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ABSTRACT 

 

Despite advances in the diagnosis and therapy of breast cancer, issues continue to drive morbidity 

and mortality, especially tumor cells that persist after chemotherapy and contribute to recurrence 

and metastasis.  The presence of such persister cells is particularly relevant for triple negative 

breast cancer (TNBC) because it harbors a relatively high frequency of cells with properties of 

cancer stem cells (CSCs) that resist standard-of-care therapies.  My interest is understanding the 

nature of persister cells in TNBC and identifying novel mechanisms that contribute to persistence 

and stemness that can be exploited to improve therapy.   In my first project, I identified a calcium 

channel TRPC6 that is enriched specifically in CSCs, including cells that are quiescent and persist 

after chemotherapy, and that has a causal role in promoting resistance.  The mechanism by which 

it functions in this capacity involves its ability to regulate integrin α6 mRNA splicing. Specifically, 

TRPC6-mediated Ca2+ entry represses the epithelial splicing factor epithelial splicing regulatory 

protein 1 (ESRP1), which enables expression of the integrin α6B splice variant.  This integrin 

splice variant has been implicated in sustaining breast CSCs. TRPC6 and α6B function in tandem 

to facilitate stemness and persistence by activating TAZ and, consequently, repressing Myc. 

Therapeutic targeting of TRPC6 using a specific chemical inhibitor sensitizes TNBC cells, 

organoids, and patient-derived xenografts (PDX) to chemotherapy by impeding the splicing of α6 

integrin mRNA and inducing Myc. These data revealed a Ca2+-dependent mechanism of 

chemotherapy-induced persistence, which is amenable to therapy, that involves integrin mRNA 

splicing.    

 In my second project, I extended my investigation of TRPC6 to cell metabolism based on 

my observation that TRPC6 inhibition sensitized TNBC cell lines and organoids to ferroptosis, a 
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form of cell death that involves iron-dependent lipid peroxidation of cell membranes.  This 

observation piqued my interest because there is evidence that the ability to resist ferroptosis 

facilitates metastasis. In pursuit of the mechanism by which TRPC6 promotes ferroptosis 

resistance, I discovered that it maintains a level of reduced glutathione (GSH) that is sufficient to 

buffer oxidative stress. More specifically, I observed that the TRPC6-driven quiescent population 

has a low biosynthetic demand that enables GSH levels to be maintained by intracellular cysteine 

biosynthesis without relying on extracellular uptake through the xCT amino acid transporter. 

Based on these data, I propose that TRPC6 facilitates metastasis by enabling metastatic cells to 

resist ferroptosis. 

In summary, this thesis details how a specific calcium channel (TRPC6) contributes to the function 

of persister/CSCs in TNBC to promote therapy resistance and metastasis, and that it can be targeted 

in vivo to improve the therapy of TNBC.  
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CHAPTER I: INTRODUCTION 

Overview 

 

This thesis focuses on identifying novel drivers of therapy persistence in triple negative breast 

cancer (TNBC) and deciphering the mechanisms involved.  I discovered that the calcium channel 

Transient Receptor Potential cation channel, subfamily C, member 6 (TRPC6) promotes stemness 

and treatment resistance in TNBC. TRPC6 regulates the self-renewal of Breast Cancer Stem Cells 

(BCSC) by suppressing Epithelial Splicing Regulatory Protein 1 (ESRP1) that sustains the integrin 

α6B splice variant. I also investigated how TRPC6-mediated MYC suppression promotes a 

treatment persister cell state. Gene Set Enrichment Analysis (GSEA) of RNA-Seq data comparing 

cells in which TRPC6 had been inhibited to control cells revealed a transcriptomic signature for 

ferroptosis. This observation led me to investigate whether TRPC6 promotes resistance to 

ferroptosis in persister cells. Indeed, I provide strong evidence that inhibition of TRPC6 sensitizes 

treatment persister cells to ferroptosis.  This finding has relevance to metastasis because metastatic 

cells need to acquire mechanisms to buffer the oxidative stress that could trigger ferroptosis.  To 

this point, I demonstrated that inhibition of TRPC6 significantly reduced metastatic colonization 

in the lungs by a mechanism involving ferroptosis. Considering the limited therapeutic options for 

treating patients with TNBC, the data that I obtained in this thesis suggest that TRPC6 could be an 

effective therapeutic target for reducing metastatic burden in TNBC. 
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Breast cancer subtypes 

 

Breast cancer is a result of abnormal unregulated proliferation of the breast epithelial cells in the 

mammary gland. Statistically speaking breast cancer is the most common form of cancer amongst 

women worldwide accounting for about 2.3 million cases annually (1-3). The wide variety of cell 

types that constitute the mammary gland makes breast carcinomas complex specifically with 

respect to composition and tumor cell of origin. To get a better understanding of the disease, a lot 

of research has been directed towards classifying breast cancers. Initially there were two major 

schemes to classify breast carcinomas: histological and molecular (4, 5). Histological classification 

divides breast carcinomas into ductal and lobular carcinomas. Ductal carcinomas arise from the 

breast epithelial cells in the mammary duct. Lobular carcinomas are a result of oncogenic 

transformation of the epithelial cells in the terminal ductal lobular units (TLDU). Histological 

classifications provide information about the cellular state and type of carcinoma, but modern-day 

research has revealed a complexity far higher than that indicated by this classification. The 

molecular classification attempts to dig deeper than just cellular morphology and identity. As the 

name suggests, this classification is based on the genetic imprint of tumors that have been used to 

broadly classify breast carcinomas (6-8). The major molecular classification of breast carcinomas 

is based on the expression profile and status of the hormone receptors (Estrogen receptor, ER, and 

Progesterone receptor, PR) and the Epidermal growth factor receptor 2 (HER2) in the patient 

tumors (8). This information enables   targeted therapies tailored for patients with specific receptor 

profile. The targeted therapy strategy involves anti-hormonal therapy (for ER/PR+ tumors) or anti-

HER2 function blocking antibody. The subtype that does not express any of the hormone receptors 

i.e. Estrogen and Progesterone, or the HER2 receptor is classified as TNBC. This form of 
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classification has been informative in terms of biomarkers as well as identification of strategies for 

targeted therapies based on their respective gene expression profile (6, 7, 9, 10). However, despite 

these advancements in targeted therapy, breast cancers remain highly heterogeneous in terms of 

their clinical outcome as well as cellular identities. 

Thus, beyond the receptor expression-based classification, a more comprehensive approach of 

classifying tumors based on their molecular signature was undertaken. The major aim was to be 

able to better predict prognosis of different subtypes as well as to identify groups that show poor 

clinical outcome. A pilot study using microarray analysis of gene expression patterns in 74 samples 

(including patient tumors and 8 normal breast tissue) laid the groundwork for classifying breast 

cancer based on their molecular signatures. Analysis from independent patient gene expression 

data sets revealed the following subtypes: Normal breast-like, Luminal A, Luminal B, HER2+, 

Claudin low, and Basal-like  (6, 8). The most common form of breast tumors falls under Luminal 

A (ER high/HER2 low; ~40% of cases) and Luminal B (ER low/HER2 low; ~20% of cases). The 

HER2+ group encompasses those tumors that have an amplified HER2+ and the associated HER2 

gene set that drives a highly proliferative phenotype. The claudin-low subtype accounts for a small 

fraction of tumors that have Epithelial to Mesenchymal-like gene expression patterns. The Basal-

like tumors lack the expression of the hormone receptors as well as HER2. They are typically the 

most aggressive subtype with no targeted therapies available against them. The Basal-like tumors 

depict a basal/myoepithelial like gene signature. TNBCs fall under the Basal and Claudin-low 

subtypes.  Most these studies employed immunohistochemistry (IHC) to classify TNBCs, which 

led to the identification of five distinct hierarchical clusters, where 91% (88 of 97) of the TNBCs 

were associated with the basal-like subtype (11-13). However, this study did not include molecular 

analysis of the tumors, and its conclusions were constrained to clinical outcomes derived from 
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pathological markers. Given TNBC's aggressive nature, there is a critical need for a deeper 

understanding of its molecular characteristics and the development of targeted treatments.  

Addressing this gap, the groundbreaking work by Lehmann et. al. undertook the significant task 

of defining the molecular signatures of TNBC, classifying them into different clinically relevant 

subtypes (14). Their study analyzed gene expression profiles from 21 breast cancer datasets, 

identifying 587 TNBC cases and categorizing them into six distinct subtypes: two basal-like (BL1 

and BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL), and 

luminal androgen receptor (LAR). 

Basal-Like 1 (BL1) and Basal-Like 2 (BL2): These subtypes are characterized by high 

expression of genes related to cell proliferation and DNA damage response. They show a higher 

pathological complete response (pCR) to taxane-based and radiation treatments, indicating their 

sensitivity to therapies targeting proliferative and DNA-damage response pathways.  

Immunomodulatory (IM): The IM subtype is rich in immune cell signaling genes, including 

those associated with T-cell activation and antigen processing. This subtype's gene profile might 

include contributions from immune cell infiltrates, suggesting a significant role of the immune 

environment in this cancer type. 

Mesenchymal (M) and Mesenchymal Stem-like (MSL): Both subtypes share pathways involved 

in epithelial-mesenchymal transition (EMT) and stem cell-like properties, showing higher 

expression of genes related to TGF-β, mTOR, and Wnt/β-catenin signaling. The M subtype shows 

higher proliferation rates and a worse relapse-free survival (RFS), hinting at its aggressive nature. 

Luminal Androgen Receptor (LAR): This subtype is defined by an androgen receptor (AR) gene 

signature and luminal cytokeratin expression. LAR tumors tend to have a higher RFS, potentially 
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due to less effective standard chemotherapy regimens. These tumors may arise from hormone-

replacement therapy, and their molecular profile suggests sensitivity to AR-targeting therapies like 

bicalutamide and PI3K inhibitors. 

The study's major conclusion is that the diversity in TNBC subtypes necessitates tailored 

therapeutic approaches based on distinct molecular characteristics. The identification of cell line 

models representing each TNBC subtype facilitates preclinical studies, provides a platform for 

testing pre-clinical therapies. The findings also emphasize the importance of further molecular 

characterization of TNBC to uncover new therapeutic targets and improve patient outcomes. 

Despite advances in these molecular classifications, there is only a moderate improvement in the 

prognosis of TNBC (8, 15, 16). One of the primary causes is the lack of targeted therapies against 

TNBC and the lack of understanding of the intratumor cellular heterogeneity of TNBC that is a 

major driver of therapy resistance (17). Thus, it is imperative to uncover the mechanisms that 

directly contribute to cellular heterogeneity of TNBC to improve clinical efficacy.  

To better understand such clonal diversity, we therefore need to discuss the cancer stem cell 

population and its role in tumor heterogeneity and therapy response.  

Cancer stem cells 

 

 It's important to note that breast cancer heterogeneity refers to both inter-patient and intra-

tumor heterogeneity. Thus, several efforts have been made to understand the source of the 

heterogeneity and identify the cellular types and states within a tumor. The theory of CSC model 

was initially proposed to address and explain the presence of such hierarchical clonal populations 

of different cell states in breast tumors. Indeed, with modern sequencing techniques, specifically 
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the use of single cell RNA sequencing (sc-RNA-Seq) and pseudo time analyses, it is now 

established that breast tumors have a high degree of intratumor heterogeneity with clonal 

populations varying in their respective cell state, type, and function (18).  

Like the name suggests, CSCs share similar characteristics to the normal stem cell, having the 

potential to differentiate into varied morphological and functional states. Besides that, CSCs can 

self-renew, which sustains tumor growth (19, 20). This highlights the underlying origin of the 

clonal populations with CSCs at the apex. Thus, one of the primary characteristics of the CSC 

population is the ability to initiate a tumor. Its role in tumor initiation is supported not only by 

biological xenograft experimental data but also by the computational data of patient tumors that 

indicate the presence of a naïve stem-like population. A pioneering study from Al-Hajj identified 

the CSC population in breast cancer, showing that the CD44+/CD24-/low has tumor initiating 

capacity and generates the heterogeneity of the primary tumor after transplantation into 

immunocompromised mice (21). This was followed by a huge breadth of work in breast cancer 

that identified several other cell surface markers to identify and isolate CSCs. However, there is 

some degree of discrepancy in the cell surface markers used to identify them, varying not only 

between the different molecular subtypes but also within each group (22). Therefore, the most 

widely accepted tests for CSCs rely on functional/phenotypic assays such as tumor initiation in-

vivo and serial passage mammosphere assays in-vitro (23). Since this CSC population is 

responsible for replenishing and maintaining the stem cell pool, they have enhanced cell survival 

mechanisms specially under stressful conditions. These enhanced survival mechanisms improve 

their ability to resist therapeutic strategies such as Chemotherapy and Radiation and also promote 

metastasis (24, 25). 
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There has been a lot of effort in deciphering the origin of the cancer stem cell, specifically to 

understand what event leads to malignant transformation. There are two major hypotheses to 

explain the origin of the CSC. Recent sc-RNA-Seq and pseudo time experiments have been 

informative in that regard (18, 26). However, there is still not a clear consensus. Much of the 

evidence supports the hypothesis that oncogenic mutation in a mammary stem cell of origin 

confers tumorigenicity while retaining the ability to differentiate into luminal, alveolar, and basal 

progenitor cells (27, 28). In terms of cell surface markers, there is little similarity between 

mammary stem cells and the breast cancer stem cell population. On the other hand, the second 

hypothesis about CSC origin, suggests that CSCs can arise from fully differentiated or progenitor 

mammary cell populations. They propose that oncogenic transforming events including DNA-

damaging agents such as chemo and radiation cause de-differentiation of these cells into more 

Stem-like state (29, 30). In fact, there is evidence that mutations and chemo can cause 

reprogramming of differentiated mammary cells into CSCs (31, 32). This theory explains a 

possible mechanism of CSC enrichment upon receiving chemotherapy. However, it is unclear 

whether that is due to the better survival mechanisms of CSCs than bulk tumor or due to the direct 

effect of the environmental stresses that can induce stem-like traits in a fully differentiated tumor 

cell.  

 The CSC population contributes directly to the prognosis and efficacy of the standard line 

of therapy. Hence it is essential to understand how it correlates with the different breast cancer 

subtypes. Clinically speaking, TNBC is quite aggressive, having a low level of differentiated cells 

and showing a far higher rate of therapy resistance than other subtypes. Thus, we need to 

understand the relationship between TNBC and the CSC population in that context.  
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Triple Negative Breast Cancer and Cancer Stem Cell 

 

I have discussed the contribution of the CSC population in determining hierarchical tumor lineage 

and state (differentiated vs undifferentiated) and specifically therapy response. It is important to 

incorporate that with the molecular breast tumor subtypes to specifically design effective therapy 

that has the potential for better clinical outcomes. In that regard, clinical studies of different cohorts 

of breast cancer patients from around the world have been instrumental. Besides xenograft and cell 

line experiments, this patient data from different breast cancer subtypes has established that breast 

cancer stem cell frequency varies amongst the different subtypes, and they are most frequently 

found in TNBC samples (33). This discovery was supported by data from several groups that 

associated the TNBC aggressive traits (such as chemoresistance and recurrence) to the CSC 

population that it harbors (16, 34).  

Thus, beyond this correlative evidence we need to identify causal drivers of CSC to improve the 

prognosis of TNBC. This sheds light on the need to uncover and identify the signaling pathways 

that enrich and sustain the CSC population. Insight into these pathways will help us identify targets 

that can potentially be therapeutically exploited to improve progression-free survival and patient 

outcome. In that context I will discuss calcium signaling which not only plays a pivotal role in 

driving several cellular processes but most importantly also sustains CSC population as will be 

described in this thesis.   

Overview: Calcium signalling 

 

At the core of almost every aspect of cellular life lies calcium ions. A fundamental aspect of higher 

organisms is the ability to sense changes in the environment and be able to adapt or respond to the 
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demands of the cellular processes by signalling. Signalling relies on messengers and calcium and 

phosphate ions have become the key messenger molecules of cellular life on earth (35). The crux 

of calcium ion mediated signalling is to alter local electrostatic charge on proteins by adding 

positive charge, which changes their conformation, and that has various functional consequences. 

Mammalian cells invest a considerable amount of cellular energy to maintain a gradient of calcium 

(~20,000 fold) across the plasma membrane. The chemistry of calcium ions does not allow them 

to be modified, so the cell keeps a tight regulation of intracellular calcium by chelating, 

compartmentalizing, or expelling it. These functions are carried out by proteins that bind to 

calcium with a wide range of affinity. These protein-calcium binding interactions are primarily 

exploited to buffer the concentration in the cell but are also used to signal cellular processes. The 

mobility and speed of calcium trafficking, along with the affinity of the binding proteins, allows 

for swift and reversible signalling pathways that lie at the heart of ideal cell functioning and 

developmental processes. Introduction to the essential role of calcium and calcium-mediated 

cellular signalling warrants a discussion about different classes of calcium-binding proteins, 

transporters, and channels.  

Calmodulin: One of the most ancient proteins is calmodulin that binds to calcium with a high 

affinity. Upon binding to calcium, there is a conformational change in the calmodulin domains, 

resulting in the release of protein autoinhibition, dimerization or active site remodel (36). The cell 

has over hundreds of proteins with a domain for recruitment of calmodulin (36-38). By interacting 

and binding to downstream target proteins (such as Myosin light chain kinase, or MLCK), 

Calmodulin transduces the calcium-mediated signal. Calmodulin also binds to a family of protein 

kinases called Calmodulin kinases (CaMK), enabling calcium to activate phosphorylation 
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pathways. Besides calcium-binding proteins, another key component are proteins involved in 

calcium trafficking (such as pumps and channels) into and out of cell and organelles.  

Pumps: This is an important class of proteins that move calcium against the gradient. These are 

typically ATPase pumps, also known as Sarcoendoplasmic reticulum calcium ATPase pump, 

(SERCA) that, as the name suggests, hydrolyze ATP to aid in the uphill calcium movement in 

exchange for two protons. Another class of similar pumps are the Na+/Ca2+ exchangers (NCX, or 

SLC8A1-3), and the Na+/Ca2+-K+ exchangers (NCKX; SLC24A1-5) that have a slightly different 

mechanism. Again, to maintain a low cytoplasmic calcium concentration, they move calcium out 

of the cell in exchange for three Na+ ions or even transport calcium along with one K+ ion for the 

exchange of four Na+ ions. These pumps are majorly responsible for generation of neuronal action 

potentials (39). 

Channels: There are two major classes of calcium channels: voltage-gated channels and Transient 

Receptor Potential (TRP) channels. 

Voltage gated channels could move over a million Ca2+ ions across the channel down the 

gradient. This makes them likely the fastest in calcium conductance. The pore in the channel has 

a considerably high affinity for calcium, which makes them selective towards calcium (40). 

However, that selectivity is context dependent - in normal extracellular media or conditions, 

voltage-gated channels are only selective towards calcium, but upon removal of extracellular 

calcium they become non-selective, allowing the passage of Na+ and K+.   

Transient Receptor Potential (TRP) channels are only slightly sensitive to voltage and display 

non-selectivity for ions. The TRP channels are formed by tetramerization around the pore that then 

allows the passage of ions. The majority of them (~28 of the mammalian TRP family members) 
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are plasma membrane channels. Now, the central question has been how TRP channels get 

activated. The major mechanism involves phospholipase C (PLC) activation by G protein-coupled 

receptor (GPCR) or tyrosine-kinase receptors (TKR) (41). Given their rapid response to changes 

in the extracellular environment such as pH, temperature, stress and even volatile compounds, 

there is speculation that this might not be the complete picture and there might be additional 

mechanisms of activating TRP channels in-vivo. Certain studies have also alluded to a non-

canonical role of TRP channels as being mediators of Store-operated calcium entry (SOCE). This 

function widens the role of TRP channels in cellular processes which were strictly considered in 

the context of neuronal cells.  

Store-Operated Calcium entry (SOCE): The cell has a calcium reservoir in the endoplasmic 

reticulum (ER) which constantly seeps into the cytosol. However, low calcium conditions could 

cause the ER calcium reservoir to move more rapidly into the cytosol through SERCA and plasma 

membrane Ca2+ ATPase (PMCA) pumps (42, 43). This leakage would result in the depletion of 

calcium in the stores (ER), and the phenomenon of calcium entry activation to replenish these 

stores is referred to as SOCE (43). In certain cases, TRP channels have been shown to replenish 

the ER-calcium stores by binding to certain channels on the ER (Stim and Orai) (44). This binding 

allows them to directly move the calcium ions taken up by the channel to replenish the ER.  Thus, 

these are the major backbone for calcium carrier in and out of the cell as well as between the 

intracellular stores. The downstream effects of these calcium movements generate temporal and 

spatial calcium oscillations that directly impact measurable and observable features such as 

contraction, motility, and secretion (45, 46). Beyond these cell biological changes, calcium 

dynamics directly impact gene expression changes through certain transcription factors such as, 

nuclear factor of activated T cells (NFAT), and cAMP Response Element-Binding Protein (CREB) 
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(47, 48). Calcineurin is a phosphatase which when activated dephosphorylates NFAT, revealing 

its nuclear localization signal. Once imported into the nucleus, NFAT activates its target genes 

such as chemokines in lymphocytes (49). These gene expression changes allow the calcium signals 

to create both short and long-term effects downstream. As discussed, calcium is tightly regulated 

within membrane bound organelles and can bind to over hundreds of proteins and alter their 

localization, function, and activation state. Thus, it is not hard to appreciate that calcium signalling 

impacts every cellular process. This field is ever evolving, consisting of unique mechanisms of 

calcium buffering and storage. It particularly interests me how calcium signalling pathways 

functionally affect tumor traits.  
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Calcium signaling in cancer 

 

Research over the past two decades has highlighted the importance of Ca2+ sensitive 

oncogenic pathways in tumour progression. Most of these studies focused on three main themes: 

1. Altered expression of calcium channels in tumour tissues; 2. Differential regulation of calcium 

influx and efflux proteins (by means of activation and translocation) 3. Downstream effects of 

altered calcium signalling in terms of tumour phenotypes such as proliferation, migration, 

invasion, and metastasis.  

Several groups have reported altered expression of calcium channels during early 

tumorigenesis such as SERCA3 downregulation during colon carcinogenesis (50) and elevated 

expression of TRPM8 in multiple cancers (prostate, breast, colon, pancreas, and lung) (51-53). 

There are also incidences where more than one channel is deregulated in tumors such as TRPM8 

and TRPV6 in prostate cancer (54). These discoveries provided this correlative information which 

then brought up a central question as to what oncogenic pathways are being driven by these altered 

protein and expression changes of calcium channels. The other ways of impacting cellular 

processes besides altered expression are to alter activity or localization. In one such instance 

ORAI1 mediated translocation of TRPV6 plasma membrane localization has been shown to 

increase prostate cancer cell proliferation (55). Another study observed a different mechanism of 

TRPM7 activation, involving cleavage of TRPM7 which exposes the kinase domain that can cause 

gene expression changes through remodeling of the chromatin (56). The above studies expanded 

on novel alternate ways of deregulating calcium signalling in cancer cells besides altered 

expression levels of the proteins. Hence it became crucial to understand the downstream effects of 

altered calcium protein activation/expression. Though not all deregulated pathways have causal 

roles, initial pharmacological and siRNA mediated inhibitions hint that calcium channels are 
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promoting different tumor phenotypes such as proliferation, adhesion, survival, migration and, in 

some cases, survival under stressful conditions (57-69). In oesophageal squamous cell carcinoma, 

ORAI1 elevation promotes proliferation and supports tumor growth (70) and Secretory Pathway 

Ca²⁺ ATPase (SPCA2) overexpression has been shown to attribute transforming capacities (growth 

in soft agar) to non-malignant MCF10A (71). We appreciate that calcium is a key messenger 

molecule that impacts almost all cellular processes. Indeed, there is considerable evidence of how 

calcium signalling can sense and help cancer cells respond to changes in the microenvironment 

and in turn play a causal role in effecting phenotypes such as angiogenesis, Epithelial to 

mesenchymal transition (EMT), and survival in stressful conditions (such as Hypoxia). It is well 

established how certain factors such as EGF, Transforming growth factor-beta (TGFβ), and 

Hypoxia drive EMT in tumors (72-75). Now, there are studies that have shown that calcium 

signalling has a central role in the induction of EMT and is differentially regulated in epithelial vs 

mesenchymal cells (46, 76-79). In MDA-MB-468 cells, TRPC1 and ORAI1 differentially 

contribute to EMT. These studies expand our understanding of the scope of calcium signalling in 

cancer (78).  

