

(Stat3) is a transcription factor that mediates the expression of a variety of genes in response to 

cytokines and growth factors. The activation of Stat3 plays key roles in cell growth, survival and 

apoptosis, cell migration and invasion, and inflammation. Using the conditional Stat3 knockout 

mouse model, our lab previously demonstrated that Stat3 deficiency can impede the metastasis of 

ErbB2-positive breast cancer. However, the mechanism remains unclear. By doing 

transcriptomic analysis of Stat3-null and wildtype ErbB2 positive breast cancer cells dissociated 

from mouse tumors, Lgals3 turned out to be a target of Stat3 that could have mediated the 

metastatic phenotype. Upon shRNA knockdown of Lgals3, ErbB2 positive breast cancer cells 

demonstrated dramatically reduced migration and invasion. They also formed elevated levels of 

focal adhesions that may lead to reduced migration and metastasis. Furthermore, the 

pharmacological inhibition of Gal-3 leads to decreased cell migration and invasion. This reveals 

the therapeutic potential of Lgals3 inhibition in ErbB2-Positive breast cancer metastasis 

prevention.   

Estrogen receptor (ER) positive breast cancer accounts for about 70% of total breast 

cancer and metastatic ER-Positive breast cancer accounts for the majority of breast cancer 

mortality. Although ER-Positive breast cancer is the most common subtype of breast cancer, 

there is a lack of mouse models that faithfully recapitulate ER-driven breast cancer. Published 

research from our lab has shown that knock-in mutation of ESR1Y541S results in constitutive 

activation of ER, abnormal mammary gland development, male mouse feminization, and 
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decreased survival, but no tumor growth is associated with this mouse model. Forkhead box 

protein A1 (FOXA1) is a transcription factor that facilitates ER-chromatin association, and 

promotes tumorigenesis through a variety of mechanisms. By overexpressing FOXA1 in the 

doxycycline-inducible mouse model named FIC/MTB and crossing it to ESR1 mouse model 

(FIC/MTB/ESR1), we may be able to create a novel ER-Positive breast cancer mouse model. We 

demonstrated that FIC/MTB mouse mammary gland-derived organoids developed a filled sphere 

structure upon doxycycline induction, mimicking human mammary gland hyperplasia. 

Moreover, the FIC/MTB/ESR1 mice developed significant hyperplasia after 20-week induction. 

Although in vivo tumor kinetics study is ongoing, our current findings suggest that the novel 

mouse model FIC/MTB/ESR1 has the potential to develop mammary tumors.  
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RÉSUMÉ 

Le cancer du sein est le type de cancer prédominant chez les femmes canadiennes, avec 

un taux d'incidence d'une femme sur huit au cours de leur vie. Les facteurs de transcription 

jouent des rôles pivots dans l'initiation et la progression du cancer du sein. Le transducteur de 

signal et activateur de transcription 3 (Stat3) est un facteur de transcription qui médie 

l'expression d'une variété de gènes en réponse aux cytokines et aux facteurs de croissance. 

L'activation de Stat3 joue des rôles clés dans la croissance cellulaire, la survie et l'apoptose, la 

migration et l'invasion cellulaires, ainsi que l'inflammation. En utilisant le modèle de souris avec 

une inactivation conditionnelle de Stat3, notre laboratoire a précédemment démontré que la 

déficience en Stat3 peut entraver la métastase du cancer du sein positif à ErbB2. Cependant, le 

mécanisme reste flou. En effectuant une analyse transcriptomique de cellules cancéreuses du sein 

positives pour ErbB2 et nulles pour Stat3 dissociées de tumeurs de souris, Lgals3 s'est avéré être 

une cible de Stat3 qui pourrait avoir médié le phénotype métastatique. Suite à la réduction par 

ARNsh de Lgals3, les cellules cancéreuses du sein positives à ErbB2 ont démontré une migration 

et une invasion réduites. Elles ont également formé des niveaux élevés d'adhésions focales qui 

peuvent mener à une réduction de la migration et des métastases. L'inhibition pharmacologique 

de Gal-3 conduit à une diminution de la migration et de l'invasion cellulaires. Ceci révèle le 

potentiel thérapeutique de l'inhibition de Lgals3 dans la prévention des métastases du cancer du 

sein positif à ErbB2. 

Le cancer du sein positif aux récepteurs d'œstrogènes (ER) représente environ 70 % du 

total des cancers du sein et les métastases de cancer du sein positif à ER comptent pour la 

majorité de la mortalité liée à ce cancer. Bien que le cancer du sein positif à ER soit le sous-type 

le plus courant de cancer du sein, il y a un manque de modèles de souris qui récapitulent 
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fidèlement le cancer du sein induit par les ER. Les recherches publiées par notre laboratoire ont 

montré que la mutation ESR1Y541S entraîne une activation constitutive des ER, un 

développement anormal de la glande mammaire, une féminisation de la souris mâle, et une 

diminution de la survie, mais aucune croissance tumorale n'est associée à ce modèle de souris. La 

protéine de la boîte à fourche A1 (FOXA1) est un facteur de transcription qui facilite 

l'association ER-chromatine, et favorise la tumorigenèse par une variété de mécanismes. En 

surexprimant FOXA1 dans le modèle de souris inductible par la doxycycline, nommé FIC/MTB, 

et en le croisant avec le modèle de souris ESR1 (FIC/MTB/ESR1), nous pourrions créer un 

nouveau modèle de souris de cancer du sein positif à ER. Nous avons démontré que les 

organoïdes dérivés de la glande mammaire de souris FIC/MTB développent une structure de 

sphère pleine suite à l'induction par la doxycycline, imitant l'hyperplasie de la glande mammaire 

humaine. De plus, les souris FIC/MTB/ESR1 ont développé une hyperplasie significative après 

20 semaines d'induction. Bien que l'étude de la cinétique tumorale in vivo soit en cours, nos 

résultats actuels suggèrent que le nouveau modèle de souris FIC/MTB/ESR1 a le potentiel de 

développer des tumeurs. 
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Chapter 1: Literature Review 

1.1. Mammary Gland and Breast Cancer 

1.1.1. Breast Cancer Epidemiology 

As of 2023, cancer is the leading cause of death in Canada. In females, breast cancer 

constitutes the second most common cause of mortality, following lung cancer (Society, 2023a). 

It is estimated that in Canada, approximately 1 in 8 women will be diagnosed with breast cancer 

during their lifetime, and 1 in 36 will die from it (Society, 2023a).  

Breast cancer has a high gender specificity (Konduri et al., 2020). Despite the high 

prevalence of breast cancer in females, it is relatively rare in men, which comprises only less 

than 1% of all breast cancer (Konduri et al., 2020). Moreover, the prognosis of male and female 

breast cancer differs (Gnerlich et al., 2011).  

Breast cancer survival rate has been drastically improved due to the progression in early 

stage screening and treatment (Nardin et al., 2020). In Canada, the 5-year net survival for breast 

cancer patients is 89%, however, it highly varies depending on the stage of diagnosis (Society, 

2023b). Although Stage 1 breast cancer has a net 5-year survival rate of 100% in women, it is 

only 23% for that of Stage 4 breast cancer patients (Society, 2023b). The poor prognosis of Stage 

4 breast cancer due to metastasis and resistance to treatments further highlights the importance of 

breast cancer research and new therapeutic development.  

 

1.1.2. Mammary Gland Anatomy and Basic Structure 

Understanding the fundamental anatomy and structure of mammary gland is essential for 

breast cancer research. Mammary gland is specific to mammals, and has a compound, branched 

tubuloalveolar structure, which evolved from the epidermal apocrine glands (Biswas et al., 
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2022). The primary function of mammary glands is the secretion of milk, which provides 

essential nutrition for offspring during the postnatal period (Biswas et al., 2022). The mammary 

glands are fundamentally composed of alveoli, which cluster together to form lobules surrounded 

by adipose and connective tissues (Biswas et al., 2022). Each lobule is connected to the nipple 

via a lactiferous duct through which it drains (Biswas et al., 2022).  

Several types of cells collectively form the mammary glands (Biswas et al., 2022). The 

ductal network of the gland, including the lactiferous duct, is composed of epithelial cells, which 

maximize the surface area within the limited volume available (Biswas et al., 2022).  Besides, 

mammary glands are supported by an array of stromal cells or connective tissues with 

extracellular matrix (ECM) proteins (Biswas et al., 2022). The stromal connective tissues 

comprise adipocytes, fibroblasts, vascular endothelial cells, a variety of innate immune cells, and 

nerves (Biswas et al., 2022).  

Epithelium can be further classified into two types, luminal and basal. Luminal 

epithelium forms the inner layer of the lactiferous duct whereas the basal epithelium, which 

comprises myoepithelial cells and forms the outer layer of the lactiferous duct (Biswas et al., 

2022). During pregnancy, the luminal cells or luminal progenitors can develop alveolar epithelial 

cells, which act as the major source of milk production (Gieniec & Davis, 2022; Li et al., 2022). 

After milk is produced, basal cells, which are contractile, are responsible for the ejecting of milk 

(Gieniec & Davis, 2022; Li et al., 2022). Moreover, basal cells may play a role in tumor 

suppression, by inhibiting the progression of Ductal Carcinoma In Situ to invasive ductal 

carcinoma (Li et al., 2022).  
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1.1.3. Breast Cancer Development 

 The hypothesis posits that the development of breast cancer follows a stepwise 

progression. This progression starts with normal mammary glands developing atypical ductal 

hyperplasia (ADH) or atypical lobular hyperplasia (ALH), which describes the presence of 

abnormal proliferative lesions (Myers & Walls, 2024). Although these lesions are not 

qualitatively or quantitatively abnormal enough to be defined as ductal carcinoma in situ (DCIS) 

or lobular carcinoma in situ (LCIS), ADH or ALH is considered a high-risk factor of DCIS or 

LCIS (Myers & Walls, 2024). As the names suggest, DCIS or LCIS represent the stages of non-

invasive lesions characterized by the transformation of cells into a cancerous state that remains 

localized at the original site (Buerger et al., 2000). However, DCIS or LCIS, especially high-

grade lesions, is the risk factor of invasive ductal carcinoma (IDC) or invasive lobular carcinoma 

(ILC) (Buerger et al., 2000). Therefore, DCIS and LCIS are sometimes referred to as Stage 0 

breast cancer (van Seijen et al., 2019). Once the myoepithelium is breached and cancerous cells 

escape from the ducts, the DCIS becomes IDC (Tower et al., 2019). This transformation may be 

attributed to genetic alterations and immune microenvironment alterations (Gil Del Alcazar et 

al., 2017; Trinh et al., 2021). IDC and ILC are followed by metastasis (Rivenbark et al., 2013). 

Metastasis is defined as the mobile of cancer cells from their original site to the other organs or 

tissues of the body, mainly through the blood or lymph system (Seyfried & Huysentruyt, 2013). 

In breast cancer, the major metastatic sites are bones, livers, lungs, and brain (Wang et al., 2019). 

Metastasis of breast cancer is associated with relatively poor prognosis, with an only 23% 5-year 

survival rate in the Stage 4 patients (Society, 2023b).  
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1.1.4. Histological and Molecular Subtypes of Breast Cancer 

Breast cancer can be further categorized into subtypes by histological features and 

molecular features. The histological type describes the growth pattern of the tumors (Weigelt et 

al., 2010). Based on the histological features, breast cancer can be classified into in situ 

carcinoma and invasive carcinoma depending on whether the cancerous cells remain in the 

original place of occurrence (Malhotra et al., 2010). Depending on whether the carcinoma affects 

ducts or lobules of the breast, in situ breast cancer can be further classified into DCIS or LCIS 

(Malhotra et al., 2010). The major invasive carcinoma subtypes include invasive lobular, 

infiltrating ductal, ductal/lobular, mucinous, medullary, tubular and papillary carcinomas 

(Malhotra et al., 2010).   

Another way to classify breast cancer is based on the molecular subtypes of breast 

cancer, which is very commonly employed in breast cancer biochemical research. Based on the 

molecular features, breast cancer can be mainly categorized into luminal A, luminal B, HER2-

Positive, and triple-negative breast cancer (Orrantia-Borunda et al., 2022). Luminal A breast 

cancer is characterized by the presence of ER and/or PR without the expression of HER2, with a 

prevalence of 28% to 31% of the total breast cancer (Dwivedi et al., 2019; Malhotra et al., 2010; 

Orrantia-Borunda et al., 2022). Luminal A breast cancers are generally low grade, and proliferate 

slowly, with a Ki-67 less than 20%, thus having a relatively good prognosis (Orrantia-Borunda et 

al., 2022). Luminal B breast cancer is also ER and/or PR positive, however, it differs from 

luminal A breast cancer by the presence of HER2 (Orrantia-Borunda et al., 2022). Luminal B 

breast tumors are usually higher grade than luminal A breast tumors, thus having a prognosis 

worse than luminal A breast cancer (Orrantia-Borunda et al., 2022). This luminal B subtype 

breast cancer accounts for 10-20% of luminal tumor types (Orrantia-Borunda et al., 2022). 
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Another common subtype of breast cancer is HER2-Positive breast cancer, which is 

characterized by an overexpressed HER2 (Orrantia-Borunda et al., 2022). They are generally 

more aggressive and have a high proliferation, so they have a worse prognosis than luminal B 

breast cancer (Orrantia-Borunda et al., 2022). Triple-negative breast cancer (TNBC), which 

means ER, PR, HER2 negative, constitutes approximately 20% of all breast cancer and has the 

worst prognosis (Orrantia-Borunda et al., 2022). It can be further categorized into additional 

subtypes including basal-like, claudin-low, mesenchymal, luminal androgen receptor, and 

immunomodulatory subtypes (Orrantia-Borunda et al., 2022). Due to the lack of expression of 

ER, PR and HER2, the treatment regime is generally more restricted to chemotherapy (Wahba & 

El-Hadaad, 2015). The 5-year survival of the different breast cancer subtypes differs, with the 

best survival of 94.4% for luminal A subtype, 90.7% for the luminal B subtype, 84.4% for 

HER2-Positive subtype, and 77.1% for the TNBC subtype (Orrantia-Borunda et al., 2022).  

 

1.1.5. Genetically Engineered Mouse Models (GEMM) of Breast Cancer 

 The GEMMs play a critical role in breast cancer research, from the perspectives of 

understanding the underlying mechanism and exploring potential therapeutics (Sakamoto et al., 

2015). They employ the modification of genes to study the molecular events in tumor initiation 

and progression in vivo (Sakamoto et al., 2015). The first transgenic breast cancer mouse model 

that spontaneously develop breast tumor by the expression of c-myc was generated in 1984 by 

Stewart et al (Stewart et al., 1984). To ensure the mammary-specific transgene expression, the 

mouse mammary tumor virus (MMTV)-long terminal repeat (LTR) promoter has been widely 

employed in the transgenic mouse model of breast cancer (Stewart et al., 1988). Moreover, for 

the spatial and temporal control of transgene expression, inducible mouse models that can be 
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controlled with tetracycline and its derivative doxycycline administration have been developed 

(Hennighausen et al., 1995). Later, in an effort to further improve the inducible system, Chodosh 

group developed the MTB (MMTV-rtTA) mice that express reverse tetracycline transactivator 

(rtTA) under the control of MMTV promoter (Gunther et al., 2002). The MTB strain, usually 

crossed with a mouse strain bearing Tet-On system, brings about a promising inducible system 

which enables the rapid induction of transgene and permits the titration of transgene expression 

to a desired level (Gunther et al., 2002). With the administration of doxycycline, rtTA is 

activated and undergoes a conformational change, which drives its binding to the TRE region of 

the TetO operator (Das et al., 2016; Gunther et al., 2002). This binding enables the expression of 

the downstream genes of TetO operator (Das et al., 2016).  

 A common way to study a specific gene and its regulatory role in disease is to remove 

this gene from the disease mouse model and monitor the pathogenesis. To accomplish a spatial 

and temporal removal of the gene, a Cre-loxP system has been widely used (Kim et al., 2018). 

Cre recombinase was discovered as a 38-kDa DNA recombinase produced from cre gene which 

works as a cyclization recombinase in bacteriophage P1 (Sauer, 1998; Sternberg & Hamilton, 

1981). Cre recombinase can recognize a specific DNA sequence called loxP site and mediates 

the excision of the DNA sequence flanked by these loxP sites (Sauer, 1998). The activity of Cre 

recombinase can be regulated throuogh a range of different promoters or operators, resulting in 

various activation patterns (Kim et al., 2018). For example, coupling Cre with MMTV promoter 

facilitates the site-specific activation in the mammary epithelium (Yuan et al., 2011). Meanwhile, 

linking Cre with Tet-O operator only allows for the Cre activation upon doxycycline induction 

(Kim et al., 2018).  
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1.2. HER2-Positive Breast Cancer 

1.2.1. Mechanism of HER2-Positive Breast Cancer 

Human epidermal growth factor receptor-2 (HER2), also known as ERBB2 or neu, 

belongs to the epidermal growth factor receptor (EGFR) family (Dean & Kane, 2012). HER2 

normally plays a key role in various cellular processes including cell proliferation and anti-

apoptosis, therefore, its abnormality drives the oncogenic process (Gutierrez & Schiff, 2011). 

HER2 is an oncogene that is amplified or overexpressed in 15-30% of breast cancers and 10-

30% of gastric/gastroesophageal cancers (Iqbal & Iqbal, 2014).  

 The HER family (also called EGFR family) consists of four transmembrane receptor 

tyrosine kinases, HER1, HER2, HER3, and HER4, which exist as monomers on the cell surface 

(Nuciforo et al., 2015). Although HER2 does not have a known ligand that directly activates its 

activity, it can spontaneously form active dimers or become active through heterodimerization 

with other HER family members (Iqbal & Iqbal, 2014; Peckys et al., 2019). This dimerization 

activates a variety of signaling pathways through the autophosphorylation of tyrosine residues 

within the cytoplasmic domain of the receptors (Iqbal & Iqbal, 2014). These signaling pathways 

include the mitogen-activated protein kinase (MAPK), phosphatidylinositol-4,5,-bisphosphate 3-

kinase (PI3K), and protein kinase C (PKC) (Iqbal & Iqbal, 2014). The activation of these 

pathways triggers the recruitment of various nuclear factors that drive the transcription of a range 

of genes (Iqbal & Iqbal, 2014). These particular genes play important roles in modulating 

cellular processes including cell cycle progression, proliferation, survival and apoptosis (Iqbal & 

Iqbal, 2014). Under normal circumstances, these processes are the key components of cellular 

functions and behaviors (Iqbal & Iqbal, 2014). 
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 However, the overexpression of HER2 leads to the constitutive activation of the growth 

factor signaling pathways, thereby driving breast cells to grow and divide in an uncontrolled 

way,  eventually becoming breast cancer (Gajria & Chandarlapaty, 2011). In 1988, Muller et al. 

demonstrated that the overexpression of c-neu gene in mouse mammary epithelial cells is 

sufficient to induce malignant transformation in a single step to drive the tumorigenesis (Muller 

et al., 1988).  

 

1.2.2. Metastasis of HER2-Positive Breast Cancer 

Metastasis is the process of cancer cell dissemination from the original site to other 

organs or tissues of the body (Hanahan & Weinberg, 2000). It is the major cause of morbidity of 

breast cancer and accounts for about 90% of cancer deaths (Hanahan & Weinberg, 2000). 

