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Abstract 

 

 Triple-negative breast cancer (TNBC) is an aggressive and difficult to treat breast cancer 

subtype as it lacks specific molecular targets that can be exploited therapeutically. Additionally, 

cancer metastasis is the cause of 90% cancer-related deaths, making the development of targeted 

therapies for the management of TNBC metastasis crucial to improved patient outcome.  

 Our lab has previously identified Glycoprotein NMB(GPNMB) as a cell surface protein 

over-expressed in a subset of TNBC patients, the expression of which is associated with poor 

prognosis and metastatic phenotypes. GPNMB has emerged as a stress-response gene, owing to 

its upregulation following nuclear translocation of members of the MiTF/TFE family of 

transcription factors. Two of these transcription factors, TFE3/TFEB, are known as master 

regulators of lysosomal biogenesis and autophagy that are activated as a cellular adaptation to 

stress, such as in response to oxidative stress due to elevated reactive oxygen species (ROS).  

 Interestingly, initial data from our lab suggests that cells deficient in the redox adaptor 

protein p66ShcA are unable to induce GPNMB expression. ShcA encodes 3 isoforms (p46, p52, 

and p66) of which p66ShcA is the longest. Importantly, in response to stress stimuli p66ShcA is 

trafficked to the mitochondria and promotes the formation of intracellular ROS. As such, we 

hypothesized that in response to pro-oxidant stimuli, p66ShcA modulates GPNMB expression in 

models of TNBC.  

 To investigate this theory, p66ShcA was knocked out in models of TNBC. These same cell 

lines were engineered to overexpress wild-type or mutant forms of p66ShcA that render the protein 

unable to generate ROS or localize to the mitochondria. Using these models, we analyzed GPNMB 

expression, ROS production, the involvement of TFE3/TFEB, and p66ShcA subcellular 

localization in response to a ROS-inducing compound, sodium arsenite (NaAsO2).  

 Our data suggests that p66ShcA upregulates GPNMB independently of its ROS generating 

capabilities. p66ShcA promotes GPNMB expression by modulating the localization and activity 

of TFE3/TFEB, revealing a novel role for p66ShcA-dependent regulation of the TFE3/TFEB 

transcriptional network in TNBC.  
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Résumé 

 

 Notre laboratoire a identifié la glycoprotéine NMB (GPNMB) comme une protéine 

surexprimée à la surface des cellules de cancer du sein triples négatives (TNBC), dont l’expression 

est associée à un mauvais pronostic et au développement des métastases. GPNMB s’est révélé être 

un gène de réponse au stress, dont l’expression est contrôlée par la translocation nucléaire des 

facteurs de transcription de la famille MiTF/TFE. Deux de ces facteurs de transcription, 

TFE3/TFEB, sont des régulateurs majeurs de la biogenèse lysosomale et de l'autophagie et sont 

activés en réponse au stress cellulaire, dont le stress oxydatif qui est dû à une augmentation des 

espèces réactives de l'oxygène (ROS) dans la cellule. 

 De manière intéressante, les données initiales de notre laboratoire suggèrent que les cellules 

déficientes en la protéine adaptatrice p66ShcA sont incapables d'induire l'expression de GPNMB. 

Le gène ShcA code pour 3 isoformes (p46, p52 et p66) dont la plus longue est p66Shc. En réponse 

au stress, p66ShcA est acheminé vers les mitochondries et favorise la formation de ROS 

intracellulaires. Par conséquent, nous avons émis l'hypothèse que p66ShcA module l'expression 

de GPNMB dans des modèles de TNBC suite au stress oxydatif. 

 Pour valider cette hypothèse, p66ShcA a été déplété dans des modèles cellulaires de TNBC. 

La forme sauvage ou mutante de p66ShcA, qui rend la protéine incapable de générer des ROS ou 

de se localiser dans les mitochondries, a ensuite été surexprimé dans ces lignées. Dans ces modèles, 

nous avons analysé l'expression de GPNMB, la production de ROS, l'implication de TFE3/TFEB 

et la localisation subcellulaire de p66ShcA en réponse à l'arsénite de sodium (NaAsO2), un 

composé induisant la production de ROS. 

 Nos données suggèrent que p66ShcA induit l’augmentation d’expression de GPNMB en 

réponse à l'arsénite de sodium, indépendamment de ses capacités à générer des ROS. P66ShcA 

favorise l'expression de GPNMB en modulant la localisation et l'activité de TFE3/TFEB, révélant 

un nouveau rôle de p66ShcA dans la régulation du réseau transcriptionnel de TFE3/TFEB dans le 

cancer du sein triple négatif. 
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1.1  Breast Cancer 

1.1.1 Breast Cancer Overview 

Breast cancer is the broad term that encompasses tumour formation due to uncontrolled 

cellular growth within mammary tissues and can originate in various anatomical regions of the 

breast (ductal carcinoma, lobular carcinoma). Pre-malignant lesions can grow within their 

original site (ductal carcinoma in situ) or progress into adjacent tissues as invasive cancer. 

Additionally, breast cancer, like other forms of cancer, has the potential to develop into 

metastatic disease, spreading from its original site to distal organs and tissues in the body [1]. 

Among Canadian women, breast cancer remains the most commonly diagnosed cancer, with 

roughly 1 in 8 women projected to be diagnosed with the disease and 1 in 34 estimated to die 

from it over their lifetime [2]. The high incidence and sustained prevalence of breast cancer 

clearly illustrates the need for continued research into the underlying cellular and molecular 

causes, which may lead to better clinical management of this disease. 

 

1.1.2 Breast Cancer Classification and Molecular Subtypes   

Breast cancer is a highly heterogenous disease, with clear differences in the molecular 

characteristics of tumours arising between patients, and individual patients exhibiting both inter 

and intra-tumour heterogeneity. Because of these differences, several studies have employed 

gene expression analysis to classify tumours into specific molecular subtypes, each of which can 

be viewed as a distinct condition with varying clinical outcomes and treatment strategies. 

Tumours can thus be broadly categorized into one of five groups: luminal A, luminal B, human 

epidermal growth factor receptor 2+ (HER2+), triple-negative/basal-like breast cancer 

(TNBC/BLBC), and normal-like [3-6]. Luminal cancers are estrogen receptor (ER) and/or 

progesterone receptor (PR) positive and represent the highest proportion of breast cancer 

diagnoses. Prognosis for luminal cancers is generally positive, owing to their less aggressive 

characteristics and beneficial effects of hormone-targeting therapies [7]. In comparison, HER2 

amplification is seen in 15-30% of patients, with these tumours typically characterized by low 

levels of hormone receptors and higher proliferation rates when compared to luminal cancers, 

resulting in a less favourable prognosis. However, those with HER2+ tumours can benefit from 

treatment with monoclonal antibodies or other therapies targeting HER2, such as the widely 

administered therapeutic Trastuzumab [8]. 
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Triple-Negative Breast Cancer  

TNBC comprises between 10-20% of newly diagnosed patients, and is more common in 

African American women, pre-menopausal women, and carriers of breast cancer gene (BRCA) 

1/2 mutations [9]. As the name suggests, TNBCs displays low or absent expression of hormone 

receptors and HER2 [3-6]. The majority of TNBCs exhibit characteristics reflective of basal 

epithelial cells such as high expression of epidermal growth factor receptor (EGFR), 

cytokeratins, and basal epithelial genes, however a smaller proportion of TNBC show genetic 

qualities reminiscent of luminal or HER2+ cancers [10-12]. TNBC can be further stratified into 

an additional type known as claudin-low, owing to deficiencies in claudins 3,4 and 7, as well as 

enrichment in epithelial to mesenchymal transition (EMT) genes and stem-cell properties [12]. 

Phenotypically, TNBC is highly aggressive with significant metastatic potential, and has the 

worst prognosis among breast cancer patients, with a five-year overall survival (OS) of less than 

80% [9,10,13-14]. This owes largely to a lack of druggable molecular targets (hormones/HER2) 

and the strong chance of recurrence after diagnosis and treatment, at which point resistance to 

conventional therapy as well as metastasis are commonly observed [13-14]. 

The lack of hormone receptors, HER2 and common genetic mutations seen in other 

subtypes highlights the need for molecular interrogation of TNBC, leading to the additional 

stratification of TNBC into six subtypes: basal-like 1, basal-like 2, immunomodulatory, 

mesenchymal-like, mesenchymal stem-like and luminal androgen receptor. Gene expression 

analysis of 21 data sets and hundreds of TNBC cases revealed distinct gene expression 

phenotypes, differing prognoses, and sensitivity to therapy across TNBC subtypes. These 

characteristics were also reproducible in cell models of TNBC. For example, cell lines within the 

mesenchymal subtypes are enriched in genes comprising cell motility/EMT pathways and 

displayed enhanced sensitivity to dasatinib, an inhibitor of the Src kinase that mediates cell 

migration [15]. These findings along with other studies emphasize the importance of analyzing 

the molecular and genetic basis of cancers to develop and determine appropriate treatment 

approaches and predict therapeutic response. 
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1.1.3 Breast Cancer Metastasis 

Metastasis Overview  

Despite widespread advancements in screening, diagnostics and treatment strategies, 

breast cancer is the second leading cause of cancer-related death, accounting for 14% of all 

cancer deaths [2]. Of these breast cancer deaths, the overwhelming majority are a result of 

metastasis [16-18]. The metastatic cascade is organ specific and comprises several steps before 

cancer colonization in a distant site. First, cancer cells proliferate in an initial site to form a 

primary tumour and invade into adjacent tissues. Cancer cell invasion can occur as single cells 

with highly invasive phenotypes and/or as cell clusters with intact adhesions [17]. Highly plastic 

cancer cells then escape the primary tumour and intravasate into the lymphatic system or blood 

stream. If circulating tumour cells (CTCs) survive in circulation, they then extravasate into a 

secondary site and establish a secondary tumour (metastasis) [16-18]. Because metastasis 

comprises several steps in various regions of the body, tumour cells must survive in vastly 

different environments. To do this, metastatic cells will leverage an array of biological processes 

and pathways to meet their specific needs. For example, invading tumour cells can undergo a 

partial or full EMT to dissociate cell adhesions, degrade the extracellular matrix (ECM) and thus 

increase motility at the onset of metastasis [17,19]. CTCs can also increase their capacity for 

survival in circulation by rewiring their metabolic programs, shifting from glycolysis to 

oxidative phosphorylation (OXPHOS), repressing immune pathways, and evading cell death 

pathways like anoikis, despite changes in the microenvironment and nutrient availability [20]. 

Due to the multi-step nature and constraints associated with studying certain stages of cancer 

progression, metastasis remains one of the most poorly understood aspects of the disease. 

 Additionally, two models of cancer cell dissemination have been proposed. The first 

model, which is arguably the conventional view of metastasis, involves the gradual accumulation 

of mutations in the primary tumour. These cells disseminate once their genetic and epigenetic 

alterations provide them with the fitness to survive the arduous metastatic process. Due to the 

development of malignancy within the initial site, these tumour cells reflect the characteristics of 

the primary tumour. Conversely, the parallel progression model posits that metastatic cells depart 

the lesion prior to malignancy. These disseminated tumour cells exhibited early metastatic 

potential and further evolve outside of the primary tumour, resulting in a primary tumour and 
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distant metastases with distinct molecular traits. Both proposed models have independent 

supporting lines of evidence, further adding to the complexity of metastatic cancer [21-22]. 

Though metastasis from a lesion to a distant site can be influenced simply by the 

anatomic design of the circulatory or lymphatic systems, it has long been hypothesised and 

supported by a large body of experimental and clinical evidence that colonization relies on the 

ability of tumour cells to initiate metastasis and survive the cascade, but also on interactions with 

the secondary site microenvironment [18,23]. First theorized by Stephen Paget at the turn of the 

19th century and expanded on in following years, the “seed and soil” hypothesis and formation of 

the pre-metastatic niche describes a complex process in which primary tumours secrete various 

factors to prime distant tissues for secondary lesion formation, thus creating a microenvironment 

that supports survival of disseminated tumour cells [23-24]. Formation of the pre-metastatic 

niche also rationalizes how cancers preferentially colonize specific secondary sites, rather than 

metastatic distribution simply following dynamics of blood or lymphatic flow. It has become 

increasingly clear that interaction of the primary tumour, the surrounding microenvironment and 

the pre-metastatic niche has a profound influence on preferential metastasis to distant organs. 

 

TNBC Metastasis  

Unfortunately, though the five-year OS rate for breast cancer patients is high 

(approximately 90%), a significant proportion may develop metastases after diagnosis and/or 

treatment. The emergence of metastatic or treatment refractory disease drastically worsens 

prognosis, with a five-year OS rate of less than 30% [25]. The sites of breast cancer metastasis 

are diverse, commonly spreading to bone, lung, liver, and brain [26-27]. In TNBC, similar 

distributions of metastasis to bone and visceral organs have been reported, with slight variations. 

While bone is the most frequently colonized site for metastatic breast cancer overall with roughly 

70% of patients experiencing bone metastasis [28], TNBC presents a preference for visceral 

organs, with increasing interest in TNBC metastasis to brain [29-31]. TNBC can also form 

secondary lesions in two or more of the aforementioned sites, with better prognosis in cases of 

single-organ metastasis [30]. 

Clinically, TNBC displays more aggressive phenotypes and a propensity for metastasis. 

In one study, 1,600 patients diagnosed with TNBC were more likely to experience distant 

recurrence compared to non-TNBC patients (33.9% vs 20.4%, respectively), and experience 
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lower recurrence-free survival (RFS) within five years of diagnosis. These same TNBC patients 

also exhibited a 1.5-fold higher chance of death and a shorter median time to death [32]. These 

trends in recurrence have been corroborated by another study with a cohort size of over 1,100 

patients [31]. Both the underlying biology and clinical significance of TNBC recurrence reflect 

the need for further elucidation of metastatic pathways in this context, and development of 

treatment strategies for the prevention and management of TNBC metastasis. 

 

1.1.4 TNBC Therapy 

TNBC are characterized by a lack of hormone receptors and HER2; thus, TNBC is 

insensitive to conventional endocrine or HER2-targeting therapies and lacks viable targets to 

leverage for cancer treatment. As a result, surgical resection and systemic chemotherapy 

delivered in the adjuvant or neoadjuvant setting remain the front-line treatment approach for 

TNBC [33]. Several studies have analyzed survival of TNBC patients in the context of adjuvant 

versus neoadjuvant treatment, with a superior beneficial effect of either remaining unsettled. As 

such, neoadjuvant therapy will often be considered to minimize tumour volume prior to surgery 

[9]. A frustrating aspect of TNBC management with chemotherapy is the so-called “triple-

negative paradox” in which TNBC patients initially respond favourably to adjuvant or 

neoadjuvant chemotherapy but experience rapid recurrence and eventual resistance to treatment 

[31,34]. As such, standard chemotherapies, particularly anthracyclines 

(doxorubicin)/cyclophosphamides and taxanes (paclitaxel), as well as alkylating agents 

(carboplatin), are typically recommended for initial treatment of TNBC, but such therapies can 

often be unsuccessful long term [9,35]. However, technological advancements, identification of 

pathways and specific cellular targets as well as a shift to personalized treatment approaches has 

resulted in several new areas of research into targeted TNBC therapies, a few of which are 

described below. 

 

Immunotherapy 

Immunotherapies have gained significant traction in recent years and represent a 

promising avenue for TNBC therapy. One immune checkpoint treatment that has received 

attention is targeting programmed cell death 1 (PD1) and programmed cell death-ligand 1 

(PDL1). Binding of PD1 to PDL1 results produces several inhibitory effects on T-cells, thus 
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creating an immunosuppressive environment that facilitates tumour growth [33]. Conversely, 

inhibition of this immune checkpoint promotes the clearance of tumour cells by producing a 

microenvironment with a robust anti-tumor immune response. Several PD1/PDL1 checkpoint 

inhibitors are being used in ongoing clinical trials as first or second-line monotherapies or in 

conjunction with chemotherapy [35]. For example, a phase III trial testing the anti-PDL1 

monoclonal antibody atezolizumab, in conjunction with paclitaxel resulted in improved 

progression-free survival (PFS) and OS in a cohort of PDL1-positive metastatic TNBC patients. 

Atezolizumab was subsequently granted accelerated approval by the food and drug 

administration (FDA) for PDL1-positive metastatic TNBC based on these results [36]. Other 

immune checkpoint inhibitors such as ipilimumab targeting the cytotoxic T-lymphocyte-

associated protein 4 (CTLA4) are also being investigated in clinical trials for efficacy in TNBC 

[37]. 

 

PARP Inhibitors  

A second area of research with promising possibilities for TNBC are poly-(ADP)-ribose 

polymerase (PARP) inhibitors (PARPi). PARP is a superfamily of enzymes implicated in the 

sensing of DNA-single strand breaks and base-excision repair responses that locates damaged 

DNA, binds to the site and in turn ribosylates and promotes the activation of downstream 

components of the DNA repair machinery [38-39]. PARPi are interesting therapeutically since 

TNBC patients harbour germline mutations in BRCA1/2 and possess deficiencies in homologous 

recombination (HR) repair. BRCA1/2 are well known tumour suppressors involved in DNA 

repair pathways that correct DNA-double strand breaks. When mutated, BRCA1/2 lead to 

deficiencies in HR repair [38-39]. Though it is likely not the sole mechanism explaining the anti-

tumor effects of PARPi, this class of drugs leverage the concept of synthetic lethality, in which 

BRCA1/2 mutated cancers, in combination with PARPi, incapacitates two DNA-repair 

mechanisms. This ultimately results in the accumulation of DNA breaks and tumour cell death, 

whereas normal cells remain unaffected as their HR pathways are still intact [40]. Many PARPi 

have been approved by the FDA for use in numerous cancers, including Olaparib, which was the 

first PARPi to be approved as a monotherapy for metastatic, HER2- (TNBC), BRCA1/2 mutated 

cancers, demonstrating improved PFS survival of roughly 3 months and a 42% lower risk of 

disease progression or death in comparison to standard of care [41].  
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Antibody-Drug Conjugates  

Another rapidly growing avenue of cancer research is antibody-drug conjugates (ADC). 

These therapies are an elegant approach to delivering chemotherapy specifically to cancerous 

cells, as ADCs are monoclonal antibodies that specifically target a tumour cell surface antigen 

linked to a potent cytotoxic drug [42]. By raising a monoclonal antibody against proteins that are 

present on cancerous cells and lowly expressed or absent in normal cells, ADCs can selectively 

deliver compounds to tumours, thus reducing the toxic effects that are seen with conventional 

systemic treatments. Regarding TNBC, an ADC that has garnered attention is Sacituzumab 

govitecan, which targets trophoblast 2 (TROP2) that is highly expressed in many cancers, 

including TNBC. Sacituzumab govitecan leverages a metabolite that triggers tumour cell death 

by interfering with DNA replication, inhibiting topoisomerase activity, and inducing DNA 

double-strand breaks [43]. This ADC demonstrated promise in metastatic TNBC patients that 

had previously undergone rigorous chemotherapy, as there was convincing data showing 

increased PFS compared to standard chemotherapy [44]. As such, Sacituzumab govitecan 

became the first ADC approved for use by the FDA in TNBC patients who experience metastasis 

and have previously undergone two previous chemotherapies [9]. ADCs represent an exciting 

and sophisticated form of cancer therapy, effectively combining immunotherapy and 

chemotherapy.  

These 3 categories of emerging treatment strategies are by no means the only ongoing 

studies for targeted therapy in TNBC. Several other biological processes have therapeutic 

potential and are being or have been investigated, albeit with mixed results. For example, 

monoclonal antibodies targeting growth factors like EGFR [45] or vascular endothelial growth 

factor (VEGF) to inhibit angiogenesis [46] have been previously analyzed in clinical trials. 

Additionally, signaling pathways such as the phosphoinositide-3-kinase 

(PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway [47], androgen receptor pathway 

[48], and ERβ signaling [49] have been interrogated for TNBC treatment. Due to the complexity 

of the disease, patients with TNBC still have largely unmet clinical needs. Further studies into 

the previously mentioned treatments both as monotherapies and in combination with other drugs, 

identification of new molecular targets for novel therapies, and a better understanding of the 

processes governing metastasis are needed for more effective and personalized medicine, and 

patient survival. 
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1.2  GPNMB 

1.2.1 GPNMB Overview   

An important molecular mediator of TNBC metastasis is Glycoprotein NMB (GPNMB). 

