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ABSTRACT 
 

Breast cancer is the most common form of cancer among Canadian women. Patients 

with triple-negative breast cancer (TNBC) have poor prognoses, with inherently more 

aggressive disease and limited treatment options. New modalities for treating TNBC are 

required. Here, I investigate a precision medicine approach to applying DNA 

hypomethylating therapy and assess the potential benefits of targeting breast cancer stem 

cell (CSC) marker aldehyde dehydrogenase 1A3 (ALDH1A3).  

Dysregulation of DNA methylation is an established feature of breast cancers. DNA 

hypomethylating therapies like decitabine are proposed for the treatment of TNBC yet 

indicators of response need to be identified. I demonstrate the requirement of deoxycytidine 

kinase (DCK) for decitabine response in breast cancer cells; however, no predictive 

features or other mediators of decitabine response were identified. An shRNA-based 

genome-wide screen was performed to detect potent hypermethylated genes or novel 

mediators of decitabine. I found that loss of methylene tetrahydrofolate dehydrogenase 2 

(MTHFD2) conferred decitabine resistance to TNBC cells likely by suppressing cell 

proliferation via limiting nucleotide biosynthesis. Therefore, while hypermethylated genes 

that predict hypomethylating therapy response were not obtained, the relevance of 

emerging drug target MTHFD2 to TNBC was confirmed.  

CSCs are a highly aggressive subpopulation of cells within breast tumours and are 

identified by their high ALDH1A3 activity. In addition to its role as an established CSC 

marker, ALDH1A3 plays a key role in the progression and metastasis of breast cancer. 

Therefore, ALDH1A3 represents a druggable anti-cancer target of interest. Nanoparticle 

encapsulation of ALDH1A3 inhibitor citral reduced ALDH1A3-mediated growth of 

MDA-MB-231 TNBC tumours. Metabolomic and gene expression analyses identified γ-

aminobutyric acid (GABA) signaling/metabolism as a dysregulated pathway in 

ALDH1A3-hi breast tumours. In mice treated with systemic GABA there was higher rates 

of lung metastasis. Patient dataset analyses revealed that metastatic breast cancer has a 

distinct GABA metabolism profile.  

Together, these results suggest two new approaches for TNBC therapy: 1) use 

MTHFD2 to stratify patients for hypomethylating therapy or directly inhibit MTHFD2 and 

2) inhibit ALDH1A3 to potentially control GABA-mediated metastasis.  
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1.1  BREAST CANCER 

Breast cancer is the most commonly diagnosed cancer among Canadian women 

with 27,400 women expected to receive a breast cancer diagnosis in 20201. Overall, breast 

cancer is the fourth leading cause of cancer-related mortality in Canada, responsible for 

6.1% of cancer-related deaths. This mortality rate is comparable to what is observed in 

other developed nations, and has been decreasing over time2. Since its peak mortality rate 

of 43 per 100,000 population in 1986 to ≈22 per 100,000 population in 2020; breast cancer 

mortality in Canada has declined by 49%1. This decline is attributed to the improved 

screening measures and treatment strategies that have been implemented.   

Most women present with early stage breast cancer and have surgery. They may 

also receive radiotherapy as well as adjuvant systemic therapy to reduce their risk of 

relapse. Treatment paradigms for invasive breast cancer are based on different risk factors 

and histological features3. The most commonly used biomarkers for molecular 

classification of invasive breast carcinoma are estrogen receptor (ER), progesterone 

receptor (PR), and human epidermal growth factor receptor (HER2) which are assessed by 

immunohistochemistry4. The nuclear protein Ki-67 is also commonly assessed by 

immunohistochemistry, and is used as a proxy for proliferation rate and is positively 

associated with poor prognosis5. Gene expression profiling is another tool for breast cancer 

classification and overlaps well with existing hormone receptor profiles. The four intrinsic 

molecular subtypes of invasive breast carcinoma as determined by gene expression 

profiling are: luminal A, luminal B, Her2-enriched, and basal-like6. However, this 

molecular classification is not used in routine clinical practice.    
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While overall breast cancer mortality is decreasing over time, the benefits of new 

therapies are not felt by all patients. A particularly aggressive type of breast cancer that 

does not express the three hormone receptors (ER, PR, and HER2) is termed triple-negative 

breast cancer (TNBC). These patients are not eligible to receive the estrogen receptor-

targeted (tamoxifen) or HER2-targeted (Herceptin) therapies that have been successfully 

applied to patients who do express those receptors. Studying the biology of TNBC will 

eventually translate to improved therapies for this underserved cancer population. 

 Triple-negative breast cancer accounts for 15-20% of all invasive breast 

carcinomas7,8. The risk of metastasis and death from breast cancer within 5 years of 

diagnosis is significantly higher in TNBC cases versus non-TNBC (Hazard ratio [HR] = 

3.2)8. This increased relapse rate is partially attributed to TNBC having a higher 

percentage of an aggressive subpopulation of cancer cells know as cancer stem cells 

(CSCs) 9,10,19,11–18. CSCs are highly tumourigenic, but most concerning in terms of 

mitigating recurrence is their intrinsic resistance to chemotherapy and their increased 

metastatic potential20,21. New therapeutic approaches which can effectively target TNBC 

and CSCs are required. Here, I investigate strategies to 1) apply DNA hypomethylating 

agents and 2) inhibit ALDH1A3-mediated growth and metastasis as breast cancer 

therapies with a focus on TNBC.  

 

1.2  EPIGENETICS OF BREAST CANCER 

Cancer has been referred to as “cellular chaos.” This is an appropriate description 

for a disease which is characterized by uncontrolled cell proliferation and avoiding the 

host’s strategies to eliminate aberrant cells. Part of the chaotic nature of cancer cells is that 
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while all cancers share certain hallmark traits, the driving forces and resulting phenotype 

of the aberrant cells can vary greatly22. While the role of genetic mutations as drivers of 

carcinogenesis has been firmly established, epigenetic modifications have more recently 

been proposed as important drivers of cancer as well23. 

The term epigenotype was first coined by C.H. Waddington in 1942 to describe the 

heritable alterations in gene expression which affect phenotype and do not change the DNA 

sequence itself 24. Epigenetic modifications are key regulators of gene expression and 

contribute to genomic stability/chromatin structure.  

 

1.2.1 EPIGENETIC MODIFICATIONS 

 

Post-Translational Histone Modifications 

The human genome consists of approximately 3 billion base pairs and can fit within 

a cell due to the tightly regulated process of DNA compaction, the first stage of which is 

based around the nucleosome25. The nucleosome is a core unit of chromatin consisting of 

an octamer of four histone proteins (H2A, H2B, H3, and H4) with approximately 147 bp 

of DNA wrapped twice around the complex26. An amino acid tail extends from each 

histone, and it is the post-translational modifications to these tails which affect histone–

DNA interactions and nuclear architecture27. Over 60 distinct histone modifications exist, 

though most cancer-related research focuses on acetylation (mediated by histone 

deacetylases (HDACs) and histone acetyltransferases (HATs)) and methylation (mediated 

by several protein lysine methyl-transferases like polycomb repression complex)28.  
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The presence of these modifications forms a histone “code” that can affect 

transcriptional activity of the associated DNA sequence via directly impacting DNA 

wrapping or through recruiting enzyme complexes to wrap the DNA29. Histone 

modifications which generally indicate areas of active transcription include H3K4me 

(methylation of histone 3 at lysine position 4), H3K36me, H3KAc, H4K16Ac, and H3KAc; 

while H3K27me and H3K20me are associated with gene repression29–32. Breast cancer 

cells display silencing histone modifications on tumour-suppressive genes and encourage 

active transcription histone modifications on oncogenes33. Global histone profiling 

revealed a general loss of H4K16Ac and H4K20me3 (trimethylation) in a variety of 

cancers33,34.  

Dysregulation of histone variants has also been observed in breast cancer. These 

proteins are functionally distinct from the canonical replication-coupled core histones and 

endow special properties to chromatin. For example, H2A.Bbd incorporation results in 

nucleosomes containing 118–130 bp; this less compact chromatin is potentially more 

transcriptionally active35. Histone variants can also be post-translationally modified; thus 

the many combinations of canonical and variant histones (with their associated post-

translational modifications) form a “variant network” to epigenetically alter chromatin 

structure and transcription36. Expression or mutation of specific histone variants are 

prognostic biomarkers, as in the case of H2A.Z in breast cancer where overexpression 

confers a poor prognosis37,38. 

 

Non-Coding RNAs 

With the discovery that only  approximately 3% of transcribed RNAs were 

subsequently translated into proteins, there was a surge of interest in the role of the non-
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coding RNA transcriptome39. There are several types of non-coding RNAs, such as small 

nucleolar RNAs (snoRNAs), and short interfering RNAs (siRNAs); but microRNAs 

(miRNAs) and long non-coding RNAs (lncRNAs) have been the most extensively 

characterized in breast cancer40,41. As their names suggest, miRNAs are small (18–20 

nucleotides) while long non-coding RNAs are significantly longer (200–100,000 

nucleotides). While these RNA species are divergent in their size and how they are post-

transcriptionally processed, they share a common feature: a single miRNA or lncRNA is 

able to affect multiple genes/proteins42,43. Thus, deregulation of a single miRNA or 

lncRNA can influence many pathways and alter downstream processes such as apoptosis, 

proliferation, differentiation, etc. and act as either oncogene or tumour suppressor44. Many 

studies have described differential miRNA/lncRNA expression profiles between normal 

and cancerous human cells45.  

MicroRNAs repress protein production by binding to the 3′ untranslated region (3’-

UTR) of their target messenger RNA (mRNA); this miRNA–mRNA duplex is actively 

degraded and also prevents translation initiation43. While miRNAs are canonically 

repressive, lncRNA functions are more diverse. There are four archetypes of lncRNA 

function (decoy, activator, guide, or scaffold) which help dictate the interactions between 

transcription factors or chromatin modifier complexes. LncRNAs ultimately change either 

the transcription of an mRNA or participate in post-transcriptional regulation of mRNA 

maturation processes42. 

