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Abstract 
 

Aldehyde dehydrogenase 1A3 (ALDH1A3) is a cancer stem cell marker that also increases 
tumour growth, promotes metastasis, and contributes to chemoresistance. Metastasis of triple-
negative breast cancer (TNBC) has been linked to gene expression changes induced by 
ALDH1A3. To investigate the mechanism of ALDH1A3-mediated breast cancer metastasis, we 
assessed the effect of ALDH1A3 on the expression of proteases and the regulators of proteases 
that degrade the extracellular matrix, which is essential for invasion and metastasis. This revealed 
that ALDH1A3 regulates the plasminogen activation pathway; it increased the levels and activity 
of tissue plasminogen activator (tPA) and urokinase plasminogen activator (uPA). This resulted 
in a corresponding increase in the activity of serine protease plasmin, the enzymatic product of 
tPA and uPA. All-trans-retinoic acid, which is produced by ALDH1A3 and is a hormone receptor 
ligand, similarly led to an increased tPA and plasmin activity. DNA methylation also regulates 
tPA at the gene level where CpG methylation near the transcription start site prevents expression 
of tPA. Increased invasion of TNBC cells by ALDH1A3 was plasminogen-dependent. In patient 
tumours, ALDH1A3 and tPA are co-expressed and their combined expression correlated with the 
TNBC subtype, high tumour grade, and recurrent metastatic disease. Knockdown of tPA in TNBC 
cells inhibited plasmin generation, invasion, and lymph node metastasis. These results identify 
the ALDH1A3-tPA-plasmin axis as a key contributor to breast cancer progression. 
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Chapter 1 Introduction 
 
1.1 Cancer  
 

Cancer is an ancient disease that has made its mark by negatively affecting human health 

around the world[1]. The earliest evidence of human cancer was found in an ancient Egyptian 

manuscript, dating back to 1500 BC[2]. During this time, the development of cancer in an 

individual was not understood and surgery was the main treatment to remove the tumour. In the 

18th century, it was discovered that cancer cells were derived from healthy cells within the 

individual and not from an imbalance of fluids in the body as previously believed[3,4]. This finding 

provided an alternate explanation to the belief that cancer cells arose from chronic irritation, 

trauma, or parasites. In the middle of the 20th century, Watson and Crick’s discovery of the DNA 

helix ultimately led to the profound realization that cancer is a genetic disease[5]. Today, many 

research groups all over the world are dedicated to bettering the understanding of the genetic 

components of cancer to identify novel strategies to combat the disease. 

 In the genome, the acquisition of mutations can result in the transformation of a normal 

cell to a cancer cell. The type of gene in which the mutation occurs influences the phenotypic 

outcome of this error. In the context of cancer, there are two types of genes in which mutations are 

often studied: oncogenes and tumour-suppression genes. Oncogenes become amplified or 

constitutively activated by mutations allowing cancer cells to divide uncontrollably, proliferate, 

resist cell death, and promote cell survival[6]. In normal cells, these genes are tightly regulated; 

however, certain mutations in cancer cells will “turn on” oncogenes uncontrollably to promote 

cancer. In contrast to oncogenes, tumour suppressors are genes that become silenced, leading to 

pro-tumourigenic properties[7]. In normal cells, these genes are present to ensure the cell has 

appropriate controls in place to prevent cells with damaged DNA from dividing and repair DNA 
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damage. Mutations in cancer cells can “turn off” these genes, therefore allowing DNA-damaged 

cells to avoid apoptosis and to continue to replicate. The faulty DNA repair pathways in these 

cancer cells can result in the acquisition of additional mutations leading to alterations of gene 

expression which can promote tumourigenic pathways. Ultimately, the accumulation of mutations 

allows cancer cells to gain the ability to spread beyond their primary tumour site and contribute to 

cancer progression by enabling invasion and metastasis.   

 Invasion is the process by which cancer cells migrate to nearby environments[8]. To do 

this, cancer cells break down important components of the extracellular matrix (ECM) to permit 

growth into neighbouring or distant tissue. The components of the ECM, including collagen, 

elastin and fibrin, are enzymatically degraded by proteases, thereby facilitating invasion [9]. For 

example, matrix metalloproteinases (MMPs) degrade fibrin and collogen in the ECM in many 

cancer types[10]. Invasion is an important hallmark of cancer, as this process helps to initiate 

metastasis[11]. 

 Cancer cell metastasis can be enabled by the epithelial-to-mesenchymal transition (EMT) 

[12]. During this transition, cancer cells downregulate attachment proteins, such as e-cadherin, to 

detach from neighbouring cells [13]. This loss of e-cadherin permits cancer cells to migrate away 

from their primary tumour site, allowing for potential tumour spread and growth in different parts 

of the body. As metastasis is the primary cause of patient death [14], further research is needed to 

understand the mechanisms that drive this process, so that patient health and survival can be 

improved. 

 Aberrant expression of genes promote cancer cell invasion and metastasis, creating a 

complex disease which affects individuals worldwide. In Canada, 2 of 5 individuals will be 

diagnosed with cancer at some point in their life[15], with lung, breast, colorectal and prostate 
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cancers among the most diagnosed cancer types. Of these diagnosed individuals, 1 out of 4 will 

succumb to the disease. The immense number of individuals affected by this disease demonstrates 

the importance of studying the molecular factors that drive cancer, especially those contributing 

to cancer metastasis so that new treatments can be found to improve patient survival.   

 

1.2 Breast Cancer 
 
 In women, breast cancer is the most diagnosed cancer type, making up 37.1% of cancer 

cases[15]. Furthermore, breast cancer mortality poses a substantial concern, as 13% of cancer 

deaths in women are due to breast cancer according to the Canadian Cancer Society. Fortunately, 

breast cancer research has advanced in the last decade, resulting in improved screening and 

diagnoses, which have translated to better outcomes for many breast cancer patients.  

 Breast cancer can be classified based on histological and morphological sub-types. There 

are four main types of breast cancer: invasive ductal carcinoma (IDC), ductal carcinoma in situ 

(DCIS), invasive lobular carcinoma (ILC), and lobular carcinoma in situ (LCIS)[16]. As the names 

suggest, IDC and DCIS form in the lining of the milk ducts whereas ILC and LCIS form in the 

milk lobules in the breast tissue. While DCIS and LCIS are considered cancerous, they are non-

invasive tumours that reside within the ducts and lobules, respectively. In contrast, IDC and ILC 

are invasive cancers that have spread into surrounding tissues. If untreated, DCIS and LCIS have 

the potential to turn into IDC and ILC respectively, but histological assessment on its own cannot 

predict if this will occur. Out of these four types, IDC is the most diagnosed form of breast cancer 

[17].   

 Besides histological assessments, breast cancer is also classed by receptor subtypes. The 

receptors are the estrogen receptor (ER), progesterone receptor (PR) and/or human epidermal 
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growth factor 2 (HER2) receptor[18]. The breast cancer subtype is determined to be receptor-

positive or negative based on the presence of these receptors. When all three receptors are absent, 

the breast cancer is classified as triple-negative breast cancer (TNBC). The breast cancer subtype 

dictates the therapeutic strategy used, the presence or lack of receptors therefore plays a major role 

in guiding treatment decisions[19].  

 For hormone-positive breast cancers, hormone therapy drugs can be used to block estrogen 

and progestogen receptors to prevent cells from receiving signals from these hormones[20]. This 

inhibits the growth of cancer cells due to their inability to survive without these hormones. In 

HER2-positive breast cancers, monoclonal antibodies have been created to block the HER2 

receptor and therefore prevent cell growth[21]. These types of therapies have shown to be 

successful and have led to better prognoses for many breast cancer patients. For TNBC, neither 

hormone therapy nor HER2 monoclonal antibodies help fight the disease as TNBCs do not present 

the receptors. Unfortunately for TNBC patients, chemotherapy is the main treatment option despite 

its high resistance rate [22]. 

 Among the breast cancer subtypes, TNBC is the most aggressive and has the worst patient 

survival outcomes[23]. TNBC makes up 10-15% of all breast cancer and is more commonly 

diagnosed in women under the age of 40 and in black women[24]. Understanding the molecular 

factors that drive TNBC metastasis can lead to advances in treatment options and better patient 

outcomes. One of these factors is aldehyde dehydrogenase 1A3 (ALDH1A3). 

Copyright Statement 
Sections 1.3-1.7 and 1.9 have been previously published as: 
McLean ME, MacLean M, Cahill HF, Arun RP, Walker OL, Wasson MCD, Fernando W, 
 Venkatesh J, Marcato P (2023) The expanding role of cancer stem cell marker 
 ALDH1A3 in cancer and beyond, Cancers. DOI: 10.3390/cancers15020492 
 
Contributions statement 
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1.3 ALDH1A3 
 

Found to be generally expressed at low levels in the body, with higher amounts in the 

salivary gland, stomach, and kidneys, ALDH1A3 was the sixth ALDH enzyme discovered in the 

human genome and was initially called ALDH6[25]. Eventually, 19 ALDH enzymes expressed 

from the distinct genetic loci in the human genome were discovered. The 19 members comprise 

the ALDH superfamily and share at least 40% sequence homology, with subfamily members 

sharing at least 60% homology[26,27].  

ALDHs catalyze the irreversible oxidation of aldehydes to carboxylic acids by binding an 

aldehyde and cofactor nicotinamide adenine dinucleotide (NAD+) or NAD phosphate (NADP+). In 

general, ALDHs function to remove toxic aldehydes generated during metabolic processes 

including endogenous aldehydes that arise from lipid peroxidation, amino acid catabolism and 

exogenous xenobiotics[27]. In addition, the isoforms have distinct expression profiles in body 

tissues, differing subcellular locations (cytoplasm, nucleus, endoplasmic reticulum, or 

mitochondria), substrate specificity, and function. Pertinent to this review, the homologous 

ALDH1A1, ALDH1A2, and ALDH1A3 isoforms share 70% amino acid sequence homology, are 

https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
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cytoplasmic, and oxidize the vitamin A metabolite all-trans retinal to all-trans retinoic acid 

(ATRA, also commonly referred to as retinoic acid, RA). Due to this retinal oxidizing activity, 

ALDH1A1, ALDH1A2, and ALDH1A3 are also called retinal dehydrogenase 1 (RALDH1), 

RALDH2, and RALDH3, respectively.  

The three ALDH1A enzymes have important and distinct roles in embryonic development. 

ALDH1A3 is expressed in the ventral retina and its loss causes anophthalmia and aberrant eye 

development in humans and animal models[28–30]. ALDH1A3 knockout in mice is neonatal-

lethal, with severe defects in nasal and eye development, due to RA deficiency during critical 

developmental periods [31]. 

A comparative analysis of the three ALDH1A enzymes revealed similar structural 

topologies, with ALDH1A3 having the smallest substrate-binding pocket[31]. ALDH1A3 had the 

highest enzymatic activity for the conversion of all-trans-retinal to RA, followed by ALDH1A2, 

but comparatively had the least activity with other tested substrates[31]. This was consistent with 

earlier reports suggesting the greater RA biosynthetic capacity of ALDH1A3 over ALDH1A1[32]. 

 

1.4 ALDH1A3 regulates gene expression through retinol acid signalling 
 

RA is a developmentally important cell signalling molecule; it is a ligand for the nuclear 

hormone receptor retinoic acid receptor (RAR), capable of regulating the expression of hundreds 

of genes and resulting in diverse cellular effects[27,33–35]. A requisite of RA signaling is that 

cells can metabolize vitamin A (retinol) to retinal and then retinal to RA.  

RA binds to the nuclear hormone receptors retinoic acid (RAR) α, β, γ, which form 

heterodimers with the retinoid X receptor (RXR)[36]. The heterodimers regulate gene expression 

by binding to retinoic acid receptor element (RARE) sequence motifs found in the promoters and 
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enhancer regions of over 3000 genes in the genome[37]. The binding of RA to these heterodimer 

nuclear hormone receptors can have both activating and repressing gene expression effects. Gene 

induction is observed when RA binding to RAR promotes the binding of co-activators of the 

nuclear receptors and other co-activators such as histone acetylases (HATs). Inversely, in a 

mechanism that is less understood, gene repression by RA involves RA-mediated recruitment of 

polycomb repressive complex 2 (PRC2) and superfamily histone deacetylase (HDAC) to nuclear 

hormone receptor heterodimers.  

RA signalling in the physiological range (nM amounts) is mediated by the ALDH1A 

enzymes and has distinct effects from the supra-physiological effects induced by pharmacological 

RA treatment, which is in the µM range. Supra-physiological amounts of RA can inhibit cell 

proliferation and induce cell death and differentiation as seen in the treatment of acute 

promyelocytic leukemia[38–40]. RA treatment can reduce the severity of asthma[41,42], while in 

contrast retinoid and vitamin A deficiency exacerbates the condition[43,44]. Gene expression 

analysis indicated elevated ALDH1A3 expression in asthma patients[45]; however, another study 

showed no change in ALDH1A3 protein expression levels[42].  

Overall, these studies suggest that in the context of cancer and other illnesses, 

pharmacological retinoid treatment effects often differ from ALDH1A-mediated physiological RA 

signalling and the two should not be necessarily equated. 

