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Abstract 

 

 Triple negative breast cancer (TNBC) patients face poor survival outcomes 

possibly due to the presence of a small, yet aggressive population of cells termed cancer 

stem cells (CSCs). In breast cancer, CSCs are defined either by high Aldefluor activity or 

CD44+/CD24- status. To aid the development of efficient CSC-targeted therapies, it is 

vital to unravel the relationship between these two CSC populations. Here, we explore 

this relationship showing that these two populations of breast CSCs are not independent. 

Furthermore, we suggest a novel approach for targeting CSC populations involving 

inhibition of long non-coding RNAs (lncRNAs). We assess the importance of a lncRNA 

termed prostate androgen regulated transcript 1 (PART1) in TNBC. We found that 

PART1 is enriched in both TNBCs and CSCs populations, confers a survival advantage 

to TNBC cells and maintains CSC pools. Therefore, we present PART1 as a novel 

therapeutic target that may be capable of targeting CSC populations.  
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1 INTRODUCTION 

1.1 Cancer 

   Properly controlled cellular division is vital for preventing aberrant proliferation. 

A cancerous tumor consists of cells with uncontrolled cellular division. Cancer has been 

described as far back as 3000 BC where it was described as having no treatment (1). Since 

then, researchers and physicians have made great strides in developing efficient treatments 

for cancer. However, it is still expected that 1 in 4 Canadians will die from this disease (2).  

 The evolution of a normal cell to a cancer cell involves the acquisition of 

“hallmarks” that allow these cells to become tumorigenic and malignant. These include 

sustained proliferative signaling, evading growth suppressors, resisting cell death, enabling 

replicative immortality, inducing angiogenesis, activating invasion/metastasis, 

reprogramming metabolism and evading destruction by the immune system (3).  Therefore, 

an accumulation of mutations in genes that control aspects of these hallmarks contribute to 

tumorigenesis. Mutated genes can be passed down through generations; inheriting a 

mutated/non-functional version of the breast cancer type 1 susceptibility protein (BRCA1) 

tumor suppressor gene (TSG) significantly increases the risk of developing breast and/or 

ovarian cancer. More commonly however, genes become mutated in somatic cells during 

a person’s lifetime. The most common mutated genes in cancer are oncogenes and TSGs 

(4,5). 

 In normal cells, proto-oncogenes are involved in many cellular processes such as 

cell cycle, apoptosis, signal transduction and transcriptional activation (6). Proto-

oncogenes are tightly regulated, highly conserved and are often lowly expressed. When 

needed, proto-oncogenes encode for proteins that are selectively activated when the proper 
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regulatory signals exist. When a mutation in a proto-oncogene occurs, the mutant oncogene 

becomes independent from its regulators and becomes constitutively turned on conveying 

unlimited growth potential. Activation of a proto-oncogene usually involves a gain-of-

function mutation resulting from point mutations, gene amplifications and chromosomal 

translocations (7). A common example of this can be seen in Ras proteins. These proteins 

function as GTPases that control the regulation of cell survival and proliferation. Cells 

harboring an aberrant Ras protein will become hyperproliferative and can resist apoptosis 

leading to cancer (8). During cancer development and progression, the activation of 

oncogenes is often paired with the inactivation of TSGs (9). 

  TSGs are often associated with loss of function mutations leading to the 

development and progression of a malignancy. Usually, this must satisfy the “two-hit 

hypothesis” first postulated by Alfred Knudson where both alleles must be lost or masked 

(e.g., promotor methylation) to reveal the malignant phenotype (10). This is not always the 

case as is demonstrated by the most famously mutated TSG p53 (11). Normally, TSGs act 

as negative regulators of cellular proliferation, the cell cycle and cell adhesion (12). An 

excellent example of this is demonstrated by the TSG phosphate tension homolog (PTEN) 

whose function negatively regulates the oncogene protein kinase B (Akt) (13).  

 Carcinogenesis is a complex, multi-step process that allows cancer cells to hijack 

regulatory process in order to obtain replicative immortality, resistance to apoptosis and 

invasive capabilities (14). It begins with abnormalities in cellular genes such as proto-

oncogenes and TSGs conveying selective advantages in relation to growth and survival. 

Promotion and clonal expansion of these cell populations leads to aberrant growth and 

instability causing mutations such as those that allow aberrant cells to detach from the 
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primary tumor, evade the surrounding tissue and travel to distant sites (15). Although 

carcinogenesis is driven by mutations, other regulatory process that affect gene expression 

such as epigenetics confer advantages to cancer cells (16).  Thus, cancer is a diverse and 

complex disease represented by several pathologies dictated by mutations, epigenetics and 

key regulatory pathways.  

1.2  Breast Cancer 

 Breast cancer is the most common cancer among Canadian women affecting 

approximately 1 in 8 women in their lifetime (17). It is a complex and heterogenous disease 

that encompasses many tumor entities with distinct histological patterns, biological 

abnormalities and clinical behaviours. Most breast cancers are adenocarcinomas meaning 

they arise from epithelial cells that make up the terminal duct lobular unit in the breast. 

They are generally divided into ductal (initiation in the lining of the milk duct) or lobular 

(initiation from the milk producing glands) carcinomas which were originally classified 

depending on the origin of the disease. Currently, the histopathological classification is 

determined by the cell of origin in the terminal duct lobular unit or at the point of 

maturation in which the cancer was initiated (18).  

 Histological subtyping has been a valuable tool for decades by helping to 

understand the importance of cell architecture in predicting disease progression and 

response to conventional therapies. The more common ductal carcinomas can be classified 

histologically as ductal carcinomas in situ (DCIS) or invasive ductal carcinomas (IDC). 

DCIS consists of the clonal proliferation of malignant cells within the lumens of the 

mammary duct. There is no evidence of invasion beyond the epithelial basement membrane 

and into surrounding breast tissue (19). DCIS can be further classified based on patterns of 
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proliferation and cytological atypia observed (comedo, cribriform, micropapillary, solid, 

mixed type) (20). DCIS is a precursor to IDC which accounts for 70-80% of all breast 

cancer diagnoses (21). Whereas DCIS is characterized by the compartmentation of 

malignant cells in the duct, IDC is characterized by the spread of these cells beyond the 

ducts. IDC is furthered grouped into well-differentiated (grade 1), moderately 

differentiated (grade 2), or poorly differentiated (grade 3) lesions based on mitotic index, 

nuclear pleomorphism and tubule formation (22). Besides morphological characteristics, 

breast tumors are often classified based on the expression of hormone receptors revealed 

during immunohistochemistry staining (23).  

 Breast tumors are classified based on the expression of the estrogen receptor (ER), 

progesterone receptor (PR) and/or the human epidermal growth receptor 2 (HER2). The 

assessment of hormone receptor status in breast cancer is essential in deciding whether 

endocrine therapy is a viable option since hormones fuel breast tumor growth (24). Breast 

tumors that test positive for either the ER or the PR are considered hormone receptor 

positive and therefore are more likely to respond to hormone therapy than breast tumors 

that are hormone receptor negative. For example, ER+ breast tumors can be treated with 

ER antagonists such as tamoxifen which has been shown to improve post-surgical survival 

and decrease disease relapse (25). In post-menopausal women with ER+ breast tumors, 

aromatase inhibitors such as anastrozole halt estrogen production completely (26).  

 A similar approach is taken to treat HER2+ breast cancers which are treated with a 

monoclonal antibody (trastuzumab) or a small-molecule tyrosine kinase inhibitor 

(lapatinib) which target the HER2 protein. These therapies are quite successful in the initial 

treatment of HER2+ breast cancer (27).  
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 Although histological classification and cell surface receptor status yields 

information that can dictate treatment, it lacks prognostic significance. Gene expression 

arrays (such as PAM50; the 50-gene predictive test developed by Parker and Mullins) fill 

this niche by grouping tumors into four intrinsic subtypes: luminal A, luminal-B, Her2-

enriched and basal-like (28). Not only do these gene variations predict disease outcome but 

they also predict the benefit of systemic therapy (29). Luminal A and luminal B tumors 

tend to be ER+ and so can be treated with ER antagonists such as tamoxifen (30,31). Her2-

enriched tumors tend to overexpress HER2 and so can be successfully treated with 

trastuzumab or lapatinib (32). Basal-like tumors are most often triple negative breast 

cancers (TNBCs) which lack targeted therapies. Later, hierarchical clustering revealed 

another subtype; the claudin-low subtype. Claudin-low tumors have a similar profile to 

basal-like tumors yet are distinct due to the extraordinarily low cell to cell junction 

expression (33). Similar to basal-like tumors, claudin-low tumors are mostly TNBCs. In 

fact, 76% of all basal-like tumors and 56% of all claudin-low tumors are TNBCs (34). 

 Although luminal A tumors are the most commonly diagnosed (59%), claudin-low 

and basal-like tumors have the worst prognosis in part due to their lack of targeted therapies 

(35,36). Therefore, the development of new therapies for these patients focuses on 

dysregulated pathways identified by molecular profiling and microarray analysis. For 

example, basal-like breast cancers have activated RAS-like transcriptional programs (37–

39). In over 50% of these cases, there is also a loss of PTEN resulting in the aberrant 

activation of the phosphatidylinositol-3-kinase (PI3K) pathway (40). The PI3K and the Ras 

pathway have been shown to regulate one another in basal-like breast cancers (41,42). 
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Therefore, inhibitors of downstream molecules in the RAS signaling pathway in 

combination with PI3K inhibitors have shown great promise in mouse models (43).  

 Approximately 15% of all breast carcinoma patients are diagnosed with TNBC. 

These patients lack cell surface expression of the ER, the PR and the over-expression or 

amplification of the HER2 (28). Unfortunately, patients with TNBC face worse prognosis 

than patients with ER+/PR+ or HER2+ tumors (44). Not only are these tumors more 

biologically aggressive than non-TNBC tumors but they also lack potential therapeutic 

targets and are resistant to conventional chemotherapies (45).   

 The complexity and uniqueness of each case demonstrates the heterogeneity of 

breast cancer even after it has been subtyped histologically and molecularly (Fig. 1). With 

the exception of olaparib to treat BRCA1 mutant TNBCs, there are currently no targeted 

treatments for basal-like/claudin-low TNBC patients (46). Besides targeting dysregulated 

pathways in these cancers, others have shown interest in revealing the potential of cancer 

stem cells (CSCs) as novel targets in TNBCs (47–50). 
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Figure 1. Breast cancer classification by hormone receptor status and gene 

signature. Breast cancer can be classified either by hormone receptor status: estrogen 

receptor (ER), progesterone receptor (PR) and the human epidermal growth factor 2 

receptor (HER2) or by distinct gene signature patterns. Gene signatures roughly divide 

breast cancer patients into five groups (Luminal A, Luminal B, HER2 over expressing 

(HER2+), claudin-low and basal-like. Luminal A and Luminal B patients are distinct 

based on their expression of the proliferative marker Ki67. Patients with the worse 

prognosis are triple-negative breast cancer (TNBC) patients who most often have claudin-

low or basal-like tumors. 

 

 

 

Figure 2. Breast cancer classification by hormone receptor status and gene 

signature. Breast cancer can be classified either by hormone receptor status: estrogen 

receptor (ER), progesterone receptor (PR) and the human epidermal growth factor 2 

receptor (HER2) or by distinct gene signature patterns. Gene signatures roughly divide 

breast cancer patients into five groups (Luminal A, Luminal B, HER2 over expressing 

(HER2+), claudin-low and basal-like. Luminal A and Luminal B patients are distinct 

based on their expression of the proliferative marker Ki67. Patients with the worse 

prognosis are triple-negative breast cancer (TNBC) patients who most often have claudin-

low or basal-like tumors. 

 

 

 

Figure 3. Breast cancer classification by hormone receptor status and gene 

signature. Breast cancer can be classified either by hormone receptor status: estrogen 

receptor (ER), progesterone receptor (PR) and the human epidermal growth factor 2 

receptor (HER2) or by distinct gene signature patterns. Gene signatures roughly divide 

breast cancer patients into five groups (Luminal A, Luminal B, HER2 over expressing 
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1.3 Cancer Stem Cells (CSCs) 

 Cancerous tumors are not masses of homogenous cells. In fact, within the last few 

decades it has become clear that many cancers consist not only of “bulk-tumor cells” but 

also of a small subset of highly aggressive CSCs. Evidence supporting the existence of 

CSCs was first shown in 1997 when Bonnet and Dick isolated a subset of human acute 

myeloid leukemia (AML) cells. The exclusively CD34+/CD38-  cell population, which they 

termed leukemia-initiating cells, were capable of recapitulating the leukemic hierarchy 

(51). Evidence for a CSC population has been shown in many solid tumors including 

melanoma, breast, brain, colon, prostate, ovarian, lung and pancreatic (52–58). Although 

defined differently between cancers, CSC populations are malignant subsets within a bulk 

tumor that are selectively capable of self-renewal, tumor initiation and recapitulation of a 

tumor consisting of CSCs and non-CSCs (59).  

 Not only are CSCs responsible for cancer initiation and progression but they are 

also implicated in chemo- and radio resistance. This may be a result of an increase in the 

abundance of ABC transporters and superior DNA damage repair  (60–62). Since CSC 

populations are resistant to current conventional therapies, they are ultimately responsible 

for many patients’ deaths. More specifically, current therapies are excellent at clearing bulk 

tumor cells but often leave behind the highly aggressive CSC population resulting in 

metastasis and recurrence which contribute to 90% of all cancer-related deaths (63,64).  

  CSCs are most commonly identified using flow cytometry intended to sort cell 

populations based on cell surface markers that are expressed solely on the CSC population 

and not on the non-CSCs or normal stem cell counterparts. CSC can also be identified using 

the commercially available Aldefluor Kit (CSCs are identified by high aldehyde 
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dehydrogenase activity which translates to an increase fluorescence in the kit). These cells 

would then be implanted into the appropriate host at increasing concentrations to assess 

tumorigenicity (65). By doing so, it is possible to assess the relative number of CSCs in a 

heterogeneous tumor since it would take less CSCs to form tumors compared to non-CSCs 

(66). 

 Ongoing debates are attempting to narrow in on the exact mechanism that gives rise 

to CSC populations. With the exception of blood cancers, the most current theory contrasts 

the original hypothesis that CSCs are direct products of healthy stem cells that become 

transformed (67). Instead, it describes a process of de-differentiation in amplifying cells 

with mutant genomes. First, randomly occurring genetic changes occur in a small subset 

of cells which results in the clonal expansion of cells with this phenotype. Eventually, more 

random changes will occur resulting in yet another clonal expansion explaining tumor 

heterogeneity. This process continues resulting in one clonal expansion that de-

differentiates back into its stem-like state giving rise to what is known as the highly 

aggressive CSC population (68). 

 The key characteristics of CSCs (self-renewal, differentiation and chemo/radio 

resistance) are conserved across all cancer types (69). This may be explained by key 

regulatory pathways/mediators that are commonly dysregulated in the CSC populations of 

different tumor types, including the Wnt, Notch, Hedgehog, interleukin 8/chemokine 

ligand 1 (CXCL8/CXCL1) and janus kinase/signal transducer and activation of 

transcription (JAK/STAT) signaling pathways as well as key stemness-associated 

transcription factors such as Sox2, c-Myc, Oct4 and Lin28 (70–78).  
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1.4 Breast CSCs 

 Breast CSCs are typically identified by cell surface marker expression of CD44 and 

CD24 (CD44+/CD24-) or by high aldehyde dehydrogenase activity (ALDHhi) (79–82). 

CSCs have been identified in 23 different breast cancer cell lines including non-

TNBC/claudin-low or basal subtypes. The CSCs identified in this fashion correspond to a 

unique gene signature of 413 different genes (83). However, there are unique 

characteristics of breast CSCs that can be used to further understand their importance in 

breast cancer biology. 