GPNMB was first characterized in melanoma cell lines that exhibited poor metastatic capabilities 

[50], however studies since its initial discovery have distinguished GPNMB as a pro-metastatic 

gene. GPNMB, also frequently referred to as osteoactivin [51], dendritic cell heparin integrin 

ligand (DC-HIL) [52], and hematopoietic growth factor inducible, neurokinin-1 type (HGFIN) 

[53], belongs to the melanocyte protein 17 (Pmel17)/NMB family and is found on the small arm 

of chromosome 7 (7p15) [50,53,54]. For simplicity, herein I will solely use the name GPNMB in 

the place of any other names or species-specific orthologues. GPNMB has two validated mRNA 

isoforms that result from alternative splicing: a short variant with 560 amino acids (aa) and a 

long variant with an additional 12 aa (572 aa) [55]. There are currently no studies reporting a 

functional difference between these isoforms. An additional transcript variant has also recently 

been reported in patients with amyloidosis cutis dyschromica [56]. 

 GPNMB is a single-pass (type 1) transmembrane protein comprised of several domains 

that can be broadly separated into a large extracellular domain (ECD), a transmembrane anchor, 

and a short cytosolic tail. Within the ECD, GPNMB harbours an N-terminal secretory pathway 

targeting signal peptide, an integrin binding arginine-glycine-aspartic acid (RGD) motif, a 

polycystic kidney disease (PKD) domain, and a kringle-like domain (KLD). The cytosolic region 

of GPNMB harbours a half immunoreceptor tyrosine-based activation motif (hemiITAM) and a 

C-terminal dileucine-based endosomal/lysosomal sorting signal [52, 57-61]. Homology 

prediction modeling has also identified GAP1/2 and core amyloid fragment (CAF) domains 

conserved in Pmel17 and GPNMB; however, they have not been reported as functionally 

significant in GPNMB and thus are not discussed here [57, 60-61]. 

 As the name suggests, GPNMB is heavily glycosylated on several sites in its N-terminus, 

[50, 58-59] and can also be subjected to further post-translational modifications such as tyrosine 

phosphorylation [62-63] and proteolytic release of the extracellular domain [57, 64]. Many of 

these modifications are intertwined with GPNMB’s functions in normal as well as disease states. 

GPNMB may act as a cell surface receptor, be shed as a ligand, act as an adhesion molecule, 

melanosome or endosomal/lysosomal protein in different contexts and is involved in an array of 

biological processes, with its expression and action being characterized in various organs, 
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tissues, and systems such as bone, skin (especially melanocytes), eyes, the central nervous 

system (CNS), the immune system, and adipose tissue [59, 60, 65]. It is also possible for 

GPNMB to be expressed within multiple cell types in the same tissue and/or compartments 

within a cell, further adding to the widespread expression and implications of GPNMB under 

normal physiological conditions [59]. 

 

1.2.2 GPNMB as a Mediator of Metastasis in TNBC 

 In the context of cancer, nearly all studies of GPNMB indicate a pro-tumorigenic 

function in vitro, in vivo, and clinically [59, 65-67]. In comparison to normal tissues, GPNMB 

expression is elevated in numerous malignancies. GPNMB’s overexpression and role in cancers 

of the lung, prostate, bladder, brain (gliomas and astrocytomas), liver, kidney, prostate, colon, 

pancreas, stomach, breast, and melanomas have been reviewed previously [59, 65-67], with 

additional studies suggesting GPNMB is involved in the progression and/or clinical outcome of 

cholangiocarcinoma [68], cervical [69], and ovarian cancers [70], as well as B-cell lymphomas 

[71]. However, the focus of this review revolves around the widespread implications of GPNMB 

in TNBC metastasis.  

 

 GPNMB Expression and Effect on Clinical Outcome in TNBC 

Previous work done by our lab originally characterized the overexpression of GPNMB in 

murine TNBC 4T1 mammary carcinoma cell sub-populations in vivo selected for metastasis to 

bone. Highly metastatic populations exhibited elevated expression of GPNMB in comparison to 

parental 4T1, lowly-metastatic, or non-metastatic cell lines [72]. This observation was extended 

by our lab to show that GPNMB was also enriched in other 4T1 sub-populations aggressively 

metastasizing to lung [73] and liver [74]. The results in mice prompted further investigation of 

GPNMB expression in human breast tumours. Using several published data sets and tissue 

microarray data, it was shown that GPNMB is highly expressed in a proportion of all breast 

cancer subtypes, with TNBC exhibiting the most significant enrichment of GPNMB levels. Gene 

expression data revealed that 25.4% of tumours expressing high levels of GPNMB belonged to 

the TNBC/BLBC subtype, and similarly 29.1% of TNBC tumours were positive for 

immunohistochemistry (IHC) staining of GPNMB in the tumour epithelium [75]. In this same 

study, GPNMB expression was also shown to indicate recurrence and correlate with poorer OS 
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in breast cancer, and even within the TNBC subtype, GPNMB was associated with shorter RFS. 

These findings have been corroborated in independent investigations. One study utilizing patient 

specimens and publicly available breast tumour data showed elevated GPNMB gene and protein 

expression in comparison to non-TNBC patient samples, with high GPNMB levels correlating 

with significantly lower distant metastasis-free survival and RFS in comparison to low GPNMB-

expressing patients. Visible trends were also observed for OS and local RFS, albeit not 

statistically significant [66]. The EMERGE clinical trial testing the effects of glembatumumab 

vedotin, an ADC that will be discussed later, also reported expression of GPNMB in the tumour 

epithelium of 40% of TNBC samples submitted, compared to 21% of all other samples [76]. 

Collectively, literature to date indicates a clear role for GPNMB expression in TNBC and as an 

indicator of poor prognosis within the subtype.  

 

Mechanisms of GPNMB-Dependent Tumorigenesis  

GPNMB has been implicated in several stages of TNBC tumor progression and the 

mechanisms through which GPNMB exerts its effects on metastasis have been extensively 

studied in both in vitro and in vivo models. Our lab has demonstrated in several papers that 

GPNMB is sufficient to drive migratory and invasive phenotypes in both breast cancer cells and 

mice, and enhance metastasis to organs such as bone, lung, and liver [72-75]. In one such study, 

it was shown that GPNMB expression decreased levels of apoptosis and increased angiogenesis 

in vivo. Further characterization of this mechanism in TNBC cell models revealed that the ECD 

of GPNMB is cleaved by the matrix metalloproteinase (MMP) a disintegrin and 

metalloproteinase 10 (ADAM10), and the shed form of GPNMB can subsequently stimulate 

endothelial cell migration and VEGF expression. This in turn enhances the angiogenic properties 

of cancer cells, thereby promoting tumour growth [73]. This is in line with a previous study in 

the lab positing that GPNMB is involved in the regulation of MMP3 expression, which may also 

contribute to the observed invasion in TNBC cell models [72]. Further evidence of the pro-

invasive phenotype was also described with the MAF BZIP transcription factor K (MAFK) 

transcription factor shown to induce migration and invasion through upregulation of GPNMB (a 

MAFK transcriptional target). Interestingly, GPNMB expression was shown to promote 

metastatic phenotypes in this context by inducing an EMT [77]. TNBC metastasis has also been 

suggested to be promoted by GPNMB in a complex signaling cascade involving long-intergenic 
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noncoding RNA for kinase activation (LINK-A). LINK-A mediates heterodimer formation of 

GPNMB and EGFR, and their subsequent phosphorylation, which stabilizes downstream 

hypoxia-inducible factor 1 alpha (HIF1α). HIF1α signaling was then shown to promote tumour 

growth [63].  

Other studies in our lab have also provided further insight into the role of GPNMB in 

tumour initiation and primary tumour growth through modulation of signaling pathways. For 

example, GPNMB was shown to exhibit tumour intrinsic functions by increasing the expression 

of neuropilin 1 (NRP1). GPNMB-dependent increases in NRP1 enhance proliferation and VEGF 

signaling and sustain AKT activation, contributing to primary tumour growth. However, this 

mechanism was dispensable for metastasis [78]. Additionally, tumour initiation and growth in 

Wnt-dependent cancer was previously demonstrated to be enhanced by GPNMB, as GPNMB 

increases the transcriptional activity of β-catenin through modulation of the PI3K/AKT/mTOR 

pathway [79]. Regulation of AKT, as well as altered proliferation and apoptosis by GPNMB 

observed in this study, are in agreement with previous work conducted in the lab [73, 78].  

Some of the pro-metastatic functions associated with GPNMB have been mapped to 

specific domains within the protein, in addition to the previously described ECD shedding. In the 

same paper describing NRP1-dependent primary tumour growth, the RGD motif of GPNMB was 

also shown to interact with the tumour-specific integrin α5β1. The GPNMB RGD motif was 

shown to not only increase expression of the integrin receptor but also activate downstream 

signaling and promote tumour growth and lung metastasis [78]. Deletion of the KLD in 

GPNMB’s extracellular region in breast cancer cells has also been shown to impair the molecular 

functions of GPNMB, with reduced potential to induce EMT and a reduction of tumour volume 

and frequency when injected into mice in comparison to wild-type GPNMB-expressing cells 

[80]. This was proposed to be a result of dysfunctional Wnt/β-catenin signaling, and although 

this theory has not been robustly tested, it is line with previous reports that GPNMB regulates the 

Wnt/β-catenin pathway [69, 71, 79-80]. Tyrosine phosphorylation of key residues within the 

cytosolic hemiITAM domain have also been demonstrated to be critical for GPNMB’s functions 

in inducing EMT and stabilizing HIF1α. The mutation of tyrosine to phenylalanine in either of 

these contexts ablates the pro-tumorigenic capabilities of GPNMB [63, 77]. Finally, though not 

validated in the context of cancer, the PKD domain of GPNMB has been shown to bind to 

syndecan 4, a transmembrane protein upregulated on T-cells. GPNMB engagement of syndecan 
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4 in turn leads to T-cell inhibition, which in tumour cells may create an immunosuppressive 

environment conducive to the progression of metastasis [81].  

Clearly, GPNMB can leverage diverse signaling pathways and biological processes to 

exert its pro-tumorigenic effects. GPNMB is multi-faceted in that in can produce both tumour 

intrinsic functions and impact the tumour microenvironment to promote metastasis. As such, 

further investigation into GPNMB’s underlying mechanisms and potential in TNBC therapeutics 

is warranted.  

 

1.2.3 GPNMB Targeted Therapy: CDX-011 

Due to GPNMB’s expression in a considerable proportion of TNBC cancer patients, and 

its reported implications on clinical outcome and various aspects of metastasis, GPNMB has 

been identified as a potential target for TNBC therapy. It represents a particularly attractive 

treatment option as in normal tissues GPNMB is predominantly intracellular, but in breast cancer 

cells GPNMB expression is increased at the cell surface, making it readily available for 

therapeutics specifically targeting tumours cells [75]. GPNMB-targeting therapy arose from 

transcript profiling of metastatic melanomas, in which GPNMB was identified as a potential 

target and thus a human monoclonal antibody dubbed CR011 was generated for characterization 

of efficacy in melanoma. CR011 alone exhibited no inhibitory effect on melanoma cell growth, 

so it was developed into an ADC by fusing CR011 to monomethylauristatin E (MMAE), a 

cytotoxic tubulin destabilizer. This ADC, termed CR011-vcMMAE, CDX-011 or 

glembatumumab vedotin, herein referred to as CDX-011, is internalized into GPNMB-

expressing cells and subsequently cleaved, with the free cytotoxin inducing cell death. The study 

showed an inhibition of melanoma tumour growth with CDX-011 administration, setting the 

stage for future trials in GPNMB-expressing melanoma and breast cancer [82].  

After initial observations in our lab that CDX-011 impaired breast cancer growth in vitro 

and in vivo [75], the first instance of CDX-011 use in breast cancer clinical trials was conducted 

in advanced/metastatic breast cancer patients subjected to previous cycles of chemotherapy. Of 

particular interest were the results in the TNBC patients within the phase II cohort. Of the 10 

TNBC cases, 60% experienced 12-week PFS, 80% displayed stable disease (SD) and overall 

patients had a 20% objective response rate (ORR) and longer median PFS in comparison to non-

TNBC. TNBC patients stratified for GPNMB-positive tumours exhibited further responsiveness 
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to CDX-011, with this cohort having the longest median PFS, 100% 12-week PFS and 100% 

with SD [83]. Further evidence of CDX-011 activity was seen in the phase II EMERGE clinical 

trial, with an ORR of 18% and 40% in TNBC patients and TNBC patients overexpressing 

GPNMB, respectively, treated with CDX-011, in comparison to those same patients treated with 

other chemotherapy who exhibited a 0% ORR [76]. However, clinical trials were ultimately 

discontinued in 2018 after the larger METRIC clinical trial failed to demonstrate any significant 

differences in response or any secondary survival outcome between patients in the CDX-011 arm 

and the capecitabine arm of the study [84].  

Despite halting clinical trials for CDX-011 in breast cancer, there are still opportunities 

for its application in TNBC therapeutics. The previously mentioned studies all employed CDX-

011 as a single agent. It is possible given the diverse functions of GPNMB in promoting tumour 

progression that CDX-001 combination therapies could improve its efficacy. For example, a 

previous study in the lab showed that melanoma tumour growth was significantly inhibited by 

treatment with CDX-011 in combination with mitogen activated protein kinase inhibitors 

(MAPKi). Treatment with MAPKi induces the transcriptional activity of microphthalmia-

associated transcription factor (MiTF), of which GPNMB is a target gene. Subsequent treatment 

with CDX-011 then targets GPNMB-expressing cells, impairing tumour growth and acquired 

resistance to MAPKi [85]. It is important to note that the clinical efficacy of CDX-011, 

particularly in TNBC, appears to directly hinge on the level of GPNMB expression. This is 

consistent with the initial observation in melanoma that the inhibitory effect of CDX-011 can be 

enhanced with ectopic GPNMB expression or mitigated with transient knockdown of GPNMB 

[82]. A recent publication from our lab has provided further evidence that other therapies 

enhance CDX-011 sensitivity in models of breast cancer. Inhibition of the MAPK pathway or 

treatment with mTOR inhibitors (mTORi) upregulates GPNMB expression by promoting the 

nuclear shuttling of transcription factor binding to IGHM enhance 3 (TFE3), another 

transcription factor that that will be discussed extensively in future sections. In response to 

MAPKi/mTORi, enhanced localization of TFE3 to the nucleus upregulates GPNMB expression, 

resulting in reduced TNBC tumour growth when combined with CDX-011. In this same study, it 

was determined that though MAPKi/mTORi increase GPNMB levels, they only marginally 

enhance GPNMB cell surface expression. Interestingly, treatment with heat shock protein 90 

(HSP90) inhibitors (HSP90i) was shown to not only upregulate GPNMB expression through 
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repression of PI3K/Akt/mTOR signaling, but also deliver GPNMB to the cell surface through 

lysosomal scattering and subsequent fusion with the plasma membrane. As such, exposure to 

HSP90i substantially enhanced sensitivity to CDX-011 in vivo [86]. This recent finding 

strengthens the notion that high GPNMB expression, as well as cell surface localization, dictate 

response to CDX-011. Further investigation into drug combinations that interfere with specific 

aspects of GPNMB’s pro-tumorigenic roles, while increasing GPNMB expression and cell 

surface availability for CDX-011 targeted therapy, could reveal novel treatment strategies for 

metastatic TNBC and other GPNMB-expressing cancers.  
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1.1 Structure and Function of GPNMB in Cancer. (A) Schematic depiction and functional 

role of GPNMB domains. Figure adapted from Tsou and Sawalha, 2020 [60]. (B) Possible pro-

tumorigenic mechanisms and (C) differential localization of GPNMB in malignant cells. The 

enhanced cell surface expression of GPNMB in tumour cells underlies its potential for targeted 

therapy. Figures adapted from Maric et al., 2013 [59]. 
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1.2.4 GPNMB as a Stress Response Gene  

 Given the harsh conditions of the tumour microenvironment, as well as the numerous 

obstacles encountered by CTCs throughout the metastatic cascade, it is plausible that GPNMB is 

expressed or functions in contexts of elevated cellular or physiological stress. An increasing 

body of work has focused on GPNMB in the context of inflammation, particularly in 

neurological conditions. The presence of GPNMB in Alzheimer’s and Parkinson’s Disease, as 

well as Amyotrophic Lateral Sclerosis has been recently reviewed, with GPNMB induction 

following exposure to cytokines or pro-inflammatory stimuli reported to be neuro-protective 

[87]. Consistent with its previously described role in immune inhibition, GPNMB upregulation 

has also been reported in phagocytic macrophages and patient samples in autoimmune disorders, 

including lupus and psoriatic arthritis [60]. 

 At the cellular level, GPNMB has also been studied in the context of stress response 

pathways. GPNMB expression is elevated in response to lysosomal stress or damage, with 

lysosomal dysfunction in a variety of tissues and cell types causing Parkinson’s and lysosomal 

storage disorders such as Niemann Pick type C and Gaucher Disease [88-90]. The endoplasmic 

reticulum stress response has also been reported to upregulate GPNMB, which in turn protects 

cells by promoting the expression of molecular chaperone proteins [91]. Using a genetic 

approach to identify downstream phenotypes in glaucoma, GPNMB has also been proposed to 

function as a part of a gene network with pathways associated with oxidative stress and 

apoptosis, thus contributing to pathogenesis [92].  

 Clearly, cellular stress can contribute to the expression and activity of GPNMB in 

tumorigenesis and other disease states. This can likely be explained in part by the stress-induced 

activation of GPNMB’s upstream transcription factors, which will be discussed in detail in the 

following section. The diversity of stress response systems that are influenced by or promote 

GPNMB expression emphasizes the therapeutic potential for targeting GPNMB and its 

associated pathways, as well as GPNMB’s function as a stress-response gene. 
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1.3  TFE3/TFEB 

1.3.1 TFE3/TFEB Overview 

 The MiTF/TFE family of transcription factors is comprised of the evolutionarily 

conserved MiTF, and transcription factor binding to IGHM enhancer 3/B/C 

(TFE3/TFEB/TFEC). These transcription factors are basic helix-loop-helix leucine zipper 

structural proteins and bind DNA regions of target genes as homo or heterodimers [93]. For the 

purposes of this review, I will primarily focus specifically on TFE3/TFEB. TFE3/TFEB play 

many biological roles and control the expression of a myriad of downstream genes, particularly 

as an adaptation to stress. Though they are in some ways functionally redundant, it has been 

proposed that both TFE3 and TFEB are required for optimal response to cellular stress [94]. 

TFE3/TFEB activation has been extensively reviewed in response to endoplasmic reticulum, 

metabolic and oxidative stress, mitochondrial and DNA damage, pathogen infection, starvation, 

and as part of the immune response [95]. Chromosomal translocations of TFE3/TFEB or their 

aberrant activation has also been widely reported in neurological conditions, lysosomal storage 

disorders, and numerous cancers [95-97]. 

 TFE3/TFEB can be considered as cellular adaptation transcription factors, and they are 

most widely known as master regulators of lysosomal biogenesis and autophagy. TFEB was first 

characterized as a regulator of lysosomal and autophagy genes by Sardiello et al. in which a 

specific 10 base-pair DNA motif was determined to be bound by TFEB. This motif, dubbed the 

Coordinated Lysosomal Expression and Regulation (CLEAR) element, was found in the 

promoter of many lysosomal genes, the majority of which were upregulated in response to TFEB 

overexpression [98]. TFE3 was subsequently shown to bind to the CLEAR element and TFE3 

overexpression induces the expression of the same subset of lysosomal and autophagy related 

genes as TFEB [94]. The regulation of lysosomal biogenesis and autophagy is important not only 

for the maintenance of cellular homeostasis, but also has widespread implications in disease, 

such as cancer. Though autophagy can play a dual role as a tumour suppressor or promoter in 

malignant cells, it has been posited that autophagy can promote tumour progression by helping 

malignant cells meet their high energetic needs, often in nutrient or energy sparse 

microenvironments [99]. This exact mechanism has been reported in models of lung cancer, with 

TFE3/TFEB activation promoting cancer progression in glucose-starved conditions [100]. The 

importance of lysosomes in cancer metastasis has also been described, with the TFEB-target 
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transmembrane protein 106B (TMEM106B) having been reported to promote lung cancer 

metastasis by inducing lysosomal gene expression and release of lysosomal enzymes through 

exocytosis. This has been suggested to provide a route for metastatic progression through 

degradation of the ECM [101]. Additionally, TFE3/TFEB pro-tumorigenic mechanisms 

independent of autophagy or lysosomes have also been described previously, including 

regulation of the cell cycle, angiogenesis, and cell differentiation [95]. As such, TFE3/TFEB 

proteins have drawn attention as potential oncogenic therapeutic targets.  