 

DNA Methylation 

The nucleotide alphabet has been expanded beyond ATGC with the discovery of 

modified bases, the best-characterized of which is 5-methylcytosine (5mC)46. In 5mC, a 
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methyl moiety, donated by S-adenosylmethionine (SAM), is added to the 5′ position of a 

cytosine residue in CpG dinucleotides. The maintenance and de novo generation of 5mC 

is mediated by DNA methyltransferases DNMT1/3A/3B. Genomic regions with high 

concentration of CpGs are known as CpG islands and seem to have an important role in 

gene expression regulation. Approximately 40–70% of human genes have CpG islands in 

the promoter region; and when these islands acquire 5mC, transcription of the gene is 

inhibited47. 5mC-mediated transcriptional repression was also observed in genes without 

promoter CpG islands48–50. A prototypical breast cancer phenotype consists of a globally 

hypomethylated genome (which disrupts genomic stability) concurrent with promoter-

specific hypermethylation (which silences tumour suppressor genes)23,51,52. 

Several methods exist for assessing DNA methylation at a global or CpG site-

specific level. Global methylation levels can be determined via liquid chromatography–

electrospray ionization–tandem mass spectrometry, luminometric methylation assay, or 

using methylation of repetitive sequences like long interspersed nuclear element (LINE) as 

a proxy of global methylation53–55. Site-specific methylation assays are also prevalent and 

can use either genome-wide discovery/screening approaches (e.g., Illumina beadchip, 

reduced representation or whole genome bisulfite sequencing, or methylated DNA 

immunoprecipitation sequencing), or can be used to investigate a single region (e.g., 

pyrosequencing or methylation-specific polymerase chain reaction (MS-PCR))56,57. The 

most commonly used assays are MS-PCR and the Illumina HumanMethylation bead 

kits58,59.  

 Stable gene silencing may occur when areas of the promoter region that are rich in 

CpG dinucleotide content (CpG islands) become methylated60,61. DNA methylation 
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silences gene expression through two mechanisms. In the direct mechanism, DNA 

methylation at transcription factor binding sites blocks the necessary transcription factors 

and this blockage effectively silences expression of the gene62. In the indirect mechanism, 

the methyl-CpG binding domain (MBD) proteins bind to the methylated DNA, recruit co-

proteins and histone modification enzymes, and ultimately modify chromatin compaction.   

Active demethylation in somatic cells has been observed in response to hormones, 

during tissue-specific differentiation, and during re-programming to re-activate 

pluripotency genes63. One striking discovery is that demethylation in somatic cells is far 

more common in CpG-poor regions than in CpG islands; implying that when aberrant 

methylation occurs on CpG islands, is it less likely to be removed through typical means. 

Demethylation can occur through a series of steps that culminate in the replacement of the 

5-methylcytosine with an unmethylated cytosine. 5-Methylcytosine (5mC) is sequentially 

oxidized by ten eleven translocation (TET) enzymes to 5-formylcytosine or 5-

carboxylcytosine, which is then removed by DNA glycosylases which are a group of 

enzymes involved in base excision repair64,65. The product of this reaction would then 

undergo DNA patch repair and an unmethylated cytosine would take the place of the 5mC. 

DNA methylation can also be passively lost through depletion of SAM levels or reduction 

of DNMT activity66.  

 Before discussing the literature on breast cancer methylation, it should be noted 

that there are several DNA modifications that have recently been identified. Typically, 

DNA methylation refers to methylation of cytosine (5mC) or the hydroxymethylation of 

cytosine (5mhC); however, 5-carboxylcytosine and 5-formylcytosine are picked up by 

many methylation assays. To be consistent with primary publications, the term “DNA 
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methylation” is used, but it may be more appropriate to refer to the results of many studies 

as “DNA modifications.” 

1.3  DNA METHYLATION IN BREAST CANCER 

 

1.3.1 HYPERMETHYLATION OF SINGLE GENES & GENOME-WIDE HYPOMETHYLATION 

The human genome contains approximately 30 million CpG dinucleotides, and the 

portion of these cytosines that are methylated is 4-6%67. Interestingly, CpG islands are 

mostly unmethylated with the majority of methylation occurring in areas of CpG-poor 

DNA63. At this time however it is unknown exactly which features of a given sequence 

make it a target for DNA methylation63. Two general hypotheses have emerged: differential 

attraction of methylation machinery, or removal of the anti-methylation factors that protect 

the default state. Regardless of the exact mechanism, recent work has shown that the 

surrounding DNA sequence is vital in specifying the correct methylation status. Lienert et 

al. (2011) inserted a series of short DNA sequences into a murine pluripotent stem cell and 

determined that the integrated sequences gained the same methylation status as the local 

DNA68. Not only did these inserted elements obtain the correct methylation profile, but 

retained their status during differentiation, highlighting the importance of proximal DNA 

regions in specifying methylation status. Though methylation acts upon the CpG 

dinucleotide, it does not appear that the CpG density in the surrounding DNA is the most 

important factor in determining methylation status. A microarray analysis of human 

embryonic stem cells found that motifs associated with transcription start sites and not CpG 

density were most predictive of an unmethylated region69. While there are characteristics 
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of the DNA sequence that make a gene more susceptible to aberrant hypermethylation, 

there does not seem to be a universal rule to predict methylation status in mammals. 

Silencing of specific genes has important effects on cell phenotype, but the overall 

methylation level also plays a role in regulation of gene expression. A genome-wide 

decrease in methylation accompanied by gene-specific increased methylation is associated 

with aging as well as breast cancer70. In all cancers, the general trend has been towards 

global hypomethylation with hypermethylation of specific genes at the promoter region71.  

This holds true for breast carcinomas where patient samples were revealed to have global 

hypomethylation that correlated with tumour grade72. Genome-wide analyses were 

developed with the goal of determining how the composition of methylated regions 

changes with gene expression and phenotype. For two commonly studied breast cancer cell 

lines (MDA-MB-231 and MCF-7) it was determined that methylation was significantly 

different between the cell lines for ≈300 genes73; which illustrates differences in 

methylation of individual genes. Interestingly, characterization of genome-wide 

methylation changes using a methyl-DNA immunoprecipitation assay (Me-DIP) combined 

with sequencing found that while there was differential methylation of individual genes, 

the global methylation pattern was the same for MCF-7 and  MDA-MB-231 cells: overall 

hypomethylation with promoter-specific hypermethylation74.  

In normal cells, the majority of promoter region CpG islands are unmethylated; 

however, in breast cancer there is an increase in methylation at these regions. In breast 

cancer, the change from unmethylated to hypermethylated at promoter region CpG islands 

is contrasted against the total CpG content where the initial global methylation transitions 

to global hypomethylation. Hypermethylation in breast cancer is clearly prevalent in 
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promoter regions; however, the distribution of hypermethylation in other regions changes 

as well74. Increased methylation was observed at some introns and exons even while global 

methylation decreased in general. Overall, hypomethylation was the trend for total CpG 

content, with most regions showing decreased methylation in cancer cells.  

Within a tumour, it is common to find hypermethylation of a CpG island on the 

promoter region of a tumour-suppressor gene and hypomethylation of normally silenced 

oncogenes and retrotransposons75. Genes associated with sustained angiogenesis, evading 

apoptosis, insensitivity to antigrowth signals, self-sufficiency in growth signals, limitless 

replicative potential, tissue invasion and metastasis, and DNA repair have been shown to 

be aberrantly methylated in breast cancer76. More than 200 genes have been identified as 

aberrantly methylated in breast cancers. There is, however, great variety in the methylome 

of different cell lines and tumour samples; this is perhaps attributable to the methylation 

mechanisms themselves which do not target specific genes. While the generation of the 

aberrant methylation status seems to be non-specific, there is a non-random association 

between the methylation status of specific genes and clinical or molecular characteristics75. 

This implies silencing or re-activation of certain genes provides tumour cells with a 

selective advantage.  

With mounting evidence indicating an abnormal methylome in breast cancers, there 

is less evidence linking dysregulation of the methylation machinery to breast cancer. A 

study on 12 breast cancer cell lines implicated overexpression of the DNA 

methyltransferase DNMT3b protein in cell lines with increased hypermethylation77. When 

sporadic breast carcinomas were analyzed for overexpression of this DNMT3b protein, it 

was found that 30% of patients were overexpressing the protein and that these same 
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patients had shorter relapse-free survival78. It is likely that the excessive DNMT activity in 

these patients was driving increased hypermethylation of tumour suppressor genes relative 

to the low-DNMT3b patients which may account for the poor prognosis. However, this is 

correlative evidence, and it has not been shown directly that hypermethylation drives breast 

tumour growth. 

 

1.3.2 HYPERMETHYLATION OF RASSF1A  

Numerous studies have attempted to directly link hypermethylation of single genes 

to breast tumour establishment and growth. One of the best examples of a hypermethylated 

gene having a potent effect in breast cancer cells is RASSF1A. Cells within a breast tumour 

are able to escape apoptosis. Though the host targets malignant cells, breast cancer cells do 

not respond to the pro-apoptotic signals. This may be attributed to the silencing of 

important pro-apoptotic genes such as: RASSF1A (ras association domain family protein 

1), CDKN2A (cyclin-dependent kinase inhibitor 2A), FHIT (fragile histidine triad gene), 

and HOXA5 (homeobox A5). The hypermethylation of RASSF1A is observed in many 

types of cancer including breast cancer79. When active, RASSF1A modulates many pro-

apoptotic pathways and is involved in assembling tumour suppressor complexes. This 

tumour suppressor gene was found to be hypermethylated in 58%-88% of lobular breast 

carcinoma samples80, and 11% of invasive ductal carcinoma samples31. The silencing of 

RASSF1A is associated with poor prognoses.  Patients with hypermethylated RASSF1A 

had significantly shorter overall survival compared to unmethylated patients31. With these 

types of data alone it is not possible to claim that RASSF1A caused these poor outcomes, 



13 

but it sets the scene for using methylation of specific genes or CpGs as biomarkers or 

targets of DNA methylation-based therapies. 