These studies have cemented the concept that spatial and temporal regulation of calcium is 

exploited to induce specific oncogenic pathways. However, the potential of targeting calcium-

sensitive pathways remains largely unexplored due to limited mechanistic understanding. 
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Overview: Ferroptosis 

 

Cell death is an inevitable and necessary process for the development of multicellular organisms. 

Deregulation of this process is seen in a large number of diseases (80). The prevailing belief until 

the late 1950s was that cell death occurred in an unregulated fashion. However, the concept of 

programmed cell death, introduced by Kerr et al., catalyzed a paradigm shift and charted a new 

course for scientific inquiry. The seminal work of Kerr and colleagues not only identified apoptosis 

but also delineated its cell biological characteristics, thereby paving the way for subsequent 

research (81). Research in this area progressed as Hengartner et. al., identified important molecules 

involved in apoptosis using the model organisms Caenorhabditis elegans and Drosophila 

melanogaster (82). Their work explained the unique molecular processes that control cell death. 

Ferroptosis was only recently discovered about 12 years ago (80). It is a form of cell death that is 

caused primarily due to the accumulation of an overwhelming amount of membrane phospholipid 

peroxidation and the biochemical reaction (Fenton reaction) requires iron. A small molecule screen 

gave insight into the primary mechanism of Ferroptosis. They discovered that inhibition of an 

antioxidant enzyme Glutathione peroxidase 4 (GPX4) causes a lethal level of accumulation of lipid 

peroxides (83). GPX4 is the central hub of neutralization of the peroxyl radicals. After the initial 

discovery of Ferroptosis, there was a huge interest in understanding the regulatory mechanisms of 

ferroptosis. In simplistic view there are three arms of ferroptosis regulation, 1) Iron availability: 

Since the Fenton reaction requires iron hence cellular processes that affect iron chelation, import, 

storage, and efflux influence ferroptosis (84). 2) Lipid and specifically lipid species in the 

membrane: The substrate for peroxidation is Poly-unsaturated fatty acids (PUFAs) and hence 

mechanisms that enrich for Mono-unsaturated fatty acids (MUFAs) can prevent ferroptosis and 

vice-versa (85, 86); 3) Amino-acid metabolism: Cysteine metabolism in the cell generates the 
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primary cellular antioxidant glutathione (GSH) which is also the substrate for GPX4 to remove 

peroxyl ions from the membrane phospholipids (87). Extensive research over the past 12 years 

have identified several key proteins that in turn impact either one or more of the above three factors 

and promote either sensitivity or resistance to ferroptosis. For e.g., Brown. et. al showed that 

Prominin2 (Prom-2) mediated iron transport out of the cell is hijacked to maintain ferroptosis 

resistance in normal and certain cancer cells. Another pioneering discovery was that of Ferroptosis 

suppressor protein 1 (FSP1) (88) which is another antioxidant enzyme that reduces Coenzyme Q10 

(CoQ) to neutralize membrane lipid peroxidation. Xuejun Jiang’s group pointed out that the 

enzyme ASCL4 can introduce poly-unsaturated fatty acids into the membrane making cells more 

sensitive to ferroptosis (85, 89).  

Thus, overall, this metabolic form of cell death has opened a very critical question as to whether 

it is relevant in diseases and if so, how can we better understand the mechanistic regulation to 

target it.  

 

Ferroptosis in cancer 

 

As mentioned above ferroptosis is a tightly regulated metabolic cell death and several studies have 

established the role of redox homeostasis, iron handling, mitochondrial activity and metabolism of 

amino acids, lipids which also play a central role in disease biology. As we uncover more and more 

mechanistic details of ferroptosis and gain insight into the regulators, it has become increasingly 

relevant to look at its role in the pathological disease setting. There has been mounting evidence 

that ferroptosis is indeed tumor suppressive. In fact, there are now studies from different groups 

that have shown the metabolic basis of p53’s tumor suppression function is ferroptosis mediated 
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(90). One such mechanism was demonstrated using the p53 acetylation defective mutant. This has 

a loss of function phenotype losing the ability to cause cell cycle arrest, senescence, and apoptosis 

but retains the ability of tumor suppression in-vivo. They showed that the ability of tumor 

suppression was due to ferroptosis, which was metabolically regulated by p53-mediated 

suppression of the cysteine glutamate transporter, SLC7A11 (xCT) (91). However further loss of 

the acetylation site of p53 led to a complete loss of tumor suppression as well as ferroptosis 

regulation (92).  

Cancer cells proliferate quickly, but this rapid growth comes with the downside of increased 

reactive oxygen species (ROS) production (93-97). These ROS are mainly responsible for 

damaging cell membranes through lipid peroxidation (98-100). In contrast, normal cells regulate 

their growth and maintain a balance, preventing excessive ROS buildup and making them less 

susceptible to ferroptosis. Therefore, there's a significant interest in targeting this vulnerability to 

selectively induce death in cancer cells. 

Further investigation into the susceptibility of cancer cells to ferroptosis reveals some cancer cells 

have evolved a variety of strategies to mitigate the effects of ferroptosis. These strategies involve 

alterations in lipid composition, such as increases in monounsaturated fatty acids (MUFAs), as 

well as the enhancement of antioxidant defenses through pathways involving proteins like 

ferroptosis suppressor protein (FSP1), nuclear factor erythroid 2–related factor 2 (NRF2), and xCT 

(88, 101-108). These adaptive mechanisms indicate the complexity of targeting ferroptosis in 

cancer therapy and underscore the need for a nuanced approach when considering this strategy for 

clinical applications. 
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Rationale for thesis work 

 

There is ample evidence from experimental as well as computational patient data that breast tumor 

heterogeneity is a hurdle towards therapeutic efficacy and overall progression free survival. 

Indeed, TNBC affects ~42,000 women per year, is associated with 37% of patients dying within 5 

years, and results in a median survival of 9 months after recurrence (1). Thus, there is an urgent 

need to understand the nature of TNBC heterogeneity in more detail, especially its resistance to 

most current therapies and to develop novel strategies for diminishing the morbid statistics 

associated with it.  The overarching goal of my thesis has been to identify novel proteins that have 

causal roles in regulating tumor heterogeneity and sustaining CSC population. People have 

adopted different strategies to obtain insight into the cellular identity of such populations. These 

studies have contributed to the discovery of novel biomarkers for CSCs in the respective tumor 

subtypes. On the other hand, research is also directed at identifying signaling pathways that are 

sustaining this population. In that context, particular studies of interest that have identified roles 

for calcium signaling in promoting tumorigenic traits (proliferation, adhesion, migration, and 

invasion) are particularly relevant for the findings in this thesis (109, 110). There is a lot of 

correlative evidence indicating the central role of calcium signaling in promoting tumorigenesis, 

but we do not have much mechanistic insight into the functional roles in tumorigenicity.  

In this thesis, an unbiased approach of RNA-sequencing using a BCSC enriched model revealed 

that a calcium channel TRPC6 is significantly upregulated in the CSCs. Given the role of calcium 

signaling in promoting specific oncogenic functions, my overall goal was to first identify the causal 

role of TRPC6 in cancer and in the context of CSC function. Since CSCs are implicated in 

chemotherapy resistance, I investigated the role of TRPC6’s role in therapy response. But most 

importantly, in this thesis my major goal was to also understand how TRPC6 promotes aggressive 
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traits in breast cancer. Here, I detail the mechanisms by which TRPC6-mediated calcium signaling 

sustains therapy persister cells. The mechanisms that promote quiescent treatment persister cells, 

also inform us about their unique metabolic nature. These data give us further insight into novel 

ways of designing effective therapies against such aggressive populations. 
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Introduction 
 

Understanding the mechanisms that contribute to intratumor heterogeneity is a challenging 

biological problem and a key factor in therapy resistance. In this context, cancer stem cells (CSCs) 

have an essential role because of their ability to differentiate into various morphological and 

functional cancer cell states and, importantly, their resistance to therapy (111). However, the 

plasticity of CSCs is a complicated process that involves regulation by the tumor 

microenvironment and intrinsic metabolic alterations (112, 113).  To understand intratumor 

heterogeneity better and develop strategies to overcome treatment resistance, it is necessary to 

investigate the mechanisms that sustain CSCs further and exploit them to improve therapy.  

The importance of investigating the contribution of CSCs to intratumor heterogeneity and 

therapy resistance is exemplified by triple-negative breast cancer (TNBC) because it is 

characterized by extensive intratumor heterogeneity (17), a high frequency of CSCs compared to 

other breast cancer subtypes (33) and resistance to standard chemotherapy.  Thus, there is an urgent 

need to understand the nature of TNBC heterogeneity in more detail, especially its resistance to 

most current therapies and to develop novel strategies for diminishing the morbid statistics 

associated with it.  One approach to this problem involves investigating mechanisms that 

distinguish the function of CSCs from other populations, especially in the context of therapy 

resistance.   Our unbiased approach to this problem revealed the potential contribution of calcium 

channels to the biology of CSCs.  This observation piqued our interest because their contribution 

to TNBC and other cancers merits further investigation for several reasons.  Calcium signaling is 

fundamental to cell proliferation, migration, invasion, and survival (35), processes that underlie 

tumor progression.  Numerous studies have highlighted the importance of calcium signaling in the 
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behavior of tumor cells and their response to chemotherapy.  More specifically, calcium signaling 

has been shown to maintain a partial/hybrid epithelial-to-mesenchymal transition (EMT) state 

(114), which is associated with stemness in many cancer models.  Another significant finding is 

that chemotherapy can induce an increase in intracellular Ca2+ that causes enrichment of breast 

CSCs (66).  Although these and many other studies have highlighted the importance of calcium 

channels and calcium signaling in cancer, much less is known regarding the contribution of 

specific calcium channels to sustaining CSC sub-populations present in heterogeneous tumors and 

about how such channels impact CSC functions, especially the response to therapy (64, 115-118).  

In this study, we report that transient receptor potential channel 6 (TRPC6) expression, a 

non-selective cation channel that mediates calcium entry in TNBC (119). marks CSCs in TNBC 

and that its calcium signaling function has a causal role in maintaining stemness and 

chemoresistance. We also demonstrate that TRPC6 contributes to these functions by regulating 

mRNA splicing, especially the splicing of the 6 integrin mRNA that contributes to CSC function.  

Tumor cells that persist after chemotherapy are dependent on TRPC6 and a splice variant of the 

6 integrin.  Therapeutic targeting of TRPC6 blocks this splicing mechanism and sensitizes TNBC 

to chemotherapy.  

Results 

 

TRPC6 is associated with CSCs in TNBC and has a causal role in stemness:  Initially, we 

analyzed our previously published RNA-seq data that compared the transcriptomes of 

immortalized mammary epithelial cells (S1 cells) to their transformed counterparts, which are 

enriched in CSCs (120).  Analysis of these data revealed that the expression of TRPC6 (transient 

receptor potential cation channel, subfamily C, member 6), is significantly increased in the 
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transformed compared to the immortalized population (Fig. 2.1A).  The RNA-seq data were 

verified by qPCR to quantify the expression of several calcium channels known to promote 

tumorigenic pathways including ORAI-1 (121), ORAI-3 (121), TRPC6 (122), TRPV6 (65), and 

TRPM8 (123, 124) (Fig. 2.1B). To assess whether the expression of TRPC6 is associated with 

TNBC compared to other subtypes of breast cancer, we performed qPCR on patient-derived 

organoids (PDO) and observed that its expression is higher in TNBC relative to ER+ organoids 

(Fig. 2.2A).  We also found that TRPC6 is expressed substantially more in TNBC than in non-

TNBC (ER+) tumor specimens (Fig. 2.2B) 

We extended our initial findings on TRPC6 to other CSC models. TE3 cells are a variant 

of MDA-MB-231 cells that were selected for their tumor initiation capacity (125), and we observed 

that TRPC6 expression is significantly higher in TE3 cells than in MDA-MB-231 cells (Fig. 2.1C). 

We also investigated TRPC6 expression in Ras-transformed, human mammary luminal cells 

(HMLER)(126), which contain a CD104low/CD24low sub-population (HMLER-/-) that is enriched 

in stem cell properties (120) and observed that the expression of TRPC6 in the CSC (HMLER-/-) 

fraction is significantly higher than in the non-CSC subpopulation (CD104high/CD24high or 

HMLER+/+) (Fig. 2.1D). We also isolated a CSC population (CD44high/CD24low) from a TNBC 

patient-derived xenograft (PDX) and found that TRPC6 expression is associated with the CSC 

population compared to the non-CSC population (CD44low/CD24high) (Fig. 2.1E). Thus, TRPC6 

expression is a marker of CSCS in multiple models. 

Given that TRPC6 is a cell surface protein, we postulated that it could be used as a marker 

to enrich CSCs from heterogeneous tumor cell populations.  To test this possibility, we used 

HCC1806 cells, a heterogeneous TNBC cell line that contains CSC and non-CSC populations 

based on our previous studies (127).  Two distinct populations of TRPC6high and TRPC6low cells 
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(Fig. 2.2D) were identified by fluorescence-activated cell sorting (FACS), and we found that the 

TRPC6high population harbors a significantly higher frequency of CSCs than the TRPC6low 

population (Fig. 2.2E).  

To investigate a causal role for TRPC6 in stemness, we used shRNAs to knockdown its 

expression in TE3 and CAL-51 cells (Fig. 2.2A) and observed a significant decrease in self-

renewal as assayed by serial mammosphere formation (Fig. 2.1F, G).  To substantiate these results, 

we re-expressed either wild-type TRPC6 or a pore mutant TRPC6G757D (mut TRPC6) (Fig. 2.2B) 

that is defective in calcium uptake (128).  Consistent with our hypothesis that TRPC6-mediated 

calcium signaling sustains a CSC state, wild-type TRPC6, but not the pore mutant, rescued serial 

mammosphere formation (Fig. 2.1F, G). We substantiated these findings using the TRPC6-

specific inhibitor BI-749327 (129) and observed that the inhibitor treated cells formed significantly 

fewer mammospheres compared to control cells (Fig. 2.2H, I). We also treated the TRPC6high CSC 

population sorted from HCC1806 cells with either DMSO or BI-749327 and observed a significant 

decrease in mammosphere formation ability upon channel inhibition (Fig. 2.1F).  Importantly, 

expression of WT TRPC6 but not the pore mutant (Fig. 2.2G) increased mammosphere formation 

in the TRPC6low population of HCC1806 cells providing evidence that TRPC6 is sufficient to drive 

stemness (Fig. 2.2F). Subsequently, an in vivo assay was done to assess the contribution of TRPC6 

to tumor initiation using extreme limiting dilution analysis (ELDA) (130). The data obtained 

revealed that loss of TRPC6 caused a significant reduction in the frequency of CSCs (Fig. 2.1H). 

We investigated the role of TRPC6 in facilitating tumor onset in vivo by xenograft implantation of 

TRPC6 shRNA knockdown CAL-51 cells that had been rescued with either WT or pore mutant 

TRPC6. A significant delay in tumor onset was observed in the TRPC6 knockdown cells compared 
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to control cells, which was rescued by the WT TRPC6 but not the pore mutant TRPC6G757D (Fig. 

2.1I). Together, these data implicate a causal role for TRPC6 in stemness.  
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Fig. 2.1. TRPC6 is enriched in CSCs.  A. Heatmap of differentially expressed genes in the CSC 

and non-CSC populations from a published model system (14).  TRPC6 is highlighted in the 

heatmap. FDR < 0.05 and |log2FC| > 1.  B. Expression of TRPC6 and other calcium channels was 

compared in the same CSC vs non-CSC populations by qPCR.  C. TRPC6 expression was 

compared in MDA-MB-231 cells and their TE3 variant.  D. HMLER cells were sorted into CD104-

/CD24- (CSC; HMLER-/-) and CD104+/CD24+ (Non-CSC; HMLER+/+) populations and TRPC6 

expression was quantified by qPCR.  E. The CSC (CD44high/CD24low) and non-CSC 

(CD44low/CD24high) populations was sorted from a TNBC PDX (left panel) and TRPC6 expression 

levels measured was quantified by qPCR.   F, G. TRPC6 expression was knocked down in either 

TE3 (F) or CAL-51 (G) cells using shRNA and expression was rescued with either a wild-type 

TRPC6 construct (WT) or a pore mutant (G757D) that is deficient in calcium uptake (MUT).  

These populations were assessed for self-renewal by serial passage of mammospheres (P1- passage 

1; P2- passage 2).  H. CAL-51 control shRNA (shCtrl) or TRPC6 knockdown (shTRPC6) cells 

were injected into the mammary fat pads of NSG mice in limiting dilution (106, 105, and 104 cells) 

and the frequency of tumor incidence was determined (right panel). Tumor incidence was plotted 

utilizing ELDA in a log-plot to estimate the frequency of tumor initiating cells in each group.  I. 

CAL-51 cells (shCtrl, shTRPC6-1, sh+ WT TRPC6, and sh+ mut TRPC6) were injected into the 

mammary fat pads of NSG mice and tumor onset in terms of days post injection was compared 

amongst the groups. The TRPC6 expression data shown in (C) and (D) represent the mean ± SD 

of a representative experiment performed three times independently. The mammosphere data 

shown represent the mean ± SD of three times independently. For (H) data are presented as a log-

log plot, and the frequency of tumor initiating cells is calculated by extreme limiting-dilution 

analysis. The tumor onset data represents the median days post-injection between the groups. *P 

< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.  
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Fig. 2.2: TRPC6 is enriched in TNBC CSCs and is sufficient to drive stemness. A. TRPC6 

expression was quantified in estrogen receptor (ER+) (Pos) and TNBC organoids derived from 

breast cancer patients.  B. Immunofluorescent images of specimens of ER positive and TNBC 

tumors stained with a TRPC6 Ab. Scale bar, 10uM. Red channel: TRPC6. Blue: DAPI. C. 

Representative brightfield images of mammosphere (passage P1) from TE3 cells (shCtrl, 

shTRPC6-1, shTRPC6-2, sh TRPC6-1+WT TRPC6, and shTRPC6-1+ mut TRPC6) were taken at 

10X magnification. D. The TNBC cell line HCC1806 was sorted into a TRPC6high and a TRPC6low 

population (left panel). qPCR data quantifying TRPC6 expression in HCC-1806 TRPC6low and 

TRPC6high populations (right panel). E. TRPC6high and TRPC6low sorted populations were used in 

a limiting dilution mammosphere assay, and the frequency of tumor-initiating cells was determined 

using ELDA. F. The TRPC6high population of HCC1806 cells was treated with either DMSO or 

BI-749327 (BI) and assayed for mammosphere formation. The TRPC6low population from the 

same cell line was transfected with either empty vector, WT TRPC6 (WT) or the pore mutant 

TRPC6G757D (mut TRPC6) and assayed for mammosphere formation. G. TRPC6 mRNA 

expression in HCC-1806 TRPC6low cell transfected with either empty vector, WT-TRPC6 or mut 

TRPC6. H, I. Either TE3 (H) or CAL-51 (I) were treated with 10 uM BI-749327 (BI) and assayed 

for mammosphere formation.  The immunofluorescent images shown in (B) are a representative 

image from ten images of each sample. The mammosphere images in (C) are representative images 

from each group from 20 images per sample. For (E) data are presented as a log-log plot, and the 

frequency of stem cells is calculated by extreme limiting-dilution analysis. The mammosphere 

data in (H) and (I) represent the mean ± SD of a representative experiment performed three times 

independently. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

 

TRPC6 has a causal role in chemoresistance: Based on the hypothesis that chemotherapy selects 

for the survival of cells with CSC properties, we sought to assess the functional role of TRPC6 in 

chemoresistance. For this purpose, we generated TNBC cells (CAL-51) that were resistant to 

paclitaxel, a drug that is standard of care for TNBC (131, 132) (Fig. 2.3A).  Following paclitaxel 

treatment, we quantified TRPC6 mRNA expression and observed that it was ~13 fold higher in the 

resistant (CAL-51-R) compared to the sensitive population (CAL-51-S) (Fig. 2.3B), an increase 

that was also observed in TRPC6 protein (Fig. 2.4E). Using a limiting dilution spheroid assay to 

determine the frequency of CSCs, we observed that the resistant population (CAL-51-R) contained 

a significantly higher frequency of CSCs than the sensitive population (CAL-51-S) (Fig. 2.3C). 

Moreover, inhibition of TRPC6 activity using BI-749327 caused a significant decrease in the 

frequency of CSCs in the CAL-51-R population (Fig. 2.3D).  These results suggested that TRPC6 
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has a causal role in chemoresistance based on the reports that CSCs are chemoresistant (133). In 

support of this possibility, we observed that treatment of the CAL-51-R cells with the TRPC6 

inhibitor BI-749327 increased their sensitivity to paclitaxel significantly compared to vehicle 

control-treated cells (Fig. 2.3E).  We verified these findings using a paclitaxel-resistant organoid 

from a TNBC patient tumor (9883T).  Paclitaxel resistance was associated with a significant 

increase in TRPC6 expression (Fig. 2.3F).  Of note, treatment of this resistant organoid with BI-

749327 increased its sensitivity to paclitaxel (Fig. 2.3G) indicating that cells that persist paclitaxel 

treatment are dependent on TRPC6.  

A critical issue that arose from our data on chemoresistance is whether TRPC6 inhibition 

could be an effective therapeutic approach in vivo for TNBC.  To assess this possibility, we made 

use of an aggressive PDX model of TNBC that was reported recently (HCI028) (134).  Treatment 

of these tumors with either paclitaxel or BI-749327 alone did not have a significant impact on 

tumor growth.  Combined treatment, in contrast, resulted in tumor regression (Fig. 2.3H). 
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Fig. 2.3: TRPC6 has a causal role in chemoresistance.  A.  Characterization of CAL-51 

chemotherapy resistant cells.  CAL-51 cells were made resistant to paclitaxel as described in 

Methods and then compared to parental cells (termed Sensitive) for viability in response to 

increasing concentrations of paclitaxel. B. TRPC6 mRNA expression was quantified in CAL-51-

Sensitive and Resistant cells.  C. CAL-51-Sensitive and Resistant cells were assayed for the 

frequency of CSCs using a limiting dilution mammosphere assay and the data were analyzed by 

ELDA.  D. CAL-51 resistant cells were treated with vehicle control or BI-749327 (10 uM) for 24 

hrs. and the frequency of CSCs was determined using a limiting dilution mammosphere assay and 

ELDA.  E.  CAL-51 resistant cells (CAL-51-R) were treated with increasing concentration of 

paclitaxel in combination with either DMSO or BI-749327 (10 uM) for 24 hours and cell viability 

was assessed. F. TRPC6 mRNA expression was quantified in chemo sensitive, and resistant 

models of a patient-derived organoid (9883T) as described in Methods.   G.   The organoid models 

described in F were treated with either DMSO, paclitaxel (PTX; 20 nM), BI-749437 (10uM) or 

Paclitaxel+BI (PTX+BI) for 96 hrs. and cell viability was measured. H. Tumors volumes (in mm3) 

in mice that had been implanted orthotopically with a human TNBC PDX (PDX HCI028).  The 

mice were divided into 4 groups of 5 mice each. When tumors reached an ~ volume of 100m3, the 

mice were treated with either vehicle, paclitaxel (15mgs/kg), BI-749327 (15mgs/kg) or a 

combination of paclitaxel and BI-749327. Paclitaxel was injected I.P twice a week and BI-749327 

was administered by oral gavage four days a week.  Day 0 on the x-axis indicates the start of the 

treatments.  Tumor volume was measured every 5 days.  

For (C) and (D) data are presented as a log-log plot, and the frequency of stem cells is calculated 

by extreme limiting-dilution analysis. The viability data shown (E) and (G) represent the mean ± 

SD of a representative experiment performed three times independently.  

The tumor volume data shown in (H) are represented as mean ± SEM of the number of mice in the 

respective groups.  *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

 

TRPC6 suppresses ESRP1, which enriches for the 6B integrin splice variant: To investigate 

the mechanism by which TRPC6 sustains CSCs and promotes chemoresistance, we used an 

unbiased approach and performed RNA sequencing on TE3 cells that had been treated with either 

DMSO or BI-749327 for either 6 or 12 hrs. Analysis of the data revealed that Epithelial Splicing 

Regulatory Protein 1 (ESRP1) was one of the top mRNAs upregulated in the inhibitor treated cells 

(Fig. 2.4A). ESRP1 regulates the splicing of mRNAs associated with an epithelial phenotype and 

its loss has been associated with EMT (135) and stemness (136) programs in breast cancer.  Our 

own studies have shown that the expression of ESRP1 is significantly lower in TNBC patients than 

in patients with other subtypes of breast cancer and that it has a causal role in controlling stemness 
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(136, 137).  Moreover, similar pattern of ESRP1 expression was observed in organoids derived 

from TNBC and non-TNBC patients (Fig. 2.5A). We validated the RNA-Seq data by qPCR using 

TNBC cells treated with BI-749327 and confirmed that TRPC6 inhibition increases ESRP1 

expression (Fig. 2.4B, 2.5B). We also observed a significant increase in ESRP1 protein levels 

compared to control conditions in TE3 cells upon TRPC6 inhibition (Fig. 2.4C).   