 Importantly, TFE3/TFEB have further implications in cancer as regulators of GPNMB 

expression. Though GPNMB regulation by MiTF had been reported in melanosomes, GPNMB 

was initially proposed as a direct MiTF/TFE family transcriptional target when a bioinformatics 

approach revealed that GPNMB harboured a M box sequence in its promoter; a sequence that is 

highly conserved and directly recognized by the MiTF/TFE transcription factors. In this study, 

GPNMB was shown to be directly regulated by TFEB through activity on the M box promoter 

[102]. GPNMB was additionally confirmed as a direct target of TFE3 in an independent study of 

TFE3 chromosomal translocations in renal cell carcinoma [103]. Regarding breast cancer, 

TFE3/TFEB may have particular importance in TNBC. A recent study reported that 

TNBC/BLBC cell lines exhibited a higher percentage of cells with nuclear TFE3, where TFE3 

upregulates target genes such as GPNMB, in comparison to luminal models [104]. This is in line 

with the previously discussed importance of GPNMB in TNBC progression. As mentioned, 

GPNMB is an emerging stress response gene, which is likely owed to its regulation by 

TFE3/TFEB, known regulators of cellular adaptation to therapy and stress [86]. Further 

investigation into TFE3/TFEB-dependent stress response mechanisms that induce GPNMB 

could unveil innovative approaches for TNBC management.  

 

1.3.2 Regulation of TFE3/TFEB Activity  

 mTORC1-Dependent Regulation of TFE3/TFEB 

 TFE3/TFEB transcriptional activity is directly associated with its subcellular localization, 

both of which are tightly regulated. To initiate transcription of their target genes, TFE3/TFEB 

must be shuttled from the cytosol to the nucleus where they can bind M box or CLEAR 

elements. Early evidence of TFEB nuclear translocation was observed in response to sucrose 

treatment [98]. This has been corroborated with a variety of pharmacological agents and stress 
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stimuli, with observable nuclear accumulation of TFE3/TFEB in comparison to untreated cells 

[105]. Mechanistically, TFE3/TFEB regulation has been best characterized in the context of 

nutrient deprivation in a mTOR complex 1 (mTORC1)-dependent manner. Under nutrient replete 

conditions, TFE3/TFEB are diffused in the cytosol, or localized at the lysosomal surface through 

recruitment by the Rag guanosine triphosphatases (Rag GTPases). Specifically, TFE3/TFEB are 

bound to active Rag complexes, consisting of a heterodimer of Rag A/B bound to GTP and Rag 

C/D bound to guanosine diphosphate (GDP) through an N-terminal Rag binding domain (RBD) 

[96, 106]. At the lysosome, TFE3/TFEB are then phosphorylated by mTORC1 on serine (S) 321 

[94] and S142/211 [107-109], respectively, resulting in transcription factor binding to the 14-3-3 

chaperone protein. This phosphorylation and subsequent binding event renders TFE3/TFEB 

cytosolic, potentially masking a nuclear localization signal (NLS), thus preventing their 

activation [107-109]. In contrast, when there are insufficient amino acids, the Rag GTPases and 

mTORC1 are inactive, thus preventing TFE3/TFEB phosphorylation and 14-3-3 binding, 

allowing TFE3/TFEB translocation to the nucleus and subsequent transcription. Phosphorylation 

of mTORC1-phosphorylated residues has also been shown to be removed by the phosphatase 

calcineurin in starved cells, resulting in further nuclear accumulation of TFE3/TFEB [110]. This 

mechanism was delineated roughly a decade ago, and since its initial characterization additional 

layers of regulation have been described. For example, TFEB shuttling back to the cytosol 

following restoration of nutrient supplies has been demonstrated to occur through Exportin-1 

mediated trafficking. This has also been shown to be mTORC1-dependent, with phosphorylation 

of S138/142, which are encompassed by a nuclear export signal (NES), by mTORC1 required for 

efficient shuttling [111]. S122 of TFEB has also been shown to be phosphorylated by mTORC1, 

and although mutation of this residue does not render TFEB constitutively nuclear, it has been 

demonstrated to enhance nuclear shuttling when co-mutated with S211 [112]. Due to the direct 

regulation of TFE3/TFEB by mTORC1, it is important to consider that changes to the activity, 

lysosomal localization, and/or expression of mTORC1 regulatory elements may also have an 

impact on TFE3/TFEB transcriptional activity. Because TFE3/TFEB subcellular localization is 

rigorously controlled, changes in any component of this  cascade can have profound impacts on 

TFE3/TFEB activity and downstream effects on target gene transcription. 
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Figure 1.2 Regulation of TFE3/TFEB by mTORC1. (A) With sufficient levels of amino acids, 

mTORC1 is recruited to the lysosome by active Rag GTPases. An active Rag GTPase complex 

consists of a heterodimer of Rag A/B bound to GTP and Rag C/D bound to GDP. Loading of 

GTP/GDP is facilitated by the GEF/GAP activity of Ragulator and FLCN, respectively. 

Ragulator provides a physical link between Rag GTPases and the v-ATPase, which stimulates 

the GEF activity of Ragulator. mTORC1 is activated by the small GTPase Rheb, resulting in 

mTORC1-dependent phosphorylation of TFE3/TFEB on specific serine residues at the lysosomal 

surface. TFE3/TFEB phosphorylation creates a binding site for 14-3-3, retaining TFE3/TFEB in 

the cytosol where they are inactive. (B) In response to starvation/cellular stress, mTORC1 is not 

recruited to the lysosome and its activity is inhibited. TFE3/TFEB are dephosphorylated by 

calcineurin, and the lack of mTORC1 phosphorylation events promotes TFE3/TFEB nuclear 

accumulation and target gene transcription. Figures created using BioRender.  
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Regulation of TFE3/TFEB by Other Kinases  

 Though regulation by mTORC1 has been thoroughly studied, many other mTORC1-

independent or concomitant mechanisms involving other factors have been reported. Notably, a 

recent study identified the adenosine 5’ monophosphate-activated protein kinase (AMPK) as a 

critical mediator of TFE3/TFEB activity during starvation. Phosphorylation of a cluster of serine 

residues in the C-terminus of TFE3/TFEB, S567/568/570 and S466/467/469, respectively, by 

AMPK was shown to be essential for TFE3/TFEB gene transcription even when the transcription 

factors are constitutively nuclear [113]. When combined with the extensively studied mTORC1 

starvation mechanism, these investigations collectively suggest that mTORC1 controls the 

subcellular localization of TFE3/TFEB and AMPK controls transcriptional activity upon 

accumulation in the nucleus. Phosphorylation of previously described residues can also occur 

through kinases other than mTORC1. Extracellular regulated kinase 2 (ERK2), has been  

reported to phosphorylate TFEB on S142 and result in TFEB retention in the cytosol, the 

mechanism of which remains unclear [114]. Cytosolic retention of TFEB has additionally been 

reported following phosphorylation of S134/138 by glycogen synthase kinase 3 beta (GSK3β). 

TFEB activation in this context was shown to occur through a protein kinase C (PKC)-dependent 

mechanism in which PKC-mediated inhibition of GSK3β alleviates phosphorylation of TFEB, 

allowing its subsequent nuclear translocation. However, GSK3β phosphorylation was shown to 

recruit TFEB to lysosomes, so it cannot be definitively stated that this is an entirely mTORC1-

independent mechanism [115]. Additionally, GSK3β activity on S138 has also been shown to 

mediate nuclear export of TFEB in response to glucose by activating a NES [116]. PKC, 

specifically PKCβ, has also been shown to regulate the stability of TFEB and downstream effects 

on lysosomal biogenesis in osteoclasts by phosphorylating several C-terminal serine residues 

[117]. Furthermore, the mitochondrial components phosphatase and tensin homolog (PTEN)-

induced kinase 1 (PINK1), Parkin, and the autophagy proteins Atg5/9 all contribute to a 

mechanism during mitophagy that promotes the accumulation of TFEB in the nucleus, 

independently of mTORC1 inactivation [118]. Finally, phosphorylation of TFE3/TFEB on 

S565/467, respectively, by AKT has also been shown to promote the cytosolic retention and 

inactivation of TFE3/TFEB, which also suggests that many of the phosphorylation events 

reported in TFEB may be conserved in TFE3 and the other MiTF/TFE family members [119- 

120]. 
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 TFE3/TFEB Regulation by Phosphatases  

 As previously described, calcineurin dephosphorylates TFE3/TFEB on critical serine 

residues under starvation conditions when mTORC1 activity is inhibited [110]. However, an 

additional mechanism for calcineurin-mediated TFE3/TFEB activation in response to 

endoplasmic reticulum stress has also been described, which does not require the inhibition of 

mTORC1. This study described a mechanism for TFE3/TFEB activation that requires protein 

kinase R-like endoplasmic reticulum kinase (PERK) and calcineurin as part of the unfolded 

protein stress response. PERK was shown to increase the activity of calcineurin, leading to 

dephosphorylation of TFE3 and its subsequent nuclear translocation, even in the context of 

active mTORC1 [121]. This suggests that calcineurin not only acts independently of mTORC1 in 

specific cellular contexts, but the enzymatic activity of calcineurin is sufficient to drive 

TFE3/TFEB nuclear accumulation. TFE3/TFEB activity is also stimulated by the activity of 

protein phosphatase 2A (PP2A) in response to oxidative stress induced by sodium arsenite 

(NaAsO2). Following the production of reactive oxygen species (ROS), PP2A dephosphorylates 

TFE3 at S321, and TFEB at 4 serine residues (including S211). This mechanism was also shown 

to be independent of mTORC1 inactivation, as expression of downstream phosphorylation 

targets of mTORC1 were not reduced [122]. Though the precise mechanism has not been fully 

elucidated, in lung A549 cells myotubularin-related protein 4 (MTMR4), a PI3 specific 

phosphatase was also shown to influence the phosphorylation status and localization of TFEB, 

with MTMR4 knockdown cells exhibiting higher levels of phosphorylated, and thus cytosolic, 

TFEB [124].  

 In summary, an extensive body of work has been directed to identify the regulatory 

mechanisms of TFE3/TFEB, particularly in the context of nutrient starvation, in which mTORC1 

plays a key role in the suppression of TFE3/TFEB activation. However, there are a considerable 

number of studies that have identified mTORC1-indpendent mechanisms of TFE3/TFEB 

activation. Evidently, TFE3/TFEB regulation is complex and the engagement of various 

signaling pathways, kinases and phosphatases appears to be cell line, tissue and context 

dependent based on stress stimuli.  
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1.3.3 TFE3/TFEB and Oxidative Stress  

 The role of TFE3/TFEB activation in responding to various cellular stressors is an 

ongoing area of research in many diseases, including cancer. Of particular interest to this project 

is the implication of TFE3/TFEB in the context of oxidative stress due to elevated ROS. ROS is 

an umbrella term referring to highly reactive and unstable intermediates formed by the reduction 

of oxygen, including H2O2, superoxide anion (O2
-), hydroxyl radical (HO-), singlet oxygen (O2), 

and hypochlorous acid (HOCl) [123]. Numerous studies report a link between ROS-dependent 

TFE3/TFEB activation and the regulation of downstream lysosomal and autophagy processes. 

These results encompass various cell types, tissues, treatment conditions and diseases, all of 

which contribute to the diverse regulation of TFE3/TFEB transcription factors. A few selected 

studies regarding TFEB highlight this complexity. For example, one of the earliest characterized 

mechanisms of ROS-dependent, TFEB-mediated induction of autophagy and lysosomal 

biogenesis was shown to be dependent on mucopilin TRP cation channel 1 (mCOLN1). In 

response to treatment with various oxidants, ROS production was enhanced and caused 

mCOLN1-dependent release of calcium. This in turn activates calcineurin, resulting in 

transcriptional activity of TFEB after dephosphorylation and nuclear accumulation. This 

mechanism of TFEB activation was shown to be independent of mTORC1 inactivation [125]. In 

contrast, treatment with pterostilbene, a plant-derived phenol, causes increased levels of ROS 

and stimulates TFEB nuclear translocation, downstream of mTORC1 inhibition. Interestingly, 

this paper also investigated the simultaneous convergence of other TFEB regulatory aspects, 

such as AMPK signaling and release of cytosolic calcium, both of which also contribute to TFEB 

activation [124]. This concept is likely true for many ROS-inducing compounds. It is logical to 

suggest that ROS may modulate TFE3/TFEB by engaging various signaling cascades depending 

on stimuli, cell type and disease state, and this is further supported by various studies reporting 

ROS-mediated regulation of TFE3/TFEB by AMPK [126], PI3K/AKT/mTOR [127], caspase 3 

[128], mTORC1 inhibition [126] or lack thereof [125], and other additional mechanisms. 

 The complex nature of oxidative stress induced TFE3/TFEB activation can also be seen 

in the downstream effects exerted by TFE3/TFEB. This can be illustrated by comparing two 

independent studies, both of which investigate ROS-induced TFEB activation in osteosarcoma 

models. The first study demonstrates that oxidative stress induced by treatment with arsenic 

trioxide (As2O3) engages TFEB through dephosphorylation of S142, upregulating the expression 
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of an autophagy gene signature, thereby resulting in osteosarcoma cell death [129]. On the other 

hand, inhibition of ERK was shown to elevate ROS levels by suppressing glutathione 

production, which in turn abolishes TFEB-14-3-3 binding and shuttles TFEB to the nucleus. The 

authors showed that co-treatment with an ERK plus an autophagy inhibitor had a synergistic 

effect on tumour cell death in osteosarcoma, suggesting that osteosarcoma cells in this scenario 

rely on TFEB-dependent autophagy for survival [130]. The conflicting results generated by these 

studies, though not experimentally validated in either paper, could be due in part to the 

mechanism of TFEB activation.  Neither study extensively investigated the upstream factors 

(phosphatases, kinases) involved in promoting the nuclear accumulation of TFEB. The 

difference in effect could also be due to the stimulus used in each study, and the source of ROS 

the various treatments utilized. Sources of ROS and their potential impact on biological 

processes will be discussed later in this review. Regardless, these studies reflect the duality of 

autophagy and the complexity of ROS signaling in biological pathways. 

 The effect of ROS on TFE3 has also been characterized in several reports, such as ROS-

TFE3-dependent induction of autophagy in melanoma [131] and breast cancer [132] models. It 

has become increasingly clear that in many cellular environments or in response to certain 

stressors, individual members of the MiTF/TFE family are specifically activated. However, due 

to the partial redundancy of TFE3/TFEB, and the high degree of conservation in terms of 

structural domains and critical regulatory residues, it is plausible that the effect of ROS on TFEB 

is similar to the effects on TFE3. This is exemplified by the observation that NaAsO2 treatment 

causes dephosphorylation of both TFE3 and TFEB on their conserved serine residues by PP2A 

[122]. Furthermore, in human embryonic kidney 293 (HEK293) cells stimulated with hydrogen 

peroxide (H2O2), TFEB/TFE3 and MiTF were shown to rapidly translocate to the nucleus 

following oxidative stress due to cysteine residue oxidation. The specific residue was identified 

as cysteine 212 in TFEB, corresponding to cysteine 322 in TFE3, the mutation of which rendered 

both transcription factors cytosolic. Oxidation of these residues by H2O2 was demonstrated to 

inhibit interaction with the active Rag GTPases, thus promoting nuclear accumulation [133]. 

This finding was especially intriguing as it provided further evidence of shared regulation of 

TFE3/TFEB by ROS, but also demonstrated that ROS can have a direct effect on these 

transcription factors through modification of critical residues, rather than indirectly activating an 

upstream regulator element. In summary, the engagement of TFE3/TFEB in response to 
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oxidative stress involves a plethora of mechanisms that mediate TFE3/TFEB-dependent effects 

on autophagy and lysosomal biogenesis. 

 

1.4  Implications for Oxidative Stress and the Redox Protein p66ShcA in TNBC 

1.4.1 Reactive Oxygen Species Overview 

 As mentioned, ROS are unstable molecular intermediates of reduced oxygen. The proper 

management of cellular ROS is critical for the prevention of ROS-induced damage, and when the 

levels of ROS and antioxidants are out of balance, oxidative stress occurs. During oxidative 

stress elevated levels of ROS can result in mutation and damage to DNA, RNA, proteins and 

lipids, which can contribute to the progression of various diseases, including cancer [134]. 

Within cells, the majority of ROS are produced in the mitochondrial electron transport chain 

(ETC) as a biproduct of cellular respiration. The ETC is located in the inner mitochondrial 

membrane and primarily generates O2
- at complexes I and III through electron leakage; however, 

ROS can also be produced at other sites of the ETC [135]. The generation of ROS through the 

Fenton reaction [136], in which iron reacts with H2O2, has also been reported [123, 137]. ROS 

formation can also occur through enzymatic sources such as xanthine oxidases, lipoxygenases, 

nitric oxide synthase, cyclooxygenases, thymidine phosphorylase, and most notably, 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX enzymes) [138-139]. 

NOX is a family of seven structurally homologous isoforms known to produce O2
- and in some 

instances H2O2, that are widely recognized as a major component of cellular ROS production, 

along with mitochondrial-derived ROS (mtROS) [140]. While expression levels can vary across 

different cell types and tissues, all NOX enzymes are transmembrane proteins that share a 

common catalytic core. NOX are largely localized to the plasma membrane, with some 

expression also observed in intracellular organelles [141]. Mechanistically, ROS are produced in 

the catalytic core of NOX enzymes upon binding of NADPH, which triggers the sequential 

transfer of an electron to the inner and outer heme groups within the transmembrane portion of 

these proteins. This electron is then transferred to oxygen to produce NOX-derived ROS 

(noxROS) [141]. ROS production can also be stimulated by exogenous stimuli, such as exposure 

to ultraviolet (UV) light, alcohol, drugs, smoke, pollutants and certain foods [142]. Studying 

ROS and their effects can be complex, as ROS are incredibly dynamic and can be derived from 

multiple sources, with many types of ROS simultaneously contributing to the same downstream 
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cellular responses. Some stimuli can also promote ROS production from more than one 

intracellular source [123, 134-143]. ROS derived from one intracellular source may also drive 

the production of ROS from another. Such crosstalk has been described previously in the case of 

mtROS stimulating noxROS and vice versa [143]. However, ROS from one source can also drive 

signaling and biological processes independently of others. In pericytes, increased glucose was 

shown to stimulate noxROS and promote apoptosis, whereas mtROS generated under the same 

cellular context had no effect [144]. Conversely, in pancreatic β-cells, palmitate treatment has 

been shown to induce cell death, with the bulk of this effect being attributed to increases in 

mtROS [145]. Therefore, it is important to consider not only the effects of oxidative stress, but 

also the intracellular source of ROS that is driving the observed phenotypes. 

 The traditional view of ROS has been that these highly reactive molecules are simply 

waste products of naturally occurring cellular processes. However in recent years, an emerging 

concept argues that ROS function as secondary messengers in numerous signaling pathways 

under normal conditions and in disease states. At low concentrations, ROS are undoubtedly 

important for the induction of signaling and various cellular processes like proliferation, 

differentiation, regulation of metabolism, homeostasis and adaptation to stress; however, at toxic 

levels they can lead to the induction of cell death pathways [123,134, 138-139, 146]. This 

dichotomy is also present within the tumour microenvironment, and thus ROS, as well as their 

specific intracellular sources, are an active area of research to leverage for therapeutics. 

 

1.4.2 Oxidative Stress and Cancer  

 The role of ROS in cancer is multi-faceted. The accumulation of DNA damage by ROS 

can contribute to genomic instability, which inherently drives tumour initiation [147]. However, 

tolerable levels of ROS in tumour cells can activate signaling cascades that promote tumour cell 

survival and the progression of cancer. One mechanism that is well characterized is the ROS-

dependent stabilization of HIF1α. ROS levels increase during hypoxia, which stabilizes HIF1α 

and promotes HIF1α-dependent gene transcription [148]. HIF1α, which is expressed in 

numerous cancers, subsequently promotes tumour progression by stimulating angiogenesis and 

metabolic adaptation to hypoxia [149]. ROS can also promote tumour cell growth and 

proliferation by regulating PI3K/AKT/mTOR and ERK signaling pathways [146]. ROS can 

inactivate phosphatases implicated in the control of ERK signaling, the dysregulation of which 
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results in sustained activation and unchecked proliferation of tumour cells [150]. ROS can also 

inactivate phosphatases such as PTEN [151] and PP2A [152], both of which are responsible for 

modulating PI3K/AKT activity, resulting in AKT activation and subsequent cancer cell 

proliferation and growth. ROS may further promote survival of tumour cells by enhancing 

processes discussed previously in this review, such as autophagy [130] and suppression of the 

immune system [139]. ROS can also regulate the progression of metastasis. For example, ROS 

have been shown to regulate the activity of several genes known to be important for induction of 

EMT, including MMPs [153], Snail [154] and the Smad pathway [155]. Additionally, 

transforming growth factor beta (TGFβ) is widely known as a highly potent inducer of EMT, and 

exhibits a reciprocal regulatory relationship with ROS, in turn promoting metastatic phenotypes 

[156]. It has also been suggested that ROS may indirectly contribute to chemoresistance, as the 

modulation of growth and survival pathways, metabolism, and modification of cancer stem cells 

may produce a sub-population of highly adaptive tumour cells that are unresponsive to therapy 

[157]. 