 

1.3.3 DNA METHYLATION BIOMARKERS 

The presence of estrogen receptor (ER), progesterone receptor (PR), and epidermal 

growth factor receptor (HER2) in breast tumours directly impacts prognosis and treatment 

strategies81. Epigenetic profiling can complement ER/PR/HER2 status and further define 

subtypes; or there may be epigenetic markers that have prognostic relevance independent 

of our current subtyping. Epigenome-wide profiling of DNA methylation, histone 

modifications, miRNA expression, and lncRNA expression have generally found that 

unsupervised clustering of patients based on differential epigenome markers recapitulates 

the existing breast cancer subtypes82,83. Therefore, prognostic studies of DNA methylation 

profiles should be performed for each subtype separately. This was the case for ER+ 

patients, where hypomethylation of a selection of tumour suppressive pathways (e.g. Wnt 

signaling) was associated with longer overall survival84. 

Breast tumours that are immunohistochemically positive for ER expression are 

typically treated with the ER antagonist tamoxifen. It is unclear how methylation of the 

estrogen receptor 1 gene (ESR1) is connected to silencing of ER expression or response to 

tamoxifen. Unexpectedly, promoter hypermethylation of the ER gene is not generally 

predictive of decreased ER protein levels85; however, ESR1 methylation in circulating 

DNA actually does correlate with ER protein in the tumour86. It was hypothesized that ER 

silencing via ESR1 hypermethylation could indicate resistance to tamoxifen; but 
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unexpectedly, ESR1 methylation was predictive of longer survival in tamoxifen-treated 

patients87.  

 

1.4  DNA METHYLATION AS A THERAPEUTIC TARGET 

As many tumour suppressor genes are silenced via hypermethylation in breast 

cancer, then it may be possible to correct aberrant gene expression with epigenetic 

therapies88,89. Not only does this have the potential to re-activate tumour suppressor genes, 

it could also increase the efficacy of other treatments by reactivating important response 

mediators that were silenced by hypermethylation.   

It is possible to prevent methylation from occurring by using nucleoside analogues 

for cytosine such as 5-azacytidine (azacytidine) and 5-aza-2’-deoxycytidine (decitabine)90. 

These compounds inhibit DNMTs and have been shown to decrease the overall 

methylation of cancer cells. At low doses, decitabine incorporates in the DNA and 

covalently binds to DNMTs. This prevents the downstream methylation of DNA, causes 

the degradation of the DNMT-DNA adduct which results in overall loss of DNMT activity 

in the cells, and leads to passive hypomethylation. At high doses, decitabine incorporation 

induces genotoxic stress and contributes to cell death91. There are several other nucleoside-

based DNMT inhibitors, but decitabine and azacytidine are used most often in clinical 

practice92.  

 Azacytidine and decitabine are approved to treat acute myeloid leukemia (AML) 

and myelodysplastic syndrome (MDS), but clinical trials in solid tumours have thus far 

shown little clinical benefit 93–96. DNMT inhibitors might be better applied to breast cancer 

if patients could be classified based on their methylome profiles before beginning therapy. 
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1.5  BREAST CANCER STEM CELLS 

Increasing evidence suggests that within a tumour there exist cancer cells with 

varying abilities to both initiate tumours and metastasize97–104. The most tumourigenic 

cancer cells— cancer stem cells (CSCs)— are a subpopulation of tumour cells 

hypothesized to be largely responsible for the heterogeneity that exists within tumours. 

CSCs have unlimited self-renewal potential and can also give rise to differentiated cancer 

cells. CSCs are functionally defined by a dramatically enhanced ability to form in vivo 

xenografts of tumours in immunodeficient mice105. While CSCs are highly tumourigenic, 

the relative resistance of CSCs to many standard chemotherapeutics and enhanced 

metastatic potential is of greatest concern106–115. Here, I will focus on what is currently 

known about the mechanisms of chemoresistance in breast CSCs, strategies to circumvent 

this resistance, and evidence for CSC-driven metastasis. 

 

1.5.1 IDENTIFICATION OF BREAST CANCER STEM CELLS BY INCREASED ALDEHYDE 

DEHYDROGENASE ACTIVITY 

Breast CSCs can be identified by several methods including fluorescence-activated 

cell sorting (FACS) analysis of progenitor-cell-specific surface protein markers (CD24-

/CD44+), FACS analysis of the “side population” indicated by Hoechst dye exclusion, and 

by aldehyde dehydrogenase (ALDH) activity assays. High cytoplasmic ALDH activity is 

intrinsic to the CSCs of many cancers. Specifically, ALDH activity is measured employing 

a fluorescence-based enzymatic assay combined with FACS (the Aldefluor assay). The 

Aldefluor assay measures conversion of a membrane permeable ALDH substrate, 
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BODIPY aminoacetaldehyde, to a fluorescent, cytoplasmic-retained product, BODIPY 

aminoacetate. This assay was originally developed for isolation of viable hematopoietic 

stem cells from human umbilical cord blood116. However, following the publication of two 

seminal papers in 2007 that showed that Aldefluor+-isolated cancer cells of breast tumours 

and leukemias had CSC qualities (i.e. increased tumourigenicity and give rise to 

heterogeneous tumours)104,117, the use of this assay was re-purposed for CSC identification, 

isolation and study. Aldefluor+-identified CSCs (ALDH+ cells) have been reported in 

many tumour types, including the cancers of liver, head and neck, lung, pancreas, cervix, 

thyroid, prostate, colon, bladder, and ovaries and breast99,118,127–132,119–126.  

ALDHs are a superfamily of enzymes that catalyze the oxidation of aldehydes to 

carboxylic acids and there are 19 genetically distinct isoforms expressed in humans133,134. 

The ALDH isoforms have distinct expression profiles in the body’s tissues, substrate 

specificity, and function. In general, most ALDHs enzymes function in the removal of toxic 

aldehydes generated during metabolic processes. In addition, some isoforms have 

specialized functions, such as the homologous ALDH1A1, ALDH1A2 and ALDH1A3 

isoforms, which oxidize the vitamin A metabolite retinal to retinoic acid (RA), a key cell 

signaling molecule135.   

 

1.5.2 SPECIFIC ALDEHYDE DEHYDROGENASE ISOFORMS ASSOCIATED WITH CANCER STEM 

CELLS OF DIFFERENT CANCERS 

When first used to study breast CSCs, the Aldefluor assay was believed to be 

specific for one ALDH isoform found in high abundance in hematopoietic stem cells, the 

ALDH1A1 isoform. However, while the 19 ALDH isoforms do have preferred substrate 



17 

specificity, they also have cross-reactivity, meaning the Aldefluor assay can detect the 

activity of multiple ALDH isoforms136,137. In agreement with this, a number of ALDH 

isoforms have been implicated as being responsible for the high Aldefluor/ALDH activity 

associated with CSCs, with certain isoforms being associated with specific cancers138. Van 

den Hoogen et al. used the Aldefluor assay to identify prostate CSCs, and reportedly found 

low expression of ALDH1A1, but higher expression of ALDH7A1 in prostate cancer cells 

and tissues131. This raises the possibility that for prostate cancer ALDH7A1 may be 

contributing to the Aldefluor activity of these cells. For colon cancer, it was reported that 

98% of colon cancer samples were positive for ALDH1B1 expression, leading the authors 

to propose that ALDH1B1 may contribute to Aldefluor activity in colon cancer139.  In 

another colon cancer study, murine xenograft tumours from colorectal cancer cell lines 

were investigated for ALDH gene expression, and ALDH3A1, ALDH5A1, and ALDH1A1 

were expressed more in the tumourigenic populations than in non-tumourigenic cells106. 

However, of the three ALDH isoforms, the mRNA for ALDH1A1 was expressed at higher 

levels than the other two enzymes. In liver cancer cell lines, it was confirmed by both 

quantitative PCR and western blotting that expression of ALDH1A1 was increased in the 

population of CD133+-identified CSCs127. In ovarian cancer, ALDH1A1 expression has 

been clearly implicated in Aldefluor activity. Mice with xenograft ovarian tumours were 

treated with nanoliposomes that silenced ALDH1A1 expression, and Aldefluor analysis 

showed that silencing ALDH1A1 resulted in significantly lower Aldefluor activity140; 

importantly ALDH1A1 expression correlated with more aggressive disease in patients141.  
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1.5.3 ALDEHYDE DEHYDROGENASE 1A3 

A few studies suggest that ALDH1A3 expression may be at least as an important 

as ALDH1A1 in influencing the Aldefluor activity of cancer cells and CSCs. For breast 

cancer, gene expression and knockdown studies revealed that ALDH1A3 expression was 

the primary isoform contributing to Aldefluor activity of breast cancer patient tumours and 

cell lines136. Later, similar studies performed in melanoma implicated both ALDH1A1 and 

ALDH1A3 in determining Aldefluor activity in melanoma142. Furthermore, the authors 

conducted knockdown studies in melanoma cells and found that ALDH1A3 expression 

contributed to their tumourigenicity. More recently, it was demonstrated that for 

mesenchymal glioma and lung CSCs Aldefluor positivity was associated with enriched 

ALDH1A3 expression143–145. The associations of ALDH1A3 with aggressive phenotypes 

in multiple cancer types has made it a desirable target for novel therapies.  

 

1.6  BREAST CANCER STEM CELLS ARE INTRINSICALLY RESISTANT TO THERAPY 

CSCs are hypothesized to initiate cancer and give rise to heterogeneous tumours. 

Importantly, in terms of successful patient treatment, CSCs are also more resistant to 

commonly used chemotherapeutics and can repopulate a tumour after treatment (Figure 

1.1). Multiple mechanisms have been identified for CSC-associated chemoresistance. 