Beyond the necessary conditions of cancer initiation and progression, additional characteristics 

are required for metastasis, which have been referred to as the hallmarks of metastasis, including 

motility & invasion, modulation of microenvironment, plasticity, and colonization (Welch & 

Hurst, 2019). Motility & invasion play a fundamental role in metastatic cascades, as metastasis 

occurs in a stepwise manner that highly relies on the migration and invasion of tumor cells 

(Stuelten et al., 2018). This process encompasses several steps: breaching of the basement 

membrane and escaping from primary tumors, migrating to blood and lymphatic vessels, 

intravasation and extravasation, and eventually moving into distant organs (Stuelten et al., 2018). 

Another key component of metastasis is the tumor microenvironment (TME), which is 

modulated by a range of immune cells, cancer-associated fibroblasts, and structural elements that 

constitute the extracellular matrix (ECM) (Neophytou et al., 2021). The cellular and structural 

component interactions of TME can direct the aggressiveness, dissemination of malignant cells 
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and promote immune evasion (Neophytou et al., 2021). Moreover, at the metastatic site, the 

TME plays a role in awakening cancer cells from dormancy, thus promoting the growth of 

metastatic tumors (Neophytou et al., 2021). In addition, cell plasticity, which refers to the 

adaptation of cancer cells to different cell states, plays an important role in modulating tumor 

growth and proliferation, metastasis and drug tolerance (Pérez-González et al., 2023). 

Colonization is the last step of metastasis, during which several obstacles need to be overcome, 

including infiltrating distant tissue, evading immune defences, adapting to supportive niches, 

surviving as latent tumor-initiating seeds, and eventually breaking out to replace the host tissue 

(Massague & Obenauf, 2016).  

Research has shown that HER2 overexpression can promote the metastatic phenotype 

and HER2-Positive breast cancer is prone to recurrence and metastasis (Yang et al., 2022). 

Studies have shown that approximately 94% of samples have consistent HER2 status between 

primary tumor and metastatic sites (Gancberg et al., 2002). HER2 can promote cell migration by 

activation of Zinc finger E-box binding homeobox 1 (ZEB1), a transcription factor that enhances 

tumor invasion and metastasis, and downregulation of E-Cadherin (Zeng et al., 2019). Also, 

HER2-overexpressing breast cancer cells can secrete extracellular matrix protein 1 (ECM1), 

which promotes the formation of a vascular niche that accelerates cancer cell migration and 

invasion (Steinhaeuser et al., 2020). In addition, HER2 encodes protein p185erbB2 which plays a 

role in cell movement, thus providing the ability of tumor cells to spread and metastasize (De 

Potter & Quatacker, 1993).  
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1.2.3. Therapeutics of HER2-Positive Breast Cancer 

Although HER2-Positive breast cancer generally has a worse prognosis when compared 

to luminal A and luminal B breast cancer, the overexpression of HER2 makes it possible for the 

targeted therapy (Orrantia-Borunda et al., 2022).  

Targeting HER2 protein, monoclonal antibodies have been developed and have achieved 

success in the treatment of HER2-Positive breast cancer (Baselga et al., 1998). Trastuzumab 

(Herceptin) was the first humanized monoclonal antibody successfully against HER2 (Baselga et 

al., 1998). It functions by binding to the extracellular domain of HER2, thereby inhibiting the 

intracellular HER2 signaling pathways and mediating the antibody-dependent cell-mediated 

cytotoxicity (ADCC) (Baselga et al., 1998; Swain et al., 2023).  

Another class of HER2-Positive breast cancer is tyrosine kinase inhibitors (TKIs), which 

are small molecules targeting the intracellular catalytic kinase domain of HER2, thus blocking 

phosphorylation and signaling pathways (Paul & Mukhopadhyay, 2004). Lapatinib is a 

reversible inhibitor of HER1 and HER2, which can still be used in patients with trastuzumab 

resistance (Konecny et al., 2006). This is because trastuzumab resistance is mediated by 

upregulation of insulin-like growth factor receptor (IGF1R), but Lapatinib can block the 

crosstalk between IGF1R and HER2 (Nahta et al., 2007). 

In addition to monoclonal antibodies and TKIs, antibody-drug conjugates (ADCs) have 

gained remarkable success (Swain et al., 2023). ADCs combine the HER2 antibodies that can 

recognize the specific sites of action, and the cytotoxic drugs that mediate cell death at the target, 

into a single pharmacological entity (Peters & Brown, 2015). The major purpose of ADCs is to 

increase the antitumor efficacy at the targeting site and decrease the effects on healthy tissues 
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(Marei et al., 2022). Indeed, ADCs have a higher efficacy than the sum of antibodies and drug 

respectively (Peters & Brown, 2015). 

Other therapies of HER2-Positive breast cancer include immunotherapy, chemotherapy, 

radiotherapy, and surgeries (Ayoub et al., 2019). The integration of these therapies has markedly 

improved the 5-year survival of HER2-Positive breast cancer (Swain et al., 2023).  

 

1.2.4. Mouse Models of HER2-Positive Breast Cancer 

Although the importance and relevance of HER2 in breast cancer were discovered in 

1980s, there was a lack of evidence that overexpression of HER2 is sufficient to drive 

tumorigenesis (Muller et al., 1988). Therefore, a mouse model that conditionally overexpressed 

HER2 in mammary gland was required.  

In 1988, the Leder lab generated the first HER2-Positive mouse model by overexpressing 

activated rat homologue of HER2 (NEU-NT) linked to MMTV promoter (Muller et al., 1988). 

With a latency of 3 months, these mice spontaneously develop breast tumor that involves the 

entire mammary epithelium (Muller et al., 1988). Further proved by three independent transgenic 

lines, these showed that the overexpression of NEU was sufficient to transform mammary 

epithelial cells (Guy et al., 1996). Moreover, the wildtype proto-oncogene NEU overexpressed 

mouse model MMTV-NEU showed a longer tumor onset of 7 months, which demonstrated that 

the wildtype NEU can also promote tumorigenesis (Guy et al., 1992). In another study, the 

receptors were modified with in-frame deletions within the extracellular domain and these mice 

(MMTV-Neu-NDL) were able to grow multifocal tumors that frequently metastasize to the lung 

(Siegel et al., 1999).  
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The integration of HER2 mouse models with additional transgenic mouse models has 

been widely used in studying various genes in biological processes of HER2-Positive breast 

cancer. For this purpose, the Muller lab has generated a transgenic mouse model expressing both 

activated ErbB2 (NDL2-5) and Cre recombinase, under the control of promoter MMTV 

(MMTV-NIC) (Ursini-Siegel et al., 2008). MMTV-NIC mouse model has an average tumor 

onset of 146 days and only develops tumors in mammary glands (Ursini-Siegel et al., 2008). By 

crossing the NIC mouse model to another transgenic mouse that bears the LoxP site flanked by 

the target genes, these specific genes are removed, thus making it possible to study the role of 

specific genes in HER2-Positive mouse model (Ursini-Siegel et al., 2008).  

To further study the HER2-Positive breast cancer initiation and progression, the Muller 

lab has developed another HER2-Positive breast cancer mouse model that faithfully recapitulate 

the human HER2 breast cancer, the TetO-ErbB2-Ires-Cre (EIC) mouse model (Attalla et al., 

2023). Compared to NIC mouse model, EIC mouse model employs human HER2 as the 

oncogene, features an inducible system by crossing with MTB, and recapitulates human DCIS 

stage of breast cancer (Attalla et al., 2023).  

 

1.3. ER-Positive Breast Cancer 

1.3.1. Mechanism of ER Signaling in Mammary Gland 

Estrogen receptor (ER) is activated by estrogen, and plays important roles in maintaining 

normal female reproductive functions and other metabolic functions (Miziak et al., 2023). 

Estrogen receptors can be mainly classified into two categories, nuclear estrogen receptors and 

membrane estrogen receptors (Miziak et al., 2023). Nuclear receptor ERs can be further 
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categorized into ER alpha and ER beta, which render different biological effects (Miziak et al., 

2023). 

ER alpha and ER beta are encoded by ESR1 and ESR2 gene, and located on the sixth and 

fourteenth chromosome respectively (Fuentes & Silveyra, 2019). The functions of ER alpha and 

ER beta vary greatly by acting on distinct tissues and cells (Paterni et al., 2014). ER alpha mainly 

functions in female reproductive systems by expressing in breasts, ovaries, and uterus, whereas 

the expressions of ER beta are mainly found in nervous system, cardiovascular systems, ovaries, 

and the male reproductive systems (Paterni et al., 2014). Therefore, the biological functions of 

ER in mammary glands are predominantly mediated by ER alpha (Paterni et al., 2014).  

The signaling of ER can be categorized into genomic signaling and non-genomic 

signaling (Miziak et al., 2023). In genomic signaling, the signaling of ER is activated by 

cytoplasmic estrogen binding to the ER monomer in the cytoplasm (Mohibi et al., 2011; Zhang 

et al., 2014). In classical ER signaling, activated ER forms dimers and translocates into the 

nucleus, where the complex binds to a specific DNA sequence called the estrogen response 

elements (EREs), which transactivates specific gene expressions (Kuntz & Shapiro, 1997). 

Transcription factor Forkhead box A1 (FOXA1) plays a pioneering role in facilitating ER-

chromatin association, thus producing transcriptional regulation of ER-regulated genes (Seachrist 

et al., 2021). Additionally, cyclin D1 binds directly to the hormone-binding domain of the 

estrogen receptor, increasing the binding of the receptor to ERE sequences, and upregulating ER-

mediated transcription (Zwijsen et al., 1997). Moreover, FOXA1 is required for the estrogen-

induced cyclin D1 (CCND1) expression, and they synergistically promote the transcription of 

genes driven by ER (Albayrak et al., 2018). In the “non-classical” genomic ER signaling 

pathways, upon the estrogen binding to the ER, they can form a complex and translocate to the 
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nucleus, where they indirectly bind to the transcription factors (TF) via the TF response elements 

(Miziak et al., 2023).  

In non-genomic signaling, the ER alpha is localized on the cell membrane (Miziak et al., 

2023). The process of estrogen binding to the ER-alpha can lead to downstream signaling 

pathway activation, including PI3K and Ras-MAPK pathways (Mohibi et al., 2011). The 

activation of the two pathways results in target protein phosphorylation, thereby driving the 

transcription of a range of genes related to cell growth and proliferation (Mohibi et al., 2011). 

This process of PI3K and Ras-MAPK pathway activation by estrogen binding to membrane ER 

is in synergy with TGF-alpha binding to EGFR and Prolactin (PRL) binding to the prolactin 

receptor (PRLR) (Mohibi et al., 2011). In addition, PRL binding to PRLR also triggers a tyrosine 

kinase-mediated signaling cascade, which activates Stat1, Stat3, and Stat5, and results in their 

translocation to the nucleus (Mohibi et al., 2011; Mortlock et al., 2021). In the nucleus, 

phosphorylated Stat proteins interact with ER alpha and together drive the transcriptional activity 

of ER target genes (Hou et al., 2018; Siersbæk et al., 2020).  

1.3.2. Therapeutics of ER-Positive Breast Cancer 

About 70% of breast cancers are ER-Positive breast cancers (Lumachi et al., 2013). Due 

to the feature of ER-Positive breast cancer, treatments are given mainly to prevent the activation 

of ER signaling, which are called hormone or endocrine therapy (Lumachi et al., 2015). The 

drugs in the endocrine therapy can be categorized into two types, including drugs that block ER 

and drugs that lower estrogen levels (Lumachi et al., 2015). Drugs blocking ER can be further 

subcategorized into selective estrogen receptor modulators (SERMs) and selective estrogen 

receptor degraders (SERDs) (Lumachi et al., 2015).  



 33 

SERMs function by competitively binding to ER, thus blocking the natural estrogen from 

binding with cancer cells in the breast (Lumachi et al., 2015). They have a mixed 

agonist/antagonist activity in the interaction with ER varying from tissues to tissues (Lumachi et 

al., 2015). The SERMs that treat breast cancer act as an antagonist in breast tissues, but they act 

as partial agonists on the endometrium (Cano & Hermenegildo, 2000). Therefore, one of the 

adverse effects of SERMs is the possibility of developing endometrial cancer (Cano & 

Hermenegildo, 2000). Tamoxifen is the most widely used SERM, and studies have suggested 

that ten-year treatment with Tamoxifen significantly reduces breast cancer recurrence and 

improves survival (Davies et al., 2013).  

In contrast, SERDs are pure antagonist of ER, promoting the degradation of SERD-ER 

complex via proteasome and blocking the ER signaling (Hernando et al., 2021). Fulvestrant, the 

first SERD, exhibits higher affinity to ER than Tamoxifen, and disrupts ER signaling through 

dual mechanism (Hernando et al., 2021). The first mechanism prevents the dimerization of ER, 

blocking ER from translocating to the nucleus (Hernando et al., 2021). The second makes an 

unstable Fulvestrant-ER complex that can be easily degraded by the ubiquitin-proteasome 

system (Hernando et al., 2021).  

Another class of drugs in endocrine therapy functions by decreasing estrogen levels. 

These drugs can be further categorized into aromatase inhibitors (AIs) and ovarian function 

suppression (OFS) drugs (Lumachi et al., 2015). AIs inhibit the enzyme aromatase, which is 

mainly expressed in ovary (premenopausal women), testis, placenta, brain, bone and adipose 

tissue (postmenopausal women), and plays a key role in turning other hormones into estrogen 

(Lumachi et al., 2015). AIs are only used in postmenopausal women, as they are ineffective in 

premenopausal women, which is because the ovaries of premenopausal women can compensate 
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for this by increasing gonadotropin secretion and estrogen production ("Aromatase inhibitors 

versus tamoxifen in premenopausal women with oestrogen receptor-positive early-stage breast 

cancer treated with ovarian suppression: a patient-level meta-analysis of 7030 women from four 

randomised trials," 2022; Lumachi et al., 2015). Based on distinct chemical structures and 

mechanisms of action, there are two types of AIs, permanent steroidal inhibitors of aromatase 

and reversible nonsteroidal inhibitors (Lumachi et al., 2015). Studies have shown that in 

postmenopausal women, AIs are even more effective than Tamoxifen by further decreasing the 

recurrence rates by 30% ("Aromatase inhibitors versus tamoxifen in premenopausal women with 

oestrogen receptor-positive early-stage breast cancer treated with ovarian suppression: a patient-

level meta-analysis of 7030 women from four randomised trials," 2022).  

For decades, OFS has been achieved by performing surgical oophorectomy, which is the 

surgery that removes one or both ovaries (Lawson & Rentea, 2024; Lumachi et al., 2015). 

Nowadays, OFS can also be obtained with gonadotropin-releasing hormone agonists (GnRHa), 

and this reversible drug therapy has largely replaced surgery (Lumachi et al., 2015). In early 

stage ER-Positive breast cancer, the combination of OFS and AIs has been shown to 

significantly reduce the recurrence compared to other regimen (Lumachi et al., 2015).  

Although endocrine therapy has achieved great success in treating ER-Positive breast 

cancer, about 20% of patients have innate resistance to endocrine therapy, and others can 

develop resistance to endocrine therapy over time (Zhou et al., 2023). Therefore, another class of 

drug, CDK4/6 inhibitors have been given to patients resistant to endocrine therapy, or given 

together with endocrine therapy to patients with advanced-stage ER-Positive breast cancer (Zhou 

et al., 2023). CDK4 and CDK6 together with D-type cyclins phosphorylate retinoblastoma 

protein (Rb), which releases E2F to promote transcription of genes and initiate progression from 
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the G1 to S phase (Sheikh & Satti, 2021). CDK4/6 inhibitors function by inhibiting the 

retinoblastoma protein (Rb) phosphorylation, leading to G1 cell cycle arrest (Zhou et al., 2023). 

The synergistic effects of CDK4/6 inhibitor and endocrine therapy have been extensively 

studied, which revealed that the combination of a novel CDK4/6 inhibitor dalpiciclib and 

fulvestrant significantly prolonged the progression-free survival in ER-Positive, HER2 negative 

patients (Sheikh & Satti, 2021).  

Despite the considerable effectiveness of endocrine therapy and CDK4/6 inhibitors, 

patients with ER-Positive breast cancer patients who develop resistance to both therapies often 

face limited treatment options upon recurrence or metastasis (Zhou et al., 2023). The options 

include chemotherapy, combination therapies that target the PI3K/AKT/mTOR pathway and 

CDK2 inhibitors (Zhou et al., 2023). However, these therapies generally have a lower efficacy or 

exhibit significant adverse effects (Zhou et al., 2023). Therefore, there remains an urgent need 

for the exploration of novel therapies that against ER-Positive breast cancer.  

 

1.3.3. Mouse Models of ER-Positive Breast Cancer 

Considering the imperative to delve into the pathogenesis of ER-Positive breast cancer 

and explore novel therapeutics, it is of great importance to develop mouse models that 

recapitulate ER-Positive breast cancer initiation and progression.  

Several ER-Positive breast cancer mouse models have been established, which can be 

classified into five types based on the underlying mechanism driving tumor growth (Dabydeen & 

Furth, 2014b).  

The first category is the mouse models developing ER-Positive mammary tumor from 

direct over-expression or constitutive activation of ER alpha (Dabydeen & Furth, 2014b). One of 
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these mouse models is the conditional estrogen receptor alpha in mammary tissue (CERM), Tet-

op-Esr1MMTV-rtTA, which is regulated with MMTV-LTR promoter and tetracycline-inducible 

system, and overexpress ER alpha expression by two times higher than normal (Frech et al., 

2005; Miermont et al., 2012). However, only 3-5% of mice develop mammary cancers between 

10 to 12 months, and 50% of the mammary tumors are ER-Positive (Frech et al., 2005; 

Miermont et al., 2012). By introducing an oncogene Simian virus 40 to the ER alpha transgene, 

the MMTV-tTA/tetop-TAg/tetop-ER-alpha triple transgenic mouse model was established (Tilli 

et al., 2003). The addition of the oncogene SV40 brings the percentage of mice developing 

mammary tumors to 37% between 10-12 months, and all of the tumors are ER-Positive (Tilli et 

al., 2003). However, more than 50% of mice develop salivary adenocarcinoma and other cancers, 

making it impossible to study the survival of ER-Positive breast cancer (Tilli et al., 2003).  

 The second category of ER-Positive breast cancer mouse model is developed as a result 

of genetic alterations of molecules impacting estrogen signaling (Dabydeen & Furth, 2014b). 