 

1.5 ALDH1A3 is a cancer stem cell marker 
 

Cancer stem cells (CSCs) are a small subpopulation of cells within tumours that exhibit 

characteristics of both stem cells and cancer cells. CSCs are enriched for various markers, with 

some cancer-type specificity. These markers include cell surface markers like CD133, CD24, 
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CD44, and epithelial cell adhesion molecule (EpCAM)[46]. Among the most common methods to 

identify cancer cell populations enriched for CSCs is increased ALDH activity detected by the 

Aldefluor assay[47]. Aldefluor-positive (also referred to as ALDHbright or ALDHhigh) populations 

were initially identified as having CSC qualities (i.e., having increased tumourigenicity and giving 

rise to heterogeneous tumours) in murine xenograft studies with breast cancer by Ginestier et. 

al,[48] and leukaemia by Cheung et.al, [49]. Aldefluor-positive-isolated cancer cells have been 

similarly shown to generate xenograft tumours with high efficiency in the liver, head and neck, 

lung, pancreatic, cervical, thyroid, prostate, colon, bladder, and ovarian cancers[50–58].  

The Aldefluor assay measures the conversion of ALDH substrate, BODIPY™ amino 

acetaldehyde to fluorescent reaction product BODIPY™ aminoacetate. The addition of inhibitor 

diethylaminobenzaldehyde (DEAB) reduces fluorescence, confirming that Aldefluor-positive cells 

are correctly identified. This assay was originally developed for the isolation of viable 

hematopoietic stem cells from human umbilical cord blood[59] and was initially believed to be 

specific for one ALDH isoform found in high abundance in those cells: ALDH1A1. Therefore, 

Aldefluor-positive cells are sometimes referred to as ALDH1 positive or ALDH1A1 positive. This 

can be a wrong assumption since the BIODIPY aminoactealdehyde substrate is not specific to 

ALDH1A1 and other ALDH enzymes can generate the fluorescent product if expressed in 

sufficient levels[47]. 

Multiple studies have demonstrated that ALDH1A3 is an ALDH isoform that is at least as 

important as ALDH1A1 in influencing the Aldefluor activity of cancer cells. For breast cancer, 

gene expression analysis and knockdown of the 19 ALDH isoforms revealed that ALDH1A3 

expression was the primary isoform contributing to Aldefluor activity of breast cancer patient 

tumours and cell lines[60]. Later, similar studies performed in melanoma cancer implicated both 
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ALDH1A1 and ALDH1A3 expression as being important in determining Aldefluor activity and 

CSC activity[61]. Similarly, in mesenchymal glioma stem cells, Aldefluor-positivity was 

associated with enriched ALDH1A3 expression and stemness[62]. Profiling the ALDH isoforms 

by gene expression and knockdown in non-small cell lung cancer similarly revealed the importance 

of ALDH1A3 in the Aldefluor activity of cancer and tumourigenicity[63]. In colon cancer, analysis 

of expression and knockdown of the 19 ALDH isoforms in 58 cell lines again suggested the 

primary importance of ALDH1A3 in the Aldefluor activity colon[64]. In intrahepatic 

cholangiocarcinoma (bile duct cancer) ALDH1A3 was found the main contributor to Aldefluor 

activity[65]. In head and neck cancer, ALDH activity and stemness were associated with 

ALDH1A3 expression[66]. ALDH1A3 imparts stemness, tumourigenicity, and Aldefluor activity 

in gastric cancer[67]. In addition to highlighting the role of ALDH1A3 in the Aldefluor activity of 

multiple cancers, these studies also demonstrate that when identifying CSCs, detecting the 

expression of ALDH enzymes is not equal to performing the Aldefluor assay[68].  

It is important to note that ALDH1A3 is also commonly measured by many other methods, 

including immunohistochemistry and immunofluorescence, western blotting, RNA sequencing, 

and quantitative polymerase chain reaction (QPCR). Many of the subsequent studies we discuss 

detect and quantify ALDH1A3 in cells and tissues by these other methods. 

 

1.6 ALDH1A3 is associated with worse prognosis in cancer 
 

Consistent with ALDH1A3's association with CSCs, ALDH1A3 expression in cancer is 

generally associated with worse outcomes, progressive disease, and recurrence. In breast cancer, 

patient tumours with high levels of ALDH1A3 were associated with an increased incidence of 

metastasis compared to those with low levels of ALDH1A3[60]. ALDH1A3 is higher in triple-
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negative breast cancer (TNBCs), which is an aggressive subtype of breast cancer[69]. In TNBC, 

ALDH1A3 is associated with worse survival. In addition, high ALDH1A3 expression is associated 

with worse patient survival in prostate, glioblastoma, neuroblastoma, pancreatic, gastric, gall 

bladder, colon, and intrahepatic cholangiocarcinoma cancers[65,69–76]. High levels of 

ALDH1A3 are correlated with increased tumour grade in breast, glioblastoma, bladder, and 

prostate cancer[69–71,77]. Bladder cancer, breast cancer, and intrahepatic cholangiocarcinoma 

were shown to have increased ALDH1A3 expression along with high tumour stage[65,69,77].  

Although ALDH1A3 is associated with increased tumour progression and worse prognosis 

in many cancer types, increased ALDH1A3 expression has also been associated with better patient 

outcomes in TP53 wildtype ovarian tumours, BRAF-mutated metastatic melanoma, and non-small 

cell lung cancer[63,78,79]. These positive clinical correlates with ALDH1A3 in a different context 

suggest that ALDH1A3 effects in cancer could be cellular context-specific and dependent on the 

presence of other molecular factors. 

 

1.7 ALDH1A3 promotes tumour progression 
 

The association of ALDH1A3 with CSCs in multiple cancers implies its importance to 

cancer progression and aggressiveness. Indeed, ALDH1A3 can facilitate cancer progression by 

promoting tumour growth and metastasis, and these effects are mirrored in vitro assays across 

multiple cancers. 

Knockdown of ALDH1A3 inhibited the growth of the glioma Aldefluor-positive cells, 

suggesting that ALDH1A3 contributes to CSC-mediated tumourigenicity of mesenchymal 

glioma[62]. In melanoma cells, ALDH1A3 knockdown reduced tumour growth activity[61]. In 

non-small cell lung cancer, tumourigenicity was reduced upon ALDH1A3 knockdown[63]. In 
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breast cancer, the effects of ALDH1A3 were not as clear, with ALDH1A3 promoting tumour 

growth in two TNBC cell lines (MDA-MB-231 and MDA-MB-435 cells) but inhibiting in a third 

(MDA-MB-468 cells)[69]. The mechanism behind this discrepancy may be related to cell line-

specific differential epigenetic-silencing of key ALDH1A3-inducible genes, including mucin 4 

(MUC4) and homeobox A1 (HOXA1). In gastric cancer, ALDH1A3 knockdown reduced tumour 

growth[75]. In osteosarcoma, tumourigenicity was associated with ALDH1A3 expression[80]. 

ALDH1A3 also contributes to metastasis. In TNBC MDA-MB-231 cells increased 

ALDH1A3 resulted in a corresponding increase in lung metastasis in the orthotopic xenograft 

model[69]. Knockdown of ALDH1A3 in HPAC pancreatic cancer cells reduced lung metastasis 

using tail vein injections[76]. ALDH1A3 has been linked to pancreatic cancer metastasis.  

In vitro, analyses suggest that ALDH1A3 effects on tumour growth and metastasis are 

multifactorial. ALDH1A3 knockdown melanoma cell lines resulted in decreased cell proliferation 

and increased apoptosis [61,81]. In colon cancer cell lines, ALDH1A3 knockdown decreased cell 

proliferation and C-X-C chemokine receptor type 4 (CXCR4) expression, suggesting a potential 

connection between the two[64]. In lung cancer cell lines, reduced ALDH1A3 expression was 

associated with decreased cell proliferation[82]. In gastric cancer cells, ALDH1A3 knockdown 

reduced cell proliferation[75].  

Although the increased metastasis associated with increased ALDH1A3 could be an 

indirect result of increased tumour burden and cancer cell proliferation, there is also evidence that 

ALDH1A3 directly increases the metastatic potential of a cancer cell. There are many reports of 

ALDH1A3 affecting invasion and/or migration, but these effects appear cancer-type dependent. 

For breast cancer, increased ALDH1A3 results in increased transwell invasion of TNBC MDA-

MB-231 cells[69]. The increased invasion/metastatic potential imparted by ALDH1A3 on breast 
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cancer cells appears connected to decreased migration. ALDH1A3 knockdown in TNBC MDA-

MB-468 and SUM159 cells increased adhesion and migration while decreasing metastasis in a 

chick chorioallantoic membrane assay[83]. ALDH1A3 knockdown in cholangiocarcinoma bile 

duct cancer cell lines decreases migration[65].  

Reports also suggest that ALDH1A3 imparts increased colony formation or clonogenicity, 

which measures the ability of a single cell to form a colony, an in vitro indicator of tumour-

initiating capacity, required to form primary and secondary tumours [84]. In a panel of lung cancer 

cell lines, ALDH1A3 knockdown reduced colony formation in 11 out of 12 cell lines[63]. In breast 

cancer, ALDH1A3 imparted increased colony formation to TNBC MDA-MB-231 and MDA-MB-

468 cells[85]. Similarly, in colon and gastric cancers, reduced ALDH1A3 resulted in decreased 

colony formation[75,86]. In neuroblastoma, ALDH1A3 knockdown reduced clonogenicity[72].  

In summary, ALDH1A3 promotes tumour progression, likely via effects on proliferation, 

apoptosis, migration, invasion, and clonogenicity. The accumulating evidence of ALDH1A3 as a 

key factor in cancer progression across multiple cancer types suggests it is a promising therapeutic 

target. It remains unclear what factors ALDH1A3 is regulating to mediate invasion and how it 

remodels the extracellular matrix.  

1.8 Proteases that mediate invasion of cancer cells 
 

To understand ALDH1A3's role in breast cancer invasion and metastasis, we need to first 

study the mechanisms that drive it. For cancer cells to invade, ECM remodelling takes place. 

Proteases degrade the ECM promoting remodelling and cancer cell invasion[87]. Furthermore, 

many cancer types have shown a strong positive correlation between aggressive tumours and 

protease expression[88]. In humans, there are 569 known proteases, but only a portion of these 

have been linked to having cancerous effects[89]. Among these cancer-promoting proteases are 
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disintegrin and metalloproteinases (ADAM), Transmembrane serine proteases 2 (TMPRSS2), 

plasmin and matrix metalloproteinases (MMPs). 

ADAM are membrane-bound proteolytic enzymes that have been shown to promote the 

degradation of the ECM by shedding growth factors and cytokines[90]. The ADAMs domain 

influences cell signalling molecules to promote cell invasion. ADAM-17 is a well-studied ADAM 

domain that has been shown to shed many membrane-bound proteins such as heparin-binding 

EGF, transforming growth factor-α and E-selectin to promote ECM degradation and invasion[91]. 

Opposed to being membrane-bound, disintegrin and metalloproteinase with thrombospondin 

motifs (ADAMTS) are secreted. These ADAMTS proteases can bind and cleave to many different 

components of the ECM allowing for remodelling and cancer cell invasion[92].  

Similar to ADAM, TMPRSS2 is also located on the cell surface. TMPRSS2 consists of 

intercellular, transmembrane and extracellular domains[93]. The intercellular domain allows for 

cell signalling pathways to be activated while the extracellular domain has proteolytic activity 

which can degrade components of the ECM. In prostate cancer, the TMPRSS2 intercellular 

domain binds to ERG which increases the expression of ETS transcription factor family[94]. This 

is thought to be an early event in prostate cancer giving rise to many pro-tumourigenic genes.  

Plasmin is another important protease in ECM remodelling. Plasmin cleaves fibrin in the 

ECM and activates pro-MMPs[95–97], accelerating extracellular matrix remodelling required for 

invasion[98–100]. Plasminogen is a zymogen synthesized and secreted by the liver[101]. The 

activation of plasminogen to the serine protease plasmin is mediated by activators such as tissue-

plasminogen activator (tPA), and the urokinase plasminogen activator (uPA), and its receptor 

(uPAR). The activation is tightly regulated by the expression of plasminogen-activator-inhibitors 

(PAI-1 and PAI-2) that inhibit the tPA and uPA activity. In addition, cell surface plasminogen 
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receptors accelerate the conversion of plasminogen to plasmin by tethering the plasminogen to the 

cell surface and co-localizing it with its activators[102–104]. The increased ability of the cancer 

cell to generate plasmin is directly correlated with increased invasive and metastatic 

potential[105,106]. Plasmin functions in invasion and metastasis by directly degrading the 

extracellular matrix proteins such as laminin and fibronectin and indirectly by activating 

MMPs[107]. 

In normal cells, the plasminogen activation pathway is tightly regulated to help fibrin break 

down during fibrinolysis[108]. Cancer cells can use this process to their advantage to invade 

through the ECM. In breast cancer, plasminogen activators tPA and uPA have been shown to 

increase invasion in vitro. By binding to plasminogen activation receptor annexin II, tPA can 

induce plasminogen activation in MDA-MB-231 cells which increases invasion[109]. When 

suppressing annexin II expression, invasion significantly decreased. When looking at uPA 

expression across different breast cancer cell lines, it was found that when uPA expression was 

high there was an increase in cell invasion[110]. When antibodies were added to block uPA from 

binding to the plasminogen activation receptor uPAR, the invasion was decreased.  

In terms of plasminogen activator inhibitors, PAI-1 is known for its multifactorial role in 

breast cancer while PAI-2 remains under studied in vitro. Not only does PAI-1 play a role in uPA 

and tPA inhibition[111], but it also influences cell proliferation, migration, and apoptosis[112]. 