 CD44 is a transmembrane glycoprotein that interacts with extracellular matrix 

ligands such as hyaluronic acid, matrix metalloproteinases (MMPI), collagenases and 

osteopontin. This mediates many important CSC-related characteristics such as cell 

survival, migration, invasion, angiogenesis and metastasis (84). CD44 has multiple 

isoforms due to the insertion of alternative exons in the extracellular domain. The main 

isoform in breast CSCs is CD44s which activates the platelet-derived growth factor 

receptor 3 (PDGFRβ) and signal transducer and activator of transcription 3 (STAT3) 

cascade to promote CSC traits (85,86). CD24 is a glycophosphatidylinositol glycoprotein 

that interacts with P-selection, an adhesion molecule on the surface of activated endothelial 

cells. CD24 has been implicated in the differentiation of granulocytes and B lymphocytes 

and is also a molecular marker that distinguishes between epithelial, non-epithelial, 

myoepithelial and luminal cells (87–89). As such, down-regulation of CD24 in breast CSCs 

may confer migratory and invasive capabilities to CD44+/CD24- breast CSCs by allowing 

them to lose adherent properties. 
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 In addition to the CD44+/CD24- phenotype, CSCs can be identified by ALDHhi 

activity. The ALDH superfamily has 19 different isoforms with distinct functions and 

specificities (90).  ALDH enzymes can be broadly divided into two categories 1) those that 

are highly substrate specific and necessary for normal development and 2) those that are 

less substrate specific and primarily detoxifying (91). Therefore, there is a large degree of 

diversity among the ALDH enzymes creating uncertainty over an important question; 

which ALDH isoform contributes to the ALDHhi activity observed among breast CSCs? 

  In 2011, ALDH1A3 was identified as the main contributor to the ALDHhi activity 

in breast CSCs and was subsequently shown to support the progression of TNBC, at least 

in part, through the production of retinoic acid (RA) via oxidation of retinal (RAL) by 

ALDH1A3 (80,92). RA is produced via a complex signaling system. First, β-carotene is 

cleaved in the small intestine resulting in two molecules of RAL. RAL can then be reduced 

to retinol by reductase enzymes such as dehydrogenase-reductase 3. The resulting retinol 

molecule is stored in the liver as retinyl esters. To be released into the plasma, the retinyl 

esters must be hydrolyzed. When retinol is released, it is often bound to retinol-binding 

protein 4. In some cells, this complex interacts with a cell surface receptor which cleaves 

the retinol-retinol binding protein 4 complex and transports retinol into the cell. In others, 

retinol may passively diffuse into the cell. Once in the cell, retinol binds cellular retinoid 

binding protein 1 which delivers retinol to a series of retinol dehydrogenases. RAL is then 

produced via the reversible oxidation of retinol. Finally, RAL can be oxidized to RA in a 

reversible reaction via ALDH1A3 which is transported into the nucleus via RA binding 

proteins or fatty-acid binding proteins (93). 
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 RA binds nuclear hormone receptors (NHRs): retinoic acid receptors (RARs) and 

retinoid X receptors (RXRs) in the nucleus. RARs and RXRs exist primarily as 

heterodimers that are bound to specific parts of the DNA called retinoic acid response 

elements (RAREs). Without RA, the nuclear co-repressor protein prevents transcription by 

recruiting repressive factors such as histone de-acetylase (HDAC) and polycomb 

repressive complex 2 (PRC2). In the presence of RA, a conformational change results in 

co-repressor release and co-activator recruitment resulting in the transcription of genes 

regulated by RAREs (93). It is currently accepted that RA signaling induces differentiation 

in stem cells. It is also possible that RA-mediated gene expression changes mediate TNBC 

progression via ALDH1A3 (94). 

   

 CSCs are present in all breast cancer subtypes; however, they seem to be of 

particular importance in TNBC. There is a higher proportion of both CD44+/CD24- and 

ALDHhi cells in TNBC clinical cases which is associated with worse outcomes when 

compared to non-TNBC patients (95–99). Both phenotypes show stem-like characteristics 

but are quite distinct (100) (Fig.2). In 2007, Ginestier and colleagues showed that ALDHlo 

cells that were also CD44+/CD24- lacked tumorigenicity compared to cells that were both 

ALDHhi and CD44+/CD24- (101). To this end, gene arrays reveal very little overlap 

between these two populations suggesting they are distinct entities (102,103). Despite these 

differences, cells that are both CD44+/CD24- and ALDHhi are highly tumorigenic, have 

metastatic phenotypes and are resistant to conventional therapies (104). This suggests that 

there may be a relationship between the two breast CSC populations. 
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CD44+/CD24- status regulate distinct subsets of genes. Genes included in the 

analysis have a 1.6-fold change or more with a p value of a least 0.05. Figure adapted 

from Mohammed Sultan (doi:10.1002/stem.2780) 

 

Figure 1533. Breast cancer stem cells (CSCs) defined by high Aldefluor activity 

and CD44+/CD24- status regulate distinct subsets of genes. Genes included in the 

analysis have a 1.6-fold change or more with a p value of a least 0.05. Figure adapted 

from Mohammed Sultan (doi:10.1002/stem.2780) 

 

Figure 1534. Breast cancer stem cells (CSCs) defined by high Aldefluor activity 

and CD44+/CD24- status regulate distinct subsets of genes. Genes included in the 

analysis have a 1.6-fold change or more with a p value of a least 0.05. Figure adapted 

from Mohammed Sultan (doi:10.1002/stem.2780) 

 

Figure 1535. Breast cancer stem cells (CSCs) defined by high Aldefluor activity 

and CD44+/CD24- status regulate distinct subsets of genes. Genes included in the 

analysis have a 1.6-fold change or more with a p value of a least 0.05. Figure adapted 

from Mohammed Sultan (doi:10.1002/stem.2780) 
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 A current model suggests that breast CSC populations exist either in the 

mesenchymal-like state or the epithelial-like state which may by influenced by the tumor 

microenvironment. Epithelial-like breast CSCs are defined by ALDHhi which may engage 

in epithelial to mesenchymal transition (EMT) in order to metastasize to secondary sites. 

They are also located more centrally within the tumor and have superior proliferative 

abilities. Mesenchymal-like breast CSCs are characterized by CD44+/CD24- and may 

engage in mesenchymal to epithelial transition (MET) in order to extravasate into the blood 

(102,105). They are located at the tumor front and are primarily quiescent.  Epithelial-like, 

ALDHhi and mesenchymal-like, CD44+/CD24- breast CSCs have distinct, metabolic 

vulnerabilities where ALDHhi CSCs are more dependent on oxidative metabolism. 

Hypoxia and oxidative stress promote the transition from mesenchymal-like CD44+/CD24- 

breast CSCs to epithelial-like ALDHhi breast CSCs.  Breast CSCs possess a plasticity that 

allows a transition between these two states conferring adaptive abilities needed for 

invasion, dissemination and metastasis at secondary sites (98). This model suggests that 

mesenchymal-like CD44+/CD24- breast CSCs mediate tumor invasion by extravasating to 

the blood where they survive due to anoikis resistance. When a secondary site is reached, 

unknown factors in the tumor microenvironment induce MET which is needed for breast 

CSC renewal and the formation of metastasis (Fig. 3). 

   

 

 

 

 



15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) 

 ALDH+ 

CD44-/CD24- 
 

ALDH+

ALDH- 
CD44+/CD24- 

 

ALDH-

ALDH+ 

CD44+ 

CD24- 
 

ALDH+ 

B) 

 

CD44+/CD24
- Bulk Cells 

 
ALDH+ 

 
Secondary Site 

 

MET 

 

Primary Site 

 

EMT 

 

Figure 3. Potential relationship between Aldefluor high (ALDH+) cancer stem cells (CSCs) 

and CD44+/CD24- CSCs. A) Although CSC populations that are both ALDH+ and 

CD44+/CD24- are less abundant they are the most tumorigenic. B) Proposed mechanism 

illustrating the roles of ALDH+ and CD44+/CD24- CSCs that undergo metastasis and 

tumorigenicity. The primary tumor consists mostly of CD44+/CD24- CSCs which extravasate 

into the blood via epithelial to mesenchymal transition (EMT). Once a secondary sit is reached, 

unknown factors induce mesenchymal to epithelial transition (MET) resulting in the formation 

of a secondary tumor. 
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 Understanding the relationship between ALDHhi and CD44+/CD24- breast CSCs is 

vital when considering CSC targeted therapies. It has been shown that these two distinct 

populations of CSCs “cross-talk” resulting in an extremely well evolved CSC phenotype. 

For example, eliminating the ALDHhi cells may increase the CD44+/CD24- cells resulting 

in an unsuccessful CSC targeted therapy. If the CSC populations are not efficiently 

targeted, conventional treatments may first eradicate all non-CSCs resulting in a decrease 

in tumor size. However, after a time the remaining CSCs will give rise to a more aggressive, 

resistant tumor which may ultimately take the life of the patient. 

1.5 Successful treatment of breast cancer: CSC targeted therapies  

 The increased resistance of breast CSCs to conventional therapies compared to non-

CSCs is a barrier to successful treatment of breast cancer, especially TNBC. There has 

been interest in developing CSC-targeted therapies that would ideally eradicate all CSCs 

in a breast tumor by inhibiting key stemness pathways such as the aforementioned Notch, 

Wnt and Hedgehog. Using a CSC-targeted therapy in combination with a cytotoxic 

chemotherapy may be efficacious for breast cancer patients by de-bulking the tumor while 

at the same time eradicating the resistant and highly aggressive breast CSCs. 

 Notch pathway inhibitors seem to be the most intensely studied breast CSC-

targeted therapy in clinical trials. The most common inhibitors of the Notch pathways are 

γ-secretase inhibitors (GSIs). Notch receptors are cleaved by γ-secretase releasing the 

Notch intracellular domain (NCID) which translocates to the nucleus inducing gene 

transcription ultimately activating Notch signaling (106). The first evidence for the efficacy 

of CSC-targeted therapies in TNBC combined a GSI (MK-0752) with a cytotoxic 

chemotherapy (docetaxel). Post-treatment patient biopsies showed a decrease in both the 
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CD44+/CD24- and ALDHhi CSC populations (107).  The importance of other GSIs 

(RO4929097) in combination with conventional chemotherapies is being evaluated in 

clinical trials (108,109). However, none have been approved for use in the clinic.  

 Similarly, Wnt signaling inhibitors are being investigated in TNBC. In CSCs, the 

Wnt ligand may stimulate the canonical signaling pathway (Wnt β-catenin dependent 

pathway) or two other β-catenin independent pathways which all stimulate the expression 

of Wnt regulated genes such as porcupine O-Acyltransferase (PORCN) and R-Spondin 3 

(RSPO3) (110). As of 2019, the most advanced Wnt inhibiting therapy in clinical trials for 

TNBC is evaluating the recommended dose of LGK-974; an inhibitor of PORCN which 

regulates Wnt ligand secretion (111,112). 

 Lastly, only one Hedgehog signaling pathway inhibitor is being evaluated in 

TNBC. Vismodegib is a small-molecule competitive inhibitor of the smoothened 

transmembrane receptor (SMO) that provides activating downstream signals in the 

Hedgehog pathway (113). Patients with advanced basal cell carcinoma had a 58% response 

rate when treated with Vismodegib resulting in its approval by the Food and Drug 

Administration in 2013 (114). Currently, the safety and efficacy of using Vismodegib  in 

combination with paclitaxel, cyclophosphamide and epirubicin is being evaluated in TNBC 

patients (115). 

 As mentioned previously, breast CSCs are identified using CD44 positivity or high 

ALDH activity. These defining characteristics may reveal novel targets for breast CSCs 

(101). Although inhibitors of either CD44 or ALDH1A3 are not used in clinical trials, 

numerous in vitro and in vivo mouse models have showed promising results. For example, 

an aptamer designed against exon v10 of CD44 inhibited TNBC cell line HCC38 
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migration. However, this effect was not specific to TNBC cells as the same effect was 

found in ER/PR+ MCF7 breast cancer cells (116). Similarly, others have used drugs that 

inhibit ALDH1A3 in breast CSCs. One group found that disulfiram, which is used to treat 

chronic alcoholism, decreased CSC numbers and reversed chemoresistance in one TNBC 

cell line (117). In other TNBC models though, disulfiram failed to affect the breast CSC 

population by inhibiting ALDH1A3. Instead, citral (an enal found in the oil of lemon 

myrtal) decreased the proportion of ALDHhi cells in vitro and had a modest effect on the 

CSC population in vivo (118). Remaining still are many unknown mechanisms that regulate 

these complicated pathways in breast CSCs. In fact, others have shown that there are other 

unknown regulators that influence ALDH1A3-mediated gene expression (119). Most CSC 

targeted therapies have been focused on proteins. Therefore, some of these unknown 

regulators may be found in non-coding regions of the genome; which account for 

approximately 98.8% of the human genome (120). The study of non-coding RNAs 

(ncRNA) in relation to breast CSCs is relevant as they represent a large, functional and 

relatively unexplored consortium of regulators. 

1.6 Long non-coding RNAs (lncRNAs): Biological Relevance 

 The central dogma of molecular biology states that genetic information flows from 

DNA to RNA to protein. According to this dogma, RNA is the intermediate molecule 

between DNA and protein. Agreeing with this, it was thought that most RNA molecules in 

the cell are messenger RNAs (mRNAs) that carry the code needed to make proteins and 

are destined to be translated in the cytoplasm.  

 Scientists were confused as to why such a small percent of the genome coded for 

proteins. The explanation albeit simple, hypothesized that 80-90% of our DNA was “junk” 
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(121). At the time it was generally accepted that any part of the genome that was non- 

coding probably existed as a result of transposition which resulted in randomly scattered 

repetitive elements increasing the size of the genome (122). In 2001, the human genome 

project revealed that only 1-2% of the human genome codes for proteins while the rest is 

non-coding. To some, this discovery was not surprising since early discoveries of 

biologically functional ncRNA such as ribosomal RNA (rRNA) and transfer RNA (tRNA) 

date back as far as 1857 (123).  Uncovering the potential role and importance of these 

unique sequences will take years. So far, the vastly unexplored ncRNA sequences have 

been implicated in several biological processes such as development, embryogenesis and 

differentiation (124). 

 ncRNA molecules constitute a large group of molecules in terms of biological 

function, length and structure. They are broadly defined as non-protein coding transcripts 

and are divided into small ncRNAs (sncRNA) (such as microRNAs (miRNA) that are 

approximately 20 nucleotides in length) or long non-coding RNAs (lncRNAs). lncRNAs 

are defined as ncRNAs larger than 200b and represent most transcriptional products in the 

cell and will therefore be the focus of this work (125).  

 Throughout the years there has been confusion about what the definition of a gene 

is. The simplest definition describes genes as being any stretch of DNA or RNA that codes 

for a functional molecule. With the onset of the ENCODE project, it became clear that 

regions without open reading frames were transcriptional active and therefore should be 

defined as genes. With this perspective, genes that transcribe for lncRNA are found 

throughout the genome (126). The most recent NONCODE database suggests that there 

are over 100,000 lncRNAs in the human genome (127,128). Only a few hundred of these 
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lncRNA have been functionally characterized demonstrating a need for lncRNA based 

research (129).  

 The cellular function of lncRNAs are often influenced by their localization in either 

the cytoplasm or the nucleus (130). Many nuclear lncRNAs have been shown to function 

in modulating gene expression either in cis (nearby on chromosome) or in trans (other 

chromosome), by acting as transcriptional guides, transcription factor decoys, or as 

scaffolds for molecular interactions (Fig. 4). Cytoplasmic lncRNA often play roles in 

modulating mRNA stability, altering translation control and modulating miRNA levels by 

acting as competitive endogenous RNAs (ceRNA) to inhibit miRNA function (131). 
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Figure 4. Long non-coding RNAs (lncRNAs) can function in several ways 

including as signaling molecules, scaffolds, guides and decoys. LncRNAs may act 

as signals which for example may recruit transcription factors to the DNA inducing 

gene expression. They may act as scaffolds that allow ribonuclease proteins to come 

together properly in three-dimensional space influencing epigenetic modifications. 