The majority of the ER-Positive mouse models belong to this category (Dabydeen & Furth, 

2014b). From the study of ER signaling, many molecules play a role in ER functions, such as 

cyclinD1, Wnt, Stat1, PRL, and AIB1 (Dabydeen & Furth, 2014b). Amplified in breast cancer 

1(AIB1) is a steroid receptor coactivator that is overexpressed in breast cancer and recruited by 

ER to promote its function (Azorsa et al., 2001). MMTV-AIB1 mouse model conditionally 

overexpress AIB1 gene in the mouse mammary gland (Torres-Arzayus et al., 2004). In this 

mouse model, about 76% of mice developed mammary tumors between 12 to 25 months, and 

40% of them are ER-Positive tumors (Torres-Arzayus et al., 2004). In this AIB1 overexpressing 

mouse model, the PI3K/AKT pathway is activated, which plays a role in promoting 

tumorigenesis (Torres-Arzayus et al., 2004). Another mouse model is the Stat1-/- mouse model 
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(Chan et al., 2012). Stat1 expression level was higher in the normal breast tissue adjacent to the 

malignant lesion, indicating that Stat1 expression is downregulated in tumor progression (Chan 

et al., 2012). The mouse model with Stat1 knockout spontaneously develops mammary tumors in 

62% of mice and more than 90% of the tumors are ER-Positive (Chan et al., 2012). Despite the 

relatively high tumor penetrance and high ER positivity, the tumor onset is between 18 months 

and 26 months (Chan et al., 2012). Reintroducing Stat1 into Stat1-/- tumor cells lead to 

apoptosis, indicating the role of Stat1 in promoting apoptosis and thus tumor suppression (Chan 

et al., 2012).  

 The third category of ER-Positive breast cancer mouse model combines the 

pharmacological treatment and genetic alterations of molecules impacting estrogen signaling 

(Dabydeen & Furth, 2014b). Brca1f11/f11/p53+/−/MMTV-Cre mouse model introduces anticancer drug 

peroxisome proliferator-activated receptor gamma (PPARgamma) agonist efatutazone into 

BRCA1 conditional loss, TP53 insufficiency mouse model at the age of 4 months (Nakles et al., 

2013). This mouse model 100% develops breast tumor between 10 and 12 months, whereas only 

23% of the tumors are ER-Positive (Dabydeen & Furth, 2014b; Nakles et al., 2013). The 

introduction of the drug efatutazone decreased the total number of cancers and increased the rate 

of well-differentiated cancers, making the pathological features closer to the ER-Positive breast 

cancer (Beikman et al., 2013; Nakles et al., 2013). 

 The fourth category of ER-Positive breast cancer mouse model relies on carcinogen 

exposure in combination with genetic alterations to develop breast tumor (Dabydeen & Furth, 

2014b). The mouse model, MMTV-myrAkt1, which overexpress the activated Akt1 

(myristoylated AKT), was treated with carcinogen 7,12-dimethylbenz(a)anthracene (DMBA) for 

5 weeks beginning at 9 weeks of age, developing mammary tumors in 40% of mice and all of the 
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tumors are ER-Positive (Blanco-Aparicio et al., 2007). Meanwhile, the tumor onset is between 6 

and 12 months (Blanco-Aparicio et al., 2007). However, due to the exposure of carcinogen, a 

range of other cancers also develop in a large percentage of mice (Blanco-Aparicio et al., 2007). 

For instance, ovary tumors are found in more than 50% of mice of the MMTV-myrAkt1 mouse 

model (Blanco-Aparicio et al., 2007). 

 The last category of ER-Positive breast cancer mouse model is driven by the brother-

sister matings (Dabydeen & Furth, 2014b). As an uncommon method to establish mouse model, 

Kumar et al. used an NIH nude mouse that spontaneously developed tumor as the founder and 

continuous brother-sister mating (Kumar et al., 2007). About 62% of heterozygous mutated NIH 

nude female mice develop mammary tumors from 3.5 to 12 months, and all of them have high 

ER expression (Kumar et al., 2007). Although this mouse model has a relatively high tumor rate 

and high ER-Positive tumor rate, this mouse model requires parity to develop breast tumor 

because they don’t develop tumors until they give birth to at least one litter (Kumar et al., 2007). 

 Here we analyzed five categories of ER-Positive breast cancer mouse models, which 

reveals a diverse spectrum of the existing ER-Positive breast cancer mouse models. However, all 

these mouse models exhibit one or more of the following limitations, including long latency, low 

tumor rate, low ER-Positive tumor rate, parity required, insensitive to Tamoxifen treatment, 

growth defects, multiple cancer types, and molecular features not fully consistent with ER-

Positive human breast cancer (Dabydeen & Furth, 2014b). Given that ER-Positive breast cancer 

accounts for about 70% of total breast cancer and the lack of a faithful mouse model, the 

development of a novel ER-Positive breast cancer mouse model is critically important.  
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1.3.4. A novel ESR1 point mutation mouse model that drives male mouse feminization 

In an effort to create a mouse model that faithfully recapitulates ER-Positive breast cancer, 

the Muller lab recently created a novel mouse model with ESR1Y541S mutation (Simond et al., 

2020). Mouse ESR1Y541S mutation happens in the ligand binding domain (LBD) and is equivalent 

to ESR1Y537S mutation in human, which leads to the constitutive activation of ER alpha, and 

accounts for up to 20% of endocrine-resistant metastatic tumors (Simond et al., 2020). Also, 

although ESR1Y537S mutation is not implicated in primary ER-Positive breast tumor, it is 

frequently observed in the metastatic ER-Positive breast cancer (Dustin et al., 2019). The 

germline expression of ESR1Y541S mutation results in runting in both female and male transgenic 

mice (Simond et al., 2020). Moreover, the male mice bearing ESR1Y541S mutation exhibit 

feminization, which is represented by prominent nipples and a closer anal-genital region 

(Simond et al., 2020). Female mice have defects in the reproductive system and display 

abnormality in bone development (Simond et al., 2020). Also, the survival rate of the female 

transgenic mice (15%) is significantly lower than control mice (100%) at 150 days, whereas the 

survival of male counterparts is minimally affected (Simond et al., 2020). Despite the 

abnormalities in the reproductive system and survival, the mice with ESR1Y541S mutation do not 

grow mammary tumors, making it difficult to study the tumorigenesis with this novel ESR1 

mouse model (Simond et al., 2020).  

 

1.4. Transcription Factors in Breast Cancer 

1.4.1. Overview of Transcription Factors in Breast Cancer 

Transcription factors are the proteins that bind to specific DNA sequences and promote 

or suppress transcription (Barnes, 2009). They mainly bind to DNA-regulatory sequences 
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including enhancers and silencers, which usually localize in the 5-upstream region of target gene 

(Barnes, 2009). Based on the structures of transcription factors, they can be classified into helix-

turn-helix, helix-loop-helix, zinc finger, basic protein-leucine zipper, and beta-sheet motifs 

families (Barnes, 2009).  

The activation of transcription factors is complicated. It is believed that they can get 

activated through multiple intracellular signal transduction pathways, such as MAPK/ERK 

pathway, JAK/STAT pathway, kinases PKA, and PKC pathways (Barnes, 2009). In the 

MAPK/ERK signaling, kinases such as extracellular signal regulated kinase (ERK), c-Jun N-

terminal kinase (JNK), and p38 kinase drives the transmitting of extracellular signals into the cell 

(Nagini, 2014). However, other studies have suggested that they may be directly activated by 

ligand binding such as glucocorticoids (Barnes, 2009).  

To study the genes altered in breast cancer, multiplatform genomic analyses were 

conducted and revealed 93 frequently altered genes, among which 49 genes are directly or 

indirectly involved in transcription, and 13 of them are DNA-binding transcription factors (DB-

TFs) (Zacksenhaus et al., 2017). Moreover, the 13 DB-TFs in this study can be further classified 

to constitutive TFs and inducible TFs (Zacksenhaus et al., 2017). In this study, the constitutive 

TFs include MYC, GATA3, ZNF217, TBX3, RUNX1, CIC, and PRDM1, and inducible TFs 

include TP53, ESR1, FOXA1, FOXP1, XBP1, and SMAD4 (Zacksenhaus et al., 2017). This 

study demonstrates that TFs are frequently altered in breast cancer, and may play critical roles in 

breast cancer initiation and progression (Zacksenhaus et al., 2017). However, certain TFs that are 

altered in breast cancer are missing in this study, such as Stat3 and Stat5 (Zacksenhaus et al., 

2017). 
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Transcription factors play a critical role in regulating cancer cell proliferation, metastasis, 

metabolism, resistance to therapies, modulating tumor microenvironment, and as prognostic 

markers of cancer (Vishnoi et al., 2020).  

 

1.4.2. Signal Transducer and Activator of Transcription 3 (Stat3) 

Signal transducer and activator of transcription (Stat) proteins are transcription factors 

that comprise 7 genes, Stat1, Stat2, Stat3, Stat4, Stat5a, Stat5b, and Stat6 in mammals (Mitchell 

& John, 2005). The Stat family proteins share a conserved structure consisting of 6 domains, the 

N-terminal domain (NTD), coiled-coil domain (CCD), DNA binding domain (DBD), linker 

domain (LD), Src-homology (SH2) domain and transcription activation domain (TAD) (Guanizo 

et al., 2018). All of these domains are critical for the JAK-Stat pathway activation and 

functioning (Guanizo et al., 2018). The NTD plays a role in Stat protein dimerization and 

translocation into the nucleus, and the CCD domain coordinates with other proteins to assist 

nuclear import and export (Guanizo et al., 2018). The DBD domain makes it possible for Stat 

protein to bind to the promoters of target genes and initiate transcription (Guanizo et al., 2018). 

Moreover, SH2 domain is highly conserved in the Stat protein family, as it is required for the 

Stat proteins to be recognized for tyrosine phosphorylation (Guanizo et al., 2018). In addition, 

the tyrosine and serine phosphorylation sites of the C-terminal TAD allow for maximal 

transcriptional activiation of target genes (Guanizo et al., 2018).  

The Stat family proteins are activated by JAK kinases, and this activation plays important 

roles in immunity, proliferation, differentiation and survival (Mitchell & John, 2005). 

Dysregulation of the JAK-Stat pathway plays an important role in increasing angiogenesis, 

enhancing tumor cell survival and immunosuppression (Mitchell & John, 2005). Cytokine-
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induced JAK activation phosphorylates Stat, and it translocates to the nucleus, where it binds to 

consensus DNA-recognition motifs called gamma-activated sites (GAS), leading to the 

transcription of target genes (Mitchell & John, 2005). Recent studies have suggested that non-

phosphorylated Stat proteins can shuttle between cytoplasm and nucleus, whereas 

phosphorylated Stat protein is retained in the nucleus (Mitchell & John, 2005).  

Within the Stat protein family, aberrant Stat3 signaling has been implicated in various 

cancer types, which defines Stat3 as an oncogene (Zou et al., 2020). In normal tissues, the Stat3 

activation and signaling are critical for maintaining normal cellular functions and behaviors 

responding to external cues (Zou et al., 2020). In contrast, the hyperactivation of Stat3 is found 

in various malignant tumors and is related to poor prognosis (Zou et al., 2020). Due to its role in 

oncogenesis, targeting Stat3 signaling pathway has emerged as a promising therapeutics in 

cancer treatment (Zou et al., 2020). Also, given its immune regulatory roles, targeting Stat3 may 

play a role in enhancing immune therapy (Zou et al., 2020). These all suggest that Stat3 may be 

an important target to study in breast cancer research.  

 

1.4.2.1. Canonical and Non-canonical Stat3 Signaling 

The canonical Stat3 signaling relies on the phosphorylation of the Y705 residue of Stat3 

(Sellier et al., 2013). The Stat3 is recruited through the cytokine IL-6 activation of JAK, which in 

turn phosphorylates and activates Stat3 at the Y705 site. Upon activation, the phosphorylated 

Stat3 homodimerizes and translocates into the nucleus (Sellier et al., 2013). In the nucleus, 

phosphorylated Stat3 binds to DNA and promotes the transcription of a range of genes associated 

with cell proliferation, differentiation, survival, and other functions (Sellier et al., 2013). Stat3 

controls proliferation by regulating genes such as Bcl-2, Bcl-xL, Survivin, Cyclin D1, c-Myc, 



 43 

and Mcl-1; it influences angiogenesis through Hif1alpha and VEGF; and it governs for 

epithelial-mesenchymal transition (EMT) via Vimentin, TWIST, MMP-9, and MMP-7 (Banerjee 

& Resat, 2016). Moreover, it is believed that tumors without Y705 phosphorylated form are not 

addicted to the oncogene Stat3 (Sellier et al., 2013). Therefore, patients without expression of 

Y705 phosphorylated form are not considered candidates for Stat3-targeting therapies (Sellier et 

al., 2013).  

Recently, studies have suggested that the activation of Stat3 does not only rely on Y705 

phosphorylation because Stat3 can activate transcription even without Stat3 Y705 

phosphorylation (Sellier et al., 2013). Another phosphorylation site, S727, may also play a role 

in gene transcription through the interaction with transcriptional coactivators such as SRC, cdk9, 

and CBP (Sellier et al., 2013). Another paper demonstrated that in the absence of Y507 

phosphorylation, the phosphorylation of S727 is necessary for its normal functioning (Hazan-

Halevy et al., 2010). The phosphorylation of S727 site either alone or together with Y705 site is 

considered the non-canonical signaling of Stat3 (Sellier et al., 2013). Interestingly, in an ER-

Positive breast cancer cell line MCF-7, the survival of the cancer initiating cells relies on the 

Stat3 S727 phosphorylation, together with mTOR kinase (Sellier et al., 2013). However, in a 

basal-like cancer cell line, the survival of CD44+CD24- cells relies on the phosphorylation of 

Y705 site by JAK2 (Sellier et al., 2013).  

Besides, Stat3 also plays a role in mitochondria functioning, and even unphosphorylated 

Stat3 can work as a transcription factor, which is also considered non-canonical signaling of 

Stat3 (Srivastava & DiGiovanni, 2016). Stat3 localizes in mitochondria, interacts with electron 

transport chain, influences mitochondrial respiration, and alters ROS production and apoptosis 

(Srivastava & DiGiovanni, 2016). The functioning of Stat3 is highly dependent on tumor 



 44 

suppressor GRIM-19 (Srivastava & DiGiovanni, 2016). GRIM-19 is a retinoic-interferon-beta 

induced cancer cell mortality protein (Srivastava & DiGiovanni, 2016). GRIM-19 plays a role in 

importing Stat3 into mitochondria and acts as a chaperone protein of Stat3 in the through an 

interaction with S727 phosphorylation (Srivastava & DiGiovanni, 2016; Tammineni et al., 

2013). Also, it directly interacts with the NLS-domain of Stat3, thereby inhibiting the Stat3 

nuclear localization and transcriptional activity (Srivastava & DiGiovanni, 2016).  

 

1.4.2.2. Stat3 in Breast Cancer Initiation and Progression 

To study the roles of Stat3 in breast cancer initiation and progression, the Muller lab 

crossed the Stat3flx/flx strain to the MTB/MIC (MMTV-rtTA/TetO-PyV mT-IRES-Cre) mouse 

strain, a doxycycline-inducible mouse model that develops malignant breast tumors driven by 

conditional expression of polyomavirus middle T antigen (PyV mT) in mammary epithelial cells, 

recapitulating luminal B subtype of human breast cancer (Jones et al., 2016). Although both 

MTB/MIC and Stat3flx/flx/MTB/MIC mice developed a comparable extent of hyperplasia and 

adenomas at 2 weeks post-induction, the hyperplasia and adenomas had begun to regress at 4 

weeks post-induction in Stat3flx/flx/MTB/MIC mice (Jones et al., 2016). Moreover, at a 6-week 

time point, the Stat3flx/flx/MTB/MIC mice were completely devoid of hyperplasia or adenomas, 

whereas the MTB/MIC mice showed continuous aggravating hyperplasia and adenomas (Jones 

et al., 2016). Also, by doing the immunohistochemistry of Ki67, Cleaved-caspase 3, and terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) markers, no difference in 

proliferation and apoptosis was detected between Stat3flx/flx/MTB/MIC and MTB/MIC mammary 

gland at two-week time point (Jones et al., 2016). Eventually, the MTB/MIC mice developed 

mammary tumors within an average of 20 days, whereas Stat3flx/flx/MTB/MIC mice developed 
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tumors with an average tumor onset of 275 days (Jones et al., 2016). These suggested that in this 

luminal B-like breast cancer mouse model, Stat3 may not be necessary for initiation of the early 

lesions but is required for the progression into invasive carcinomas (Jones et al., 2016). Further 

study suggested that the role of Stat3 in tumor progression is attributable to its effects in 

establishing an immunosuppressive tumor microenvironment (Jones et al., 2016). The Stat3 

deficiency leads to increased specific myeloid populations and increased T cell recruitment and 

activation (Jones et al., 2016).  

Also, in another study published by the Muller lab, the researchers crossed the Stat3flx/flx 

strain to the MMTV-NIC mouse model, an ErbB2-overexpressing mouse model that 

recapitulates human HER2-Positive breast cancer (Ranger et al., 2009). No difference in the 

breast cancer initiation was observed (Ranger et al., 2009). This demonstrated that consistent 

with the findings in luminal B-like breast cancer, Stat3 is not required for HER2-Positive breast 

cancer initiation.  

 

1.4.2.3. Stat3 in Breast Cancer Metastasis 

The Muller lab identified the key roles of Stat3 in breast cancer progression in the 

luminal B-like breast cancer mouse model (Jones et al., 2016). To study the roles of Stat3 in 

metastasis, the lung metastasis of MTB/MIC mice and Stat3flx/flx/MTB/MIC were quantified, 

which showed significantly less lung metastasis in Stat3flx/flx/MTB/MIC (Jones et al., 2016). 

Remarkably, none of the Stat3flx/flx/MTB/MIC mice developed lung metastasis at the tumor end 

point, whereas all the MTB/MIC mice developed lung metastasis (Jones et al., 2016).  

In addition, in the Stat3flx/flx/NIC mice, there were significantly fewer Stat3flx/flx/NIC mice 

that developed lung metastasis at the breast tumor end point, and significantly smaller size of 
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lung metastasis, compared to their Stat3-proficient counterparts (Ranger et al., 2009). To further 

study the role of Stat3 in ErbB2 positive breast tumor metastasis, tail vein injection of the 

dissociated breast tumor cells of Stat3flx/flx/NIC and NIC were performed on the 

immunocompromised mice, which showed defects of lung colonization of the Stat3-deficient cell 

lines (Ranger et al., 2009).  

These suggest that Stat3 plays a key role in driving the metastasis of ErbB2 positive 

breast cancer and luminal B breast cancer. However, the underlying mechanism remains unclear.  

A previous Ph.D. student from the Muller lab has shown that the dissociated tumor cells 

of Stat3flx/flx/NIC breast tumors have significantly decreased migration and invasion (Jones, 

2018). Also, the focal adhesion markers, including phosphorylated-FAK (Y925), vinculin, 

paxillin and phosphorylated-paxillin (Y118) were expressed at a higher level in Stat3flx/flx/NIC 

cells than WT NIC cells (Jones, 2018). Remarkably, the Stat3flx/flx/NIC cells exhibited a 

markedly higher assembly rate of focal adhesions compared to their disassembly rate than WT 

NIC cells, thereby enhancing the stability of the focal adhesion in the Stat3flx/flx/NIC cells (Jones, 

2018). These may account for the decreased metastasis in the Stat3flx/flx/NIC mice.  

 

1.4.2.4. Stat3 target gene Lgals3 

1.4.2.4.1. Biology and Signaling of Galectin-3 

Galectin-3 (Gal-3) is a 30kD protein encoded by the gene Lgals3, and belongs to the 

galectin family which is a family of β-galactoside-binding lectins (Hara et al., 2020). Mammalian 

galectins share one or two conserved carbohydrate recognition domains (CRDs), allowing them 

to recognize β-galactoside residues, bind to them, and form complexes (Hara et al., 2020). 