The ability of TRPC6 to suppress ESRP1 captured our attention because we had previously 

reported that it regulates splicing of the 6 integrin (137). There are two splice variants of the 6 

integrin cytoplasmic domain: 6A and 6B.  We have previously shown that the 6B variant 

promotes stemness (137).  In contrast, the 6A variant lacks this ability and is associated with 

non-CSC populations (137).  ESRP1-mediated mRNA splicing generates the 6A variant and, 

consequently, loss of ESRP1 results in a predominance of the 6B variant (137). Consistent with 

these findings, we observed that inhibition of TRPC6 caused a decrease in 6B and a concomitant 

increase in 6A protein levels (Fig. 2.4D).  To obtain evidence for the role of calcium in TRPC6-

mediated repression of ESRP1 and the consequent splicing of 6 integrin, we treated CAL-51 cells 

with the calcium chelator BAPTA, and we observed an increase in ESRP1 and 6A and a 

concomitant decrease in 6B expression (Fig. S2E). Therefore, we hypothesized that TRPC6 

suppresses ESRP1 and, consequently, sustains the 6B splice variant that promotes stemness and 

chemoresistance.  To test this hypothesis, we first depleted ESRP1 expression in TRPC6 knock-

down cells (TE3 and CAL-51) (Fig. 2.5C) and observed that loss of ESRP1 was sufficient to 

rescue self-renewal compared to control cells (Fig. 2.6C, D).  Moreover, expression of the 6B 

variant in the TRPC6 knockdown cells (Fig. 2.7C) was sufficient to rescue self-renewal (Fig. 2.7A, 
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B).  Importantly, the exogenously expressed 6B is functional because these transfected cells were 

able to bind to the 6B ligand laminin 511 (138) (Fig. 2.7D).  

We extended our analysis to the CAL-51-S and CAL-51-R populations described in Fig. 

2.3 based on the assumption that cells that persist after chemotherapy have increased TRPC6 and 

6B expression but diminished ESRP1 expression. Using immunoblotting to assess protein 

expression, we verified that the CAL-51-R cells had increased TRPC6 expression compared to the 

CAL-51-S cells (Fig. 2.4E). We also observed that the CAL-51-R cells had higher expression of 

6B and lower levels of ESRP1 and 6A than the CAL-51-S cells (Fig. 2.4E).   Inhibition of 

TRPC6 activity in CAL-51-R cells caused an increase in ESRP1 and the 6A splice variant and a 

concomitant decrease in 6B (Fig. 2.4F).  These data indicated that the TRPC6/ESRP1 axis, which 

regulates 6 integrin splicing, contributes to the survival of persister cells, and that it can be a 

therapeutic target to enhance chemosensitivity.  In support of this possibility, exogenous 

expression ESRP1 in the CAL-51-R cells increased 6A and decreased 6B expression (Fig. 

2.4G) and, importantly, increased their sensitivity to paclitaxel (Fig. 2.4H). Conversely, 

expression of the 6B variant but not 6A, in CAL-51-S cells that has been depleted of integrin  

6 using CRISPR (Fig. 2.7E) increased resistance to paclitaxel (Fig. 2.4I).  
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Fig. 2.4: TRPC6-mediated Ca2+ entry represses the splicing protein ESRP1.  A. Heatmap 

showing genes that are differentially expressed in vehicle and BI-749327 (10uM) treated TE3 cells 

(12 hours).   FDR < 0.05 and |log2FC| > 1.   B, C.  ESRP1 mRNA (B) and protein (C) expression 

was assessed in TE3 cells treated with either vehicle control or BI-749327 (10 uM) for 24 hrs.  D. 
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TE3 and CAL-51 cells were treated with either vehicle control or BI-749327 (10 uM) for 24 hrs. 

and the expression of the α6A and α6B integrin splice variants was assessed by immunoblotting. 

E. The expression of TRPC6, ESRP1, α6A and α6B was assessed in the CAL-51 sensitive and 

resistant cells by immunoblotting. F. The expression of ESRP1, α6A and α6B in CAL-51-R cells 

that had been treated with either DMSO or BI-749327 (10 uM) for 24 hrs. was assessed by 

immunoblotting. G. CAL-51-R cells were stably transfected with either a control plasmid (Vector) 

or an ESRP1 expression plasmid (ESRP1-HA) and the expression of ESRP1, HA and α6B was 

assessed by immunoblotting.  H. The same cells as in G were assayed for their sensitivity to 

increasing concentrations of Paclitaxel.  I. Parental CAL-51 cells that had been depleted of α6 

integrin using CRISPR were stably transfected with either α6A or α6B plasmids. Cell viability in 

response to increasing concentrations of paclitaxel was measured.  The TRPC6 expression data 

shown in (B) represent the mean ± SD of three independent experiments.  *P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001. 
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Fig. 2.5: Assessment of TRPC6, ESRP1 and a6 integrin splice variant expression. A. (Left) 

TRPC6 mRNA expression was quantified by qPCR in TE3 and Cal51cells that has been 

transfected with either shCtrl or two shRNAs specific for TRPC6 (shTRPC6-1, shTRPC6-2). 

(Right) Immunoblot showing TRPC6 protein expression in TE3 and CAL-51 cells that has been 

transfected with either shCtrl or two shRNAs specific for TRPC6. B. TRPC6 protein expression 
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in TE3 cells that has been stably transfected with an shRNA against TRPC6 and rescued with 

either a wild-type TRPC6 construct (WT) or a pore mutant (G757D) that is deficient in calcium 

uptake (MUT). C. ESRP1 mRNA expression was quantified in stable TE3 TRPC6 knockdown 

cells that were then re-transfected with either of two ESRP1 shRNAs (shESRP1-1 and shESRP1-

2). D. TAZ mRNA expression was quantified in cells (TE3, CAL-51) transfected with either 

control siRNA (siCtrl), or siRNA targeting TAZ (siTAZ). E. ESRP1 and α6B protein expression 

was assessed by immunoblotting in CAL-51 cells that had been treated with either DMSO or 

BAPTA (20 uM) for 12 hours. F. Expression of the CD44 splice variants shown on the x-axis was 

quantified in TE3 cells that had been treated with either DMSO or 10 uM BI-749327 for 24 hrs. 

G.  ESRP1 mRNA expression was quantified in TE3 cells that had been treated with either DMSO 

or an NFAT inhibitor (100 uM) for 24 hrs. The ESRP1 expression levels shown in (D) represent 

the mean ± SD of a representative experiment performed three times independently.  
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Fig. 2.6: ESRP1 suppression is key to maintaining self-renewal. A. The expression of TRPC6 

and ESRP1 mRNAs was quantified in ER positive and TNBC organoids derived from breast 

cancer patients (TRPC6 data is from Fig. 1).  B. ESRP1 mRNA expression was quantified in CAL-

51 cells that had been treated with either DMSO or BI (10um) for 24 hrs. C, D. TE3 (C) and CAL-

51 (D) cells were stably transfected with either control shRNA (shCtrl) or a TRPC6 shRNAs 

(shTRPC6-1 and shTRPC6-2). These stable TRPC6 knockdown cells were then re-transfected 

with either of two ESRP1 shRNAs (shESRP1-1 and shESRP1-2) and these populations were 

assessed for self-renewal by serial passage of mammospheres (P1- passage 1; P2- passage 2). The 

mammosphere data shown in (C) and (D) represent the mean ± SD of three independent 

experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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Fig. 2.7: TRPC6 maintains breast cancer stemness by enriching for α6B splice variant. A, B.  

Either TE3 (A) or CAL-51 (B) cells that had been stably transfected with either a control (shCtrl) 

or TRPC6 shRNAs (shTRPC6-1, shTRPC6-2) were re-transfected with an α6B expression plasmid 

(α6B-GFP) followed by knockdown of the endogenous α6 integrin (shITGA6).  These populations 

were assayed for self-renewal by serial passage of mammospheres (P1-passage 1, P2-passage 2). 

C. Immunoblot comparing α6B integrin expression in the following populations of CAL-51 cells: 



56 

 
 

Ctrl (shCTRL), TRPC6 knockdown (shTRPC6-1, shTRPC6-2) and TRPC6 knockdown cells 

(shTRPC6+α6B) transfected with an α6B plasmid. D. The CAL-51 populations described in C 

were assayed for their adhesion to laminin 511.  Adhesion was quantified by crystal violet staining 

followed by absorbance at 600nm. E. Immunoblots showing expression of α6A (left) and α6B 

(right) protein in CAL-51 cells that that had been depleted of endogenous integrin α6 using 

CRISPR and stably transfected with either α6A or α6B plasmids. The mammosphere data shown 

in (A) and (B) represent the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001. 

 

To gain insight into how TRPC6 represses ESRP1 expression, we used a dataset that 

highlights transcription factor and gene interactions based on compiled ENCODE Chromatin 

immunoprecipitation (ChIP) data (139). This analysis identified TEAD4 as one such factor.  Given 

that the TEAD family of transcription factors primarily associate with the Hippo effectors YAP 

and TAZ (140), this observation indicated that TRPC6 may contribute to TAZ activation and the 

regulation of ESRP1.  Indeed, knockdown of TRPC6 or pharmacological inhibition of its activity 

using BI-749327 caused a significant decrease in TAZ nuclear localization (Fig. 2.8A, B) and in 

the expression of the TAZ target genes CTGF and ANKRD1 (Fig. 2.8C, D).  Subsequently, we 

used siRNAs to diminish TAZ (Fig. 2.5D) and observed a concomitant increase in ESRP1 

expression (Fig. 2.8E). We also knocked-down the expression of TEADs 1-3-4 using shRNA (Fig. 

2.8G) and observed a similar increase in ESRP1 protein levels (Fig. 2.8F).  To investigate the 

TRPC6-mediated repression of ESRP1 by TAZ more rigorously, we expressed constitutively 

active TAZ (4SA-TAZ) in TRPC6 knockdown cells and observed that active TAZ was sufficient 

to repress ESRP1 in these cells (Fig. 2.8H).   
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Fig. 2.8: TAZ/TEAD repress ESRP1 downstream of TRPC6.  A, B. The subcellular 

localization of TAZ was assessed by immunofluorescence microscopy in TE3 cells transfected 

with either control (shCTRL) or TRPC6 shRNAs (A) and the relative localization of TAZ in the 

nucleus and cytoplasm was quantified in 20 cells (B).  C. Expression of TAZ target gene (CTGF 

and ANKRD1) mRNAs were quantified by qPCR in shCTRL and shTRPC6 (shTRPC6-1, 

shTRPC6-2) TE3 cells.  D. Expression of TAZ target gene (CTGF and ANKRD1) mRNAs were 

quantified by qPCR in either TE3 or CAL-51 cells that had been treated with either DMSO or BI-

749327 (10 uM) for 24 hrs.  E. ESRP1 mRNA expression was quantified in CAL-51 cells that had 

been transfected with control siRNA (siCtrl), or siRNA targeting TAZ (siTAZ).  F. ESRP1 mRNA 

(left graph) and protein (right immunoblot) expression was assessed in CAL-51 cells transfected 

with either control shRNA (shCTRL) or shRNAs targeting TEAD1, TEAD3, and shTEAD4 

(shTEAD1-3-4).  G. TEAD1, 3, and 4 mRNA expression was quantified in cells transfected with 

either control shRNA (shCTRL) or shRNAs targeting TEAD1, TEAD3, and shTEAD4 

(shTEAD1-3-4). H. TE3 cells that had been transfected with either control shRNA (shCTRL) or 

TRPC6 shRNAs (shTRPC6-1, shTRPC6-2) were re-transfected with a constitutively active TAZ-

4SA plasmid (4SA) and ESRP1 mRNA expression was quantified in these populations. The 

immunofluorescent image shown in (A) represents a representative image per condition from 10 

different images. The quantification of TAZ localization shown in (B) represents the mean number 

for 20 cells (average per field) in each group. The CTGF, ANKRD1 expression data shown in (C) 

and (D) represent the mean ± SD of a representative experiment performed three times 

independently. The ESRP1 expression data shown in (E) shown represent the mean ± SD of three 

independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

 

Given that cell contractility can activate TAZ by a mechanism that involves Rho GTPases (141) 

and previous work demonstrating that TRPC6 can activate RhoA in a calcium dependent manner 

(142), we evaluated the contribution of RhoA to the repression of ESRP1 expression.  Initially, we 

assessed RhoA activation in TNBC cells in which TRPC6 expression had been knocked down and 

then rescued with either wild-type TRPC6 or the pore mutant TRPC6G757D. The data obtained 

substantiate the finding the TRPC6 activates RhoA in a calcium-dependent manner (Fig. 2.9A). 

Subsequently, we assessed a causal role for RhoA-mediated contractility in TAZ activation and 

ESRP1 repression using the ROCK inhibitor (Y26739).  This inhibitor caused a significant 

decrease in TAZ activation as assessed by expression of TAZ target genes (Fig. 2.9B), as well as 

an increase in ESRP1 expression (Fig. 2.9C, D). To validate that RhoA activation downstream of 

TRPC6 causes repression of ESRP1, we transfected a constitutively active RhoA (RhoV14-GST) 
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in TRPC6 knockdown cells and observed that the expression of active RhoA was sufficient to 

reduce ESRP1 levels (Fig. 2.9E).  Together, these data support the hypothesis that TRPC6-

mediated RhoA activation contributes to TAZ activation and the consequent repression of ESRP1.  

 

Fig. 2.9: TRPC6-mediated Ca2+ signaling activates RhoA and TAZ, which represses ESRP1. 

A.  CAL-51 cells that had been stably transfected with either Control or TRPC6 shRNAs were re-

transfected with either WT TRPC6 (sh+WT TRPC6) or a pore mutant TRPC6 (sh+ mut TRPC6). 

RhoA activity was assessed using the Rhotekin assay and the level of active RhoA was normalized 

to total RhoA by densitometry in the immunoblot shown (densitometric values are on top).  B.  

Expression of TAZ target gene (CTGF and ANKRD1) mRNAs were quantified in TE3 and CAL-

51 cells after treatment with either vehicle (H20) or Y27632, a Rho kinase inhibitor (ROCKi) (20 

uM for 12 hrs.  C, D. Expression of ESRP1 was quantified in TE3 (C) and CAL-51 (D) cells after 

treatment with either vehicle (H20) or Y27632 (20 uM for 12 hrs.).  E.  (Left) TE3 TRPC6 stable 

knockdown cells (shTRPC6-1) were transfected with an empty vector or a constitutively active 

RhoA (RhoV14-GST) plasmid, and ESRP1 mRNA expression was quantified. (Right) 
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Immunoblot showing the expression of GST in the TE3 shTRPC6-1 cells that has been transfected 

with either empty vector or constitutively active RhoV14-GST plasmid.  The CTGF, ANKRD1 

expression data shown in (B) represent the mean ± SD of an experiment performed three times 

independently. The ESRP1 expression data shown in (E) shown represent the mean ± SD of a 

representative experiment performed three times independently. *P < 0.05, **P < 0.01, ***P < 

0.001, and ****P < 0.0001. 

 

TRPC6-regulated a6 integrin splicing sustains persister cells by repressing Myc:  In pursuit 

of the mechanism by which TRPC6-regulated a6 integrin splicing promotes chemoresistance, we 

were informed by the report of Dhimolea et. al that repression of Myc has a causal role in 

sustaining persister cells in breast cancer (143).  In support of a role for Myc repression in our 

mechanism, we observed that Myc expression is significantly lower in the CAL-51R cells 

compared to the CAL-51S cells (Fig. 2.10A). We also observed that TRPC6 was significantly 

enriched in the chemoresistant organoid models used by Dhimolea et. al (Fig. 2.10B).  Moreover, 

TRPC6 knock-down in TE3 and CAL-51 cells (Fig. 2.10C, D) or inhibition of its function using 

BI-749327 increased Myc mRNA (Fig. 2.10E) and protein expression (Fig. 2.10F). A critical 

finding is this regard is that the PDX tumors that were treated with BI-749327 had higher levels 

of Myc than control tumors as assessed by immunoblotting of tumor extracts (Fig. 2.10F). To 

verify a causal role for Myc repression in chemoresistance, we expressed exogeneous Myc in 

CAL-51-R cells (Fig. 2.10G, right panel) and observed a significant increase in their sensitivity 

to paclitaxel (Fig. 2.10G).  Conversely, pretreatment of the cells with the Myc inhibitor 10074-G5 

increased resistance to paclitaxel (Fig. 2.10H).  Inhibition of Myc activity by 10074-G5 is 

evidenced by the downregulation of its target gene CDC25A (Fig. 2.10I).  
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Fig. 2.10: TRPC6-regulated a6 integrin splicing sustains persister cells by repressing Myc.  

A.  Myc mRNA expression was quantified by qPCR in CAL-51-S and CAL-51-R cells. B. TRPC6 

expression (Log2fold) was analyzed from a published dataset of chemoresistant (doxorubicin) 

organoid models that were derived from patient tumors or cell lines (see ref. 37).  C. D.  Myc 

mRNA expression was quantified in TE3 (C) or CAL-51 (D) cells that had been stably transfected 

with either a control (shCtrl) or TRPC6 shRNAs (shTRPC6-1, shTRPC6-2).  E. TE3 cells were 

treated with either DMSO or BI-749327 (BI) (10 uM) for 24 hrs.  Myc mRNA expression was 

quantified by qPCR in TE3 cells.  F. Myc protein expression by immunoblotting was detected: in 

TE3 cells treated with either vehicle or 10 uM BI-749327 (BI) for 24 hours.  Freshly harvested 

PDX tumors that had been treated with either vehicle or BI-749327 (BI) (see Fig. 2H) were used 

to extract protein and RNA. Protein lysates were immunoblotted with a Myc antibody. 

Densitometric values are shown below the immunoblot.  G. CAL-51-R cells were transfected with 

either vector alone or a Myc expression vector and their sensitivity to increasing concentrations of 

paclitaxel was assessed by quantifying cell viability (left).  Immunoblot showing Myc protein 

levels in CAL-51-R cells transfected with either an Empty Vector or Myc overexpression plasmid 

(right). H. CAL-51 parental cells that has been pre-treated with either DMSO or 10074-G5 (50 

uM) for 24 hours were assessed for their sensitivity to increasing concentrations of paclitaxel, 

either alone or in combination with 1007-G5 (50 uM) for an additional 24 hours. I.  Expression of 

the Myc target gene CDC25A was quantified by qPCR in CAL-51 cells treated with either DMSO 

or 10074-G5 (50 uM). The Myc expression levels in (A), (C), (D), and (E) represent the mean ± 

SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

 

TRPC6 promotes quiescence:  Based on the finding that Myc sustains persister cells by inducing 

quiescence, we sought to determine whether TRPC6 promotes quiescence. For this purpose, we 

used SETD4 as a functional readout of quiescence because it has been shown to marks quiescent 

populations in sub-populations of a breast cancers (144, 145).  We found that TRPC6 knockdown 

in TE3 cells resulted in a significant decrease in SETD4 expression (Fig. 2.11A). Further in the 

PDX tumors that were treated with BI-749327 had significantly less SETD4 mRNA expression 

than control tumors (Fig. 2.11B).  To obtain additional evidence that TRPC6-mediated signalling 

has a causal role in quiescence we used a reporter consisting of an inactive CDK-binding domain 

of p27 fused to an mVenus tag (146).  This reporter has been used to identify p27+ quiescent cells 

in breast cancer (147). Using this reporter, we observed that CAL-51 and HCC-1806 cells treated 

with the TRPC6 inhibitor exhibited a significant decrease in the p27+ population (Fig. 2.11C, 5F),  
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indicating a shift towards a more proliferative phenotype. We also sorted the p27high and p27low 

populations from both CAL-51 and HCC-1806 cells that had been transfected with the p27-

mVenus reporter and observed a significant enrichment of TRPC6 and SETD4 expression in the 

p27high population compared to the p27low population (Fig. 2.11D, 5G).  In contrast, the p27low 

population had higher expression of ESRP1 (Fig. 2.11D, 5G), a result that is consistent  with our 

previous data (see Fig. 2.4). We also observed a significant decrease in mammosphere formation 

in the p27high population upon TRPC6 inhibition (Fig. 2.11E, 5H).  Based on these data, we 

hypothesized that the p27high cells are more resistant to paclitaxel than the p27low cells.  To test this 

hypothesis,  we sorted the p27high and p27low populations from CAL-51 cells and observed that the  

p27high cells are significantly more resistant to paclitaxel than  p27low cells (Fig. 2.11I).  
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Fig. 2.11: TRPC6 promotes quiescence. A. SETD4 mRNA expression was quantified in TE3 

cells that had been stably transfected with either a control (shCTRL) or TRPC6 shRNAs 

(shTRPC6-1, shTRPC6-2). B. SETD4 mRNA expression was quantified in a TNBC PDX that had 

been treated with either vehicle or BI-749327. C. CAL-51 cells expressing a p27-mVenus reporter 
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were treated with either vehicle or BI-749327 for 24 hours. Cells were detached and processed for 

flow cytometry (mean fluorescence indicated by the number on top left). Bar graph plotted using 

mean fluorescence intensity is shown on the right. D. Comparison of TRPC6, SETD4, and ESRP1 

mRNA expression between the CAL-51 p27high and p27low populations. E. The p27high population 

of CAL-51 cells was treated with either vehicle or BI-749327 for 24 hours and their ability to form 

mammospheres was assessed. F. HCC-1806 cells expressing the p27-mVenus reporter were 

treated with either vehicle or BI-749327 for 24 hours and processed for flow cytometry. Bar graph 

of mean fluorescence intensity is shown on the right. G. HCC-1806 cells were transfected with a 

p27-mVenus reporter and sorted into p27high and p27low populations.  The expression of TRPC6, 

SETD4, and ESRP1 mRNAs was compared between these populations. H. Mammosphere 

formation was assayed in the p27high population of HCC-1806 cells that had been treated with 

either DMSO or BI-749327 (10 uM). I. The sensitivity of the p27high and p27low populations of 

CAL-51 to increasing concentrations of paclitaxel was assessed. The SETD4 expression data 

shown represent the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 

0.001, and ****P < 0.0001. 

 

TRPC6-regulated a6 integrin splicing represses Myc:  Given our data that TRPC6-mediated 

splicing of the 6 integrin has a casual role in chemoresistance (see Fig. 2.4), we investigated 

whether the 6B splice variant has a causal role in repressing Myc.  Indeed, exogenous expression 

of the 6B splice variant in TRPC6 knockdown cells (Fig. 2.7C) was sufficient to rescue Myc 

suppression in both TE3 and CAL-51 cells (Fig. 2.12A, B).   To investigate the mechanism by 

which 6B represses Myc, we pursued our previous finding that 6B signaling activates TAZ in 

breast CSCs (138) based on our observation that constitutively active TAZ represses Myc (Fig. 

2.12C).  This possible mechanism was strengthened by our observation that exogenous expression 

of 6B in the TRPC6 knockdown cells rescued TAZ activation and consequent ESRP1 

suppression (Fig. 2.12D).  To implicate TAZ directly in Myc repression, we found that knockdown 

of TAZ (Fig. 2.5D) caused a significant increase in Myc expression (Fig. 2.12E, F). Most 

importantly, to strengthen this connection we expressed a constitutively active TAZ (4SA) in our 

TRPC6 KD cells. Indeed, expression of a constitutively active TAZ construct was sufficient to 

rescue Myc expression in the knockdown cells to control levels.   



66 

 
 

 

Fig. 2.12: TRPC6-regulated α6 integrin splicing contributes to Myc suppression.  A, B.  Either 

TE3 (A) or CAL-51 (B) TRPC6 knockdown cells (shTRPC6-1, shTRPC6-2) were re-transfected 

with an α6B expression plasmid (α6B-GFP) followed by knockdown of the endogenous α6 

integrin (shITGA6).   Myc mRNA expression was quantified by qPCR. C. Myc expression in the 
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non-CSC and CSC populations described in Fig. 1A.  D. TE3 cells had been stably transfected 

with either a control (shCTRL) or TRPC6 shRNAs (shTRPC6-1, shTRPC6-2) were re-transfected 

with an α6B expression plasmid (α6B-GFP) followed by knockdown of the endogenous α6 

integrin (shITGA6).  Expression of ESRP1, CTGF, and ANKRD1 mRNAs was quantified by 

qPCR.  E, F. Myc mRNA expression was quantified in TE3 (E) and CAL-51 (F) cells that had 

been transfected with control siRNA (siCtrl), or siRNA targeting TAZ (siTAZ).  G.  Myc mRNA 

expression was quantified in CAL-51 cells transfected with either control shRNA (shCTRL) or 

TRPC6 shRNAs (shTRPC6-1, shTRPC6-2) were re-transfected with a constitutively active TAZ-

4SA plasmid (4SA). The Myc expression shown in (A), (B), (E) and (F) represent the mean ± SD 

of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

 

Taken together, our data indicate that TRPC6 and the 6B integrin synergize to activate TAZ and, 

consequently, repress Myc.  