They may function as guides that bind enzymes leading them directly to their 

binding site. Lastly, they may also act as decoy which may prevent a protein from 

binding its site and inducing gene expression changes. 
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 Some of the first functionally characterized lncRNAs in humans have important 

roles in developmental processes. One example is that of lncRNA X-inactive specific 

transcript (XIST) which is involved in X chromosome inactivation of females; essential for 

equalizing “gene-dosage” from the X chromosome in males and females. Early in the 

development of a female embryo, XIST acts as a molecular scaffold and recruits the poly 

repressive complex 2 (PRC2) enzyme and other silencing factors resulting in X 

chromosome inactivation (132). Interestingly, the expression of lncRNA XIST is also 

regulated by other lncRNAs such as TSIX (anti-sense to XIST) (133). In addition to XIST, 

the well-studied lncRNAs H19 and HOTAIR have also been implicated in development. 

H19 is expressed in embryonic tissue and decreases significantly after birth (134). It 

influences growth by the cis control of insulin growth factor 2 (Igf2) expression (135). 

HOTAIR acts as a guide for PRC2 resulting in the epigenetic silencing of HOX gene loci 

essential for healthy development (136). With the knowledge that lncRNAs influence non-

pathological development, evidence soon followed that lncRNAs play a crucial role in 

cancer development. 

1.7 LncRNAs, Cancer and Breast CSCs 

 The identity, function and dysregulation of lncRNAs in cancer is only beginning to 

be understood. Within the last decade many lncRNAs have been shown to be dysregulated 

in multiple cancer types suggesting potential roles that drive carcinogenesis (137). Further,  

two intrinsic properties of most lncRNAs make them attractive therapeutic targets: they 

tend to be highly expressed in certain cancers, and they exhibit polarized tissue- or cell-

specific gene expression (138).    
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 In 2017, Deng and colleagues isolated breast CSCs from the breast cancer cell line 

MDA-MB-231 and showed that HOTAIR was enriched in the CSC population. HOTAIR 

promoted proliferation, colony formation, migration and self-renewal capacity in breast 

CSCs. Moreover, they also showed that HOTAIR inhibits miR-34a resulting in the 

upregulation of SOX2, promoting stem-like properties (139). Others have shown that 

HOTAIR confers radio- and chemo-resistance; a defining characteristic of a CSC 

population (140,141). 

 One of the first discovered lncRNAs, H19 also plays a role in maintaining breast 

CSC populations. High H19 expression predicts poor patient survival and is also highly 

enriched in the ALDHhi CSC population (142). H19 regulates CSC stemness by acting as 

a ceRNA to miRNA let-7 causing an increase in the pluripotency factor LIN28. 

Furthermore, H19 expression is essential for CSC survival in vivo suggesting that targeting 

H19 and its regulatory network may be an effective strategy (143). 

  Another early-discovered lncRNA, XIST, is enriched in the ALDHhi breast CSC 

population. Knockdown of XIST in vitro significantly decreased the ALDHhi population 

in a TNBC cell line and slowed tumor growth and tumor initiating capacity in 

immunocompromised mice. Although the function is not completely elucidated, McHugh 

and colleagues suggest that it interacts with a SHARP protein to induce transcriptional 

silencing by recruiting PRC2 (144,145). 

 Other lncRNAs that have been implicated or have been suggested to play a role in 

breast CSC maintenance are GAS1RR, TUNAR, LINC-ROR, MALAT1, UCA1, 

LOC554202, CCAT2, ARA, BC200, LSINCT5, SOX0T2, SRA1, TreRNA, SPRY4-IT1, 
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MEG3, GAS5 and NKILA (146). Expanding this list of CSC-associated lncRNA should 

be a priority as they have incredible potential for therapeutic targets. 

1.8 Prostate Androgen-Regulated Transcript 1 (PART1) 

 In 2019 Vidovic and colleagues identified a list of lncRNA that are enriched in 

basal-like/TNBC (147). To do so, the ALDHhi and ALDHlo populations were sorted from 

a TNBC patient-derived xenograft (PDX) and TNBC SUM149 cells and assessed for 

differential lncRNA expression. Of the 10 lncRNAs that were consistently upregulated in 

the ALDHhi populations, the expression of two lncRNA, non-coding RNA in 

the aldehyde dehydrogenase 1 A pathway (NRAD1) and prostate androgen-regulated 

transcript 1 (PART1) were associated with worse prognosis and were prioritized for study.  

  In 2000, Lin and colleagues discovered PART1 by using a complementary DNA 

microarray containing 1500 prostate-derived cDNAs that were responsive to androgens. 

The same group used in-situ hybridization to map PART1 to chromosome 5q12. 

Furthermore, they found that PART1 was highly expressed in prostate tissue and is 

expressed as at least three different transcripts (Fig. 5 and Table 1) (148). Shortly after, 

others began to elucidate the role of PART1 showing that PART1 is responsive to 

testosterone, progestins, estrogens and glucocorticoids which drive prostate carcinogenesis 

(149).  
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Figure 5. Location of lncRNA PART1 on Chromosome 5. PART1 has three well-

known transcript variants which have one overlapping region in the first exon. Modeled 

after data provided by the Ensembl database. 
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Table 1. Transcript variants of long non-coding RNA (lncRNA) PART1. There are 

some discrepancies between databases for the exact sequence of PART1 transcript variants 

between Ensembl and the National Centre for Biotechnology Information (NCBI). The 

common region between all three transcript variants is similar. 

 

Table 2. Transcript variants of long non-coding RNA (lncRNA) PART1. There are 

some discrepancies between databases for the exact sequence of PART1 transcript variants 

between Ensembl and the National Centre for Biotechnology Information (NCBI). The 

common region between all three transcript variants is similar. 

 

Table 3. Transcript variants of long non-coding RNA (lncRNA) PART1. There are 

some discrepancies between databases for the exact sequence of PART1 transcript variants 

between Ensembl and the National Centre for Biotechnology Information (NCBI). The 

common region between all three transcript variants is similar. 

 

Table 4. Transcript variants of long non-coding RNA (lncRNA) PART1. There are 

some discrepancies between databases for the exact sequence of PART1 transcript variants 

between Ensembl and the National Centre for Biotechnology Information (NCBI). The 

common region between all three transcript variants is similar. 
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 In prostate cancer, PART1 is overexpressed in prostate cancer tissue compared to 

non-cancerous prostate tissue suggesting its role in driving prostate carcinogenesis. This 

was confirmed by Sun et al. in 2018, when they showed that PART1 expression promotes 

prostate cancer cell proliferation and inhibits cell apoptosis by inhibiting toll-like receptor 

pathways (specifically toll-like receptor 3 (TLR3) and Tumor Necrosis Factor 

Superfamily Member 10 (TNFSF10)). High PART1 expression is also associated with 

advanced stage and worse prognosis in prostate cancer patients (150). 

 Although first discovered in prostate cancer, accumulating evidence is 

demonstrating the potential role of PART1 in other cancers such as glioblastoma 

multiforme, non-small cell lung cancer, colorectal cancer and esophageal squamous cell 

carcinoma. In glioblastoma multiforme, PART1 belongs to a series of six lncRNA that 

accurately predicts patient survival by dividing patients into low and high risk groups 

based on the expression of these six lncRNA (151). Specifically, in glioblastoma tissues 

there is low expression of PART1 compared to non-cancerous tissue. Contrarily, high 

PART1 expression is associated with worse outcomes and tumor recurrence in non-small 

cell lung cancer (152). In two other models, PART1 has been shown to be oncogenic and 

act as a ceRNA. In esophageal squamous cell carcinoma, high PART1 expression 

promotes gefitinib (epidermal growth factor receptor inhibitor) resistance by acting as a 

ceRNA to miRNA-129 which increases (B cell lymphoma 2) BCL2 expression inhibiting 

apoptosis (153). In colorectal cancer cell lines, PART1 is highly expressed and is 

sponged by miR-143 which regulates the expression of a DNA methyltransferase to drive 

tumor progression (154).  
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 The vast effect of PART1 in several cancer contexts may be explained by the 

reliance on androgen signaling which may drive carcinogenesis in a context specific 

manner. Importantly, some TNBCs although negative for ER/PR receptors are positive for 

androgen receptors (155). Despite the fact that AR positivity predicts a favourable 

prognosis in ER+ breast cancers, it has also been shown to contribute to therapy resistance 

and promote proliferation in TNBC (156). Therefore, PART1 may be a targetable, 

oncogenic lncRNA in TNBC. 

1.9 Non-coding RNA therapies 

 Nucleic acid-based therapies are emerging as promising therapeutics to target 

pathogenic lncRNAs. Preclinical studies suggest that targeting lncRNAs is achieved by the 

use of three main strategies; 1) functional blocking of lncRNAs, 2)  structure disruption 

and most commonly  3) silencing of lncRNAs (157).  

 The function of lncRNAs can be impaired by blocking their molecular interactions. 

Administration of small molecule inhibitors mask the binding site of lncRNA partners 

preventing the lncRNA from binding. For example, blocking the binding site in PRC2 may 

prevent HOTAIR from binding its partner ultimately decreasing its oncogenic function 

(158). In a similar way, small molecule inhibitors can also be designed to either mimic the 

function of the lncRNA to act as a competitive inhibitor or aim to change the secondary 

structure of the lncRNA of interest. Unfortunately, these types of therapies induce vast off 

target effects and have poor stability in vivo resulting in the search for a more efficient 

targeted approach (159). 

 The potential of silencing lncRNAs using antisense oligonucleotides (ASO) is only 

beginning to be revealed. ASOs are DNA molecules that inhibit RNAs by binding to them 
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antisense to form a DNA-RNA duplex, which is recognized by RNase H and degraded. 

The first ASO was used almost 40 years ago and proved successful at preventing RNA 

maturation but was quickly degraded by nucleases (160). Since then, ASOs have been 

modified to increase their potency and stability in vivo. First generation ASOs are defined 

by the addition of a phosphorothioate backbone preventing degradation by nucleases (161). 

A lack of specificity and poor cellular uptake was addressed in the second generation ASOs 

by adding a modified sugar moiety (2′-O-methoxyethyl). This was met with difficulties 

since the 2’ modification prevented RNAse H mediated degradation (162). Therefore, third 

generation ASOs used the “gapmer strategy” where 2’ regions of a synthetic ASO flank 

the central DNA region forming a locked formation. The combination of a PS backbone, 

central DNA gap and locked nucleic acid (LNA) creates an ASO with high efficacy, 

stability, and nuclease resistance – these synthetic, highly potent ASOs are often called 

LNA GapmeRs. 

 LNA GapmeRs have been used successfully to silence lncRNAs and induce anti-

cancer effects in vivo. In multiple myeloma, LNA GapmeR treatment (targeting lncRNA 

MALAT1) significantly decreased tumor volume in immunocompromised mice. Another 

group demonstrated the importance of SAMMSON in driving the formation of melanoma. 

Targeting SAMMSON with LNA GapmeRs not only decreased tumor burden but also 

desensitized patient derived xenografts to conventional melanoma treatments (163). In 

breast cancer, LNA GapmeRs have been used to silence lncRNA BCAR4 which 

significantly reduced metastasis in vivo (164). Together, the evidence highlights the 

importance of identifying oncogenic lncRNAs and suggests that LNA GapmeRs may be 

an efficient therapeutic agent in vivo. 
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1.10 Rationale and Hypothesis 

 Ultimately, I aim to further our understanding of breast CSCs. First, I will 

determine whether ALDHhi CSC populations can influence the CD44+/CD24- CSC 

population by manipulating ALDH1A3 levels. In addition, I will determine the effect of 

ALDH1A3 mediated RA signaling on the CSC populations. I hypothesize that ALDH1A3 

levels will influence the CD44+/CD24- CSC via RA signaling. Next, we will evaluate the 

role of lncRNA PART1 in the progression of TNBC and breast CSC maintenance while 

assessing its potential as a novel therapeutic target. We hypothesize that PART1 will be 

oncogenic in TNBC and maintain breast CSC populations given its sensitivity to androgen 

signaling, and its oncogenic function shown in two other cancer models. We hope to 

characterize the mechanism behind PART1 and assess its targetability pre-clinically. 
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2 MATERIALS AND METHODS 

2.1 Cell Lines and Cell Culture Conditions 

 HS57BT, MCF10A, MCF7, T47D, SKBR3, BT20, BT549, Du4475, HCC1143, 

HCC1187, HCC1395, HCC1599, HCC1806, HCC1937, HCC38, HCC70, HS578T, MDA-

MB-157, MDA-MB-231, MDA-MB-436, MDA-MB-453, MDA-MB-468 cells were 

purchased from ATCC Cell Lines. SUM149 and SUM1315 cells were purchased from 

BioIVT. These breast cancer cell lines were isolated by research groups (e.g., MD 

Anderson Cancer Center) from patients with breast cancer and licensed for sale. They were 

cultured as per the suppliers’ recommendations (Table 2). 
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Table 2. Breast cell line culture conditions as outline by ATCC and BioIVT. 

Cell Line Base Medium Additives Conditions Passaging 

     

Hs578Bst Hybri-Care 10% FBS, 1x AA 5% CO2 0.25% EDTA 

Trypsin 

MCF10A DMEM/F12 5% horse serum, 1x 

AA, 20 ng/mL EGF, 

0.5 mg/mL 

hydrocortisone, 10 

µg/mL bovine insulin 

5% CO2 0.25% EDTA 

Trypsin 

MCF7 DMEM 10% FBS, 1x AA 5% CO2 0.05% EDTA 

Trypsin 

T47D DMEM 10% FBS, 1x AA 5% CO2 0.05% EDTA 

Trypsin 

SKBR3 DMEM 10% FBS, 1x AA 5% CO2 0.05% EDTA 

Trypsin 

BT20 MEM 10% FBS, 1x AA, 

NEA, sodium pyruvate 

5% CO2 0.25% EDTA 

Trypsin 

BT549 RPMI-1640 10% FBS,1x AA, 0.023 

IU/mL human insulin 

5% CO2 0.25% EDTA 

Trypsin 

Du4475 RPMI-1640 10% FBS,1X AA 5% CO2 Suspension 

HCC1143 RPMI-1640 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 

HCC1143 RPMI-1640 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 

HCC1187 RPMI-1640 10% FBS,1X AA 5% CO2 Mixed 

HCC1395 RPMI-1640 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 
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HCC1599 RPMI-1640 10% FBS,1X AA 5% CO2 Suspension 

HCC1806 RPMI-1640 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 

HCC1937 RPMI-1640 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 

HCC38 RPMI-1640 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 

HCC70 RPMI-1640 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 

Hs578t DMEM 10% FBS, 1x AA, 0.01 

mg/mL bovine insulin 

5% CO2 0.05% EDTA 

Trypsin 

MDA-MB-157 L15 10% FBS,1X AA 0% CO2 0.25% EDTA 

Trypsin 

MDA-MB-231 DMEM 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 

MDA-MB-436 L15 10% FBS,1X AA 0% CO2 Scraped 

MDA-MB-453 L15 10% FBS,1X AA 0% CO2 0.25% EDTA 

Trypsin 

MDA-MB-468 DMEM 10% FBS,1X AA 5% CO2 0.25% EDTA 

Trypsin 

SUM149 F12 5% FBS,1X AA and 

HEPES buffer, 1ug/mL 

hydrocortisone, 5ug/mL 

human insulin 

5% CO2 0.25% EDTA 

Trypsin 

SUM13315MO F12 5% FBS,1X AA and 

HEPES buffer, 

10ng/mL EGF, 5ug/mL 

human insulin 

5% CO2 0.25% EDTA 

Trypsin 
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2.2 Patient Derived Xenograft (PDX)  

 The PDX (PDX 7482) used in this study was obtained from the Dr. Michael Lewis 

laboratory (Bayor College of Medicine) as a frozen sample. Upon arrival PDX 7482 was 

surgically implanted into the second thoracic mammary fat pad of 8-week-old female 

NOD/SCID mice which have no T or B cells and are deficient of natural killer cells. The 

PDX was then expanded for further experimental use. Additional samples were stored in 

liquid nitrogen. 