These mechanisms include increased expression of ABC transporter efflux pumps, anti-

apoptosis proteins, enhanced DNA repair mechanisms, increased activation of the 

embryonic signaling pathways (Notch, Wnt and Hedgehog), and the detoxification activity 

associated with the aforementioned ALDH enzymes. Identification of these mechanisms 

has led to development of specific strategies to circumvent CSC-associated 
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chemoresistance. Future clinical evidence will reveal if employing these adjuvant therapies 

will eradicate CSCs along with the bulk of the tumour and lead to improved patient 

outcomes with decreased cancer recurrence.  

In treating all cancers, overcoming therapy resistance and recurrence after 

remission is a major challenge. Chemotherapeutic resistance can either be an innate 

characteristic of the primary tumour or developed later during recurrence (acquired 

resistance). Furthermore, chemoresistance is a complex problem as it is not usually isolated 

to one specific subclass of drug but tends to include multiple drug classes. Multidrug 

resistance (MDR) is a major hindrance to improving patient survival in all cancers. Perhaps 

an even greater concern, which current clinical strategies are only beginning to consider, 

is the intratumoural heterogeneity that exists within individuals and the potentially 

important role that this plays in dictating therapy resistance and recurrence146. 

Intratumoural diversity is at the genomic, epigenomic, transcript and proteomic level. 

Clonal evolution during the course of disease progression and treatment is only partially 

understood143.  
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Figure 1.1: Model of cancer stem cell-associated chemotherapy resistance and 

recurrence.  A) Expansion of original tumour based on the CSC population with 

development of multiple clones within the tumour. Chemotherapy reduces tumour bulk 

and eliminates chemosensitive clones but does not remove CSCs or chemoresistant clones; 

it is the CSC population that is then responsible for tumour recurrence. B) The addition of 

CSC-targeted therapy to the chemotherapeutic regime eliminates the CSC population, and 

though a drug-resistant clone persists through treatment, it is not able to induce tumour 

recurrence without CSCs. 

 

As mentioned earlier, CSCs of various cancers can be identified via the exclusion 

of cellular stains such as Hoechst stain147. Relative to less tumourigenic non-CSCs, CSCs 

have decreased staining capacity with permeable dyes because of rapid efflux of these 

molecules. Like normal stem cells, CSCs have enhanced efflux mechanisms, which in 
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many cases is due to increased expression of ATP-binding cassette proteins or ABC 

transporters148.  In particular, the efflux capacity of the SP has been attributed to increased 

expression of ABCB1, ABCC1, ABCG2, and ABCA3109,149–153.  These transporters are 

also known to efflux chemotherapeutic drugs and are a common cause of chemotherapy 

resistance in breast cancer154. Therefore, increased expression of ABC transporters by 

CSCs is a primary mechanism of chemotherapeutic resistance, encompassing all cell-

permeable drugs. Given the strong association between ABC transporter expression and 

CSCs, it is not surprising that their expression is sometimes used to identify CSCs155,156.  

 

1.6.1 ABC TRANSPORTERS AND CHEMORESISTANCE  

ABC transporters are part of a large family of evolutionarily conserved proteins 

found in both prokaryotes and eukaryotes.  In humans there are 48 known ABC 

transporters, divided into 7 subfamilies. These multisubunit, ATP-powered transmembrane 

proteins function in the transport of substrates across membranes and can either be 

classified as importers or exporters157–159. ABC importers (class 1 and 2) function in 

nutrient uptake, while ABC exporters efflux drugs (e.g. chemotherapeutics, antibiotics), 

peptides and toxins, and are involved in glycolipid flipping. Therefore, in addition to 

potentially causing problems in the effective treatment of cancer, these exporters also cause 

wide-spread anti-bacterial drug resistance. ABC exporters can efflux a wide array of 

chemotherapeutics, across multiple drug classes (e.g. colchicine, doxorubicin, etoposide, 

vinblastine, and paclitaxel) and are often responsible for MDR in cancer. 

One well-studied ABC exporter, ABCB1 (also known as P-glycoprotein or MDR1) 

is often implicated in chemotherapy resistance in many cancers, including gastrointestinal 
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cancers and acute myeloid leukemia (AML)160. In 1989, Goldstein et al. performed a large-

scale cross-cancer comparative study and classified tumours based on their MDR1 

expression. They reported that intrinsically chemotherapy resistant colon, liver, kidney and 

pancreatic cancers, as well as some carcinoid tumours, chronic myeloid leukemia (CML), 

and non-small cell lung cancers expressed the highest levels of MDR1161.  For breast 

cancer, MDR1 expression is varied. Meta-analyses suggest that MDR1 may be expressed 

in 40%, or as high as 66% of breast cancers162,163. Furthermore, some evidence suggests 

that chemotherapy treatment may increase expression of MDR1, which may explain why 

at least some acquired resistance in breast cancer correlates with increased MDR1 

expression following neoadjuvant chemotherapy treatment164. Patients with high levels of 

MDR1 are three times more likely to be non-responsive to chemotherapy than MDR1 

negative patients162. Finally, in direct proof of the role of MDR1 in chemotherapy 

resistance, inhibition of MDR1 expression sensitized breast cancer cells to 

chemotherapeutics165.  

There is increasing evidence linking the specific chemoresistance of CSCs 

specifically to MDR1 expression. Pancreatic CSCs identified in Panc-1, HPAC, and 

CFPAC-1 cells were resistant to gemcitabine and expressed high levels of MDR1166,167.  

CD133+-identified prostate CSCs were enriched in MDR1 expression168. Ovarian CSCs 

identified by cell surface markers CD44+CD117+CD133+ express high levels of 

MDR1169. A glioblastoma CSC cell line exhibited increased MDR1 expression and 

resistance to doxorubicin, etoposide, and carboplatin170. In CD34+CD38- AML CSCs, 

MDR1 expression was elevated and they were resistant to daunorubicin171. Breast cancer 

cell lines enriched for CSCs and spheroids had significantly higher MDR1 expression and 
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were resistant to multiple chemotherapeutics, including doxorubicin, cisplatin, and 

etoposide172. Therefore, in breast cancer and other malignancies, there is a strong 

association between expression of drug resistance-associated ABC transporters and CSCs. 

 

1.6.2 CHEMORESISTANCE OF CANCER STEM CELLS DUE TO ENHANCED DNA REPAIR, 

AVOIDANCE OF APOPTOSIS, AND STEM CELL PROGRAMS 

An important mechanism of resistance to DNA-damaging agents may be enhanced 

DNA repair. Cells deficient in elements of DNA repair are more sensitive to 

chemotherapeutic-induced double-strand breaks173,174. The DNA damage response in 

glioblastoma CSCs has been the most thoroughly investigated. Glioblastoma is often 

treated with temozolomide, an alkylating agent. Temozolomide alkylates guanine residues 

to O6-methylguanine (O6-MeG)175. This can be repaired by O-6-methylguanine-DNA 

methyltransferase (MGMT). If the lesion is not repaired, O6-MeG pairs with thymine 

during DNA replication and DNA mismatch repair machinery excises the mispaired 

thymine176. If the DNA lesion persists on the template strand, it causes repeated (and futile) 

cycles of mismatch repair. This ultimately results in collapse of the replication fork, 

triggering cell cycle arrest and apoptosis. Thus, low levels of MGMT and functional 

mismatch-repair machinery are essential for the response of these cells to temozolomide. 

In CD133+ glioma CSCs, higher levels of MGMT have been detected, conferring increased 

resistance to temozolomide therapy177,178. However, contradictory data has been presented 

where temozolomide selectively targets the CSC population of glioblastoma179. Further 

evidence will be required to definitively determine the contribution of CSCs to the 

chemoresistance of glioblastoma180,181 
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An important response of cancer cells to chemotherapeutics that target rapidly 

dividing cancer cells (such as paclitaxel and doxorubicin) is activation of apoptosis. Cancer 

cells demonstrate several mechanisms which interfere with drug induced apoptosis 

including manipulation of the B-cell CLL/lymphoma 2 (BCL-2) protein family. Under 

stress conditions, the cell fate decision to undergo apoptosis is governed by the interactions 

between different components of the BCL-2 family. The stress signal is carried by BAD 

and BIM, which interact with pro-survival BCL proteins (e.g. BCL-2, BCL-xL) and inhibit 

their repression of pro-apoptotic proteins BAX and BAK; which in turn activate apoptotic 

pathways and commit the cell to apoptosis182. Given the aggressive nature of CSCs and 

their high resistance to chemotherapy, several studies investigated the role of BCL-2 in 

mediating this resistance. In glioblastoma, CD133+-identified CSCs had greater BCL-2 

expression and increased resistance to chemotherapeutics177,183. Additionally, CD133+ 

hepatocellular carcinoma CSCs were resistant to doxorubicin and 5-fluorouracil and 

overexpressed BCL-2184.   

Many aggressive cancers are associated with MDR, making effective cytotoxic 

therapy a difficult challenge. Embryonic signaling pathways such as wingless-related 

(Wnt), Notch, and Hedgehog have been implicated in this resistance in numerous cancer 

types185–188. For example, ovarian CSCs demonstrate resistance to cisplatin/paclitaxel 

which is c-Kit and Wnt dependent189. Silencing of Wnt2B or β-catenin enhances sensitivity 

of ovarian cancer cells to cisplatin or paclitaxel190,191.  

Evidence suggests that inhibiting Hedgehog signaling increases the response of 

cancer cells to multiple unrelated chemotherapies. Hedgehog contributes to 

chemoresistance by increasing drug efflux via ABC transporters. Hedgehog has been found 
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to regulate MDR1/ABCB1 and BCRP/ABCG2192–194. Pancreatic tumourspheres display 

resistance to gemcitabine; however, when treated with the Hedgehog inhibitor 

cyclopamine, this resistance was reversed195,196. Hedgehog signaling is also implicated in 

the chemoresistance of CSCs and other cancer types. These include paclitaxel-resistant 

breast cancer cells and putative prostate CSCs197,198; cisplatin-resistant ovarian CSCs199; 

and temozolomide-resistant CD133+-identified glioma CSCs200.  