 Conversely, supra-physiological levels of ROS can initiate cell death pathways such as 

apoptosis, necroptosis and ferroptosis, and as such a harsh pro-oxidative environment may 

promote tumour cell death [158]. There is also evidence that ROS may have the capacity to be 

tumour suppressive by inducing cellular senescence, thereby preventing malignant 

transformation and proliferation [159].  

 It has been established in several studies that tumour cells exhibit higher levels of ROS 

than non-cancerous cells. Some of the earliest evidence of this came over three decades ago in a 

study reporting elevated levels of H2O2 in several different cell models of cancer [160]. 

Interestingly, to combat excessive accumulation of ROS, cancer cells can leverage existing 

antioxidant systems to detoxify ROS and maintain concentrations at a level conducive to survival 

[123]. For instance, the antioxidant response is largely regulated by the transcription factor 

nuclear factor erythroid 2-related factor 2 (NRF2; also known as NFE2L2/NFE2), which when 

activated attenuates intracellular ROS production [161]. One important study characterized the 

upregulation of NRF2 due to common oncogenic mutations, such as KRas, BRaf and Myc 

mutations in murine models and human pancreatic cancer. Genetic mutations in NRF2 were 

demonstrated to impair KRas-dependent tumour growth, suggesting that the activation of NRF2 

and detoxification of ROS in cancer cells is a critical aspect of tumorigenesis [162].  
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Figure 1.3 Sources of ROS and Dual Role in Cancer Progression. ROS can be produced from 

various sources endogenously, primarily from the mitochondrial ETC and NADPH oxidases, and 

in response to exogenous stimuli. ROS function in normal cellular signaling and based on 

cellular concentrations can promote cancer progression through oncogenic signaling or tumour 

cell death during excessive oxidative stress. Figure adapted from Nakamura and Takada, 2021 

[123]. 

 

 ROS as a Therapeutic Target in Cancer 

 Since the levels of ROS govern cell fate and signaling in cancer cells, modulating the 

concentration of ROS in tumours represents in intriguing therapeutic target. As such, 

antioxidants may help alleviate ROS-induced tumorigenesis and many antioxidant chemicals or 

naturally occurring vitamins have been used in studies reporting anti-tumour effects [158, 162-

164]. However, the efficacy of antioxidants in cancer remains controversial, as anti-tumour 

effects may be seen in scenarios in which cancer cells utilize ROS to promote survival and 

growth, but treatment with antioxidants may also reduce the levels of ROS in established 

malignant cells, aiding in the survival of tumour cells during oxidative stress. Therefore, pro-

oxidative therapies are also a potential therapeutic option for cancer management. Pro-oxidant 

chemicals that directly induce ROS and/or inhibit antioxidant systems like glutathione are being 

evaluated in clinical trials both as single agents and in combination with other therapies [158]. 

For example, the ROS-inducing compound metformin is being investigated in clinical trials with 
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immunotherapies, anthracyclines, and other standard of care chemotherapies in several cancers, 

including breast cancer [139].  

 TNBC may represent a cancer type that is particularly susceptible to ROS-inducing 

therapies. TNBC displays a high level of intrinsic genome instability, especially in BRCA1/2 

mutant cases [14]. This inherit instability could be exploited in TNBC if treated with pro-oxidant 

agents, as the added accumulation of mutations could push tumour cells towards cell death 

pathways, particularly if DNA-repair pathways are ineffective. TNBC cell models have also been 

demonstrated to exhibit much higher levels of baseline ROS production in comparison to luminal 

breast cancers and non-cancerous tissues [165]. Though this may present an opportunity for 

antioxidant therapy-mediated inhibition of cellular processes needed for cancer cells to survive in 

TNBC, enhancing ROS production in the already stressful baseline oxidative environment may 

more effectively promote tumour cell death in TNBC/BLBC. 

 

1.4.3 p66ShcA Overview  

 One protein that is critical in the formation of intracellular ROS is the redox adaptor 

protein p66ShcA. The Src homology 2 domain-containing protein A (ShcA) gene encodes three 

different isoforms: p46ShcA, p52ShcA and p66ShcA [166-168]. Of these, p46/p52ShcA are 

expressed ubiquitously and arise from alternative translational start sites, whereas p66ShcA 

displays variable expression and is regulated by a different promoter [169-170]. All ShcA 

isoforms share a common structure with an N-terminal phosphotyrosine binding (PTB) domain, 

a central proline-rich collagen homology (CH) 1 domain, and an N-terminal Src homology 2 

(SH2) domain, with p66ShcA containing an additional N-terminal CH2 domain [169-171]. The 

significance of the CH2 domain in executing the biological redox functions of p66ShcA will be 

discussed in a future section. Within the CH1 domain, ShcA proteins contain phosphorylation 

sites on three specific tyrosine (Y) residues, Y239/240/317, that transmit intracellular signals 

downstream of receptor tyrosine kinases (RTKs) through activation of Ras/MAPK, EGFR, and 

PI3K/AKT/mTOR [167-175]. However, these cellular signaling nodes are not transmitted by 

p66ShcA, as the CH2 domain exerts inhibitory effects on transduction of Ras/MAPK mitogenic 

signaling sequestering by growth factor receptor-bound protein 2 (GRB2)/son of sevenless 

(SOS) from the other ShcA isoforms [169, 176]. Knockout of the ShcA gene in mice is 

embryonic lethal [177]; however, specific deletion of p66ShcA results in extended lifespan, as 
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well as resistance to oxidative stress and apoptosis [178]. This is due to the pro-apoptotic 

functions of p66ShcA [176], as well as its contribution to the formation of endogenous and 

stress-induced ROS, which are known to be important contributors to the ageing process [178]. 

The concept of p66ShcA inhibition offering protection from oxidative stress has been reported in 

various models of disease beyond cancer, including cardiac diseases [179-180], metabolic 

conditions like diabetes and obesity [181-182], neuroprotective effects in neurons [183] and 

multiple sclerosis [184], as well as renal injury [181,185] and alcohol-induce liver damage [186], 

among others. As such, the p66ShcA-dependent production of ROS has a profound impact on the 

progression of overall lifespan and a myriad of diseases. 

 

1.4.4    Mechanism of mtROS Production by p66ShcA 

 The role of p66ShcA as a redox protein and the mechanism through which p66ShcA 

produces mtROS have been extensively characterized. Under basal conditions, significant pools 

of p66ShcA exist in the cytosol and mitochondria. The mitochondrial pool is bound by a 

complex containing heat shock protein (HSP) 70 [187] and the translocase of the inner 

mitochondrial membrane (TIM) proteins (TIM20/23/44) [188], which inhibits the pro-apoptotic 

functions of p66ShcA. The N-terminal CH2 domain unique to p66ShcA is essential for its ROS 

producing capabilities as it contains key residues that facilitate its mitochondrial localization and 

mechanism of action once in the mitochondria [178, 188-195]. Specifically, phosphorylation of 

the S36 residue is critical for trafficking of p66ShcA to the mitochondria and its redox function 

[178, 188-195]. S36 phosphorylation can be triggered by diverse stimuli, particularly those that 

induce apoptosis, such as cell detachment, hypoxia, exposure to UV irradiation and 

chemotherapy [189-190]. Arguably the best characterized trigger for p66ShcA mitochondrial 

localization is the induction of oxidative stress by H2O2. In response to oxidative stress, p66ShcA 

dissociates from peroxiredoxin 1 (PRX1) [191] and is phosphorylated on S36 by stress kinases 

such as c-Jun N-terminal kinase (JNK) [192], PKCβ [193], ERK [194] and MAPK-activated 

protein kinase 2 [195]. Phosphorylation of S36 within p66ShcA results in isomerization of the 

protein by the prolyl isomerase PIN1 [193]. Following subsequent dephosphorylation of S36 by 

PP2A, p66ShcA is then imported into the mitochondria [189, 195] increasing the existing 

mitochondrial p66ShcA fraction. The endogenous mitochondrial p66ShcA pool may also 

become activated in response to ROS-inducing or pro-apoptotic stressors, as treatment with such 
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stressors results in destabilization of the p66ShcA-HSP70-TIM20/23/44 complex [188]. Thus, 

oxidative stimuli create a biologically active pool of mitochondrial p66ShcA that can exert its 

redox function. 

 Within the ETC, cytochrome c serves as an intermediate in the shuttling of electrons 

between complex III and IV [196]. By binding to and oxidizing reduced cytochrome c, p66ShcA 

diverts electrons away from the ETC, transferring electrons onto free O2, resulting in the 

production of ROS (H2O2). ROS generation is necessary for p66ShcA-mediated induction of 

mitochondrial apoptosis, strengthening the notion that the pro-apoptotic role of p66ShcA is 

attributed to its redox function. Also in the CH2 domain, a specific cytochrome c binding region 

within p66ShcA was identified proximal to the PTB domain. Glutamic acids 132/133 

(EE132/133) were demonstrated to be critical for mediating downstream redox functions, as 

mutating these residues to glutamine (Q) in p66ShcA abrogated binding to cytochrome c, 

impaired ROS production, and inhibited apoptosis [188]. 

 Collectively, the numerous studies into p66ShcA functions have revealed that this 

adaptor is a critical redox protein, which enables cellular adaptation to a wide variety of 

stressors, including oxidative stress. Key residues within the CH2 domain have also been 

determined to be essential for p66ShcA-mediated ROS production: S36, the phosphorylation of 

which is required for translocation of p66ShcA to the mitochondria, and EE132/133 which 

constitute the redox center and cytochrome c binding site. These residues are thus indispensable 

to generate mtROS. 
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Figure 1.4 p66ShcA Structural Organization and Mechanism of mtROS Production. (A) 

Schematic depiction of ShcA isoform architecture. All isoforms share a N-terminal PTB domain 

and a C-terminal SH2 domain with a central CH1 domain. p66ShcA contains an additional N-

terminal CH2 domain and residues crucial for its ROS-generating function (in bold). (B) In 

response to stress stimuli p66ShcA is phosphorylated on S36 by stress kinases and is localized to 

the mitochondria after Pin1-mediated isomerization. Mitochondrial p66ShcA binds to 

cytochrome c through its cytochrome c binding domain, EE132/133, and facilitates electron 

transfer onto oxygen, producing ROS. ROS generated by p66ShcA mediates p66ShcA’s pro-

apoptotic role. Figure adapted from Su, Bourdette, and Forte, 2013 [206].  
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1.4.5    p66ShcA in TNBC and Metastasis 

 Anti-Tumorigenic Functions of p66ShcA 

 p66ShcA has been widely studied in several models of cancer, revealing contrasting 

effects on tumour progression that can be attributed to cancer type and context. This is entirely 

consistent with the role of p66ShcA as a redox protein, since ROS can exert both pro- and anti-

tumorigenic functions depending on ROS levels. For example, high p66ShcA expression in lung 

cancer reduces metastasis and correlates with improved clinical outcome [197-198]. p66ShcA 

can also inhibit oncogenic EMT by acting in a negative feedback loop with the mesenchymal 

transcription factor zinc-finger E-box-binding homeobox 1 (ZEB1) [199], as well as by 

suppressing Ras signaling typically activated by the other ShcA isoforms [198]. Additionally, 

p66ShcA can promote anoikis (a form of cell death stemming from cell detachment from the 

ECM) [200] through Ras homolog family member A (RhoA) and focal adhesion targeting,  

resulting in further suppression of EMT [198, 201]. p66ShcA has also been proposed to promote 

autophagy and apoptosis under nutrient deprivation, with p66ShcA expression resulting in 

apoptotic cell death of lung cancer cells [202]. Another study also reported a pro-apoptotic role 

for p66ShcA in melanoma cell death [203] and a model of TNBC in response to sulforaphane 

[204]. Phosphorylation of a CH1 domain tyrosine residue in the ShcA proteins, combined with 

low expression of p66ShcA was also shown to predict stage, nodal status, and relapse of breast 

cancer patients [205]. 

 

 Pro-Tumorigenic Functions of p66ShcA 

 Despite evidence for anti-tumorigenic functions of p66ShcA, a prominent body of work 

exists supporting pro-tumorigenic properties of p66ShcA in numerous cancers. The acquisition 

of phenotypes that promote tumour growth and metastasis, particularly proliferation and cell 

migration and invasion (EMT) have been previously characterized, with high expression of 

p66ShcA reported in esophageal cancer [207], gastric/colorectal cancers [208], ovarian cancer 

[209], thyroid cancer [210] and hormone sensitive cancers such as prostate, testicular and 

luminal breast [211]. Of particular interest to this project are reports that p66ShcA is enriched in 

TNBC/BLBC relative to other subtypes [212] and within breast cancer cell lines or primary 

tumours that display elevated propensity to metastasize [213]. Interestingly, both studies 

implicate p66ShcA in basal-like/metastatic breast cancer progression independently of 
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p46/p52ShcA expression, providing some of the earliest evidence that the p66ShcA isoform may 

be especially important in TNBC metastasis. 

 Several p66ShcA-dependent pro-tumorigenic and metastatic mechanisms have been 

described in the context of breast cancer. The contribution of p66ShcA in the development of 

migratory phenotypes has been particularly well studied. In the same study reporting high 

p66ShcA expression in TNBC/BLBC, p66ShcA was demonstrated to cooperate with Met 

signaling to induce an EMT in luminal models. An EMT signature was consistent across all 

breast cancer subtypes, suggesting that in luminal tumours, p66ShcA can increase tumour 

plasticity through induction of EMT, and in TNBC/BLBC tumours can drive the already plastic 

cancer cells into a full mesenchymal state [212]. Similarly, p66ShcA has been shown to 

modulate the activity ADP-ribosylation factor 6 (ARF6) by recruiting ARF6 to the EGFR, 

resulting in potentiation of ARF6/Ras/MAPK signaling and breast cancer cell growth and 

migration [214]. p66ShcA-dependent activation of the Rho family small GTPase Rac1, known to 

control cytoskeletal organization, has also been demonstrated to facilitate ROS production, 

wound healing, and migration of breast cancer cells [215]. Pro-proliferative effects of p66ShcA 

also contribute to breast cancer progression, as independent studies have reported enhanced 

proliferation in p66ShcA-expressing cells, spanning luminal [211], HER2+ [213] and TNBC 

[190] subtypes. A unique p66ShcA-dependent mechanism involving self-renewal and survival 

under hypoxia has also been described regarding breast cancer progression. In response to 

hypoxia, p66ShcA expression is induced and modulates the expression of Notch 3. p66ShcA and 

Notch 3 then cooperate to promote the expression of Jagged 1 and carbonic anhydrase, a 

hypoxia-survival gene, downstream of activated ERK. The p66ShcA/Notch 3/Jagged 1/carbonic 

anhydrase signaling cascade then promotes the survival of in vitro mammospheres under hypoxic 

stress and enhances self-renewal of both normal and cancerous tissues [216].  

 As mentioned, p66ShcA exists in distinct subcellular pools, with a significant fraction 

present in the mitochondria [187]. Interestingly, a recent study conducted by members of our lab 

and the Ursini-Siegel lab reported a complex collaboration between mitochondrial and cytosolic 

p66ShcA in the context of TNBC lung metastasis. By utilizing a non-phosphorylatable p66ShcA 

mutant in which S36 is mutated to alanine (SA), thus inhibiting translocation of p66ShcA to the 

mitochondria, the contribution of mitochondrial and cytosolic p66ShcA to metastasis was 

examined. Interestingly, wild type (WT) p66ShcA and p66ShcA SA were both shown to 
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promote primary tumour growth, suggesting that mitochondrial p66ShcA pools are not required 

for tumour proliferation in the primary site (breast) [190]. Cytosolic p66ShcA was also shown to 

contribute to various stages of the metastatic cascade. Both p66ShcA WT and p66ShcA SA 

modulated adhesion dynamics such as adhesion size and disassembly rate, and increased 

activation of Src family kinase signaling to promote cell migration and invasion [190]. 

Additionally, both forms of p66ShcA demonstrated comparable effects on the potentiation of 

metastasis through increased Akt/mTOR signaling, extravasation, and survival and proliferation 

of cancer cells in the metastatic site (lung). However, in mice injected with cells harbouring 

p66ShcA SA mutation, the ability to form spontaneous metastases in the lung was drastically 

reduced. This implies that mitochondrial p66ShcA is required at a specific stage of the metastatic 

cascade. It was ultimately determined that mitochondrial p66ShcA is necessary for survival in 

the blood stream after invasion, as mice injected with p66ShcA SA cells exhibited lower levels 

of CTCs in the blood, and in culture p66ShcA SA cells could not promote cell survival following 

detachment from the ECM [190]. Collectively, the results of this study indicate that many of the 

pro-tumorigenic functions of p66ShcA in the context of TNBC lung metastasis are independent 

of mitochondrial p66ShcA. This study illustrates that the function of p66ShcA in cancer, as in 

normal physiology or other disease states, is very complex and often dependent on stress stimuli 

and context. The obvious contribution of p66ShcA to TNBC metastasis reported in this study 

and others constitutes an interesting avenue to pursue for prognostic and therapeutic value. Thus, 

detailed interrogation of cytosolic and mitochondrial p66ShcA-dependent mechanisms may 

reveal unique approaches for TNBC management. 

 

1.5 Project Rationale and Objectives  

 TNBC/BLBC represents the most aggressive breast cancer subtype, with an increased 

propensity for metastasis and poor overall prognosis [31, 32]. TNBC lacks viable molecular 

features that can be exploited therapeutically; thus, surgery in conjunction with chemotherapy 

remains the standard of care for TNBC [33]. As such, investigation into specific targets for 

TNBC management is essential. Our lab has previously described identified GPNMB as a 

mediator of metastatic phenotypes such as invasion, migration, and proliferation, with specific 

enrichment in a subset of TNBC patients [72-75]. Due to GPNMB’s intracellular localization in 

normal cells and increased expression at the cell surface in tumour cells, GPNMB represents an 



51 

 

attractive therapeutic target. As such, the ADC CDX-011 targeting GPNMB was generated and 

assessed in clinical trials. Although initial experimental and clinical results were promising, 

clinical trials were halted in 2018 due to lack of improved survival in TNBC patients [84]. 

Currently, interest has been drawn to investigation of pathways and combinatorial treatment 

strategies to enhance the efficacy of CDX-011 [85-86]. 

 GPNMB expression is upregulated in response to a variety of cellular stressors, including 

oxidative stress [86]. Like GPNMB, p66ShcA is highly expressed in models of TNBC [212], as 

well as primary tumours with high metastatic potential [213]. This is intriguing when one 

considers that TNBC exhibits particular high levels of baseline ROS production [165], and 

p66ShcA has been extensively described as a redox protein with the capability to produce 

mtROS [178, 188]. Furthermore, GPNMB and p66ShcA can both be considered stress response 

genes, with biological functions that contribute to cellular stress adaptation. In the case of 

GPNMB, this may be due in large part to its regulation by the transcription factors TFE3/TFEB. 

Interestingly, TFE3/TFEB activation in response to oxidative stress has been reported in several 

publications [122, 125-133], implying that GPNMB may be induced in response to ROS. 

 Based on these observations, I have explored the hypothesis that p66ShcA regulates 

GPNMB expression in TFE3/TFEB-dependent manner in response to oxidative stress in 

TNBC/BLBC. To address this hypothesis, I pursued two main objectives. The first was to 

determine if p66ShcA is required for GPNMB upregulation in response to oxidative stress. The 

second was to investigate the regulation of TFE3/TFEB by p66ShcA. Insights into the 

mechanism of p66ShcA-dependent GPNMB upregulation following oxidative damage may 

reveal novel approaches/combinatorial strategies to improve the efficacy of CDX-011 in TNBC. 

 

 

 

 

 

 

 

 

 



52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2: Materials and Methods 
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Cell Culture 

Hs578T, 4T1, HCC1937, HCC1954, MDA-MB-231, MDA-MB-436, BT20, and MCF7 

breast cancer cell lines were obtained from the American Type Culture Collection (Manassas, 

VA, USA). Hs578T, MDA-MB-231, MDA-MB-436, BT20 and MCF7 cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM; cat. no. 319-005-CL, Wisent Bioproducts) 

supplemented with 10% fetal bovine serum (FBS; cat. no. 10082-147, ThermoFisher Scientific) 

and 1% penicillin-streptomycin (cat. no. 450-201-EL, Wisent Bioproducts). HCC1937 and 

HCC1954 cells were cultured in Roswell Park Institute Media (RPMI; cat. no. 350-000-CL, 

Wisent Bioproducts) supplemented with 10% FBS and 1% penicillin-streptomycin. 