Galectins can be classified into three subgroups based on their CRD number and functions, 
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including proto-type galectins (Gal-1, -2, -5, -7, -10, -11, -13, -14, and -15), tandem-repeat 

galectins (Gal-4, -6, -8, -9, and -12), and chimera-type galectin (Gal-3) (Hara et al., 2020). Gal-3 

protein is an oligomer composed of monomers with one CRD and an amino-terminal polypeptide 

tail region (Hara et al., 2020).  

Based on the localization, Gal-3 can be categorized into extracellular Gal-3 and 

intracellular Gal-3 (Hara et al., 2020). Extracellular Gal-3 is involved in functions including 

inflammation and allergy, cell-to-cell contacts, cell-to-matrix contacts, and AGE receptor 

function, and intracellular Gal-3 is involved in pre-mRNA splicing activity, cell cycle control, 

and protection from apoptosis (Hara et al., 2020).  

Gal-3 plays an important role in mediating cell-cell interaction, and cell-matrix 

interaction (Fortuna-Costa et al., 2014). It is found to upregulate the detachment of cancer cells 

from the primary tumor (Fortuna-Costa et al., 2014). This may be attributable to its interaction 

with integrins (Margadant et al., 2012). Gal-3 is believed to regulate the lateral mobility of the 

integrins at least partially (Yang et al., 2017). Studies have suggested a feedback relation 

between 1 integrins and Gal-3, which is a process involved in the epigenetic induction of Gal-3 

expression promoting the integrin-induced EMT and cell scattering (Margadant et al., 2012). In 

endometrial cells, Gal3 contributes to regulating integrin 3 mediating the cell adhesion to 

fibronectin (Lei et al., 2009). The administration of recombinant Gal-3 to endometrial cells 

significantly decreased their adhesion, followed by a further decrease with the addition of 

integrin 3 (Lei et al., 2009). However, in the endometrial cells, 1 was shown to have no effect 

in the adhesion process (Lei et al., 2009). Moreover, silence Gal-3 is incorporated with elevated 

expression of integrin 3, indicating a negative feedback relation (Lei et al., 2009). Another 

study investigated on the role of Gal-3 as an extracellular ligand in cell-matrix adhesion (Sedlář 
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et al., 2021). The researchers found that the cell adhesion to the preabsorbed Gal-3 was 

attributable to β1 and αV integrins including α5β1, αVβ3, and αVβ1 integrins at least partially 

(Sedlář et al., 2021). Also, Gal-3 regulates the integrin α2β1-mediated adhesion to collagen-I and 

IV by alteration of receptor clustering (Friedrichs et al., 2008).  

 

1.4.2.4.2. Galectin-3 in Cancer 

The role of Gal-3 in cancer metastasis has been controversial. Galectin-3 has been 

considered a potential target to prevent cancer metastasis by several mechanisms, including 

antiapoptosis, promoting neoangiogensis, promoting homotypic aggregation, and inducing 

apoptosis of cancer-infiltrating T cells (Ahmed & AlSadek, 2015). In hepatocellular carcinoma, 

Gal-3 favors tumor metastasis by activating the Galectin-3--catenin-OGFBP3/vimentin 

signaling cascade, thus being a potential therapeutic target (Mengjia Song et al., 2020). In the 

lung adenocarcinoma, both the genetic and pharmacological inhibition of Gal-3 significantly 

decreases metastasis, inhibits tumor growth, and enhances the response to PD-L1 blockade 

(Vuong et al., 2019). However, in a triple-negative breast cancer cell line 4T1, the 

downregulation of Gal-3 increases the metastatic potential of tumor cells through the regulation 

of glycosaminoglycans/proteoglycans (PG) (Pereira et al., 2019). Moreover, the role of Galectin-

3 in HER2-Positive breast cancer metastasis remains unclear.  

Galectin-3 is a known target of Stat3, and a high expression level of Gal-3 has been 

related to poor prognosis in HER2-Positive breast cancer patients (Chen et al., 2022). Gal-3 

deficiency reduces tumor proliferation and improves the sensitivity to trastuzumab (Chen et al., 

2022). In addition, it appears a protective role in cancer cell survival by repairing the DNA 
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damage or inhibiting apoptosis, thus preventing the cancer cells from being cleared by 

chemotherapy (Boutas et al., 2019).  

 

1.4.2.5. Experimental rationale 

Studies have suggested a key role of Stat3 in promoting metastasis in HER2-Positive 

breast cancer, however, the underlying mechanism remains unclear. We are interested in 

exploring the key mediators of the metastatic phenotype in the Stat3 proficient ErbB2 positive 

mice, and the cellular events that drive the metastasis. For this purpose, we performed the 

transcriptomic analysis to explore the mediator of the metastatic phenotype in ErbB2 positive 

breast cancer.  

 

1.4.3. Forkhead Box A1 (FOXA1) 

Forkhead Box proteins belong to a large family of the transcriptional regulators that share 

the evolutionarily conserved DNA-binding domain (DBD) known as forkhead box or winged 

helix domain (Myatt & Lam, 2007). In humans, there are 17 Fox gene subfamilies (FoxA-R) 

with at least 41 genes (Myatt & Lam, 2007). Although the Fox genes share the same DBD 

binding, the functions of Fox genes vary significantly depending on the different sequences 

outside of DBD, which makes it possible for differential regulation (Myatt & Lam, 2007). The 

Fox genes work in synergy and contribute significantly to a wide range of biological processes, 

including development, proliferation, differentiation, apoptosis, migration, invasion, and 

metabolism (Myatt & Lam, 2007). Due to the significant roles of Fox genes in cellular functions 

and behaviors, specific Fox subfamilies have been implicated in tumorigenesis and progression 

of certain cancers, such as FoxO, FoxM, FoxA, FoxC, and FoxP (Myatt & Lam, 2007). 
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Among the Fox proteins, FoxA family was the first identified mammalian forkhead type 

proteins (Myatt & Lam, 2007).  

 

1.4.3.1. FOXA1 in mammary gland development 

The FOXA1 gene, also known as HNF-3α, was originally discovered in the liver in an 

effort to identify the transcriptional regulators for the tissue-specific expression of genes (Costa 

et al., 1989). A DNA-binding protein, named HNF-3α, together with C/EBP- β, was found to be 

responsible for the transcription of the liver-specific genes transthyretin (Ttr) and α1-antitrypsin 

(Serpina1), and the liver morphogenesis (Costa et al., 1989). Around the same time, Weigel et al. 

determined the Drosophila forkhead (fkd) DNA-binding protein which is essential for the fly 

development (Weigel et al., 1989). The fkh and HNF-3α showed a high homology of a 100-

amino acid region, which includes the DNA-binding domain of the two factors (Lai et al., 1991). 

This region is different from the known transcriptional regulators by a lack of homeodomain and 

zinc-finger motifs, making it a new class of transcription factor (Weigel & Jäckle, 1990). Later, 

based on a new systemic nomenclature, the protein HNF-3α was given a name of FOXA1, as the 

founding member of the FOXA subclass (Seachrist et al., 2021).  

FOXA1 coordinates with ER and plays a fundamental role in the development of the 

mammary glands (Seachrist et al., 2021). In the developing postnatal glands, FOXA1 is mainly 

expressed in the cells of the terminal end bud that contains the luminal progenitor cells (Seachrist 

et al., 2021). Then, along with the gland development, FOXA1 expression is found in the ductal 

epithelial cells of the virgin gland, which is similar to the expression pattern of ER (Seachrist et 

al., 2021). Also, the expression of both FOXA1 and ER is reduced in alveolar structures, further 

decreased during pregnancy, and gradually restored following involution (Seachrist et al., 2021).  
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The impact of FOXA1 on mammary gland development was further studied by 

homozygous knockout of FOXA1 in mice (Bernardo et al., 2010). Although FOXA1 deficient 

mice exhibit similar mammary gland morphology as FOXA1 proficient mice at birth, the pups 

are growth retarded and die shortly due to hypoglycemia and dehydration (Behr et al., 2004; 

Bernardo et al., 2010; Kaestner et al., 1999; Vatamaniuk et al., 2006). To further study the role of 

FOXA1, embryonic fat pads lacking FOXA1, with only rudimentary ductal structures, were 

transplanted in the renal capsules (Seachrist et al., 2021). In these mice, although the fat pads 

grow, the ductal trees fail to extend further into the surrounding fat pads (Seachrist et al., 2021). 

This suggested the essential role of the FOXA1 in the mammary epithelium in mammary gland 

development (Seachrist et al., 2021). In addition, the conditional ablation of FOXA1 in the 

specific mammary epithelial cells demonstrates that FOXA1 expression is fundamental for the 

ductal formation (Liu et al., 2016). Remarkably, FOXA1 deficiency and ESR1 deficiency mice 

share similar phenotypes, further indicating coordination between FOXA1 and ER (Seachrist et 

al., 2021). 

 

1.4.3.2. FOXA1 and ER-Positive Breast Cancer 

Genetic studies of breast cancer cell lines and primary tumor tissues show that FOXA1 is 

selectively upregulated in luminal breast cancers, and about 84% of ER-positive breast cancer 

express high levels of FOXA1 (Seachrist et al., 2021).  

FOXA1 is known as the pioneering factor for ER binding to chromatin (Pavithran & 

Kumavath, 2021). This is because FOXA1 binding to DNA opens up the condensed chromatin 

and facilitates the access of ER to the chromatin and its binding to the ERE region, thereby 

activating the transcription of downstream genes (Pavithran & Kumavath, 2021). Also, studies 
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have shown that siRNA knockdown of FOXA1 drastically decreases the activity of ER-related 

genes upon estrogen induction, such as XBP1, TFF1, and NRIP1 (Carroll et al., 2005). 

Moreover, Studies have shown that FOXA1 is necessary for almost all ER binding events in 

breast cancer cells although only about half of the ER-binding sites overlap with FOXA1 binding 

sites (Hurtado et al., 2011). This may be because FOXA1 is indirectly involved in the 

stabilization of additional ER binding events (Hurtado et al., 2011).  

FOXA1 can promote breast cancer tumorigenesis through multiple mechanisms (Metovic 

et al., 2022). It plays the pioneering role and promotes the binding of ER to the ERE region and 

the recruitment of other transcription factors, thus activating the transcription of the downstream 

genes, including specific genes that are involved in promoting the proliferation and survival of 

the cells (Pavithran & Kumavath, 2021).  Also, FOXA1 mediates the uptake of extracellular lipid 

precursors through the regulation endothelial lipase (LIPG) which allows the import of lipid 

precursors specifically in breast cancer cells (Slebe et al., 2016). Downregulation of either LIPG 

or FOXA1 results in decreased proliferation and impaired synthesis of intracellular lipids in the 

cancer cells (Slebe et al., 2016). Moreover, FOXA1 also binds to the ESR1 promoter, thereby 

modulating ER activity by enhancing both the transcription and translation of ER in breast 

cancer cells (Laganière et al., 2005). In addition, FOXA1 is crucial in driving the cell-cycle 

progression of the G1-S phase by regulating the expression of cyclin D1 (CCND1) (Eeckhoute et 

al., 2006). ER alpha collaborates with transcription factors including FOXA1 and NFIC to drive 

cell-specific cis- and trans-regulators of CCND1 expression (Eeckhoute et al., 2006). FOXA1 

recruits MyBL2 or CREB1 to the cyclin E2 and E2F1 genes also contribute to the G1-S phase 

transition (Robinson & Carroll, 2012). Furthermore, FOXA1 regulates a range of downstream 
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genes that are involved in promoting the luminal phenotype of breast cancer such as CDH1, and 

repressing basal differentiation (Anzai et al., 2017).  

 

1.4.3.3. Experimental Rationale 

 ER-Positive breast cancer accounts for about 70% of the total breast cancer, but there is 

still not a faithful ER-Positive breast cancer mouse model (Lumachi et al., 2013). Given that 

FOXA1 plays a critical role in ER functioning and that FOXA1 is involved in many aspects of 

tumorigenesis, our lab has created a novel FOXA1-overexpressing mouse model called FIC 

(TetO-FOXA1-Ires-Cre) (Lusson, 2023). By overexpressing FOXA1 itself, or by crossing the 

FIC mouse model with the ESR1Y541S mouse model, we may be able to create a novel ER-

Positive breast cancer mouse model that faithfully recapitulates the features of human ER-

Positive breast cancer.  
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Chapter 2: Results 

2.1. Stat3 promotes metastasis in HER2-Positive Breast Cancer through the regulation of 

Lgals3 

2.1.1. Stat3 deficiency results in a significant decrease in metastasis in MMTV-Neu-Ires-Cre 

(NIC) mouse models 

To study the role of Stat3 in breast cancer initiation and progression, our lab has obtained 

a conditional Stat3 knockout mouse strain (Stat3flx/flx or Stat3-null), and was crossed to the NIC 

mouse model (Figure 1). Our lab has found that there is no significant difference in the tumor 

onset between Wildtype (WT) NIC mice and Stat3flx/flx/NIC mice (Ranger et al., 2009). 

However, significantly lower metastasis in Stat3flx/flx/NIC mice has been observed, from the 

perspectives of both the number of metastases and the percent area of the lung occupied by 

metastasis (Ranger et al., 2009). This was further confirmed by doing the tail vein injection of 

the primary tumor-dissociated Stat3flx/flx/NIC and WT NIC cell lines into immune-deficient NCr 

mice (Ranger et al., 2009). The Stat3flx/flx/NIC cell lines had drastically impaired capacity in lung 

colonization compared to WT NIC cell lines (Ranger et al., 2009). These all suggest that Stat3 

can promote ErbB2 positive breast cancer metastasis. However, the mechanism remains unclear.  

 

Figure 1: Schematic construct of Stat3flx/flx/NIC 

In mammary epithelial cells, Neu and Cre recombinase are expressed and Cre recombinase mediates 
the excision of LoxP-flanked Stat3. Created with Biorender.com.  
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2.1.1.1. Stat3 deficiency increases apoptosis in NIC mouse model 

To understand the mechanism that Stat3 deficiency decreases metastasis, 

immunohistofluorescence staining was performed on the paraffined slides of Stat3flx/flx/NIC 

breast tumors and WT NIC breast tumors (Figure 2). Two markers were used, ki67, a marker for 

proliferation, and cleaved caspase-3 (CC3), a marker for apoptosis, and the percent number of 

ki67 or CC3 were quantified. Although there is a trend of higher ki67 in Stat3flx/flx/NIC tumors, 

no significant difference was observed. However, there is a significantly higher percent number 

of CC3 positive cells (WT NIC 0.62%0.28%, n=6 vs. Stat3flx/flx/NIC 3.28%1.23%, n=5, 

p=0.046, student’s t-test), indicating a higher apoptosis in Stat3-deficienct NIC tumors. 
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Figure 2: Apoptosis is increased in Stat3flx/flx/NIC tumors 

(Upper) Immunohistofluorescence staining (IHF) of p-STAT3, Cleaved caspase 3, and DAPI in WT 
NIC and Stat3-null NIC breast tumors. (Below) Quantification of Cleaved Caspase 3. *p<0.05, 
student’s t-test. A significantly higher level of cleaved caspase 3 was observed on Stat3-null NIC breast 
tumor than WT NIC breast tumor. 
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2.1.1.2. Stat3-deficiency leads to elevated focal adhesion level 

 A previous Ph.D. student from the Muller lab has reported in her thesis that the 

expressions of focal adhesion (p-FAK, vinculin, p-paxillin, paxillin) are increased in Stat3 

deficiency NIC cell lines (Jones, 2018). To confirm that the cells still exhibit the same properties, 

we did the immunoblotting on the key focal adhesion markers (Figure 3). Consistent with the 

previous findings, the Stat3flx/flx/NIC cells express a higher level of focal adhesion markers, 

including phosphorylated-FAK (Y925), vinculin, phosphorylated-paxillin (Y118), and paxillin. 
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Figure 3: Focal adhesion protein expressions are elevated in Stat3flx/flx/NIC cells 

(Upper) Immunoblotting of Stat3, p-FAK (Y925), vinculin, p-Paxillin, Paxillin, and beta-Actin; 
(Below) Quantification of relative protein levels of vinculin, Paxillin, p-Paxillin, p-FAK. 
Immunoblotting on the WT NIC cells (n=3), and Stat3-null NIC cells (n=2 in duplicate) of Stat3, 
phosphorylated-FAK (Y925), vinculin, phosphorylated-paxillin (Y118), paxillin, and beta-actin.  
Vinculin: WT NIC vs. Stat3-null NIC: 0.180.07 vs. 0.470.06, p=0.027, Student’s t-test; Paxillin: WT 
NIC vs. Stat3-null NIC: 0.430.023 vs.1.000.18, p=0.046, Student’s t-test; p-Paxillin: WT NIC vs. 
Stat3-null NIC: 0.0310.0068 vs. 0.130.0087, p=0.0006, student’s t-test; p-FAK: WT NIC vs. Stat3-
null NIC: 0.0310.013 vs. 0.170.03, p=0.0167, Student’s t-test.  
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2.1.1.3. Transcriptomic and bioinformatic analysis 

The Stat3-null NIC tumors and cells turned out to have a higher level of apoptosis, higher 

expression level of the anti-metastatic marker, decreased migration and invasion, and can form 

more robust focal adhesions that may prevent metastasis. These all suggest an anti-metastatic 

phenotype. However, the mechanism that mediates the phenotype remains unclear. Given that 

Stat3, as a transcription factor, can regulate the transcription of selected downstream gene, 

transcriptomic analysis was performed on the dissociated tumor cells from Stat3-null NIC and 

WT NIC cells breast tumors. This was followed by bioinformatic analysis.  

Transcriptomic studies showed differentially regulated gene profiles. Hierarchical cluster 

analysis of the expression profiles from both WT and Stat3-null NIC cell lines revealed distinct 

clustering, indicating a significant difference in gene expression between Stat3-deficient and 

proficient cells (Figure 4a). From the Ingenuity pathway analysis (IPA) analysis, cell spreading 

emerged as the most significantly altered function, and 39 molecules associated with this process 

exhibited changes in response to the Stat3 deficiency (Figure 4b). GO pathway analysis was also 

launched, and two major processes were enriched, including ribosomal components and cell 

adhesions (Figure 4c). Cell adhesions have been widely documented to be related to metastasis, 

with the loss of cell-cell adhesion being recognized as a major hallmark of cancer(Janiszewska et 

al., 2020). The types of cell adhesions that have been extensively altered with the Stat3 

deficiency include adherens junction, anchoring junctions, cell-substrate junctions, cell-substrate 

adherens junctions, and focal adhesions. Furthermore, GSEA analysis suggested that there are 

large enrichments in the ribosomal signatures and ErbB2 metastatic signatures (Figure 4d). 