Notch signaling has been implicated in the resistance of many cancers to various 

unrelated cytotoxic drugs. For example, the Notch1 receptor is highly expressed in 

cisplatin-resistant cells of head and neck squamous cell cancers, colorectal cancers, and 

ovarian carcinomas201–203. Interestingly, other Notch-dependent mechanisms have been 

indicated in the chemoresistance of pancreatic cancer204,205. Inhibition of Notch signaling 

is also able to counteract the chemoresistance of other cancer types including gliomas200, 

osteosarcoma206, and multiple myeloma207. There is also evidence of Notch-related 

chemoresistance specific to CSCs. For example, ovarian CSCs expressing increased 

Notch1 are more resistant to cisplatin and paclitaxel than their non-CSC counterparts202.  

 

1.6.3 FUNCTION OF ALDEHYDE DEHYDROGENASES IN DETOXIFICATION 

ALDHs are a superfamily of enzymes that catalyze the oxidation of aldehydes to 

carboxylic acids. There are 19 genetically distinct isoforms expressed in humans137. In 

general, most ALDH enzymes function in the removal of toxic aldehydes generated during 

metabolic processes137. This detoxification activity implies a potential function in the 

resistance to certain chemotherapeutics. Aldehydes are naturally occurring compounds that 

are formed by the metabolism of carbohydrates, lipids, vitamins, amino acids, and steroids; 
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aldehydes will react with thiol and amino groups and lead to cellular damage. ALDHs 

oxidize and effectively detoxify many reactive aldehydes to protect cells. Furthermore, this 

detoxification activity extends beyond the reactive aldehydes generated from metabolic 

processes to aldehydes of exogenous origin, such as the metabolites of alcohol and 

chemotherapeutics.  

Biotransformation of some anti-cancer drugs generates reactive aldehydes, which 

in addition to their primary mode of action contributes to their toxicity. One example is the 

commonly used chemotherapeutic cyclophosphamide. This alkylating agent and DNA 

synthesis inhibitor is used to treat many cancers, such as breast, lung, ovarian cancer, as 

well as AML, CML, neuroblastoma, sarcomas, and lymphoma208–212. Cyclophosphamide 

is a pro-drug that is converted to its main active metabolite, 4-hydroxycyclophosphamide, 

by liver enzymes. 4-hydroxycyclophosphamide exists in equilibrium with its tautomer, 

aldophosphamide, an aldehyde and ALDH substrate213–216. ALDHs oxidize 

aldophosphamide and generate the inactive metabolite carboxycyclophosphamide.    

Prior to the association of ALDH activity with CSCs, ALDH enzymes were known 

to inactivate cyclophosphamide and this was seen as desirable activity since it limited the 

toxicity of the chemotherapeutic (i.e. ALDH expression is high in bone marrow stem cells, 

liver cells, and intestinal cells)214–216. At the time, the potential resistance of a sub-

population of tumour cells (i.e. CSCs with high ALDH activity) was not a major concern. 

Studies on cyclophosphamide resistance mechanisms have identified the ALDH1A1 

isoform, and the ALDH3A1 isoform to a lesser extent, as being primarily responsible for 

detoxifying cyclophosphamide217–219. When expression of ALDH1A1 was induced in 

L1210 leukemia cells, the cells became more resistant to cyclophosphamide217. 
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ALDH1A1-deficiency in mice resulted in the hematopoietic cells having increased 

sensitivity to cyclophosphamide220. In breast cancer patient tumours, ALDH1A1 

expression was predictive of tumour responsiveness to cyclophosphamide treatment219. 

Conversely, when ALDH1A1 and ALDH3A1 expression was reduced by RNA 

interference (RNAi), there was an increase in cyclophosphamide toxicity to lung 

adenocarcinoma cell line A549218. Together, these experiments suggest that ALDH1A1 

and ALDH3A1 are involved in cyclophosphamide resistance in multiple cancer types.  

Therefore, which ALDH isoforms are expressed in and used to identify CSCs of various 

cancers becomes important when considering the potential role of ALDH in CSC 

chemotherapeutic resistance.  

 

1.6.4 ALDEHYDE DEHYDROGENASE EXPRESSION BY CANCER STEM CELLS IS ASSOCIATED 

WITH RESISTANCE TO MULTIPLE CHEMOTHERAPIES 

There is evidence suggesting that ALDH+ CSCs are more resistant to 

cyclophosphamide. CSC enrichment was observed in colorectal cancer xenograft tumours 

after cyclophosphamide treatment, and this correlated with enhanced ALDH1A1 

expression and Aldefluor activity106. In addition to the link between ALDH activity and 

cyclophosphamide resistance, there is also a general association of ALDH+ CSCs with 

resistance to other chemotherapeutics. Breast tumour samples with high levels of 

ALDH1A1 are associated with patient resistance to paclitaxel and epirubicin113. ALDH+ 

Ewing's sarcoma cells, from human cell lines and patient-derived xenografts had CSC 

properties and were resistant to doxorubicin221. ALDH+ subpopulations from lung cancer 

cells had increased resistance to multiple chemotherapeutic agents (cisplatin, gemcitabine, 
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vinorelbine, docetaxel, doxorubicin and daunorubicin) and lung cancer patients with high 

ALDH1A1 had worse outcomes125. ALDH1A1 expression confers gemcitabine resistance 

to pancreatic cancer cells222. Gastric CSCs with high ALDH activity exhibited increased 

resistance to 5-fluorouracil and cisplatin223. Similarly, ALDH activity attributed to 

ALDH1A1 protected a chemoresistant population of gastric cancer cells by reducing 

reactive oxygen species and consequently DNA damage and apoptosis224. There is also 

clinical evidence of ALDH imparting chemoprotectant properties. Patients with locally 

advanced breast cancer were treated with docetaxel and FEC 100 (an anthracycline-based 

drug); of the patients who did not have a complete response, if the remaining tumour cells 

were ALDH1A1 this was strongly predictive of worse overall survival225.  

Unlike the well-described mechanism with cyclophosphamide, it is unclear whether 

these other drugs are metabolized directly by ALDH enzymes or if ALDHs minimize their 

cellular toxicity by clearing reactive aldehydes generated during their primary mode of 

action. Alternatively, it is also possible that ALDH activity confers resistance by 

influencing cell signaling cascade such as the embryonic cell signaling pathways Notch 

and Hedgehog223. This is possible considering that three of the ALDH isoforms 

ALDH1A1, ALDH1A2 and ALDH1A3 are critical in the retinoic acid (RA) signaling 

pathway, and that two of these, ALDH1A1 and ALDH1A3 are expressed in the CSC 

populations of multiple cancers. The ALDH1A enzymes are the only enzymes that can 

generate RA from retinal226,227. Via their role in RA production, the ALDH1A enzymes 

can regulate expression of up to thousands of genes, influencing cell death, proliferation, 

and differentiation. Crosstalk between the RA cell signaling pathway and the embryonic 

cell signaling pathways is common. Therefore, evidence of ALDH-mediated 
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chemoresistance related to Notch or Hedgehog signaling may be connected to ALDH1A-

mediated RA signaling.  

 

1.7  THE IMPLICATION OF ALDH1A3 IN BREAST CANCER METASTASIS 

 

1.7.1 METASTASIS  

A relatively small portion of breast cancer patients present initially with existing 

metastasis (7%); however most breast cancer mortality is due to metastasis that occurs after 

the initial diagnosis228,229. This presents an important therapeutic window, where targeted 

interventions can prevent metastasis and lower breast cancer-associated mortality. 

Lowering the rate of metastasis (5-year rates of metastasis are ≈8%) is a desirable goal, and 

most efforts are focused on the relapse- and metastasis-prone TNBC subtype230.  

One strategy to reduce post-treatment metastasis is the addition of systemic 

adjuvant therapies to supplement surgery and radiation. These systemic cytotoxic agents 

(e.g. taxanes) are administered to eliminate residual tumour cells. Advances in systemic 

adjuvant therapies for breast cancer are reducing the incidence of metastasis to the bone, 

but have not reduced the risk of lethal lung, liver, or brain metastasis231. One reason for the 

lack of progress in lung or brain metastasis prevention is the tissue tropism and therapy 

resistance in TNBC. Triple-negative tumours have a tropism for the lung and brain, HER2 

tumours seem to colonize the liver and brain, and ER/PR+ tumours had no identifiable 

tropism with overall low rates of metastasis232.  
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The observation that tumour cells have preferred sites of metastasis corroborates 

the “seed and soil” hypothesis of metastasis first proposed 130 years ago233. This non-

random establishment of secondary cancer sites is dependent on the interactions between 

the microenvironment of the metastatic site as well as the ability of the tumour cell to 

colonize that location. Metastasis involves the concerted evolution of cancer cells to permit 

their escape from the primary tumour and establish metastatic colonies at distant sites. This 

multistep process involves: initial escape from the primary tumour, intravasation to the 

lymphatic or circulatory system, travel throughout the body, adherence at secondary site, 

extravasation from circulation, colonizing a micrometastatic lesion, re-directing and 

creating a blood supply, and then growing into macrometastatic lesions234. Converting 

between a proliferative epithelial state to an invasive mesenchymal form to escape the 

primary tumour with subsequent reversion to an epithelial phenotype upon metastatic 

colonization may be essential. Based on pre-clinical evidence, ALDH+ CSCs from TNBC 

are poised to execute all these functions and are exceptionally adept at metastasizing235. 

Disrupting ALDH1A3-associated metastasis in TNBC could improve patient survival. 

 

1.7.2 BREAST CANCER STEM CELLS ARE METASTATIC 

The plasticity of breast CSCs is a major factor in their metastatic potential236. 