2.3 Ethics Statement 

 All animal experiments were conducted in accordance with the Canadian Council 

on Animal Care standards and protocols approved by Dalhousie University Committee on 

Laboratory Animals (#17-011). 

 

2.4  MATERIALS AND METHODS (DATA CHAPTER 1) 

2.4.1  Generation of ALDH1A3 Retroviral Knockdowns  

 Stable HCC1806 and MDA-MB-468 ALDH1A3 knockdown clones were 

generated as previously described using two pSMP shRNA clones. Knockdown was 

confirmed via western blot and real-time quantitative polymerase chain reaction (RT-

QPCR) (80,92). 

2.4.2 Western Blots 

 Following trypsinization, MDA-MB-468 and HCC1806 cells were washed with ice 

cold PBS and resuspended in an appropriate volume of ice-cold RIPA buffer supplemented 

with protease inhibitor cocktail (PIC) and phosphatase inhibitors (Sigma). The protein 

lysates were then quantified using a BCA Protein assay kit (Thermo Scientific). Lysates 

were boiled in Laemmli buffer at 95°C for 5 min, and then 20 µg loaded into a 7% Mini-
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PROTEAN TGX Stain-Free gel (BioRad) and run at 100V. The gels were then transferred 

to a PVDF membrane using a TurboBlot system (BioRad). The membranes were probed 

using mouse monoclonal anti-human ALDH1A3 IgG (Origene, clone 4E8). Secondary 

species-specific horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1/1000) 

were used to detect protein levels by chemiluminescence following staining with enhanced 

chemiluminescence (ECL) substrate (BioRad) on a ChemiDoc imager (BioRad). For a 

loading control, total protein load was assessed using the stain-free luminescence ability of 

the mini-PROTEAN TGX gels. 

2.4.3 Retinoic Acid and Retinal Treatments and CD44/CD24 Cell Surface Receptor 

Staining in vitro 

 HCC1806 and MDA-MB-468 cells were cultured as outlined above (Table 2). They 

were seeded at approximately 15% confluency in 6 well plates (Corning). Before treatment, 

the cells were washed twice with phosphate buffer saline (PBS, pH=7.4; Invitrogen). Cells 

were treated for 24 hours with 100nM solutions of all-trans retinoic acid (ATRA; Sigma 

Aldrich) or all-trans retinal (Sigma Aldrich) which were made in media (MDA-MB-468; 

DMEM or HCC1806; RPM1-1640) supplemented with 10% charcoal stripped fetal bovine 

serum (cFBS), 1x antibiotic/antimycotic (AA) and 0.25μg/mL puromycin.  

 To assess the effect of treatment on the CD44+/CD24- populations, 24 hours post 

treatment cell were collected, washed in PBS and then resuspended in FACS buffer (PBS 

supplemented with 1% FBS and ethylenediamine tetraacetic acid) containing both CD44 

(0.0625µL/mL) and CD24 (10uL/mL) monoclonal antibodies (eBioscience). Cells were 

placed on a shaker and incubated at 37°C for 30 minutes. Following incubation, cells were 

resuspended in FACS buffer containing viability dye 7-AAD (5µL/mL). Flow cytometry 
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was performed, and data collected using the FACSCalibur (BD BioSciences), and then 

processed using FCSExpress 4 RE Software. Gates were placed as dictated by single stain 

and isotype controls (CD44: Rat, IgG2b kappa Isotype Control, PE, eBioscience, CD24: 

Mouse, IgG1 kappa Isotype Control, APC, eBioscience). 

2.4.4 Animal Studies using PDX 7482 

Before experimentation, PDX 7482 was first expanded by surgically engrafting a 2 

mm3 chunk into the 2nd thoracic mammary fat pad of one 8-week old NOD/SCID female 

mouse. Approximately 30 days post implantation, the expanded tumor was harvested and 

chopped into 27 equal chunks. At this time, 27 new 8-week old NOD/SCID female mice 

were sorted into three groups; 1) 9 no treatment mice which underwent PDX 7482 

engraftment, 2) 9 retinal treated mice which underwent PDX 7482 engraftment and 

received a slow-release retinal pellet (5mg/60 days, Innovative Research of America) and 

3) 9 RA treated which underwent PDX 7482 engraftment and received a slow-release RA 

pellet (5mg/60 days, Innovative Research of America, Fig.6). Once tumors were palpable 

(14 days post implantation), tumors were measured with a Vernier caliper every 7 days. 

After 35 days, mice were euthanized and tumors were collected, weighed, and a chunk was 

taken for RNA purification (done using an RNA purification kit (Invitrogen Thermo Fisher 

Scientific)) with slight modifications which is described in Section 2.3.6. In addition, the 

tumors were processed to conduct a limiting dilution assay (initiating cell frequencies 

calculated using extreme limiting dilution analysis (ELDA) software (66). Flow cytometry 

was conducted to assess Aldefluor activity and CD44+/CD24- cell populations (outlined 

below, Fig. 6).   
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Figure 6. Experimental set up for PDX 7482 engraftment. Tumors formed were then 

processed into single cell suspensions and re-injected into 70 new NOD/SCID mice at 

varying concentrations to assess the effect of treatment on the CSC population. Initiating cell 

frequency was calculated using extreme limiting dilution analysis (ELDA) software. 
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 To process PDX tumors into single cell suspension for re-injection tumors were 

briefly minced mechanically and digested in 15 mL 225U/mL collagenase III for 45 min 

at 37°C on rotation. The PDX 7482 cells were then filtered through a 70 μM filter, 

centrifuged at 500 RCF, and washed with 5mL of red blood cell lysis buffer (157 mM 

NH4Cl, 2.5 mM KHCO3, ddH2O; pH adjusted to 7.30). The cells were pelleted again and 

washed with PBS then filtered through a 70 μM filter a second time. A 10µL representative 

sample of each cell solution was quantified using 0.4% Trypan Blue Solution and a Bright-

Line Hemacytometer (Gibco). The most abundant samples were used for re-injection (3 

NT samples, 3 RAL treated samples and 3 RA treated samples).  

In total, 70 NOD/SCID female mice were injected with PDX cells admixed 1:1 with 

Matrigel HC (BD Bioscience) in both the right and left flank. Concentrations used were 

100,000, 20,000 and 5000 cells/injection. Both no treatment cells and RAL treated cells 

were re-injected at three concentrations with three biological and technical replicates. 

Unfortunately, RA treated cells were less abundant therefore these cells were injected at 

20,000 and 5000 with three biological and technical replicates.  

2.4.5 Aldefluor Assay and CD44/CD24 Cell Surface Receptor Staining in vivo 

 As outlined above, PDX 7482 tumors (NT, RAL or RA) were passaged into single 

cell suspensions. Approximately 1x106 cells were taken from the solution and pelleted. 

Next, the cells were resuspended in Aldefluor Buffer containing the BODIPY® -

aminoacetaldehyde (BAAA) substrate (as per manufacturer’s instructions: Aldefluor 

Assay Kit (Stem Cell Technologies)) and allophycocyanin (APC)-conjugated mouse 

lineage-specific antibodies (anti-H2Kd). Cells were incubated at 37°C for 15 minutes. 

After the incubation period, cells were spun at 500 RCF and then stained with 7-AAD 
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(BioLegend) to a final dilution of 1/10. A control sample treated with Aldefluor activity-

inhibitor diethylaminobenzaldehyde (DEAB; as per manufacturer’s instructions) was 

included for each sample to ensure that the Aldefluor+ population of cells had been 

correctly gated.  

 To assess the CD44/CD24 status of the same PDX cell solutions 1x106 cells were 

pelleted and stained as is outlined in Section 2.3.5. The only exception being that the mouse 

lineage specific antibody was included to eliminate mouse cells.  

 For both protocols, no RA treated cells were collected due to low abundance. Side-

scatter (SSC) and forward-scatter (FSC) gating was used to remove debris and doublets 

from analysis. Data was collected using the FACSCalibur (BD BioSciences), and then 

processed using FCSExpress 4 RE Software. 

2.4.6 RT-QPCR with PDX 7482 

Tumor chunks were stored in TRIzol reagent and thawed. RNA was extracted using 

the PureLink RNA MiniKit (Life Technologies) as per the manufacturer’s guidelines. 

Exceptions include the use of 400µL of chloroform and a larger elution volume (50µL). 

RNA was quantified by measuring absorbance at 260nm with a SpectraMax Microplate 

Reader using SoftMax Pro software. Complementary DNA (cDNA) was made by reverse 

transcribing 0.25μg of RNA using iScript RT Supermix (BioRad) as per manufacturer’s 

guidelines.  

Using gene specific human primers (Table 3), cDNA was amplified using SYBR 

Green Supermix (BioRad) in a CFX96/CFX384 RT-QPCR thermocycler (BioRad). Primer 

specificity was ensured through PrimerBLAST analysis (NCBI) and by attempting to 

amplify the genes of interest from the ID8 mouse cell line. In addition, standard curves 
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were generated for each primer pair, and primer efficiencies were incorporated into the 

CFX Manager software (Bio-Rad). Gene expression of all samples was calculated relative 

to references genes (human GAPDH and B2M) and normalized to respective controls. 
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Table 3. Human specific primer sequences as predicted by NCBI and tested against 

the ID8 mouse cell line. 

Gene Name Primer Sequence (5’ to 3’) 

 Forward Reverse 

Cytochrome P450 Family 26 

Subfamily A Member 1 

(CYP26A1) 

 

GACCTGTACTGCGTGA

GCG 

GCAAGGTTTCCCCAA

AGAAGG 

Dehydrogenase/Reductase 3 

(DHRS3) 

ATCTGGTGGTGAAAG

CAGCC 

 

GTGATGAGGACGTTC

TCCCG 

POU class 5 homeobox 1 

(POUF51/OCT4) 

GGACACCTGGCTTCGG

ATTT 

TAGCCAGGTCCGAGG

ATCAA 

Retinoic acid-induced protein 2 

(RAI2) 

CCCCATCCATTCTGAA

CCCC 

GTGAATGGGCATCAC

CACTG 

retinoic acid receptor responder 

protein 2 

(RARRES2) 

TGCCCCATAGAGACCC

AAGT 

TTGGAGAAGGCGAAC

TGTCC 

Sushi Repeat Containing 

Protein X-Linked 2 

(SRPX2) 

TGCCACGCACTACCAT

TCAT 

GCCACTGGAACAGCT

GTAGT 

Aldehyde Dehydrogenase 1 

Family Member A3  

(ALDH1A3) 

CTGGATGCCCTGAGTC

GTG 

TGGCTTCCCTGTATC

CATCG 

CD44 Molecule 

(CD44) 

CAGCAAACAACACAG

GGGTG 

ATTGGGCAGGTCTGT

GACTG 

Homeobox protein Hox-A1 

(HOXA1) 

CAGCCCCTACGCGTTA

AATC 

CCAGAGTAAACAGCG

GGAGC 

Integrin alpha-6/beta-1 

(ITGA6) 

AGCTGTGCTTGCTCTA

CCTG 

CCGGGGTCTCCATAT

TTCCG 

Nanog Homeobox 

(NANOG) 

AAGGCCTCAGCACCT

ACCTA 

GAAGGTTCCCAGTCG

GGTTC 

Retinoic Acid Receptor Beta 

(RARb) 

AATTACCCTGCTGAAG

GCCG 

 

AGGGTAAGGCCGTCT

GAGAA 

SRY (sex determining region 

Y)-box 2 

(SOX2) 

AGGATAAGTACACGC

TGCCC 

TAACTGTCCATGCGC

TGGTT 

Glyceraldehyde-3-Phosphate 

Dehydrogenase 

(GAPDH) 

GGAGTCAACGGATTT

GGTCGTA 

TTCTCCATGGTGGTG

AAGA 

Beta-2-Microglobulin 

(B2M) 

AGGCTATCCAGCGTAC

TCCA 

CGGATGGATGAAACC

CAGAC 
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2.5 MATERIALS AND METHODS (DATA CHAPTER 2) 

2.5.1 Generation of PART1 Lentiviral Knockdowns 

 Stable PART1 short hairpin ribonucleic acid (shRNA) knockdown clones were 

generated using two separate clones. The first clone was generated using the lentiviral 

vector PLKO.1 (Dharamacon, Lafayette, CO, US) with either the shRNA scramble 

sequence or shRNA sequences specific to PART1 (shRNA 1: 

TAGTCGTAATTGAGTTCTGAC; TRCN0000122137). The second clone was generated 

using the lentiviral vector GIPZ (EGAD, Dalhousie, NS, CA) with either the shRNA 

scramble sequence or shRNA sequence specific to PART1 (V2LHS_135152). 293T cells 

were cultured in media without AA and were transfected (Lipofectamine, Invitrogen) along 

with packaging plasmids (0.75ug pSPAX2, 0.25ug MDG.2, 1 ug of control or PART1 

specific sequences). Two days post, the 293T cell supernatants containing lentivirus were 

applied to cultured HCC1806 cells and selection of stable transfectants began after 2 days 

with the addition of 1.5µg/mL puromycin (Sigma Aldrich). Clones were maintained in 

RPMI-1640 supplemented with 10% FBS, 1XAA and 0.25µg/mL puromycin. RNA was 

isolated using an RNA purification kit (Invitrogen Thermo Fisher Scientific) as per the 

manufacturer’s instructions Knockdown of PART1 was confirmed through RT-QPCR as 

described in Section 2.3.6 with the exception of running samples against the mouse-

specific 1D8 cell line. See Table 4 for gene specific primer sequences which were verified 

by sending QPCR amplicons for Sanger sequencing.  
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Table 4. Gene specific primers used to determine PART1 expression. 

Gene Name Primer Sequence (5’ to 3’) 

 Forward Reverse 

Prostate androgen regulated 

Transcript 1 

(PART1) 

CACAGCTTCCTTGTCGGGA

GG 

CAAGCCGGGAAGAGACCT

TG 

Prostate androgen regulated 

transcript 1 transcript variant 1 

(PART1 TV1) 

ACAAGCAATGGCTCAACA

GC 

 

ATGACGCATCTGGTCGTA

GG 

 

Prostate androgen regulated 

transcript 1 transcript variant 2 

(PART1 TV2) 

CAGCCAATCACTTAGCTCC

TCA 

CATCTGTTGTTCCAGTGC

AG 

Prostate androgen regulated 

transcript 1 transcript variant 3 

(PART1 TV3) 

TGTGACCGTGGGAAAATCA

CA 

 

CAGCAAAGGAGGCCATTA

GC 

 

Nuclear paraspeckle assembly 

transcript 1 

(NEAT1) 

CCTCCCTTTAACTTATCCAT

TCAC 
TCTCTTCCTCCACCATTAC

CA 

Differentiation antagonizing 

non-protein coding RNA 

DANCR 

AGGAGTTCGTCTCTTACGT

CT 
TGAAATACCAGCAACAGG

ACA 

ADP ribosylation factor 1 

(ARF1) 

GTGTTCGCCAACAAGCAGG CAGTTCCTGTGGCGTAGT

GA 

Pumilio RNA binding family 

member 1 

(PUM1) 

 

GGCGTTAGCATGGTGGAGT

A 
CATCCCTTGGGCCAAATC

CT 

 

Table 5. PART1-specific antisense LNA GapmeR sequences. 

Gene Name GapmeR Sequences 

 GapmeR #1 GapmeR #2 

Prostate androgen regulated 

Transcript 1 

 

(PART1) 

ATTCCAGATAAGTAGA GTGATTCCAGATAAGT 
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2.5.2 GapmeR Treatments 

 To generate transient PART1 knockdowns in vitro GapmeR treatments were used. 