The isolation of 4T1-derived explants from primary tumour (152), lung-aggressive (537), 

bone-aggressive (592), and liver-aggressive (2776) populations have been described previously 

[72-74]. Parental 4T1 and all 4T1-derived cells were cultured in DMEM supplemented with 10% 

FBS, 1.5g/L sodium bicarbonate (cat. no. 609-105-EL, Wisent Bioproducts), 10mM HEPES (cat. 

no. 330-050-EL, Wisent Bioproducts), 1mM sodium pyruvate (cat. no. 600-110-EL, Wisent 

Bioproducts), and 1% penicillin-streptomycin. 

The breast cancer cell lines (Hs578T, 4T1-537) harboring a p66ShcA KO and those 

engineered to express the various p66ShcA isogenic forms generated as described previously 

[190, 217]. Briefly, p66ShcA was deleted from the genome of parental Hs578T and 4T1-537 

cells and engineered to re-express empty vector (KO), C-terminally tagged p66ShcA WT, 

p66ShcA QQ and p66ShcA SA-harbouring pMSCV/puromycin vectors (cat. no. 68469, 

Clontech).  

p66ShcA VC and p66ShcA WT expression in parental HCC1954 and MCF7 cells was 

conducted in the same fashion without prior deletion of p66ShcA, due to low endogenous 

p66ShcA expression. HCC1954 cells were infected with empty vector (VC) and C-terminally 

tagged p66ShcA WT pMSCV/puromycin vectors, while MCF7 cells were infected with 

doxycycline-inducible empty vector (VC) and C-terminally tagged p66ShcA WT pCW57-

MCS1-P2A-MCS2/hygromycin vectors (cat. no. 80922, Addgene).  

Hs578T-BirA expressing cells were also generated according to the same protocol. 

Hs578T cells were infected with BirA control, p52ShcA-BirA orp66ShcA-BirA 

pQCXIB/blasticidin vectors (cat. no. 22800). Fusion proteins are C-terminally tagged on BirA 

and N-terminally tagged on p52/p66ShcA.  
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 All cells were selected and maintained in 2µg/mL puromycin (cat. no. ant-pr-1, 

Invivogen), except the MCF7 and Hs578T-BirA expressing cells which were selected and 

maintained in 100µg/mL hygromycin (cat. no. 450-141-XL, Wisent Bioproducts) and 10µg/mL 

blasticidin (cat. no. ant-bl-1, Invivogen), respectively.  

 

Treatment Conditions 

 The indicated breast cancer cell models were treated with actinomycin D (cat. no. A1410, 

Sigma-Aldrich), doxorubicin (cat. no. S1208, Selleckchem), oligomycin A (cat. no. S1478, 

Selleckchem), phenformin (cat. no. P7045, Sigma-Aldrich), H2O2 (cat. no. H1009, Sigma-

Aldrich) or sodium arsenite (NaAsO2; cat. no. S7400, Sigma-Aldrich) for the indicated time 

points. Where specified, cells were pre-treated for 24h with indicated doses of N-Acetyl-L-

cysteine (cat. no. A9165, Sigma-Aldrich) or apocynin (cat. no. 178385, Sigma-Aldrich). 

 

Immunoblot Analysis 

 At experimental end points, breast cancer cells were lysed in cold TNE lysis buffer, 

collected in tubes, and rotated for 10 min at 4°C. Lysates were centrifuged at max speed for 10 

min at 4°C, supernatants collected, and protein concentrations measured using the Pierce 

bicinchoninic acid (BCA) protein assay (cat. no. 23227, Thermo Fisher). Total protein (40-50ug) 

was loaded onto 7.5% acrylamide gels and transferred onto polyvinylidene difluoride (PVDF) 

membranes (cat. no. IPVH00010, Millipore). Membranes were blocked in 5% bovine-serum 

albumin (BSA) or 5% fat-free milk for 1h and incubated overnight at 4°C with primary 

antibodies. Human breast cancer cell lines were incubated with the following antibodies: 

GPNMB XP (1:1000; cat. no. 38313, Cell Signaling), ShcA (1:2000; cat. no. 610082, BD 

Transduction Laboratories), TFE3 (1:1000; cat. no. 14779, Cell Signaling), TFEB (1:1000; cat. 

no. 37785, Cell Signaling) and α-tubulin (1:25,000; cat. no. T9026, Sigma-Aldrich). 4T1 murine 

beast cancer cell lines were incubated with the same antibodies, except for mouse GPNMB 

(1:1000; cat. no. ab188222, Abcam) and mouse TFEB (cat. no. A303-673A, Bethyl 

Laboratories). Corresponding horseradish peroxidase–conjugated secondary antibodies 

(1:10,000; Jackson Immuno Research Laboratories) were added to membranes for 1h at room 

temperature. Membranes were then visualized using the SuperSignalTM West Pico PLUS 

Chemiluminescent Substrate (cat. no. 34578, Thermo Fisher Scientific). 
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qRT-PCR Analysis 

At experimental end points, breast cancer cells were processed and RNA extracted using 

the RNeasy Mini Kit (cat. no. 74106, Qiagen) according to manufacturer’s protocol. RNA was 

eluted in RNAse-free water and quantified using the nanodrop instrument (ThermoFisher 

Scientific). Total RNA (1ug) was subsequently reverse transcribed into cDNA using the high-

capacity cDNA reverse transcription kit (cat. no. 4368814, Applied Biosystems) according to 

manufacturer’s instructions. Resulting cDNA was then used as template in a qPCR reaction with 

the LightCycler® FastStart Universal SYBR Master (Rox) (cat. no. 4913914001, Roche), 

primers amplifying gene of interest, and the CFX connection real-time PCR detection system 

(BioRad). Cycling conditions have been described previously [72]. All qRT-PCR targets were 

normalized to the housekeeping genes β2M or GAPDH in human and murine cells, respectively. 

Normalized gene expression levels were generated from Cq values obtained using the CFX 

MaestroTM Software (BioRad) according to manufacturer’s instructions. qRT-PCR primer 

sequences can be found in table 2.1. 

 

ROS Production Quantification  

At experimental end points, breast cancer cells were washed with pre-warmed 

fluorescence-activated cell sorting (FACS) buffer (1x PBS supplemented with 2% FBS). Cells 

were then incubated with 2.5µM CM-H2DCFDA probe (cat. no. C6827, Invitrogen) diluted in 

FACS buffer for 30 min at 37°C to detect total cellular ROS. Cells were washed once more with 

FACS buffer, trypsinized, and collected in microcentrifuge tubes. For mtROS detection, cells 

were first collected by trypsinization and resuspended with 5µM MitoSOXTM (cat. no. M36008, 

Invitrogen) in complete media. Cells were then incubated for 20 min at 37°C. For both total and 

mtROS, 500,000 cells were collected and centrifuged at 900 x g for 2 min. Pellets were 

resuspended in 300uL FACS buffer and analyzed by flow cytometry on a BD Bioscience 

FACSCantoII cell analyzer. Analysis was conducted using FlowJo 10 software (TreeStar), with 

cell debris and doublets being excluded in all conditions. 

 

siRNA Transfections  

For siRNA experiments, Hs578T and 4T1-537 breast cancer cells were reverse-

transfected at the time of seeding with siRNAs targeting TFE3, TFEB, or non-targeting control 
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using the LipofectamineTM RNAiMAX Transfection Reagent (cat. no. 13778150, ThermoFisher 

Scientific) according to manufacturer’s instructions. Cells were transfected overnight, and media 

was changed the following morning. Post-transfection (24h), breast cancer cells were then 

treated with the indicated dose NaAsO2 for 48h and subsequently processed for immunoblot or 

qRT-PCR analysis. 

siRNAs used in this study were ON-TARGETplus SMARTpool siRNAs purchased from 

Dharmacon. Non-targeting siRNA (cat. no. D-001810-10-05) was used as a control. Specific 

targeting siRNAs are as follows: human TFE3 (7030: cat. no. L-00933-00-005) and TFEB 

(7942: cat. no. L-009798-00-0005). Mouse TFE3 (209446: cat. no. L-054750-00-0005) and 

TFEB (21425: cat. no. L-050607-02-0005). 

 

Immunofluorescence  

For all immunofluorescence studies, breast cancer cells were seeded onto coverslips 

coated with fibronectin (cat. no. F0895, Sigma-Aldrich) and treated with NaAsO2 for the 

indicated time (2, 4, 6, 24 or 48h). Cells were subsequently fixed in 3% paraformaldehyde 

containing 0.1% Triton X-100 for 10 minutes at room temperature. Fixed cells were then rinsed 

with 100mM glycine in 1X PBS, permeabilized with 0.2% Triton X-100 for 10 minutes at room 

temperature, rinsed again with PBS, and stained with primary antibodies. 

For visualization of TFE3 nuclear localization, primary antibody against TFE3 (1:200) 

was applied for 1h at room temperature. Rabbit Alexa Fluor TM 555 dye-conjugated secondary 

antibody (1:500; cat no. A31572, Invitrogen) and 4′,6-diamidino-2-phenylindole (DAPI; 

1:10,000; cat. no. D1306, Invitrogen) were then added for 1h at room temperature to visualize 

TFE3 and nuclei, respectively. 

For co-localization analysis of p66ShcA (FLAG) and lysosomes (LAMP1), primary 

antibodies against FLAG (1:200; cat. no. F1804, Sigma–Aldrich) or LAMP1 XP (1:200; cat. no. 

9091, Cell Signaling) were applied overnight at 4°C. Mouse Alexa Fluor TM 488 (1:500; cat. no. 

A11001, Invitrogen), rabbit Alexa Fluor 555 TM (1:500) and DAPI (1:10,000) were then added 

for 1h at room temperature to visualize p66ShcA, lysosomes, and nuclei, respectively. 

For co-localization analysis of biotinylated proteins (streptavidin) and LAMP1, cells 

were prepared as described for FLAG and LAMP1 co-immunofluorescence experiments with the 

following adjustments. Approximately 6h prior to fixation, 50µM biotin (cat. no. B4501, Sigma-
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Aldrich) was added to all coverslips to facilitate biotinylation. Cells were then processed and 

stained with LAMP1 as previously described. Streptavidin Alexa Fluor TM 488 (1:500; cat. no. 

S11223, Invitrogen), rabbit Alexa Fluor 555 TM (1:500), and DAPI (1:10,000) were then added 

for 1h at room temperature to visualize biotinylated proteins, lysosomes, and nuclei, respectively.  

In all experiments cells were mounted onto glass coverslips and stored at 4°C until 

imaging. Images were acquired on a Zeiss Axiovert 1 inverted microscope (TFE3) or a Zeiss 

LSM710 laser scanning confocal microscope (co-localization) and adjusted for contrast in Fiji. 

 Quantification of TFE3 nuclear positivity was separated into TFE3 negative, weak, and 

strong proportions based on mean fluorescence intensity (MFI) values obtained using a home-

made macro in Fiji. At least 100 cells were quantified per condition.  

   

BioID Sample Preparation 

 24h after seeding, Hs578T cells stably expressing BirA or BirA-p52/p66ShcA fusion 

proteins were treated with either 50µM biotin alone or in combination with 10µM NaAsO2. After 

24h treatment cells were harvested, washed with 1X PBS, and collected in microcentrifuge tubes. 

Cells were then centrifuged for 2 min at 5000 RPM, supernatant was removed, and cell pellets 

were stored at -80°C.  

 Cell pellets were then processed for streptavidin pulldown and mass spectrometry. All 

buffers were made in high pressure liquid chromatography (HPLC) grade water, all pipette tips 

were non-autoclaved, and all glassware was rinsed two times with HPLC water (no plastic 

except for Falcon and Eppendorf tubes). All Eppendorf tubes were rinsed three times with 50% 

acetonitrile in HPLC water and dried using SpeedVac for 30 min. 1.5 mL of fresh 

radioimmunoprecipitation assay (RIPA) buffer was used to resuspend cells pellets by pipetting 

up and down and lysates were transferred into 2mL Eppendorf tubes. 250U/μL of benzonase was 

added to each sample to digest nucleic acids. Samples were sonicated on ice for three cycles, 10 

sec ON, 2 sec OFF at 30 % amplitude. Samples were centrifuged for 30 minutes at 12,000 g at 

4°C to pellet the cell debris. After optimization, 15μL of Streptavidin Sepharose High 

Performance (cat. no. GE-17-5113-01, Cytiva) beads were used per sample. Streptavidin beads 

were washed three times in 1mL of RIPA buffer supplemented with inhibitors with 

centrifugation at 375g for 1 min at 4°C. After centrifugation, clarified supernatant was 

transferred into new Eppendorf tubes and 40μL was saved to monitor expression, lysis efficiency 
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and solubility as an input control. Pre-washed beads were added to the cell lysate and incubate at 

4°C with rotation for three hours. Beads were spin down by centrifugation at 375g for 1 min at 

4°C, and 40uL was saved as an unbound control. 1mL of RIPA buffer supplemented with 

inhibitors was added to the beads and transferred into new Eppendorf tubes to remove unwanted 

material. Beads were washed two times with RIPA buffer at 4°C and three times with fresh 50 

mM ammonium bicarbonate. Beads were finally resuspended in 75μL of 50mM ammonium 

bicarbonate. 

 Beads tryptic digestion, reduction and alkylation, collection of peptide and mass 

spectrometry injection were performed by the mass spectrometry platform at the IRCM. Mass 

spectrometry results were generated in Dr. Jean-Francois Cote’s laboratory and normalized to a 

BirA-control. Results were further analyzed by normalizing the NaAsO2 gene set to untreated 

samples. The resulting gene list is thus representative of interactions specifically gained in 

treated conditions. Only genes satisfying a Significance Analysis of INTeractome (SAINT) score 

≥ 0.9 and Bayesian False Discovery Rate (BFDR) ≤ 0.02 were included in the dot plot (created 

using the ProHitz viz website: Lunenfeld-Tanenbaum Research Institute) and exported as Figure 

3.10B. The SAINT score, BFDR, and average spectral count (AvgSpec: number of times the 

gene is detected by mass spectrometry) values were used in ProHitz viz as a semi-quantitative 

representation of proximal biotinylated proteins.  

 

RIPA Lysis Buffer:     Supplement 50mL Aliquot for Daily Use with: 

5mL NP40     500µL 100mM PMSF 

5mL 10% SDS    50µL 1M DTT 

25mL 1M Tris-HCl pH 7.4   100µL Protease Inhibitors     

15mL 5M NaCl 

2.5g Sodium Deoxycholate 

1mL 0.5M EDTA 

Up to 500mL with HPLC Water 
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Co-Localization Quantification 

 Quantification of co-localization was conducted in Fiji, with images manually cropped to 

display individual cells. Lysosomal image noise was reduced by applying a gaussian blur filter in 

the LAMP1 channel. Automatic thresholding was then performed using Otsu’s method to 

produce a region of interest (ROI) corresponding to LAMP1-positive organelles (lysosomes). To 

analyze p66ShcA (ant-FLAG) or protein biotinylation (streptavidin) within lysosomes, 

fluorescent signals were measured using the LAMP1 ROI and the MFI was recorded. A second 

ROI was manually outlined surrounding the entire cytoplasmic area containing LAMP1-positive 

structures and used for an additional measurement to serve as background fluorescence signal of 

p66ShcA or biotinylation in the cytoplasm. Finally, the FLAG or streptavidin MFI measured in 

lysosomes was subsequently divided by their MFI in the cytoplasm to produce a normalized 

p66ShcA or biotinylation signal within lysosomes. Each data point represents the normalized 

MFI of an individual cell in the FLAG or streptavidin channel. At least 30 cells were quantified 

per condition. 

 

Statistical Analysis 

 Graphpad Prism 9 Software was used to graph and perform all statistical analysis. 

Statistical significance (p values) was obtained using an unpaired, 2-tailed Student’s t test, 1-way 

ANOVA with Tukey’s multiple comparisons test, or Mann-Whitney U test as indicated in figure 

legends. RT-qPCR and flow cytometry data are presented with column height representing the 

means, whereas mean values are depicted as horizontal bars in the immunofluorescence data. All 

figures excluding TCGA data are representative of at least three independent experiments and 

error bars indicate ± SEM. TCGA data are displayed as box and whisker graphs with horizontal 

bars depicting median values, and box and whiskers representing 25th to 75th percentiles and 5th 

to 95th percentiles, respectively. Data points plotted on the graphs lie outside the 5th to 95th 

percentiles. 
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Table 2.1: List of qRT-PCR Primers  

Gene Species Forward (5’ – 3’) Reverse (5‘– 3’) 

GPNMB Human CTTCTGCTTACATGAGGGAGC CTGGTCACTGAGTGGTCGG 

TFE3 Human CCGTGTTCGTGCTGTTGGA TAGGACTGTCGAAGATGCT

C 

TFEB Human ACCTGTCCGAGACCTATGGG CTGTTTGTAATACGCAGAC

CTGC 

LAMP1 Human ACGTTACAGCGTCCAGCTCAT TCTTTGGAGCTCGCATTGG 

HEXA Human CAACCAACACATTCTTCTCCA CGCTATCGTGACCTGCTTTT 

ATP6V1H Human GGAAGTGTCAGATGATCCCC

A 

CCGTTTGCCTCGTGGATAA

T 

TPP1 Human CCTCCACACGGTGCAAAAAT

G 

CTCTGCTTGTCGGATGCTCA

G 

CTSD Human AACTGCTGGACATCGCTTGCT CATTCTTCACGTAGGTGCT

GG 

β2M Human TATCCAGCGTACTCCAAAGA CACCTCGTAAGTCTGAACA 

GPNMB Mouse  AGCACAACCAATTACGTGGC CTTCCCAGGAGTCCTTCCA 

TFE3 Mouse  TGCGTCAGCAGCTTATGAGG AGACACGCCAATCACAGAG

AT 

TFEB Mouse  CCACCCCAGCCATCAACAC CAGACAGATACTCCCGAAC

CT 

GAPDH Mouse  CAAGTATGATGACATCAAGA

AGGTGG 

GGAAGAGTGGGAGTTGCTG

TTG 
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Chapter 3: Results  
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3.1 ROS-Inducing Compounds Upregulate GPNMB 

 Given the existing relationship between GPNMB and cellular adaptation to stress [86], 

we first investigated whether ROS-inducing compounds increase GPNMB expression. The 

Hs578T breast cancer (TNBC) cell line was exposed (48h) to a variety of ROS-inducing 

compounds that can be broadly categorized into chemotherapies (red), mitochondrial inhibitors 

(red) and general oxidative stressors (green) and GPNMB protein and mRNA levels were 

assessed. GPNMB expression was upregulated in response to several compounds, with the most 

robust increases in GPNMB protein and mRNA levels observed following NaAsO2 treatment 

(Figure 3.1A-B). We next examined the time course of GPNMB induction following oxidative 

stress. GPNMB proteins levels were clearly evident at 48h post-treatment with 7.5µM NaAsO2, 

with the appearance of GPNMB mRNA beginning as early as 6 hours (Figure 3.1C-D). We thus 

selected 7.5µM NaAsO2 as our ROS-inducer for subsequent experiments at a fixed treatment 

time of 48h. 

 To confirm that NaAsO2 was indeed inducing ROS, we next analyzed total intracellular 

and mtROS production using the fluorescent probes CM-H2DCFDA and MitoSOX, respectively. 

The CM-H2DCFDA probe diffuses into cells where it undergoes acetate group cleavage and 

reacts with intracellular thiols through its chloromethyl group. It is then oxidized by various ROS 

into a fluorescent derivative that can be measured with appropriate excitation as a readout of 

total cellular ROS [218]. In contrast, the MitoSOX probe is targeted to the mitochondria where it 

is oxidized by O2
-, the predominant oxygen radical produced in this organelle [135, 219]. The 

selective accumulation of MitoSOX is due to its cationic triphenylphosphonium-based 

modification that promotes uptake into respiring mitochondria, with the final oxidized form 

acting as a measure of mtROS due to its high fluorescence [219]. As anticipated, analysis of 

ROS levels by flow cytometry revealed a 2-fold increase in total ROS and a 1.5-fold increase in 

mtROS in Hs578T cells treated with NaAsO2 when normalized to baseline (untreated) ROS 

levels (Figure 3.1E-H).  