Increased PAI-1 stromal expression was also found to correlate with a positive trastuzumab 

treatment response for HER-2- breast cancer patients[113]. Furthermore, trastuzumab treatment 

has been shown to be more effective when the uPA receptor is not active[114]. Overall, the 

plasminogen activating players have been shown to play a role in breast cancer progression, but 
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understanding the mechanism to drive their expression remains under studied. It is important to 

understand how proteases are being regulated in cancer for advancement in treatment options. 

Proteases in normal cells play a critical role in many cellular processes including cell death, 

gene expression and differentiation. Cancer cells can use their functions to their advantage and 

stimulate pro-tumourigenic processes. Protease inhibitors have arisen, however, designing these 

inhibitors is difficult as different tumours promote different proteases[115]. Therefore, 

understanding the mechanisms behind protease activation could be a better therapeutic target. 

 
1.9 Targeting ALDH1A3 
 

Targeting CSCs by inhibiting CSC-associated pathways, markers, proteins and non-coding 

RNAs is a common strategy that is being pursued. For example, the possibility of targeting 

EpCAM with anti-EpCAM antibodies has been explored extensively and reviewed 

elsewhere[116]. The Notch signaling pathway, which is commonly activated in CSCs across 

cancer types, is also a highly explored strategy for targeting CSCs[117]. In particular, γ-secretase 

inhibitors, which inhibit Notch receptor proteolytic cleavage and signaling, have demonstrated 

preclinical efficacy with induction of CSC differentiation and apoptosis, inhibition of EMT, and 

sensitizing to chemotherapies[118]. Targeting non-coding RNAs enriched in CSCs with antisense 

oligonucleotides has also been suggested as a possibility[79]. The possibility of inhibiting ALDHs 

and ALDH1A3 specifically in the treatment of cancer and targeting of CSCs has been investigated 

in recent years by various drugs. 

Many compounds have general or semi-specificity for inhibition of ALDH isoforms. These 

compounds include DEAB, chloral hydrate, citral, coprine, daidzin, gossypol, pargyline, and 

disulfiram[15]. Disulfiram is an old drug - it has been used to treat alcohol abuse for over 70 

years[80]. The liver enzyme alcohol dehydrogenase converts alcohol to acetaldehyde, which then 
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becomes converted into non-toxic acetic acid by liver ALDH1A1 and ALDH2[80]. Disulfiram 

inhibition of liver ALDH1A1 and ALDH2 leads to toxic accumulation of acetaldehyde, resulting 

in an adverse reaction to alcohol consumption that psychologically conditions the patient to 

associate alcohol with physical pain. Work has been done to repurpose this classic anti-alcoholism 

drug as a possible treatment for various cancers[81]. 

As an anti-cancer agent, disulfiram works by several potential mechanisms; in addition to 

inhibiting ALDHs, it inhibits proteasome function (when complexed with copper; CuET), E3 

ligases, and intriguingly may also be a DNA-demethylating agent[82,83]. In terms of inhibiting 

the ALDH1A3 isoform specifically, disulfiram has minimal ALDH1A3 targeting activity in breast 

cancer cells[85] and inhibited glioblastoma stem cells independent of effects on ALDH1A3[124]. 

However, the disulfiram copper complex CuET inhibited colorectal cancer progression by 

downregulating ALDH1A3 gene expression[86].  

Some specificity for ALDH1A3 was observed in citral, where µM concentrations inhibited 

Aldefluor-mediated ALDH1A3 activity in breast cancer cells and encapsulated citral inhibited 

ALDH1A3-mediated breast tumour growth[85]. In contrast, the same study showed that diadzin, 

chloral hydrate, coprine, gossypol, and pargyline did not inhibit ALDH1A3 activity of breast 

cancer cells even at 100µM concentrations. Interestingly, a modified diadzin analog synthesized 

to inhibit ALDH1A3 (i.e., imidazo [1,2-a] pyridine, G11), had in vivo efficacy in a glioblastoma 

tumour model[125]. In cell-free assays of ALDH1A3 activity, G11 had half maximal inhibitory 

concentration (IC50) of 22.8μM. A further modification of G11 generated MF-7, which 

demonstrated improved IC50 in cell free assays (4.7μM)[126]. MC-7 treatment increased the 

survival of mice in a breast cancer brain metastasis model[126]. The later derived analog NR-6 

showed similar anti-cancer activity[127]. More recently, the type 5 phosphodiesterase (PDE5) 
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inhibitor E4021 was found to bind to ALDH1A3 by protein affinity chromatography approach and 

sub-µM amounts of derivatized compound ER-001135935 specifically inhibited ALDH1A3 

activity in vitro[128].  

The solving of the crystal structure of ALDH1A3 complexed with NAD+ and ATRA in 

2016[129], allows for rationally designed ALDH1A3 specific inhibitors that prevent pocket 

binding of the substrate binding. This was recently demonstrated by the generation of in silico-

designed MCI-INI-3, which inhibits ALDH1A3 specifically (IC50 = 0.46µM)[130]. Although not 

tested yet for anti-cancer activity, this rationally designed inhibitor has the highest specificity and 

activity among thus far reported ALDH1A3 inhibitors. The crystal structure of ALDH1A3 also 

allows for the screening of potential ALDH1A3 inhibitors among library compounds by molecular 

docking modeling. These in silico analyses identified YD1701 (dibenzo-30-crown10-ether), as an 

ALDH1A3 inhibitor[131]. It has a reported IC50 of 12.0824µg/mL (which is equivalent to 22.5µM 

based on a molecular weight of 536.63 g/mol). YD1701 inhibited the invasion of colon cancer 

cells and prolonged the survival of mice implanted with colon cancer xenografts. 

Likely, if the clinical use of targeting ALDH1A3 is to be realized, it will be in combination 

with chemotherapies, immunotherapies, and other adjuvant therapies. Potential combination 

strategies also include inhibiting ALDH1A3 alongside other drugs that target different CSC 

markers and pathways to limit the emergence of therapy-resistant CSCs. 

 

1.10 Hypothesis and Objectives 
 

 Ultimately, I aim to unravel ALDH1A3’s mechanism of TNBC metastasis. We 

hypothesize that ALDH1A3 mediate invasion and metastasis by regulating protease genes or the 

genes that regulate proteases.  
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Objective 1: Identify protease genes regulated by ALDH1A3 in TNBC cells 

Objective 2: Determine if ALDH1A3 correlates with the expression of these proteases in patient 

tumour samples 

Objective 3: Test if these ALDH1A3-regulated protease genes mediated invasion and metastasis 

in TNBC 

Together, this research identified the ALDH1A3-tPA-plasmin axis as a novel pathway that 

promotes progressive breast cancer disease. 
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Chapter 2  Methods and Materials 
 
2.1 Cell culture and reagents 
 

Cancer cell lines were obtained from ATCC. MDA-MB-231 (RRID: CVCL_0062), MDA-

MB-468 (RRID: CVCL_0419), and HEK293T (RRID: CVCL_0063) cells were grown in 

Dulbecco’s Modified Eagle Medium (DMEM; ThermoFisher) supplemented with 10% Fetal 

Bovine Serum (FBS; ThermoFisher) and antibiotic antimycotic (AA; ThermoFisher). MDA-MB-

436 (RRID: CVCL_0623) cells were grown in Leibovitz’s Medium (L-15; ThermoFisher) 

supplemented with 10% FBS, AA, 10µg/mL human insulin (Millipore Sigma), and 16µg/mL L-

glutathione (ThermoFisher). Cells were cultured in a humidified 37oC incubator with 5% CO2, 

except for MDA-MB-436 cells which were cultured without the addition of CO2. The cell lines 

have been authenticated in the past three years by isolation of genomic DNA and performance of 

short tandem repeat profiling (STR) technology by Applied Biological Materials Inc. (abm). Abm 

follows the International Cell Line Authentication Committee (ICLAC) standard ASN-002 in 

performing the STR analysis. We regularly perform assessments for mycoplasma contamination 

using the MycoAlert® Mycoplasma Detection Kit (Lonza)  and confirm that all experiments were 

conducted with mycoplasma-free cells. 

Cell experiments including ATRA treatments (100nM, Millipore Sigma) were conducted 

for 24h. For experiments with serum-free conditioned media (SF-CM), MDA-MB-231 cells were 

cultured using DMEM, without phenol red (21-063-029; ThermoFisher), and sodium pyruvate 

(ThermoFisher) while MDA-MB-436 cells were cultured in Leibovitz's L-15 Medium, with no 

phenol red (21083027; ThermoFisher). For assays with plasminogen-depleted media, plasminogen 

was depleted from FBS by passing the FBS through a lysine sepharose column, which allows the 

https://www.cellosaurus.org/CVCL_0062
https://www.cellosaurus.org/CVCL_0419
https://www.cellosaurus.org/CVCL_0063
https://www.cellosaurus.org/CVCL_0623
https://bioscience.lonza.com/download/content/asset/30191
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plasminogen to bind to the column. The flow-through from the lysine sepharose column was 

collected and filter sterilized using 0.2µm filters (ThermoFisher).  

ALDH1A3-over expression for MDA-MB-231 and knockdown of ALDH1A3 in MDA-

MB-468 cells was generated as described previously[60,69] and validated by western blotting 

again here. We also generated shRNA knockdowns in MDA-MB-436 cells using the retroviral 

vector pSMP (Open Biosystems, Huntsville, AL) with either the shRNAmir scramble sequence or 

shRNAmir sequences specific to ALDH1A3 (Table 1) following standard procedures. The 

retroviral supernatants were applied to cultured MDA-MB-436 cells. Alternatively, lentiviral short 

hairpin RNA (shRNA) knockdown clones of PLAT were generated using the pGipZ vector 

(Dharmacon) packaged in HEK293T cells following standard protocols and listed in Table 1. 

Clones were selected by adding 1.5 μg/mL puromycin and subsequently maintained in 0.25 μg/mL 

puromycin media. Transient knockdown of PLAT was achieved by applying siRNA sequences 

(Integrated DNA Technologies) with lipofectamine 2000 (ThermoFisher) to cells as per the 

manufacturer’s protocol. The siRNA sequences are listed in (Table 1). 
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Table 1. shRNA and siRNA sequences and clones 

Gene shRNA Sequence 

ALDH1A3  shRNA1 TGCTGTTGACAGTGAGCGCGCATAGCAAATCCTAGGATAA 
shRNA2 TAGTGAAGCCACAGATGTATTATCCTAGGATTTGCTATGCT  

   
  
Gene shRNA shRNA Used 

PLAT shRNA1 V3LHS_399215 
shRNA2 V2LHS_11084 

 
   
Gene siRNA siRNA Used 

PLAT siRNA1 AAGUGUCAUCAUCGAAUU 
siRNA2 UUCUGUUAAGUAAAUGUU 
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2.2 Reverse-transcriptase quantitative PCR 
 

For gene expression analysis by reverse-transcriptase quantitative PCR (RT-qPCR) cells 

were collected in Trizol (ThermoFisher) and RNA was purified using a PureLink RNA kit 

(ThermoFisher) following the manufacturer’s instructions.  Equal amounts of purified RNA were 

then reverse-transcribed to cDNA using iScript (Bio-Rad) as per the manufacturer’s instructions. 

Diluted cDNA was used in RT-qPCR reactions with gene-specific primers (Table 2) and 

SsoAdvanced Universal SYBR Supermix (Bio-Rad) as per manufacturer’s instructions with a 

CFX96 or CFX384 Touch Real-Time PCR Detection System (Bio-Rad). Standard curves were 

generated for each primer set and primer efficiencies were incorporated into the CFX Manager 

software (Bio-Rad).  Relative expression of genes in cells was quantified using the △△ct method 

of the CFX Manager Software (Bio-Rad), where gene-of-interest quantification was normalized to 

at least two reference genes (Table 2) and then made relative control cells mRNA levels. 
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Table 2. Gene-specific primers used in RT-qPCR 

Target Gene Forward primer sequence Reverse primer sequence 

B2M AGGCTATCCAGCGTACTCCA  CGGATGGATGAAACCCAGACA   

ARF1 GTGTTCGCCAACAAGCAGG   CAGTTCCTGTGGCGTAGTGA   

PUM1 GGCGTTAGCATGGTGGAGTA  CATCCCTTGGGCCAAATCCT   

ALDH1A3  TCTCGACAAAGCCCTGAAGT  TATTCGGCCAAAGCGTATTC  

PLAT  TGTGTGGAGCAGTCTTCGTT  TCGCTGCAACCTTGGTAAGA  

PLAU  GTCACCTACGTGTGTGGAGG  AGTTAAGCCTTGAGCGACCC  

SERPINB2  GCAGTTACCCCCATGACTCC  GTGCCTGCAAAATCGCATCA  

GAPDH (human) CAAGGCTGAGAACGGGAAG  GCGAGACCCCACTAACATCA  

GAPDH (mouse)  CGCCCCACTTGATTTTGGAG  GGCGGAGATGATGACCCTTT  
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2.3 Western blotting 
 

Equal concentration protein from cell lysates and conditioned media were separated on 

12% SDS-PAGE gels. The proteins were transferred to nitrocellulose or PVDF membranes and 

blocked with 5% skim milk.  The membranes were probed using anti-human ALDH1A3 (OTI4E3, 

OriGene Technologies), tPA (ab227069, Abcam), uPA (ab24121 Abcam), and PAI-2 (ab47742, 

Abcam) antibodies. Anti-rabbit HRP-IgG (7074S, Cell Signaling Technology) secondary antibody 

was used for tPA, uPA, and PAI-2 while anti-mouse HRP-IgG (7076S Cell Signaling Technology) 

secondary antibody was used for ALDH1A3. Immuno-reactive proteins were detected by 

chemiluminescence (using Clarity ECL blotting substrate (Bio-Rad)) and visualized with images 

captured with a ChemiDoc Imager (Bio-Rad). Total protein was used as a loading control.  