Epithelial-to-mesenchymal plasticity (EMP) is proposed as a major driver of metastasis, 

and breast CSCs seem to be able to convert between epithelial and mesenchymal 

phenotypes with ease237. ALDH+ breast CSCs are generally characterized as epithelial-

like, while CD24-/CD44+ CSCs are more mesenchymal. Importantly, CSCs are not a rigid 

cell type and dynamically shift through these epithelial/mesenchymal phenotypes in 
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response to environmental cues. This hybrid epithelial/mesenchymal state has been 

observed in highly metastatic cells. In early stage breast cancer patients, analysis of blood 

samples revealed the presence of circulating tumour cells (CTCs). While different 

phenotypes were detected at equal rates- epithelial (28%), mesenchymal (24%), and hybrid 

(24%)—those patients with hybrid circulating tumour cells reminiscent of CSCs were at 7-

fold increased risk of metastasis238. While the essential role of EMP in metastasis has been 

questioned, ALDH+ breast CSCs also have other qualities that prime these cells for 

metastatic colonization239. 

 Many studies of metastasis focus on the initial stage metastasis: invasion through a 

basement membrane to access the lymphatic or circulatory system. Though this early step 

of metastasis is important, the latter stage of establishing a macrometastatic lesion is the 

rate-limiting stage of the metastatic cascade. An in vivo microscope tracking of metastatic 

cancer cells found that 90% of cancer cells are capable of escaping the primary tumour and 

extravasating into a metastatic niche. However, only ≈2% of cells could form 

micrometastases, and ≈0.02% of cells developed into macrometastases240. Based on 

experimental models, this 0.02% of successful cells is largely composed of CSCs which 

not only have the phenotypic plasticity to escape the primary tumour, but also have an 

enhanced ability to colonize metastatic lesions.  

The true metastatic capacity of CSCs is revealed after the cells have already left the 

primary tumour site. Tumour cell clusters are more adept at establishing metastases than 

single cells241. After departing the primary tumour, pre-clinical models have characterized 

that breast CSCs travel in clusters with cancer-associated fibroblasts to improve their 

chances of establishing a metastatic colony242. Also aiding CSC-mediated metastasis is that 
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certain signals in metastatic environments seem to speak exclusively to CSCs. For 

example, MMTV-PyMT murine mammary carcinoma metastasis to the lung was reliant on 

lung stoma-based periostin signaling sustaining CSCs in the metastatic niche243. Thus, 

CSCs are informed by the metastatic niche.   

The increased phenotypic plasticity and colonization ability observed in CSCs may 

explain their enhanced metastatic capacity in various models. Clinically, the majority of 

early disseminated cancer cells detected in the bone marrow of breast cancer patients have 

a putative breast cancer stem cell phenotype (CD24-/CD44+)235. In a thorough pre-clinical 

model using breast tumour samples from patients, CD24-/CD44+ sorted cells were GFP-

labeled before being reunited with the RFP-labeled bulk tumour cell populations. This 

mixed-labelled population was orthotopically injected to form a mammary tumour, after a 

palpable tumour formed it was surgically resected to mimic typical treatment, and then 

latent metastasis was monitored. In this model, distant metastases in the lung, liver, or 

bones were exclusively formed by the GFP-labelled CSC population244. Less robust, but 

mirroring these findings are several experiments where ALDH+ or CD24-/CD44+ breast 

CSCs are injected intravenously and form significantly more metastatic lesions than their 

non-CSC counterparts100. Together, these data place ALDH1A3 and breast CSCs at the 

heart of breast cancer metastasis. Strategies to eliminate or hinder ALDH1A3-hi breast 

cancer cells are required.  

 

1.8  THERAPIES TO ELIMINATE ALDH-HI BREAST CANCER CELLS  

Conventional therapies have been mostly successful in reducing tumour bulk; 

however, recurrence is still a major concern for many cancer types. Approximately, 25% 
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of treated breast cancer patients eventually recur with metastases and succumb to the 

disease. It is hypothesized that targeting CSCs will reduce cancer recurrence and thus 

mortality. Based on some of the chemoresistance mechanisms discussed above, there are 

many potential avenues for overcoming CSC chemoresistance and effectively targeting 

these highly tumourigenic populations. 

The embryonic signaling pathways, Wnt, Notch, and Hedgehog, are dysregulated 

in CSCs; with CSCs becoming dependent on these pathways. This presents many potential 

therapeutic targets that are already being heavily investigated. Herein, I will review other 

mechanisms of selectively targeting CSCs, such as ALDH inhibitors and ABC transport 

protein inhibitors.  

 

1.8.1 ABC TRANSPORTER INHIBITORS 

The association of increased ABC transporter expression and CSCs of various 

cancers has applications for identifying CSCs based on their increased efflux capacity and 

as a method for targeting them using ABC transporter inhibitors as adjuvant therapy. 

Regardless of the potential targeting of CSCs, using ABC transporter inhibitors as adjuvant 

therapies has the potential benefit of generally increasing the efficacy of 

chemotherapeutics, with the hope that it may allow lower dosages of chemotherapeutics.  

Inhibitors of ABC transporters typically work by one of three ways: by specific 

proteins interaction, by interfering with cellular ATP levels required to power ABC 

transporters, or by influencing the cellular permeability to ions required for ABC 

transporter function245. These mechanisms illustrate the non-specificity of many ABC 
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transporter inhibitors. Verapamil, a calcium channel blocker, and cyclosporin A, an 

immunosuppressive drug, are early examples of ABCB1/MDR1 and ABCG2/BCRP 

inhibitors. These drugs have shown some efficacy in the treatment of many cancers, 

including breast cancer, AML, and non-small cell lung carcinoma246–248. However, the high 

toxicity associated with these drugs has limited their clinical applications in the treatment 

of cancer. Second-generation drugs with increased specificity and hopefully reduced side 

effects are under development. These included second-generation cyclosporine A 

analogue, valspodar; however, it too had limited clinical efficacy. For example, in a phase 

III study of ovarian or peritoneal cancer testing the effect of valspodar combined with 

paclitaxel and carboplatin versus paclitaxel and carboplatin alone, the inclusion of 

valspodar did not improve patient outcomes and valspodar-treated patients experienced 

greater treatment-related toxicity249. Third-generation ABC inhibitors with increased 

specificity are being developed and tested; however, these are also not showing significant 

promise. For example zosuquidar, a highly specific and potent inhibitor of MDR1/ABCB1, 

failed to improve outcomes of newly diagnosed AML patients250.  

While ABC inhibitors were originally positioned as broad-spectrum drugs that 

would increase the efficacy of chemotherapeutics on all the cells within a tumour, perhaps 

their greater utility will be in re-sensitization of a sub-population of tumour cells with pre-

existing intrinsic resistance (i.e. CSCs)251. As proof of concept examples, verapamil can be 

used in conjunction with classic chemotherapies to target chemoresistant CSCs. Putative 

pancreatic CSCs were sensitized to gemcitabine166, and CD34⁺CD38--identified AML 

CSCs were sensitized to daunorubicin upon verapamil treatment171. Furthermore, 

verapamil sensitized ALDH+ Ewing's sarcoma CSCs to doxorubicin221. 
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Other drugs include first-generation (imatinib) and second generation tyrosine 

kinase inhibitors (e.g. nilotinib, dasatinib, tandutinib, and erlotinib), which were originally 

used in the treatment of CML with increased BCR-ABL activity252,253.  These inhibitors 

have also shown anti-ABC transporter activity, with some showing efficacy that extends 

to CSC populations by multiple mechanisms, including affecting transporter expression 

levels, acting as transporter substrates (competitive inhibitors), and influencing their 

ATPase activity. For example, nilotinib significantly enhanced the cytotoxicity of 

doxorubicin and mitoxantrone in CD34⁺CD38⁻-identified leukemia CSCs cells and 

reversed MDR in primary leukemic blasts overexpressing ABCB1/MDR1 and 

ABCG2/BCRP254. Similarly, tandutinib reversed ABCG2/BCRP-mediated drug resistance 

in the side population of lung cancer A549 cells255. Erlotinib, also showed MDR1/ABCB1 

and BCRP/ABCG2 inhibition activity by down-regulating their expression and the 

modulating their ATPase activity. The potential of ABC transport inhibitors to sensitize 

ALDH+ CSCs to other therapeutics remains an option and the results of future clinical 

trials will determine the feasibility of this strategy. 

 

1.8.2 ALDEHYDE DEHYDROGENASE INHIBITORS 

As discussed earlier, increased ALDH activity is a common biomarker of CSCs and 

is involved in detoxifying certain chemotherapeutics. Furthermore, recent evidence 

suggests that ALDHs, in particular the ALDH1A3 isoform via inducing RA signaling, are 

active determinants of cancer progression131,138,142,143. These multiple roles in cancer make 

targeting ALDHs with specific inhibitors a promising avenue for novel anti-cancer and 

CSC therapy development. Known inhibitors of ALDHs include disulfiram, ampal, 
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benomyl, citral, chloral hydrate, chlorpropamide analogues, coprine, cyanamide, CVT-

10216, benzimidazole-based analogues, daidzin, DEAB, gossypol, kynurenine tryptophan 

metabolites, molinate, pargyline, and nitroglycerin256,257.  The specificity for specific 

ALDH isoforms was unknown for most of these inhibitors; however, some have reported 

differential inhibitory concentrations for ALDH1A1, ALDH3A1 and ALDH2 as reported 

in recent reviews256,257. 

Of these inhibitors, disulfiram is the most extensively studied and has generated the 

most recent interest with regards to potentially treating cancer and targeting CSCs. 