 To determine whether the changes observed in GPNMB expression were a result of 

elevated ROS, we employed the ROS-scavenger N-acetyl cysteine (NAC) to quench cellular 

ROS prior to and during NaAsO2 treatment. Hs578T breast cancer cells treated with NAC 

showed attenuated ROS production following NaAsO2 addition (Figure 3.1E-H), concomitant 

with a reduction of GPNMB protein and mRNA expression to baseline levels (Figure 3.1E-J). 
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Together, these data suggest that ROS production is required for increased GPNMB expression 

following oxidative stress and establish treatment conditions for further experimentation. 

 

3.2 TNBC Cell Models with Higher Endogenous p66ShcA Expression Show an Increase in 

GPNMB Levels in Response to ROS.  

 GPNMB is most frequently overexpressed and exerts its pro-metastatic functions within 

the TNBC subtype [72-75]. To extend our results to other TNBC models, we analyzed GPNMB 

protein and mRNA expression in several human and murine cell lines. Importantly, several of the 

breast cancer cell lines tested cell revealed elevated GPNMB expression in response to oxidative 

stress. Human breast cancer cell lines that express higher endogenous levels of p66ShcA 

exhibited higher baseline levels of GPNMB (BT20, MDA-MB-436) or a greater fold induction 

of GPNMB (Hs578T) following NaAsO2 treatment when compared to cell lines lacking 

endogenous p66ShcA (HCC1937, HCC1954) (Figure 3.2A-B). One outlier to this trend is the 

MDA-MB-231 breast cancer cell line; however, this is consistent with our previous observations 

that this model exhibits extremely low baseline and stress-induced GPNMB protein expression in 

response to several cellular stressors and chemotherapies (data not shown). 

Similar results were seen in the murine 4T1 cells. Both 4T1 parental and primary explant 

(152) tumour cells exhibited low basal levels of p66ShcA and GPNMB and were unable to 

induce the latter’s expression in response to elevated ROS. Conversely, 4T1 cells with enhanced 

metastatic potential to distal organs, namely lung (537), bone (592), and liver (2776) had higher 

expression of both p66ShcA and GPNMB, and upregulated GPNMB further following exposure 

to NaAsO2 (Figure 3.2C-D). These findings in both human and murine cells suggest that 

endogenous p66ShcA promotes GPNMB expression and upregulation in response to oxidative 

stress. 
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Figure 3.1. ROS-Inducing Compounds Upregulate GPNMB (A) Immunoblot analysis of 

GPNMB protein expression in Hs578T breast cancer cells cultured in the absence (untreated) or 

presence of the specified compound/drug for 48h at the indicated dose. -Tubulin served as a 

loading control. (B) Corresponding RT-qPCR analysis of GPNMB mRNA expression. Cells 

were treated as in (A). Data are presented as fold change mean values ± SEM (n = 3 biological 

replicates): *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 by unpaired Student’s t test. (C) 

Immunoblot analysis of GPNMB protein expression in Hs578T cells cultured in the presence of 

NaAsO2 (7.5µM) for the indicated times. -Tubulin served as a loading control. (D) 

Corresponding RT-qPCR analysis of GPNMB mRNA expression. Cells were treated as in (C). 

Data are presented as fold change mean values ± SEM (n = 3 biological replicates): **P < 0.01; 

****, P < 0.0001 by unpaired Student’s t test. Representative histograms (E) and quantification 

(F) of total cellular ROS by flow cytometry in Hs578T breast cancer cells. ROS levels were 

analyzed by CM-H2DCFDA staining. Data are presented as fold change CM-H2DCFDA 

fluorescence (geometric mean) ± SEM (n = 3 biological replicates): **, P < 0.05 by 1-way 

ANOVA with Tukey’s multiple comparisons test. Representative histograms (G) and 

quantification (H) of mtROS by flow cytometry in Hs578T breast cancer cells. ROS levels were 

analyzed by MitoSOX staining. Data are presented as fold change MitoSOX fluorescence 

(geometric mean) ± SEM (n = 3 biological replicates): **, P < 0.01 by 1-way ANOVA with 

Tukey’s multiple comparisons test. (I) Immunoblot analysis of GPNMB protein expression in 

Hs578T breast cancer cells. -Tubulin served as a loading control. (J) Corresponding RT-qPCR 

analysis of GPNMB mRNA expression. Data are presented as fold change mean values ± SEM 

(n = 3 biological replicates): **, P < 0.01; ***, P < 0.001 by 1-way ANOVA with Tukey’s 

multiple comparisons test. Breast cancer cells in (E-J) were cultured with NAC or NaAsO2, alone 

or in combination, at the indicated doses. Breast cancer cells were treated with NAC at the time 

of seeding, followed by the addition of NaAsO2 24h later and then further cultured for 48h. 
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Figure 3.2. TNBC Cell Models with Higher Endogenous p66ShcA Expression Show an 

Increase in GPNMB Levels in Response to ROS. (A) Immunoblot analysis of GPNMB and 

ShcA protein expression in the indicated TNBC/BLBC cell lines cultured in the absence 

(untreated) or presence of NaAsO2 (7.5µM) for 48h. Blots are from the same membrane, 

cropped, and adjusted for contrast based on endogenous GPNMB expression for clarity. α-

Tubulin served as a loading control. (B) Corresponding RT-qPCR analysis of GPNMB mRNA 

expression in indicated cell lines. Breast cancer cells were treated as in (A). Data are presented as 

fold change mean values ± SEM (n = 3 biological replicates). (C) Immunoblot analysis of 

GPNMB and ShcA protein expression in the indicated 4T1 and 4T1 organ-specific metastatic 

cell lines cultured in the absence (untreated) or presence of NaAsO2 (7.5µM) for 48h. α-Tubulin 

served as a loading control. (D) Corresponding RT-qPCR analysis of GPNMB mRNA expression 

in indicated cell lines. Breast cancer cells were treated as in (C). Data are presented as fold 

change mean values ± SEM (n = 3 biological replicates): *, P < 0.05 by unpaired Student’s t test. 
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3.3 TCGA Data Reveals a Correlation Between p66ShcA and GPNMB mRNA Expression 

in Human Breast Tumors 

 With the discovery that TNBC cells expressing endogenous p66ShcA exhibit high 

baseline GPNMB and/or elevated fold increases in GPNMB expression in response to oxidative 

stress, we interrogated TCGA data to strengthen the notion that p66ShcA plays a role in the 

regulation of GPNMB. First, we segregated gene expression data into quartiles (1-4) based on 

p66ShcA expression, with quartile 1 containing tumours with the lowest p66ShcA levels and 

quartile 4 containing tumours with the highest p66ShcA levels. Interestingly, analysis of GPNMB 

expression within these quartiles revealed that tumours exhibiting high p66ShcA expression 

likewise express elevated GPNMB (Figure 3.3A) and show approximately 2-fold higher GPNMB 

expression versus tumours with the lowest GPNMB expression (Figure 3.3B). These data 

corroborate results seen in our in vitro experiments, and further build a rationale for p66ShcA as 

a modulator of GPNMB upregulation. 

 

3.4 Knockout of p66ShcA Ablates GPNMB Upregulation in Response to Oxidative Stress 

 To directly assess the role that p66ShcA plays in GPNMB upregulation following 

oxidative stress, we employed TNBC/BLBC cell lines (Hs578T, 4T1-537) to generate models 

with a deletion of endogenous p66ShcA. Furthermore, p66ShcA mutants that lack the ability to 

translocate to the mitochondria (p66ShcA SA) or generate ROS (p66ShcA QQ) were expressed 

in these breast cancer cells lacking endogenous p66ShcA. Thus, both of these mutations render 

p66ShcA functionally unable to generate mtROS, albeit through different mechanisms (Figure 

3.4A). The p66ShcA SA mutant cannot be phosphorylated on S36, preventing mitochondrial 

localization and mtROS production [190]. The p66ShcA QQ mutant is capable of localizing to 

the mitochondria; however, mutation of the cytochrome c binding site prevents binding and 

oxidation of reduced cytochrome c, disrupting electron transfer to oxygen and inhibiting the 

formation of mtROS [188]. 

 GPNMB upregulation at the protein and mRNA levels, in response to NaAsO2 treatment, 

was severely impaired in both Hs578T and 4T1 breast cancer cells lacking endogenous p66ShcA 

(Figure 4B-E). Importantly, induction of GPNMB expression was fully rescued by expression of 

p66ShcA WT (Figure 3.4B-C). Consistent with our previous experiments conducted in parental 

cells, p66ShcA WT expressing Hs578T and 4T1-537 breast cancer cells increased GPNMB 
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mRNA and protein levels in response to oxidative stress, which was blocked by NAC-dependent 

ROS scavenging (Figure 4B-E). Unexpectedly, we also observed upregulation of GPNMB 

protein and mRNA levels in Hs578T cells expressing p66ShcA QQ or p66ShcA SA, which are 

defective in ROS production (Figure 3.4B-C). This observation suggests a more complex 

mechanism in which p66ShcA regulates GPNMB following ROS exposure but exerts its 

regulatory effects independently of its role as a redox protein. 

 We next asked whether p66ShcA overexpression in basal breast cancer cells, which 

possess low endogenous p66ShcA levels, could enhance GPNMB upregulation following 

oxidative stress. HCC1954 breast cancer cells lack observable endogenous p66ShcA by 

immunoblot blot (Figure 3.2A) and were engineered to harbour an empty vector (VC) or express 

p66ShcA WT. Parental HCC1954 breast cancer cells did not display appreciable baseline 

GPNMB levels and exhibited only modest increases in GPNMB mRNA and protein expression 

following NaAsO2 treatment (Figure 3.4F-G). Interestingly, HCC1954 cells that overexpress 

exogenous p66ShcA WT display the same magnitude of NaAsO2-induced GPNMB upregulation 

observed in Hs578T and 4T1-537 breast cancer cells (high endogenous p66ShcA) (Figure 3.4F-

G). Taken together, these data support p66ShcA-dependent regulation of GPNMB following 

oxidative stress in both human and murine breast cancer cells. Interestingly, this process does not 

rely on p66ShcA’s ability to generate ROS and may rather be a result of an adaptor function of 

p66ShcA. 
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Figure 3.3: TCGA Data Reveals a Correlation Between p66ShcA and GPNMB mRNA 

Expression. Interrogation of TCGA data was performed by stratifying gene expression into 

quartiles. Quartiles 1 and 4 represent tumours with the lowest and highest levels of p66ShcA 

gene expression, respectively. Each quartile was then used to compare levels of p66ShcA with 

GPNMB expression. Data in (A) are presented as overall GPNMB expression and data in (B) are 

presented as fold change in GPNMB expression based on p66ShcA levels. n = 275 in each 

quartile. Horizontal bars depict median values, with the box and whiskers representing 25th to 

75th percentiles and 5th to 95th percentiles, respectively. Data points plotted on the graphs lie 

outside the 5th to 95th percentiles. **, P < 0.01; ****, P < 0.0001 by unpaired Student’s t test. 
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Figure 3.4: Knockout of p66ShcA Ablates GPNMB Upregulation in Response to Oxidative 

Stress. (A) Schematic of p66ShcA WT and p66ShcA SA and QQ mutants. (B) Immunoblot 

analysis of GPNMB and ShcA protein expression (all isoforms) in p66ShcA KO, WT, QQ and 

SA expressing Hs578T cells. α-Tubulin served as a loading control. (C) RT-qPCR analysis of 

GPNMB mRNA expression in the same panel of cell lines. Data are presented as fold change 

mean values ± SEM (n = 3 biological replicates): *, P < 0.05; **, P < 0.01 by unpaired Student’s 

t test. (D) Immunoblot analysis of GPNMB and ShcA protein expression in p66ShcA KO and 

p66ShcA WT expressing 4T1-537 cells. α-Tubulin served as a loading control. € RT-qPCR 

analysis of GPNMB mRNA expression in the same cell lines. Data are presented as fold change 

mean values ± SEM (n = 3 biological replicates): *, P < 0.05; **, P < 0.01 by unpaired Student’s 

t test. (F) Immunoblot analysis of GPNMB and ShcA protein expression in VC and p66ShcA 

WT expressing HCC1954 cells. α-Tubulin served as a loading control. (G) RT-qPCR analysis of 

GPNMB mRNA expression in the same cell lines. Data are presented as fold change mean values 

± SEM (n = 3 biological replicates): *, P < 0.05; **, P < 0.01 by unpaired Student’s t test. Cells 

in (B), (D) and (F) were cultured with NAC or NaAsO2 alone or in combination at the indicated 

dose. Cells were treated with NAC at the time of seeding, with the addition of NaAsO2 24h later. 

Cells were then cultured for 48h. Cells in (C), (E), and (G) were only cultured in the absence 

(untreated) or presence of NaAsO2 (7.5µM) for 48h.  
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3.5 Breast Cancer Cells Expressing p66ShcA SA and QQ Mutants Exhibit Lower 

Intracellular ROS Following NaAsO2 Treatment 

 The ability of p66ShcA mutants defective in ROS production to induce GPNMB 

expression following oxidative stress was surprising. To confirm that Hs578T cells expressing 

p66ShcA SA and p66ShcA QQ were indeed impaired in ROS production, total ROS levels were 

analyzed in these cells following NaAsO2 treatment using the CM-H2DCFDA fluorescence 

indicator of ROS production. As anticipated, p66ShcA KO expressing cells showed little change 

in cellular ROS across all conditions; whereas p66ShcA WT expressing cells exhibited a marked 

increase in ROS when treated with NaAsO2. The observed elevation in ROS levels could also be 

dramatically reduced by pre-treatment with NAC. Importantly, we observed that Hs578T breast 

cancer cells expressing the p66ShcA SA or p66ShcA QQ mutants produced less NaAsO2-

induced ROS production when compared to p66ShcA WT expressing cells (Figure 3.5A-B). 

Coupled with the significant upregulation of GPNMB seen by RT-qPCR and immunoblot 

analysis in each of the p66ShcA-expressing Hs578T cell lines, these data support the mechanism 

in which p66ShcA exerts its regulatory effects on GPNMB following oxidative stress 

independently of it being able to generate mtROS.  

 

3.6 Expression of p66ShcA in Luminal Breast Cancer Cells does not Enhance GPNMB 

Levels Following ROS Exposure 

 Given that our studies to this point were limited to TNBC/BLBC cell models (Hs578T, 

4T1-537, HCC1954), we sought to investigate the effect of oxidative stress on GPNMB 

expression in a luminal model, and the role of p66ShcA in this context. MCF7 breast cancer cells 

treated with NaAsO2 exhibited no increases in GPNMB mRNA or protein expression (Figure 

3.6A-B). This result was anticipated due to the fact that MCF7 breast cancer cells express very 

little endogenous p66ShcA (Figure 3.6A). Given that p66ShcA overexpression was sufficient to 

induce GPNMB expression in response to oxidative stress in HCC1954 basal like breast cancer 

cells (Figure 3.4F-G), we assessed whether the same result could be achieved in the less 

aggressive MCF7 luminal subtype. MCF7 breast cancer cells were engineered to express a 

doxycycline-inducible p66ShcA WT (p66ShcA) construct or an empty vector control (VC). 

Inducing p66ShcA expression by escalating concentrations of doxycycline failed to increase 

GPNMB levels under both basal and NaAsO2 stimulated conditions, regardless of p66ShcA 
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protein levels (Figure 3.6C). Therefore, our findings suggest that p66ShcA does not promote 

GPNMB expression in luminal models following oxidative stress and appear restricted to 

TNBC/BLBC breast cancer. 

 

3.7 GPNMB Induction in Response to NaAsO2 is Dependent on NADPH Oxidases 

 The ability of p66ShcA to produce ROS is dispensable for the increase of GPNMB 

expression following oxidative stress, yet ROS are nonetheless critical for GPNMB upregulation. 

One possible explanation for this finding is the source of intracellular ROS that is generated in 

response to NaAsO2. NaAsO2 has been previously reported to promote the formation of ROS 

through stimulation of NOX activity as well as upregulation and phosphorylation of key NOX 

subunits [220-222]. Since p66ShcA produces mainly mtROS, we hypothesized that GPNMB 

upregulation following NaAsO2 treatment was specifically dependent on extra-mitochondrial 

noxROS. To test this theory, parental Hs578T cells were pre-treated with apocynin, a routinely 

employed inhibitor that prevents assembly and activity of the NOX complex [223]. In a manner 

consistent with previous experiments conducted with NAC, apocynin was added at the time of 

seeding to block noxROS production prior to and during treatment with NaAsO2. Intriguingly, 

inhibition of NOX prior to stimulation with NaAsO2 completely abrogated GPNMB protein 

upregulation (Figure 3.7A). To verify that apocynin reduced overall ROS production, we 

conducted flow cytometry analyses using CM-H2DCFDA under the same treatment conditions in 

the Hs578T cells. The addition of apocynin prior to NaAsO2 exposure significantly reduced the 

amount of cellular ROS that was generated (Figure 3.7B-C), in agreement with our findings that 

GPNMB expression is drastically reduced in the presence of apocynin (Figure 3.7A). These 

results are reminiscent of our previous results, where Hs578T cells exhibited attenuated GPNMB 

expression and total ROS production when pre-treated with NAC (Figure 3.1G-J). Taken 

together, our results suggest that NOX is the primary source of ROS production in response to 

NaAsO2 treatment, and GPNMB upregulation in this context is dependent on non-mitochondrial 

noxROS. 
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Figure 3.5: Breast Cancer Cells Expressing p66ShcA SA and QQ Mutants Exhibit Lower 

Intracellular ROS Following NaAsO2 Treatment (A) Representative histograms and (B) 

quantification of total cellular ROS by flow cytometry in p66ShcA KO, WT, QQ and SA 

expressing Hs578T cells. ROS levels were analyzed by CM-H2DCFDA staining. Breast cancer 

cells were cultured with NAC or NaAsO2 alone, or in combination, at the indicated doses (B). 

Brest cancer cells were treated with NAC at the time of seeding, with the addition of NaAsO2 

24h later. Cells were then cultured for 48h. Data are presented as fold change CM-H2DCFDA 

fluorescence (geometric mean) ± SEM (n = 4 biological replicates): **, P < 0.01. ***, P < 0.001 

by 1-way ANOVA with Tukey’s multiple comparisons test. 
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Figure 3.6: Expression of p66ShcA in Luminal Breast Cancer Cells does not Enhance 

GPNMB Levels Following ROS Exposure. (A) Immunoblot analysis of GPNMB and ShcA 

protein expression in MCF7 cells cultured in the absence (untreated) or presence of NaAsO2 

(7.5µM) for 48h. α-Tubulin served as a loading control. (B) RT-qPCR analysis of GPNMB 

mRNA expression in the same cells. Breast cancer cells were treated as in (A). Data are 

presented as fold change mean values ± SEM (n = 3 biological replicates): data not significant by 

unpaired Student’s t test (C) Immunoblot analysis of GPNMB and ShcA protein expression in 

doxycycline-inducible p66ShcA expressing MCF7 cells cultured in the absence (untreated) or 

presence of NaAsO2 (7.5µM) for 48h. Prior to treatment with NaAsO2, cells were cultured in the 

absence or presence of doxycycline for 48h and maintained at the indicated dose to induce 

p66ShcA. α-Tubulin served as a loading control.  
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Figure 3.7: GPNMB Induction in Response to NaAsO2 is Dependent on NADPH Oxidases. 

(A) Immunoblot analysis of GPNMB protein expression in Hs578T cells. α-Tubulin served as a 

loading control. Representative histograms (B) and quantification of total cellular ROS by flow 

cytometry (C) in Hs578T cells. ROS levels were analyzed by CM-H2DCFDA staining. Data are 

presented as fold change CM-H2DCFDA fluorescence (geometric mean) ± SEM (n = 3 

biological replicates): ***, P < 0.001 by 1-way ANOVA with Tukey’s multiple comparisons 

test. Cells in (A-C) were cultured with apocynin or NaAsO2 alone, or in combination, at the 

indicated doses. Cells were treated with apocynin at the time of seeding, with the addition of 

NaAsO2 24h later. Cells were then cultured for 48 hours. 
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3.8 TFE3 and TFEB are Required for GPNMB Upregulation Following Oxidative Stress 

 GPNMB expression is regulated by the transcription factors TFE3 and TFEB in TNBC 

cells, and TFE3/TFEB are activated in response to diverse cellular stressors, such as ROS 

(including NaAsO2) [86, 122, 125-133]. Thus, we investigated whether TFE3 and TFEB were 

necessary for GPNMB induction in response to oxidative stress. p66ShcA KO and p66ShcA WT 

expressing Hs578T breast cancer cells were depleted of TFE3 or TFEB by transient siRNA-

mediated knockdown prior to exposure to NaAsO2. Reduction of TFE3 and TFEB levels 

impaired GPNMB protein and mRNA expression in both untreated conditions and following 

oxidative stress (Figure 3.8A-B). Reduced TFEB levels did not attenuate GPNMB expression to 

the same level as diminished TFE3expression; however, there was a clear contribution of both 

transcription factors to GPNMB upregulation following NaAsO2 treatment. Interestingly, there 

was also a noticeable mobility shift in the molecular weight of TFE3 in the treated condition in 

comparison to untreated cells (Figure 3.8A). This decrease in molecular weight suggests that 

TFE3 is being dephosphorylated following ROS exposure, and presumably translocating to the 

nucleus where it is subsequently transcribing its target genes, including GPNMB. 