 

2.4 Immunofluorescence analysis  
 

Patient tumour core biopsy tissues taken post-surgery from patients who were diagnosed 

with breast cancer at the Queen Elizabeth II Health Sciences Centre (QEII HSC) in Halifax, Nova 

Scotia, Canada were analyzed for immunofluorescence staining. Tissues were formalin-fixed and 

paraffin-embedded. Staff pathologists at the QEII HSC conducted a standard pathological 

assessment of patient tumours (Table 3). 5 μm sections cut from paraffin-embedded blocks were 

deparaffinized for staining. Post antigen retrieval, and blocking, slides were stained with the above-

described antibodies. Secondary IgG antibodies specific to the species for dual labelling were 

conjugated to either goat anti-rabbit Alexa 488 (A32731 ThermoFisher) or goat anti-mouse Alexa 

555 (A32727 ThermoFisher). Nuclei were stained with DAPI (D1306 ThermoFisher). Stained 

slides were mounted (P36982 ThermoFisher) and images were captured with a Zeiss LSM 880 

with an AiryScan laser scanning confocal microscope. 



 26 

To quantify the number of positive tumour cells in each sample, multiple sections were 

stained to ensure that representative areas of the entire tissue were assessed. Between three to five 

random images were captured of each section. A colocalization image creator and colocalization 

object counter ImageJ plugins were used to semi-automatically count positively stained cells to 

estimate the percentages of positive tumour cells. This information was then used to calculate the 

average percentage of ALDH1A3+, tPA+, uPA+, PAI-2+, ALDH1A3+/tPA+, ALDH1A3+/uPA+, 

and ALDH1A3+/PAI-2- cells within tumour samples.  
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Table 3. Summary of Patient Tumour Pathology and Clinical Data 

Patient 
ID Type Subtype Staging 

Cancer 
Stage 

Tumor 
Grade 

Lymph node 
Involvement 

Progression 
Free? Study 

P1 IDC ER+/PR+ T2N1M0 IIB 2 yes yes 1,2,3 
P2 IDC ER+/PR+/HER2+ T1N1M0 IIA 2 yes yes 1,2,3 
P3 IDC TNBC T1N3M0 IIIC 3 yes yes 1,2,3 
P4 IDC TNBC T4N1M0 IIIB 3 yes yes 1,2,3 
P5 ILC ER+/PR+/HER2+ T3N3M0 IIIB 3 yes no 1,2,3 
P6 IDC ER+/PR+/HER2+ T2N3M0 IIIC 3 yes yes 1,2,3 
P7 IDC ER+/PR+ T1N0M0 I 2 no no 1,2,3 
P8 IDC TNBC T1N0M0 I 3 no yes 1,2,3 
P9 IDC ER+/PR+/HER2+ T4N3M0 IIIC 3 yes no 1,2,3 
P10 IDC ER+/PR+ T2N0M0 IIA 1 no yes 1,2,3 
P11 IDC ER+/PR+/HER2+ T2N0M0 IIA 3 no no 1,2,3 
P12 IDC ER+/PR+ T2N0M0 IIA 3 no no 1,2,3 
P13 IDC ER+/PR+ T2N0 IIA 3 no no 1,2,3 
P14 IDC TNBC T2N1M0 IIB 3 yes no 1,2,3 
P15 IDC ER+/PR+ T2N1M0 IIB 2 yes no 1,2,3 
P16 IDC ER+/PR+/HER2+ T1N1M0 IIA 3 yes no 1,2 
P17 ILC ER+/PR+ T2N1M0 IIB 2 yes yes 1,3 
P18 IDC ER+/PR+ T2N1M0 IIB 3 yes no 1,2,3 
P19 IDC HER2+ T2N0M0 IIA 3 no yes 1,2,3 
P20 IDC ER+/PR+ T1N2M0 IIIA 3 yes yes 1,2,3 

P21 

IDC 
and 
ILC ER+/PR+ T2N0MO IIA 2 no yes 1,2 

P22 IDC ER+ T1N0M0 I 1 no no 1,2,3 
P23 IDC ER+/PR+ T2N0M0 IIA 2 no yes 1,2,3 
P24 IDC ND T1micN0 I 3 no yes 1,2,3 

P25 

ILC 
and 
IDC ER+/PR+ T2N0 IIA 2 no yes 1,2,3 

P26 IDC ER+/HER2 T1cN1M0 IIA 3 yes yes 1,2,3 
P27 IDC ER+/PR+ T2N1a IV 2 yes yes 1,2,3 
P28 IDC ER+/PR+ T2N0M0 IIA 3 no no 1,2,3 
P29 IDC ER+/PR+/HER2+ T1cN0M0 I 2 no yes 1,2,3 
P30 IDC ER+/PR+/HER2+ T1cN0M0 I 2 no yes 1,3 
P31 IDC ER+/PR+ T2N0M0 IIA 2 no no 1,2,3 
P32 IDC TNBC T2N1M0 IIB 3 yes yes 1,2,3 
P33 ILC ER+/PR+ T2N1 IIB 2 yes yes 1,2,3 
P34 IDC ER+/PR+ T2N2aM0 IIIA 1 yes yes 1,2,3 
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Patient 
ID Type Subtype Staging 

Cancer 
Stage 

Tumor 
Grade 

Lymph node 
Involvement 

Progression 
Free? Study 

P35 IDC ER+/PR+ T2N2aM0 IIIA 1 yes yes 1 
P36 IDC ER+/PR+ T3 IIIB 2 yes yes 1,2,3 
P37 IDC TNBC T2,N0 IIA 3 no yes 1,2,3 
P38 IDC TNBC T2N2 IIIa 3 yes yes 1,2,3 
P39 IDC ER+/PR+ T2N0 IIA 2 no no 1,2,3 
P40 IDC TNBC T1N0 I 3 no yes 1,2,3 
P41 IDC ER+ T2N2 IIIA 2 yes yes 1,2,3 
P42 ILC ER+/PR+ T1b I 2 no yes 1,2,3 
P43 IDC ER+/PR+/HER2+ T2N1 IIB 3 yes no 1,2,3 
P44 IDC ER+/PR+ T1N0 I 2 no yes 1,2,3 
P45 ILC ER+/PR+ T1 I 3 no no 1,2 
P46 IDC TNBC T2N0 IIA 3 no no 1,2,3 
P47 IDC ER+/PR+/HER2+ T1N0 I 3 no yes 1,2,3 
P48 IDC TNBC T1N0 I 3 no no 1,2,3 
P49 DCIS TNBC T4 N1 M0 IIIB 3 Yes yes 1,2,3 
P50 DCIS TNBC Tis N0 N0 I 2 No yes 1,2,3 

P51 

DCIS 
and 
IDC TNBC T1 N0 M0 I 3 No yes 1,2,3 

P52 IDC TNBC T4 N0 M0 IIIB 3 No yes 1,2,3 

P53 

DCIS 
and 
IDC TNBC T1 N1 M0 IIA 3 Yes yes 1,2,3 

P54 

DCIS 
and 
IDC TNBC T1 N0 M0 I 2 No no 1,2,3 

P55 

DCIS 
and 
IDC TNBC T2 N0 M0 IIA 3 Yes yes 1,2,3 

P56 

DCIS 
and 
IDC TNBC T2 N1 M0 IIB 3 Yes yes 1,2,3 

P57 

DCIS 
and 
IDC TNBC T1 N0 M0 I 3 No yes 1,2,3 

P58 IDC TNBC T2 N1 M0 IIB 3 yes no 1,2,3 
P59 IDC TNBC T3 N2 M0 IIIA 3 yes no 1,2,3 
P60 IDC TNBC T1 N1 M0 IIA 3 yes yes 1,2,3 
P61 IDC TNBC T1 N0 M0 IA 3 yes yes 1,2,3 
P62 IDC TNBC T2 N1 M0 IIB 3 yes no 1,2,3 
P63 IDC TNBC T1 N2 M0 IIIA 3 yes no 1,2,3 
P64 IDC TNBC T2 N0 M0 IIA 3 no yes 1,2,3 
P65 IDC TNBC T2 N3 M0 IIIC 3 yes yes 1,2,3 
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Patient 
ID Type Subtype Staging 

Cancer 
Stage 

Tumor 
Grade 

Lymph node 
Involvement 

Progression 
Free? Study 

P66 IDC TNBC T1 N1 M0 IIA 3 yes yes 1,2,3 
P67 IDC TNBC T2 N0 M0 IIA 3 no no 1,2,3 
P68 IDC TNBC T2 N0 M0 IIA 3 no yes 1,2,3 
P69 IDC TNBC T1 N0 M0 IA 3 no yes 1,2,3 
P70 IDC TNBC T1 N0 M0 IA 3 no no 1,2,3 
P71 IDC TNBC T1 N0 M0 IA 3 no yes 1,2,3 
P72 IDC TNBC T1 N1 M0 IIA 3 yes yes 1,2,3 
P73 IDC TNBC T1 N0 N0 IA 3 no no 1,2,3 
P74 IDC ER+/PR+ T2N0M0 IIA 1 no no 2,3 
P75 IDC ER+/PR+ T2N0M0 IIA 3 no no 3 
P76 IDC ER+/PR+ T2N1M0 IIB 2 yes yes 3 
P77 IDC ER+/PR+ T2N1 IIB 3 yes yes 2,3 
P78 IDC TNBC T2N0M0 IIA 3 yes yes 2 

 
       

 
Abbreviations and Definitions 
IDC = Invasive ductal carcinoma 
ILD = Invasive lobular carcinoma 
DCIS = Ductal carcinoma in situ 
 
T1: tumour of 2cm or less 
T2: tumour between 2cm and 5cm 
T3: tumour more than 5cm 
T4: tumour of any size with extension to chest wall or skin 

 
N0: no lymph node involvement 
N1: 1-3 lymph nodes involved 
N2: 4-9 lymph nodes involved 
N3: 10 or more lymph nodes involved 
 
M0 = distal metastasis not present 
M1 = distal metastasis present 

 
Grade: Modified Bloom Richardson grading scheme based on three morphological features; 
degree of tumour tubular formation, tumour mitotic activity, nuclear pleomorphism of tumour 
cells. Higher grade is associated with worse prognosis. 

 
ER: Estrogen receptor 
PR: Progesterone receptor 
HER-2/neu: Human epidermal growth factor receptor 2 
ND: Not determined 
 
Study 1: ALDH1A3 and tPA stained 



 30 

Study 2: ALDH1A3 and uPA stained 
Study 3: ALDH1A3 and PAI-2 stained 
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2.5 Cell surface plasminogen activation assay 
 

Cells were seeded at a density of 30,000 cells/well in 96-well plates (Corning) overnight 

and washed three times with incubation buffer (Hanks balanced salt solution containing 3 mM 

CaCl2 and 1 mM MgCl2; ThermoFisher). For experiments with siRNA, the cells were transfected 

with the siRNA before the commencement of the experiment. Cells were then incubated with 0.5 

µM Glu-plasminogen (Molecular Innovations, Michigan, USA), for 15-20 minutes at 370C before 

the addition of 500 µM plasmin chromogenic substrate (S2251, Chromogenix, Diapharma Group). 

Plasmin activity was measured spectrophotometrically (405 nm) taking readings every 2 minutes 

for 2 hours. Time course data were analyzed according to the equation describing the p-nitroanilide 

(p-NA) production rate A405 nm = B + Kt2, where K is the rate constant for the acceleration of p-

NA generation and B is the y-intercept. Under our experimental conditions, K is proportional to 

the initial rate of plasmin formation from plasminogen. 

2.6 tPA and uPA activation assays 
 

Cells were seeded at 2-3x106 cells per plate and serum starved after 24 hours of incubation. 

For experiments with siRNA, the cells were transfected with the siRNA for 48h before measuring 

cell surface plasminogen activation and 72h for measuring tPA activity in CM. Specifically for 

tPA activity in CM, siRNA transfected cells were conditioned in serum-free media after 24h post-

transfection for 48 hours, before the determination of the activities. The serum-free conditioned 

media (SF-CM) was harvested after 48-72 hours of conditioning and then centrifuged at 2000 g 

for 15-20 minutes to remove cell debris. The SF-CM was concentrated using Amicon 

centrifugation filter devices (ThermoFisher) with a 30 kD molecular weight cut-off. The protein 

concentration in the SF-CM was determined using a BCA assay and equal protein amounts (50 

µg) were used for tPA and uPA activity assays. The tPA activity was determined using 0.5mM 
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tPA substrate S2288 (Diapharma, OH, USA), and uPA activity was determined using 0.5mM of 

uPA substrate cs-uk-dpg444-25 (Diapharma, OH, USA). Briefly, the SF-CM and respective 

substrates were mixed and activity was measured spectrophotometrically (405 nm) taking readings 

every 2 minutes for 2 hours at 370C. Time course data were analyzed according to the equation 

describing the p-nitroanilide (p-NA) production rate A405 nm = B + Ktt, where K is the rate 

constant for the acceleration of p-NA generation and B is the y-intercept.   