GapmeRs were mixed with OptiMEM reduced serum media (Invitrogen Thermo Fisher 

Scientific) and TransIT-BrCa transfection reagent at a ratio of 10:1:2 parts 

OptiMEM:GapmeR:TransIT, to a final treatment concentration of approximately 15 nM 

GapmeR. Each cell line (HCC1806 and HCC1395) received one treatment. To quantify a 

GapmeR-mediated decreased in PART1 expression, HCC1806 and HCC1395 cells were 

treated with a control GapmeR (339515 LG00000002-DDA; AACACGTCTATACGC), 

GapmeR 1 (339515 LG00211400-DDA; ATTCCAGATAAGTAGA) or GapmeR 2 

(339515 LG00211400-DDA; GTGATTCCAGAATAAGT) and collected in TRIzol 

reagent 48hrs later for RNA purification. Knockdown was verified using RT-QPCR. 

2.5.3 Cellular Proliferation and Apoptosis Assays 

 For cell proliferation assays cells were seeded at the appropriate concentrations 

(HCC1806: 175,000 cells/mL, HCC1395: 200,000 cells/mL). One day post seeding, cells 

were treated with either control GapmeR or GapmeRs specific to PART1 (GapmeR #1 and 

GapmeR #2). Two days post treatment, cells were counted by taking a 10µL representative 

sample and quantifying it using 0.4% Trypan Blue Solution and a Bright-Line 

Hemacytometer (Gibco). PART1 shRNA knockdown HCC1806 cells followed a similar 

protocol. Freshly thawed HCC1806 PART1 knockdown cells were cultured for 

approximately 14 days before seeded into a 6-well plate (Corning) at 175,000 cells/mL. 

Cells were quantified 3 days post-seeding using using 0.4% Trypan Blue Solution and a 

Bright-Line Hemacytometer (Gibco).  
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 For cell apoptosis assays, the HCC1806 shRNA knockdown cells were seeded at 

approximately 15% confluency after being cultured for about 14 days. One day post-

seeding cells were washed with PBS, collected and resuspended in annexin V binding 

buffer (0.1M HEPES (pH 7.4), 1.4M NaCl, and 25 mM CaCl2; diluted 1/10 with dH20). 

The cells were then incubated with annexin V conjugated to Alexa-Fluor 647 (Invitrogen 

Thermo Fisher Scientific) at room temperature for 15 minutes. Following the incubation, 

cells were pelleted and resuspended in annexin V binding buffer containing 7-AAD 

(5uL/mL). Flow cytometry was performed, and data collected using a FACSCalibur (BD 

BioSciences) and processed with FCS Express 4 RE software (De Novo Software). 

2.5.4 Aldefluor Sorting of PDX 7482 and TNBC Cell Line SUM149 

 Cell sorting of distinct cell populations based on Aldefluor activity was performed 

for RNA collection (103). PDX 7482 tumors were processed into single cell suspensions 

as described in section 2.3.4. Prior to sorting, an Aldefluor assay was conducted as 

described in section 2.3.5. SUM149 cells were washed, trypsinized and collected. Next, 

they were pelleted and resuspended in Aldefluor buffer, stained with BAAA and incubated 

at 37°C for 30 minutes on rotation. Cells were then resuspended in Aldefluor Buffer with 

5µL/mL 7-AAD. Cell sorting was performed using a FACSAria cell sorter (BD 

BioSciences). Aldefluor+ and Aldefluor- cells destined for RNA purification were 

centrifuged at 600RCF and resuspended in TRIzol reagent. 

2.5.5 Sub-cellular Fractionization 

 In order to separate the nuclear and the cytoplasmic fractions, HCC1806 cells were 

washed, trypsinized and collected from an 80% confluent 15cm cell culture plate 

(Corning). Cells were spun at 500 RCF and resuspended in ice cold hypertonic lysis buffer 
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(10 mM Tris (pH 7.5), 10 mM NaCl, 3 mM MgCl2, 0.3% (vol/vol) NP-40 and 10% 

(vol/vol) glycerol) supplemented with 100 units of SUPERase-In (Thermofisher). This 

mixture was incubated on ice for 10 minutes. Next, the cell solution was vortexed briefly 

and centrifuged at 1000 RCF for 3 minutes. The supernatant (cytoplasmic fraction) was 

transferred to a new RNAase- free tube while the pellet was stored on ice. Immediately 

1mL of RNA precipitation solution (0.5 ml of 3 M sodium acetate (pH 5.5) with 9.5 ml of 

anhydrous ethanol) was added to the supernatant, vortexed and stored at -20°C for one 

hour. During this time, the nuclear pellet was washed three times with 1mL of hypertonic 

lysis buffer and spun at 200 RCF for 2 minutes at 4°C. The nuclear pellet was resuspended 

in 1mL of TRIzol for RNA purification. After at least one hour, the cytoplasmic fraction 

was vortexed briefly and spun at 18,000 RCF for 15 minutes. Supernatant was discarded, 

the pellet was resuspended in 70% ethanol and spun at 18,000 RCF for 5 minutes. The 

supernatant was discarded, and the pellet was left to air dry for approximately 20 minutes. 

The remaining pellet was resuspended in 1mL of TRIzol. 

 RNA from both the cytoplasmic and nuclear fractions was isolated as was 

previously described.  lncRNA expression was determined using RT-QPCR using gene 

specific primers for PART1, NEAT1 (positive nuclear control), and DANCR (positive 

cytoplasmic control). 

2.5.6 Mammosphere Assays 

 Mammosphere assays were conducted by seeding low concentrations of cells 

(HCC1806: 2000 cells/mL, HCC1395: 4000 cells/mL, PDX 7482: 5000 cells/mL) into 

low-adherence plates (Corning) in complete, serum-free Mammocult media (Stem Cell 

Technologies). PDX cells were isolated as previously described in Section 2.3.4. For each 
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model, cells were resuspended in small volumes of Mammocult media, counted and seeded 

in triplicate in 24-well low-adherence plates. Cells were left to incubate for approximately 

2.5 hours at 37°C. They were then treated with 15nM of Control GapmeR or PART1 

specific GapmeRs (#1 and #2). Mammospheres that were 50 microns or larger were 

counted either 5 days (HCC1806/HCC1395) or 14 days post-treatment (PDX 7482). 

2.5.7 Bioinformatics 

 Patient survival and lncRNA expression (RNA-seq) data was extracted from The 

Cancer Genome Atlas (TCGA) 2015 dataset using the cBioportal online software. GO term 

analysis was performed using Gene Set Enrichment Analysis software (GSEA). 

2.5.8 Microarray Analysis 

 For microarray analyses, HCC1806 and HCC1395 cells were treated with either 

control GapmeR, GapmeR#1 or GapmeR #2 for 48 hours and then collected in TRIzol 

reagent, and RNA purification was performed. Samples (in triplicate; n=3) were reverse 

transcribed into cDNA and hybridized to an Affymetrix Human Gene 2.0 ST microarray 

platform, and gene expression differences quantified. Data was collected in raw CEL 

format and processed through Transcriptome Analysis Console (Affymetrix) to reveal 

differential gene expression. To validate these hits, RT-QPCR was run. See Table 6 for 

gene specific primers.  

2.5.9 Statistics 

All graphs were made using GraphPad Prism 4 Software. In all cases where three 

or more groups are compared a one-way ANOVA with a Tukey’s post-hoc test was used. 

In cases where samples are dependent, a repeated measures one-way ANOVA was 
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performed. Comparisons between two groups was done using a two-tailed student’s t-test. 

Stars indicate the strength of the relationship (p<0.05*, p<0.01**, p<0.001***). 
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Table 6. Gene specific primers used to validate microarray hits. 

Gene Name Primer Sequence (5’ to 3’) 

 Forward Reverse 

Acyl-CoA Synthetase Long 

Chain Family Member 3 

(ACSL3) 

TGTTGATGGAAAGCCAC

CGA 

 

GTTTTCCATGCTGGCCT

TGG 

 

G-protein coupled receptor 89B 

(GPR89B) 

 

TGCTGTCAACTGCCCAT

ACA 

 

GCCGTTCCAGGGCTAG

AATA 

 

Cyclin-dependent kinase 14 

(CDK14) 

TTTCAGTTGCTGCGAGG

TCT 

 

GCTTTAACTCCCCCGTG

TCA 

 

Threonylcarbamoyladenosine 

tRNA methylthiotransferase 

(CDKAL1) 

CCTCCATCAGCAAACCG

CTA 

 

 

CTGAGATGCAGCAGAG

GTGT 

 

miRNA 4263 

(MIR4263) 

GCTCTTCAGGGTTTTACT

TGGGA 

 

GTTGTGGGCCAAGGCA

CTTA 

 

myosin VA 

(MY05A) 

GTGAGCGAGGAGCTTGA

TGT 

 

TCATCCTTGGGTTGGAT

GGC 

 

Zinc Fingers and Homeoboxes 

2 

(ZHX2) 

ATGTCGTGTCCATCACC

ACC 

 

CAGGCTTCATGATGGG

GGTT 

 

BicC family RNA binding 

protein 1 

(BICCI) 

GGCCATGTTACAAGCTG

CTG 

 

TGGCCAAGCAATCTGC

GTAT 

 

GUSB pseudogene 3 

(GUSBP3) 

AGCGGTGTTGAACTTTC

TGC 

 

TCACCATGCTCCAAAA

TGGTCT 
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3 RESULTS 

3.1 DATA CHAPTER 1 

3.1.1 Determining the effect of ALDH1A3 knockdown on CD44+/CD24- Status 

 In the past, it was common to define a single breast CSC phenotype which exhibited 

key properties such as self-renewal, tumorigenicity and drug resistance (81). It is now clear 

that CSC are more plastic than originally thought. In fact, ALDH+ breast CSCs and 

CD44+/CD24- breast CSCs are distinct populations exhibiting differing gene expression, 

immunohistochemistry and tumorigenicity (99,100,163). Nonetheless, it has recently been 

shown that these populations interconvert (102).  

 We wondered whether this switch could be caused by the enzyme responsible for 

increased ALDH activity of ALDHhi breast CSC populations, the ALDH1A3 isoform (92). 

To determine this, we knocked down ALDH1A3 in two TNBC cell lines; MDA-MB-468 

and HCC1806 (Fig. 7). Once knockdown was confirmed, flow cytometry was used to 

analyze the effect of ALDH1A3 knockdown on the CD44 and CD24 status of breast cancer 

cells. Consistent with other reports, we show that breast CSCs defined by cell surface 

markers are plastic. Upon knockdown of ALDH1A3, the percentage of CD44+/CD24- 

increases in both the MDA-MB-468 and HCC1806 TNBC cells (Fig 8).  

 ALDH1A3 regulates gene expression by oxidizing RAL to RA; RA then binds to 

NHRs leading to changes in expression of hundreds of genes (166). Therefore, I wanted to 

determine whether ALDH1A3 knockdown was affecting gene expression of CD44 and 

CD24 possibly via RA. As is expected, ALDH1A3 is successfully knocked down at the 

mRNA level in both the MDA-MB-468 and HCC1806 cells. Interestingly, ALDH1A3 

knockdown results in increased CD44 expression in HCC1806 cells and decreased CD24 



51 

expression in MDA-MB-468 cells (Fig. 9). It seems plausible that this shift may be 

mediated by RA. To determine if ALDH1A3-mediated effects on the balance of CSC 

phenotypes is influenced by RA signaling, I treated MDA-MB-468 and HCC1806 

ALDH1A3 control and knockdown cells with either 100nM of RAL or100nM of RA. I 

then assessed the effect of RA or its precursor RAL on the percentage of CD44+/CD24- 

breast CSCs. 

 In the MDA-MB-468 control cells, with high ALDH1A3 levels, both RAL and RA 

treatment reduced the percentage of the CD44+/CD24- population. In the MDA-MB-468 

knockdown cells, RA efficiently reduced the CD44+/CD24- population. Upon RAL 

treatment; however, this effect is lost in ALDH1A3 shRNA 1 cells (Fig 10). In the 

HCC1806 control cells, with high levels of ALDH1A3, RAL treatment significantly 

reduced the percentage of the CD44+/CD24- population, whereas RA did not, suggesting 

that RA signaling may be at its capacity. Consistent with that supposition, in both 

ALDH1A3 knockdown clones, once ALDH1A3 was reduced, RA, but not RAL 

significantly reduced the CD44+/CD24- populations (Fig 11). Together, these experiments 

support the hypothesis that ALDH1A3 suppresses the CD44+CD24- population at the 

mRNA level, via RA signaling. 
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Figure 7. ALDH1A3 is knocked down in the MDA-MB-468 and HCC1806 

TNBC cell line. Western blot confirming a decrease in ALDH1A3 levels. Total 

protein is used as a loading control. 
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Figure 8. Knocking-down ALDH1A3 results in an increase in the CD44+/CD24- breast 

CSC population. Representative flow cytometry plots in the (A) HCC1806 TNBC cell line 

and the (B) MDA-MB-468 TNBC cell line with ALDH1A3 knockdown. Cell receptor status 

was quantified using CD44 (PE) and CD24 (FITC) antibodies. Gates set using no stain and 

isotype controls (10,000 events per plot). (C) Flow cytometry was used to quantify the effect 

of ALDH1A3 knockdown on CD44+/CD24- status in both the HCC1806 and MDA-MB-468 

TNBC cell lines (n=4). Significance was determined using a one-way ANOVA with a 

Tukey’s post hoc test. Error bars represent SEM. 

 



54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. ALDH1A3 knockdown results in altered CD44 and CD24 expression in 

TNBC cells. RT-QPCR was used to quantify the expression of ALDH1A3, CD44 and 

CD24. Expression is relative to reference genes GAPDH and B2M. (A) Compared to MDA-

MB-468 control cells, ALDH1A3 knockdown cells show a significant decrease in CD24 

expression (n=4). (B) Compared to HCC1806 control cells, ALDH1A3 knockdown cells 

have increased expression of CD44 (n=4). Error bars represent SEM. 
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Figure 10. ALDH1A3-mediated RA signaling decreases the CD44+/CD24- 

breast CSC population in MDA-MB-468 TNBC cells. Flow cytometry was used 

to quantify the effect of Retinal (RAL) and Retinoic Acid (RA) on the 

CD44+/CD24- CSC population in MDA-MB-468 cells (n=4). (A) Representative 

dot plots shown of MDA-MB-468 cells that were treated for 24 hours with 100nM 

of RAL or RA then stained with CD44/CD24 antibodies and assayed via flow 

cytometry. (B) The effect of RAL and RA treatment on the MDA-MB-468 

CD44+/CD24- CSC population. Significance was determined using a one-way 

ANOVA using a Tukey’s post-hoc test. Error bars represent SEM. 
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Figure 11. ALDH1A3-mediated RA signaling decreases the CD44+/CD24- 

breast CSC population in HCC1806 TNBC cells.  Flow cytometry was used to 

quantify the effect of Retinal (RAL) and Retinoic Acid (RA) on the CD44+/CD24- 

CSC population in HCC1806 TNBC cell lines (n=4). (A) Representative dot plots 

shown of HCC1806 cells that were treated for 24 hours with 100nM of RAL or 

RA then stained with CD44/CD24 antibodies and assayed via flow cytometry. (B) 

The effect of RAL and RA treatment on the HCC1806 CD44+/CD24- CSC 

population. Significance was determined using a one-way ANOVA using a 

Tukey’s post-hoc test. Error bars represent SEM. 
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3.1.2 How does treatment of RAL and RA effect the breast CSC population in vivo? 

To further assess the effect of RAL and RA treatment on breast CSC numbers I 

utilized PDX 7482. The Marcato laboratory has previously characterized this particular 

patient-derived tumor as having a small ALDHhigh population of cells (Fig.13) that had 

increased tumorigenicity and ALDH1A3 expression (147). I therefore used this PDX 

model to test if the in vitro cell line effects of ALDH1A3-mediated RA signaling on the 

CD44+CD24- population had similar effects on the PDX. The PDX was engrafted into the 

mammary fat pads of NOD/SCID mice that were either not treated, or systemically treated 

with continuous RAL or RA, via subcutaneous implantation of slow-release pellets. Tumor 

growth was monitored for 35 days before mice had to be sacrificed.  RA treatment resulted 

in significantly reduced tumor volume and weight. This was unsurprising considering the 

Marcato lab has previously shown that RA significantly decreased tumor volume and 

tumor weight of four other TNBC PDXs (Fig 12A).In contrast, treatment with the 

ALDH1A3 substrate RAL did not significantly alter the resulting tumor growth. This 

suggests that any effects that ALDH1A3 may have on the tumor growth in the PDX are 

not promoted by the addition of its substrate RAL.  