These bioinformatic analysis together demonstrated that Stat3 deficiency is associated with an 

alteration of metastasis, and this metastasis may be related to a change in cell adhesions.  
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Figure 4: Transcriptomic study and bioinformatic analysis of WT NIC & Stat3-null NIC cells 

(a): Cluster analysis of transcriptomic study of WT NIC and Stat3-null NIC cells suggests a 
differentially regulated gene profiles; (b): IPA analysis suggests a significant alteration in the cell-
spreading function in the Stat3-null NIC cells compared to WT NIC cells; (c)GO analysis suggests an 
enrichment in the ribosomal proteins and cell adhesions in the Stat3-null NIC cells compared to WT 
NIC cells; (d): GSEA analysis suggests an enrichment in ErbB2 metastatic signature. 
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2.1.1.4. Lgals3 is the most significantly down-regulated gene in the Stat3-deficient lesions 

Among the myriad genes that exhibit different RNA expression levels between WT NIC 

and Stat3-null NIC cell lines, Lgals3 turned out to be the most significantly down-regulated 

gene. From the RNA-sequencing results, the RNA level of Lgals3 decreased from more than 

10,000 to approximately 0 with Stat3 deficiency (Figure 5a). 

The protein encoded by Lgals3, galectin-3 (Gal-3), has been extensively implicated in 

tumor metastasis via multiple mechanism(Funasaka et al., 2014; Pereira et al., 2019; M. Song et 

al., 2020). To validate that galectin-3 protein level is reduced in Stat3-null NIC cell lines 

compared to WT NIC cell lines, we first performed an immunoblotting on ErbB2, Stat3, Gal-3, 

and the reference -actin (figure 5b). We found that, the knockout of Stat3 by Cre recombinase 

was successful. Also, in both WT NIC and Stat3-null NIC, the ErbB2 expression levels remained 

approximately unchanged despite Stat3 deficiency, indicating Stat3 deficiency did not affect 

ErbB2 expression. Moreover, there was an overexpression of ErbB2 (Neu) in both mouse 

models, which validated the mouse models. Regarding Gal-3, in the WT NIC cell lines, there 

was a high expression level of Gal-3, whereas in Stat3-null NIC cell lines, the expression was 

markedly diminished, approaching undetectable levels. This demonstrated that Gal-3 expression 

was dramatically reduced upon Stat3 deficiency.  

To further support this conclusion, immunofluorescence was performed on the monolayer 

cells comparing WT NIC and Stat3-null NIC cell lines (Figure 5c). It showed that, in WT NIC 

cells, there is high level of Gal-3 (green). By comparing with Dapi staining (blue), we can 

conclude that Gal-3 proteins are localized in the cytoplasm. In contrast, in Stat3-null NIC cells, 

there is no detectable level of Gal-3 expression. This is consistent with the conclusions from 

immunoblotting.  
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We now know that the Gal-3 expression level is reduced in Stat3-null NIC cell lines; 

however, it is also important to quantify the Gal-3 expression level in primary WT NIC and 

Stat3-null NIC breast tumors. Therefore, immunohistofluorescence was performed on the 

paraffin-embedded tissue sections of WT NIC and Stat3-null NIC breast tumors (Figure 5d). We 

stained for phospho-Stat3 (Tyr705), an activated form of Stat3, and we observed nuclear staining 

(green) of it in WT NIC breast tumor section, whereas no phospho-Stat3 was detected in Stat3-

null NIC breast tumor. We also stained for Gal-3 (red), and we found that there was a drastic 

decrease of Gal-3 in the Stat3-null NIC tumor compared to WT NIC tumor. The percent number 

of Gal-3 positive cells in Stat3-null NIC and WT NIC tumors were quantified by HALO, which 

revealed a four-fold reduction in the Stat3-null NIC tumors compared to their WT NIC 

counterparts ((WT NIC 24.52%4.54%, n=7 vs. Stat3flx/flx/NIC 5.42%1.61%, n=5, p=0.0067, 

student’s t-test). In addition, we also observed that the Gal-3 proteins are predominantly 

localized in cytoplasm. This is in consistent with the immunofluorescence findings on the 

monolayer cells. Furthermore, colocalization of Stat3 and Gal-3 can be observed in the WT NIC 

breast tumors, indicating a potential regulatory relation between Stat3 and Gal-3.  

These all suggested that Gal-3 expression level is significantly decreased with Stat3 

deficiency.  
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Figure 5: Galectin-3 expression is downregulated in the Stat3-null NIC breast tumors and cells 

(a): Lgals3 RNA levels in the WT NIC and Stat3-null NIC cell lines from transcriptomic analysis 
(RNA sequencing); (b): Immunoblotting of ErbB2, Stat3, Gal-3, beta-actin in WT NIC and Stat3-null 
NIC cell lines suggests a dramatic decrease of Gal-3 protein level in the Stat3-null NIC cells; 
(c)Immunofluorescence staining on the monolayer WT NIC and Stat3-null NIC cells on Gal-3 (green) 
and merge with DAPI (blue) suggests a dramatic decrease of Gal-3 protein level in the Stat3-null NIC 
cells, scale bar 100um; (d): Immunohistofluorescence staining on p-Stat3 (green), Gal-3 (red), and 
merge with DAPI (blue), scale bar 100um, with quantification of Gal-3 positive cells in tumor. WT 
NIC vs. Stat3-null NIC: 24.52%4.54%, n=7 vs. 5.42%1.61%, n=5, p=0.0067, student’s t-test. 
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2.1.1.5. Knockdown of Lgals3 decreases migration and invasion 

Given the critical relation between Stat3 and Gal-3, we used shRNA to knock down gene 

expression of Lgals3 in WT NIC cells for phenotype analysis.  

To validate the shRNA knockdown, we performed immunoblotting on the Gal-3 and 

beta-actin of shControl, shLgals3_1, shLgals3_2, and shLgals3_3 NIC cells (Figure 6). 

Immunoblotting suggested that in this NIC cell line, shRNA knockdown was effective with 

shLgals3_1 and shLgals3_3 on protein levels.  

Then to study the role of Gal-3 in cancer cell metastasis, we first performed a migration 

assay to study the mobility of shLgals3 NIC cells (Figure 7). shLgals3 NIC cells and shControl 

NIC cells were placed in the transwell upper chamber, and were incubated for 16 hours. After the 

incubation, the transwell bottom surfaces were stained and imaged, followed by the 

quantification of number of cells migrated. The image of the migration assay suggested a 

decrease in the number of cells migrated in the shLgals3 NIC cells compared to shControl NIC 

cells.  

Besides the migration ability, invasion capacity is another critical determinant of 

metastatic potential. Although migration and invasion abilities are frequently discussed in 

tandem, they are distinct concepts used to describe cellular behavior. Migration is the movement 

of cells on the 2D surface without any obstructive fiber network, whereas invasion is the cell 

movement through a 3D matrix, with the reconstruction and interaction with extracellular matrix 

(ECM) (Kramer et al., 2013). Therefore, it is also critical to study the role of Lgals3 in the 

invasion.  
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To study invasion, 5% Matrigel was placed at the bottom of the transwell upper chamber, 

and shLgals3 NIC cell and shControl NIC cells were placed on the upper chamber of the 

transwell and incubated for 16 hours to ensure sufficient invasion (Figure 7).  

The image of the invasion assay suggested a dramatic decrease in the number of cells 

migrated in the shLgals3 NIC cells compared to shControl NIC cells. After the 16-hour invasion, 

the bottom surfaces of the chambers with shControl NIC cells were densely populated and 

almost saturated, in contrast to sparsely distributed shLgals3 NIC cells on the bottom surfaces of 

their chambers.   

Therefore, both migration and invasion were decreased with the shRNA knockdown of 

Lgals3.  
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Figure 6: Knockdown of Lgals3 with shLgals3_1 and shLgals3_3 in WT NIC cell lines 

Immunoblotting of Gal-3 and beta-actin with shRNA knockdown of Lgals3 in NIC cells, suggests a 
decrease of Gal-3 protein level with shLgals3_1 and shLgals3_3 in this cell line. 

 
 

 
Figure 7: Gal-3 knockdown leads to decreased migration and invasion 

(Upper) Representative figures of migration assay of 16 hours with shControl and shLgals3 in the NIC 
cell lines, and (Lower) Representative figures of invasion assay of 16 hours with shControl and 
shLgals3 in the NIC cell lines. Scale bar 650um.  
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2.1.1.6. Pharmacological inhibition of Gal-3 decreases migration and invasion 

From the previous section, the knockdown of Gal-3 with shRNA decreases migration and 

invasion. Therefore, we are also interested in whether pharmacological inhibition of Gal-3 

affects migration and invasion. We treated the WT NIC cells with a selective small molecule 

Gal-3 inhibitor GB1107, and while in treatment, subjected the DMSO-treated and 10uM 

GB1107-treated WT NIC cells to migration and invasion assay (Vuong et al., 2019). Images 

from 16-hour migration and invasion assay suggest decreased migration and invasion (Figure 

8a). Also, we subjected the WT NIC cell lines to DMSO and a range of GB1107 doses (5uM, 

7.5uM, and 10uM) and conducted a proliferation assay, which showed no significant difference 

in proliferation at 10uM GB1107 (Figure 8b). Therefore, both genetic knockdown and 

pharmacological inhibition of Gal-3 decrease migration and invasion.  

 

 

Figure 8: Pharmacological inhibition of Gal-3 leads to decreased migration and invasion 

(a): Representative images of migration and invasion assay of 16 hours treated with DMSO or 10uM 
GB1107 in the WT NIC cells lines, suggested a decrease of migration and invasion with Gal-3 
pharmacological inhibition. Scale bar 650um. (b): Proliferation assay shows no difference in 
proliferation between DMSO-treated or 10uM GB1107-treated WT NIC cells. Student’s t-test. 
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2.1.1.7. Knockdown of Lgals3 increases focal adhesion markers  

We have shown that in Stat3flx/flx/NIC cells, the focal adhesion expression levels are 

elevated, and Gal-3 level is significantly downregulated in the Stat3-deficient cells. Therefore, 

we are interested in if the Gal-3 downregulation exhibits the same features as Stat3-deficient 

cells. We performed immunoblotting on the focal adhesion markers that were altered in the 

Stat3-deficient NIC cells (Figure 9). Remarkably, shLgals3_1 and shLgals3_3 demonstrated 

better knockdown of Gal-3, and these two cell lines exhibited high levels of phosphorylated-

FAK, vinculin, phosphorylated-paxillin, and paxillin expression, compared to shControl and 

shLgals3_2. This suggests that Gal-3 recapitulates the capacity of Stat3 in down-regulating the 

expression of focal adhesion markers.  

 

Figure 9: Focal adhesion protein expressions are decreased with Gal-3 knockdown in NIC cell 
lines 

Immunoblotting of Stat3, p-FAK, vinculin, p-paxillin, paxillin, and beta-Actin protein in shControl and 
shLgals3 cell lines. Successful knockdown of Gal-3 can be observed with shLgals3_1 and shLgals3_3. 
With shLgals3_1 and shLgals3_3 knockdown, the protein levels of p-FAK, vinculin, p-Paxillin, and 
Paxillin are higher. However, with an unsuccessful knockdown of Gal-3 with shLgals3_2, the 
expression of focal adhesions mentioned above is not increased.  
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2.1.2. Stat3 deficiency results in a significant delay in tumor onset and a decrease in metastasis in 

TetO-ErbB2-Ires-Cre (EIC) mouse models 

More recently, the Muller lab has generated a novel HER2-Positive breast cancer mouse 

model, TetO-ErbB2-Ires-Cre (EIC) (Attalla et al., 2023). Compared to the NIC mouse model, 

EIC mouse model exhibits more advantages (Attalla et al., 2023). It is a doxycycline-inducible 

mouse model and employs human version of ErbB2 as an oncogene(Attalla et al., 2023). By 

crossing EIC strain to MTB strain and inducing with doxycycline, the EIC/MTB mice follow a 

stepwise malignant transformation, and recapitulate the human breast cancer DCIS stage(Attalla 

et al., 2023). 

To further study the role of Stat3 in HER2-Positive breast cancer initiation and 

progression, we crossed Stat3flx/flx with EIC/MTB mouse model, and administered doxycycline to 

induce the activation of transgenes (Figure 10). Upon administration of doxycycline, the rtTA 

gets activated and binds to the Tet-ON operator, thereby activating expression of the ErbB2 and 

Cre, and the Cre recombinase excises the sequence between the LoxP sites flanked by Stat3 

gene.  

 

Figure 10: Schematic construct of Stat3flx/flx/EIC/MTB 

Upon doxycycline induction, rtTA binds and activates TetO operator, which activates the transcription 
of ErbB2 and Cre recombinase. Cre recombinase mediates the excision of LoxP-flanked Stat3. Created 
with Biorender.com.  
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2.1.2.1. Stat3 deficiency results in a delay in tumor onset and decreased tumor burden  

 To study the role of Stat3 in HER2-Positive breast cancer initiation and progression, the 

EIC/MTB/Stat3flx/flx and EIC/MTB mice were induced with doxycycline and palpated for tumor 

kinetics. To study the tumor initiation, the tumor onset curve was generated (Figure 11a). The 

average tumor onset for EIC/MTB mice was 105.45.1 days (n=34), whereas the average tumor 

onset for significantly longer than EIC/MTB mice (p<0.0001, student’s t-test). The penetrance 

was 100% for both EIC/MTB/Stat3flx/flx and EIC/MTB mice. 

 Tumor burden is an important indicator of tumor progression, which refers to the ratio of  

tumor mass to body mass at the tumor end point (Figure 11b). At the experimental end point, the 

average tumor burden was 16.4%0.9% for EIC/MTB mice, and 12.8%1.4% for 

EIC/MTB/Stat3flx/flx mice. The tumor burden for EIC/MTB mice was significantly heavier than 

EIC/MTB/Stat3flx/flx mice (p=0.039, student’s t-test).  

 The tumor onset curve and tumor burden graph suggested that Stat3 deficiency in the EIC 

HER2-Positive mouse model results in delayed tumor onset and decreased tumor burden. 

 

Figure 11: Tumor onset is delayed in Stat3flx/flx/EIC/MTB mice and tumor burden is decreased 

(a). Tumor onset was significantly delayed in Stat3flx/flx/EIC/MTB mice compared to EIC/MTB mice, 
p<0.0001, student’s t-test; (b). Tumor burden was significantly decreased in Stat3flx/flx/EIC/MTB 
mice compared to EIC/MTB, p=0.039, student’s t-test 
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2.1.2.2. Stat3 deficiency results in decreased metastasis  

Besides the roles of Stat3 in tumor initiation and progression, it is also critical to study 

the roles of Stat3 in metastasis. At the tumor end point, one of the major sites of breast cancer 

metastasis, the lungs, were collected, embedded in paraffin, and sectioned for subsequent H&E 

staining (Figure 12a) (Jin et al., 2018). The extent of lung metastasis in the H&E-stained slides 

was then quantified (Figure 12b). 

We first quantified the incidence of lung metastasis in EIC/MTB and EIC/MTB/Stat3flx/flx 

mice, and we found that 84.6% of EIC/MTB mice (n=13) developed lung metastasis at the breast 

tumor end point, whereas only 50% of EIC/MTB/Stat3flx/flx mice (n=8) developed lung 

metastasis. Therefore, there was a lower incidence of lung metastasis in EIC/MTB/Stat3flx/flx 

mice compared to EIC/MTB mice. In addition, the size of lungs occupied by metastasis was also 

quantified. In EIC/MTB mice, 9.1%2.8% of lungs (n=13) were occupied by metastasis, whereas 

in EIC/MTB/Stat3flx/flx mice, only 1.3%0.5% of lungs (n=8) were occupied by metastasis. 

Therefore, the size of lungs occupied by metastasis of EIC/MTB/Stat3flx/flx mice was 

significantly smaller than that of EIC/MTB mice (p=0.043, student’s t-test).  

To summarize, the deficiency of Stat3 results in decreased metastasis, from the 

perspectives of both incidence and size of metastasis. This is consistent with the findings from 

NIC/Stat3flx/flx mouse model, demonstrating a role of Stat3 in promoting HER2-Positive breast 

cancer.  
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Figure 12: Lung metastasis is significantly decreased in Stat3flx/flx/EIC/MTB mice compared to 
EIC/MTB mice 

(a): Representative images of lung metastasis in EIC/MTB and Stat3flx/flx/EIC/MTB, scale bar 1cm 
(upper), and 1mm (below); (b): quantification of incidence of lung metastasis and percent area 
occupied by lung metastasis in EIC/MTB and Stat3flx/flx/EIC/MTB, for the percent area: p=0.043, 
student’s t-test 
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2.1.2.3. Stat3 deficiency results in a trend of decreased proliferation  

 To study the proliferation and apoptosis of the EIC/MTB and EIC/MTB/Stat3flx/flx breast 

tumor, immunohistofluorescence staining of ki67 and cleaved-caspase 3 was performed on the 

paraffin-embedded tissue sections (Figure 13). The ki67 positive cells in EIC/MTB breast tumor 

accounts for 17.4%3.8%, whereas they only accounts for 9.2%1.4% in EIC/MTB/Stat3flx/flx 

breast tumor. Therefore, there is a marginal significance of decreased proliferation in the 

EIC/MTB/Stat3flx/flx breast tumor (p=0.07, student’s t-test). Meanwhile, to study the apoptosis of 

the tumor cells in the EIC/MTB and EIC/MTB/Stat3flx/flx breast tumor, cleaved-caspase 3 

staining was performed. Although there is a trend of lower cleaved-caspase 3 level in the 

EIC/MTB/Stat3flx/flx breast tumor, no significant difference was observed. 

 

Figure 13: A trend of decreased proliferation in the Stat3flx/flx/EIC/MTB compared to 
EIC/MTB mouse breast tumor 

(Left) Representative figure of immunofluorescence staining of EIC/MTB and Stat3flx/flx/EIC/MTB of 
Ki67 (yellow), cleaved caspase-3 (green), and merge with DAPI (blue). (Right) Quantification of Ki67 
and Cleaved caspase 3 positive cells by immunohistofluorescence staining on breast tumors of 
EIC/MTB and Stat3flx/flx/EIC/MTB, p>0.05, student’s t-test 
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2.1.2.4. Transcriptomic and bioinformatic analysis  

We have found that Stat3flx/flx/EIC/MTB mice had a significantly delayed tumor onset 

compared to EIC/MTB mice, and they had significantly reduced lung metastasis. To study the 

underlying mechanism, transcriptomic and bioinformatic analysis were performed on the 

Stat3flx/flx/EIC/MTB and EIC/MTB breast tumors. Transcriptomic studies showed differentially 

regulated gene profiles. Among the cellular functions and behaviors that are altered in the Stat3-

deficient EIC/MTB tumors , the biological process of antigen processing and presentation 

appeared to be upregulated to a large extent. GO analysis demonstrated that 30 genes involved in 

this process were altered, such as Tap1, Tap2, and Gm11127 (Figure 14a and b) (Agrawal et al., 

2004; Qu et al., 2023). Furthermore, GSEA analysis suggested that there are large enrichments in 

the antigen processing and presentation (Figure 14c). In addition, a similar finding was obtained 

with KEGG analysis, and 38 genes were altered and involved in antigen processing and 

presentation (Figure 14d).  
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Figure 14: Transcriptomic study and bioinformatic analysis of EIC/MTB and 
Stat3flx/flx/EIC/MTB tumors 

(a): GO analysis revealed that antigen processing and presentation was significantly upregulated in 
Stat3flx/flx/EIC/MTB tumors; (b): The genes that are altered and involved in antigen processing and 
presentation revealed by GO analysis; (c): GSEA enrichment analysis revealed an enrichment in 
antigen processing and presentation; (d): KEGG analysis suggested a significant alteration in antigen 
processing and presentation 
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2.1.2.5. Lgals3 is significantly down-regulated in the Stat3-deficient lesions 

We have demonstrated in the NIC mouse model that Stat3 may promote HER2-Positive 

breast cancer metastasis through the regulation of Lgals3. To further study the mechanism of 

Stat3 promoting HER2-Positive breast cancer metastasis, we studied the expression of Lgals3 in 

EIC/MTB and EIC/MTB/Stat3flx/flx breast tumor. We first examined the Lgals3 level from the 

transcriptomics analysis of EIC/MTB and EIC/MTB/Stat3flx/flx breast tumor, and we observed a 

trend of lower Lgals3 level in the EIC/MTB/Stat3flx/flx breast tumor (p=0.08, padj=0.26) (Figure 

15a).  