  

2.7 Transwell invasion assay 
 

2.5 x 104 cells were seeded in the upper well of either a Matrigel-coated invasion chamber 

(Corning) or an uncoated migration chamber (Corning) with 8 µm pore size in serum-free media, 

with 10% FBS containing media in the bottom well as a chemoattractant. For experiments with 

siRNA, the cells were transfected with the siRNA for 24 hours before the commencement of the 

experiment. For the experiments with plasminogen-stripped FBS, the bottom chamber contained 

10% plasminogen-stripped FBS as a chemoattractant +/- 0.25µM plasminogen (Molecular 

Innovations, Michigan, USA). We added plasminogen to the bottom chamber along with 

plasminogen-stripped FBS to replicate the “unstripped” regular FBS, which is normally used in 

transwell invasion assays and has plasminogen among its components. The FBS in the bottom well 

acts as a chemoattractant, but it also freely diffuses into the top well. Like other FBS components, 

plasminogen in the bottom well would diffuse into the upper chamber and be accessible to cells to 

activate into plasmin. After 24 hours, migrated or invaded cells that had crossed the chamber 

membrane were fixed in methanol and stained with 0.05% crystal violet. Transversed cells were 

counted in four to five fields of view per chamber at 20X using a Motic AE31E light microscope. 

Motic Motican72 technology. The percent invasion was determined via the following equation: 
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%𝐼𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =
𝑚𝑒𝑎𝑛𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑐𝑒𝑙𝑙𝑠𝑖𝑛𝑣𝑎𝑑𝑒𝑑𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑀𝑎𝑡𝑟𝑖𝑔𝑒𝑙 − 𝑐𝑜𝑎𝑡𝑒𝑑𝑡𝑟𝑎𝑛𝑠𝑤𝑒𝑙𝑙

𝑚𝑒𝑎𝑛𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑐𝑒𝑙𝑙𝑠𝑚𝑖𝑔𝑟𝑎𝑡𝑒𝑑𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑𝑡𝑟𝑎𝑛𝑠𝑤𝑒𝑙𝑙 𝑥100 

  

2.8 Orthotopic tumour xenograft experiment 
 

All experiments followed guidelines set by the Canadian Council on Animal Care and were 

performed according to a protocol approved by the Dalhousie University Committee on 

Laboratory Animals (protocol 21-011). Seven-week-old NOD/SCID female mice were 

orthotopically injected in the mammary fat pad four with 2 × 106 cells of MDA-MB-231 with or 

without PLAT (tPA) knockdown along with a 1:1 ratio of high concentration Matrigel (Corning, 

VWR). Primary tumour growth was quantified (length × length × height/2). At termination, the 

lungs, the axillary and inguinal lymph nodes, and tumours were harvested for analysis. The lungs 

(minus the left lung lobe that was stored in RNAlater reagent for later analysis by RT-qPCR) and 

nodes were fixed, paraffin-embedded and sectioned (5µm) for metastasis visualization by 

hematoxylin and eosin (H&E) or stained by immunofluorescence with a pan-cytokeratin antibody 

(Dako, M3515) and secondary anti-mouse antibody described above. H&E-stained sections were 

imaged using an Aperio Scanning system (Leica Biosystems, Concord, Ontario) at 

2×magnification and a further 10X zoom magnification of cropped images was done as indicated 

in legends as indicated. 

 

2.9 Quantification disseminated MDA-MB-231 cells in the lungs of mice by human-specific 
  GAPDH RT-QPCR 
 

To quantify the number of MDA-MB-231 cells in the left lung lobe from the above-

described experiment, we used our previously published method that can accurately quantify 

between 100 – 1 000 000 disseminated human cells in mouse lungs[132], Briefly, the RNA was 
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extracted from the lung lobes and RT-qPCR performed as described above. In the RT-qPCR assay, 

we used our previously validated human-specific and mouse GAPDH primers[132] (Table 2). The 

number of MDA-MB-231 cells detected in the lung lobes was calculated based on a standard curve 

generated from RNA extracted from naïve lung lobes that had been spiked with increasing 

numbers of MDA-MB-231 cells (ranging from 10 to 1 000 000 cells).  

 

2.10 Transcriptome, 450K methylation, and patient dataset analysis 
 

Microarray gene expression data for MDA-MB-231 control and overexpressing 

ALDH1A3 (n=3; GSE103426) was analyzed. Breast Cancer (METABRIC, TNBC, hormone 

receptor-positive, or HER2+ patient tumours, or normal adjacent tissues within the dataset) and 

Breast Invasive Carcinoma (TCGA, Cell 2015; TNBC, hormone receptor-positive, or HER2+ 

patient tumours within the dataset) clinical data and RNA sequencing (RNA-seq) log2 V2 RSEM 

and gene array expression data were accessed via cBioportal[133,134]. CpG methylation of PLAT 

and PLAU in MDA-MB-231 and MDA-MB-436 cell lines was determined by analyzing 450K 

methylation data (GSE78875).  The corresponding methylation of specific CpG sites in PLAT and 

PLAU was accessed from the 450K methylation data from the TCGA Firehose cohort obtained 

from the Broad Institute GDAC portal. 

 

2.11 Statistical Analyses 
 

All statistical analyses were calculated in GraphPad Prism 9. T-tests were performed when 

two experimental conditions were compared. In cases when multiple conditions were tested, one-

way ANOVA analyses were performed followed by multiple comparisons analysis. Pearson and 

Spearman correlation coefficient analyses were conducted on gene expression correlations of 
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patient tumour data. A log-rank test was conducted on Kaplan-Meier overall and progression-free 

survival curve analyses. P values are represented as follows: * = <0.05, ** = <0.01, *** = <0.001, 

**** = <0.0001. Statistical tests and significance are indicated in all figure captions.  
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Chapter 3  Results 
 
3.1 ALDH1A3 is co-expressed with factors in the plasminogen activation pathway in TNBC 
 

We have shown that ALDH1A3 mediates invasion and metastasis in TNBC, which is at 

least in part attributable to gene expression changes induced by ALDH1A3[69]. Therefore, to 

investigate potential mechanisms for ALDH1A3-mediated invasion, we assessed the TCGA 

RNAseq and METABRIC gene array data for gene co-expression with ALDH1A3 in TNBC 

tumours. In the graphs, genes with high positive Spearman and Pearson correlations are positively 

co-expressed with ALDH1A3, while genes with low negative Spearman and Pearson correlations 

are negatively co-expressed with ALDH1A3 (Fig. 1A). We focused our analysis specifically on 

the 86 genes that are proteases or regulators of proteases known to mediate the degradation of the 

extracellular matrix in cancer progression (Fig. 1A). In both patient data sets, we noted significant 

positive co-expression between ALDH1A3 and transmembrane serine protease 2 (TMPRSS2), 

MMP2, 3 and 11, and PLAT and PLAU that encode the plasminogen activators, tPA and uPA, 

respectively. 

Although these co-expression analyses in patient tumour data suggest a potential 

connection between ALDH1A3 and these proteases and protease regulators, it does not 

necessarily mean direct regulation of the genes by ALDH1A3. Therefore, we assessed the same 

86 genes in our gene array data of TNBC MDA-MB-231 cells, with or without ALDH1A3 

overexpression. Among the genes, the two most prominent ALDH1A3-regulated genes in MDA-

MB-231 cells are PLAT (encodes tPA), and SERPBINB2 (encodes PAI-2, an inhibitor of tPA and 

uPA) (Fig. 1B). ALDH1A3 also upregulated MMP1 and MMP8; however, these were not highly 

co-expressed with ALDH1A3 in the patient tumour data (Fig. 1A). We also noted that ALDH1A3 

upregulated TIMP metallopeptidase inhibitor 3 (TIMP3) in MDA-MB-231 cells (Fig. 1B), and 
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TIMP3 was highly co-expressed with ALDH1A3 in the TCGA Cell 2015 patient tumour dataset 

(Fig. 1A). TIMP3 is a well-known inhibitor of the MMPs and a disintegrin and metalloproteinases 

(ADAMs), and ADAM with thrombospondin motifs (ADAMTSs) proteins[135,136]. The 

upregulation of TIMP3 by ALDH1A3 suggests the metalloproteases could be inhibited in high-

ALDH1A3 expressing cells making metalloprotease-mediated invasion by ALDH1A3 in the cells 

less likely. Together, the patient tumour and cell line expression data most consistently implicated 

the plasminogen activation pathway could be important in ALDH1A3-mediated invasion. We, 

therefore, confirmed the ALDH1A3-dependent regulation of PLAT, PLAU, and SERPINB2 by 

RT-qPCR (Fig. 1C) and visualized the co-expression correlation of the genes with ALDH1A3 in 

the patient tumour data (Fig 1D). We similarly noted generally similar co-expression of these 

genes with ALDH1A3 in hormone receptor+ breast cancers (Fig. 2A), normal adjacent tissues 

(Fig. 2B) and TNBC cell lines (Fig. 2C). Interestingly, in HER2+ breast cancers, ALDH1A3 

expression did not correlate with PLAT expression (Fig 2D). The co-expression of PLAT and 

PLAU in TNBC patients and cell lines with ALDH1A3 is consistent the regulation of the genes 

by ALDH1A3 in MDA-MB-231 cells. In contrast, SERPINB2 was not negatively co-expressed 

in all patient tumours and normal adjacent samples as expected. Together the patient tumour and 

cell line data prompted us to prioritize our investigation on the effects of ALDH1A3 on the 

plasminogen activation pathway and if this pathway contributes to ALDH1A3-mediated invasion 

and metastasis in TNBC. 
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Figure 1. ALDH1A3 co-expressions and regulates genes in the plasminogen activation 
pathway in TNBC. (A) Pearson and Spearmen coefficients were calculated based on the co-
expression of ALDH1A3 and all the genes in the subset of patients identified as TNBC in the 
METABRIC (n=320); TCGA, Cell 2015 (n=82); RNA-Seq RSEM log2. Proteases or protease 
regulators are identified (Table 4). (B) Transcriptome analysis of MDA-MB-231 cells (ALDH1A3 
overexpression versus control cells) completed by Affymetrix Human Gene 2.0ST Array (n=3; 
GSE103426) identified differential expression of protease or protease regulator genes, the grey 
horizontal line indicates p<0.05. (C) RT-qPCR of MDA-MB-231 cells (ALDH1A3 
overexpression versus control cells), n =5, significance determined by paired t-test. (D) Co-
expression analysis of ALDH1A3 versus PLAU, PLAT, and SERPINB2 in TNBC patient samples 
from TCGA Cell 2015 and METABRIC datasets. Spearman coefficient and adjusted p values are 
indicated 
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Figure 2. ALDH1A3 correlations with PLAU, PLAT and SERPINB2 in HR+, TNBC and 
normal adjacent breast cancer samples. (A) RNA-sequencing expression from HR+ breast 
cancer patient tumour samples from the TCGA Cell 2015 cohort (top panel) and METABRIC 
cohort (bottom panel) were obtained from cBioPortal. HR+ patients were identified and extracted 
(TCGA: n = 593, METABRIC: n = 1478). (B) RNA-sequencing expression for PLAT, PLAU, 
SERPINB2 and ALDH1A3 in normal-adjacent breast cancer patient samples were obtained from 
the TCGA Firehose cohort accessed through the Broad Institute GDAC portal. Normal-adjacent 
samples were identified and extracted based on the TCGA tumour barcode (n = 100). (C) RNA-
sequencing expression for PLAT, PLAU and ALDH1A3 in triple-negative breast cancer (TNBC) 
cell lines (n = 33) were obtained from the Cancer Cell Line Encyclopedia (CCLE). The 
Spearman coefficient (R) and corresponding p-value are shown for each correlation. (D) RNA-
sequencing expression from HER2+/HR- breast cancer patient tumour samples from the TCGA 
Cell 2015 cohort (top panel) and METABRIC cohort (bottom panel) were obtained from 
cBioPortal. HER2+ patients were identified and extracted (TCGA: n = 32, METABRIC: n = 
127).  
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Table 4. Families of Proteases or Regulators of Proteases Genes Implicated in the Remodeling 
of the Extracellular Matix 

ADAMTS family cathepsins 

matrix 
metallo-

peptidases 

membrane 
metallo-

endopeptidases 

plasminogen 
activation 
pathway 

Trans-
membrane 

serine 
proteases 

Metallo-
peptidases 
inhibitors 

ADAMTS1 CTSA MMP1 MME PLG TMPRSS11A TIMP1 

ADAMTS10 CTSB MMP10 MMEL1 PLAT TMPRSS11B TIMP2 

ADAMTS12 CTSC MMP11  PLAU TMPRSS11D TIMP3 

ADAMTS13 CTSD MMP12  PLAUR TMPRSS11E TIMP4 

ADAMTS14 CTSE MMP13  PLGRKT TMPRSS11F  

ADAMTS15 CTSF MMP14  
SERPINB2; 
SERPINB10 TMPRSS12  

ADAMTS16 CTSG MMP15  SERPINE1 TMPRSS13  

ADAMTS17 CTSH MMP16   TMPRSS15  

ADAMTS18 CTSK MMP17   TMPRSS2  

ADAMTS19 CTSL MMP19   TMPRSS3  

ADAMTS2 CTSO MMP2   TMPRSS4  

ADAMTS20 CTSS MMP2   TMPRSS5  

ADAMTS3 CTSV MMP20   TMPRSS6  

ADAMTS4 CTSW MMP21   TMPRSS7  

ADAMTS5 CTSZ 
MMP23A; 
MMP23B   TMPRSS9  

ADAMTS6  
MMP23B; 
MMP23A     

ADAMTS7  MMP24     

ADAMTS8  MMP25     

ADAMTS9  MMP26     

  MMP27     

  MMP28     

  MMP3     

  MMP7     

  MMP8     
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ADAMTS family cathepsins 

matrix 
metallo-

peptidases 

membrane 
metallo-

endopeptidases 

plasminogen 
activation 
pathway 

Trans-
membrane 

serine 
proteases 

Metallo-
peptidases 
inhibitors 

  MMP9     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 42 

3.2 ALDH1A3 increases plasmin and ALDH1A3-mediated invasion is plasminogen-
 dependent in TNBC cells 
 

We first confirmed that plasmin generation is altered by ALDH1A3 in TNBC cell lines by 

performing a cell surface plasminogen activation assay. Plasminogen is an inactive zymogen that 

is synthesized and secreted in the systemic circulation by the liver[137]. Plasminogen binds to cell 

surface receptors where it becomes cleaved by extracellular tPA and/or uPA which generates 

activation of the plasmin protease. In an in vitro plasmin activity assay, washed cell monolayers 

are treated with plasminogen and the subsequent generation of active plasmin is measured by 

hydrolysis of the synthetic substrate and the release of the chromophore pNA (chromophore).  