 We extended our studies to the murine p66ShcA KO and p66ShcA WT expressing 4T1-

537 breast cancer cells to determine if this TFE3/TFEB-dependent mechanism was conserved in 

multiple TNBC models. Knockdown of TFE3 and TFEB under basal conditions again attenuated 

GPNMB protein and mRNA expression (Figure 3.8C-D). Furthermore, targeting of TFE3 and 

TFEB largely ablated the increase in GPNMB levels observed following NaAsO2 treatment. As 

seen in human TNBC cells, TFE3 appears to be play a more significant role in inducing GPNMB 

expression following oxidative stress when compared to TFEB in 4T1-537 cells. Collectively, 

these data suggest that TFE3 and TFEB are both required for the robust induction of GPNMB 

expression following oxidative stress in both human and murine cell models.  
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Figure 8: TFE3 and TFEB are Required for GPNMB Upregulation Following Oxidative 

Stress. (A) Immunoblot analysis of GPNMB, ShcA, TFE3 and TFEB protein expression in 

p66ShcA KO and p66ShcA WT expressing Hs578T cells. α-Tubulin served as a loading control. 

(B) RT-qPCR analysis of GPNMB, TFE3 and TFEB mRNA expression in the same panel of 

breast cancer cells. Data are presented as fold change mean values ± SEM (n = 3 biological 

replicates): *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired Student’s t test. (C) 

Immunoblot analysis of GPNMB, ShcA, TFE3 and TFEB protein expression in p66ShcA KO 

and WT 4T1-537 cells. α-Tubulin served as a loading control. (D) RT-qPCR analysis of 

GPNMB, TFE3 and TFEB mRNA expression in the same panel of breast cancer cells. Data are 

presented as fold change mean values ± SEM (n = 3 biological replicates): *, P < 0.05; **, P < 

0.01; ***, P < 0.001 by unpaired Student’s t test. Cells in (A-D) were reverse-transfected with 

non-targeting control (siNT), TFE3 (siTFE3) or TFEB (siTFEB) targeting siRNAs at the time of 

seeding. Cells were transfected overnight, washed, and supplied with fresh media the following 

morning. 24h after transfection cells were then cultured in the absence (untreated) or presence of 

NaAsO2 (7.5µM) for 48h. 
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3.9 p66ShcA Regulates the Localization, Transcriptional Activity, and Expression of TFE3 

 The transcriptional activity of TFE3 and TFEB is controlled, in part, by regulation of 

their cytoplasmic/nuclear translocation. Thus, we next investigated the subcellular localization of 

TFE3 following oxidative stress, in the presence or absence of p66ShcA. TFE3 was selected for 

further investigation as our data suggests that TFE3 has a larger contribution to GPNMB 

upregulation in response to ROS (Figure 3.8A-D). This is supported by published work from our 

lab demonstrating that TFE3 is the MiTF/TFE member responsible for GPNMB expression in 

TNBC following treatment with chemotherapy or other stressors [86]. Experiments were 

performed on p66ShcA KO and p66ShcA WT expressing Hs578T cells treated with NaAsO2 for 

time points ranging from 2h to 48h. TFE3 began to accumulate in the nucleus as early as 2 hours 

following NaAsO2 treatment, with most nuclei in p66ShcA WT cells showing nuclear TFE3 

signal by 24 hours, as well as an increased proportion of nuclei with strong TFE3 staining 

(Figure 3.9A-B). In contrast, the dynamics and signal strength of TFE3 accumulation in Hs578T 

cells lacking p66ShcA was significantly delayed at 24 and 48h time points (Figure 3.9A-B). The 

lag in TFE3 nuclear accumulation in p66ShcA KO cells may point to a role for p66ShcA in 

influencing the subcellular localization of TFE3 and could also offer an explanation as to why 

GPNMB is not induced in response to NaAsO2 at a 48h time point in p66ShcA KO cells. 

 Given the profound delay in NaAsO2 –induced TFE3 nuclear localization observed in the 

absence of p66ShcA, we reasoned that multiple TFE3 transcriptional target genes could be 

adversely affected in a manner similar to GPNMB. TFE3 target genes related to lysosomes and 

autophagy were selected as readouts of a broader TFE3-dependent transcriptional program. 

NaAsO2 treatment of Hs578T breast cancer cells expressing p66ShcA WT resulted in a 

significant upregulation of several TFE3 target genes, which was blunted in cells deficient in 

p66ShcA (Figure 3.9C). These results provide evidence for p66ShcA-dependent regulation of 

TFE3 transcriptional activity; thus, we revisited TCGA data to determine if p66ShcA levels also 

correlate with TFE3 expression. It was revealed that tumour expressing the highest levels of 

p66ShcA also expressed significantly higher overall levels of TFE3 (Figure 3.9D) and fold 

change in TFE3 expression (Figure 3.9E). The combination of in vitro data and TCGA data from 

human tumours indicates that p66ShcA modulates TFE3 nuclear accumulation, transcriptional 

activity, and expression, and places p66ShcA at the interface of an oxidant-induced autophagy 

and lysosomal gene network. 
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Figure 3.9: p66ShcA Regulates the Localization, Transcriptional Activity, and Expression 

of TFE3. Representative immunofluorescence images (A) and quantification (B) of TFE3 

nuclear localization in p66ShcA KO and p66ShcA WT expressing Hs578T breast cancer cells. 

Hs578T were cultured in the absence (untreated) or presence of NaAsO2 (7.5µM) for the 

indicated times. Scale bar is 20µM and applies to all images. (C) RT-qPCR analysis of LAMP1, 

HEXA, ATP6V1H, TPP1 and CTSD mRNA expression in p66ShcA KO and WT Hs578T cells. 

Cells were cultured in the absence (untreated) or presence of NaAsO2 (7.5µM) for 48h. Data are 

presented as fold change mean values ± SEM (n = 3 biological replicates): *, P < 0.05; **, P < 

0.01 by unpaired Student’s t test. TCGA data were divided into quartiles as in Figure 3.3. Data in 

(D) are presented as overall TFE3 expression and data in (E) are presented as fold change TFE3 

expression based on p66ShcA levels. n = 275 in each quartile. Horizontal bars depict median 

values, with the box and whiskers representing 25th to 75th percentiles and 5th to 95th percentiles, 

respectively. Data points plotted on the graphs lie outside the 5th to 95th percentiles. ****, P < 

0.0001 by unpaired Student’s t test. 
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3.10 BioID Mass Spectrometry Reveals an Endosomal-Lysosomal Gene Signature in 

NaAsO2 Treated Cells 

 Collectively, our data suggests that p66ShcA does not need to generate ROS in order to 

promote GPNMB upregulation. Coupled with the finding that p66ShcA also modulates the 

localization and transcriptional activity of TFE3, we hypothesized that p66ShcA functions as an 

adaptor protein and may interact with as yet unidentified proteins to exert its regulatory effects 

under conditions of oxidative stress. As such, a BioID approach was employed to elucidate 

proteins in proximity to p66ShcA in response to oxidative stress. Both p52ShcA-BirA and 

p66ShcA-BirA fusion proteins were generated and expressed in parental Hs578T cells to 

examine potential interactions (Figure 3.10A). p52ShcA-BirA and p66ShcA-BirA cells were 

treated for 24h with biotin alone or in combination with NaAsO2 to induce BirA-meditated biotin 

labeling under unstimulated and pro-oxidant conditions. Intriguingly, unbiased gene ontology 

analysis [224-225] of hits identified in p66ShcA-BirA cells treated with NaAsO2 revealed that 

2/7 genes, Folliculin (FLCN) and Receptor-Interacting Serine/Threonine-Protein Kinase 1 

(RIPK1), are localized to the endosomal-lysosomal system (Figure 3.10B). FLCN has been well 

characterized as a GTPase activating protein (GAP) for the Rag C/D GTPases at the lysosomal 

surface, promoting the activation of Rag C/D by binding to and facilitating GDP loading onto the 

GTPases [104, 226-228]. Additionally, gene ontology analysis indicates endosomal localization 

of RIPK1; however, existing literature also suggests that RIPK1 is recruited to the lysosomal 

membrane where it interacts with mTORC1 regulatory elements, such as the Rag-Ragulator 

complex [229] and AMPK [230]. This was a compelling discovery, as to our knowledge 

p66ShcA localization to lysosomes has not been described. Thus, close proximity of p66ShcA to 

FLCN and RIPK1 may represent novel shuttling mechanism of p66ShcA to a previously 

unreported subcellular compartment following oxidative stress. Importantly, the dot plot shown 

in Figure 3.10B includes only candidate proteins whose proximity to p66ShcA is specifically 

gained in NaAsO2 treated conditions (normalized to untreated samples) suggesting that p66ShcA 

may traffic to lysosomes in response to ROS creating an oxidative stress-induced lysosomal 

pool.  
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Figure 3.10 BioID Mass Spectrometry Reveals an Endosomal-Lysosomal Gene Signature in 

NaAsO2 Treated Cells (A) Schematic of p52ShcA-BirA and p66ShcA-BirA fusion proteins 

used for BioID experiments. (B) Dot plot of genes identified in mass spectrometry results. 

Hs578T-BirA fusion proteins were treated in the absence or presence of 10μM NaAsO2 

combined with 50μM biotin for 24 hours. Post-treatment, cell pellets were sent for streptavidin 

pull-down and mass spectrometry sample preparation. Mass spectrometry results were 

normalized to a Hs578T-BirA control in each replicate, as well as untreated samples. Dot colour 

represents average spectral count, dot size represents relative abundance, and dot circumference 

colour represents BFDR of each prey (biotinylated) protein. Dot plot was generated using 

ProHitz-viz and is representative of 3 biological replicates.  
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3.11 NaAsO2 Treatment Promotes p66ShcA Localization to Lysosomes  

 The observation that a significant proportion (roughly 30%) of proteins biotinylated by 

p66ShcA-BirA following NaAsO2 treatment are associated with the lysosomal system, coupled 

with the fact that p66ShcA loss impairs TFE3 nuclear localization, was compelling given the 

well characterized mechanism of TFE3 regulation at the lysosomal surface. These findings led us 

to hypothesize that a fraction of the p66ShcA cytoplasmic pool may translocate to lysosomes in 

response to oxidative stress. Since the Hs578T breast cancer cells lacking endogenous p66ShcA 

were engineered to express a FLAG-tagged version of p66ShcA WT, we performed co-

immunofluorescence experiments with anti-FLAG and anti-LAMP1 antibodies. Interestingly, 

with increasing exposure to NaAsO2, Hs578T p66ShcA WT expressing cells exhibited an 

increase in FLAG fluorescence signal within LAMP1-positive structures, suggesting an increase 

in the co-localization of p66ShcA with lysosomes at 24h, and to an even higher degree at 48h 

post-treatment (Figure 3.11A-B). 

 To further corroborate these co-localization results, we assessed the degree of protein 

biotinylation (mediated by p66ShcA-BirA) that colocalized with LAMP1 following treatment 

with NaAsO2. Hs578T breast cancer cells expressing p66ShcA-BirA were treated with NaAsO2 

for 18 hours, at which time biotin was added for an additional 6 hours prior to fixation (24 hours 

of NaAsO2 exposure) (Figure 3.11C). Fluorescent-tagged streptavidin coupled with indirect 

LAMP1 immunofluorescence revealed that exposure to NaAsO2 for 24h produced an increase in 

the streptavidin signal within LAMP1-positive organelles (Figure 3.11D-E). Interestingly, the 

ability of ShcA to translocate to the lysosome is not unique to the p66ShcA isoform, as 

p52ShcA-BirA expressing Hs578T cells also exhibited elevated co-localization of biotin with 

LAMP1 following NaAsO2 exposure (Figure 3.11D-E). However, once at the lysosome, it 

appears that unique interactions between p66ShcA and lysosomal protein(s) or distinct functions 

of p66ShcA are implicated in the nuclear translocation of TFE3 and subsequent upregulation of 

GPNMB. 
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Figure 3.11: NaAsO2 Treatment Promotes p66ShcA Localization to Lysosomes. (A) 

Representative immunofluorescence images of FLAG (p66ShcA) and LAMP1 (lysosomes) 

localization in p66ShcA WT expressing Hs578T cells. Breast cancer cells were cultured in the 

absence (untreated) or presence of NaAsO2 (7.5µM) for the indicated times. Scale bar is 10µM 

and applies to all images. (B) Corresponding quantification of FLAG immunofluorescence 

intensity in lysosomes normalized to background FLAG immunofluorescence. Each data point 

represents the normalized mean fluorescence intensity (MFI) of an individual cell, with at least n 

= 30 cells quantified per condition. Horizontal bars depict the mean values ± SEM in each 

condition. *, P < 0.05; **, P < 0.01 by Mann-Whitney U test. (C) Schematic of the 

NaAsO2/biotin treatment conditions in p52-BirA and p66-BirA expressing Hs578T cells 

preceding immunofluorescence staining to visualize biotinylated proteins within lysosomes. (D) 

Representative immunofluorescence images of streptavidin (biotinylated proteins) and LAMP1 

(lysosomes) localization in Hs578T cells treated as depicted in (C). Scale bar is 10µM and 

applies to all images (E) Corresponding quantification of streptavidin immunofluorescence 

intensity in lysosomes normalized to background streptavidin immunofluorescence. Each data 

point represents the normalized MFI of an individual cell, with at least n = 30 cells quantified per 

condition. Horizontal bars depict the mean values ± SEM in each condition. *, P < 0.05; **, P < 

0.01 by Mann-Whitney U test. 
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4.1 Discussion and Future Directions  

 p66ShcA Modulates GPNMB Expression in TNBC  

 The purpose of this project was to investigate the mechanism of p66ShcA-dependent 

regulation of GPNMB in TNBC/BLBC under conditions of oxidative stress. Reports from our 

lab and others show that GPNMB functions as a stress response gene in various disease states 

[60, 86-92] and is particularly enriched within the TNBC/BLBC subtype where it promotes 

metastatic phenotypes [63, 66, 72-80, 86]. In this study, we demonstrate that GPNMB expression 

is upregulated in response to ROS-inducing compounds, and TNBC/BLBC cell lines with high 

endogenous p66ShcA exhibit strong baseline expression and/or robust induction of GPNMB. 

Two of these cell lines that display particularly high basal GPNMB expression (MDA-MB-436) 

and robust stress-induced upregulation (MDA-MB-436/Hs578T) belong to the mesenchymal 

stem-like TNBC subtype [15]. Intriguingly, we have also observed that the MDA-MB-157 cell 

line, which expresses low, but detectable levels of p66ShcA, also expresses high endogenous 

GPNMB and responds to NaAsO2 treatment (data not shown). Intriguingly, MDA-MB-157 also 

belongs to the mesenchymal stem-like TNBC subtype. This may suggest that tumours expressing 

even low levels of p66ShcA that have acquired mesenchymal, or stem cell-like characteristics 

may be predisposed to higher baseline and stress-induced GPNMB expression. We also show 

that knockout of p66ShcA renders TNBC/BLBC cells unable to upregulate GPNMB expression 

in response to oxidative stress, and re-expression of p66ShcA WT rescues this phenotype. 

Combined with TCGA data illustrating a correlation between p66ShcA levels and GPNMB 

expression, our findings indicate that p66ShcA modulates GPNMB in models of TNBC/BLBC.  

 

 ROS-Producing Capabilities of p66ShcA are Dispensable for GPNMB Upregulation 

 The discovery that the ROS-defective (QQ) and non-mitochondrial (SA) isogenic 

mutants of p66ShcA were able to induce GPNMB expression was both surprising and 

compelling, as we had anticipated that the ROS generating capabilities of p66ShcA would need 

to be intact to modulate GPNMB expression in response to oxidative stress. One possible 

explanation for p66ShcA QQ and p66ShcA SA-induced GPNMB expression could be that the 

specific stimulus used throughout this study, NaAsO2, largely generates ROS via non-

mitochondrial mechanisms through the plasma-membrane localized NOX enzymes [220-222]. 

As such, we demonstrate that inhibition of noxROS using the NOX assembly inhibitor apocynin 
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prior to treatment with NaAsO2 consequently results in significant reduction in GPNMB 

expression. This may also explain the variable induction of GPNMB following treatment with 

various ROS-inducers used in this study. For example, actinomycin D has been reported to 

produce mitochondrial superoxide and inhibit the ETC at complexes I, III, and IV [231]. 

Likewise, oligomycin and phenformin have been proposed to produce ROS in a mitochondrial-

dependent fashion, as oligomycin is an ATP synthase inhibitor [232-233] and phenformin is a 

known an inhibitor of ETC complex I [234-235]. Additionally, though NOX isoform-specific 

ROS production has been reported and is somewhat controversial, it is widely agreed that NOX 

produce large amounts of O2
- through the transfer of an electron to free oxygen [140-141]. Since 

NaAsO2 treatment has been demonstrated to result in accumulation of O2
- derived from NOX 

[220-222] it is possible that GPNMB upregulation in this context is a result of NOX specifically 

generating O2
-. This may explain why H2O2, a different oxygen radical, does not appear to 

induce GPNMB expression, as GPNMB upregulation may be driven by specific oxygen 

intermediates. Indeed, there is some evidence supporting differential phenotypes of O2
- and 

H2O2, with varying effects on apoptosis and proliferation [236], oxidative phosphorylation [237], 

and myogenic signaling [238] previously reported. In each scenario, the lack of NOX 

engagement by these compounds may explain the moderate or lack of GPNMB induction. 

Though this has not been experimentally assessed, this could imply that the source of ROS 

dictates phenotype in response to oxidative stress. In the case of doxorubicin, its pro-oxidant 

effects have been previously reviewed, with the primary mechanisms of ROS generation  

involving components of the ETC, mitochondrial enzymes generating semiquinone radicals, and 

Fenton-like reactions involving iron [239-240]. However, doxorubicin-induced NOX activation 

in myocytes has also been reported [241]. The contribution of several sources of ROS, as well as 

ROS-independent mechanisms, may explain why doxorubicin treated cells display a modest 

increase in GPNMB in this work and others [86]. Furthermore, though phenformin is a complex 

I inhibitor, the observed induction of GPNMB expression may be due to other actions. 

Phenformin is a known activator of AMPK [242], and as previously discussed AMPK plays a 

direct role in the transcriptional activation of TFE3/TFEB [113]. Furthermore, loss of FLCN (a 

negative regulator of AMPK) results in constitutive AMPK activation. FLCN KO cells exhibit 

upregulated GPNMB expression, suggesting that the activation of AMPK has an impact on 

GPNMB levels [86, 104]. This agrees with our own data demonstrating that double KO of the 
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catalytic subunits of AMPK abolishes basal and stress induced GPNMB expression (data not 

shown). As such, the increased level of GPNMB in phenformin treated cells can most likely be 

attributed at least in part to direct effects on AMPK.  

 Within the cell, mtROS represents a considerable proportion of total cellular ROS, and as 

previously discussed p66ShcA contributes to overall ROS concentrations through the production 

of mtROS [178,188]. However, a different mechanism of ROS production by p66ShcA may also 

exist. In MEFs, p66ShcA was demonstrated to inhibit binding of SOS1 to GRB2 through 

competitive inhibition via the N-terminal p66ShcA CH2 domain. The decreased SOS1 binding to 

GRB2 in turn increases SOS1-mediated activation of Rac1 [243]. Members of the Rac family, 

including Rac1 are known to stimulate noxROS production through activation of various NOX 

isoforms [244]. The authors expanded their observations in a second study to show that though 

constitutively active Rac1 can produce ROS upstream of p66ShcA, p66ShcA may enhance 

Rac1-induced ROS, suggesting that Rac1, p66ShcA, and ROS may function in a feedback loop 

to promote oxidative stress. Intriguingly, in this context, it was determined that phosphorylation 

of p66ShcA on S54 and threonine 368 was required for downstream function, and not S36 [245]. 

It is important to note that these studies were conducted in the absence of stress stimuli and did 

not differentiate between intracellular sources of ROS production. However when considered 

with our data, this could provide a compelling explanation as to why p66ShcA QQ and p66ShcA 

SA mutants still were able to produce some intracellular ROS. Perhaps the slight increase in 

ROS is attributed to impairment of p66ShcA’s main source of ROS production (mtROS) without 

affecting a secondary source (noxROS). It may be interesting to investigate p66ShcA S54 

phosphorylation as well as the expression and activity of Rac1 in p66ShcA KO, WT, QQ, and 

SA cells in the context of our pro-oxidant stimulus.  