To study the protein levels of Gal-3, we performed an immunohistofluorescence staining 

of phospho-Stat3, Gal-3, and HER2 on EIC/MTB and EIC/MTB/Stat3flx/flx breast tumor paraffin-

embedded tissue sections (Figure 15b). We observed nuclear staining of phospho-Stat3 (green) 

in the EIC/MTB breast tumor, while no phospho-Stat3 was detected in EIC/MTB/Stat3flx/flx 

breast tumor. In addition, similar levels of HER2 expression (purple) was observed in both 

EIC/MTB and EIC/MTB/Stat3flx/flx breast tumor, indicating the presence of mammary gland 

epithelial cells, where the transgenes are expressed.  

 In EIC/MTB breast tumors, we observed the expression of Gal-3 protein (red) expression 

both in epithelial cells and stromal cells, and the expression is predominantly cytoplasmic. In 

contrast, EIC/MTB/Stat3flx/flx breast tumor exhibited markedly low expression of Gal-3 in the 

epithelial cells. By the HALO program quantification, we found that 28.0%7.4% of EIC/MTB 

breast tumor epithelial cells were Gal-3 positive, whereas only 8.8%1.5% of 

EIC/MTB/Stat3flx/flx breast tumor cells exhibited Gal-3 positivity. This indicated a significantly 

lower Gal-3 expression in EIC/MTB/Stat3flx/flx breast tumor epithelial cells (p=0.029, student’s t-

test).  
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 However, although the Gal-3 expression is low in epithelial cells of EIC/MTB/Stat3flx/flx 

breast tumor, its expression is very high in stromal cells. This may explain why in 

transcriptomics analysis, the Lgals3 is not significantly lower in EIC/MTB/Stat3flx/flx breast 

tumor. Moreover, this elevated level of Gal-3 in stromal cells may be related to an altered 

immune profile of EIC/MTB/Stat3flx/flx breast tumor. 

 

Figure 15: Gal-3 protein expression is decreased in Stat3flx/flx/EIC/MTB tumors compared to 
EIC/MTB tumors 

(a): Level of Lgals3 by transcriptomic analysis (RNA sequencing), p=0.08, padj=0.26; (b): 
Immunohistofluorescence staining of p-Stat3 (green), Gal-3 (red), ErbB2 (purple), and merge with 
DAPI (blue), Quantification of Gal-3 positive cells in tumors. p=0.029, student’s t-test. 
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2.2. Creating a novel ER-Positive Breast Cancer Mouse Model: TetO-FOXA1-Ires-Cre 

(FIC) 

Estrogen receptor (ER) positive breast cancers, primarily luminal A, luminal B, and some 

HER2-positive types, comprise roughly 70% of all breast cancers (Mohibi et al., 2011). While 

ER-Positive breast cancer is predominant, there's a significant void in mouse models that 

genuinely mimic ER-driven breast cancer (Dabydeen & Furth, 2014a). This makes 

comprehensive ER-positive breast tumor initiation and progression studies challenging, given 

factors like extended tumor development latency, low ER-positive tumor rates, growth defects, 

and resistance to endocrine therapies in current models (Dabydeen & Furth, 2014a). Recognizing 

the imperative role of accurate mouse models, our lab seeks to develop new ER-positive breast 

cancer mouse models. FOXA1 is a transcription factor facilitating ER-chromatin association, and 

it may promote tumorigenesis through multiple mechanisms (Seachrist et al., 2021). 

2.2.1. FIC/MTB mouse model 

To create a novel ER-Positive breast cancer mouse model that faithfully recapitulates the 

features of human ER-Positive breast cancer, our lab has generated a novel TetO-FOXA1-Ires-

Cre (FIC) mouse model that overexpresses the FOXA1 gene. By crossing to the rtTA-MMTV 

(MTB) strain, FIC/MTB mice conditionally overexpress the FOXA1 gene in the mammary 

epithelial cells upon the doxycycline induction, and activate the Cre recombinase protein 

expression at the same time (Figure 16). We had two founder lines, namely FIC2 and FIC3, 

which were selected for a higher level of transgene expression.  
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Figure 16: Schematic construct of FIC/MTB mouse model 

Upon doxycycline induction, rtTA gets activated and binds to TetO operator, which drives the 
transcription of FOXA1 and Cre recombinase. Created by Biorender.com.  

 
 
2.2.1.1. Validation of FOXA1 expression and comparisons of founder lines 

To generate the female cohorts of FIC/MTB, the progenies of FIC and MTB mice were 

subjected to genotyping at the age of three weeks, only mice that were positive for both FOXA1 

and MTB genes were considered FIC/MTB mice (Figure 17).  

 

Figure 17: Representative genotyping blots of FOXA1 and MTB 

Mice bearing FIC transgene in their mammary glands appear a band at around 100bp (Upper), and 
mice bearing MTB transgene appear a band at around 500bp (Below). Only mice that are positive for 
both FIC and MTB are considered the FIC/MTB experimental mice.  
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The FIC2/MTB and FIC3/MTB mice were induced with doxycycline for 4 weeks after 2-

month old, followed by the validation of FOXA1 and Cre expression. The mammary glands from 

FIC2/MTB and FIC3/MTB were harvested and extracted for RNA and proteins. FIC2/MTB had 

an approximately three-time increase in the FOXA1 mRNA level compared to the control MTB 

mice, and FIC3/MTB had an approximately one-time increase in the FOXA1 mRNA level to that 

of the MTB mice (Figure 18). Also, compared to MTB mice, FIC2/MTB mice had an 

approximately six-time increase in the Cre mRNA level, and FIC3/MTB mice had an 

approximately one-time increase in the Cre recombinase mRNA level (Figure 18). This 

demonstrated that from the mRNA level, founder line 2 (FIC2/MTB) has a higher expression of 

the transgene FOXA1 and Cre.  

 

Figure 18: Comparison of FOXA1 (Left) and Cre (Right) mRNA levels in the 4-week induced 
MTB, FIC2/MTB, and FIC3/MTB mice 

The FOXA1 (Left) and Cre (Right) mRNA levels were quantified in MTB, FIC2/MTB, and FIC3/MTB 
mouse mammary glands. Both FOXA1 and Cre mRNA levels are significantly higher in the 
FIC2/MTB compared to MTB and FIC3/MTB. 
FOXA1: MTB vs. FIC2/MTB: p=0.0005, MTB vs. FIC3/MTB: p=0.0016, FIC2 vs. FIC3: p=0.038; 
Cre: MTB vs. FIC2/MTB: p=0.0005, MTB vs. FIC3/MTB: p=0.0004, FIC2 vs. FIC3: p=0.0028; 
Student’s t-test 
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 To further validate this conclusion, we grew the uninduced FIC/MTB mammary gland-

derived organoids on the polyHEMA-coated plates, and induced with doxycycline in vitro. After 

inducing for 14 days, the organoids were harvested and extracted for RNA for real-time PCR 

(RT-PCR), for the comparisons of FIC2/MTB and FIC3/MTB transgene expression (Figure 19). 

We found that upon doxycycline induction, the organoids from FIC2/MTB express significantly 

higher mRNA levels of FOXA1 and Cre compared to the control group without doxycycline 

induction. However, in the FIC3/MTB, there is no difference in the FOXA1 and Cre mRNA 

levels between the with and without doxycycline induction groups.  

This further demonstrated that founder line 2 (FIC2/MTB) has a higher expression of 

FOXA1 and Cre gene. Therefore, FIC2/MTB mice were used for further study.  

 

Figure 19: FIC2/MTB mouse mammary gland-derived organoids have higher mRNA expression 
of FOXA1 and Cre expression in two-week induced organoids with doxycycline induction in 
FIC2/MTB than FIC3/MTB 

(Left) In FIC2/MTB mouse mammary gland-derived organoids, relative FOXA1 mRNA level with 
doxycycline vs. without doxycycline: p=0.0049, student’s t-test; Cre mRNA level with doxycycline vs. 
without doxycycline: p=0.0019, student’s t-test; (Right) In FIC3/MTB mouse mammary gland-derived 
organoids, relative FOXA1 mRNA level with doxycycline vs. without doxycycline: n.s., student’s t-
test; Cre mRNA level with doxycycline vs. without doxycycline: n.s., student’s t-test 
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 The FIC2/MTB mice were further induced for 12 weeks, and we validated the expression 

of FOXA1 by RT-PCR (Figure 20). By RT-PCR, there is an approximately two-time increase in 

the mRNA level of FOXA1 in the FIC2/MTB compared to MTB.  

 From here on, all the FIC/MTB and FIC/MTB/ESR1 studies are conducted with founder 

line FIC2.  

12-Week In Vivo Doxycycline-Induced Mammary Gland

M
TB

FIC
2/

M
TB

0.00

0.05

0.10

0.15

0.20

0.25 **

R
e
la

ti
v
e
 F

O
X

A
1
 m

R
N

A
 L

e
v
e
l

(n
o

rm
a
li
z
e
d

 t
o

 b
e
ta

-a
c
ti

n
)

 

Figure 20: FIC2/MTB mouse mammary glands had significantly higher expression of FOXA1 
compared to WT counterparts after 12-week induction 

Comparison of FOXA1 mRNA level in 12-week induced MTB and FIC/MTB mouse mammary glands 
demonstrated significantly higher expression in FIC2/MTB compared to MTB, p=0.0021, student’s t-
test. 

 

 
2.2.1.2. In vitro study of mammary gland-derived organoids showed abnormal filled sphere 

structure upon doxycycline induction 

To study the growth and abnormality of FOXA1-overexpressing mammary gland in vitro, 

we harvested the mammary glands of the FIC/MTB mice and dissociated into single cells. With 

these mammary gland-derived single cells, we grew into organoids on the 24 well plates coated 

with Geltrex (Figure 21). The organoids were grown on the Geltrex for 6 days, followed by with 

or without doxycycline induction for 15 days. At day 15 and day 21, we performed 

immunofluorescence staining and imaged with confocal microscope on the organoids. In 
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addition, the size of the organoids was measured and the morphology of the organoids was 

recorded.  

Immunofluorescence staining was performed on FIC2/MTB-derived organoids grown on 

24-well plate. We found that, at day 15, FOXA1 expression (red) was well detected in the 

doxycycline-induced organoids, whereas no Foxa1 expression was observed in the non-induced 

control organoids (Figure 22a). Meanwhile, the FOXA1 protein was detected in the nucleus. 

Moreover, the non-induced organoids developed a hollow sphere-like structure that mimicked 

normal mammary glands, however, the doxycycline-induced organoids developed a filled sphere 

structure that mimicked the mammary gland hyperplasia. At day 21, in the induced group, 

although the organoids had largely lost their expression of FOXA1, which could be due to the 

restriction of organoid lifetime, the filled sphere structures were also observed in the 

doxycycline-induced group (Figure 22b). This abnormality may indicate that in vivo, 

overexpression of FOXA1 can lead to hyperplasia in mammary gland. Furthermore, a decreased 

expression of E-cadherin (purple) was observed, which might indicate a potential epithelial-to-

mesenchymal (EMT) process.  

Furthermore, the diameter of induced (not exclusive to FOXA1-expressed organoids) and 

non-induced organoids were measured on day 18 (Figure 22c). The measurement has shown that 

the doxycycline-induced organoids have a significantly larger diameter (57.3±2.2μm) than non-

induced organoids (41.0±1.4μm) at day 18 (p=0.0001, student’s t-test). This may indicate a 

higher proliferation of FOXA1-overexpressing organoids compared to normal organoids.  

In conclusion, in vitro study demonstrated that overexpression of FOXA1 in mammary 

gland-derived organoids led to an abnormal filled sphere structure, and FOXA1 promoted 

proliferation in mammary glands in vitro upon doxycycline induction. 
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Figure 21: Schematic procedures of growing organoids in vitro, timeline and the experiments 

The mammary glands were harvested following necropsies, and were chopped with scissors for 10-15 
minutes. The chopped tissues were digested in digestion media on rotator. After several washes and 
trypsinization, the single cells were grown on polyHEMA plate in which single cells/organoids were 
suspended in the media, and on 24-well plate with geltrex to which single cells/organoids attach and 
grow. The single cells were allowed to grow for 6 days to become organoids, and then treated with or 
without doxycycline for 15 days. 9 days and 15 days post-induction, the organoids were fixed and 
immunofluorescent stained. Also, 15 days post-induction, the organoids in the polyHEMA plate was 
collected for qRT-PCR. Created with Biorender.com. 
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Figure 22: FIC2/MTB mouse mammary gland-derived organoid developed a filled sphere 
structure with doxycycline induction 

(a): Immunofluorescence on the FIC2/MTB mouse mammary gland-derived organoids with and 
without doxycycline on FOXA1 (red), E-cadherin (purple), DAPI (blue), and merge on Day 9 post-
induction. The organoids developed a filled sphere structure with doxycycline induction; (b): 
Immunofluorescence staining of organoids on Day 15 post-induction. The organoids also had the filled 
sphere structure; (c): Quantification of the diameters of the organoids with and without doxycycline. 
P<0.0001, student’s t-test. 
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2.2.1.3. In vivo 4-week induction  

Although in vitro study of FOXA1 overexpression in mammary gland-derived organoid 

has shown the role of FOXA1 in proliferation, we are also interested in the role of FOXA1 

overexpression in vivo. Therefore, we induced the FIC/MTB and MTB mice with doxycycline 

for 4 weeks and harvested their mammary glands. The H&E staining was performed on the 

mouse mammary gland tissue sections (Figure 23). From the H&E staining of MTB mouse 

mammary gland, we observed a hollow lumen that is surrounded by epithelial cells. Although the 

majority of FIC2/MTB mouse mammary glands also had normal hollow lumen structures, there 

was one out of four FIC2/MTB mice that had mammary glands with early hyperplasia. These 

abnormal mammary glands were infiltrated with many immune cells, which can be observed 

surrounding the mammary glands.   

However, given that the abnormality was at a very early stage, longer doxycycline 

induction was performed on FIC/MTB mice to further study the role of FOXA1 in mammary 

glands.  

 

Figure 23: 4-week induced MTB and FIC2/MTB mammary gland H&E staining 

After 4-week induction, MTB mouse mammary glands (left) had normal lumen ducts, whereas one of 
the FIC2/MTB (right) out of four mice, developed an early hyperplasia, and the ducts seemed to be 
surrounded by immune cells. Other FIC2/MTB mammary glands appeared normal. Scale bar 200um. 
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2.2.1.4. In vivo 12-week induction  

We further induced the FIC2/MTB mice for 12 weeks and harvested the mammary 

glands. The mammary glands were subjected to wholemount, H&E staining of the tumor 

sections, and immunofluorescence staining.  

The wholemount of mammary glands did not show a difference in the morphology 

between FIC/MTB and MTB mice. Meanwhile, no hyperplasia can be observed from the 

mammary gland wholemount (Figure 24a).  

In addition, the H&E staining of the paraffin-embedded slide sections showed that there 

was no hyperplasia in FIC/MTB mouse mammary glands, given their hollow lumen structures 

(Figure 24b). No significant difference can be observed in the H&E staining between FIC/MTB 

and MTB mice after 12 weeks of doxycycline induction.  
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Figure 24: 12 week-induced FIC2/MTB mammary gland wholemount, H&E staining, and 
immunofluorescent staining 

(a): Representative wholemounts of 12-week induced MTB and FIC/MTB mammary glands, scale bar 
5000um; (b): Representative H&E staining of 12-week induced MTB and FIC/MTB mammary glands, 
scale bar 100um;(c): Immunofluorescence staining of DAPI (blue), Cre (green), FOXA1 (orange), and 
ki67 (red) on paraffin-embedded sections of MTB and FIC/MTB mammary glands. 
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2.2.1.5. In vivo 20-week induction 

We further induced the FIC/MTB mice for 20 weeks and harvested the mammary glands. 

The mammary glands were subjected to wholemount, H&E staining of the tumor sections 

(Figure 25). 

No hyperplasia can be observed in either MTB or FIC/MTB mouse mammary glands 

from wholemounts and H&E staining of mammary gland sections. However, there may be 

increased immune cells infiltrating the mammary ducts of FIC/MTB mice, as we observed many 

cells surrounding mammary ducts. 

 

Figure 25: 20-week induced MTB and FIC2/MTB mouse mammary gland wholemounts and 
H&E staining 

(Upper) Wholemounts of 20-week induced MTB and FIC2/MTB mouse mammary glands with 
hematoxylin staining. Scale bar 2000um. (Below) H&E staining of the mammary gland sections of 20-
week induced MTB and FIC2/MTB. There may be increased immune cells infiltrating FIC2/MTB 
mouse mammary ducts. Scale bar 100um. 
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2.2.2. FIC/MTB/ESR1 mouse model 

To speed up the oncogenesis process, the FIC/MTB mouse model was crossed to the 

ESR1Y541S (ESR1) mouse model, which mutates the ESR1 gene and results in constitutive 

activation of ER (Simond et al., 2020) (figure 26). Only mice that are genotyped to be positive 

for all FOXA1, MTB, and heterozygous ESR1Y541S are considered FIC/MTB/ESR1 for 

doxycycline induction and following experiments (Figure 27).  

 

Figure 26: Schematic construct of FIC/MTB/ESR1 

Upon doxycycline induction, rtTA binds and activates TetO operator, which activates the transcription 
of FOXA1 and Cre recombinase. Cre recombinase mediates the excision of WT exon 9 of ESR1 and 
activates the mutated exon 9, thereby leading to constitutive activation of ERalpha. Created by 
Biorender.com.  
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Figure 27: Representative genotyping blot of ESR1 

Homozygous ESR1 shows one band at approximately 160bp; heterozygous ESR1 shows two bands at 
126bp and 160bp; and WT ESR1 shows one band at 126bp. In this study, heterozygous ESR1 has been 
used as experimental mice.  

 
 

2.2.2.1. Excision PCR  

To validate the Cre recombinase function, an excision PCR was performed with 8-week 

induced FIC2/MTB/ESR1 mice mammary glands. The positive control is MIC/MTB/ESR1 

mouse mammary glands which are known to successfully express Cre recombinase (Rao et al., 

2014). This experiment demonstrated successful Cre excision of the WT exon 9 of the ESR1 

gene, leaving the mutated exon 9 with Y541S mutation (Figure 28) (Simond et al., 2020).  