 For these assays, we again used the TNBC MDA-MB-231 cells, with or without 

ALDH1A3 overexpression, as well as TNBC MDA-MB-436 and MDA-MB-468 cells, in which 

we knocked down ALDH1A3 (Fig. 3A). We chose this approach because ALDH1A3 is 

intrinsically low in MDA-MB-231 cells, but higher in MDA-MB-436 and MDA-MB-468 cells. 

We observed that the plasmin activity was positively correlated with the ALDH1A3 expression 

levels in these cell lines, with higher activity of plasmin in ALDH1A3 overexpressing MDA-MB-

231 cells and lower activity upon reduction in ALDH1A3 expression by knockdown in MDA-

MB-436 cells and MDA-MB-468 cells (Fig. 3B).  

We next assessed the functional relevance of this activity in cancer. Protease activity is 

essential for the degradation of the extracellular matrix and is required for breast cancer cell 

invasion. We first confirmed the invasive capacity of the TNBC cell lines and noted that 

ALDH1A3 overexpression in MDA-MB-231 cells increased invasion and ALDH1A3 knockdown 

in MDA-MB-436 and MDA-MB-468 knockdown decreased invasion (Fig. 3C). We noted that 

the increase in invasion imparted by ALDH1A3 (Fig. 3C) was greater than the plasmin activity 

induced by ALDH1A3 (Fig. 3B). This could be due to several reasons. First, the generation of 
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active plasmin as measured by hydrolysis of a synthetic substrate and the release of the 

chromophore pNA is not likely to translate equally into units of invasion as measured by a 

transwell assay. Invasion mediated by plasmin can also be enhanced by activation of MMPs by 

plasmin, hence the 1.5-fold difference in plasminogen activity could result in an amplified 3-fold 

increase in invasion. Repeating the transwell invasion assay with plasminogen-depleted FBS 

impeded ALDH1A3-dependent invasion, which was restored with the exogenous addition of 

plasminogen (Fig. 3D). Together these findings illustrate that ALDH1A3 regulates plasmin 

activity in TNBC, and a component of ALDH1A3-dependent invasion is dependent on these 

ALDH1A3-dependent changes in the invasion of TNBC cells. 
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Figure 3. ALDH1A3 increased invasion is dependent on plasminogen activation. (A) Western 
blots confirmed overexpression of ALDH1A3 in MDA-MB-231 and reduced expression of 
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ALDH1A3 in MDA-MB-436 and MDA-MB-468 cells. (B) The cell surface plasminogen 
activation assay was performed in MDA-MB-231 cells (vector control versus ALDH1A3 
overexpression compared), MDA-MB-436 cells (shRNA scramble control versus shRNA 1 and 2 
compared) and MDA-MB-468 cells (shRNA scramble control versus shRNA 2 compared). 
Values are relative to control cells (n=4 or 5). (C, D) Transwell invasion assays were completed 
with MDA-MB-231 cells (vector control versus ALDH1A3 overexpression compared), MDA-
MB-436 cells (shRNA scramble control versus shRNA 1 and 2 compared) and MDA-MB-468 
cells (shRNA scramble control versus shRNA 2 compared) with FBS as a chemoattractant (C) or 
with plasminogen-stripped FBS and plasminogen added back as indicated (D) for MDA-MB-231 
and MDA-MB-436 cells. (B, C, D) Significance was determined by t-test for experiments with 
MDA-MB-231 and MDA-MB-468 cells and by one-way ANOVA followed by multiple 
comparison tests for experiments with MDA-MB-436 cells. Significant p values are indicated as 
follows: * = <0.05, ** = <0.01, *** = <0.001. 
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3.3 ALDH1A3 increases extracellular tPA and/or uPA proteins and activity in TNBC cells 
 

We next investigated the molecular mechanism for the regulation of plasmin activity by 

ALDH1A3 in TNBC cells (Fig. 3B). Using gene expression analysis of TNBC patient tumours 

and MDA-MB-231 cells, we found evidence of increased tPA and uPA, and decreased PAI-2 

(Fig. 1). PAI-2 inactivates tPA and uPA, leading to their degradation[138]; so decreased PAI-2 

expression could also contribute to increased plasmin activity.  

We assessed the secreted tPA levels in MDA-MB-231, MDA-MB-436, and MDA-MB-

468 cells by performing western blots and tPA activity assays of the concentrated conditioned 

media from the cells (Fig. 4A). In MDA-MB-231 and MDA-MB-468 cells we detected secreted 

tPA, which was increased upon ALDH1A3 overexpression in MDA-MB-231 cells and decreased 

upon ALDH1A3 knockdown in MDA-MB-468 cells (Fig. 4A). Overexpression of ALDH1A3 in 

MDA-MB-231 also significantly increased the tPA activity and decreased tPA activity in MDA-

MB-468 cells (Fig. 4A). In contrast, we failed to detect secreted tPA by MDA-MB-436 cells.  

We next assessed secreted uPA levels and activity in MDA-MB-231, MDA-MB-436 and 

MDA-MB-468 cells (Fig. 4B). ALDH1A3 increased the expression of secreted uPA in MDA-

MB-231 cells. In MDA-MB-436 and MDA-MB-468 cells we detected secreted uPA, which was 

decreased by ALDH1A3 knockdown. To assess for secreted uPA activity, we performed uPA 

activity assays in the conditioned media from the cells and consistent with the western blots, uPA 

activity was increased by ALDH1A3 overexpression in MDA-MB-231 cells and decreased by 

ALDH1A3 reduction in the MDA-MB-436 and MDA-MB-468 cells with ALDH1A3 knockdown 

(Fig. 4B). 

 We followed up on the observed SERPINB2 gene expression changes (Fig. 1) by assessing 

the levels of PAI-2 in MDA-MB-231 and MDA-MB-436 cells. PAI-2 is an intracellular protein 



 47 

and exerts its inhibitory activity intracellularly[139]. In MDA-MB-231 cells, PAI-2 was decreased 

by ALDH1A3 overexpression; however, in MDA-MB-436 and MDA-MB-468 cells PAI-2 was 

undetectable (Fig. 4C). In MDA-MB-231 cells, the decreased PAI-2 could contribute to the 

increased tPA, uPA, and plasmin activity induced by ALDH1A3; however, given its absence in 

MDA-MB-436 and MDA-MB-468 cells, its role in ALDH1A3-mediated plasmin activity in the 

breast cancer cells may be less important. Consistent with this finding in the MDA-MB-436 cells, 

the results from the patient tumour data also suggested that there was no correlation between 

ALDH1A3 and SERPINB2 expression (Fig. 1D). Together these data suggest that the increased 

plasmin activity by ALDH1A3 in TNBC could be due to both to increased secreted tPA and uPA, 

with some cell line-specific effects in the dominance of one plasminogen activator over the other.  

 



 48 

 

Figure 4. ALDH1A3 regulation of tPA, uPA, and PAI-2 proteins and tPA and uPA activity 
in TNBC cells. (A, B) Secreted tPA (A) and uPA (B) is detected in the conditioned media of 
MDA-MB-231 (vector control versus ALDH1A3 overexpression compared), MDA-MB-436 
cells (shRNA scramble control versus shRNA 1 and 2 compared) and MDA-MB-468 cells 
(shRNA scramble control versus shRNA 2 compared) by western blots and activity assays 
(individual n are shown in the assays) . tPA was not detected in conditioned media from MDA-
MB-436 cells. (C) PAI-2 is detected in the cell lysates of MDA-MB-231 (vector control versus 
ALDH1A3 overexpression compared, n=3) but not detected in the cell lysates of MDA-MB-436 
or MDA-MB-468 cells. (A-C) Significance was determined by t-test for experiments with MDA-
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MB-231 and MDA-MB-468 cells and by one-way ANOVA followed by multiple comparison 
tests for experiments with MDA-MB-436. Significant p values are indicated as follows: * = 
<0.05, ** = <0.01, *** = <0.001, **** = <0.0001. 
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3.4 DNA methylation and ATRA affect PLAT expression 
 

Having demonstrated that ALDH1A3 increases plasmin activity in TNBC cells by 

mediating alterations in gene and protein expression of key players of the plasminogen activation 

pathway in the cells, we next evaluated the mechanistic basis for the activation of these genes. We 

were also interested in exploring potential mechanistic reasons for the lack of detectable 

tPA/PLAT in MDA-MB-436 cells (Fig. 4A). In our previous work on the mechanisms of 

ALDH1A3 in breast cancer, we found that DNA methylation of ALDH1A3/ATRA inducible 

genes plays a major role on in if a gene can be induced by ALDH1A3/ATRA. Genes with 

hypermethylated transcription start sites (TSS) and promoter regions are poorly inducible by 

ALDH1A3[69,140,141]. We therefore analyzed the CpG methylation of PLAT (encodes tPA) and 

PLAU (encodes uPA) by analysing the 450K CpG methylation data of the two genes in MDA-

MB-231 and MDA-MB-436 cells (Fig. 5A, left). This shows that two CpG sites in the TSS are 

highly methylated in MDA-MB-436 cells and comparably unmethylated in MDA-MB-231 cells 

(CpG sites 42064880 and 42064673). Accessing the breast cancer patient tumour data from TCGA 

revealed that methylation of these two CpG sites is highly negatively correlated with PLAT 

expression (Fig. 5B). Therefore, we conclude that the lack of PLAT/tPA expression in MDA-MB-

436 cells is due to epigenetic silencing by DNA methylation of key CpGs in the TSS. This contrasts 

with the expression of PLAU/uPA in both MDA-MB-231 and MDA-MB-436 cells, which is well 

expressed and ALDH1A3 inducible, and as shown in Fig. 5A (right), PLAU has a similar CpG 

methylation profile in both cell lines. Assessment of the methylation levels of a couple of 

individual CpG methylation sites in the TSS and expression of PLAU in patient tumours did not 

reveal negative correlations with PLAU expression (Fig. 5B, right). 
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ALDH1A3’s effects on breast cancer progression and gene expression have also been 

linked to its production of ATRA[69]. We therefore assessed for effects of ATRA on PLAT (tPA), 

PLAU (uPA), and SERPINB2 (PAI-2) in MDA-MB-231 cells. ATRA binds to nuclear hormone 

retinoic acid receptors (RARs), which dimerize with retinoid-X-receptors (RXRs) to induce 

expression of genes with retinoic acid response elements (RAREs) in their promoter sequence[35]. 

We performed a microarray analysis of RNA extracted from MDA-MB-231 cells treated with 

100nM ATRA to evaluate gene expression changes in the presence of ATRA (Fig 5C). When 

examining the protease and protease regulator genes, PLAT was found to be significantly increased 

upon ATRA treatment. RT-qPCR confirmed increased PLAT expression upon ATRA treatment; 

however, unlike the gene expression effects induced by ALDH1A3 in MDA-MB-231 cells (Fig. 

1), no significant changes were observed in SERBINB2 and PLAU (Fig. 5D). The ATRA 

regulation of PLAT is consistent with the observation that PLAT has a reported RARE sequence 

and tPA was induced by ATRA in human umbilical vein epithelial cells (HUVECs)[142,143].  