I wanted to determine if the in vivo treatments induced expression changes in genes 

associated with stemness and RA signaling in the harvested tumors. We found that RA 

treatment had induced expression of canonical RA-inducible gene, RARb, suggesting that 

the systemic treatments had increased RA signaling in the tumors. RAL induced similar 

changes, but to lesser degree (Fig. 13B). Intriguingly, CD44 expression was increased by 

the RA/RAL treatments and CD24 transcripts were below the level of detection in all the 

tumors. This was unexpected, given that these treatments reduced CD44 in the MDA-MB-
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468 and HCC1806 cells. Furthermore, increased ALDH1A3 expression approached 

significance (Fig.12). Changes in the expression of the other assessed genes were not 

significant. 

 To further assess the gene expression changes, the harvested tumors were 

disassociated into single cell suspensions, and analyzed by flow cytometry to quantify 

Aldefluor activity or CD44+/CD24- cell surface staining. Since RA-treated tumors were 

small, there was insufficient material to perform this assay. No significant differences were 

found in either Aldefluor activity or CD44+/CD24- staining upon RAL treatment (Fig. 13).  

The gold standard assay to determine the frequency of CSCs (i.e. tumor-initiating 

cells in a solid tumors) is called a limiting dilution assay. Therefore, we implanted 

decreasing (100,000/20,000/5000) but equal numbers of live tumor cells from the harvested 

no treatment, RA and RAL-treated tumors into new NOD/SCID mice to calculate the 

minimum number of cancer cells required to form new tumors. Based on the number of 

mice that formed new tumors and the number of cells that were injected (Table 7), we 

utilized http://bioinf.wehi.edu.au/software/elda/  to calculate the frequency of tumor 

initiating cells (Fig. 14). Interestingly, the tumors that had been treated with RA, had a 

higher frequency of tumor initiating cells. 
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Figure 12. Retinoic Acid (RA) decreases PDX 7482 tumor size and volume in 

immunocompromised mice, decreases pluripotency genes and increases ALDH1A3 

expression. (A) Volume measurements and tumor weights are used to quantify tumor size 

differences between treatment groups (NT: n=13, RAL: n=13, RA: n=9), error bars 

represent SEM. (B) RT-QPCR was used to quantify the expression of pluripotency, CSC-

associated and RA-inducible genes. CD24 was not detected. Expression is relative to 

reference genes GAPDH and B2M (NT: n=3 RAL: n=3, RA: n=3). No significance found 

in CYP26A1, DHRS3, HOXA1, RAI12, RARRES2 or SRPX2. Error bars represent SEM. 
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Figure 13. RAL treatment does not affect the ALDHhi or the CD44+/CD24- 

CSC populations in PDX 7482 tumor cells. (A) Flow cytometry was used to 

quantify changes in Aldefluor activity. Representative FACS plots of cell 

populations that are ALDHhi are shown. The inclusion of a DEAB-treated 

control allows for proper gate setting during FACS (NT: n=9 RAL: n=9). Error 

bars represent SEM. Significance was determined using a student’s t-test. (B) 

Flow cytometry was used to quantify changes in CD44/CD24 staining. 

Representative FACS plots of cell populations are shown. Isotype and single 

stain controls were used to ensure proper gating during FACS (NT: n=9 RAL: 

n=9), error bars represent SEM. 

. 
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*Each biological replicate represents a single tumor taken from an untreated, RA 

or RAL treated immunocompromised mouse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Raw data collected from a limiting dilution assay. 

 

Table 5. Raw data collected from a limiting dilution assay. 
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Figure 14. RA treated PDX 7482 cells yield tumors with a higher frequency of 

CSCs. (A) Volume measurements are used to quantify tumor size differences 

between treatment groups (NT: n=3 (100,000: 14 technical replicates, 20,000: 18 

technical replicates, 5000: 18 technical replicates), RAL: n=3 (100,000: 18 

technical replicates, 20,000: 18 technical replicates, 5000: 18 technical replicates) 

RA: n=3 (20,000: 18 technical replicates, 5000: 18 technical replicates). Mice 

without tumors are included. Error bars represent SEM. (B) Extreme limiting 

dilution analysis reveals CSC frequencies in each treatment group (n=3). Error 

bars represent SEM. 
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3.2 DATA CHAPTER 2 

 

3.2.1 PART1 expression predicts worse outcomes in TNBC patients 

To begin to understand PART1 and its possible role in TNBC I analyzed PART1 

expression in TNBC patients.  In the TCGA Cell 2015 dataset (extracted from cBioportal), 

PART1 is enriched in TNBC patients and is among the top 10 differentially expressed 

lncRNA between TNBC and non-TNBC patients (Fig. 15A, B). Since high PART1 

expression has been associated with worst outcomes in other cancer types, we assessed 

whether this was the case in basal-like/TNBC patients. Using both KMPlotter and the 

TCGA Cell 2015 dataset, we found that high PART1 expression is associated with worst 

outcomes in basal-like patients (Fig. 15C). This is consistent with PART1 being possibly 

oncogenic in basal-like/TNBC. 
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Figure 15. PART1 is enriched in TNBC patients and predicts poor patient 

outcomes in basal-like patients. (A) PART1 is enriched in ER- and PR- breast 

cancers (ER+ n=401, ER-, n=149, PR+ n=466, PR-=249, HER2+, n=52, HER2-, 

n=175). Error bars represent SEM. (B) PART1 is enriched in TNBC patients 

(TNBC=105, non-TNBC=625). Error bars represent SEM. (C) Regression-free 

survival in 107 (TCGA) or 612 (KMPlotter) basal-like breast cancer patients 

based on median expression of PART1 was analyzed using by extracting 

survival data from TCGA Cell 2015 dataset or KMPlotter. HR = hazard ratio. 

Error bars represent 95% CI. 
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3.2.2 PART1 expression in cell line models 

 To explore the role of PART1, I first analyzed PART1 expression in 24 different 

breast cell lines. PART1 was not detected in HCC70, BT20 and MCF10A cells. It was 

most highly expressed in ER+/PR+ T47D cells and TNBC Du4475, HCC1395, HCC1806, 

HS578t and MDA-MB-453 cells. The HCC1395 cell line and the next highest expressing 

adherent cell line, HCC1806, were prioritized for the rest of the studies (Fig. 17). As has 

been mentioned, PART1 has three different transcript variants. Unless otherwise specified, 

PART1 expression was not transcript variant specific and was assessed using primers 

specific to an overlapping region (212b) that was common between all three transcript 

variants.  

  I wondered if the PART1 transcript variants were differentially expressed in breast 

cell lines. We designed primers that were specific to each transcript variant (Fig 18). RT-

QPCR revealed that PART1 transcript variants have differential expression patterns among 

the cell line panel. For example, the HCC1395 cell line has high expression of both 

transcript variants two and three but moderate expression of transcript variant one (Fig 19). 
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Figure 16. PART1 expression in a panel of breast cell lines. QPCR was used to determine 

expression of PART1 in 22 different breast cancer cell lines and two normal immortalized 

breast cell lines. Expression relative to PUM1 and ARF1, which were used as reference genes 

in the panel due to high target stability values across all cell lines tested, is shown (n=4). Error 

bars represent SEM. 
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Figure 17. PART1 transcript variant specific primer design confirmed 

by sanger sequencing. RT-QPCR PART1 transcript variant specific 

amplicons analyzed by gel electrophoresis and sanger sequencing. N 

represents bases not detected by sanger sequencing. Bolded regions 

represent identical sequences between predicted and resulting sequence. 
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Figure 18. PART1 transcript variants are differentially expressed in breast 

cell lines. QPCR was used to determine expression of PART1 transcript variants 

in 22 different breast cancer cell lines and two normal immortalized breast cell 

lines. Expression relative to PUM1 and ARF1, which were used as reference 

genes in the panel due to high target stability values across all cell lines tested, is 

shown (n=4). Error bars represent SEM. 
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3.2.3 PART1 confers a survival advantage to TNBC cells 

 Since analysis of patient breast cancer datasets suggest that PART1 is associated 

with worse survival in TNBC/basal-like breast cancer, we assessed whether inhibition of 

PART1 would cause a disadvantage to TNBC cells. I generated two stable knockdown 

clones in HCC1806 cells using two different shRNAs and confirmed the clones had 

decreased PART1 expression compared to their respective scramble controls (Fig. 19A). 

Next, we tested whether the knockdown clones had a growth disadvantage compared to 

their control and found that a decrease in PART1 expression results in less HCC1806 

proliferation especially at 72 hours (Fig. 19B). After 14 days in culture, we conducted flow 

cytometry to assess apoptosis, staining cells with 7AAD (a cell death marker) and annexin 

V (an apoptotic marker) and found that there was a slight increase in cellular apoptosis 

following PART1 knockdown. Finally, we injected 10,000 HCC1806 scramble control 

cells into the mammary fat pad, and 10,000 PART1 knockdown cells in the mammary fat 

pad of several NOD/SCID mice and found that PART1 knockdown significantly decreases 

tumor volume and weight (Fig. 19C). Therefore, PART1 confers a survival advantage to 

HCC1806 TNBC cells.  

 LNA GapmeRs or antisense oligonucleotides can be administered to patients to 

treat disease. We wondered if we could use GapmeRs to successfully decrease PART1 

expression yielding a similar oncogenic phenotypic displayed in the HCC1806 shRNA 

clones. In both HCC1806 and HCC1395 TNBC cells we knocked down expression of 

PART1 using GapmeRs. Compared to the negative control GapmeR, PART1-targeting 

GapmeR#1 and GapmeR#2 both decreased PART1 expression in both cell lines (Fig. 20A). 
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This decrease in PART1 expression caused a corresponding significant decrease in cell 

proliferation in both HCC1806 and HCC1395 cells (Fig. 20B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 19. PART1 confers a survival advantage to TNBC HCC1806 cells. (A) QPCR 

analysis of PART1 expression following shRNA-mediated knockdown in HCC1806 cells 

(n=4). Expression is shown normalized to reference genes GAPDH and B2M. The effect of 

PART1 knockdown versus the control was quantified by counting the relative number of 

viable cells after 24, 48 and 72 hours, using a trypan blue exclusion assay (n=4). Cells were 

used 14 days post-transfection. Error bars represent SEM. (B) Representative flow cytometry 

of HCC1806 scramble control cells or HCC1806 PART1 stained with cell death marker 

7AAD and apoptosis marker annexin V-488 (10,000 events shown). Error bars represent 

SEM. (C) NOD/SCID mice were injected with either 10,000 HCC1806 scramble control 

cells or (left flank) HCC1806 PART1-shRNA 1 cells (right flank). Palpable tumors were 

measured at day 7, 12, 16 and 20. Tumors harvested were quantified by weight. Error bars 

represent SEM. 
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Figure 20. Antisense oligonucleotides (GapmeRs) efficiently decrease PART1 

expression resulting in a decrease in cellular proliferation. (A) QPCR analysis of 

PART1 expression following knockdown in HCC1806 and HCC1395 cells treated with 

PART1-specific GapmeRs or control GapmeR (n=4). Expression is shown normalized to 

reference genes ARF and PUM1A. (B) The effect of PART1 inhibition via two 

GapmeRs versus the control GapmeR was quantified by counting the relative number of 

viable cells 2 days after treatment, using a trypan blue exclusion assay (n=4). 
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3.2.4 PART1 is enriched in the breast CSC population and helps maintain stemness 

properties 

 Given our interest in breast CSCs and that TNBCs have higher proportions of this 

population compared to non-TNBCs, we assessed the expression of PART1 in ALDHhi and 

ALDHlo cells in two models in which ALDHhi cells were more tumorigenic; TNBC cell 

line SUM149 and TNBC PDX 7482 (147). In both models PART1 is enriched in the 

ALDHhi cell populations (Fig. 21), suggesting the lncRNA may have some role in the 

maintenance of breast CSCs. I evaluated if PART inhibition affects the mammosphere 

forming potential of HCC186, HCC1395 and PDX 7482 cells. We seeded low numbers of 

each cell type into low-adherence plates in serum-free media. After 2.5h in culture, I treated 

the cells with PART1-specific GapmeR (GapmeR#1 and GapmeR#2). This resulted in 

significant decreases in the tumorsphere forming capabilities of HCC1806, HCC1395 and 

PDX 7482 cells treated with GapmeR#1 and GapmeR#2 (Fig 22). 
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Figure 21.PART1 is enriched in the ALDHhi population of SUM149 and PDX 

7482 cells.  Representative FACS plots of Aldefluorhigh (ALDE+) cell populations that 

are isolated are shown. The inclusion of a DEAB-treated control allows for proper 

gate setting during FACS. (A) SUM149 cells were stained with Aldefluor reagent to 

isolate ALDE+ cells then collected to analyze PART1 expression (n=3). Significance 

determined using a student’s t-test. Error bars represent SD. (B) PDX 7482 cells were 

stained with Aldefluor reagent to isolate ALDE+ cells then collected to analyze 

PART1 expression (n=3). Significance determined using a student’s t-test. Error bars 

represent SD. 
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Figure 22. PART1 affects the mammosphere-forming potential of TNBC cells. (A) 

HCC1806 cell, HCC1395 cells and PDX 7482 cells were treated with 15 nM GapmeR (control 

or two GapmeRs specific toPART1) and seeded at 3,000 cells/well (HCC1806, n=4), 4,000 

cells/well (HCC1395, n=4) or 5,000 cells/well (PDX 7482, n=3) in MammoCult media in an 

ultra-low adherence plate. (B) Representative of images of spheroids that formed after 

HCC1395 cells were seeded in ultra-low nonadherent plates in Mammocult media and 

treated with either negative control GapmeR or PART1-specific GapmeR#1 or #2. Scale 

bars = 50 μm Spheroids greater than 50 um in size were counted. Significance was determined 

by one-way ANOVA with Tukey’s post-test. Error bars represent SEM. 
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3.2.5 PART, a cytoplasmic lncRNA induces gene expression changes in TNBC cells 

 Sub-cellular fractionization partially defines lncRNA function. Therefore, we 

performed subcellular fractionation experiments followed by QPCR to identify where 

PART1 is localized. Like the cytoplasmic lncRNA DANCR, and unlike nuclear lncRNA 

NEAT1, PART1 was found to be predominately cytoplasmic (Fig 23). Cytoplasmic 

lncRNAs often act as guides, scaffolding proteins or ceRNA that inhibit miRNA function 

(123). Since PART1 has been identified as a ceRNA in other cancer models, we wondered 

whether PART1 inhibition would affect gene expression changes in a similar fashion (154). 

To identify genes regulated by PART1, we knocked down its expression using LNA 

GapmeRs in HCC1395 and HCC1806 cells. Next, we performed microarray gene 

expression analyses, using a fold change of 1.6 as a cutoff and <0.05 p value cutoff. In both 

cell lines, genes were either upregulated (HCC1395, GapmeR#1: 63 genes, GapmeR#2: 73 

genes and HCC1806, GapmeR#1: 117 genes, GapmeR#2: 112 genes) or downregulated 

(HCC1395, GapmeR#1: 88 genes, GapmeR#2: 113 genes and HCC1806, GapmeR#1: 80 

genes, GapmeR#2: 90 genes) suggesting that PART1 may not act as a ceRNA but instead 

as a guide or scaffold (Fig 24). To further investigate this, we conducted gene set 

enrichment analysis was then conducted on a larger set of genes that had at least a 1.2-fold 

change. We found that in both cell lines PART1 down-regulates genes that allow the cell 

to sense either chemical or biological stimuli while up-regulating genes involved in the 

defense response. Conducting gene set enrichment analysis on genes with at least a 1.6-

fold change yielded no significant gene set associations suggesting that PART1 may not 

exert its function by regulating gene expression. To confirm the validity and reliability of 
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our microarray analysis we validated our top hits via QPCR showing that they are in fact 

up- or down-regulated (Fig 25). 
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Figure 23.PART1 is localized predominately in the cytoplasm. (A) QPCR analysis 

of nuclear and cytoplasmic fractions of HCC1806 cells using primers against 

cytoplasmic RNA DANCR, nuclear lncRNA NEAT1, and PART1. Ratios were 

calculated using relative expression versus ARF and PUM1A is shown (n=4). 