 

Figure 28: Excision PCR of FIC/MTB/ESR1 mammary gland-extracted DNA 

FIC/MTB/ESR1, and positive control MIC/MTB/ESR1 after excision PCR, appeared the band with 
size around 639bp, which indicated proper Cre function (excising), whereas in negative control, there is 
no band. 
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2.2.2.2. 20-week induced FIC2/MTB/ESR1 mouse mammary glands 

 The FIC/MTB/ESR1 mice were induced for 20 weeks with doxycycline. The mice were 

sacrificed, and the mammary glands were harvested. Wholemounts with hematoxylin staining of 

the 20 week-induced MTB and FIC/MTB/ESR1 mouse mammary glands showed dramatic 

differences. In the MTB mice, the mammary glands appeared a normal morphology, and we 

observed normal branches in the mammary glands. However, in the FIC/MTB/ESR1 mice, the 

mammary glands exhibited some extent of hyperplasia (Figure 29a).  

 Moreover, in the H&E staining of FIC/MTB/ESR1 mammary gland sections, we 

observed a dramatically increased number of ducts compared to MTB counterparts, and they 

account for a dramatically large area of the mammary gland (Figure 29b). These ducts did not 

exhibit normal lumen structures, instead, they formed significant hyperplasia, and they seemed to 

be well-differentiated hyperplasia based on the shapes of the ducts. Also, these ducts were 

generally small, however, they had many bubble-like holes within the filled ducts. 

 Interestingly, the lymph node of FIC/MTB/ESR1 mammary gland was enlarged and 

appeared an irregular shape, which might be related to malignant transformation.  
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Figure 29: 20-week induced FIC/MTB/ESR1 mouse mammary gland showed dramatic 
hyperplasia 

(a): Representative hematoxylin-stained wholemounts of MTB and FIC/MTB/ESR1 mammary glands, 
scale bar 2000um; (b): Representative H&E staining of MTB and FIC/MTB/ESR1 mammary gland 
sections, scale bar 5mm (upper) and 500um (below). Well-differentiated hyperplasia can be observed 
in the mammary glands of FIC/MTB/ESR1. 
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Chapter 3: Discussion and Concluding Statements 

3.1. Summary 

We have discussed two transcription factors, Stat3 and FOXA1, and their regulatory roles 

in breast cancer initiation and progression.  

Previous studies have suggested the roles of Stat3 in promoting ErbB2 positive breast 

cancer metastasis as well as tumor cell migration and invasion(Jones, 2018). However, the 

mechanism remains unclear. Based on our study, Stat3 deficiency results in increased apoptosis 

in the primary breast tumor, and higher expression of the focal adhesions, including 

phosphorylated FAK (Y925), vinculin, paxillin, and phosphorylated paxillin (Y118). Taken 

together, these may be attributable to the decreased metastasis in the Stat3flx/flx/NIC mice. To 

further study the mediator of this metastatic phenotype, we did the transcriptomic study and 

bioinformatic analysis on the dissociated WT NIC and Stat3flx/flx/NIC cells. The transcriptomic 

study suggested very differentially regulated gene profiles. The GSEA analysis demonstrated 

enrichments in ErbB2 positive metastatic signatures. The IPA analysis showed altered cell 

spreading, and GO pathway analysis suggested large enrichments in cell adhesions. From the 

transcriptomic study and bioinformatic analysis, we may infer that the anti-metastatic phenotype 

in Stat3-deficient NIC cells may be attributable to altered cell spreading and cell adhesions. 

Moreover, among the genes that are differentially regulated between WT NIC and Stat3flx/flx/NIC 

cells, Lgals3 appeared to be the most downregulated gene, and it was known for modulating cell-

cell and cell-matrix adhesions. Therefore, we studied the expression of Gal-3 in both cell lines 

and primary breast tumors, and these showed a dramatic decrease of Gal-3 protein level in 

Stat3flx/flx/NIC compared to WT NIC. We were also interested in whether Gal-3 deficiency in 

NIC cells recapitulates the features of Stat3-deficient NIC cells. Therefore, we used shRNA to 
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knockdown Lgals3. The shLgals3_NIC cells exhibited decreased migration and invasion, and 

they expressed higher levels of focal adhesion proteins phosphorylated-FAK, vinculin, paxillin, 

and phosphorylated-paxillin, mimicking the features of Stat3flx/flx/NIC cells. Therefore, we may 

infer that Stat3 regulates Galectin-3, which inhibits apoptosis and decreases the expression of 

focal adhesions, thereby promoting cell migration and invasion, and eventually ErbB2 positive 

breast tumor metastasis. However, further studies are still required to validate this conclusion in 

vivo.  

To further study the role of Stat3 in ErbB2 positive breast cancer, the Stat3flx/flx strain was 

crossed to EIC/MTB mouse model. We found that, different from in the NIC mouse model, the 

Stat3 deficiency in the EIC/MTB results in delayed tumor onset, and a decreased tumor burden. 

Also, there is a trend of decreased proliferation of Stat3flx/flx/EIC/MTB breast tumors compared 

to EIC/MTB tumors. However, Stat3 deficiency in both NIC and EIC/MTB mouse models leads 

to decreased lung metastasis, from the perspectives of both incidence and size of the metastasis. 

To investigate the underlying mechanism, we also conducted the transcriptomic study and 

bioinformatic analysis, which suggested that the antigen processing and presentation was 

upregulated. To verify the regulatory role of Stat3 on Gal-3, we performed 

immunohistofluorescence staining of the Gal-3 on the EIC/MTB and Stat3flx/flx/EIC/MTB breast 

tumors, and the Gal-3 protein level was significantly downregulated in the Stat3flx/flx/EIC/MTB 

breast tumors. Interestingly, in the Stat3flx/flx/EIC/MTB breast tumors, the Gal-3 protein level 

was upregulated in the stroma. 

Another transcription factor that we investigated is FOXA1, an ER-associated protein 

(Seachrist et al., 2021). To create a novel ER-Positive breast cancer mouse model, and to study 

the roles of FOXA1 in tumorigenesis, our lab has generated a novel doxycycline-inducible 
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mouse model FIC (FOXA1-IRES-Cre). By crossing FIC to the MTB (MMTV-rtTA) strain and 

administering doxycycline, the mice conditionally express FOXA1 and Cre in the mammary 

epithelial cells. We compared two founder lines FIC2 and FIC3, and determined that FIC2 has a 

higher expression level of both FOXA1 and Cre. We continued the further experiments with 

FIC2. To study the roles of FOXA1 overexpression in vitro, we derived epithelial cells from 

FIC/MTB mammary gland, grew into organoids, and induced with doxycycline. In the 

doxycycline-induced group, the organoids had developed a filled sphere structure nine days post-

induction, which mimics the human mammary gland hyperplasia. In contrast, in the control 

group, the organoids developed a hollow sphere structure, which mimics the normal lumen of the 

mammary ducts. We also observed larger diameters of organoids with doxycycline induction, 

indicating a role of FOXA1 in promoting proliferation. In addition, a lower expression of E-

cadherin was observed in the doxycycline-induced group 15 days post-induction, which may 

indicate an EMT phenotype. This in vitro study demonstrated that FOXA1 played a role in 

promoting proliferation, and overexpression of FOXA1 in mammary epithelial cells has the 

potential to develop hyperplasia in mammary glands.  

To study the role of FOXA1 in vivo, we induced the FIC/MTB and MTB mice with 

doxycycline for 4 weeks. One out of four FIC/MTB mice developed an early stage of 

hyperplasia, and the ducts seemed to be infiltrated by many immune cells. The other FIC/MTB 

mice and all the MTB mice appeared normal. We further induced the FIC/MTB and MTB mice 

for 12 weeks, however, no significant difference was observed in the wholemount or H&E 

staining of the mammary gland sections between FIC/MTB and MTB mice. Until now, the 

FIC/MTB mice have been induced for 170 days, and no tumor growth has been observed.  
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To speed up the oncogenesis process, we crossed FIC/MTB mouse model with the 

ESR1Y541S (ESR1) mouse model, and induced the FIC/MTB/ESR1 and MTB mice with 

doxycycline. The excision PCR demonstrated the proper functioning of Cre recombinase in 

removing the WT exon 9 of ESR1 gene and activating mutated exon 9 with Y541S mutation. 

After 20-week induction, the mammary glands were harvested for wholemount, H&E staining of 

the sections. We observed a dramatically increased number of ducts with well-differentiated 

hyperplasia in the FIC/MTB/ESR1 mouse mammary glands. Also, we noticed that the lymph 

node was enlarged and appeared an irregular shape, which might be related to malignant 

transformation. These suggest that the FIC/MTB/ESR1 mouse model has the potential to develop 

malignant tumors.  

 

3.2. Discussion 

Stat3-deficient NIC mice develop dramatically less metastasis than WT NIC mice, and 

the dissociated Stat3-deficient NIC tumor cells have significantly reduced migration and 

invasion (Jones, 2018). Also, we have shown that Stat3-deficient NIC breast tumor has 

significantly higher apoptosis, and Stat3-deficient NIC tumor cells form higher levels of focal 

adhesions which makes it hard for tumor cells to disseminate. In addition, transcriptomic 

analysis has revealed that Lgals3 is the most downregulated gene upon the Stat3 deficiency, and 

we have validated this downregulation in both in cell lines and primary breast tumor. We also 

used shRNA to knockdown Lgals3 in the NIC cell lines, which appeared to have lower migration 

and invasion, and exhibited higher expression of focal adhesions. The knockdown of Gal-3 

recapitulates the phenotypes of Stat3-knockout NIC cells. Given the known antiapoptotic role of 

Gal-3 (Harazono et al., 2014), we propose that in the ErbB2-positive breast cancer cells, Stat3 



 98 

targets and activates Gal-3, which decreases apoptosis and lowers focal adhesion expressions, 

thereby reducing migration and invasion, and eventually decreasing metastasis (Figure 30). 

However, future studies are still required to further validate this mechanism.  

 

Figure 30: Proposed schematic mechanism of Stat3 promoting HER2-positive breast cancer 
metastasis 

Based on the findings mentioned above, we propose that Stat3 targets Gal-3, the activation of which 
decreases apoptosis and inhibits focal adhesion formation, thereby promoting migration and invasion, 
eventually driving breast cancer metastasis. Figure created with Biorender.com.  

 

The role of Stat3 in promoting metastasis has been implicated in several breast cancer 

mouse models, such as MTB/MIC, a luminal B-like breast cancer mouse model, and here we 

showed that, in NIC and EIC/MTB, two ErbB2-Positive breast cancer mouse models(Jones et al., 

2016). However, the mechanism remains unclear. Moreover, Gal-3 is a known target of Stat3, 

and Stat3-Lgals3 axis has been implicated in various biological functions and behaviors such as 

macrophage polarization, inflammatory responses, and trastuzumab resistance (Chen et al., 2022; 

Jeon et al., 2010; Shirakawa et al., 2018). However, the role of Stat3-Lgals3 axis in metastasis of 
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HER2-Positive breast cancer is yet to be understood. Here we showed that in the NIC and 

EIC/MTB mouse model, Gal-3 expression is dramatically downregulated with Stat3 deficiency. 

Regarding the roles of Gal-3 in cancer metastasis, Gal-3 is required for many steps or functions 

during tumor metastasis, such as cell growth, angiogenesis, immune function, apoptosis and 

endocytosis. Also, inhibition of Gal-3 is considered a potential therapeutic in various cancers 

such as lung cancer and liver cancer (Funasaka et al., 2014; Mengjia Song et al., 2020; Vuong et 

al., 2019). Moreover, extensive studies suggest that Gal-3 plays an important role in modulating 

cell-cell and cell-matrix adhesions (Sedlář et al., 2021). Given that bioinformatic analysis 

revealed that cell adhesions are significantly altered in Stat3flx/flx/NIC tumor cells compared to 

WT NIC tumor cells, we think that Stat3 may decrease the expression of focal adhesions through 

regulation of Gal-3.  

Focal adhesion protein expression (p-FAK, Vinculin, Paxillin, p-Paxillin) are upregulated 

in the Stat3-deficient NIC tumor cells, and Lgals3 is the most downregulated gene in the Stat3-

deficient NIC cells. Therefore, we were interested in the relation between Gal-3 and focal 

adhesion protein expressions. According to previous studies, the regulatory roles of Gal-3 on 

phosphorylated-FAK, vinculin, paxillin, and phosphorylated-paxillin are unclear. Although some 

studies suggest that Gal-3 activates and stabilizes FAK, other studies demonstrated that FAK 

phosphorylation is increased with Gal-3 deficiency (Melo et al., 2011; Meng et al., 2015; Tao et 

al., 2020; Yang et al., 2020). This difference in the roles of Gal-3 in modulating FAK activation 

may be attributable to the various systems or diseases that have been investigated. In our study, 

Gal-3 knockdown increases the expression of phosphorylated-FAK, which is consistent with 

some studies (Melo et al., 2011; Tao et al., 2020). For example, in a study of Alzheimer’s 

disease, the hippocampus of Gal-3-knockout mice had higher expression of phosphorylated-FAK 
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and phosphorylation of its downstream target CREB, compared to WT mice (Tao et al., 2020). 

Another study on sarcoma suggests that Gal-3 decreases cell adhesion and promotes cell 

migration, as extracellular Gal-3 recruits SHP-2 phosphatase to focal adhesion plaques, followed 

by a decrease in the p-FAK and p-Paxillin level in the lamellipodia of migrating cells (Melo et 

al., 2011). This study also demonstrates that this promigratory activity of Gal-3 is related to PI3K 

pathway and AKT phosphorylation (Melo et al., 2011). The FAK-Src complex drives the 

phosphorylation of paxillin and p130 Crk-associated substrate, which recruit other molecules to 

regulate cell adhesions and actin cytoskeleton (Webb et al., 2004). Paxillin is regulated by FAK, 

and similar to FAK, the regulatory roles of Gal-3 on paxillin are controversial (López-Colomé et 

al., 2017). Although some studies showed that Gal-3 inhibition was related to decreased paxillin 

expression, there is a study that demonstrated that extracellular Gal-3 led to decreased paxillin 

activity (Melo et al., 2011; Tian et al., 2021). In our study, we showed that both paxillin and 

phosphorylated-paxillin expression level is increased with Gal-3 knockdown. Regarding 

vinculin, few studies have been done on the relation between Gal-3 and vinculin, although a 

study suggests that vinculin expression is not altered with Gal-3 knockdown in the non-small cell 

lung cancer cell lines (Kataoka et al., 2019). Our study contributes to the knowledge that upon 

Gal-3 knockdown, vinculin is upregulated in the NIC cell line, a mouse ErbB2-positive cancer 

cell line. The elevated expression of focal adhesions including phosphorylated-FAK, vinculin, 

paxillin, and phosphorylated-paxillin in Stat3-deficient NIC breast tumor cells may play an 

important role in preventing metastasis by holding the tumor cells at the original sites. For 

example, extensive studies have shown that cells lacking vinculin are highly metastatic and 

motile (Raz & Geiger, 1982; Rüdiger, 1998). However, many studies suggest that elevated FAK 

and Paxillin activity are associated with increased migration and metastasis, which is opposite 
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from our findings (Lu et al., 2023; Mousson et al., 2021). From our understanding, focal 

adhesions such as FAK and Paxillin can play a role as a double-edged sword. For one thing, 

although the mechanism is poorly understood, focal adhesions may hold the cells to their original 

places and prevent their migration. For another, focal adhesions are essential for the movement 

of cells because they are the “foots” of cell migration (Mitra et al., 2005). To understand whether 

focal adhesions play a predominant role in promoting or preventing migration and metastasis in 

the specific context, another factor is of great importance, the assembly and disassembly rate of 

the focal adhesions (Yue et al., 2016). This is because efficient and coordinated assembly and 

disassembly of focal adhesions are essential for the directional movement of cells, whereas a 

greater assembly rate than disassembly rate may anchor the cells and prevent their movement 

(Yue et al., 2016). Indeed, the previous studies from the Muller lab have shown that Stat3-

deficient NIC cells have a significantly greater assembly than the disassembly rate of focal 

adhesion (Jones, 2018). Further studies are still required to identify if Gal-3 knockdown NIC 

cells exhibit the same feature as Stat3-deficient NIC cells.  

Interestingly, in the Stat3flx/flx/EIC/MTB mice, there is a significantly delayed tumor 

onset compared to the EIC/MTB counterparts, however, there is no difference in tumor onset 

between Stat3flx/flx/NIC and NIC mice. This might be caused by the immune responses in the 

Stat3flx/flx/EIC/MTB mice since EIC/MTB mice employ human ErbB2 as the oncogene, which 

may be more immunogenic (Attalla et al., 2023). This is further supported by the transcriptomic 

study and bioinformatic analysis on the Stat3flx/flx/EIC/MTB mouse breast tumors, which 

suggested a drastic alteration in the antigen processing and presentation compared to EIC/MTB 

counterparts. Also, we observed an elevated level of Gal-3 expression in the stroma of the 

Stat3flx/flx/EIC/MTB breast tumors, which may be also related to immune responses. Studies 
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suggest that Gal-3 plays a role in recruiting innate immune cells to the site of inflammation, and 

it may regulate macrophage adhesion, chemotaxis, and apoptosis (Di Gregoli et al., 2020; Díaz-

Alvarez & Ortega, 2017).  

The 20-week induced FIC/MTB/ESR1 mice developed well-differentiated hyperplasia. 

The well-differentiated tumors in breast cancer, usually grade 1, tend to grow slowly with a 

better prognosis (Rakha et al., 2010). Also, the well-differentiated tumors are more commonly 

seen in luminal A breast cancers which are ER-Positive (Chikarmane et al., 2015). This well-

differentiated hyperplasia phenotype corresponds to the underlying mechanism of this 

FIC/MTB/ESR1 mouse model, which is predominantly driven by ER activation, as FOXA1 

plays an important role in facilitating ER functions, and ESR1Y541S mutation leads to constitutive 

activation of ER (Hurtado et al., 2011; Simond et al., 2020). Given the significant hyperplasia in 

this mouse model after 20-week induction, the FIC/MTB/ESR1 mice have the potential to 

develop ER-Positive breast tumor, however, the latency may be long. In contrast, FIC/MTB mice 

do not develop observable hyperplasia after 20-week induction, which indicates either a 

synergistic role of FOXA1 overexpression and ESR1Y541S mutation, or a predominant role of 

ESR1Y541S mutation in driving this hyperplasia. To understand whether it is the synergistic role 

of FOXA1 overexpression and ESR1Y541S mutation or the predominant role of ESR1Y541S 

mutation, inducible Cre strain (TetO-Cre) may be crossed to ESR1 mouse model, and we can 

compare the phenotypes of FIC/MTB/ESR1 and TetO-Cre/ESR1 at the specific time points post-

induction.  
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3.3. Future Directions 

We have demonstrated that Gal-3 knockdown results in a decreased migration and 

invasion. To study the effects of Gal-3 inhibition on metastasis in vivo and further validate the 

mechanism of Stat3 promoting ErbB2-positive breast cancer that we proposed, we will perform 

tail vein injection and mammary fat pad injection of shLgals3_NIC cells and study the lung 

metastasis. If there is eventually breast tumor or lung metastasis, the breast tumor and lung 

sections will be subjected for immunohistochemistry staining for apoptosis and proliferation 

analysis. Also, we will administrate the neutralizing antibody of Gal-3 in mice bearing ErbB2 

positive breast tumors and study its role in tumor growth and metastasis. If both genetic 

knockdown and pharmacological inhibition of Galectin-3 lead to reduced metastasis, Gal-3 is a 

potential therapeutic target for HER2-positive breast cancer patients.  