Western blotting of cell lysates aligned with RT-qPCR and confirmed that ATRA 

increased intracellular tPA but did not affect uPA or PAI-2 levels (Fig. 5E). Consequently, ATRA 

treatment also increased secreted tPA and tPA activity (Fig. 5F). Cell surface plasmin activity 

was increased in ATRA-treated MDA-MB-231 cells (Fig. 5G). Overall, these results suggest that 

ATRA, which is made by ALDH1A3, is sufficient to induce PLAT/tPA and increase plasmin 

activity; however, ATRA and ALDH1A3 are not interchangeable and ALDH1A3 has ATRA-

independent cell signalling effects not explained by ATRA production (e.g., effects on PLAU and 

SERPINB2 expression). 
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Figure 5. Methylation and ATRA affects the expression of PLAT and tPA activity in TNBC 
cells. (A) Illumina HumanMethylation450 (450K) beadchip array data of MDA-MB-231 and 
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MDA-MB-436 cell lines were obtained from GSE78875 project accessed through the NBCI Gene 
Expression Omnibus (GEO). β-values were obtained by processing the 450K data with the minfi 
R package. β-values for CpG sites within the regulatory and genic regions of PLAT (left panel) 
and PLAU (right panel) are shown. (B) RNA-sequencing expression versus methylation β-values 
of specific CpGs for PLAT and PLAU in breast cancer patient tumour samples from the TCGA 
Firehose cohort were obtained from the Broad Institute GDAC portal. CpG sites were selected 
based on data available from the 450K array and genomic localization. The Spearman coefficient 
(R) and corresponding p-value for the correlation between CpG methylation and gene expression 
are shown. (C) Transcriptome analysis of MDA-MB-231 cells (ATRA-treatment versus control 
cells) completed by Affymetrix Human Gene 2.0ST Array (n=3) identified differential expression 
of protease or protease regulator genes, the grey horizontal line indicates p<0.05. (D) RT-qPCR 
of MDA-MB-231 cells (no treatment control versus 100nM ATRA-treated cells) assesses for 
effects ATRA effects on expression of PLAT, PLAU, and SERPINB2 (n=5). (E) Western blots 
of cell lysates visually assessed for effects of ATRA treatment on tPA, uPA, and PAI-2 in MDA-
MB-231 cell lysates (no treatment control versus 100nM ATRA-treated cell). (F) Western blots 
and tPA activity assays detect secreted tPA in conditioned media from MDA-MB-231 cells (no 
treatment control versus 100nM ATRA-treated cells, n=4). (G) The cell surface plasminogen 
activation assay was performed in MDA-MB-231 cells (no treatment control versus 100nM 
ATRA-treated cells, n=4). (D, F, G) Significance was determined by t-tests and significant p 
values are indicated as follows: * = <0.05, ** = <0.01 (ns = not significant). 
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3.5 ALDH1A3 and tPA proteins are co-expressed in breast cancer patient tumours 
 

Having observed the regulation of plasmin activity and tPA/PLAT, uPA/PLAU, and PAI-

2/SERPINB2 by ALDH1A3 in cultured TNBC cells along with positive gene expression 

correlations between ALDH1A3 and PLAT and PLAU in TNBC patient tumours (Figs. 1-4), we 

wondered if these correlations would be observed at the protein level in tumours. 

We assessed a cohort of 78 archived fixed primary, treatment naïve, human breast tumour 

samples for co-expression between ALDH1A3 and tPA, uPA, and PAI-2 (Table 3), tumour 

pathology and clinical details summarized). We include representative images of patient tumour 

sections stained with ALDH1A3 and tPA (Fig. 6A), ALDH1A3 and uPA (Fig. 6B), and 

ALDH1A3 and PAI-2 (Fig. 6C) and include examples of patient tumour samples that had low 

and high ALDH1A3 staining. Analysis of the patient samples revealed that ALDH1A3 staining 

was significantly and positively correlated with tPA staining, where ALDH1A3 and tPA were 

often co-expressed in the same cells (Fig. 6A). In contrast, ALDH1A3 staining was not positively 

correlated with uPA staining (Fig. 6B), nor negatively correlated with PAI-2 (Fig. 6C) as 

hypothesized. This data suggests that the in vitro regulation of plasminogen activation by 

ALDH1A3 is strongly reflected between ALDH1A3 and tPA in breast cancer patient tumours but 

not apparent between ALDH1A3 and uPA, or ALDH1A3 and PAI-2.  
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Figure 6. ALDH1A3 is co-expressed with tPA but not with uPA and PAI-2 in fixed breast 
cancer patient tumours. (A-C) Representative images of thin sections from a cohort of 78 
formalin fixed paraffin-embedded patient tumour samples (patient number indicated in brackets, 
described in Table 3) were stained with antibodies specific to ALDH1A3 (red A, B, and C) and 
tPA (green, A),  uPA (green, B),  PAI-2 (green, C), and nuclei were stained with DAPI (blue) in 
the patient tumour samples. The graphs in A, B, C summarize the number of positive ALDH1A3 
cells versus tPA (A),  uPA (B) and PAI-2 (C) cells quantified by image J analysis of the stained 
thin sections from 73 fixed patient tumours. The number of positive cells in a patient tumour 
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sample was based on the average numbers from random images of at least three thin sections per 
tumour sample. Linear regression analysis of the graphs determined the co-expression correlation 
based on the slope and R value.   
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3.6  ALDH1A3 and tPA proteins are co-expressed in patient tumour cells and associated with 
  TNBC subtype, high tumour grade, and worse progression-free survival 
 

We analyzed for possible correlations between tumour pathology parameters and 

progression-free survival based on the percentage of positive ALDH1A3, tPA, uPA, and PAI-2 

cells, or the combination of ALDH1A3 with tPA or uPA, or ALDH1A3 combined with PAI-2 

negative cells. We assessed for associations with tumour stage, tumour grade, subtype, and lymph 

node involvement. We noted significant associations between high numbers of ALDH1A3+ and 

tPA+ cells and the TNBC subtype (non-TNBC versus TNBC) and higher tumour grade (grade 1 

and 2 versus grade 3, Fig. 7A). We did not observe any significant correlations with other tumour 

pathology parameters (Fig. 8A and B; TMN stage and lymph node involvement).  Whether we 

segregated patients based on individual lymph node involvement (yes/no), or lymph node stage 

(N0, N1, N2, N3) we did not obtain any significant correlations with ALDH1A3, tPA or uPA (Fig. 

8C). The few patient tumour samples that had high levels of lymph node involvement (i.e., N2 or 

N3) limited the power of the analysis. Although we did not detect significant correlations, there 

were some trends with patients in the N2 or N3 groups having higher levels of tPA and uPA 

staining. 

Next, we determined if having high (top 50% of tumours) versus low (bottom 50% of 

tumours) percentages of positive ALDH1A3, tPA, uPA, and PAI-2 cells, or having combined high 

ALDH1A3 and tPA (ALDH1A3+/tPA+) versus low ALDH1A3-/tPA-, high ALDH1A3 and uPA 

(ALDH1A3+/uPA+) versus low ALDH1A3-/uPA-, high ALDH1A3 and low PAI-2 

(ALDH1A3+/PAI-2-) versus low ALDH1A3 and high PAI-2 (ALDH1A3-/PAI-2+) cells in 

patient tumours is associated with later disease progression. This revealed that ALDH1A3+ cells 

(HR= 2.389 log rank p= 0.0358) had the strongest association with disease progression, followed 

by the combination of ALDH1A3+/tPA+ cells (HR= 2.047 log rank p= 0.1196), and tPA+ alone 
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(HR= 1.210 log rank p= 0.64), while uPA+ and PAI-2- was weakly associated disease-free 

progression (trend, not significant) (Fig. 7B). Pairing ALDH1A3 with uPA or PAI-2 abrogated 

the association of ALDH1A3 with progression. 

Overall, the staining of fixed breast cancer patient tumours suggests that among these four 

proteins, ALDH1A3 has the strongest associations with the TNBC subtype, higher tumour grade, 

and later recurrence (progression) and that tPA has similar associations that overlap with 

ALDH1A3. The lack of increased significant correlation with worse progression survival, when 

we assessed the combination of ALDH1A3+/tPA+ cells, could be due to the reduced number of 

patients analyzed when a double positive/double negative analysis was performed (total patients 

= 48, Fig. 7B) versus the greater patients when the single ALDH1A3+ stain analysis was 

performed (total patients = 69, Fig.  7B). The progression-free survival analysis also suggests that 

tPA alone is not a strong predictor of worse progression-free survival and that having tPA alone 

is not sufficient to promote later metastasis/recurrence. ALDH1A3 effects on metastasis 

development were strongly associated with worse progression-free survival as ALDH1A3 likely 

has other mechanisms to meditate metastasis, beyond tPA. Regardless, the observed significant 

co-expression of ALDH1A3 with tPA (Fig. 7A) suggests that when ALDH1A3 is expressed in a 

patient tumour, tPA is most likely present.  

 



 59 

 
Figure 7. ALDH1A3 and tPA protein levels, but not uPA and PAI-2, are associated with the 
TNBC subtype, high tumour grade, and worse progression-free survival. (A) The panel of 
78 formalin-fixed paraffin-embedded patient tumour samples (details of patient samples are 
provided in Table 3) are stained for ALDH1A3, tPA, uPA, and PAI-2 in the tumour samples in 
Fig. 5 and quantified for positive and negative cells were divided into two groups based on breast 
cancer subtype (top left graph, non-TNBC = ER+/PR+ and HER+) and tumour grade (top right 
graph, low = grade 1 and 2, high = grade 3).  (B) Kaplan-Meier progression-free survival 
analysis of the 73 breast cancer patient tumour cohort based on median number of ALDH1A3, 
tPA, uPA and PAI-2 positive cells or ALDH1A3 in combination with tPA, uPA, and PAI-2. 
HR = Hazard ratio; p = significance of log-rank test of survival probability. 
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Figure 8. ALDH1A3, tPA, uPA and PAI-2 do not correlate with tumour stage or lymph 
node involvement. (A , B, C) A panel of formalin-fixed paraffin-embedded 78 breast cancer 
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patient tumour samples (described in Table 3) are stained for ALDH1A3, tPA, uPA, and PAI-2 
for 73 samples and divided into two groups based on (A) TNM stage (Low = I, II, IIA stage; 
High = IIB, IIIA, IIIB, IIIC, IV stage) and (B) the presence of lymph node metastasis ( no = N0 
lymph node stage, yes = N1, N2 or N3 lymph node stage). (C) The patients are divided based on 
lymph node stage: N0, N1, N2 and N3 and the line represents the median. Significance was 
determined by one-way ANOVA followed by multiple comparison tests for experiments, ns = 
not significant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 62 

3.7 tPA mediates plasmin activity, invasion, and increases lymph node metastasis of MDA-
 MB-231 cells 
 

Having shown that in TNBC, ALDH1A3 regulates the plasminogen activation pathway, 

depends upon plasminogen for invasion, and among the plasminogen activation pathway factors 

is most strongly associated with PLAT/tPA, we next wondered if tPA affects plasmin activity, 

invasion, and TNBC tumour growth and metastasis. We therefore knocked down PLAT in MDA-

MB-231 cells, with or without ALDH1A3 overexpression, by transient siRNA expression 

confirmed that this reduced PLAT/tPA and tPA activity in the TNBC cells (Fig. 9A). SiRNA 

Knockdown of PLAT/tPA reduced plasmin generation (Fig. 10A) and invasion (Fig. 10B) in 

vector control and ALDH1A3 overexpressing cells. 

 To examine the relationship between tPA and tumour progression in vivo, we generated 

stable knockdown of PLAT/tPA (Fig. 9B) in MDA-MB-231 cells and these cells had reduced tPA 

activity (Fig. 9B) and had reduced plasmin and invasion activity (Fig. 10C and D). We 

orthotopically implanted these MDA-MB-231 cells in immunocompromised female NOD/SCID 

mice and measured tumour growth and metastasis to the lymph nodes and lungs. Knockdown of 

tPA resulted in a significant decrease in tumour volume; however, at termination, the harvested 

tumours were not significantly smaller (Fig. 10E). We examined the mice at termination and noted 

visual differences in the axillary and inguinal lymph nodes, where some mice had noticeably 

enlarged axillary and/or inguinal lymph nodes indicative of metastatic disease (Fig. 10F). We 

collected the axillary and inguinal lymph nodes from each mouse and weighed the lymph nodes. 

This revealed a significantly lower total lymph node weight in mice that had been implanted with 

MDA-MB-231 cells with reduced tPA expression by knockdown (Fig. 10G). We confirmed that 

the enlarged lymph nodes consisted of predominately metastatic MDA-MB-231 cells by staining 

the fixed lymph nodes sections with H&E and anti-pan-cytokeratin antibody (stains epithelial cell 
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specifically, (Fig. 10H; Fig. 11A), full images of node sections). As a negative control, we include 

analysis of lymph nodes harvested from a naïve mouse that had not been implanted with MDA-

MB-231 cells (bottom images, Fig. 10H). The epithelial cells were absent in the lymph nodes of 

the negative control naïve mouse.  

 Finally, we examined the lungs for metastasis. We quantified the number of disseminated 

MDA-MB-231 cells using an RT-qPCR-based method which can accurately quantify between 102 

– 106 MDA-MB-231 cells in the lung lobe of a mouse[132]. This revealed evidence of lung 

metastasis (Fig. 10I), which we confirmed by H&E (Fig. 10J, Fig. 11B), full images of lung lobe 

sections). Although not significant, we observed a trend in reduced cancer cells in the lungs of 

mice implanted with MDA-MB-231 cells with reduced tPA expression by knockdown (Fig. 10I). 