 

Fig. 2.13: Summary schematic.  This schematic depicts the key findings in this study.  Treatment 

of a heterogeneous tumor with chemotherapy results in the survival of persister cells that are 

resistant to chemotherapy. These cells have high TRPC6 expression levels and stem cell properties. 

TRPC6 sustains the expression of α6B in this population through suppression of the splicing factor 

ESRP1. Enrichment of α6B in this population drives chemoresistance through a TAZ-mediated 

MYC suppression. This suppression of Myc maintains these cells in a quiescent state to survive 

chemotherapeutic stress.  

 

 

 

 



68 

 
 

Discussion 

 

In this study, which is summarized in the schematic shown in Fig. 2.13, we demonstrate 

that a specific cation channel, TRPC6, which is known to regulate calcium entry in TNBC (44), is 

intimately associated with a CSC population and has a causal role in stemness and 

chemoresistance.  The most novel aspect of the study is the mechanism by which TRPC6-mediated 

calcium entry promotes these functions.  Our data revealed that TRPC6 is at the nexus of a 

signaling network that regulates mRNA splicing. More specifically, we discovered that TRPC6-

mediated calcium entry sustains a splice variant of the 6 integrin, 6B.  TRPC6 and integrin 6B 

signaling function in tandem to repress Myc and, consequently, sustain a quiescent state that is 

resistant to chemotherapy.   In other terms, tumor cells that resisted chemotherapy in our study 

were dependent on the TRPC6/6B signaling axis for their survival.  Importantly, we demonstrate 

that it is possible to sensitize TNBC organoids and PDX tumors to chemotherapy using a specific 

inhibitor of TRPC6, which disrupts this signaling axis.  

A major finding in this study is that TRPC6-mediated calcium signaling regulates 

alternative mRNA splicing.  Alternative splicing is a key mechanism for ensuring proper 

developmental programs that demand vast genetic diversity.  Tumors hijack alternative splicing 

programs that contribute to the intratumor transcriptomic heterogeneity, EMT and therapy 

resistance (148, 149). Although previous studies have implicated Ca2+ signaling in the regulation 

of splicing (150), the mechanisms reported are distinct from ours (151-153).  These studies focused 

largely on how calcium-mediated signaling impacts splicing by directly binding RNA elements of 

specific genes.  For example, the Ca2+-calmodulin dependent kinase IV (CaMKIV) regulates 

splicing of the STREX exon of the calcium-activated potassium channel in neurons by directly 
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binding to the CaMKIV-responsive RNA element (152, 153).  In contrast, we demonstrate that 

TRPC6 regulates the expression of a specific splicing protein, ESRP1.   ESRP1 is of interest 

because it is known to differentially enrich for splice variants that play a crucial role in cell fate 

decisions specifically associated with epithelial cell fate (135, 136, 154).  The focus of our study 

was the 6 integrin, which exists as two splice variants: 6A and 6B (155, 156) that are regulated 

by ESRP1. Specifically, the UGC-rich recognition motif on the 6 mRNA binds ESRP1 and, 

consequently through exon exclusion, generates 6A  (154).  Previous studies by our group 

established that the 6B variant promotes stemness, a property that is not shared by the 6A 

variant, and that the relative expression of ESRP1 determines expression of these variants and, 

consequently, regulates stem cell properties (137).  The novelty of the current study is that we link 

this integrin splicing mechanism to a specific calcium channel and a calcium-mediated signaling 

pathway.  Although we focused on the splicing of the 6 integrin in this study, ESRP1 is known 

to regulate the splicing of other mRNAs that contribute to stemness.  Of note, ESRP1 enriches for 

the CD44V splice variant relative to the CD44S variant that has a causal role in stemness (136). 

Consistent with this observation, we observed that TRPC6-mediated suppression of ESRP1 

maintains high levels of CD44S compared to CD44V (Fig S2F).  This ability of TRPC6 to 

orchestrate a differential splicing pattern reveals a novel, Ca2+-dependent mechanism to generate 

transcriptomic diversity that drives stemness in cancer.  It is worth noting that these findings may 

also have relevance for non-cancer diseases that involve TRPC6.  Specifically, defects in the 

TRPC6 gene are associated with stage 5 chronic kidney disease that are often mediated by 

deregulated expression or activity of adhesion proteins such as α3β1 integrins. These changes alter 

laminin binding and downstream actin cytoskeletal arrangement that ultimately leads to 

detachment of podocytes from basement membrane (157, 158).  
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Arguably, the most consequential aspect of our data is the involvement of the TRPC6-

mediated splicing mechanism in chemoresistance. Our findings revealed that TNBC cells and 

organoids that persist after paclitaxel treatment are characterized by high expression of TRPC6 

and 6B and low expression of ESRP1.  Importantly, we also demonstrated that each of these 

molecules has a causal role in sustaining the survival of these persister cells.  These data are 

substantiated by our analysis of a publicly available dataset (143) that revealed a correlation 

between TRPC6 expression and chemoresistance (Fig. 2.3B, F).  In pursuit of the mechanism 

involved, we were informed by a seminal study that treatment-persistent tumor cells adopt a state 

that resembles embryonic diapause characterized by suppressed Myc activity (143). Of particular 

interest to us was their finding that Myc upregulation sensitizes persister cells to chemotherapy.  

The data in our study provide a novel mechanism for how Myc can be repressed that involves the 

ability of the TRPC6/6B signaling axis to repress Myc by activating TAZ.   These data also 

provide a mechanism for how TRPC6/6B enable cells to persist after paclitaxel treatment.  Most 

likely, the repression of Myc by TRPC6 maintains cells in a more quiescent state that is less 

amenable to paclitaxel-mediated killing. 

Our study adds significantly to the existing literature on the mechanism by which calcium 

signaling regulates the function of CSCs. Much of the literature on calcium signaling in cancer has 

focused on the regulation of transcription mediated by calcium-dependent transcription factors, 

most notably, NFAT (159).   Interestingly, however, our data do not support a role for NFAT in 

TRPC6-mediated regulation of CSC function (Fig. 2.5G). This observation is consistent with the 

report that calcineurin/NFAT are dispensable for promoting a partial EMT by Ca2+ influx (114).  

Rather, our data reveal a more biophysical mechanism that involves the ability of TRPC6-mediated 

RhoA activation and consequent increase in contractility to activate TAZ and repression of ESRP1.  
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Although previous studies have demonstrated the ability of TRPC6 to activate RhoA (142) and the 

ability of RhoA-mediated contractility to activate TAZ (141), the regulation of TAZ activation and 

its impact on mRNA splicing by Ca2+ signaling is novel and significant.   

In summary, the data we report reveal a novel mechanism that contributes to stemness and 

chemoresistance in TNBC that involves the regulation of integrin 6 mRNA splicing by TRPC6-

mediated Ca2+ signaling.  The TRPC6/6B signaling axis enables TNBC cells to persist after 

paclitaxel treatment by a mechanism that involves the repression of Myc.   Our ability to sensitize 

TNBC organoids in vitro and PDX tumors in vivo to chemotherapy using a specific inhibitor of 

TRPC6 suggests that this approach could be effective to mitigate the aggressiveness of TNBC, 

especially for tumors that have become resistant to standard of care chemotherapy.  

 

Materials and Methods 

 

Cells and reagents:  HMLER cells were provided by R. Weinberg (Massachusetts Institute of 

Technology). MDA-MB-231 and HCC1806 cells were purchased from the American Type Culture 

Collection, and the TE3 variant of MDA-MB-231 cells was provided by S. Tavazoie (Rockefeller 

University). CAL-51 cells were obtained from the Leibniz Institute DSMZ, Germany.  The TRPC6 

inhibitor BI-749327 was purchased from MedChem Express (Catalogue no. HY-111925).  The 

paclitaxel was purchased from Selleckchem (Catalogue no. S1150). The NFAT inhibitor was 

purchased from Cayman Chemicals (Catalogue no. 13855). The following Abs that were used for 

flow cytometry were purchased from BioLegend: CD24–allophycocyanin (APC; ML5, 

BioLegend), CD44-FITC (IM7, BioLegend) and anti-rabbit FITC (MRM-47, BioLegend), anti-
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Rabbit-555 (Invitrogen-A32732), TRPC6 (18236-1-AP, Proteintech).  For immunoblotting, the 

following Abs were used: Tubulin [Cell Signaling Technology (3873)], Beta-Actin (3700S, Cell 

Signaling Technology)TRPC6 (ACC-017, Alomone Labs), GAPDH (14C10) [Cell Signaling 

Technology 2118S], 6A (1A10) (MAB1356, Millipore), and 6B (6B4) (MAB1358, Millipore), 

Myc (Y69) (32072, Abcam), ESRP1 (PA5-25833, Thermofisher), HA (3724, Cell Signaling 

Technology), and GST-HRP (5475, Cell Signaling Technology). For immunofluorescence the 

following antibodies were used: TRPC6 (18236-1-AP, Proteintech), TAZ (clone M2-616, 560235, 

BD-Pharmingen). 

 

shRNAs and expression constructs: The following lentiviral shRNAs were obtained from our 

core facility: TRPC6 (TRCN0000431016, TRCN0000044106). Lentiviral shRNAs specific for 

ESRP1 (pLV[shRNA] NeoU6>hESRP1[shRNA]) were designed and purchased from Vector 

Builder (Vector ID: VB220524-1274mnz, and VB220524-1275vdm). TEAD 1/3/4 shRNA were 

provided by J. Mao (University of Massachusetts Chan Medical School). A TRPC6-HA lentiviral 

plasmid (pLV[Exp]-Bsd CMV>hTRPC6[NM_004621.6]/HA) was also designed and purchased 

from Vector-Builder (Vector ID: VB191024-1847whk).  A site-directed mutagenesis kit 

(Q5® Site-Directed Mutagenesis Kit, E0554S) (New England BioLabs) was used to make the 

desired TRPC6 G757D pore-mutant lentiviral vector based on the backbone (cDNA TRPC6-HA 

vector). HA-ESRP1 constructs were provided by Dr. Chonghui Cheng (Baylor College of 

Medicine). pRC-6A or 6B plasmids were prepared as described (Shaw et al., 1993) and 

subcloned into the lentiviral vector pCDH. We used the Myc expression plasmid as described in 

Goel et. al, 2016. The quiescent reporter plasmid pCDH-EF1-mVenus-p27K was bought from 

Addgene (plasmid #176651). Lipofectamine 3000 (Thermo Fisher Scientific) was used for plasmid 
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transfections. SMARTpool siRNAs against TAZ were purchased from Horizon Discovery and 

used to transfect the cells as per manufacturer’s instructions at a total concentration of 25 nM.  

ITGA6 CRISPR knockout system: To generate ITGA6 knockout cells, we used Alt-R CRISPR-

Cas9 System (IDT). The following gRNAs were used: (Human sgITGA6-1: 

CCTTCGGGAGGACAACGTGATC, sgITGA6-2: TTTCCAGTTAATAAGTACCCG). The 

following reagents were purchased from IDT: Alt-R CRISPR crRNA (2 nmol), CRISPR-Cas9 

tracrRNA (Cat. 1072532), and Cas9 Nuclease (Alt-RTM S.p. Cas9 Nuclease 3NLS, Cat. 1074181) 

and were used to assemble Cas9:crRNA:tracrRNA RNP complex. The RNP complexes were 

transfected in 1x106 Cal51 cells using Nucleofector Device (Amaxa) with program X-001. After 

five days in culture, pooled ITGA6 negative cells were sorted using flow cytometry with the 

ITGA6-APC antibody (Biolegend, Cat. 324208).  

Cell-based assays:  For mammosphere assays,  single cell suspensions of TE3 and HCC1806 cells 

(103 cells) or CAL-51 cells (5 x102) were plated on ultra-low attachment plates (24 well; Corning 

Costar; catalogue no. CLS3473) in serum-free, mammary epithelial cell growth medium (MEGM) 

supplemented with EGF (2ng/mL), bFGF 2ng/mL, heparin (4ng/mL), methylcellulose (1%), and 

B27 supplement diluted 1:50 (136).  The mammospheres were counted after 5 days using Celigo 

Imaging Cytometer (Nexcelom) and processed for secondary passage as we described previously 

(127).  For mammosphere assays using PDXs, tumors were chopped into fragments with scalpel 

blades and digested with 2 mg/mL of collagenase (Sigma, C0130) and 100 mg of 1 mg/mL 

hyaluronidase (Sigma, H3506) for 4–6 h at 37°C with shaking. Tissue fragments were vortexed 

gently every 15–30 min. The single-cell suspension was then passed through a 40-μm cell strainer, 

centrifuged at 2000 rpm for 5 min and washed three times with PBS. The washed cells were plated 

as mentioned above for the respective serial passage or limiting dilution mammosphere assays. 
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For flow cytometry, cells were incubated with primary antibodies and the appropriate secondary 

antibodies following the manufacturer’s instructions.  To assay cell viability, cells were seeded at 

a density of 5x103 cells per well. After 24 hours, cells were treated with either BI-749327 or 

paclitaxel as described in the figure legends and viability was assessed using crystal violet staining. 

The absorbance measured at 600 nm was normalized to the saline solution control.   For 

immunofluorescence microscopy, cells were cultured on glass-bottom dishes (Ibidi #81218-200), 

fixed with paraformaldehyde (2%) for 20 minutes and permeabilized with Triton X-100 (0.5%) 

for 5 min and then blocked in buffer (PBS, 5% normal goat serum, 0.1% Triton X-100, and 2 mM 

sodium azide) for 30 min.  The cells were then incubated with primary antibodies in blocking 

buffer for 1 h at room temperature, washed with Triton X-100 (0.1%) in PBS and then stained with 

secondary antibodies for 1 hour at room temperature.  After washing, the cells were mounted in 

Vectashield with DAPI (Vector Laboratories, UX-93952-24). Images were captured at x20, x40 

and x60 magnification using a confocal microscope (Zeiss).     

 

Biochemical assays: For immunoblotting, adherent cells were washed with PBS and scraped on 

ice in radioimmunoprecipitation assay (RIPA) buffer, which was supplemented with protease and 

phosphatase inhibitors (Roche). Laemmli 6X SDS sample buffer (BP-111R, Boston BioProducts) 

was added to each sample, which were boiled for 10 min prior to SDS-polyacrylamide gel 

electrophoresis. Immunoblotting primary antibodies were used in the following dilutions: TRPC6 

ACC-017 (Alomone Labs) 1:1000, Tubulin and GAPDH 1:2000, ESRP1 (Thermofisher) 1:2000, 

6A 1:1000, 6B 1:1000, HA 1:2000.  RhoA activity was assessed using a GST fusion protein 

containing the Rho-binding domain of ROCK (RBD) as previously described (160, 161)  
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Real time qPCR: mRNA quantification was accomplished using an RNA isolation kit (BS88133, 

Bio Basic Inc.), and complementary DNAs (cDNAs) were produced using an Azura cDNA 

synthesis kit (AZ-1996, Azura Genomics). Azura View GreenFast qPCR Blue Mix LR was used 

as the qPCR Master Mix (AZ-1996, Azura Genomics).  

 

RNA sequencing: RNA was extracted from the indicated cells using a Qiagen RNeasy Micro Kit 

(74004) and sent to Quick Biology for quantification, sequencing, and analysis.   

 

Quick Biology Sequencing method: Library for RNA-Seq was prepared according to KAPA 

Stranded mRNA Hyper prep polyA selected kit with 201-300 bp insert size (KAPA Biosystems, 

Wilmington, MA) using 250 ng total RNAs as input.  

 

Final library quality and quantity was analyzed by Agilent Technologies 4200 station and Qubit 

3.0 (Thermo Fisher Scientific Inc, Waltham, MA) Fluorometer. 150 bp paired-end reads were 

sequenced on Illumina HiseqX (Illumnia Inc., San Diego, CA).  

Each sample had a sequencing depth of 20-30 million. RNASeq analysis was performed with 

OneStopRNAseq workflow (162). Paired-end reads were aligned to human primary genome hg38, 

with star_2.5.3a (163), annotated with GENCODE GRCh38.p12 annotation release 34 (164).  

Aligned exon fragments with mapping quality higher than 20 were counted toward gene expression 

with featureCounts_1.5.2 (165). Differential expression (DE) analysis was performed with 

DESeq2_1.20.0 (166). Within DE analysis, 'ashr' was used to create log2 Fold Change (LFC) 

shrinkage for each comparison (167). Significant DE genes (DEGs) were filtered with the criteria 
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FDR < 0.05.  Heatmaps were created with Prism. Gene set enrichment analysis were performed 

with GSEA (168). 

 

Patient derived organoids and chemoresistance models: Freshly resected biopsies from de-

identified TNBC patients were received from UMass Cancer Center Tumor Bank. The tumor tissue 

was digested utilizing the tissue dissociation kit (Miltenyi Biotech) and gentleMACS Dissociator. 

The dissociated tumor was washed 3X with PBS and embedded into reduced growth factor 

basement membrane extract (Cultrex). These TNBC tumor derived organoids were cultured in 

organoid media as described previously (169). The paclitaxel resistant CAL-51 cells and TNBC 

organoids were generated by culturing them in increasing concentrations of paclitaxel (1-20nM) 

for 6 weeks.    

 

Animal studies:  For the limiting dilution experiment, CAL-51 cells were suspended in 35 ul of 

PBS and injected into the mammary fat pad of 6–8-week-old NOD.Cg-Prkdcscid IL2rgtm1Wjl 

(abbreviated as NSG) mice. Tumor occurrence in each group was noted and the results were 

analyzed using ELDA (130). Mice were monitored for 12-15 weeks, and tumor volume was 

measured using calipers. Once the tumors reached 1cm3, the mice were euthanized, and the tumors 

collected for histological analysis.  For therapeutic studies, a PDX (HCI028) obtained from the 

Huntsman Cancer Institute was implanted orthotopically into the mammary fat pad of 6–8-week-

old NSG mice. The mice were divided into 4 groups of 5 mice each. When the tumor volume 

reached 100mm3, mice were treated as described in the legend to Fig. 2.  All mouse procedures 

were done under the guidance of the University of Massachusetts Medical School Institutional 

Animal Care and Use Committee in accordance with the institutional and regulatory guidelines. 
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Quantification and statistical analysis: 

Student’s t test was used for comparison between two groups. Multiple group comparisons were 

performed using one-way analysis of variance (ANOVA). Statistical tests were carried out using 

GraphPad Prism version 9.0, and a P value of less than 0.05 was considered significant. The bars 

in graphs represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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Table 2:  

 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

APC anti-human CD24 BioLegend Cat# 311118; RRID: 

AB_2072735 

FITC anti-mouse/human CD44 BioLegend Cat# 103006, RRID: 

AB_312957 

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor Plus 

488 

Invitrogen Cat# A32731; RRID: 

AB_2633280 

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor Plus 

555 

Invitrogen Cat# A32732; RRID: 

AB_2633281 

Rabbit polyclonal Anti-TRPC6 Antibody Alomone 

Labs 

Cat# ACC-017, RRID: 

AB_2040243 

Rabbit polyclonal anti-TRPC6  Proteintech Cat# 18236-1-AP, RRID: 

AB_10859822 

 

Mouse monoclonal anti-β-Actin (8H10D10)  

Cell 

Signaling 

Technology 

Cat# 3700, RRID: 

AB_2242334 

Rabbit Monoclonal Anti-GAPDH Antibody, 

Unconjugated, Clone 14C10 

Cell 

Signaling 

Technology 

Cat# 2118, RRID: 

AB_561053 

Mouse Monoclonal Anti-alpha-Tubulin Antibody, 

Unconjugated, Clone DM1A 

Cell 

Signaling 

Technology 

Cat# 3873, RRID: 

AB_1904178 

 

Rabbit polyclonal anti-ESRP1 Antibody 

Thermo 

Fisher 

Scientific 

Cat# PA5-25833, RRID: 

AB_2543333 

Mouse monoclonal Anti-Integrin alpha6A, 

cytoplasmic domain, clone 1A10  

Millipore Cat# MAB1356, RRID: 

AB_94179 

Mouse monoclonal Anti-Integrin alpha6B, 

cytoplasmic domain, clone 6B4 

Millipore Cat# MAB1358, RRID: 

AB_94180 
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Rabbit monoclonal anti-c-Myc antibody [Y69] Abcam Cat# ab32072, RRID: 

AB_731658 

Rabbit monoclonal anti-RhoA (67B9) mAb Cell 

Signaling 

Technology 

Cat# 2117, RRID: 

AB_10693922 

Rabbit monoclonal anti-HA-Tag (C29F4) mAb Cell 

Signaling 

Technology 

Cat# 3724, RRID: 

AB_1549585 

Rabbit monoclonal anti-GST (91G1) mAb (HRP 

Conjugate) 

Cell 

Signaling 

Technology 

Cat# 5475, RRID: 

AB_10707323 

Mouse monoclonal anti-TAZ BD-

Pharmingen 

Cat# 560235, RRID: 

AB_1645338 

Mouse monoclonal APC anti-human CD326 (Ep-

CAM) 

BioLegend Cat# 324208, RRID: 

AB_756082 

Bacterial and virus strains  

NEB 5-alpha Competent E.coli New England 

Biolabs 

Cat# C2987 

Biological samples   

Breast cancer derived Organoids As described 

in Walker et. 

al., 2022 (24) 

N/A 

PDX (HCI028) Huntsman 

Cancer 

Institute 

N/A 

Chemicals, peptides, and recombinant proteins 

Animal-Free Recombinant Human EGF Peprotech Cat# AF-100-15-1mg 

MEGM bullet kit lonza Cat# cc-3150 

Recombinant Human FGF-basic Peprotech Cat# 100-18B 

B-27 supplement (50X) Gibco Cat# 17504-001 

Insulin Millipore 

Sigma 

Cat# I1882-100MG 
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BI-749327 MedChem 

Express 

Cat# HY-111925 

Y27632 2HCL Selleckchem Cat# S1049 

10074-G5 Selleckchem Cat# S8426 

NFAT Inhibitor Cayman 

Chemical 

Cat# 13855 

Critical commercial assays 

AzuraQuant cDNA synthesis kit Azura 

genomics 

Cat# AZ-1995 

AzuraView greenfast qPCR blue mix Azura 

genomics 

Cat# AZ-2401 

Tumor Dissociation Kit, human Miltenyi 

BioTec 

Cat# 130-095-929 

Q5® Site-Directed Mutagenesis Kit  New England 

Biolabs 

Cat# E0554S 

Qiagen RNeasy Micro Kit Qiagen Cat# 74104 

Deposited data 

Public data: RNAseq from Dhimolea, et. al. 2021  

 

GEO GEO: GSE162285 

RNA-Seq: TE3 cells Vehicle, BI treatment GEO GEO: GSE242592 

Experimental models: Cell lines 

MDA-MB-231-TE3 Kindly 

provided by 

Dr. S. 

Tavazoie, 

Rockefeller 

University). 

N/A 

MDA-MB-231 American 

Type Culture 

Collection 

Cat# HTB-26 
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CAL-51 Leibniz 

Institute 

DSMZ, 

Germany 

ACC-302 

HCC-1806 American 

Type Culture 

Collection 

Cat# CRL-2335 

HMLER Kindly 

provided by 

Dr. R. 