Disulfiram has been used in the clinic for decades to treat alcohol abuse. Also known as 

Antabuse or Antabus, disulfiram inhibits the breakdown of alcohol metabolite 

acetaldehyde by liver enzymes ALDH1A1 and ALDH2 (which are also known as 

acetaldehyde dehydrogenases) to acetic acid. The accumulation of acetaldehyde by 

disulfiram causes nausea and other symptoms which deters alcohol consumption. In 

addition to its use in the treatment of alcoholism, there is increasing indication that 

disulfiram has anti-cancer activity, by potentially multiple mechanisms. For breast cancer, 

it was reported that disulfiram reduced tumour growth in MDA-MB-231 breast cancer 

tumour xenografts258. However, the authors suggest that this anti-breast cancer activity is 

due to disulfiram complexing with copper (found endogenously in the tumour 

microenvironment), which results in proteasome inhibition258. The authors did not assess 

if inhibition of ALDH enzymes was a factor in the anti-breast cancer activity of disulfiram.  

Copper-complexed disulfiram also inhibited the growth of non-small cell lung cancer cells 

and sensitized them to cisplatin259. These authors noted that the combination disulfiram 

and copper treatment decreased expression of ALDH1 and other stemness markers in the 
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cancer cells. Furthermore, a high-throughput screen study identified disulfiram as an 

inhibitor of glioblastoma CSCs, which was potentiated when complexed with copper260. 

Other studies have shown that copper is not necessary for disulfiram-chemosensitization 

and targeting of CSCs. For example, disulfiram was shown to sensitize breast tumour 

xenografts to radiation treatment and tumour regression and coincided with a reduction in 

ALDH activity and other stemness markers261. Similarly, disulfiram chemosensitized a 

chemoresistant population of ALDH1A1-expressing gastric cancer cells224.  

The success of these studies has fuelled interest in the use of disulfiram clinically. 

Multiple clinical trials are being conducted to test the potential use of disulfiram as a cancer 

therapy by either complexing with copper and inhibiting proteasome activity or inhibiting 

ALDH1A1/CSC populations and sensitizing them to radiation and chemotherapeutics. 

These include phase I and phase II trials that are on either advanced or newly diagnosed 

glioblastoma multiforme and other solid tumours (NCT00571116, NCT01907165, 

NCT00742911, NCT00312819 and NCT01777919). In a small study of forty patients with 

stage IV non-small cell lung cancer, the addition of disulfiram to chemotherapy (cisplatin 

and vinorelbine) had an insignificant but promising clinical benefit. Two of the patients 

treated with disulfiram achieved long-term survival which is extremely rare among stage 

IV lung cancer patients treated with chemotherapy alone262. Pending the continued success 

of disulfiram in these trials, the clinical testing of other ALDH inhibitors will likely follow. 
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1.9  RESEARCH RATIONALE AND OBJECTIVES 

The overarching goal of this work is to improve the survival of patients with breast 

cancer, especially those diagnosed with aggressive TNBC subtype. To do this, I will assess 

the potential of two distinct targets in the treatment of breast cancer: DNA methylation and 

ALDH1A3. Targetable DNA methylation was studied through the lens of DNA 

hypomethylating agent decitabine, and ALDH1A3 was investigated as a CSC-related pro-

growth and metastasis protein.  

Guiding Hypothesis 1: 

 Hypomethylating agent decitabine is not currently an effective breast cancer 

therapy. If there is a predictive gene expression or DNA methylation profile which defines 

decitabine sensitivity, then hypomethylating therapy could be applied specifically to 

patients with this sensitivity profile. Such a sensitivity profile may include: expression of 

decitabine processing enzymes, lack of multidrug resistance, or hypermethylation of key 

tumour suppressor genes. This will be tested by the following objectives: 

1. Identify determinants of decitabine response in breast cancer cells  

o Characterize the sensitivity of a panel of breast cancer cells to decitabine 

treatment (Chapter 2) 

o Examine known or suspected mediators of decitabine response to identify 

key features of decitabine response (Chapter 2)  

o Functionally screen for hypermethylated tumour suppressor genes, that 

when resurrected by de-methylating therapy slow breast tumour growth. 

(Chapter 3) 
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o Functionally screen for other novel mediators which dictate decitabine 

response (Chapter 3) 

 

Guiding Hypothesis 2: 

Aldehyde dehydrogenase 1A3 is associated with the aggressive TNBC subtype, 

drug resistance, increased risk of metastasis, and cancer stem cells. If ALDH1A3 is 

important for TNBC tumour growth and is targetable, then inhibition of ALDH1A3 will 

suppress tumour growth. Currently, little is known about how ALDHs mechanistically 

contribute to metastasis. If ALDH1A3-hi TNBC cells have a distinct transcriptional or 

metabolomic profile from ALDH1A3-lo cells, then this could be used to explain the 

differences in metastatic potential. This will be tested by the following objectives: 

2. Determine if ALDH1A3 is a potential target for breast cancer treatment 

o Develop an in vivo ALDH1A3 inhibition breast cancer model (Chapter 4) 

o Study the role of ALDH1A3 in breast cancer metastasis (Chapter 5) 
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CHAPTER 2: DECITABINE RESPONSE IN BREAST CANCER REQUIRES 

EFFICIENT DRUG PROCESSING AND IS NOT LIMITED BY MULTIDRUG 

RESISTANCE 
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2.1  INTRODUCTION 

DNA methylation is essential for gene regulation in normal cells263. In cancer, DNA 

methylation is largely dysregulated with global demethylation contributing to genomic 

instability and the hypermethylation of CpG islands in the promoters of tumour suppressor 

genes causing their aberrant silencing263. DNA methyltransferases (DNMTs) are required 

for both de novo methylation and maintenance of existing DNA methylation; DNMT 

upregulation is associated with both cancer and aberrant methylation. As such, DNMT 

inhibitors like decitabine and azacytidine are commonly used to treat hematological 

disorders [myelodysplastic syndrome (MDS) and some acute myeloid leukemias (AMLs)], 

where patients often share common epigenetic perturbations264. This has generated interest 

in using demethylating agents to treat solid tumours, including breast cancers88.  

Among breast cancers, triple-negative breast cancers (TNBCs) have poorer 

outcomes and represent the 15-20% of tumours that lack hormone receptors and targeted 

therapies265,266. The possibility of treating TNBCs with DNMT inhibitor decitabine is 

currently being investigated in clinical trials (i.e. NCT02957968, NCT03295552). 

Therefore, assessing the factors that determine the response to DNMT inhibitors in breast 

cancer, specifically TNBC, is both timely and critical if decitabine is to be used 

successfully. To date, there are few studies which examine breast cancer cells exclusively 

and profile response to decitabine across many cell lines.  

A cytosine analog, decitabine is incorporated into DNA during synthesis, which 

imparts some specificity of the drug for rapidly dividing cells. DNMTs bind DNA-

integrated decitabine leading to protein/DNA adduct formation, DNMT degradation, and 

subsequent reduction of DNA methylation. This inhibits tumour growth by a number of 
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potential mechanisms including demethylation and re-expression of aberrantly silenced 

tumour suppressor genes267, induction of the DNA damage response by protein/DNA 

adduct formation268, cytotoxicity induced by global demethylation269, and demethylation 

of silenced tumour-associated antigens increasing anti-tumour immune responses270,271. 

Recently, a novel mechanism has been proposed as a key determinant for the response of 

decitabine: demethylation of endogenous retroviral elements resulting in dsRNA/anti-viral 

responses272,273. Additionally, decitabine’s predominant mode of action is possibly dose-

dependent: lower doses cause re-expression of silenced genes with minimal DNA damage, 

while higher doses cause more pronounced DNA damage responses and apoptosis273,274. In 

various cancer models, a number of potential treatment response biomarkers have been 

investigated including expression or mutation of nucleoside transporters, decitabine 

metabolism genes deoxycytidine kinase (DCK) and DNA methylation regulating enzymes 

such as DNMTs and tet methylcytosine dioxygenase 2 (TET2), the methylation of known 

tumour suppressor genes (e.g. CDH2, BRCA1, RASSF1, RUNX3), and global methylation 

levels275–281. It is unclear which mechanism of decitabine is most important for successful 

treatment of breast cancer patients or if the effects of decitabine differ in the breast cancers 

of different subtypes (i.e. TNBCs versus hormone expressing subtypes). 

Herein, I performed transcriptome, methylome, in vitro growth assays, gene 

knockdown studies, tumour xenograft assays, and patient dataset analyses to assess the 

proposed potential anti-cancer mechanisms of decitabine in breast cancer. My analyses of 

a panel of 10 breast cancer cell lines revealed a range of sensitivity in breast cancer to 

decitabine, that was not based on hormone receptor status, genome-wide methylation, 

demethylation of tumour suppressor genes, or induction of viral mimicry responses. 
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Instead, my analyses demonstrated the requirement for expression of the decitabine-

processing enzyme deoxycytidine kinase (DCK) and the induction of pathways of genes 

enriched in apoptosis, cell cycle, stress, and immune pathways. Finally, unlike the 

commonly used breast cancer drug paclitaxel, decitabine efficacy in breast cancer is not 

negatively impacted by increased expression of ATP-Binding cassette drug efflux 

transporter ABCB1, which is often seen as a mechanism of multi-drug resistance.  

 

2.2  MATERIALS AND METHODS 

 

2.2.1 CELL CULTURE  

Cancer cell lines were obtained from ATCC, with the exception of SUM149 and 

SUM159 cells that were obtained from BioIVT (previously Asterand). MDA-MB-231, 

MDA-MB-468, MCF7, SKBR3, T47D, and HEK293T cells were grown in Dulbecco’s 

Modified Eagle Medium (DMEM; Invitrogen) supplemented with 10% Fetal Bovine 

Serum (FBS; Invitrogen) and 1X antibiotic antimycotic (AA; 10,000 units/mL of 

penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Amphotericin B; Invitrogen). 