  

 Intersection of p66ShcA and the TFE3/TFEB Transcriptional Network 

 TFE3/TFEB have been described as regulators of GPNMB expression [86, 102-103] that 

are shuttled to the nucleus and transcriptionally activated in response to various cellular stresses, 

including ROS [86, 122, 125-133]. Our results reflect these findings, as oxidative stress induced 

GPNMB expression was shown to be dependent on the expression of TFE3/TFEB. This is in 

accordance with previous work suggesting that TFE3/TFEB are to some degree functionally 

redundant but are both required for optimal adaptation to stress [94].  
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 An especially compelling finding was the discovery that p66ShcA regulates the 

localization, activity, and expression of TFE3. Immunofluorescence experiments show that 

p66ShcA WT expressing cells display high nuclear intensity of TFE3 at 24 and 48h post-

treatment and robust induction of mRNA expression of TFE3 transcriptional targets in addition 

to GPNMB following exposure to ROS. As the nuclear localization of TFE3 in p66ShcA KO and 

p66ShcA WT cells is comparable between 2 and 6h, it is possible that these early dynamics are 

p66ShcA-independent. It is likely that exposure to ROS engages other pathways that promote 

early nuclear translocation of TFE3, given the extensive reports of TFE3/TFEB activation by 

oxidative stress [86, 122, 125-133]. As such, p66ShcA may promote or sustain the nuclear 

accumulation of TFE3 at later time points, surpassing a threshold that ultimately upregulates 

GPNMB in p66ShcA WT expressing cells. The stark differences in TFE3 nuclear positivity and 

signal strength between p66ShcA KO and p66ShcA WT cells at 24/48h is seemingly in line with 

our gene and protein expression data, as parental Hs578T cells begin to upregulate GPNMB 

mRNA at 24h, with visible differences in protein apparent at 48h. Utilizing TCGA data, it is also 

clear that p66ShcA influences TFE3 expression, as high p66ShcA correlates with high TFE3 

expression in the interrogated tumours. A discrepancy in these findings appears to be that in our 

hands, p66ShcA WT expressing cells do not significantly upregulate TFE3 mRNA levels. At 

first glance, this seems at odds with TCGA results. However, this difference can likely be 

explained partially because TCGA data set is much larger than our study of two TNBC cell lines. 

Additionally, since TCGA data is derived from patient tumours and our data is from cell models, 

the microenvironments are likely drastically different. Though cell models are a useful tool in 

studying various aspects of cancer progression, the context in which we study p66ShcA-

dependent regulation of TFE3 is potentially not entirely representative of the highly stressful 

microenvironment that tumour cells must endure due to the convergence of numerous different 

cellular stressors. It would also be interesting to characterize TCGA data of TFE3 target genes, 

such as those used as transcriptional readouts in this study. Should tumours expressing high 

levels of p66ShcA also exhibit high gene expression of TFE3 transcriptional targets, this would 

further support the role of p66ShcA in the regulation of both TFE3 levels and activity.  

 Since our data suggest that TFE3 makes a larger contribution than TFEB to GPNMB 

upregulation in response to ROS, we selected TFE3 for further investigation in relation to 

p66ShcA. Still, it may be worthwhile to similarly analyze the localization of TFEB. Since TFEB 
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is required, albeit less than TFE3, for increased GPNMB expression following NaAsO2 

treatment, one would expect to also see increased nuclear accumulation of TFEB in treated cells. 

However, it is possible that TFEB does not translocate to the nucleus as rapidly, or to the same 

degree as TFE3, which may explain why TFE3 predominantly regulates GPNMB in this context. 

Though not experimentally tested, this hypothesis is seemingly supported by recent work from 

the lab demonstrating that TFE3 is the MiTF/TFE member that is responsible for GPNMB 

regulation in TNBC models [86, 104]. Interestingly, one of these studies showed that elevated 

GPNMB levels are heavily dependent on TFE3 in MDA-MB-436 cells, concomitant with 

increased nuclear intensity of TFE3 in treated cells. Conversely, TFEB was not significantly 

shuttled to the nucleus, and TFEB depletion prior to treatment under the same conditions did not 

inhibit GPNMB upregulation [86].  

 Nevertheless, modulation of TFE3 by p66ShcA uncovered in this work may further 

rationalize findings from other publications. For example, several studies in recent years have 

described the adaptor and ROS-producing functions of p66ShcA in the induction of autophagy 

and mitophagy [202, 246-247]. The pro-autophagic role of p66ShcA in these studies could be 

explained by the engagement of TFE3/TFEB, thus resulting in the expression of autophagy and 

lysosomal associated genes. This same train of thought may in part also be responsible for 

reports of pro- and anti-tumorigenic functions of p66ShcA described previously [190, 197-216]. 

Given that the effects of ROS and autophagy on cancer progression are highly dependent on 

stimulus, context, and in the case of ROS, overall levels, the p66ShcA-dependent regulation of 

TFE3/TFEB could contribute to the conflicting role of these factors in various cancers. It may be 

interesting to investigate the relationship between p66ShcA, TFE3/TFEB downstream 

transcriptional activation, and GPNMB in models where p66ShcA appears to have opposing 

effects, such as in models of primary lung and breast cancer. Furthermore, since p66ShcA 

engages the TFE3/TFEB transcriptional program, it may be intriguing to extend these 

observations beyond cancer. TFE3/TFEB have been implicated in various pathological 

conditions. Any disease that requires clearance of cellular debris, or is intertwined with 

lysosomal biogenesis or autophagy, could possibly benefit from leveraging p66ShcA-dependent 

TFE3/TFEB activation. These include but are not limited to neurological disorders, lysosomal 

storage and metabolic diseases, pathogen infection, autoimmune disorders, and developmental 

conditions [95-97].  
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 p66ShcA Localizes to Lysosomes in Response to Oxidative Stress 

 Lastly, using a BioID approach to identify potential protein interactions with p66ShcA, 

we discovered an enrichment of lysosomal genes in proximity to p66ShcA following exposure to 

ROS. Gene ontology analysis revealed that 2/7 (almost 30%) of the resulting genes are localized 

to lysosomes. Using two different immunofluorescence approaches, we validated that p66ShcA 

localization to lysosomes is enhanced following oxidative stress, as evidenced by increased co-

localization signal of p66ShcA or biotinylated proteins with LAMP1-positive organelles. This is 

a very exciting finding as a lysosomal pool of p66ShcA has never been previously reported. Our 

data suggests that other isoforms of ShcA (p52) also have the capacity to localize to lysosomes. 

Given that p66ShcA KO cells or parental cell models of TNBC/BLBC with low or absent 

p66ShcA can induce GPNMB to some extent, it is possible that p46/p52ShcA may also promote 

slight GPNMB upregulation; however, it is clear based on data presented in this work that 

p66ShcA makes the most significant contribution to elevated GPNMB expression under 

oxidative stress. The novel discovery of p66ShcA localization to the lysosome may also explain 

the increased levels of GPNMB in p66ShcA SA cells. Since the SA mutation prevents 

mitochondrial trafficking, perhaps in these cells there is a larger proportion of p66ShcA 

localizing to the lysosomal surface compared to p66ShcA WT cells. The increased lysosomal 

pool could explain why GPNMB upregulation in the p66ShcA SA model exceeds that of 

p66ShcA WT cells. 

 These findings could prove to be very compelling based on the regulation of TFE3/TFEB 

at the lysosomal surface. Interestingly, one study has shown that p66ShcA, but not other ShcA 

isoforms, can inhibit mTORC1. In this publication, loss of p66ShcA resulted in metabolic 

characteristics that are consistent with chronic mTORC1 activation. In contrast, p66ShcA 

expression resulted in mTORC1 inhibition and changes to cellular metabolism [249]. However, 

the specific mechanism through which p66ShcA inhibits the activity of mTORC1 was not 

characterized in this work. In the context of our experiments, TFE3/TFEB activation could be a 

result of direct inhibition of mTORC1, or from p66ShcA-dependent effects on other regulatory 

elements of mTORC1 and/or TFE3/TFEB at the lysosome. mTORC1 activation under nutrient 

replete conditions involves a variety of lysosomal associated proteins (Figure 1.2). At the 

lysosome, amino acids promote vacuolar-H+-ATPase (v-ATPase) interactions with Ragulator, 

which in turn stimulates Ragulator’s guanine nucleotide exchange factor (GEF) activity towards 
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the Rag A/B GTPases. Similarly, FLCN exhibits GAP activity towards the Rag C/D GTPases. 

When Rag A/B are bound with Rag C/D, the active complex can then recruit mTORC1 to the 

lysosomal membrane, where it is activated by the small GTPase Rheb [226]. As such, the 

dysregulation of any of these regulatory factors has a direct impact on mTORC1 activity, and in 

extent, may result in the nuclear accumulation and activation of TFE3/TFEB. Some precedence 

exists for modulation of these components by adaptor proteins. An interesting study identified 

the SH3 domain-binding protein 4 (SH3BP4) as a negative regulator of Rag GTPases. It was 

demonstrated that in response to starvation SH3BP4 binds to inactive Rag complexes and 

inhibits their activation by preventing GTP loading. This in turn disrupts mTORC1 localization 

to the lysosomal membrane, blocking its activity. Compellingly, in this same study the 

mechanism was demonstrated to produce downstream activation of autophagy, which can 

presumably be attributed to active TFE3/TFEB [250]. Another publication has demonstrated that 

AXIN, a scaffold protein involved in AMPK activation, binds to the v-ATPase and Ragulator in 

response to glucose starvation. This interaction inhibits the GEF activity of Ragulator on the Rag 

GTPases, dissociating mTORC1 from the lysosome and inhibiting its activation [251]. In 

response to oxidative stress, it is possible that p66ShcA is acting in a similar fashion at the 

lysosome to disrupt a component of mTORC1 regulation.  

  

 Potential p66ShcA Interactors: Avenues for Further Characterization of 

TFE3/TFEB Regulation   

 Among the genes identified as potential p66ShcA interactors in our BioID screen, FLCN 

is a particularly intriguing possibility for further investigation. Should p66ShcA traffic to 

lysosomes following oxidative stress and bind to FLCN, such an interaction could explain the 

p66ShcA-dependent effects on TFE3 localization, transcriptional target expression, and GPNMB 

upregulation seen throughout this study.  

 Mechanistically, p66ShcA binding to FLCN may result in TFE3/TFEB activation and 

induction of GPNMB in several ways. As discussed, inactivation/KO of FLCN results in 

constitutive AMPK activation [86, 104] and phosphorylation of TFE3/TFEB on a series of C-

terminal serine residues by AMPK, which is required for engagement of TFE3/TFEB 

transcriptional activity [113]. Binding of p66ShcA to FLCN may render FLCN unable to exert 

its effects as a negative regulator of AMPK and result in enhanced AMPK phosphorylation of 
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TFE3/TFEB. However, a more compelling explanation for TFE3/TFEB activation in the context 

of oxidative stress may be due to the direct effects of FLCN on mTORC1 signaling. As 

mentioned, FLCN also acts as a GAP for the Rag C/D GTPases, the activation of which in turn 

recruits mTORC1 to the lysosome [104, 224-226]. Therefore, the inhibition of Rag GTPase-

FLCN binding or attenuated GDP loading onto the Rag GTPases, which could potentially be 

caused by interactions with p66ShcA, would result in mTORC1 inhibition and enhanced 

TFE3/TFEB nuclear accumulation. Competitive inhibition by p66ShcA could also render FLCN 

inactive by preventing the formation of the active FLCN complex, comprised of FLCN and 

folliculin interacting protein 1/2 (FNIP1/2). It has been previously demonstrated that function of 

the FLCN complex requires FLCN itself and at least one FNIP binding partner (FNIP1 or 

FNIP2), and that binding of FLCN to AMPK is mediated by FNIP1/2 [104, 252]. Thus, p66ShcA 

binding to FLCN may also block assembly of the FLCN complex by preventing its interaction 

with FNIP1/2. Any one of these possibilities could provide a rationale for GPNMB upregulation 

in response to elevated ROS.  

 A potential interaction between p66ShcA and FLCN, and the downstream effects on 

TFE3/TFEB and GPNMB expression is exciting considering previous work on the relationship 

between FLCN and TFE3. In renal cancer cells, inactivation of FLCN results in TFE3 nuclear 

localization and transcriptional activity, in turn upregulating GPNMB expression. Expression of 

WT FLCN in FLCN-null cells consequently reverses this phenotype [102]. Recent work from 

members of our laboratory has corroborated these findings in models of breast cancer, with loss 

of FLCN resulting in nuclear translocation of TFE3 and activation of diverse TFE3-

dependendent signaling pathways including autophagy and lysosomal biogenesis, angiogenesis, 

metabolic reprogramming, and most importantly, significant upregulation of GPNMB [86, 104]. 

Intriguingly, alterations in cellular metabolism, angiogenesis, and tumour growth in FLCN KO 

models were shown to be dependent specifically on TFE3 [104]. An interaction between 

p66ShcA and FLCN, potentially causing the inactivation of FLCN, would be in line with these 

previous findings, as our results demonstrate that TFE3 makes the largest contribution to 

increased GPNMB expression in response to oxidative stress.  

 To further characterize p66ShcA-dependent modulation of TFE3/TFEB signaling, it will 

first be important to validate the acquisition of a p66ShcA-FLCN interaction by 

immunoprecipitation in NaAsO2 treated cells. Should p66ShcA-FLCN binding be gained or 
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enhanced in pro-oxidant conditions, it would be interesting to identify the specific region of 

p66ShcA required for this function. The natural explanation as to why p66ShcA, but not other 

ShcA isoforms engages the TFE3/TFEB transcriptional program and elevates GPNMB levels 

would be that p66ShcA interactions with FLCN are mediated through the N-terminal CH2 

domain that is unique to p66ShcA. Additional experiments to determine how exactly p66ShcA 

affects the function of FLCN, whether it be through hindered GAP activity or impaired FNIP1/2 

or Rag GTPase binding could serve as the basis for future investigation. 

 

 Prognostic and Therapeutic Value of p66ShcA-Dependent GPNMB Regulation  

 The prognostic importance of p66ShcA expression in breast cancer has been described 

previously. p66ShcA has been linked to EMT independent of molecular subtype, and thus may 

be used to predict if tumours will be particularly invasive through gaining a mesenchymal gene 

signature [212]. Based on our findings, p66ShcA may serve as a predictive biomarker for 

GPNMB expression in TNBC. Patients within the TNBC subtype who exhibit tumours with high 

p66ShcA expression may have an even higher propensity to develop metastases, due to the 

accompanied pro-metastatic phenotypes that may be present because of high endogenous or 

stress induced GPNMB in the tumour microenvironment. 

 The results of this thesis may also represent new potential for TNBC therapeutics. Recent 

work from the Ursini-Siegel lab has shown that in models of TNBC, p66ShcA expression results 

in increased sensitivity to combination therapy, specifically doxorubicin and PARPi [217]. 

p66ShcA thus represents a useful biomarker for this treatment approach in TNBC and 

modulating p66ShcA expression could enhance the synergy between such drugs. Though in this 

study the ability of p66ShcA to produce ROS was not dispensable for increased cytotoxicity, it is 

possible that other avenues of TNBC management may not require this function. CDX-011 is an 

ADC designed to target GPNMB-expressing tumour cells [82]. CDX-011 has been employed in 

various clinical trials, however its use in women with metastatic TNBC was ceased after it failed 

to demonstrate improved impacts on survival and response [84], creating heightened interest in 

CDX-011 combination therapies. As discussed, recent work from our lab has demonstrated 

enhanced anti-tumour activity of CDX-011 in models of TNBC when combined with therapies 

that induce the expression of GPNMB such as MAPKi, mTORi, and HSP90i. HSP90i in 

particular increased not only the levels of GPNMB, but also its delivery to the plasma membrane 
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through lysosomal scattering. This paper not only validates that therapy-induced stress when 

combined with CDX-011 improves the targeted cell death of GPNMB expressing cells, but also 

illustrates the idea that lysosomes, their regulation/localization, and functional components 

localized at lysosomes are emerging as important aspects of TNBC.  

 A similar approach to MAPKi/mTORi/HSP90i combination therapy with CDX-011 

could be evaluated with NaAsO2. Based on data presented in this thesis, increased GPNMB 

expression in p66ShcA expressing TNBC/BLBC due to oxidative stress may enhance CDX-011 

anti-tumour activity. A phase I evaluation of KML-001, an orally available form of NaAsO2, 

demonstrated anti-tumour effects when administered with cisplatin to patients with solid tumours 

that may be sensitive to platinum-based treatments. More than half of the patients enlisted in the 

trial showed controlled disease for eight weeks or more, however trials were halted due to 

prevalent cardiac effects. The toxicity seen in this study was proposed to be because of cisplatin 

amplifying the known effects of arsenical compounds [253]. Nevertheless, administration of 

KML-001 as a combination therapy is possible, and if the therapy were symptomatically 

tolerable alongside CDX-011, could potentially inhibit disease progression in TNBC patients that 

present high expression of p66ShcA. Additional studies have described anti-cancer effects of 

KML-001 in other pre-clinical cancer models. For example, in prostate cancer cells, KML-001 

was shown to inhibit tumour growth in mice and promote apoptosis and autophagy through the 

activation of oxidative stress [254]. The engagement of autophagy may imply the activation of 

TFE3/TFEB, and thus increased GPNMB. Therefore, coupling KML-001 with CDX-011 could 

have a synergistic inhibitory effect on TNBC tumour burden.  

 Finally, NaAsO2 is not the only ROS-inducing compound that is capable of inducing 

GPNMB expression. Though the involvement of p66ShcA-dependent ROS generation has not 

been investigated in the same detail as NaAsO2 in this study, it is quite possible that p66ShcA 

can exert similar effects on GPNMB in response to other pro-oxidant compounds that induce 

noxROS or perhaps other diverse cellular stressors, given the role of p66ShcA, TFE3/TFEB, and 

GPNMB as genes involved in adaptation to stress. For example, As2O3 is a trivalent arsenical 

compound that is the subject of past and present clinical trials in several cancers. Additionally, 

As2O3 is currently employed as a therapeutic in acute promyelocytic leukemia [255] and like 

NaAsO2, As2O3 has been shown to induce oxidative stress through the production of noxROS 

[256]. Therefore, it is plausible that As2O3 could similarly promote upregulation of GPNMB in 
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TNBC/BLBC models that express p66ShcA. This may present a particular attractive option for 

therapy as As2O3 is already in use clinically and thus certain aspects of the treatment such as 

toxicity profile are already known, however studies in combination with CDX-011 would 

certainly be required. As mentioned, doxorubicin primarily exerts its ROS inducing effects 

through iron or mitochondrial based mechanisms but can also act on NOX to generate ROS 

which may account for the modest induction of GPNMB reported in this thesis and other 

published work [86]. It is possible that doxorubicin could stimulate noxROS in p66ShcA 

expressing tumours, and thus be synergistic with CDX-011. Several other naturally occurring 

compounds, as well as ROS producing drugs and existing chemotherapies are also being studied 

for their pro-oxidant functions in various cancers [161]. Clearly, the effects of oxidative stress on 

cancer progression warrant further investigation. Many of these ROS-inducing compounds or 

drugs may offer a unique approach for management of metastasis when combined with CDX-

011, especially in TNBC/BLBC patients that express p66ShcA.  

 

4.2 Conclusions 

 Taken together, these experiments have identified a p66ShcA-dependent oxidative stress 

response that upregulates expression of GPNMB, a pro-metastatic protein in TNBC. TNBC cells 

expressing p66ShcA exhibit a propensity for higher baseline and ROS-induced GPNMB 

upregulation, independently of the ability of p66ShcA to localize to the mitochondria or generate 

mtROS. Given that the GPNMB-targeting ADC CDX-011 is more effective with increased 

GPNMB expression and cell surface localization, it is possible that p66ShcA expression in 

TNBC/BLBC patients may serve as a predictive biomarker for response to combination therapies 

comprised of CDX-011 and a ROS-inducing compound or chemotherapy. p66ShcA modulates 

GPNMB by regulating the localization and transcriptional activity of TFE3/TFEB, and may do 

so by translocating to and interacting with lysosomal proteins. To our knowledge, this is the first 

report of p66ShcA localization to lysosomes under cellular stress and demonstrates a novel 

intersection of p66ShcA, cellular adaptation to stress and the TFE3/TFEB lysosomal and 

autophagy gene expression network. 
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