To study the immune responses in the Stat3flx/flx/EIC/MTB breast tumors, we will 

perform immunohistofluorescence on the immune profiles, such as CD3, CD4, CD8, F4/80, p-

Stat1, CD206. By studying the immune responses, we may be able to explain the delayed tumor 

onset and reduced metastasis in the Stat3flx/flx/EIC/MTB mice.  

For the FIC/MTB and FIC/MTB/ESR1 mouse model, we will continue with the 

doxycycline induction for tumor kinetics, such as Kaplan-Meier survival curve and tumor growth 

curve. We will perform transcriptomic study on the tumors and explore the potential mechanism 

underlying tumor growth.  

 



 104 

Chapter 4. Materials and Methods 

4.1. Animal Work 

4.1.1. Animal maintenance 

All the mice were housed in the animal facility of the Goodman Cancer Research Center 

and all experiments were done under the animal care guidelines at the Animal Resource Center 

of McGill. The mouse strains utilized in sections in sections 2.1 and 2.2.: the MTB (MMTV-

rtTA) (Gunther et al., 2002), and ESR1 (ESR1Y541S) (Simond et al., 2020), NIC (MMTV-NIC) 

(Ursini-Siegel et al., 2008), conditional Stat3 (Stat3flx) (Jones, 2018), EIC (TetO-EIC) (Attalla et 

al., 2023) strains have all been well characterized and were maintained on the FVB background. 

The TetO-FIC strain was generated by the Muller lab (Lusson, 2023). The experimental 

doxycycline-inducible mice in sections 2.2. (MTB/TetO-FIC, MTB/TetO-FIC/ESR1) were 

induced with water containing doxycycline (200mg/mL, Wisent) between 8-12 weeks of age and 

maintained on doxycycline until sacrifice. 

4.1.2. Tumor monitoring 

Tumor onset and growth in the transgenic mice was assessed once a week before the 

tumor onset, and twice a week after tumorigenesis by physical palpation or caliper 

measurements, respectively. Animals were sacrificed at determined time point as stated, or at an 

ethical maximum tumor burden, defined as a single tumor of 2.5cm3 or multiple tumor summed 

to a total of 6.0cm3. Tumor volume was calculated using the formula V = (4/3)π (L/2)(W/2)2, in 

which  L and W represent the length and width by caliper measurements. 

4.1.3. Necropsy and tissue collection 

The tumors, mammary glands, and lungs were collected following euthanasia. Mammary 

glands, tumors, and lungs were fixed in 10% neutral buffered formalin for 48 hours and paraffin-
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embedded. Fixed mammary gland, tumors, or lungs were sectioned into 4uM thickness and 

stained with Hematoxylin and Eosin (H&E) or left unstained for IHC or IHF. Embedding, 

sectioning, H&E staining were performed by the Goodman Cancer Research Center Histology 

Core. Also, mammary glands are used for wholemount, which will be discussed in 4.1.4. The 

rest tissues were flash frozen and stored with liquid nitrogen.  

4.1.4. Wholemount of mammary glands 

At certain time points, the mice were sacrificed, and the inguinal mammary glands were 

harvested. The whole mammary glands were mounted on glass slides and incubated in acetone 

overnight. The next day, the mammary glands were stained with Harris Modified Hematoxylin 

(Fischer) overnight, followed by several destaining washes with 70% EtOH with 1% HCl until 

no color change in the destaining solution. The mammary glands were dehydrated with EtOH 

and mounted using ClearMount Mounting Media (American MasterTech). Slides were imaged 

using AxioZoom 16 microscope equipped with digital camera (Carl Zeiss, Inc).  

4.2. DNA Analysis 

4.2.1. DNA extraction and genotyping 

DNA was extracted from either pieces of tail or pieces of ear by incubating in 500uL Tail 

Buffer (100nM NaCl, 10mM Tris, 10mM EDTA, 0.5% SDS) with 10uL proteinase K at 55°C 

overnight or longer. Then, 170uL of 5M NaCl was added to the digested tail or ear pieces, and 

the solution was centrifuged for 10 mins at 13000 revolutions per minute (RPM). The 

supernatant was transferred to a new tube and 100% EtOH was added to the top of the 1.5mL 

Eppendorf tube. The solution was mixed and centrifuged for 15 mins at 13000 RPM at 4°C. The 

supernatant was discarded and the DNA pellet was resuspended in 100uL TE buffer (10mM Tris, 



 106 

0.5mM EDTA, pH7.8). The extracted DNA is stored in room temperature (short-term) or 4°C 

(long-term). 

 Genotyping was performed by PCR to identify experimental mice or requisite breeders 

through the presence or absence of various transgenes. After DNA extraction, 2uL of DNA was 

added to 24uL PCR mix containing 10x EasyTaq buffer (Civic Bioscience AP111), 5mM 

dNTPs, 10uM primers, and 0.5units Taq DNA polymerase. And the mix was run through PCR 

programs, followed by being run on 2% agarose gel with EtBr and imaged by UV light.  

Table 1: Genotyping PCR primer sequences, programs, and band size 

Transgene Primer sequence (5’ to 3’) PCR program Band size 
FOXA1 F: ATGAGAGCAACGACTGGAACA  

R: TCATGGAGTTCATAGAGCCCA 
 

1. 94°C – 120 s 
2. 94°C – 30s 
3. 58°C – 45s 
4. 72°C – 60s 
Repeat 2-4 29x 
5. 72°C – 120s 
6. 4°C – pause 

1 band, 100bp 

Cre F: GCTTCTGTCCGTTTGCCG  
R: ACTGTGTCCAGACCAGGC  

1. 94°C – 60 s 
2. 94°C – 30s 
3. 56°C – 30s 
4. 72°C – 60s 
Repeat 2-4 34x 
5. 72°C – 5 min 
6. 4°C – pause 

1 band, 600bp 

MTB F: ACCGTACTCGTCAATTCCAAGGG  
R: TGCCGCCATTATTACGACAAGC  

1 band, 500bp 

ESR1 F: GCCTTTGCAGTTGCTCATCC  
R: TTGTAGACATGCTCCATGCC  

WT: 1 band, 
126bp; HET: 2 
bands, 126bp 
& 160bp; 
HOMO: 1 
band, 160bp 

 

4.2.2. DNA extraction and excision PCR 

Mammary glands were harvested and the DNA was extracted with phenol-chloroform. 

500uL of phenol-chloroform was added to Eppendorf tube and centrifuge at room temperature at 

13000 RPM for 5 minutes. Then, the supernatant aqueous phase was transferred to a new tube 

and 500uL of chloroform was added, followed by centrifuging at 13000 RPM for 5 minutes. 

100% EtOH was added to the samples and centrifuged at 4°C for 10 minutes. The supernatant 
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was aspirated and the pellet was submerged with 70% EtOH and centrifuged at 4°C for 10 

minutes at 13000 RPM. After that, the supernatant was aspirated and the tubes were allowed to 

air dry. Once dry, 200uL of TE buffer was added to suspend the pellet.  

After DNA extraction, 2uL of DNA was added to 24uL PCR mix containing 10x 

EasyTaq buffer (Trans), 5mM dNTPs, 10uM primers, and 0.5units Taq DNA polymerase. And 

the mix was run through PCR programs, followed by being run on 2% agarose gel with EtBr and 

imaged by UV light. 

Table 2: Excision PCR primer sequences, programs, and band size 

Transgene Primer sequence (5’ to 3’) PCR program Band size 
Excision 
ER 

F: TGTCTAGGCTTCAGAGAGCC 
R: ATCTCCAGGAGCAGGTCGG 

1. 95°C – 2 min 
2. 95°C – 30s 
3. 59°C – 25s 
4. 72°C – 70s 
Repeat 2-4 30x 
5. 72°C – 2 min 
6. 4°C – pause 

1 band, 638bp 

 

4.3. RNA Analysis 

4.3.1. RNA extraction 

RNA was extracted from the flash frozen mammary gland or tumor tissues with the RNA 

extraction kit (Favorgen) according to the manufacturer’s instructions. NanoDrop 

Spectrophotometer ND-1000 has been used for RNA concentration measurement and quality 

control.  

4.3.2. Quantitative Reverse Transcriptase PCR (qRT-PCR) 

Transgen Biotech kit (AT341) was used to generate cDNA from purified RNA samples. 

Roche LC480 SYBR Green RT-PCR kit (Roche) was used for qRT-PCR. The samples were 

loaded in triplicates and run with a LightCycler (Roche). The resulting crossing point values 
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were normalized to beta-actin to generate the relative transcript level using formula: 2^(average 

β-Actin crossing point - average target X crossing point). The primers are listed in table 4-3. 

Table 3: Primers used in qRT-PCR 

Gene Primer sequence Tm 

FOXA1 F: ATGAGAGCAACGACTGGAACA  
R: TCATGGAGTTCATAGAGCCCA 
 

60°C 

Cre F: CGGGCTGCCACGACCAAGTGACAG  
R: GTTATAAGCAATCCCCAGAAATGCCAG  

60°C 

Beta-actin F: TCCATCATGAAGTGTGACGT  
R: GAGCAATGATCTTCAT  

60°C 

 
 
4.4. Cell Culture 

4.4.1. Cell lines and maintenance 

WT NIC and Stat3flx/flx/NIC cell lines were generated in the Muller lab. All Cells were 

cultured in DMEM media (Wisent) supplemented with 10% fetal bovine serum (FBS, Wisent), 

5ul/mL human insulin, 1ug/mL hydrocortisone, 5ng/mL epidermal growth factor (EGF), 

35ug/mL BPE, 50ug/mL gentamycin, 1% penicillin-streptomycin and 1% amphotericin. Cells 

were incubated in at 37°C in 5% CO2 incubators. Fresh media were given to the cells every three 

days after PBS wash. When confluent, cells were incubated with trypsin (Wisent) (2mL for 10cm 

plates, and 1mL for 6cm plates) at 37°C for 5 minutes to allow cell detachment. The trypsin 

reaction was stopped with 4mL of 5% FBS DMEM. Then, cells were collected and centrifuged 

at 800RPM for 3 minutes, followed by aspiration of supernatant and resuspension in fresh media. 

Eventually, 1/6 of the cells were seeded on the new plate.  
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4.4.2. 3D mammary gland-derived organoids  

Mammary gland pairs 2,3, and 4 were harvested from mice following necropsy, followed 

by fine chopping with scissors. The chopped tissues were added to digestion media (DMEM/F12 

with 1% penicillin-streptomycin and 1% amphotericin, and incubated with rotation at 37°C for 1 

to 2 hours. After that, epithelial cells were pelleted by centrifugation at 1000RPM for 5 minutes, 

and washed 5 times with PBS with 5% FBS. The pellets were treated with Trypsin for 13 to 20 

minutes to ensure the breaking of clumps into single cells. Then the trypsin was neutralized with 

calf serum and the supernatant was passed through a 45uM strainer. After centrifuging, the single 

cells were re-suspended with EpiCult-B Mouse Medium Kit (STEMCELL Technologies) and 

seeded on 20uL Geltrex (Gibco).  

4.4.3. In vitro migration and invasion assay 

Boyden chambers (8um pore, BD Falcon) and 24-well plate (BD Falcon) were used in 

migration and invasion assay. The lower chamber was given 1 mL of DMEM media (Wisent) 

with 10% FBS. In the invasion assay, the upper chamber was coated with 5% Matrigel (VWR) 

diluted in DMEM, and incubated for 30 minutes in the 37°C incubator. The cells were 

trypsinized, counted, and resuspended to a concentration of 120,000 cells/500uL in DMEM 

without FBS. 120,000 cells in 500uL DMEM were plated in the upper chamber and incubated 

for 16 hours in the 37°C incubator with 5% CO2. In the migration and invasion assay with drug 

treatment, the drug or DMSO was added in the upper chamber and mixed well. 

After incubation, the Boyden chambers were fixed with 10% neutral-buffered formalin 

for 20 minutes, followed by 3 washes with water and stained with 0.1% Crystal Violet solution 

(Sigma) for 20 minutes. The Boyden chambers were washed 3 times in the 24-well plate, and the 

cells in the upper chamber were manually removed with Q-tips, leaving only the cells that has 
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migrated to the underside of the chambers. The chambers were dried overnight, and imaged 

using AxioZoom 16 microscope equipped with digital camera (Carl Zeiss, Inc). Experiments 

were performed in duplicates.  

4.4.4. shRNA knockdown stable cell lines 

Three shRNA that has been used for Lgals3 knockdown, including TRCN0000054863, 

TRCN0000054864, and TRCN0000054865, and the non-mammalian target luciferase 

(shControl) in a pLKO.1 vector, were obtained from McGill platform for cellular perturbation 

(Core facility at McGill University). Virus were packaged with 0.5ug pMD2.G, 4.5ug psPAX2, 

and 5ug Lenti-vector. Virus media was collected after virus proliferation for 48 hours in the 

293FT cell line in the DMEM media with 30% FBS. NIC cell lines were transfected by growing 

in the virus-containing media, and were selected with puromycin.  

4.4.5. In vitro proliferation assay 

5000 cells were plated on the 96-well plate in triplicates in regular media, and allowed to 

grow for 24 hours. After that, the regular media was replaced by fresh media with DMSO or 

drug, and the plate was put in the Incucyte machine. Incucyte machine took pictures of each well 

every 6 hours and calculated the cell confluency for a total of 72 hours.  

 

4.5. Protein Analysis 

4.5.1. Protein extraction and immunoblotting 

Cells were washed with cold PBS, followed by RIPA buffer (10 mM Tris pH 8.0, 1 mM 

EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 

freshly added 1ug/mL aprotinin, 1ug/mL leupeptin, and 1mM sodium orthovanadate), incubation for 

10 minutes. The cells were then scraped and centrifuged at 13000 RPM at 4°C for 10 minutes. The 
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supernatant was collected. As for mammary glands, frozen tissues were crushed to powder in 

liquid nitrogen using a mortar and pestle. They were then lysed for 30 minutes on a rotator in the 

4°C fridge using the same RIPA buffer. Lysates were centrifuged at 13000RPM for 10 minutes 

at 4°C. The supernatant was collected.  

Bradford assay (BioRad) was used to quantify the protein concentration of the cell and 

mammary gland lysates. Protein lysates were normalized to equal concentration (2ug/uL for cells 

and 4ug/uL for mammary glands) using additional RIPA buffer and 6X SDS-PAGE loading 

buffer (375 mM Tris pH 6.8, 10% SDS, 60% glycerol, 0.6 mM DTT, 0.06% bromophenol blue). 

Lysates were boiled at 95°C for 10 minutes and stored at -20°C for future use. Lysates were run 

on polyacrylamide gels of various concentrations (6-20%), and then transferred to PDVF 

membranes. After blocking in Licor blocking buffer for one hour, membranes were incubated 

overnight at 4°C in primary antibody solutions. The next day, membranes were washed with 

TBST (137 mM NaCl, 2.7 mM KCl, 19 mM Tris base, 0.1% Tween20) for 3 times and 5 

minutes for each wash. The membranes were then incubated with fluorescently-labelled 

secondary antibodies for 1 hour at room temperature, followed by 3X 5 minutes TBST washes, 

and then scanned. Results were analyzed using ImageStudioLite Software. 

4.5.2. Fluorescent immunohistochemistry 

Paraffin-embedded tissue sections were deparaffinized and dehydrated with Xylene and 

ethanol incubation. Antigen retrieval was then performed in 10mM sodium Citrate buffer (pH 6, 

Vector Lab, Cat# H-3300) using a pressure cooker for 10 minutes. After cooling down with 

running water for 10 minutes, the slides were incubated with 3% H2O2, and blocked with power 

blocking buffer (Biogenex, Cat# HK083-50K) for 5 minutes. Slides were then incubated with 

primary antibody diluted in 2% BSA-TBST for 30 minutes at room temperature, followed by 
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three quick washes with TBST. Then, slides were incubated with Immpress HRP Polymer 

conjugated secondary antibody (Vector Labs) for 30 minutes at room temperature, followed by 

another three quick washes with TBST. After the washes, the slides were incubated in Opal 

working solution (AKOYA Biosciences) for 10 minutes at room temperature and then placed in 

antigen retrieval buffer and subjected to pressure cooker for 10 minutes. The protocol was 

repeated for other primary antibodies (maximum 4 antibodies). After the last round of primary 

antibody, polymer and Opal incubation, the slides were incubated with DAPI (4’, 6-diamidino-2-

phenylindole) (0.5ng/mL in water) for 10 minutes at room temperature, washed with water, and 

mounted with Immu-Mount mounting media (ThermoFisher Scientific). AxioScan was used to 

scan the slides and staining was quantified with HALO (Indica Lab). 

4.5.3. Immunofluorescence 

Cells or organoids were grown on glass coverslips in 24-well NUNC plates. They were 

fixed with 2% PFA solutions for 20 minutes, washed with PBS and permeabilized with 0,2% 

Triton X-100 in PBS. Cells were then blocked with 2% BSA in IF buffer (PBS, 0.2% Triton X-

100, 0.05% Tween-20) for 30 minutes in room temperature. Following blocking, the cells or 

organoids were incubated in diluted primary antibody in the blocking solution for 45 minutes and 

washed with TBST for 3X 5 minutes. Then, the cells or organoids were incubated in secondary 

antibodies, and washed with TBST for 3X 5 minutes. They were counterstained with DAPI same 

as above for 10 minutes and mounted with Immu-Mount mounting media (ThermoFisher 

Scientific). Immunostained samples were imaged using a Zeiss LSM800 confocal microscope and 

analyzed with ZEN software. 

4.5.4. List of antibodies for immunoblotting, immunohistofluorescence, immunofluorescence 

Table 4: List of antibodies 
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Antibody Company Catalogue Application Figures 

Gal-3 Cell Signaling 89572 WB, IHF, IF 5b, 5c, 5d, 6, 9, 15 

Beta-actin Sigma A5441 WB 3, 5b, 9 

Stat3 Cell Signaling 9139S WB 3, 5b 

Phosphorylated-

Stat3 

Cell Signaling 9145L IHF 2, 5d, 15 

HER2 DAKO A0485 IHF 15 

Phosphorylated-

FAK 

Cell Signaling 3284 WB 3, 9 

Vinculin EMD Millipore MAB3574 WB 3, 9 

Phosphorylated-

paxillin 

Cell Signaling 69363 WB 3, 9 

Paxillin EMD Millipore 05-417 WB 3, 9 

FOXA1 abcam Ab170933 IHF 22a, 22b, 24 

Cre Cell Signaling 12830 IHF 24 

Ki67 Cell Siganling 12202S IHF 13, 24 

Cleaved caspase 3 Cell Siganling 9661 IHF 2, 13 

ErbB2 Cell Siganling 2541 WB 5b 

E-Cadherin BD Biosciences 610182 IF 22a, 22b 

 

4.6. Statistics 

All statistical and graphical analysis were generated using Prism software (GraphPad, San Diego, 

CA). Statistical significance was measured using the two-tailed unpaired Student’s t-test. 
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