Weinberg, 

Massachusett

s Institute of 

Technology 

N/A 

Experimental models: Organisms 

NOD.Cg-Prkdcscid IL2rgtm1Wjl (NSG) Jackson 

Laboratory 

N/A 

Experimental model: Strain of bacteria 

DH5∝ NEB Cat# C2987H 

Oligonucleotides 

h18S  

fwd 5’-GTCGCTCGCTCCTCTCCTACT-3’; rev 

5′ TCTGATAAATGCACGCATCCC-3’ 

IDT N/A 

hTRPM8  

fwd, 5’-GTGAAAGCGACTTGGTGAATTTT-3; 

rev 5’-GTGGCCTTGGAATCTTTGGTAA-3’ 

IDT N/A 

hTRPV6  

fwd 5’-ACTGACCTCGACTCTCTATGAC-3’; 

rev 5’-GTGGTGATGATAAGTTCCAGCAG-3’ 

IDT N/A 

hORAI1  

fwd 5’- GACTGGATCGGCCAGAGTTAC-3’; 

rev 5’-GTCCGGCTGGAGGCTTTAAG-3’ 

IDT N/A 
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hORAI3  

fwd 5’-TGGGTCAAGTTTGTGCCCATT-3’; rev 

5’-AGCTGGACTAAGGGAGGTAGC-3’ 

IDT N/A 

hTRPC6  

fwd 5’-TTGAGGATGACGCTGATGTG-3’; rev 

5-CCAGATTGAAGGGTACAGGAAG-3’ 

IDT N/A 

hTRPC6 (G757D) primer for sequencing  

fwd 5’-

AAAGAAACTTGACATTTTAGGAAGTCATG-

3’; rev 5’-TCTTCATTTATCTTGTTCATCTC-3’ 

Genewiz N/A 

hESRP1  

fwd: 5’-CAGAGGCACAAACATCACAT-3′; rev: 

5’- AG 

AAACTGGGCTACCTCATTGG- 

IDT N/A 

hCTGF  

fwd 5’-CAGCATGGACGTTCGTCTG-3’; rev 5’-

AACCACGGTTTGGTCCTTGG 3 

IDT N/A 

hANKRD1  

fwd 5’-AGTAGAGGAACTGGTCACGG-3’ rev 

5’-TGTTTCTCGCTTTTCCACTGTT-3’ 

IDT N/A 

hSETD4  

fwd 5’-GGAGAACAAGCCGGATCAGAA-3’; 

rev 5’-AGCAGGCGCTAAGTTTGAATC-3’ 

IDT N/A 

hMYC  

fwd: 5’- CTC AAA GCT GGC CAG TAG AA-3’ 

rev 5’- CGT CAC ACG AAC CGA CAA TA-3’ 

IDT N/A 

hCDC25A 

fwd: 5’- TCTGGACAGCTCCTCTCGTCAT-3’; 

rev: 5’- ACTTCCAGGTGGAGACTCCTCT-3’ 

IDT N/A 

sgITGA6-1: 

CCTTCGGGAGGACAACGTGATC, sgITGA6-

2: TTTCCAGTTAATAAGTACCCG 

IDT N/A 
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Alt-R CRISPR crRNA (2 nmol) IDT  

Alt-RTM S.p. Cas9 Nuclease 3NLS IDT Cat. 1074181 

Recombinant DNA 

pLV[Exp]-Bsd 

CMV>hTRPC6[NM_004621.6]/HA 

Vector 

Builder 

VB191024-1847whk 

pLV[shRNA] NeoU6>hESRP1[shRNA] Vector 

Builder 

VB220524-1274mnz, and 

VB220524-1275vdm 

HA-ESRP1 Kindly 

provided by 

Dr. 

Chonghui 

Cheng 

(Baylor 

College of 

Medicine) 

N/A 

pRC-alpha6A and pRC-alpha6B  As described 

Shaw et al., 

1993 (69) 

N/A 

GST-RBD plsamid As described 

in Ren et al 

EMBO J. 

1999 (59) Addgene , Cat #15247 

plasmid pCDH-EF1-mVenus-p27K As described 

in Correia et 

al Nature. 

2021 (70) 

Addgene , Cat #176651 

pCDH-puro-cMyc As described 

in Cheng et 

al Clin 

Cancer Res. 

2013 (71) 

Addgene, Cat# 46970 

Software and algorithms 

GraphPad Prism v 9.3.1 GraphPad 

Software 

N/A 
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FlowJo Software (for MAC) [software 

application] Version 10.7.1. 

Becton, 

Dickinson, 

and 

Company 

https://docs.flowjo.com/flo

wjo/installation/ 

Fiji by ImageJ Open Source https://imagej.net/software/

fiji/ 

ELDA: Extreme Limiting Dilution Analysis Walter Eliza 

Hall institute 

of medical 

research 

https://bioinf.wehi.edu.au/s

oftware/elda/ 

Adobe Illustrator Adobe 

Creative 

Cloud 

N/A 

Affinity DESIGNER 2 Serif N/A 

Biorender  N/A 
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Introduction 

 

Reducing the morbidity and mortality associated with the relapse and metastasis of breast cancer 

continues to be a major challenge.  Considerable evidence indicates that relapse and metastasis are 

driven by stem-like treatment persister cells.  In Chapter II, I reported that TRPC6 contributes to 

the survival of quiescent cancer stem cells that persist after chemotherapy in TNBC.  TRPC6-

mediated calcium signaling is implicated in the maintenance of persister cells. The suppression of 

MYC expression by TRPC6 is central to the preservation of the quiescent, slow-cycling population 
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that endures chemotherapy. Together, my work contributed to our understanding of mechanisms 

that sustain the persister cell state.  However, we still don't fully understand how persister cells 

respond to stress and survive treatments like chemotherapy. Some studies in ovarian cancer have 

indicated that in Taxol resistant populations, GPX4 inhibition synergizes with Taxol to induce 

ferroptosis (170). This is a very interesting finding that highlights a key issue in cancer biology: 

our lack of understanding of the nature of persister cells and the metabolic adaptations that allow 

them to survive stressful conditions.  

To characterize the persister population in more detail, I analyzed my RNA-Seq data comparing 

the transcriptomes of control and TRPC6-inhibited TNBC cells. GSEA of these data identified a 

transcriptional signature indicative of ferroptosis induction, in the inhibitor-treated group (171). 

As I described in the Introduction chapter, ferroptosis is a form of cell death resulting from the 

peroxidation of membrane phospholipids (80). This observation led me to investigate whether 

TRPC6 has a causal role in promoting ferroptosis resistance and, if so, to understand the 

mechanism involved.  In this chapter, I report the results of this investigation.   
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Results 

 

TRPC6 inhibition sensitizes TNBC resistant populations to ferroptosis: GSEA was performed 

on the RNA-Seq data previously published for TE3 cells treated with the TRPC6 inhibitor BI-

749327 (172). This analysis identified several pathways that were positively enriched upon TRPC6 

inhibition (Fig. 3.1A). Notably, ferroptosis was among the top three enriched pathways affected 

by BI-749327 treatment. This transcriptional signature of ferroptosis had been described by 

Stockwell’s group (171). This observation prompted me to explore whether TRPC6 plays a role in 

modulating the cell's response to ferroptosis. To investigate a role for TRPC6 in ferroptosis, I 

treated a TNBC organoid (9881T) with erastin and BI-749327, either alone or in combination. 

Erastin induces ferroptosis by inhibiting xCT. To discern whether loss of viability was due to 

ferroptosis or apoptosis, I included treatment groups with either the ferroptosis inhibitors 

deferoxamine or ferrostatin-1 or an apoptosis inhibitor ZVAD (173, 174). Deferoxamine binds to 

excess iron, and ferrostatin-1 prevents lipid peroxidation. Thus, they prevent the Fenton reaction 

between the phospholipid peroxyl radical and iron from proceeding. The organoid was treated for 

24 hours and then viability was measured using 3D Cell Titer Glow (CTG). Analysis of the 

viability assay clearly showed that the TNBC is quite resistant to erastin or BI-749327 when treated 

individually, but can be sensitized significantly when treated in combination, compromising cell 

viability. The loss of cell viability seen with the combination of erastin and BI-749327 was 

reversed by either deferoxamine or ferrostatin-1 (Fer-1), but not by ZVAD, suggesting a potential 

role of TRPC6 in ferroptosis resistance. To further substantiate this data, I treated CAL-51 cells 

with imidazole ketone erastin (IKE) and BI-749327 and the stable TRPC6 KD cells with increasing 

concentrations of IKE. In both cases, I saw a significant reduction of cell viability in the 
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combination treatment group (IKE and BI-749327) (Fig. 3.1C) and in TRPC6 KD compared to 

control cells (Fig. 3.1D). I also observed a rescue of cell viability with ferrostatin-1.  

Previously, I had observed that the TNBC cell line HCC1806 has heterogeneous expression 

of TRPC6. In HCC1806 cells, treatment with FIN56 and BI-749327 caused significant cell death 

compared to control and FIN56 (ferroptosis inducer;  by inhibiting both Xct and GPX4) treatment 

alone (Fig. 3.1E). This result makes a strong case for TRPC6 inhibition in combination with 

Ferroptosis inducers to target resistant cells. However, it is imperative to understand whether 

TRPC6 is sufficient to induce resistance.  To investigate this possibility, I used the MDA-MB-231 

cells, a TNBC cell line that is ferroptosis sensitive and expresses low levels of TRPC6.  I stably 

transfected these cells with either an empty vector or WT TRPC6 tagged with HA. These cells 

were treated with increasing concentrations of IKE. Analysis of viability revealed that TRPC6 

overexpression was sufficient to promote resistance compared to the control cells (Fig. 3.1G).  

As previously discussed, ferroptosis results from excessive membrane phospholipid 

peroxidation, leading to cell death. To confirm that TNBC cells undergo ferroptosis when treated 

with IKE and BI, I assessed lipid peroxidation using the C11-Bodipy assay (175). Peroxidation of 

the lipid moiety in the dye causes the fluorophore to shift its emission from red to green channel. 

This allows a semi quantitative measurement of the extent of lipid peroxidation in the different 

cell types and treatments using flow cytometry. I observed a significant increase in the median 

fluorescence intensity of the GFP channel in the CAL51 TRPC6 KD cells treated with IKE 

compared to the control cells that was rescued by ferrostatin-1. This result substantiates my initial 

observation that TNBC cells that are resistant to ferroptosis can be sensitized when treated in 

combination with TRCPC6 channel inhibitors.  
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These significant findings, particularly in Fig. 3.1B-F, raise the question of whether TNBC 

cells exhibit a varied response to ferroptosis inducers? In Chapter II, I demonstrated that treatment 

persister cells, that are quiescent and slow cycling, are enriched in TRPC6. Utilizing the 

p27mVenus system, which facilitates the sorting of quiescent (p27high) from proliferative (p27low) 

populations, I successfully isolated a persister cell subset of CAL51 cells. As expected, the 

quiescent persister cells (p27high) have significantly high levels of TRPC6 (Fig. 3.1H). This model 

allows me to assess the heterogeneous response of TNBC cells to ferroptosis. To investigate this, 

I treated p27high  and p27low cells with increasing doses of IKE alone, either alone or in combination 

with ferrostatin-1. My results demonstrate that p27high cells exhibit significant resistance to IKE 

compared to the p27low subset (Fig. 3.1I). To explore whether TRPC6 plays a causal role in driving 

resistance in this aggressive population, p27high cells were pretreated with BI-749327 for 48 hours, 

followed by exposure to IKE, IKE+BI, either alone or in combination with ferrostatin-1. Viability 

data clearly indicate that TRPC6 inhibition sensitizes the resistant aggressive population to IKE 

(Fig. 3.1J).  
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Fig. 3.1. TRPC6 inhibition sensitizes TNBC resistant populations to Ferroptosis.  A. GSEA 

analysis of the RNA-Seq performed on TE3 cells treated with Vehicle and BI for 12 hours. This 

shows the enrichment score for the different pathways and highlighted is the transcriptional 

signature of Ferroptosis (as described by Dickson, et. al.). B. TNBC organoid (9811T) treated with: 

DMSO (control), Erastin (5 uM), BI (10uM), DFOM (Deferoxamine, 100 uM), Fer1 (Ferrostatin-

1, 2 uM), ZVAD (20 uM), and Erastin and BI in combination with either of the following: DFOM, 

Fer1, or ZVAD. The viability was measured using 3d CTG. C. Viability measured after treatment 

of Cal51 cells with DMSO, IKE (5 uM), BI (10uM), IKE and Fer-1, BI and Fer-1, IKE with BI in 

combination with Fer-1. D. CAL-51 control shRNA (shCtrl) or TRPC6 knockdown (shTRPC6) 

cells were treated with increasing concentrations of IKE in combination with DMSO or Fer-1 for 

24 hours and viability plotted. E. TNBC cell line HCC-1806 viability measured upon treatment 

with FIN56 in combination with DMSO or BI for 24 hours. F. TNBC cell line MDA-MB-231 was 

stably transfected with empty vector or WT TRPC6 construct. These cell types were treated with 

increasing concentration of IKE and the viability measured using CTG. G. CAL-51 control shRNA 

(shCtrl) or TRPC6 knockdown (shTRPC6) cells were treated with IKE (10 uM) alone or in 

combination with Fer-1. After 24 hours, C11-Bodipy assay was used to label peroxidized lipid 

(GFP+). (Left) Shows the histogram for GFP+ peak from each cell type and their respective 

treatments. (Right) Quantification of the median fluorescence intensity of the GFP channel 

between the control and TRPC6 KD cells for the treatments: Vehicle, IKE, and IKE with Fer-1. 

H. Expression levels of TRPC6 gene between the Cal51-p27high and CAL-51-p27low sorted cells 

from the CAL-51-p27mVenus transfected parental cells. I. The sorted Cal51-p27high and p27low 

populations treated with increasing concentrations of IKE with DMSO or Fer-1 for 24 hours and 

the viability percentage measured using CTG. J. CAL-51 p27high sorted cells were treated for 24 

hours with increasing concentrations of IKE along with: DMSO, Fer-1, BI, and combination of BI 

and Fer-1. Viability was measured in each group and plotted.  

  



92 

 
 

TRPC6 maintains a reduced environment that protects from ferroptosis: My findings so far 

have shown that TRPC6 promotes resistance to ferroptosis in TNBC cell populations exhibiting 

aggressive characteristics. Another notable observation is that TNBCs exhibit a heterogeneous 

response to ferroptosis, with the aggressive persister cells being protected against such oxidative 

stress attack. Data from 3.1J hints at the central role of TRPC6 in promoting resistance in the 

persister population. To gain insight into the mechanism, it is essential to interpret this data from 

the perspective of ferroptosis regulatory mechanisms and the impact of TRPC6 on those pathways. 

Early studies, including those utilizing small molecule screens, revealed that inhibition of the 

enzyme GPX4 induces ferroptosis by preventing the neutralization of membrane phospholipid 

peroxidation (80). GPX4 catalyzes the conversion of reduced GSH to oxidized Glutathione 

(GSSG) while neutralizing lipid peroxide species (176, 177). The levels of reduced GSH, the 

substrate of GPX4, are indicative of the cell's ability to mitigate oxidative stress. My findings 

indicate a significant decrease in GSH levels upon TRPC6 loss following IKE treatment (Fig. 

3.2A). This suggests that TRPC6 protects cells from oxidative stress by maintaining a reducing 

environment, as evidenced by GSH levels. Given the high levels of TRPC6 in persister cell 

populations, I sought to determine whether they also exhibit elevated GSH levels. To this end, I 

compared GSH levels between parental CAL51 and p27high cells treated with either DMSO or 

erastin for 24 hours. There was a significant decrease in the GSH pools in the CAL51 parental 

cells upon erastin treatment but an insignificant loss in the p27high cells (Fig. 3.2B). To understand 

whether TRPC6 is causal in maintaining high levels of GSH in the persister cells, I treated the 

p27high cells with either DMSO or BI-749327 for 48 hours, followed by treatment with either 

DMSO or IKE for 24 hours.  The pools of reduced GSH were significantly lower in the p27high 

cells pretreated with BI-749327 compared to the control cells at the basal level (i.e. DMSO 
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treatment) and they were reduced further upon IKE treatment (Fig. 3.2C). This result underscores 

a mechanism by which TRPC6 protects the cells under oxidative stress by preserving the GSH 

pool. It remains to be understood how the persister cells are better at regulating GSH pools to 

neutralize oxidative stress. Several research groups have delineated that the cell generates GSH 

primarily through cysteine metabolism, largely facilitated by the uptake of Cystine by xCT (178). 

This is also one of the primary reasons why acute inhibition of xCT by erastin or IKE induces 

Ferroptosis. Considering the role of cysteine metabolism in GSH maintenance (179-181), I 

compared the viability of CAL-51-p27high cells pre-treated with DMSO and BI-749327 grown 

overnight in either of the following media conditions: complete medium, 1:1 mix of complete 

medium and cystine-free medium, and only cystine-free medium. Surprisingly, I observed that 

removing cystine from the medium did not cause significant cell death in the p27high cells pretreated 

with DMSO but only in those that were pretreated with BI-749327 (Fig. 3.2D). Taking this 

observation into account, I measured the GSH pools in these two treatment groups when grown in 

cystine free medium. GSH data mirrored what I observed in the viability assay, showing a 

significant downregulation of GSH pools in the p27high cells when grown in cystine free medium 

only when pretreated with BI-749327  (Fig. 3.2E). Thus, my results describe an unconventional 

mechanism of GSH maintenance in persister cells, which operates independently of cystine uptake 

through xCT. 
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Fig. 3.2. TRPC6 maintains a reduced environment that protects from Ferroptosis. A. Graph 

showing the measurement of cellular reduced GSH in micrograms (ugms) using the Abcam kit (as 

described in the methods section) between the CAL-51 control shRNA (shCtrl) or TRPC6 KD 

(shTRPC6) cells upon treatment with DMSO or IKE (10 uM) for 24 hours. B. Reduced GSH pools 

using the Cayman kit (as described in the methods section) measured between CAL-51 parental 

cells and the p27high sorted cells from the Cal51-p27mVenus transfected cells upon IKE treatment 

for 24 hours. D. Cal51 p27high sorted population pre-treated with DMSO and BI for 48 hours 

were treated with DMSO or IKE for 24 hours. Reduced GSH pools were measured (in ugms) using 

the Cayman kit between the treatments and plotted. D. Cal51-p27high cells pretreated with vehicle 

and BI treatment were grown 24 hours either in: Full media (FM) or 1:1 mix of Full and Cysteine 

free media (FM:CFM) or Cysteine free media (CYS-FREE) and the viability measured using 2D 

CTG. E. CAL-51-p27high cells pretreated with vehicle and BI treatment were grown in Cystine free 

media overnight and the reduced GSH measured (in ugms) using the Cayman kit.  
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Intracellular cysteine biosynthesis drives ferroptosis resistance in persister cells: My 

hypothesis is that persister cells do not rely on extracellular cysteine uptake but instead generate 

sufficient cysteine from intracellular sources to maintain cellular reducing equivalents. This 

hypothesis is based on the observation that this population is slow cycling, suggesting lower 

biosynthetic requirements for building essential cellular components (specifically cysteine for 

protein synthesis) compared to actively dividing tumor cells (Fig. 3.3A). To test this hypothesis, I 

downregulated the rate-limiting enzyme of Trans-sulfuration pathway (TSS) Cystathione 

betasynthetase (CBS) using two different shRNAs (Fig. 3.3C). The TSS pathway is summarized 

in the schematic (Fig. 3.3B)This approach allowed me to test whether CBS KD sensitizes this 

resistant population to ferroptosis. Treatment of control (shCtrl) and CBS KD persister cells with 

RSL3 made them sensitive to ferroptosis (Fig. 3.3D). The crucial step was to measure the reduced 

GSH pools in the cell types (p27high control vs CBS KD), because it could explain how the loss of 

CBS leads to the viability defect. Measurement of reduced GSH pools substantiated my hypothesis 

that persister cells utilize intracellular cysteine pools to generate GSH, which subsequently 

mitigates oxidative stress and counteracts membrane phospholipid peroxidation (Fig. 3.3E). 

Collectively, my findings have provided insights into the metabolic adaptations in persister cells. 

I have demonstrated that there is a differential method of GSH generation that varies between the 

bulk tumor and the stem-like persister population.  
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Fig. 3.3. Intracellular cysteine biosynthesis drives Ferroptosis resistance in persister cells. A. 

Schematic explaining the differential cystine dependencies of persister cells and the bulk tumor. 

B. Schematic showing the trans-sulfuration pathway including the rate-limiting step catalyzed by 

Cystathionine beta-synthetase. C. qPCR data showing the expression levels of the gene Cysteine 

bio synthetase (CBS) between CAL-51 p27high shCtrl or CBS KD (shCBS-1, 2, 3). D. CAL-51 

p27high control (shCtrl) and CBS KD cells treated with increasing concentrations of IKE and 

viability measured. E. Reduced GSH pools measured in the p27high control and CBS KD cells upon 

DMSO and IKE treatment for 24 hours.  
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 TRPC6 inhibition prevents metastatic colonization of breast cancer cells in the lungs: ROS 

serves a dual role within the complex landscape of cancer biology, exhibiting both pro-tumorigenic 

and anti-tumorigenic capabilities. This duality becomes particularly pronounced during the 

metastatic process, wherein cancer cells must navigate through varied environments to 

successfully colonize distant sites. Central to this investigation is the role of persister cells, which 

exhibit resilience against oxidative stress, a characteristic attributed to the protective function of 

TRPC6. This study aimed to explore whether TRPC6 similarly safeguards metastatic cells during 

their dissemination. To this end, the 231-LM2 cell line was selected as a model system because of 

its capacity for lung metastasis (182) and notably high expression of TRPC6 compared to other 

MDA-MB-231 cell variants as shown in the Appendix.  

Given the limiting nature of ROS in metastasis and the propensity of TRPC6 to foster a reducing 

environment, my strategy entailed inhibiting TRPC6 in metastasizing cells to induce oxidative 

stress and evaluate its impact on their ability to colonize distant tissues. Preliminary results have 

confirmed that TRPC6 mitigates oxidative stress by sustaining GSH levels, thereby averting 

ferroptosis. To further elucidate whether TRPC6 inhibition precipitates ferroptosis in 

metastasizing cells, I incorporated treatment groups for Liproxstatin-1 and a combination of BI 

with Liproxstatin-1, assessing whether such interventions could restore metastatic competency. 

This study employed a tail-vein injection of 1X105 LM2 cells, labelled with luciferase, into 

NOD/SCID mice. The subsequent day, tumor cell colonization was visualized using the Spectrum-

CT in vivo imaging system (IVIS) instrument, following administration of luciferin (Fig. 3.4A). 

Treatment commenced on the following day with Liproxstatin-1 administered daily by intra-

peritoneal (i.p) injections at a dosage of 10 mgs/kg and BI delivered orally four times weekly at a 

dosage of 15mgs/kg. Analysis of the regions of interest (ROI) on Day 16 across the four treatment 
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groups (Vehicle, Liproxstatin-1, BI, and BI+Liproxstatin-1) revealed a marked reduction in lung 

metastatic colonization in the BI-treated group relative to the controls. This shows the therapeutic 

potential of targeting TRPC6 to impair metastatic progression (Fig. 3.4 B, C). 
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Figure 3.4: TRPC6 inhibition prevents metastatic colonization of breast cancer cells in the 

lungs. A. Images from of the mice on Day 1 after being injected with 100,000 LM2 cells labelled 

with luciferase on Day 0. B. Images from of the mice on Day 16 post-injection with of LM2 cells 

labelled with luciferase. C. Bioluminescent imaging quantification of the ROI in each treatment 

group. The signal is plotted as total flux (in photons/s) for each treatment group over a period of 

16 days post injection.  

Discussion 

 

In this Chapter, I demonstrate that TRPC6 promotes resistance to ferroptosis by 

maintaining high levels of reduced GSH. Mechanistically, TRPC6 alters cysteine metabolism by 

favoring intracellular cysteine biosynthesis over uptake through the XCT transporter. The enzyme 

CBS catalyzes the rate-limiting step in the intracellular cysteine biosynthesis, ultimately 

contributing to the maintenance of GSH pools. GSH is the substrate for the key antioxidant enzyme 

GPX4 that neutralizes membrane phospholipid peroxidation. Such mechanisms that enable GSH 

production in turn support GPX4 activity and resist cell death under ferroptotic stress. This 

discovery has clinical significance because TNBC exhibits a higher incidence of recurrence, 

relapse and metastasis compared to other subtypes. Several studies have pointed out that 

aggressive populations frequently encounter various oxidative stress environments during 

metastasis. Therefore, deciphering such protective mechanisms can facilitate targeting of 

aggressive populations, preventing metastatic dissemination and colonization.  

The identification of treatment persister cells in TNBC as a rare population that is resistant 

to ferroptosis highlights a heterogeneous nature of ferroptotic sensitivity in TNBC.  These 

resistant\cells exhibit robust mechanisms of protection against oxidative stresses, contributing to 

their survival despite therapeutic challenges. By maintaining high levels of GSH derived from 

intracellular cysteine metabolism, TRPC6 shields these cells from ferroptosis-induced cell death. 
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However, it is important to recognize that there may be additional contributors to this resistance 

phenotype beyond cysteine metabolism and TRPC6 such as membrane lipid species and iron pool.  