Significance was determined using student’s t-test. (B) QPCR analysis of nuclear and 

cytoplasmic fractions of HCC1806 cells using primers against cytoplasmic RNA 

DANCR, nuclear lncRNA NEAT1, and PART1. Relative expression versus ARF and 

PUM1A is shown; PART1 is preset in the nucleus (n=4). Significance was 

determined using student’s t-test. 
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Figure 24. PART1 induces gene expression changes in both HCC1806 and HCC1395 

TNBC cells. (A) Genome-wide gene expression changes induced by PART1 inhibition 

(control versus GapmeR#1-treated and GapmeR#2) is quantified in HCC1395 cells using 

the Affymetrix Human Gene 2.0 ST microarray platform (n=3). The fold change in 

expression is plotted versus the –log10(ANOVA p-val) of over 50,000 probes 

corresponding to 24,838 probesets covering 24,838 RefSeq (Entrez) genes. Only probes 

with a >1.6-fold expression change and a p-val of >0.05 are marked by coloured lines. 

Both GapmeRs induce consistent gene expression changes as is demonstrated by the heat 

map genes with at least 1.6-fold change in expression. (B) Genome-wide gene expression 

changes induced by PART1 inhibition (control versus GapmeR#1-treated and GapmeR#2) 

is quantified in HCC1806 cells using the Affymetrix Human Gene 2.0 ST microarray 

platform (n=3). The fold change in expression is plotted versus the –log10(ANOVA p-val) 

of over 50,000 probes corresponding to 24,838 probesets covering 24,838 RefSeq (Entrez) 

genes. Only probes with a >1.6-fold expression change and a p-val of >0.05 are marked by 

coloured lines. Both GapmeRs induce consistent gene expression changes as is 

demonstrated by the heat map looking at genes with at least 1.6-fold change in expression. 

 

 



80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. PART1 regulates the expression of genes involved in several different 

biological functions. (A) Gene ontology (GO) terms analysis was performed on 

PART1 up- or downregulated genes in both the HCC1806 and HCC1395 cell lines. 

GSEA software was used. The most significant GO terms with high numbers of genes 

enriched in those pathways are shown. (B) Summary of top five hits in both the 

HCC1395 and the HCC1806 cells. Hits must be present in both GapmeR-treated 

samples, changed at least 1.6-fold and have a p value >0.05. These hits were 

prioritized for validation. (C) QPCR was used to validate genes either up-regulated 

(shown in green) or down-regulated (shown in red) by PART1, in HCC1395 and 

HCC1806 cells where PART1 is inhibited (n=4). Expression is normalized to 

GAPDH/B2M. Error bars represent SEM. 
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4 DISCUSSION 

4.1 Preamble 

 TNBC patients face poor survival outcomes which is partially explained by 

chemoresistance and a lack of targeted therapies (45). Within the past few years, there has 

been an interest in developing CSC-inhibitors as potential treatments for TNBCs since 

TNBC/basal-like tumors have higher proportions of CSCs (83,97). Others have shown that 

ALDHhi and CD44+/CD24- breast CSCs are distinct entities and suggest that they have 

unique roles in carcinogenesis (96,100). To develop successful targeted therapies, we must 

understand if an interplay exists between these different populations of breast CSCs. For 

the first time, we show that manipulating ALDH1A3 (the main contributor to the ALDHhi 

phenotype) in breast cancer cell lines increases the CD44+/CD24- breast CSC population 

potentially explaining the limited success of CSC-targeted therapies. Furthermore, we 

suggest an alternative approach for successfully targeting breast CSCs. Since protein-

coding genes are responsible for only up to 2% of genomic transcription, ncRNAs, such as 

lncRNAs, may play a vital, yet undiscovered role in CSC-mediated tumor progression 

(129). Here we show that inhibition of lncRNA PART1 not only slows tumor growth and 

cellular proliferation, but it also inhibits mammopshere formation suggesting it plays a role 

in maintaining the breast CSC population.   

4.2 DISCUSSION DATA CHAPTER 1 

4.2.1 ALDH1A3-mediated RA signaling influences breast CSC phenotypes 

 CD44, CD24 and ALDH are widely-recognized, well-studied breast CSC markers 

(81). CD44+/CD24- CSCs are more likely to have high proliferative rates where as ALDHhi 

CSCs are more likely to invade and metastasize (97,102,165). Nonetheless, both CSC 
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populations are tumorigenic and have been shown to exist in an equilibrium with each 

other; shifting between epithelial-like ALDHhi CSCs and mesenchymal-like CD44+/CD24- 

CSCs (102). This process has been thought to be regulated by multi-faceted mechanisms 

occurring in the tumor microenvironment including cytokine/chemokine signaling, 

genetic/epigenetic regulation of transcription factors, redox reactions, miRNAs and 

lncRNAs (167–170).  

 Wicha and colleagues are one of the first to show how this equilibrium can be 

shifted by redox metabolism. Treatment with a glycolytic inhibitor resulted in a decrease 

of CD44+/CD24- CSC but an increase of ALDHhi breast CSCs. Moreover, hypoxia and 

oxidative stress promoted a transition from CD44+/CD24- breast CSCs to ALDHhi breast 

CSCs showing that ALDHhi breast CSCs have superior protective mechanisms in response 

to oxidative stress. Combining a glycolytic inhibitor with an antioxidant suppressing agent 

resulted in a decrease in breast tumor growth, tumor-initiating potential and metastasis. By 

exploiting the vulnerabilities of both breast CSC populations, Wicha and colleagues 

developed a novel approach for designing and implementing CSC targeted therapies.  

 Given our interest in ALDH1A3, we wanted to explore if ALDH1A3 expression 

affected the shift between ALDHhi and CD44+/CD24- breast CSCs. The exact role of 

ALDH1A3 in breast cancer biology is poorly understood. Some believe that ALDH1A3 

regulates CSC differentiation through the production of RA which induces gene expression 

changes (94,171). The direct link between ALDH1A3-mediated RA signaling and CSC 

biology is still unknown. Our recent work has shown that ALDH1A3 signaling diverges in 

different contexts resulting in very different effects in different breast cancer models (172). 

In addition, ALDH1A3 and RA produce distinct gene expression programs (173). Thus, 
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the ALDHhi CSC response to RA is dependent on the tumor context, indicating ALDH1A3-

mediated CSC function may not be dependent on RA.  

 For this reason, we manipulated the levels of ALDH1A3 in two TNBC cell lines 

and assessed the effect on the percentage of CD44+/CD24- cells. We found that decreasing 

ALDH1A3 levels significantly increased the percentage of CD44+/CD24- which supports 

the idea that ALDH1A3 expression may regulate CSC equilibrium. We believe these 

results show that ALDH1A3 expression suppresses the CD44+/CD24- CSC population 

while possibly promoting the ALDHhi CSC population. To this end, we did not show that 

a decrease in ALDH1A3 corresponds to lower Aldefluor activity. However, this has been 

shown in several other breast cancer cell lines including MDA-MB-468, SKBR3, MDA-

MB-453, BT-20, MCF7, T47D and MDA-MB-231 cells (80). We have however, 

established that we can shift breast CSC equilibrium by knocking-down ALDH1A3, but 

the mechanism is still unknown. 

 Since the role of ALDH1A3-mediated RA signaling in CSC biology remains 

unclear, we wanted to explore if this signaling axis influenced CSC equilibrium. If RA is 

somewhat responsible for promoting the ALDHhi CSC phenotype, we would expect 

ALDH1A3 knockdown cells to have increased expression of CD44 and decreased 

expression of CD24 at the transcriptional level. To assess this, we used QPCR to analyze 

the expression of ALDH1A3, CD44, and CD24. Consistent with our hypothesis, we found 

that ALDH1A3 knockdown resulted in an increase in CD44 and a decrease in CD24 

expression levels in both TNBC cell lines. Therefore, RA signaling (at the transcriptional 

level) may in fact be partially responsible for influencing the equilibrium that exists 

between CD44+/CD24- and ALDHhi CSCs.  
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 To investigate this further, we treated control and ALDH1A3 knockdown cells with 

RAL (which is oxidized by ALDH1A3) and RA. If ALDH1A3-mediated RA signaling 

promotes the ALDHhi CSC phenotype and suppresses the CD44+/CD24- CSC phenotype, 

we would have expected to see ALDH1A3 knockdown cells treated with RA, but not RAL, 

to decrease the CD44+/CD24- population. In control cells (with high levels of ALDH1A3), 

we would expect RAL to induce a decrease in the CD44+/CD24- population.  

 In the HCC1806 cells, we found that treating control cells with RAL, but not RA 

did in fact induce a decrease in the CD44+/CD24 population. Since RA treatment had no 

effect, it is possible that RA signaling may be working at maximum capacity due to the 

high levels of ALDH1A3 present in this cell line. Another possible explanation is that RAL 

may be inducing a shift through mechanisms that are independent of ALDH1A3 mediated 

RA signaling. For example, RAL may be further reduced to retinol and/or retinyl esters 

which may have unknown effects on the CD44+/CD24 population. As expected however, 

in HCC1806 ALDH1A3 knockdown cell lines, RA, but not RAL induced a decrease in the 

CD44+/CD24- population. Therefore, ALDH1A3-mediated RA signaling may be partially 

responsible for a shift from the CD44+/CD24- to the ALDHhi CSC phenotype in HCC1806 

cells. A similar effect was found in the MDA-MB-468 cells. Both RAL and RA induced a 

significant decrease of CD44+/CD24- CSCs in MDA-MB-468 control cells. The different 

levels of ALDH1A3 between cell lines may explain the different effects found between 

cell lines when treating control cells with RA. In both MDA-MB-468 ALDH1A3 

knockdown clones, treating with RA resulted in a decrease in the CD44+/CD24- CSC 

population. However, in one of the clones RAL treatment induced the same effect. We 

believe this demonstrates that HCC1806 cells may be more sensitive to ALDH1A3-
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mediated RA signaling; possibly due to the different amounts of CD44+/CD24- cells 

present in each cell line (HCC1806 (30-40%)/MDA-MB-468 (10-15%)). To test this 

hypothesis further, we conducted the same experiment on SUM149 TNBC cells who have 

high proportions of CD44+/CD24- CSCs. Surprisingly, we found that neither RAL or RA 

had any effect in control or knockdown cells (Appendix 1). Although this phenomenon 

remains unclear, we believe that the different levels of both ALDHhi and CD44+/CD24- 

CSCs may predict whether ALDH1A3-mediated RA signaling can induce breast CSC 

phenotypic changes. We are not the first to investigate the role of a ratio between ALDHhi 

and CD44+/CD24- CSCs. In 2017, Yang and colleagues showed that a high ratio between 

the two CSC phenotypes predicted more aggressive disease (165). Understanding the role 

and predictive value of this ratio should be a priority in the future. 

4.2.2 RA treatment reduces tumor size but enriches for breast CSC populations 

 To explore the effect of ALDH1A3-mediated RA signaling on CSC populations in 

vivo, a TNBC PDX was engrafted into the mammary fat pads of NOD/SCID mice that 

were either untreated, or systemically treated with continuous RAL or RA. After 35 days 

of growth mice were sacrificed, and tumors were weighed and harvested for QPCR 

analysis. We first found that RA significantly reduced the volume and weights of PDX 

7482 tumors. This agreed with the Marcato lab’s previous findings which showed four 

other PDX xenografts responded to RA-treatment and our new in vitro results presented 

here which show RA treatment can reduce the highly proliferative CD44+/CD24- CSC 

population (172). Surprisingly, we found that RAL had no effect on tumor volume or size. 

This could be attributed to the small ALDHhi CSC population in the PDX 7482; it is 

possible that ALDH1A3-mediated RA signaling has little effect in this model. 



86 

 To assess changes at the mRNA level, we chose three representative tumors from 

each treatment group for analysis. We looked for changes in RA-inducible genes, 

pluripotency genes and CSC associated genes upon RAL and RA treatment.  

We found that RA treatment had induced expression of RARb, suggesting that systemic 

treatments had increased RA signaling in the tumors. RAL induced similar changes, but to 

lesser degree. Pluripotency genes NANOG and OCT4 were both reduced upon treatment 

with RAL and RA. We believe that the reduction of OCT4 and NANOG upon RAL 

treatment did not influence the overall volume of the tumor because of the small proportion 

of ALDHhi CSCs. Treatment with RAL did however, increase the expression of CSC-

associated gene CD44 suggesting that although limited, ALDH1A3-mediated signaling 

may still be at play. Interestingly, we also found that RA treatment increased ALDH1A3 

expression, providing support for the idea that RA promotes the ALDHhi CSC phenotype.  

 To gain more insight into the effects of RAL and RA treatment on both the 

CD44+/CD24- and ALDHhi CSC populations, we conducted flow cytometry to assess any 

changes in the proportions of these populations. Unfortunately, the RA treated tumors 

yielded from this experiment were too small to conduct flow cytometry. Upon RAL 

treatment however, we found no significant changes in either the ALDHhi or the 

CD44+/CD24- CSC populations. This supports the idea that the ratio between ALDHhi and 

CD44+/CD24- CSCs may be an important factor that dictates CSC behaviour.  

 Although these results are interesting, they do not explain the varied responses to 

RA that we and others have found (172). The idea of using RA as a treatment for TNBC 

patients has been extensively studied. There is no lack of evidence in this field; as far back 

as the late 1990’s RA has been shown to slow growth, induce apoptosis and cell cycle arrest 
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in breast cancer cells (174). Since then, others have shown that RA treatment induces breast 

cancer cell differentiation, induces drug sensitivity to previously resistant cells, modulates 

survival signaling and even suppresses the immune system (175–179). Nonetheless, 

clinical trials using RA to treat breast cancer patients have been unsuccessful (180–182). 

We wondered if this phenomenon could be explained by assessing the effect of RA 

treatment on CSC numbers. We conducted a limiting dilution assay with the harvested 

PDX 7482 tumors that were either untreated or systemically treated with RAL or RA. We 

dissociated these cells and reinjected them into new immunocompromised mice at equal 

but decreasing concentrations.  

 Interestingly, we found no difference in tumor volume or size but found that RA 

(not RAL) enriched for the CSC population. This contradicts our in vitro results which 

suggest RA treatment decreases the CD44+/CD24- CSCs in HCC1806 and MDA-MB-468 

cells. It does show however, that RA treatment is changing the composition of the tumor; 

perhaps the proportion of ALDHhi CSCs has increased. Nonetheless, it is still unclear 

whether ALDH1A3-mediated RA signaling has an effect. The importance of the ratio 

between CD44+/CD24- and ALDHhi CSCs should be evaluated to assess whether it can 

predict response to RA treatment and/or CSC shift. 

4.2.3  Limitations and Future Directions 

 Our in vitro results support the idea that ALDH1A3 expression is at least partially 

responsible for suppressing the CD44+/CD24- CSC phenotype. We did not however, first 

assess whether ALDH1A3 knockdown corresponded to both a decrease in Aldefluor 

activity and an increase in the CD44+/CD24- CSC population. This information is needed 

to definitively conclude we have shifted the CSC equilibrium. We were able to conclude 
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that ALDH1A3-mediated RA signaling is at least partially responsible for suppressing the 

CD44+/CD24- CSC phenotype in vitro but were unable to make any solid conclusions about 

ALDH1A3-mediated RA signaling in vivo. This is due to the small amount of material 

yielded from RA treated tumors and the choice of a PDX with low ALDHhi CSC 

populations. Future studies should focus on using a wider variety of PDX samples. 

 We also found that PDX 7482 was sensitive to RA treatment but enriched for CSCs. 