Together these analyses suggest that reduced tPA in MDA-MB-231 cells impedes the early-stage 

of metastatic dissemination (i.e., to the lymph nodes); however, tPA reduction alone is not 

sufficient to significantly reduce overall metastasis as seen in the analysis of the lungs. 
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Figure 9. Generated PLAT knockdown in MDA-MB-231 cells reduced plasmin and tPA 
activity. (A) Western blot confirms PLAT siRNA in vector control and ALDH1A3 
overexpressing cells MDA-MB-231 cells. tPA activity assays detect secreted tPA in conditioned 
media from MDA-MB-231 cells (siRNA control versus PLAT siRNA 1 and 2 are compared).  
(B) RT-qPCR and western blots confirmed PLAT/tPA knockdown in MDA-MB-231. (C) tPA 
activity assays detect secreted tPA in conditioned media from MDA-MB-231 cells (scramble 
shRNA control versus PLAT shRNA 1 and 2 are compared).  (A, B and C) Significance was 
determined through one-way ANOVA followed by multiple comparisons analysis (n=3,4). 
Significant p values are indicated as follows: *** = <0.001, **** = <0.0001. 
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Figure 10. tPA knockdown reduces plasmin and invasion mediated by ALDH1A3 and 
lymph node metastasis of MDA-MB-231 cells orthotopically implanted in NOD/SCID mice. 
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(A, B) The cell surface plasminogen activation assay (A) or transwell invasion assay (B) was 
performed in MDA-MB-231 cells with or without ALDH1A3 overexpression treated with PLAT 
siRNA1 and 2. (C, D) The cell surface plasminogen activation assay (C) or transwell invasion 
assay (D) was performed in MDA-MB-231 cells with shRNA PLAT knockdown. (A, B, C, and 
D) Significance determined by one-way ANOVA followed by multiple comparison (E) Tumour 
volume and weights of mice injected with MDA-MB-231 shRNA scramble control, PLAT 
shRNA 1, and PLAT shRNA 2. Significance was determined through a one-way ANOVA 
followed by multiple comparison (n=11,15 and 15 respectively).  (F, G) Representative images 
(F) and total lymph node weights (G, axillary and inguinal nodes combined per mouse) of mice 
from E. (H) Representative cropped images of H&E (10 x zoom of the scanned image of full 
node section, Fig. 11) and pan cytokeratin staining of the lymph nodes.  (I, J) Analysis of mouse 
lungs from E. (I) Quantification of MDA-MB-231 cells (control versus shRNA 1 or 2) present in 
lung lobes of each mouse by RT-qPCR using human-specific GAPDH primers (the horizontal 
line indicates the median). Analysis for significance was determined by a one-way ANOVA, 
followed by multiple comparisons (n=11,15 and 15 respectively). (J) Representative cropped 
images of H&E (10 x zoom of scanned image of full lung lobe section, Fig. 11). Areas of 
metastatic cells are indicated with a green line. 
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Figure 11. The full scanned H&E-stained images. Cropped images from Fig. 7 of the H&E-
stained thin sections of the formalin fixed paraffin embedded lymph nodes and lungs from mice 
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implanted with MDA-MB-231 cells (control and PLAT knockdown) or negative control naïve 
mouse not implanted with cells. The scanned images were taken at 20x magnification. 
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Chapter 4 Discussion 
 
4.1 ALDH1A3 is linked to poor patient survival and disease progression 
 

ALDH1A3 has been shown to correlate with poor patient survival, disease progression, 

and recurrence in many cancers, including breast, prostate, glioblastoma, neuroblastoma, 

pancreatic, gastric, gall bladder, colon, and intrahepatic cholangiocarcinoma cancers[60,65,69–

76]. Investigations into the function of ALDH1A3 in cancer suggest it promotes disease 

progression by both increasing tumour burden and metastasis[61,63,65,69,76]. Given that 

metastasis is the primary cause of cancer mortality it is critical to characterize pathways and 

factors that promote metastasis and therefore focus our investigation on understanding 

ALDH1A3-mediated invasion and metastasis.  

Previous studies have linked ALDH1A3-mediated cancer progression to gene expression 

changes and ATRA[61,69,144], effects on epithelial-mesenchymal-transition[65,69,83], and 

altered glucose and GABA metabolism[62,145], however, the specific factors that mediate 

ALDH1A3 invasion and metastasis are largely unidentified. We, therefore, performed analyses to 

specifically identify factors that mediate the early stage of metastasis; the proteases and regulators 

of proteases that mediate cancer cell invasion through the remodelling of the extracellular matrix. 

 

4.2 ALDH1A3 regulates important plasminogen activation players in TNBC cell lines and 
  patient samples 
 

Our analyses of TNBC show that ALDH1A3 transcriptionally regulates the plasminogen 

activation pathway, resulting in increased activity of the serine protease plasmin, which we link 

to ALDH1A3-mediated invasion. Specifically, in TNBC cells we find that ALDH1A3 can 

transcriptionally regulate PLAT, PLAU, and SERPINB2. In doing this, ALDH1A3 increases the 

expression of PLAT and PLAU while decreasing the expression of PAI-2 allowing for increased 
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levels of tPA and uPA to be secreted out of the cell. Conditioned media western blotting along 

with tPA and uPA activity assays shows that overexpression and knockdown of ALDH1A3 in 

different TNBC cell lines influences their secreted expression (Figure 3). This in turn directly 

correlates with plasmin levels. When ALDH1A3 was overexpressed in MDA-MB-231 cells, tPA, 

uPA and plasmin levels were all increased. Importantly, when knocking down tPA by siRNA’s 

and shRNA’s, plasmin levels were decreased (Figure 10). This shows that ALDH1A3 can 

regulate important plasminogen activation players to contribute to ECM degradation and cellular 

invasion. However, considering both the cell line and patient tumour data, the strongest overall 

evidence was between ALDH1A3 and PLAT/tPA. 

 In 73 patient tumours, ALDH1A3 was stained with either tPA, uPA or PAI-2 to examine 

co-expression levels. Overall, ALDH1A3 had the strongest correlation with tPA. Tumours that 

had ALDH1A3+/tPA+ cells also showed a positive association with the TNBC subtype, higher-

grade tumours, and worse progression-free survival. When examining the co-expression of 

ALDH1A3 with uPA and PAI-2, we did not see any trends despite our cell line data. This may be 

attributed to the low number of TNBC patients stained in our study. Our cell line data was 

completed on TNBC cells. Out of the 73 patient samples we stained, only 36 were TNBC patients. 

To obtain a better understanding of uPA and PAI-2 in correlation with ALDH1A3 in TNBC, more 

staining will need to be conducted.  Additionally, others have shown that high blood uPA is an 

independent predictor of metastatic breast cancer progression[146]. PAI-2 has been reported to be 

associated with progression-free survival and good outcomes[147]; we report a similar trend that 

is consistent with those previous reports. The lack of significance in our study could be explained 

by the smaller patient cohort we assessed. 
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Overall, our data was able to show a strong correlation between ALDH1A3, tPA and 

plasminogen activation. Importantly, changes in ALDH1A3 levels influenced the levels of 

plasminogen activation which led to ALDH1A3-plasmin-mediated cell invasion. We were able to 

show the important plasminogen activation plays that ALDH1A3 influences contribute to TNBC 

metastasis.  

 

4.3 ALDH1A3 regulates PLAT through retinoic acid 
 

It is noteworthy that in our gene expression analyses of PLAT, PLAU, and SERPINB2, 

we also found that PLAT was inducible by the nuclear hormone receptor ligand ATRA but PLAU 

and SERPINB2 were not. Notably, among PLAT, PLAU, and SERPINB2, only PLAT has been 

described to have a RARE, which is inducible ATRA[142,143]. Uchida et al., also showed that 

ATRA increased tPA activity and in vitro invasion in human oral squamous-cell-carcinoma lines 

[148]. Considering our current data showing that tPA promotes metastasis of MDA-MB-231 cells 

and is inducible by ATRA, it also partly explains our prior findings where like ALDH1A3, ATRA 

increased metastasis of MDA-MB-231 tumours[69]. In contrast to ATRA-inducible PLAT/tPA, 

other ALDH1A3-downstream co-regulatory mechanisms could be at play in the regulation of at 

least PLAU and SERPINB2, beyond the production of ATRA by ALDH1A3. In this context, 

ATRA-mediated induction of uPA in endothelial cells absent a RARE sequence has been 

described, where ATRA induces expression of RARs and RAR:RXRs heterodimers interact with 

Sp1 which ultimately leads to the transcription of uPA[149]. This reveals the dependence on other 

factors, which may be cell line or patient tumour-specific factors that may be less commonly 

expressed. For example, it has been previously described that ALDH1A3 regulates gene 

expression via microRNAs[74], long non-coding RNAs[150–155], and activation of the 
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phosphatidylinositol 3-kinase/Protein kinase B/rapamycin (PI3K/AKT/mTOR) signalling 

pathway[156]. It is possible that these ALDH1A3-regulated factors are contributing to the 

regulation of PLAU and SERPINB2 by ALDH1A3 and ATRA does not fully replicate the cell 

signalling events induced by ALDH1A3.  

 

4.4 tPA plays an important role in the plasminogen activation pathway 
 
 The plasminogen activator tPA plays a physiologically important role in fibrinolysis and 

clot dissolution due to its function in plasminogen activation[157]. Several studies have also 

suggested a potential role of tPA in cancer progression based on expression and associations in 

patient tumours and blood samples. In 2005, Corte et. al., performed ELISA assays on 

homogenized tumour extracts from breast cancer patients to quantify cytosolic tumour tPA levels 

and noted that in only the subgroup of patients with lymph node-negative disease, tPA was 

associated with better overall survival; no correlations were found in other patient subgroups[158]. 

Other studies have investigated associations between cancer progression and serum levels of tPA 

(not in tumours). For example, low plasma/serum level of tPA was associated with poor disease-

free survival and enhanced risk of breast cancer progression[159]. While, in other studies, higher 

levels of plasma tPA are linked to a greater risk of breast cancer and aggressive disease[160–162]. 

Although the above-mentioned studies indicate tPA as a biomarker of progressive (or non-

progressive) breast cancer, an evaluation of the functional role of the protein upon knockdown or 

overexpression in cancer cells was lacking.  

Our current study is the first one to examine the function of tPA expressed by cancer cells 

in tumour growth and metastasis using an orthotopic xenograft breast tumour mouse model. 

Although tPA knockdown did not significantly reduce lung metastatic burden, it did reduce lymph 
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node metastatic burden. Several factors could contribute to the lack of consistency between lymph 

node involvement in the patients and tPA knockdown observed in the mouse model employed 

here. First, the patient tumours are more complex and heterogeneous, which can differentially 

influence the lymph node involvement, including the expedited timeline from initial tumour 

formation in the mouse model to metastasis, which occurs in a matter of weeks in the tumour 

xenograft model but could take years in humans. Furthermore, the lack of a functional adaptive 

immune system in our mouse tumour mode could alter the metastatic trajectory of the cells in 

comparison to humans. Overall, these data suggest tPA contributes to the metastatic trajectory of 

breast cancer cells but tPA reduction is not sufficient to inhibit lung metastasis. Notably, plasmin 

activation is mediated by multiple factors in addition to tPA (e.g., uPA); therefore, tPA 

knockdown alone only partially reduces plasmin activity. Residual plasmin activity generated by 

uPA could be sufficient to mediate lung metastasis despite the reduced lymph node metastasis we 

observed.  

 

4.5 Limitations and further directions 
 

In this study, we have determined that ALDH1A3 plays a role in secreting tPA and uPA 

out of the cell to increase plasminogen activation. However, the mechanisms behind tPA and uPA 

secretion to the extracellular matrix from cancer cells remains unclear. Rontogianni et al 

completed a proteomic analysis on MBA-MB-231 extracellular vesicles and found the presence 

of tPA and uPA within the vesicles[163]. Therefore, we hypothesise that ALDH1A3 may be 

increasing tPA and uPA secretion through vesicle secretion. To test this hypothesis, extracellular 

vesicles can be isolated from conditioned media from cells with or without ALDH1A3 expression. 

These isolated extracellular vesicles will be assessed for tPA and uPA levels by western blotting. 
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A major limitation that we faced was creating a cell line that simultaneously overexpressed 

ALDH1A3 and knocked down PLAT. Although we were able to see the effects of PLAT 

knockdown in MDA-MB-231 cells, these cells naturally have very low levels of ALDH1A3. 

Therefore, in the mouse experiment, we were only studying the effects of tPA. Unfortunately, we 

are unable to successfully select stable PLAT shRNA lentiviral knockdown clones in a clone 

already selected for stable overexpression by ALDH1A3. Despite this, we still performed transient 

PLAT siRNA knockdown in ALDH1A3 overexpressing MDA-MB-231 cells in vitro. 

Finally, Breast cancer is a complex, heterogeneous disease, where the tumour-host interface 

plays an important role in cancer progression[164]. Single gene knockdown studies in mouse 

models can only provide a limited understanding of the complex multidimensional disease of 

cancer. Future studies with ALDH1A3 and tPA-plasmin axis link will/should investigate in the 

context of the complexity of the tumour ecological system. 
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Chapter 5 Conclusions 
 

In summary, our analyses suggest a novel mechanism of ALDH1A3-mediated invasion and 

metastasis in TNBC via the regulation of the plasminogen activation pathway. This pathway has 

multiple players and levels of regulation, and our evidence strongly links ALDH1A3 with tPA in 

TNBC. ALDH1A3 is an important player in the progression of several other cancers, hence it will 

be crucial to evaluate if ALDH1A3 regulates the plasminogen activation pathway in these cancers 

as well. It is also clear from our analyses and the review of the literature that ALDH1A3 has multi-

factorial effects in cancer progression which is unlikely to be explained by a single gene or protein.  

Therefore, strategies that target ALDH1A3 specifically may remain the best way to ensure 

therapeutic effects are broadly applicable.  
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