This study also sheds light on the metabolic heterogeneity presents in TNBC, revealing 

how the reprogramming of cysteine metabolism plays a crucial role in protecting aggressive cell 

populations from oxidative stresses. Ferroptosis, a pro-oxidant cell death mechanism, relies on 

three major regulatory axes: iron content that is key for the Fenton reaction to proceed, cysteine 

metabolism contributing directly to GSH pools and GPX4 activity, and lipid metabolism, which 

serves as the substrate for peroxidation. Extensive evidence suggests that PUFAs are preferred 

substrates for ferroptosis, while MUFAs drive resistance (86).  Recent studies highlight metastasis 

as a pro-ferroptotic process, with cancer cells employing various strategies to counteract it. For 

instance, Piskanouva et. al. demonstrated that ROS limitation impedes metastasis, while 

subsequent studies by Sean Morrison's lab showed adaptations in metastatic cells that facilitate 

efficient dissemination and colonization (183-185). They found that melanoma cells utilize the 

lymphatic system for successful metastasis, exchanging PUFAS such as Palmitoic acid for MUFAs 

such as oleic acid (184). Our results add significantly to this literature by elucidating a novel 

mechanism of metabolic adaptation in metastatic cells that involves differential cysteine 

biosynthesis enabling survival under oxidative stress.  

The role of cysteine metabolism in modulating ferroptosis resistance adds complexity to 

our current understanding of ferroptosis regulation, particularly through the enzyme CBS. While 

CBS KD sensitizes persister cells to ferroptosis, its impact on cellular hydrogen sulfide levels and 

subsequent activation of the enzyme sulfide quinone oxidoreductase (SQOR) suggests a 

multifaceted role in ferroptosis regulation. Moreover, recent research from the Kim lab 

demonstrates that SQOR prevents ferroptosis in cancer cells by reducing ubiquinone to ubiquinol 
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in the mitochondria (186). Further, the moderate effect of CBS knockdown on cell viability 

suggests the presence of additional resistance mechanisms in persister cells that may operate 

independently of amino acid metabolism. However, our data supports previous studies that has 

observed a similar effect of preventing ferroptosis driven by CBS (180, 187). 

Further exploration into the mechanisms of resistance in persister cells requires an unbiased 

approach encompassing lipidomics and metabolomics. By examining lipid metabolism and 

cellular iron pools, we can gain insights into how these processes contribute to resistance to 

ferroptosis. Additionally, investigating the regulation of membrane phospholipid composition by 

TRPC6 through lipidomic analysis, with or without TRPC6 inhibition, will provide valuable 

information on its role in modulating the ferroptotic response of persister cells. 
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Materials and Methods 

 

Cells and reagents:  CAL-51 cells were obtained from the Leibniz Institute DSMZ, Germany and 

HCC1806 cells were purchased from the American Type Culture Collection.  The TRPC6 inhibitor 

BI-749327 was purchased from MedChem Express (Catalogue no. HY-111925),  Liproxstatin-1 

was purchased from  Selleckchem. Luciferin was bought from Gold Biotechnology .Erastin, IKE, 

RSL3 were bought from MedChem. C11-Bodipy was bought from Sigma Aldrich. GSH kit 

fluorometric kit was bought from Abcam and colorimetric was bought from Cayman Chemicals.  

shRNAs and expression constructs: The following lentiviral shRNAs were obtained from our 

core facility: TRPC6 (TRCN0000431016, TRCN0000044106) and CBS (TRCN0000308284, 

TRCN0000075999, TRCN0000045360). The quiescent reporter plasmid pCDH-EF1-mVenus-

p27K was bought from Addgene (plasmid #176651). Lipofectamine 3000 (Thermo Fisher 

Scientific) was used for plasmid transfections.  

Cell-based assays: For flow cytometry, cells were incubated detached from the plate and 

resuspended in PBS and sorted against the FITC channel to isolate p27high cells.  To assay cell 

viability, cells were seeded at a density of 5x103 cells per well. After 24 hours, cells were treated 

with either BI-749327 or IKE as described in the figure legends and viability was assessed using 

Promega CTG. Viability assay in organoids was measured using the Promega 3D CTG. The 

luminescence measured and normalized to the control.  

Biochemical assays: mRNA quantification was accomplished using an RNA isolation kit 

(BS88133, Bio Basic Inc.), and complementary DNAs (cDNAs) were produced using an Azura 



106 

 
 

cDNA synthesis kit (AZ-1996, Azura Genomics). Azura View GreenFast qPCR Blue Mix LR was 

used as the qPCR Master Mix (AZ-1996, Azura Genomics).  

RNA sequencing: RNA was extracted from the indicated cells using a Qiagen RNeasy Micro Kit 

(74004) and sent to Quick Biology for quantification, sequencing, and analysis.   

Quick Biology Sequencing method: Library for RNA-Seq was prepared according to KAPA 

Stranded mRNA Hyper prep polyA selected kit with 201-300 bp insert size (KAPA Biosystems, 

Wilmington, MA) using 250 ng total RNAs as input. Final library quality and quantity was 

analyzed by Agilent Technologies 4200 station and Qubit 3.0 (Thermo Fisher Scientific Inc, 

Waltham, MA) Fluorometer. 150 bp paired-end reads were sequenced on Illumina HiseqX 

(Illumnia Inc., San Diego, CA). Each sample had a sequencing depth of 20-30 million. RNASeq 

analysis was performed with OneStopRNAseq workflow (61). Paired-end reads were aligned to 

human primary genome hg38, with star_2.5.3a (62), annotated with GENCODE GRCh38.p12 

annotation release 34 (63).  Aligned exon fragments with mapping quality higher than 20 were 

counted toward gene expression with featureCounts_1.5.2 (64). Differential expression (DE) 

analysis was performed with DESeq2_1.20.0 (65). Within DE analysis, 'ashr' was used to create 

log2 Fold Change (LFC) shrinkage for each comparison (66). Significant DE genes (DEGs) were 

filtered with the criteria FDR < 0.05. Gene set enrichment analysis was performed with GSEA 

(67). 

Animal studies:  For the in-vivo metastasis experiment, Tail-vein injection was performed with 

100, 000 cells in 100ul PBS (using a 1 ml syringe and attach a 26-gauge needle) into NSG mice. Mice 

were monitored for 3 weeks, and lung metastasis was measured using the intensity of the 

Bioluminescence signal. Once the mouse started losing weight they were euthanized, and the 
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tumors collected for histological analysis. The mice were divided into 4 groups of 7-8 mice each. 

All mouse procedures were done under the guidance of the University of Massachusetts Medical 

School Institutional Animal Care and Use Committee in accordance with the institutional and 

regulatory guidelines.  

Bioluminescent imaging of tumor cells: The tumor cells were injected on Day 0 and the imaging 

was performed from Day 1 onwards at a frequency of twice a week. In each imaging session a 

total of 150mg of Luciferin per kg body weight was administered via two injections into the 

peritoneal cavity. In this study, animals were imaged 10 minutes after Luciferin injection to ensure 

consistent photon flux. The IVIS Spectrum in-vivo imaging system uses a back-thinned charge 

coupled device cooled to -90°C to achieve maximum sensitivity. The stage is maintained at 

constant temperature of 37°C to maintain body temperature in the animals. The bioluminescent 

signal is expressed in photons per second and displayed as an intensity map. The image display is 

adjusted to provide optimal contrast and resolution in the image without affecting quantitation.  

Analysis of the images: The Spectral Instruments imaging Software also knows as Aura was used 

for the quantification of the bioluminescent signals. Luminescence from the cells was measured in 

the lungs using a ROI tool. Measurement data are displayed in the table that was then plotted in 

prism.  
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CHAPTER IV: DISCUSSION 

Overview 

 

In this thesis, I sought to uncover new factors associated with BCSCs that contribute to the 

aggressive nature of TNBC. To this end, I discovered that TRPC6, a calcium channel, is enriched 

in BCSCs and that it contributes to self-renewal and tumor initiation. More specifically, TRPC6-

mediated calcium signaling influences gene expression changes through pathways distinct from 

the known effects of calcium-dependent NFAT/CREB transcriptional regulation. TRPC6 

suppresses the splicing protein ESRP1, leading to an enrichment of the integrin α6B splice variant 

and subsequent suppression of MYC expression that maintains a quiescent CSC state. This finding 

also highlights a non-genetic mechanism of creating transcriptomic diversity that impacts response 

to therapy. These findings add to the limited understanding of TRP channels in the biology of 

breast cancers. Importantly, TRPC6 has the potential to be a biomarker for CSCs within 

heterogeneous TNBC tumors. My work also established a role for TRPC6 in therapy resistance by 

sustaining persister cells that is linked to its ability to maintain a quiescent CSC state. 

An unexpected observation I made was that inhibition of TRPC6 positively enriches the 

transcriptional signature associated with ferroptosis, an iron-dependent form of cell death. The 

treatment persister cells that express very high levels of TRPC6 are resistant to ferroptosis. In 

pursuit of the mechanism involved, I found that the treatment persister cells resist ferroptosis by 

maintaining high levels of GSH. Ferroptosis is driven by several metabolic processes, including 

glutathione, iron, cysteine metabolism (179, 181), and lipid metabolism (99, 101, 188). My data 

demonstrates that ferroptosis resistant cells reprogram their cysteine metabolism, resulting in a 

reducing environment with GSH levels that sustain GPX4 activity. Specifically, persister cells 
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synthesize GSH mainly from intracellular cysteine biosynthesis, catalyzed by the enzyme CBS 

making them less dependent on extracellular cystine. In contrast, cells that are more sensitive to 

ferroptosis are dependent on extracellular cystine, indicating a metabolic diversity within TNBC 

populations. I also investigated the hypothesis that the unique metabolic adaptation displayed by 

persister cells can be exploited to impede metastasis by targeting TRPC6.  Indeed, inhibition of 

TRPC6 with a small molecule inhibited metastatic colonization in the lungs by inducing 

ferroptosis. These findings add to our current understanding of the role of oxidative stress in 

tumorigenesis.  
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TRPC6 and calcium signaling in breast cancer 

 

Chapter II describes how TRPC6-mediated calcium signaling sustains self-renewal and promotes 

chemoresistant persister cell state in TNBC and maintains treatment persister cells. Previously, 

TRPC6’s role in multi-drug resistance has been observed in Hepatocellular Carcinoma (HCC) 

(189) but the mechanism is not well understood.  These findings bear on the more general issue of 

TPRPC6 and calcium signaling in cancer.  Most studies on TRPC6 have focused on its role in 

podocytes (see Introduction) (119, 190-195). However, its contribution to epithelial cells and 

cancer has not been investigated as intensely.  The existing evidence has revealed that tumor tissues 

exhibit elevated expression of certain calcium channels, particularly TRP channels, compared to 

normal tissue (196).  However, the functional role of these channels in cancer remains unclear. 

Very few studies have rigorously investigated the causal relationship between TRP channels and 

tumor progression, leaving a gap in our understanding. Notably, TRPC6 has been identified as a 

regulator SOCE in triple-negative breast cancers (TNBCs) (44). This finding is significant, as it 

addresses previous debates regarding the potential SOCE function of TRP channels, particularly 

in transformed cells. However, it prompts further inquiry into the downstream consequences of 

TRPC6-driven SOCE maintenance and TRPC6 specificity. Research by Chigurupati et al. revealed 

that hypoxia activates Notch1 signaling, leading to increased levels of TRPC6. This increase in 

TRPC6 boosts intracellular calcium in tumor cells, a key event that is closely associated with the 

activation of the calcineurin NFAT pathway (197). Another study showed, in human glioma cells, 

TRPC6 is essential for regulating hydroxylation, and thus the stability, of Hypoxia Inducible 

Factor-1α (HIF-1α), triggered by the IGF-1R-PLCγ-IP3R pathway (198). Recently, there have 

been more efforts in deciphering the specificity of calcium signaling in cancer and understanding 

its functional role during tumorigenesis. Takahashi et al.  showed that TRPA1-mediated calcium 
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signaling prevents apoptosis-mediated cell death by protecting them against ROS (199). This 

previously unrecognized role of calcium signaling in stress response expands our current 

knowledge and prompts further investigation into its functional roles and underlying mechanisms. 

Understanding the mechanism of contextual utilization of these pathways by tumors is crucial for 

developing effective therapeutics. Tumor progression involves multiple steps and requires 

coordinated efforts from diverse clonal populations to overcome various limitations, including 

those imposed by growth and environmental stresses such as hypoxia, nutrient deprivation, and 

chemotherapy. In that context, Greg Semenza’s lab showed that in fact calcium mediated signaling 

enriches for stem cells in breast cancers upon chemotherapy treatment (66). My findings build 

upon these studies by demonstrating that TRPC6-mediated calcium signaling maintains a 

quiescent treatment persister state through MYC suppression.  

Splicing: Developmental mechanism to generate transcriptomic heterogeneity 

 

A major finding in this thesis is that TRPC6 regulates alternative mRNA splicing by repressing 

ESRP1. Alternative splicing enables a single gene to produce multiple protein isoforms through 

the selective inclusion or exclusion of exons and introns. This process contributes to significant 

transcriptomic and proteomic diversity. Several studies have elucidated that alternative splicing is 

dysregulated in almost all types of cancer (200). In fact, this dysregulation directly affects 

numerous cellular processes, many of which correspond to the hallmarks of cancer, including the 

evasion of apoptosis, tissue invasion, metastasis, altered cellular metabolism, genome instability, 

and drug resistance. Alternative splicing is a complex process orchestrated by the spliceosome; a 

sizable molecular machine made up of units called small nuclear ribonucleoproteins (snRNPs). 

These units, named U1, U2, U4/6 and U5, work alongside over 150 additional proteins to 
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accurately identify and splice specific sites within the pre-mRNA (201, 202). This intricate system 

ensures that a single gene can give rise to multiple protein variants, enhancing cellular diversity. 

Mutations, mostly those that are Loss-of-Function (LoF) types, occurring mostly in the genes of 

the A, C and U2 complexes, Serine and arginine-rich (SR) proteins, and heterogeneous nuclear 

ribonucleoproteins (hnRNPs) are significant contributors to cancer development. A 

comprehensive study across 33 cancer types identified 119 splicing factor-related gene mutations 

as likely oncogenic drivers (203). Most hotspot mutations affected the core components of the U2 

complex— splicing factor 3b subunit 1 (SF3B1) and U2 small nuclear RNA auxiliary factor 1 

(U2AF1)—and the splicing factor serine and arginine rich splicing factor 2 (SRSF2). For instance, 

the SF3B1K700E mutation impairs the recognition of intronic branch point sequences, causing 

shifts in 3′ splice site selection (204, 205). This mutation, notably, results in amplified Notch 

pathway activity due to the production of a different Dishevelled segment polarity protein 2 

(DVL2) splice variant (206).   

 My findings on TRPC6 and mRNA splicing are best discussed on the context of cellular plasticity. 

Cellular plasticity, especially the ability of tumor cells to change from one type to another—a 

process known as trans-differentiation—is crucial for cancer development and progression. The 

epithelial-to-mesenchymal transition (EMT) is a key example, where cells lose their epithelial 

characteristics and gain mesenchymal traits, facilitating tumor cell migration and invasion. 

Alternative splicing plays a key role in EMT, influencing various levels of this transition. Research 

has uncovered specific alternative splicing patterns linked to the EMT in breast cancer (135, 207). 

A set of 25 alternative splicing events was identified, marking tumors with significant EMT 

activity. Several studies have focused on the role of specific splicing factors and alternative 

splicing events in controlling the epithelial-to-mesenchymal transition (EMT). Factors such as 
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ESRP1, hnRNPM, serine and arginine rich splicing factor 1 (SRSF1) and RNA binding fox-1 

homolog 2 (RBFOX2) are linked to EMT processes. ESRP1 regulates a splicing pattern unique to 

epithelial cells and is reduced by EMT activators Zeb1 and Snail. It has been found that ESRP1 

and hnRNPM oppositely affect splicing during EMT, leading to changes that promote an EMT-

related splicing pattern. For instance, ESRP1 affects the splicing of the TCF4 gene, resulting in a 

variant that reduces Wnt signaling activity that is crucial for the epithelial trait (208). RBFOX2, 

which increases with EMT, regulates splicing events associated with the mesenchymal state (72, 

209-212).  

Recent studies suggest that dysregulated alternative splicing fosters conditions that enhance tumor 

heterogeneity and cellular plasticity, which are key factors influencing a patient's response to 

therapy. For instance, in case of colorectal cancer, there are four molecular subtypes (CMSs). Gene 

expression patterns, specifically deregulation of transcript variants, have been successful at 

identifying high-risk subgroups within colorectal cancer. This shows the alternative splicing could 

serve as a prognostic tool, particularly within high-risk categories (213). RAC1B splice variants 

acts a marker for a particular colorectal cancer subgroup, which has poor prognosis and increased 

Wnt signaling activity (214). These insights demonstrate the complex connection between gene 

transcription, splicing events, and cancer progression. In pancreatic cancer research, classifications 

based on alternative splicing have proven to be more reliable in predicting patient survival than 

classifications based solely on gene expression levels (215). It highlights the critical role of 

alternative splicing in identifying key biomarkers and understanding the progression of disease.  

I focused my efforts on understanding the impact of TRPC6-mediated mRNA splicing on the 

splicing of the integrin α6 splice, which is regulated by ESRP1. My results related to cellular 

plasticity because the 6A splice variant is associated with a more differentiated non-CSC state, 
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while the 6B, which is generated by TRPC6-mediated mRNA splicing, is associated with a more 

mesenchymal state, and has a causal role in stemness and in sustaining persister cells.  The depth 

of our RNA-Seq did not allow me to rigorously sequence exon-exon junctions that is necessary to 

effectively quantitate expression of different transcript variants. Thus, I could not capture the 

global effects of modulating ESRP1. However, it is obvious that suppressing a key splicing protein, 

such as ESRP1, would have effects beyond integrin 6. Failing to consider the broader 

downstream consequences of this suppression is a significant limitation of this study. Figure 3.2 

shows that p27high persister cells have very little ESRP1 and p27low has high levels of ESRP1. This 

system offers an unbiased approach to examine transcriptomic heterogeneity influenced by 

ESRP1, providing further insight into inherent transcript variation between the two populations 

(chemosensitive vs chemoresistant). These findings are crucial for gaining a comprehensive 

understanding of the tumor, enabling better prediction of the functional roles of clonal populations.  

It is also worth discussing the role of alternative mRNA splicing in regulating cellular metabolism 

and promoting survival and fitness of cancer cells.  Alternative splicing plays a crucial role in 

regulating nutrient metabolism through the mammalian target of rapamycin complex 1 

(mTORC1), a key factor in cell growth and the synthesis of nucleotides, proteins, and lipids. This 

process controls the activity of protein S6 Kinase (S6K), which exists in two isoforms with 

opposite effects on mTORC1: one inhibits mTORC1, while the other activates it, enhancing its 

cancer-promoting actions. The splicing of S6K is regulated by SRSF1, which in turn influences 

mTORC1 activity. This relationship underlines the significant role of this splicing process in 

cellular metabolism and its potential as a therapeutic target (216).  

Historically, ESRP1 in breast cancer has been linked with EMT, showing specifically how high 

ESRP1 levels enrich for epithelial specific transcript variants. Beyond the canonical targets of 
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ESRP1-mediated alternative splicing, there have been reports that ESRP1 can alternatively splice 

metabolic genes in certain contexts as seen in ER+ breast cancer model (217). Thus, our data 

introduces a novel concept of how a calcium channel drives functional heterogeneity and maintains 

stem-like state through mRNA splicing. TRPC6’s ability to orchestrate a differential splicing 

pattern highlights an underappreciated role of generating novel transcriptomic diversity through 

non-genetic mechanisms. Considering the role of tumor heterogeneity in predicting clinical 

outcome of TNBC, we need to investigate all the roads that generate transcriptomic diversity in 

malignant cells.  

 

Therapy persister cells: Nature and Mechanisms 

 

In this thesis, I have demonstrated a novel mechanism of therapy resistance in TNBC. The TRPC6-

mediated suppression of ESRP1 is crucial to suppress MYC downstream, consequently promoting 

chemoresistance. Further investigations revealed that cells resistant to paclitaxel, characterized by 

high TRPC6 levels, can be sensitized to chemotherapy by overexpressing ESRP1. ESRP1 is known 

to preferentially enrich for transcripts that are associated with a more differentiated cell type. This 

poses a critical question of what the nature is of the treatment persister cell population that has a 

unique profile of high TRPC6 and low ESRP1 expression.  

To this end, we examined expression of genes that are established markers of the epithelial and 

mesenchymal state. Inhibition of TRPC6 in these stem-like populations did not completely cause 

a reversion of the cell type from one (mesenchymal) to the other (epithelial); in fact, they retained 

markers of both. This brings us to explore the idea that the TRPC6high stem-like treatment persister 
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cells are in somewhat of a hybrid epithelial and mesenchymal state (E/M). Recent studies have 

increasingly highlighted the presence of a hybrid E/M state in cancer cells, particularly in breast 

cancer. Initial work on EMT painted a black and white picture of loss of epithelial and gain of 

mesenchymal markers induced by major players such as TGF-beta (73). Most of these experiments 

were performed in-vitro and in certain genetic mouse models of breast cancer in-vivo (MMTV-

PyMT, and Neu) (218). Weinberg’s group characterised this hybrid E/M cell state using their 

human mammary epithelial (HMLER) cell culture model (219). These cells were transformed with 

SV40, and HRASV12 oncogene and hTERT for immortalization (126). Several others have since 

then implicated that hybrid/partial EMT cells promote aggressive traits such as chemoresistance 

and metastasis.  

To us, this concept of a hybrid E/M state is further emphasized by a recent study, Pitaressii et al., 

where they observed that calcium signaling promotes an E/M state (114). In a pathological context, 

recent work by Augimeri et al. analyzed patient samples from TNBC that have shown therapy 

resistance and metastasis. Their study revealed breast cancer cells with the markers of 

mesenchymal stem cells as well as epithelial state in the samples that have recurrence and/or 

metastasis (220). This clinical evidence further solidifies our inquisition as to whether the TRPC6-

mediated treatment persister cells are in a hybrid E/M state. Preliminary analysis of the gene 

expression levels of different epithelial and mesenchymal markers showed enrichment in the 

TRPC6high stem-like population (data include in appendix). Besides gene expression analysis, it is 

essential to observe staining patterns of the epithelial and mesenchymal markers on the treatment 

persister cells. Visualization of these epithelial and mesenchymal markers by immunofluorescence 

on tumor cells is a more accurate way of determining their cell state.  
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It is also important to note that my study has only addressed the mechanisms of pre-existing 

treatment resistant populations. Multi-omics approaches provide valuable insights into resistance 

mechanisms, capturing both pre-existing and acquired resistance (221, 222). These methods offer 

understanding not only of chemoresistance but also of resistance to targeted therapies. For 

instance, Tyrosine Kinase Inhibitors (TKIs) have notably improved the mortality rate in EGFR-

driven lung adenocarcinoma. However, long-term efficacy is reduced due to the emergence of 

acquired resistance to these TKIs. Katerina Politi’s group adopted a systematic approach to 

identify markers and mechanisms of acquired resistance.  Exome sequencing of the resistant clones 

did not reveal any significant mutational signature, specifically not on EGFR, which could have 

explained the emergence of TKI resistance. Thus, they could completely rule out genetic 

mechanisms but instead turned their focus on epigenetic mechanisms. There have also been reports 

that inhibition of the histone demethylase KDM5A can limit the growth of TKI resistant 

populations (223). Combining RNA-Seq with ATAC-Seq revealed a distinct signature of open 

chromatin regions shared amongst the resistant clones mechanistically driven by the SWI/SNF 

complex in creating the resistant state (224). The epigenetic mechanisms underlying global 

resistance in breast cancer are not extensively studied. In my thesis, I have discovered that calcium 

plays a central role in promoting resistance (BAPTA data on Cal51-R). Recent studies have 

elucidated potential roles of calcium signaling in epigenetic modulation, that is driven by calcium-

dependent activation of Protein Arginine Deiminase 2 (PAD2) enzyme that citrullinates histone 

arginine residues (225). Thus, it would be exciting to perform a similar assay for transposase-

accessible chromatin with sequencing (ATAC-Seq) to look at resistant and sensitive population 

with and without BAPTA treatment. Overall, this highlights our limited understanding of 

treatment-resistant populations and their unique adaptations that promote survival.   
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In this study, I delineate how TRPC6-induced chemoresistance in TNBC is driven by a mechanism 

of MYC suppression. This observation bears resemblance to a developmental process known as 

embryonic diapause that is also caused by MYC suppression (226). This pathway seems to be 

exploited by TNBC to promote chemoresistance. Cancer cells often hijack developmental 

pathways during tumorigenesis, and my study highlights yet another instance of this similarity, 

which likely impacts clinical outcomes. Given that embryonic diapause state is marked with 

suppressed activity of biosynthetic and bioenergetic processes, it will be interesting to look at the 

metabolic landscape of resistant cells. Such information will help identify the unique metabolic 

adaptations in these aggressive populations and reveal therapeutic targets.  