We did not analyze the final composition of the tumors formed and therefore cannot 

comment on which population of CSCs (ALDHhi or CD44+/CD24-) are enriched in RA-

treated tumors versus untreated tumors. We did however, collect the tumors for RNA 

analysis. Future studies should assess the levels of CD44, CD24 and ALDH1A3 in the 

tumors. Moreover, we hypothesized that the contradicting results found in vitro 

(ALDH1A3-mediated RA signaling suppressed CD44+/CD24-) and in vivo (RA treatment 

enriches for CSC populations) may be explained by differing CSC population ratios. To 

collect more support for this hypothesis, we must characterize the Aldefluor activity and 

CD44+/CD24- CSC populations in multiple cell lines and PDXs. Since we have previously 

shown that ALDH1A3 and RA induce different gene expression profiles, we must also 

assess the possibility that these different CSC ratios affect ALDH1A3 and RA signaling 

inducing different results in different contexts. 

4.2.4 Conclusions 

 The current study yields two important results; 1) breast CSC populations are not 

independent of one another and 2) in the PDX 7482 model (which has low ALDHhi and 

high CD44+/CD24- CSC proportions), RA decreases tumor growth but enriches for cells 

with tumor-initiating potential (i.e. CSCs). In two cell lines models, we found that 
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ALDH1A3 knockdown increases the proportion of CD44+/CD24- CSCs and that this is 

partially due to ALDH1A3-mediated RA signaling in vitro. More work must be done to 

unravel the relationship between ALDH1A3, RA and both breast CSC populations. 

4.3 DISCUSSION DATA CHAPTER 2 

4.3.1 PART1 is enriched in TNBC and is associated with worse prognosis in basal-

like/TNBC patients  

  Next-generation sequencing technologies have provided an alternative 

outlook into the mammalian genome; the majority of genomic products are transcribed into 

ncRNAs such as lncRNAs. Further evaluation of lncRNAs revealed that many are 

dysregulated in breast cancer resulting in repercussions for breast cancer cell proliferation, 

tumor growth and metastasis (183). The possible functional characteristics of lncRNAs are 

well-studied (184–188). The phenotypic characteristics of most individual lncRNAs 

however, is still lacking. For this reason, we explored phenotypic characteristics of a 

possibly oncogenic lncRNA, PART1, which was previously identified as enriched in the 

more tumorigenic Aldefluorhigh high cells of two TNBC models by our lab. 

 PART1 has been implicated (as both an oncogene and a TSG) in several other 

cancer types including esophageal, lung, colorectal and glioblastoma. In esophageal and 

lung cancers PART1 is oncogenic (152,153). In colorectal cancer, PART1 promotes tumor 

growth by acting as a ceRNA, sponging miR-143 (154). Alternatively, in glioblastoma 

PART1 belongs to a group of six lncRNAs that successfully predicts short- or long-term 

survival in glioblastoma patients; high PART1 expression is associated with long-term 

survival (151). It is therefore likely that PART1 plays a role in other cancer types such as 

breast cancer. More support for this idea is provided by a recently published study which 
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identified PART1 as one of the top 50 most enriched lncRNAs in TNBC (120). Given this 

evidence we wondered what affect PART1 has on TNBC cells.  

 We first used the TCGA Cell 2015 data set (extracted from cBioportal) to analyze 

whether PART1 was in enriched in TNBC patients and whether PART1 expression was 

associated with poor patient survival. In agreement with the study conducted by Zhang and 

colleagues we found that PART1 is enriched in TNBC patients and predicts worse survival 

in basal-like/TNBC patients consistent with the hypothesis that PART1 may have 

oncogenic properties in TNBC. This provided enough evidence to warrant more 

investigation. To study the phenotypic characteristics of PART1, we first needed to detect 

PART1 expression in TNBC cell lines.  

4.3.2 PART1 and variants have differential expression among breast cell lines   

 To assess PART1 expression , we 1) developed primers that differentiated between 

the three PART1 transcript variants identified in the literature 

(https://useast.ensembl.org/index.html) and 2) developed a primer specific to a common 

region (212b) between all three transcript variants. To gather the most accurate estimate of 

the PART1 cDNA sequence, we chose to use the Ensembl database which combines data 

from the National Center for Biotechnology Information, Havana and The University of 

Santa Cruz Genome Database to provide the most updated consensus on sequence 

information.  

 To confirm the validity of these sequences, we analyzed the predicted Ensembl 

transcript variant sequences with the cDNA sequence discovered by Lin and colleagues in 

2000. We found that the originally discovered PART1 sequence corresponds to what is 

now known as PART1 transcript variant 2. For consistency and relevance, we designed a 

https://useast.ensembl.org/index.html
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primer specific to the overlapping region between all three Ensembl transcripts to assess 

PART1 expression. Transcript variants were assessed by designing primers that were 

outside of the 212b overlapping region.  

 First, we analyzed PART1 expression in 22 breast cancer cell lines and 2 normal 

mammary epithelial cell lines. We found that PART1 was enriched in TNBC cell lines but 

was also highly expressed in the ER+/PR+ T47D cell line suggesting that PART1 expression 

is not limited to TNBC cell lines and therefore may be oncogenic in other breast cancer 

subtypes. Since Lin and colleagues found a phenotypic characteristic for PART1 transcript 

variant 2, we wondered if breast cancer cell lines would have differential expression of 

PART1 transcript variants suggesting a more important phenotypic role for a specific 

variant. This notion is supported by the fact that PART1 is differentially expressed among 

normal body tissues (Appendix 3). Like our previous results, we found that PART1 variants 

were mostly expressed in TNBC cell lines and the ER+/PR+ T47D cell line. This analysis, 

however, yields important information since PART1 transcript variant 3 is the only variant 

that was detected in all breast cell lines while variants 1 and 2 were not. It is possible that 

PART1 transcript variants may play different roles in breast cancer carcinogenesis. To 

assess this possibility, we designed PART1 TV-specific GapmeRs. We were unable to 

efficiently knockdown one transcript variant without affecting another in the HCC1806 

cell line. Therefore, it is possible that regulatory mechanisms exist involving PART1 

transcript variants that we are unaware of. This may have important implications for 

understanding PART1 and the role of other lncRNA transcript variants. Future studies 

should focus on unraveling the complexity of PART1 transcript variants in TNBC. 
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4.3.3 PART1 is an oncogenic lncRNA that confers a survival advantage to TNBC cells 

 Within the ncRNA research realm, some skeptics believe that ncRNAs, such as 

lncRNA are the result of accidental transcription and are indeed non-functional (121). To 

argue this, we used lentiviral particles and shRNAs to decrease PART1 expression. If 

PART1 confers a phenotype to TNBC cells, it is likely that it has a role in maintaining that 

same phenotype. Here we show that a decrease in PART1 expression decreases cellular 

proliferation, increases apoptosis and slows tumor growth in HCC1806 cells. This data was 

extremely promising and suggested that PART1 is in fact, an oncogenic lncRNA in TNBC. 

To confirm this, we wanted to observe a similar phenotype in another TNBC cell line with 

high expression of PART1; HCC1395 cells. Unfortunately, we were unable to generate 

knockdowns of PART1 in this cell line. To this end, we believe that PART1 expression is 

vital for HCC1395 cell survival. Nonetheless, to conclude that PART1 is oncogenic in 

TNBC we needed to demonstrate a similar effect in a different cell line. 

 To investigate the oncogenic role of PART1 in HCC1395 cells while also 

investigating the clinical relevance of this project, we treated both HCC1806 and HCC1395 

cells with LNA GapmeRs to inhibit PART1 expression. Very few studies have successfully 

utilized LNA GapmeRs to inhibit lncRNAs in vivo. Among a few others, the Marcato lab 

has recently shown that inhibiting lncRNAs in vivo slows tumor growth and abrogates CSC 

pools while also being potentially less toxic than other anti-cancer therapies (147). 

Therefore, LNA GapmeRs are a viable treatment option in vivo. Upon treatment with 

PART1-specific GapmeR we observed a decrease in cellular proliferation in both the 

HCC1806 and HCC1395 TNBC cell lines. In addition, the decrease in cellular proliferation 

observed in the HCC1806 cells upon GapmeR treatment mimics the results found using 
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lentivirus particles and shRNAs.  Altogether, these results support the hypothesis that 

PART1 is oncogenic in TNBC. To finalize these studies, overexpressing PART1 in a low 

expressing TNBC cell line will confirm that PART1 is oncogenic in TNBC. 

4.3.4 PART1 helps maintain the CSC population of TNBC cells 

 Since TNBC/basal-like tumors have higher proportions of breast CSCs compared 

to other breast cancer subtypes, we wondered if PART1 inhibition could prevent CSC 

propagation and maintenance. As has been mentioned, CSCs are a small population of 

highly aggressive cells that are responsible for drug resistance and metastasis. Efficient 

targeting of these cells may result in better outcomes for TNBC patients.  

  We first showed that PART1 was enriched in the ALDHhi CSC population in 

TNBC cells SUM149 and TNBC PDX 7482. This suggested to us that PART1 may play a 

role in maintaining this population of breast CSCs. To investigate whether PART1 

inhibition could decrease CSC numbers, we used a mammosphere assay with three 

different TNBC models. Upon PART1 inhibition, we observed a decrease in 

mammopshere forming efficiency in HCC1806, HCC1395 and PDX 7482 cells. If PART1 

had no role in CSC maintenance, we would have expected to see no change in 

mammosphere forming capabilities. Altogether, this data suggests that the inhibition of 

PART1 may be a viable treatment option for patients who have highly expressing tumors 

as it slows cellular growth, increases apoptosis and inhibits mammopshere forming 

efficiency.  

4.3.5 PART1 is a cytoplasmic lncRNA which induces limited gene expression changes  

 To begin to unravel a potential mechanism for how PART1 confers a survival 

advantage to TNBC cells, we assessed where PART1 is predominantly localized in the 
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cell. Although it is important to be careful about inferring molecular function from 

localization experiments, these methods are often used to narrow down future experimental 

assays (189). We found that PART1 is predominately expressed in the cytoplasm which 

based on the literature, suggests it may have a role as a guide, scaffold or miRNA sponge. 

This was an interesting result since another group interested in PART1 showed that it acts 

as a miRNA sponge in colorectal cancer. A more recent paper however, showed that 

PART1 regulates toll-like receptor pathways to influence cellular proliferation in prostate 

cancer (150).  In addition, we must also take into account that PART1 was predominate in 

the cytoplasm but does in fact exist in the nucleus. Therefore, the function of PART1 is 

still quite elusive.  

  To narrow down these possibilities, we sent away HCC1806 and HCC1395 cells 

treated with PART1-specific GapmeR to be analyzed for gene expression changes via 

microarray. We found that although gene expression changes were consistent between two 

different GapmeR treatments within each cell line, the treatment has little effect on gene 

expression. In the HCC1806 cell line only 19 genes met the chosen cut offs and were 

common between both treatment groups. Of these, only 12 were classified as up-regulated 

and 5 as down-regulated. Similarly, in the HCC1395 cell line only 17 genes met the chosen 

cut offs and were common between both treatments. Of these, only 7 were classified as up-

regulated and 10 as down-regulated. Comparing between cell lines showed no consistency; 

there was no overlap between gene expression changes.  

 To test the validity of our microarray, we analyzed gene expression changes that 

were at least 1.6-fold changed but had no p-value cut off. This showed there were 109 hits 

that were commonly changed in both TNBC cell lines; however, the changes rarely agreed 
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(Appendix 4). We also validated the hits found in each cell line using QPCR to demonstrate 

the sensitivity and reliability of the microarray.  

 The lack of gene expression changes found by the inhibition of PART1 is consistent 

with the fact that PART1 does not exert its function by regulating gene expression. A lack 

of gene expression changes does not indicate lack of function. For example, ALDH1A3 an 

extremely important protein in CSC biology also does not induce many gene expression 

changes (172). It is more likely that PART1 acts as a guide or a scaffold. More functional 

assays are needed to assess these possibilities. 

4.3.6 Limitations and Future Directions 

 We argue here that inhibiting PART1 may be a viable treatment option for TNBC 

patients. We do not assess whether PART1 exerts an effect on ER+/PR+ T47D cells which 

also have high expression of PART1. It is possible that PART1 may not be specific to 

TNBC and is more likely important in cell lines that exhibit high expression. Future studies 

should use T47D cells to assess whether PART1 inhibition affects cellular proliferation 

and apoptosis to assess whether PART1 inhibition is beneficial for other breast cancer 

patients.  

 In this study, we used models with high PART1 expression to assess it role in 

TNBC. Therefore, patients with low PART1 expression in their tumor may not benefit 

from its inhibition. Future studies should focus on unraveling the effect of PART1 in vivo 

such as 1) the potential of PART1 to be successfully inhibited and 2) whether it causes 

cytotoxic effects.  

 We did not functionally characterize lncRNA, PART1. Although we showed it is 

predominately expressed in the cytoplasm, we do not know how PART1 is exerting its 
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effect. Future studies must focus on functional assays such as RNA immunoprecipitation 

and RNA pulldowns to identify any proteins that may be binding PART1. 

4.3.7 Conclusions 

 Many lncRNAs have important roles in cancer development and progression (184). 

Only a few hundred lncRNAs have been fully characterized leaving a large proportion 

unstudied. Here, we show that lncRNA PART1 is enriched in both TNBC and CSCs. We 

partially characterize PART1 by showing that its inhibition slows cellular proliferation, 

increases apoptosis, decreases tumor growth and inhibits mammopshere forming potential. 

We showed that PART1 has a modest effect on gene expression changes and therefore 

must exert its effect through other unknown means. Altogether, these data suggest that 

PART1 is oncogenic in TNBC and due to the absent function in gene expression changes, 

it may bind to other proteins acting as a guide or scaffold conferring survival advantages 

to TNBC cells. 
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Appendix 1 

  

Appendix 1. ALDH1A3-mediated RA signaling has no effect on the 

CD44+/CD24- breast CSC population in SUM149 TNBC cells.  Flow cytometry 

was used to quantify the effect of Retinal (RAL) and Retinoic Acid (RA) on the 

CD44+/CD24- CSC population in SUM149 TNBC cell lines (n=4). Significance was 

determined using a one-way ANOVA using a Tukey’s post-hoc test. Error vars 

represent SEM. 
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Appendix 2. Retinoid treatment influences gene expression in TNBC PDX 7482. 

RT-QPCR was used to quantify the expression of pluripotency, CSC-associated and RA-

inducible genes in every tumor harvested post-treatment. CD24 was not detected. 

Expression is relative to reference genes GAPDH and B2M (NT: n=8 RAL: n=8, RA: 

n=3). No significance found in CYP26A1, DHRS3, HOXA1, RAI12, RARRES2 or 

SRPX2. Error bars represent SEM. 

 

 

Appendix 2. Retinoid treatment influences gene expression in TNBC PDX 7482. 

RT-QPCR was used to quantify the expression of pluripotency, CSC-associated and RA-

inducible genes in every tumor harvested post-treatment. CD24 was not detected. 

Expression is relative to reference genes GAPDH and B2M (NT: n=8 RAL: n=8, RA: 

n=3). No significance found in CYP26A1, DHRS3, HOXA1, RAI12, RARRES2 or 

SRPX2. Error bars represent SEM. 

 

 

Appendix 2. Retinoid treatment influences gene expression in TNBC PDX 7482. 

RT-QPCR was used to quantify the expression of pluripotency, CSC-associated and RA-

inducible genes in every tumor harvested post-treatment. CD24 was not detected. 



115 

 Appendix 3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3. PART1 transcript variants are differentially expressed in normal 

body tissues. RNA-seq data (transcripts per million, TPM) for PART1 transcript 

variants was extracted from GTEx to assess PART1 levels across normal tissues. 
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Appendix 4. Gene expression changes upon treatment with PART1-specific 

GapmeR. Hits had to be either up or down-regulated at least 16-fold to be included, no p-

value cut off was used. A positive value indicates up-regulation while a negative number 

indicates down-regulation. 
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