Metabolic adaptations during tumorigenesis 

 

Metabolic reprogramming is fundamental to both tumorigenesis and therapy resistance. My data 

indicates that treatment persister cells utilize intracellular cysteine pools to generate GSH, which 

shields them from oxidative stress and enhances survival during challenging conditions such as 

chemotherapy and dissemination.  

As expected, a growing tumor has very high demands for bioenergetics and macromolecules. It is 

known that tumor cells reprogram modes of nutrients acquisition and metabolism to provide 

macromolecules and energetic equivalents to support tumor growth. The reprogramming of core 

nutrient metabolism has been recognized as a hallmark of cancer (227). Although most of cancer 

research has focused on discovering oncogenes and then tumor suppressors, tumor metabolism is 

the oldest area of cancer research.  
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The underlying goal of metabolic rewiring in cancer is to improve cell fitness and aid in 

tumorigenesis. There are distinct challenges at different stages of tumor development. These 

metabolic pathways aim to support two activities overall - cell survival during stressful conditions 

and provision of macromolecules and energetics to support the growth of a tumor. Warburg effect, 

also known as aerobic glycolysis, serves as an exemplary illustration of metabolic pathway 

reprogramming in cancer. Otto Warburg's observations in the 1920s revealed that tumor slices and 

ascites cancer cells consistently metabolize glucose and generate lactate irrespective of oxygen 

levels (228). This increase in glycolysis supplies intermediates into other pathways such as 

Tricarboxylic Acid (TCA) cycle and Pentose Phosphate Pathway (PPP) which are essential for 

synthesis of fatty acids, proteins, and nucleotides. Their integration into biosynthetic pathways 

necessitates the replenishment of carbon to sustain intermediate pools. Hence anapleurotic 

pathways play a crucial role in cancer maintain a steady supply of substrates for the major anabolic 

pathways (229-233). 

Oncogene driven metabolism: Following stimulation by growth factors, normal cells initiate the 

activation of Phosphatidylinositol 3-kinase (PI3K) and its downstream pathways, including AKT 

and mTOR. This cascade promotes an extensive anabolic program characterized by increase in 

glycolytic flux and fatty acid synthesis, facilitated by the activation HIF-1 and Sterol regulatory 

element binding protein (SREBP), respectively (234). Conversely, tumor cells frequently harbor 

mutations that confer the PI3K-AKT-mTOR network with the ability to sustain elevated signaling 

levels independently of extrinsic growth factor stimulation (235). Within this network lie 

numerous extensively studied oncogenes and tumor suppressors, with the aberrant activation of 

this pathway representing one of the most prevalent molecular alterations observed across a 

spectrum of cancer types. Another frequently dysregulated pathway in cancer involves the 
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acquisition of MYC gain of function through mechanisms such as chromosomal translocations, 

gene amplification and single-nucleotide polymorphisms. MYC upregulates the expression of 

numerous genes implicated in anabolic growth, encompassing transporters and enzymes 

associated with glycolysis, fatty acid synthesis, glutaminolysis, serine metabolism and 

mitochondrial metabolism (236-240). In 50% of human cancers, the TP53 gene, encoding the p53 

protein, undergoes mutation. Conventionally, p53's tumor-suppressive capabilities are attributed 

to its roles in overseeing DNA repair, orchestrating cell cycle arrest, inducing senescence and 

instigating apoptosis. However, recent inquiries propose a departure from this conventional 

understanding, suggesting that p53's tumor-suppressive actions may extend beyond its classical 

functions. Instead, emerging evidence indicates a significant involvement in the regulation of 

metabolism and oxidative stress (91, 241). Notably, the absence of functional p53 results in an 

augmented glycolytic flux, thereby promoting anabolic processes and sustaining redox 

equilibrium—both critical in fostering tumorigenesis (242). Thus, oncogenic signaling aids to 

tumor growth by reprogramming metabolic pathways that supply macromolecules and energetics.  

Tumor metabolism reprogramming to support high biosynthesis demands: Anabolic 

pathways are the backbone of tumorigenesis and tumor metabolism, facilitating the synthesis of 

macromolecules essential for cell division and tumor progression. Typically, these pathways 

involve the uptake of basic nutrients, such as sugars and essential amino acids, from the 

extracellular environment. Subsequently, these nutrients undergo conversion into biosynthetic 

intermediates through core metabolic pathways including glycolysis, PPP, TCA cycle and 

nonessential amino acid synthesis.  

Protein biosynthesis is intricately regulated and requires both essential and nonessential amino 

acids. In response to growth factor signaling, cancer cells and other cell types, take up amino acids 
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from the extracellular environment (243). This step is crucial as it contributes to the activation of 

the mTOR signaling pathway, particularly mTORC1. Activation of mTORC1 is triggered by the 

availability of amino acids, thereby initiating protein synthesis by influencing translation and 

ribosome biogenesis (244). The bulk of nonessential amino acids are generated via transamination 

reactions, wherein the amino group is transferred from glutamate to a ketoacid. Tumor cells show 

dependence on glutamine, which also shows increased uptake. The enzyme mitochondrial 

amidohydrolase glutaminase catalyzes the conversion of glutamine to glutamate (245). This 

glutamate pool acts as a source for the synthesis of non-essential amino acids in the tumor cells.  

mTORC1 stimulates both the uptake of glutamine and the activity of glutaminase, ensuring a 

sufficient supply of glutamate Additionally, when the intracellular glutamine reservoir exceeds 

cellular requirements, glutamine is exported in exchange for essential amino acids, thereby 

activating mTORC1 activity that feeds back into protein synthesis (246).  

Fatty acid synthesis: Due to the rapid cell proliferation that requires membrane biosynthesis, 

tumor cells upregulate fatty acid synthesis and consequent cellular signaling pathways to support 

that. This process requires acetyl-CoA and reducing power, typically supplied by cytosolic 

NADPH. In most cultured cells, glucose serves as the principal source of acetyl-CoA for fatty acid 

synthesis (247, 248). However, in scenarios where access to glucose-derived acetyl-CoA is 

constrained by factors such as hypoxia or mitochondrial dysfunction, alternative carbon sources 

such as glutamine and acetate have been shown to serve as viable alternatives (249-252). Recent 

isotopic tracing experiments aimed at assessing cytosolic NADPH pools suggest that the 

predominant source of NADPH utilized for fatty acid synthesis originates from the PPP (253, 254). 

SREBP-1 transcription factor is the master regulator of genes involved in fatty acid synthesis 

(255). SREBP-1 not only oversees the expression of enzymes responsible for the conversion of 
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acetyl-CoA into fatty acids but also the regulation of enzymes within the PPP and pathways 

involved in the conversion of acetate and glutamine into acetyl-CoA (256). During periods of lipid 

abundance, SREBP-1's transcriptional activity is repressed through its retention within the ER. 

Conversely, in instances of sterol depletion, proteolytic cleavage liberates the transcriptionally 

active domain, allowing it to translocate to the nucleus and bind to sterol response elements within 

the promoters of lipogenic genes (257). Cancer cells that have an unusually high demand for fatty 

acid synthesis find ways to activate SREBP-1. Beyond this, cancer cells also uptake fatty acids 

and lipids from the microenvironment to meet the biosynthetic demands. The PI3K-AKT pathway 

stimulation drives this pool towards lipogenesis and away from beta-oxidation. This describes an 

instance when the cells prioritize biosynthesis over energetics (258). This process becomes 

particularly important during times of metabolic stress, when cells struggle to meet the increased 

demands for building materials driven by oncogenes.  

Nucleotide biosynthesis, such as purines and pyrimidines biosynthesis, are the basis of cell 

division which is further exacerbated in tumor cells. The process of synthesizing the 

phosphoribosyl amine backbone of these molecules begins with ribose-5-phosphate, an 

intermediate of the PPP, via an amide donation reaction involving glutamine as a substrate (259). 

Following this, purine and pyrimidine bases are synthesized from various nonessential amino acids 

and methyl groups derived from the one-carbon/folate pool. Moreover, the TCA cycle contributes 

oxaloacetate, which undergoes transamination to produce aspartate, an essential intermediate for 

the synthesis of both purine and pyrimidine bases. After this process, ribonucleotides are converted 

to deoxynucleotides by ribonucleotide reductase, requiring a source of NADPH. Robust 

mechanisms of feedback inhibition are extensively documented to regulate nucleotide 

accumulation, thus averting excessive levels. It is evident that nucleotide biosynthesis represents 
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a vulnerable point in cancer cells, as nucleoside analogs and antifolates have been fundamental 

components of chemotherapy treatments for many years (260).  

Overall, these findings summarize how cancer cells tailor their metabolic processes for various 

essential functions, such as biosynthesis, energy production, and generating reducing agents to 

counteract oxidative stress. My findings contribute a new perspective to this adaptability, 

highlighting metabolic diversity within TNBC. Specifically, I demonstrate that treatment persister 

cells uniquely adjust their cysteine metabolism to enhance their glutathione levels, in contrast to 

other tumor cells. This observation also tells us that cancer cells have metabolic plasticity - 

depending on the environmental conditions and demands, it can utilize metabolite pools differently 

to achieve different functions. The overall goal is always to increase fitness in terms of survival or 

support exponential growth.  

These basic discoveries in the field of tumor metabolism have been made possible primarily due 

to the emergence of technology allowing for precise measurements of metabolites. Scientists 

approach this in two ways - metabolomics, which gives a broad measurement of the metabolite 

abundance, and metabolic flux, which gives information about the activity of that particular 

pathway (261). Metabolomics primarily employs Mass Spectrometry (MS) and Nuclear Magnetic 

Resonance (NMR). Metabolic flux analysis requires the following 13C, 15N and 2H isotope tracers 

which are usually made available to the cells as a nutrient source (such as 13C-glucose). The 

metabolites from those cells are then measured similarly by MS and NMR. This allows us to trace 

that isotope to different metabolites. Using the quantification from MS or NMR, we can now infer 

activity of the respective pathways. However, considering the radioactive nature of these flux 

experiments, they are usually limited to in-vitro systems.  
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Recent studies have started utilizing stable isotopes to explore metabolism within intact tumors. 

These isotopes, as they do not undergo radioactive decay, are safe for administration to both 

animals and human subjects. Administration of 13C-labeled nutrients systemically, either through 

boluses or continuous infusions, has been found to result in significant labeling of glycolytic and 

TCA cycle intermediates within tumors. For instance, in mice with orthotopic transplants of high-

grade human gliomas, continuous infusion of 13C-glucose led to steady-state labeling of 

metabolites from the TCA cycle within the tumor, allowing for the evaluation of various metabolic 

pathways (262). Combining metabolomics and metabolic flux analysis with functional genomics 

helps pinpoint and comprehend metabolic weaknesses in cancer cells.  

Oxidative stress and ROS: Is it good or bad for tumor progression? 

 

A clinically significant discovery from this thesis is that treatment persister cells exhibit protection 

against ROS, facilitated by TRPC6. This channel maintains high levels of GSH to counteract 

oxidative stress, promoting cell survival under stressful conditions. Our findings suggest that ROS 

can exert an anti-tumor effect, while aggressive populations employ antioxidant mechanisms to 

overcome it. This contradicts the conventional notion of ROS primarily promoting aggressive traits 

and aiding in tumorigenesis. 

Traditionally, ROS were regarded as a toxic metabolic byproduct stemming from cellular 

respiration and protein folding. Contrary to that, research conducted over the last two decades have 

revealed a previously underestimated function of ROS in cellular signaling. At minimal 

concentrations, ROS promotes cell proliferation and aiding cellular adaptation to metabolic 

challenges by reversible oxidation of the cysteine residues on proteins (263). However, if when 

ROS levels are high, it gets converted to OH· which leads to cell death due to macromolecular 
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damage. To prevent cell death from cancer, cells often upregulate ROS neutralizing enzymes, 

which is contrary to what cancer biologists initially thought. To the extent that antioxidants were 

considered as a feasible therapeutic approach in cancer patients. One example is cancer cells 

enhancing their antioxidant capacity by activating the transcription factor NRF2 (96, 264, 265). 

Upon activation, NRF2 stimulates the transcription of numerous antioxidant proteins, such as 

GPXs and Thioredoxins (TXNs), along with enzymes responsible for GSH synthesis and the 

import of cysteine via the cysteine/glutamate antiporter. These basic findings suggest that 

maintenance of Redox homeostasis is essential during tumorigenesis, and it can achieve different 

functions at different levels. These studies highlight a key double-edged sword property of ROS 

in tumorigenesis - they can be both pro and anti-tumorigenic depending on the amount of ROS 

and other environmental conditions (such as chemotherapy, dissemination, and starvation). 

Tumors utilize it differently at different stages of growth. In the initial stages, limited ROS pools 

trigger signaling pathways that indeed promote growth and migratory behaviors.  

Metastatic cascade and the metabolic challenges 

 

Metastasis is the single most aggressive characteristic of tumors that drives most of the cancer-

associated mortality rates. Breast cancers, specifically TNBC, show a high incidence rate of 

metastasis to lungs, brain, and liver. Although this results in lethal outcome, it is a very inefficient 

process by which only a fraction of cells that start the process successfully colonize the distant 

sites. Metastasis is a multi-step process involving cancer cells leaving the primary tumor, entering 

the bloodstream and lymphatic system, and finally colonizing the distant organ. Thus, the cancer 

cells traverse through diverse metabolic environments both in time and space compared to the 

primary site. Circulating tumor cells (CTCs) in blood with abundant oxygen and iron encounter a 
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huge oxidative stress pressure (97, 266). This observation contradicts the initial dogma in the field 

that overwhelming increase in ROS induces migratory behaviors and enables metastasis (263, 

267). There have been recent studies in mouse models of cancer that support the new paradigm 

that ROS limits metastasis (183). Supplementation of antioxidants like N-acetylcysteine, vitamin 

E and certain dietary compounds (such as vitamin C, β-carotene, retinyl palmitate and 

canthaxanthin) promotes metastasis in mouse models of KRAS-driven lung cancer metastasis and 

BRAFV600E-driven melanoma (268, 269). As we have discussed, ferroptosis mediated cell death 

is caused by overwhelming phospholipid membrane peroxidation that requires iron and ROS. 

Taking this in context of the metabolic vulnerabilities of metastatic cells, strengthens our approach 

of impeding metastasis of breast cancer cells by inducing ferroptosis.  

Novel methods of targeting aggressive traits of breast cancer 

 

There has been a justified huge interest in immunotherapy. Immunotherapy has the potential to 

completely abolish recurrence or even metastasis by educating the immune system (specifically T 

clls) that are poised to mount an immune response specifically to the cancer cells (270). Thus, 

ideally, they should be able to remove the residual cells after conventional therapy as well as from 

metastatic sites (271). Unfortunately, attempt to enhance anti-tumor immunity using checkpoint 

blockade anti-PD-1 has proven to be insufficient. Most times, tumors are immunologically cold 

and do not present enough antigens for immune cells to mount a response (272). In other cases, 

even though the initial anti-PD-1 treatments mount an immune response, chronic stimulation leads 

to exhaustion of the effector T cells (273). Specifically for breast cancer, immunotherapy has not 

been a successful avenue as evident from the mortality rates associated with resistance and 

metastasis (274).  
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The metastatic process remains poorly understood. It remains unclear whether any cell in the tumor 

can metastasize successfully, or if there are pre-existing clones that are better equipped to colonize 

distant sites. It is evident that cells with plasticity to adapt and rewire their signaling pathways and 

metabolic pathways would successfully colonize distal sites. We also understand now that ROS is 

limiting for the metastatic process and utilization of pro-oxidant approaches to kill metastatic cells 

have been employed. Within this context, ferroptosis is considered a promising strategy for 

targeting aggressive, metastatic cancer cells due to the inherent protection against ferroptosis in 

normal cells. This selectivity presents an opportunity for therapies that can specifically target 

cancer cells. Nevertheless, the implementation of such targeting strategies is complex. Effective 

therapeutic application of ferroptosis inducers requires the identification of specific biomarkers 

for the cancer type in question. Following biomarker identification, the delivery of ferroptosis-

inducing drugs through antibodies targeted to the tumor must be accomplished. However, the 

process of targeting tumors with antibodies is inefficient (275). The antibodies must have very 

high affinity and specificity for the tumor to avoid unintended effects on normal tissue that could 

lead to severe consequences. Additionally, there is the challenge of optimal drug concentrations; 

while normal cells are usually resistant to ferroptosis, the drug concentrations used in animal 

studies could potentially cause acute inhibition of GPX4 (an enzyme that protects cells from 

oxidative damage) and lead to harmful side effects in normal cells. This delicate balance highlights 

the complexities of using ferroptosis as a therapeutic approach and necessitates further research to 

refine these strategies for clinical use (276). 

Another important aspect to consider is the effect of ferroptotic drugs on immune cells. Research 

from Kim et. al. demonstrates that ferroptosis in Pathologically activated Neutrophils (PMNs), 

termed Myeloid-Derived Suppressor cells (PMN-MDSCs) within the TME results in greater 
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immunosuppression by transforming non-suppressive neutrophils into suppressive ones. This 

process is linked to an increased release of immunosuppressive molecules like Prostaglandin E2 

(PGE2), which impairs T cell function, creating an immunosuppressive environment for the tumor 

(277). In a different study Yang et. al., looked at the diversity of ferroptosis traits in TNBC through 

multiomics analysis, showing that the luminal androgen receptor (LAR) subtype's vulnerability to 

ferroptosis via GPX4 inhibition. Their most significant finding was GPX4 inhibition not only 

induces tumor cell death but also bolsters antitumor immunity. Furthermore, it emphasizes the 

therapeutic effectiveness of pairing GPX4 inhibitors with anti-PD1 immunotherapy, suggesting a 

potent treatment strategy for TNBC (278). Thus, the effect of ferroptotic drugs on the immune 

system is unclear. This brings up a crucial problem in modeling tumors in-vivo. In this study we 

used PDX xenograft or TNBC cell lines in immunocompromised mice which fails to address how 

immune cells are being impacted during tumorigenesis or even by our drug treatments such as BI 

or IKE. In pancreatic cancer, tumor-associated macrophages have been implicated in promoting 

resistance to gemcitabine. These macrophages increase the expression of cytidine deaminase 

(CDA), an enzyme that deactivates gemcitabine, thus rendering it ineffective against tumor cells 

(279). Thus, it would be inaccurate to discount the role of an immunocompetent microenvironment 

in therapy resistance and metastasis.  

The use of animal studies to model cancer and test therapies presents significant challenges. When 

tumors are modeled in immunocompromised mice, we fail to account for the critical interactions 

between tumor cells and the immune system that can influence both immune cell function and 

tumor growth, which can greatly influence both immune cell behavior and tumor development. 

The significance of immune-competent models in cancer research is supported by findings from 

the Agudo lab. Their work with a transgenic mouse model, featuring Jedi T-cells targeting GFP-
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labeled tumor cells, showed that quiescent stem-like tumor cells could evade destruction by 

activated T-cells (280). While syngeneic models shed light on tumor-immune interactions, they do 

not capture the genetic complexity found in human cancers. On the other hand, xenografting 

patient-derived organoids (PDOs) into humanized mouse models can encompass the genetic 

diversity pertinent to human conditions. Choosing the optimal model is not straightforward but it 

is essential for identifying viable therapeutic targets. Data from our PDX mouse models of breast 

cancer are able to capture the complexity of human breast tumors. This provides a strong basis for 

targeting TRPC6 to counteract tumor intrinsic mechanisms of chemoresistance. 

  



130 

 
 

Concluding Remarks 
 

In my thesis, I adopted an unbiased approach to uncover novel proteins implicated in stemness and 

chemoresistance. Among these proteins, I identified TRPC6, a calcium channel crucial for 

maintaining stemness in TNBC. Given the high incidence of therapy resistance in TNBC, 

particularly associated with stem cells, I explored the relationship between TRPC6 and treatment 

persistence. Here I have shown that TRPC6-mediated calcium signaling suppresses the splicing 

protein ESRP1. This suppression by TRPC6 sustains the expression of the integrin α6B splice 

variant. Furthermore, my findings demonstrate the causal role of TRPC6 in promoting resistance 

to Paclitaxel. Utilizing a PDX model of TNBC, I show that inhibiting TRPC6 in combination with 

Paclitaxel significantly reduces tumor growth. Mechanistic insights provided in my thesis offer 

efficient ways to target treatment persister cells that drive recurrence and relapse.   

In Chapter II, the thesis delineates a pathway whereby TRPC6-mediated activation of TAZ induces 

a quiescent state, presenting a paradox to the established view that activation of the Hippo pathway 

effector proteins YAP/TAZ typically promotes a proliferative phenotype. This observation raises 

a critical question: how can these findings be reconciled with the known functions of YAP and 

TAZ in cellular processes, including tumorigenesis and development? Indeed, YAP and TAZ are 

pivotal in regulating diverse cellular functions and have been implicated in both the promotion of 

stemness in triple-negative breast cancer and various other cellular outcomes in different cancers. 

This divergence in function following YAP/TAZ activation may be attributable to the mode of 

upstream activation. For instance, besides LATS, which is a well-recognized inducer of YAP/TAZ 

inactivation, non-canonical pathways exist that can activate YAP/TAZ independent of LATS also 

exist. A study by Dupont et. al., presents significant insights into the activation mechanisms of 
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YAP and TAZ independent of LATS. Particularly, they showed that ECM stiffness emerges as a 

crucial physical factor in the activation and localization of YAP and TAZ, with stiffer 

environments promoting activation and nuclear presence of these regulators (141, 281). Given the 

various methods of activating TAZ, it's possible that each specific way of turning it on affects 

downstream consequences of YAP/TAZ activation differently, thus explaining the phenotypic 

diversity observed downstream. In my experimental model, I have noted that TRPC6 activates 

TAZ via a Rho-dependent mechanism that involves contractility. Thus I speculate whether the 

effects of TAZ are not merely due to its activation but it is worth looking at the context and manner 

of this activation while analyzing downstream effects. 

Further complexity arises from the interaction of TAZ with gene regulatory elements. When TAZ 

forms complexes with TEAD and binds to gene regulatory elements, it can either induce or repress 

gene expression. Interestingly, genome-wide association studies suggest that YAP/TAZ 

predominantly binds to enhancer regions, which interact with AP-1 complexes to modulate gene 

expression, typically enhancing it. However, TAZ is also capable of binding near or at promoters, 

potentially exerting repressive effects on gene expression. This duality hints at a regulatory 

flexibility where enhancer binding might represent TAZ's primary function, but under conditions 

of acute activation, TAZ might bind to promoter sites, leading to gene repression and inducing a 

quiescent state. 

Such hypotheses about the regulatory mechanisms of TAZ suggest that further genome-wide 

studies, such as Cut and Tag or Hi-C, under varying conditions of upstream activation or with 

mutants like constitutively active TAZ (4SA-TAZ), are essential to elucidate the specific patterns 

and conditions that determine whether YAP/TAZ activation leads to gene expression induction or 
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repression. This approach will provide deeper insights into the complex role of YAP/TAZ in 

cellular physiology and pathology. 

In the mechanistic exploration of TRPC6-mediated signaling pathways detailed in this dissertation, 

it is crucial to recognize the involvement of key factors such as MYC, which plays a significant 

role in tumorigenesis. Notably, in several cancers characterized by MYC-driven mechanisms, 

patients typically exhibit poor prognosis. However, our findings diverge from the expected role of 

MYC, as we demonstrate that its suppression is instrumental in promoting a lethal, treatment-

resistant phenotype in our models. Importantly, while MYC is recognized as one of the Yamanaka 

factors that enhances stemness (282)—a feature supported by extensive literature indicating MYC 

enrichment in cancer stem cell populations—our data present a paradox. We observe a suppressed 

MYC signature in quiescent, stem-like cells within triple-negative breast cancer models discussed 

in Chapter II, raising questions about the role of MYC in maintaining stemness in this context. 

To elucidate this inconsistency, it becomes essential to dissect the tumor-initiating, stem-like 

population at the single-cell level and to employ unbiased pathway enrichment analyses to examine 

how these characteristics distribute within stem-like populations. Indeed, seminal research by John 

Dick’s lab on acute myeloid leukemia (AML) using sc-RNA Seq revealed the presence of two 

distinct stem-like populations: one proliferative and the other slow-cycling and quiescent. 

Similarly, recent work by O'Connor et. al. mirrored these findings in T-cell acute lymphoblastic 

leukemia (T-ALL). He identified a subpopulation of leukemia-initiating cells (L-ICs) that exhibit 

chemotolerance and are linked to relapse. Utilizing sc-RNA Seq and nucleosome labeling, they 

discovered that this specific subset possesses a restricted cell cycle profile, expresses stemness and 

quiescence genes, and expands during leukemia progression, contributing to minimal residual 

disease (283).  
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Integrating these insights, our analysis suggests that in the quiescent stem-like populations we 

study, TRPC6 mechanistically suppresses MYC. This finding has significant clinical implications, 

providing mechanistic insights into an aggressive, treatment-persistent population and offering 

novel strategies for targeting these cells to enhance their responsiveness to therapeutic agents. 

Ultimately, our model highlights the dual roles of tumorigenic factors such as MYC and TAZ, 

underscoring the necessity to dissect their functions across various clonal tumor populations rather 

than considering them in aggregate.  

The optimal strategy to validate our findings involves implementing a single-cell approach on 

TNBC PDX tumors, categorizing them into cohorts that are either treatment-naive or subjected to 

short-term treatment with BI and PTX. This experimental design would require careful 

optimization of treatment durations to capture the clonal dynamics over time, ensuring that cellular 

viability is maintained for sequencing. This methodology would facilitate a comprehensive 

analysis of the clonal populations in the PDX. It would allow for the identification of distinct 

populations and using pathway enrichment analyses to ascertain whether the TRPC6-mediated 

signaling pathway is preferentially active in a slow-cycling population marked by high TAZ and 

low MYC transcriptomic signatures. By confirming these mechanistic details, such an approach 

would not only corroborate the findings presented in our study but also expand our understanding 

of whether targeting this pathway could be leveraged for therapeutic advantage.  

Moreover, identifying this pathway and its key players, along with their transcriptomic signatures, 

could aid in the identification of patients likely to exhibit resistance mediated by these pathways. 

Achieving this would require a comprehensive approach, involving single-cell sequencing of 

TNBC PDX  and applying deconvolution analyses to resolve bulk-sequencing data from patient 
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tumors at a quasi-single-cell resolution. This approach could be instrumental in pinpointing 

reliable biomarkers for patients predisposed to poor outcomes, recurrence, and relapse. 

One of the key findings in Chapter III, is how treatment persister cells utilize trans-sulfuration 

(TSS) pathway to drive GSH that has a causal role in promoting survival under oxidative stress. 

Thus, in this light of our own observations, it is essential for us to discuss the functional importance 

of  Cysteine metabolism in tumor development.  

Cysteine serves as a cornerstone for numerous cellular functions, playing a particularly vital role 

within cancer cell biology. Comprehending the mechanisms by which cells regulate their cysteine 

reserves—whether through environmental absorption or internal generation via the TSS—is 

essential to decode the multifaceted roles of this amino acid and its impact on cellular processes. 

Cysteine, a thiol-containing amino acid, is crucial for synthesizing key metabolites across various 

biological processes. It provides sulfur to produce iron-sulfur (FeS) clusters (181) and coenzyme 

A (CoA) (284, 285), fundamental to metabolic enzymes. It's integral to thioredoxins’ Cys-Gly-

Pro-Cys motif, preserving protein thiol/disulfide equilibrium (286, 287). As a precursor for 

glutathione (GSH), the main antioxidant in mammalian cells, cysteine is vital for FeS protein 

activity and mitochondrial mRNA translation through mitochondrial GSH (288, 289). Cysteine 

also regulates ferroptosis—an iron-dependent cell death caused by lipid peroxidation, significant 

in various health and disease contexts (80), with GSH as a cofactor for GPX4, an enzyme inhibiting 

ferroptosis. Thus, cysteine is indispensable for diverse pathophysiological pathways.  

Roads to Cysteine: Cancer cells usually bring in cystine through a specific transport system (xCT) 

but this uses up other important molecules inside the cell, which could lead to more problems for 

the cell, like oxidative stress (290-293). Even though cancer cells can find other ways to get 
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cysteine, such as breaking down GSH or eating proteins, these methods have their own issues. 

There isn’t a lot of cysteine in proteins because it's so reactive (294), and while breaking down 

GSH outside the cell can provide some cysteine, it's not enough for the cell's needs (288). 

Intracellular GSH degradation also threatens redox balance and mitochondrial function, which rely 

on GSH. (295).  

Amid these complexities, the trans-sulfuration (TSS) pathway emerges as an underexplored yet 

potentially significant player in cancer metabolism, with recent research highlighting its activation 

and critical role in de novo cysteine synthesis during tumor progression. While the uptake of 

cystine has been extensively studied, emerging research highlights TSS as a crucial mechanism 

for sustaining cysteine pools in cancer cells, especially under conditions of extracellular cystine 

scarcity. It is postulated that tumor cells, under conditions of pronounced oxidative stress due to 

accelerated proliferation and metastatic dissemination (183), may augment their dependence on 

endogenous cysteine production through the TSS  pathway, particularly when extracellular cystine 

resources are scarce.  

While some cancer cell lines maintain viability during cystine deprivation, robust proliferation 

under these conditions has not been demonstrated, even when the TSS pathway is essential for cell 

survival (180, 296-298). This holds true for neuroblastoma, Ewing sarcoma, and erastin-resistant 

ovarian cancer cells, where TSS supports survival but not growth under cystine limitation (292-

294). Specifically, in Ewing sarcoma cells, Cystathione gamma-lyase (CTH) mediated cysteine 

synthesis combats ferroptosis during partial cystine deprivation, yet full deprivation remains lethal 

(292). 
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These findings indicate that TSS-driven cysteine synthesis, although crucial, does not sustain 

cellular proliferation. Factors such as the reduced substrate S-adenosylhomocysteine (SAH), 

produced by glycine N-methyltransferase (GNMT), may curtail this synthesis in certain cancers 

(293). Augmenting GNMT expression or supplementing with homocysteine can restore cell 

survival and division under cystine starvation (292-294). Additionally, PARK7, which supports 

SAH hydrolase under oxidative stress, is key for TSS function and ferroptosis resistance in non-

small cell lung cancer (NSCLC) cells treated with erastin (299). These studies, conducted with 

adequate methionine and serine, confirm the critical roles of intermediate metabolites and enzymes 

in modulating TSS activity in cancer cells. 

Collectively, these studies propose that de novo cysteine synthesis via TSS may act as a flexible, 

short-term response to stress in some cancer types when extracellular cystine is scarce. This 

implies that tumor cells could dynamically alternate between cystine import and TSS to manage 

cysteine levels, adjusting to immediate cystine availability. This ability to switch metabolic 

strategies may confer an adaptive advantage on cancer cells, helping them survive the fluctuating 

conditions of metastasis or nutrient-poor environments in the body, which present more variable 

challenges than the constant cystine starvation conditions created in the lab.  

An important finding in my Chapter III of the thesis is  TSS pathway is integral for cell survival 

under oxidative stress within quiescent and slow-cycling cancer cell populations characterized by 

elevated TRPC6 levels. This underscores the necessity for a nuanced assessment of TSS's role in 

tumor development, particularly considering the heterogeneity of clonal populations. It suggests 

that TSS-related GSH production contributes to ferroptosis resistance, yet the cysteine pools are 

unlikely to support high proliferation demands and hence mostly utilized my stem-like quiescent 

clonal populations as supported by other studies as well. 
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The precise mechanisms by which quiescent cells enhance TSS pathway and the role TRPC6 plays 

in this enhancement demand further exploration. Chapter II of my thesis shows that TRPC6's role 

in maintaining a quiescent treatment persister state is achieved by suppressing MYC. This raises 

questions about the possible interaction between TRPC6 and TSS: does TRPC6 direct cell fate by 

driving stem-like quiescent cells to enter a survival state through epigenetic changes or by 

suppressing MYC? Alternatively, might MYC suppression itself alter the balance between using 

the xCT transporter and activating TSS for the cell's cysteine needs? 

It is noteworthy that such a reduction in biosynthetic and bioenergetic processes is also seen during 

Embryonic Diapause, suggesting that cancer cells might co-opt existing developmental pathways 

to overcome nutrient scarcity or stress, such as that induced by chemotherapy, rather than creating 

entirely new mechanisms. Our study specifically sheds light on pre-existing quiescent clones that 

exhibit resistance to treatment, which seem to be innately equipped to utilize the TSS pathway for 

their cysteine supply. It's critical to note, our model does not account for temporal heterogeneity, 

and thus it may not fully capture the spectrum or nature of acquired persistence and the specific 

role metabolic flexibility in enabling it.  

Considering the evidence of stress response in tumors, I propose that cysteine metabolism may 

demonstrate a form of metabolic plasticity, equipping cells with the capability to rapidly adapt to 

environmental fluctuations. This includes swift responses to oxidative stress encountered during 

metastasis or to cysteine depletion during periods of accelerated tumor growth. Hence, to truly 

grasp the metabolic intricacies of cancer, one must investigate beyond the immediate metabolic 

landscape of tumor clonal populations, but also consider the progressive changes and adaptations 

that occur over time and in response to diverse conditions that mirror the natural progression of 

tumor development. Embracing this comprehensive perspective is essential to accurately identify 
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the vulnerabilities of cancer cells at various stages, which is a fundamental step toward developing 

more precise and effective therapeutic interventions. 

While my in-vitro findings affirm the TSS pathway's role in supporting survival amid oxidative 

stress, we have yet to establish if metastasizing cancer cells exploit this pathway to survive and 

colonise in new organs. In Chapter III, a critical observation was that BI treatment diminished the 

spread of breast cancer cells to the lungs. This result provides a valuable model to dissect the TSS 

pathway's involvement in the metastasis of TNBC, potentially offering fresh perspectives on the 

metabolic needs of TNBC during metastasis. 

Such insights are pivotal to grasp the intrinsic mechanisms and pathways that drive metastasis. 

The implications of these findings could be broadened by employing varied models of spontaneous 

and induced metastasis to ascertain whether cancer cells undergo reprogramming for survival, or 

if certain pre-existing clones possess inherent advantages in redox regulation—or if it's a 

combination of both.  Delving deeper into the TSS pathway and identifying targeted interventions 

might pave the way to even selectively trigger ferroptosis in tumor cells. A strategic focus on this 

pathway may allow us to minimize unintended impacts on immune cell populations that do not 

rely on TSS, thereby enhancing the specificity and safety of these pro-oxidant therapeutic 

approaches. 

In Chapter III, I show that TRPC6 inhibition can sensitize resistant cells to ferroptosis. However, 

one might speculate the need for that considering, how TRPC6 inhibition synergizes with PTX to 

induce cell death. While TRPC6 and chemotherapy have shown potential in sensitizing these 

aggressive populations, chemotherapy's broad effects can significantly harm normal cells, 

particularly immune cells. This is a clinical concern, especially with the growing appreciation of 
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immunotherapy, as chemotherapy may adversely impact the efficacy of immunotherapeutic 

approaches. 

My findings reveal that the p27high persister population, characterized by high TRPC6 levels, 

demonstrates protection against oxidative stress. This contradicts certain studies suggesting that 

chemoresistant cells are susceptible to ferroptosis. I have found that TRPC6 inhibition sensitizes 

the persister cells to ferroptosis and its overexpression is sufficient to promote resistance in 

otherwise sensitive TNBC. This led me to investigate whether we can exploit TRPC6 inhibition 

during metastasis to overwhelm the cells with oxidative stress that could potentially impede 

successful metastasis to distant organs. Using a tail-vein model of breast cancer cell metastasis to 

the lungs, we show that TRPC6 inhibition significantly reduces metastatic growth in the lungs and 

that it can be rescued with Ferroptosis inhibitor Liproxstatin-1. This crucial finding not only 

unveils new therapeutic paths for targeting TRPC6 in clinical contexts of metastasis but also 

reinforces the role of ROS in limiting metastasis. However, our findings supported by others, prove 

that indeed pro-oxidant strategies are an effective way to reduce successful metastasis.  

I initially identified TRPC6 from a stem-cell model of breast cancer. To understand the subtype 

specificity of TRPC6, I used organoids derived from PDXs of ER+ and TNBC and specimens from 

patient tumors. There was clear distinction showing specificity of TRPC6 expression TNBC 

organoids and staining in a few patient samples. However, it's important to note that there is 

currently limited clinical evidence supporting the targeting of TRPC6. In analyses of public 

databases comprising gene expression data from patient samples across diverse tumor types, 

including both primary and metastatic tumors, TRPC6 is not well represented. Although there is a 

slight statistical enrichment of the channel in TNBC compared to other subtypes and its metastatic 

sites (as illustrated in the appendix) compared to primary tumors, these differences are subtle at 



140 

 
 

best and not particularly promising. Given this, it is reasonable to question the potential clinical 

benefit of targeting this pathway to selectively address aggressive populations.  

While it may appear reasonable to question the clinical benefit of targeting TRPC6, it is essential 

to note that TRPC6 is clonally expressed in a rare population within the TNBC cell lines and 

organoids we have examined. This could explain the lack of representation in public gene 

expression data sets that are bulk RNA-Seq datasets from patient tumors. Establishing a robust 

clinical correlation is indeed imperative for translation of these findings. While single-cell RNA-

Seq data could address this issue, it's currently unavailable for patient tumors. An alternative 

approach would involve obtaining single-cell RNA-Seq data from TNBC PDXs and leveraging 

deconvolution analysis of bulk RNA-Seq data from patient tumors to achieve some degree of 

clonal resolution. By combining these strategies, we can gain a more definitive understanding of 

TRPC6's presence in patient tumors, its frequency, and the transcriptomic signature of the 

respective clonal population. Conducting such analysis and validation in TNBC organoids will 

offer a compelling rationale for therapeutically targeting TRPC6 to mitigate resistance and 

metastasis.  

In summary, my thesis suggests a new method to enhance TNBC responsiveness to chemotherapy. 

Most importantly, it shows that inhibiting TRPC6 can reduce lung metastatic colonization by 

inducing ferroptosis in the TNBC cells.   
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APPENDIX 

 

In this thesis I have determined the molecular mechanisms of TRPC6-mediated calcium signaling 

in promoting chemoresistance and ferroptosis resistance. Yet, it remains to be understood how the 

channel impacts intracellular calcium dynamics, how it gets activated, and specially how TRPC6 

expression is regulated in the BCSCs. In this section I will briefly highlight some preliminary data 

that may help answer the above questions.  

C-X-C motif chemokine receptor 4 (CXCR4) activates TRPC6-mediated calcium uptake: 

Given the established role of TRPC6 sustaining stemness and fostering aggressive phenotypes in 

TNBC, the specific mechanism by which TRPC6 may affect calcium dynamics remains unclear. 

To determine whether TRPC6 is involved in the modulation of calcium dynamics in TNBC cells, 

I employed the calcium-sensitive dye Fluo-4 for semi-quantitative measurements of intracellular 

calcium levels in both Cal51 control cells and TRPC6 KD cells. This study was designed to 

specifically examine extracellular calcium uptake, following the precedent set by prior research 

highlighting TRPC6's role in SOCE. The cells were treated in a calcium-free Hanks' Balanced Salt 

Solution (HBSS) buffer and incubated with the dye under these conditions. Time-lapse imaging 

was initiated at the point of reintroduction of complete HBSS media (time-point 0), to capture the 

dynamic changes in calcium levels, with images captured at 3-second intervals. The analysis of 

Fluo-4 fluorescence provided a semi-quantitative view of intracellular calcium dynamics. For a 

more precise quantification of calcium concentrations, the Fura-2 assay would be required, 

although it was not utilized in the current study. The observed data, indicated by the Mean 

Fluorescence Intensity (MFI) of the Fluo-4 dye, suggests that TRPC6 deficiency results in 
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diminished calcium uptake, demonstrating the channel's significant role in calcium uptake in 

TNBC cells (Fig. A.1A).  

As elucidated in the introduction, cellular maintenance of a calcium gradient is an energetically 

demanding process, which illustrates the necessity for tight regulation of calcium trafficking within 

the cell (refer to Introduction for details). TRP channels are commonly activated by GPCRs, 

prompting an investigation into the possible activators of TRPC6. The RNA-Seq analysis of a 

breast cancer stem-cell-enriched model highlighted CXCR4 as significantly upregulated within 

the stem cell cohort. Given the established role of CXCR4 in maintaining stemness and facilitating 

metastasis in breast cancer (300), I investigated whether the interaction between CXCR4 and its 

ligand C-X-C chemokine ligand 12 (CXCL12) could be activating TRPC6. Employing calcium 

imaging with Fluo-4, I assessed the mean fluorescence intensity (MFI) changes in response to 

Plerixafor, a CXCR4 inhibitor. The data indicated a decrease in intracellular calcium levels upon 

Plerixafor treatment, comparable to the reduction observed with BI treatment. This effect was not 

intensified when Plerixafor was combined with BI, suggesting that CXCR4 is the upstream 

activator of TRPC6-mediated calcium uptake (Fig. A.1B). Further I measured the expression 

levels of ESRP1 upon Plerixafor treatment. The data provides supports the hypothesis that CXCR4 

plays a functional role in TRPC6 activation and that its inhibition therefore causes a significant 

increase ESRP1 expression (Fig. A.1C). These findings are at an early stage and further research 

is needed to confirm the activation of TRPC6 by CXCR4 in TNBC stem cells. A potential approach 

would be to reduce CXCR4 levels using shRNA in cancer stem cells (transfected with empty 

vector or the TRPC6 pore-mutant) and then analyze the calcium dynamics to evaluate TRPC6 

activity. Additionally, given the high secretion of CXCL12 by cancer cells, silencing this ligand 
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and assessing the subsequent calcium influx (in WT and TRPC6 pore-mutant CSCs) could provide 

further evidence supporting the role of CXCR4 in triggering TRPC6 in breast cancer stem cells. 

 

 

Figure A1. CXCR4 activates TRPC6-mediated calcium uptake. A. MFI of the Fluo-4 from 20 cells in 

the field was plotted from each image that was taken between 0-600 seconds in the Cal51 control and 

TRPC6 KD cells. B. MFI of the Fluo-4 from 20 cells in the field was plotted from each image that was 

taken between 0-300 seconds in the cells treated with either of the following: Vehicle (DMSO), BI (10 uM), 

Plerixafor (20 uM), BI+Plerixafor. C. qPCR data showing the expression levels of ESRP1 in Cal51 cells 

treated with Vehicle or Plerixafor for 24 hours.  
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BCL11A regulates the expression of TRPC6 in BCSCs. In TNBC, TRPC6 expression is notably variable 

and appears to correlate with a stem-like population, which led to an investigation into the regulatory 

mechanisms behind its expression. Utilizing ENCODE chromatin immunoprecipitation sequencing (ChIP-

seq) data, we identified BCL11A as a significant regulator of TRPC6 (139), a transcription factor implicated 

in various cancers' development including stemness and metastasis in TNBC (301, 302). My aim was to 

elucidate the role of BCL11A in the regulation of TRPC6 expression in TNBC stem cells. I began by 

isolating the CSC population from the TNBC cell line, CAL-51 (Fig. 2A), and examined the differential 

binding of BCL11A to the TRPC6 enhancer across CSC and non-CSC populations. Primers specific to the 

TRPC6 enhancer region—where BCL11A binding had been indicated by ENCODE ChIP-seq data—were 

designed. Subsequent ChIP-qPCR experiments targeting BCL11A revealed a significant enrichment of the 

TRPC6 enhancer sequence, corroborating our hypothesis as demonstrated by our qPCR results (Fig. 2B). 

Further, I knocked down BCL11A using two different shRNAs (Fig. 2C) and observed a significant 

downregulation of TRPC6 in the BCL11A knockdown cells (Fig. 2D).  

 

Figure A2. BCL11A interacts with the TRPC6 gene. A. CAL51 cells were FACS into CSC and non-

CSC populations using CD44 and CD24. B. ChIP was performed using a BCL11A antibody and 

immunoprecipitated DNA was qPCR amplified using primers targeting either the TRPC6 proposed enhance 

0.0

0.5

1.0

1.5

B
C

L
1
1
A

 m
R

N
A

 F
o
ld

 C
h
a
n
g
e

shCtrl

shBCL11A (449)

shBCL11A (453)

0.0

0.5

1.0

1.5

T
R

P
C

6
 m

R
N

A
 F

o
ld

 C
h
a
n
g
e

shCtrl

shBCL11A (449)

shBCL11A (453)

A. B.

C. D.

CAL-51 CAL-51



145 

 
 
region or the C-terminal region (negative control). C, D. qPCR data showing the expression levels of 

BCL11A (C) and TRPC6 (D)in control and BCL11A KD Cal51 cells.  

 

TRPC6 is enriched in a hybrid E/M population. The evidence linking stemness and metastasis to a state 

of partial EMT prompted the sorting of a TNBC cell line (HCC1806) into TRPC6-high and -low 

populations. The TRPC6-high group expressed both epithelial and mesenchymal markers, ITGB4 and 

CD44, respectively as well as other established marked of an E/M state such as FGFR1 (303). Additionally, 

cells sorted for CD44/ITGB4 expression showed that the CD44-high/ITGB4-high subset exhibited the 

highest levels of TRPC6. This suggests that elevated TRPC6 expression is indicative of a partial EMT state 

in these cells.   

 

Figure A3. TRPC6 is enriched in a hybrid E/M population: A. qPCR data showing the expression levels 

of E/M markers in the TRPC6 high and low population that were sorted from CAL-51 cells. B. HCC-1806 

TNBC cells were sorted based on CD44 and ITGB4 expression. qPCR data showing the expression levels 

of TRPC6, BCL11A, and CXCR4 in the CD44high/ITGB4high populations compared to the others. 

 

The data presented broadens our comprehension of TRPC6-driven calcium influx and its regulatory 

mechanisms, and sheds light on the specific cellular phenotypes associated with high TRPC6 expression, 

particularly the epithelial-mesenchymal (E/M) transitional state. 
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TRPC6 expression in metastatic cell lines and clinical samples: I analysed the expression levels of 

TRPC6 amongst the MDA-MB-231-cell variant specially to get a clue whether it has any association with 

aggressive variants. My data shows that TRPC6 expression is highest in the metastatic 231-LM2 variant 

that is known for its capacity to colonise the lungs. However, the most important basis for targeting any 

molecule in a clinical setting is get an idea of how it is expressed in patient samples. To do so, I looked at 

the expression levels of TRPC6 in primary and metastatic tumours of TNBC patients. The data I analysed 

is obtained from the metastatic breast cancer project dataset . The data shows mRNA expression of TRPC6 

in primary tumours and if they had liver mets at the time of diagnosis (TRUE, FALSE). This suggests there 

is slight correlation between higher expression levels of TRPC6 and the occurrence of metastasis in patients.  

 

Figure A4: TRPC6 expression in metastatic cell lines and clinical samples. A. qPCR data showing 

expression levels of TRPC6 in the variants of MDA-MB-231 cell line. B. Data from the metastatic breast 

cancer project dataset was analysed to look at expression levels of TRPC6 and compare the incidence rate 

of metastasis amongst those patients.  
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Materials and Methods 

Cells and reagents:  CAL-51 cells were obtained from the Leibniz Institute DSMZ, Germany and 

HCC1806 cells were purchased from the American Type Culture Collection.  The TRPC6 inhibitor 

BI-749327 was purchased from MedChem Express (Catalogue no. HY-111925), Plerixafor was 

purchased from selleckchem (Catalogue no. S8030). The following Abs were used for flow cytometry: 

CD24–allophycocyanin (APC; ML5, BioLegend), CD44-FITC (IM7, BioLegend) and anti-rabbit 

FITC (MRM-47, BioLegend), anti-Rabbit-555 (Invitrogen-A32732), TRPC6 (18236-1-AP, 

Proteintech).   

shRNAs and expression constructs: The following lentiviral shRNAs were obtained from our 

core facility: BCL11A (TRCN0000033449 and TRCN0000033453).  

Flow cytometry: Antibody staining, and flow cytometry were accomplished as described in Chapter II. 

Flow activated sorting and data analysis were performed by Sony SH800 sorter and analyzed using FlowJo 

software. 

Real time qPCR: mRNA quantification was accomplished using an RNA isolation kit (BS88133, 

Bio Basic Inc.), and complementary DNAs (cDNAs) were produced using an Azura cDNA 

synthesis kit (AZ-1996, Azura Genomics). Azura View GreenFast qPCR Blue Mix LR was used 

as the qPCR Master Mix (AZ-1996, Azura Genomics).  

Chromatin immunoprecipitation: ChIP was performed using a ChIP-IT Express Chromatin 

Immunoprecipitation kit (Active Motif). Antibodies used were BCL11A (N-G2, Santa Cruz 

Biotechnology). The following qPCR primer sequence was used to amplify the region of the BCL11A peak 

in the TRPC6 enhancer identified in ENCODE: primers: 5′-GCTTACAGCTGGCTTCACTT-3′ (forward) 

5′-GGCCGAGAGAGAGAGAGTTT-3′ (reverse) and the cDNA qPCR primer of TRPC6 used as the 

negative control.  
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