MDA-MB-436 cells were grown in Leibovitz’s Medium (L-15; Invitrogen) supplemented 

with 10% FBS, 1X AA, 10 µg/mL human insulin (Sigma), and 16 µg/mL L-glutathione 

(Invitrogen); MDA-MB-453 cells were cultured in L-15 medium supplemented with 10% 

FBS and 1X AA; Hs578T cells were cultured in DMEM supplemented with 10% FBS, 1X 

AA, and 0.01 µg/mL human insulin. SUM149 and SUM159 cells were cultured in F-12 

Ham’s Nutrient Mix Medium supplemented with 5% FBS, 1X AA, 1µM 4-(2-

Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES; Invitrogen), 0.01 µg/mL human 
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insulin, 0.05 µg/mL hydrocortisone (Invitrogen). Cells were cultured in a humidified 37C 

incubator with 5% CO2, except for MDA-MB-436 and MDA-MB-453, which were 

cultured without the addition of CO2. 

 

2.2.2 COLONY FORMING ASSAY 

Cells were seeded at low density and allowed to adhere for 24 hours in 24-well cell 

culture plates: MDA-MB-231 (30 cells/well), MDA-MB-468 (120 cells/well), MCF7 (60 

cells/well), SKBR3 (60 cells/well), T47D (120 cells/well), MDA-MB-436 (200 cells/well), 

MDA-MB-453 (60 cells/well), Hs578T (60 cells/well), SUM149 (60 cells/well), and 

SUM159 (30 cells/well). Cells were treated with 0.122nM-2µM decitabine (5-aza-2′-

deoxycytidine, DAC, Sigma) for 72 hours with media refreshed every 24 hours. 

Alternatively cells were treated with azacytidine (5-azacytidine, Sigma), Cells were then 

grown in appropriate media [lacking decitabine or azacytidine] for 7-10 days with media 

refreshed every other day. Colonies were then fixed in methanol for 10 minutes and stained 

using 0.05% crystal violet (Sigma); colonies were defined as >50 cells. An IC50 value for 

each cell line was determined using % colony forming efficiency (with no treatment wells 

representing 100% colony forming efficiency) and the Graphpad Prism equation: 

log(inhibitor) vs. normalized response Standard slope analysis (𝑌 = 100/(1 +〖10〗

^(𝑥 − 𝐿𝑜𝑔𝐼𝐶50) )). 

 



45 

2.2.3 ETHICS STATEMENT 

Animal investigations detailed in this manuscript have been conducted in 

accordance with the ethical standards and according to the Declaration of Helsinki and 

according to national and international guidelines. All experiments were conducted in 

accordance with the Canadian Council on Animal Care standards and a protocol approved 

by Dalhousie University Committee on Laboratory Animals (#13-010).  

 

2.2.4 TUMOUR GROWTH STUDIES 

Eight-week-old NOD/SCID female mice were injected with 2 x 106 MDA-MB-468 

or MDA-MB-231 cells, or 3.5x106 SUM159 cells admixed 1:1 with Matrigel-HC (BD 

BioScience) into the mammary fat pad. Once palpable tumours formed, the mice were 

treated with 0.5 mg/kg decitabine (DAC) or vehicle control (phosphate buffered saline, 

PBS) by intraperitoneal injection for 3/5 day cycles as previously described274. This dose 

used in mice is approximately 10-fold lower than the 15 mg/m2/day used to treat human 

hematopoietic malignancies (conversion based on Nair et al., 2016)282. In humans, 15 

mg/m2/day achieves a maximum plasma concentration of 64.8 - 77.0 nM283,284. I used a 

sub-clinical dose to promote DNA hypomethylation over immediate cytotoxicity. 

Throughout the experiment, tumour volume was quantified (mm3, length x width x depth 

/ 2). 

 

2.2.5 KNOCKDOWN GENERATION 

Lentiviral shRNA knockdown clones of ABCB1, DCK, DDX58 (RIGI), IFIH1 

(MDA5), SLC28A1, and SLC29A1, were generated using the pGipZ vector (Dharmacon) 
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packaged in HEK293T cells following standard protocols and listed in Table 2.1. Clones 

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

µg/mL puromycin media. For all knockdown clones created, a pGIPz vector control clone 

(containing a scrambled non-specific sequence in place of an shRNA) was generated 

simultaneously. Verification of knockdown was done through RT-qPCR and western blot 

(anti-DCK, Abcam, ab151966; anti-MDA5, Cell Signalling Technology, clone D74E4). 

 

Table 2.1:  shRNA clones 

Gene shRNA Used 

ABCB1 
shRNA1 V2LHS_131347 

shRNA2 V2LHS_131345 

DCK 
shRNA1 V2LHS_112524 

shRNA2 V2LHS_112523 

DDX58 
shRNA1 V3LHS_329694 

shRNA2 V3LHS_329693 

SLC28A1 
shRNA1 V2LHS_28638 

shRNA2 V3LHS_333611 

SLC29A1 
shRNA1 V3LHS_307348 

shRNA 2 V3LHS_307350 
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2.2.6 REVERSE TRANSCRIPTASE QUANTITATIVE PCR (RT-QPCR) 

RNA was extracted from untreated and decitabine-treated cells (1µM decitabine 

for 72 hours with media refreshed daily). Cells were collected in Trizol (Invitrogen) and 

RNA was purified using a PureLink RNA kit (Invitrogen Thermo Fisher Scientific) 

following the manufacturer’s instructions.  Equal amounts of purified RNA were then 

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

Diluted cDNA was used in RT-qPCR reactions with gene-specific primers (Table 2.2) 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 for decitabine inducible genes 

was quantified using the ct method of the CFX Manager Software (Bio-Rad), where 

gene-of-interest quantification was normalized to reference genes RPL29 and TBP and 

then made relative to no-treatment control mRNA levels. For gene expression comparisons 

made between cell lines, the ct expression method was used to quantify gene expression. 
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Table 2.2: RT-qPCR Primer Sequences 

Gene Forward Primer Reverse Primer 

Beta-2-microglobulin 

(B2M) 
AGGCTATCCAGCGTACTCCA CGGATGGATGAAACCCAGACA 

Glyceraldehyde-3-

phosphate 

dehydrogenase 

(GAPDH) 

CCAGGTGGTCTCCTCTCGACTTC GCTTGACAAAGTGGTCGTTGAG 

Ribosomal protein L29 

(RPL29) 
ACATGCGCTTTGCCAAGAAG GGCTTAACCTCCTTGGGCTT 

TATA-box binding 

protein TBP 
GGCACCACTCCACTGTATCC GCTGCGGTACAATCCCAGAA 

Solute carrier family 29 

member 1 (SLC29A1) 
ATGACAACCAGTCACCAGCC GTTCCCAGACCCAGCATGAA 

Solute carrier family 28 

member 1 (SLC28A1) 
AAGGGTGTTTGGAAAGGAGGT CCCAGATGATGTGCCGAAGA 

Multi-drug Resistance 

1 (MDR1) 
GAGAGATCCTCACCAAGCGG ATCATTGGCGAGCCTGGTAG 

Deoxycytidine kinase 

(DCK) 
AGAAGCTGCCCGTCTTTCTC GCAGCGATGTTCCCTTCGAT 

Cytidine/uridine 

monophosphate kinase 

1 (CMPK1) 

TCTCCTCTGCTCTCCACGTC GCAGAAAGGTGTGTGTAGCC 

Nucleotide diphosphate 

kinase A (NME1) 
ATCGTCTTTCAAGGCGAGGG CCCCATCTGGTTTGATCGCA 

Nucleotide diphosphate 

kinase B (NME2) 
GACCGACCATTCTTCCCTGG TTGGTCTCCCCAAGCATCAC 

Cytidine aminase 

(CDA) 
ATCGCCAGTGACATGCAAGA GTACCATCCGGCTTGGTCAT 

Proliferating cell 

nuclear antigen 

(PCNA) 

AGGTGTTGGAGGCACTCAAG CCAAAGAGACGTGGGACGAG 

E3 ubiquitin-protein 

ligase (UHRF1) 
GACAAGCAGCTCATGTCGATG AGTACCACCTCGCTGGCATCAT 

Tet methylcytosine 

dioxygenase 1 (TET1) 
CCCTCCTCTCCACCTAACCA TACCAGGCAATGTTGGCAGT 

Tet methylcytosine 

dioxygenase 2 (TET2) 
TTGGATACACCTGTCAAGACTCAAT ACGCCATGTGTCTCAGTACATT 

Tet methylcytosine 

dioxygenase 3 (TET3) 
CCTCGGAGTTGGGACTCACT GGACCTGCCAGGCCTTTATG 

DNA methyltransferase 

1 alpha (DNMT1A) 
CGGCCTCGTCATAACTCTCC TGAACCGCTTCACAGAGGAC 

DNA methyltransferase 

3 beta (DNMT3B) 
TGTGGGGAAAGATCAAGGGC ATGCCAGACATAGCCTGTCG 

TNF receptor 

associated factor 6 

(TRAF6) 

GCGCACTGAACGAGCAAG GCCACACAGCAGTCACTTTC 

Ras association domain 

family member 1 

(RASSF1A) 

ACAAGGGCACGTGAAGTCAT AAAGAGTGCAAACTTGCGGG 

Runt related 

transcription factor 

3 (RUNX3) 

CTTTGGGGACCTGGAACGG TTCCGAGGTGCCTTGGATTG 
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Gene Forward Primer Reverse Primer 

BRCA1, DNA repair 

associated (BRCA1) 
GGAAGAAACCACCAAGGTCCA GACACCCTGTGGGCATGTT 

Cadherin 2 (CDH2) GGAGAGCGGTGGTCAAAGAG AGTCCTGGTCCTCTTCTCCG 

Interferon regulatory 

factor 7 (IRF7) 
GTGGACTGAGGGCTTGTAG TCAACACCTGTGACTTCATGT 

2'-5'-oligoadenylate 

synthetase like (OASL) 
GCAGAAATTTCCAGGACCAC CCCATCACGGTCACCATTG 

ISG15 ubiquitin-like 

modifier (ISG15) 
GCCTCAGCTCTGACACC CGAACTCATCTTTGCCAGTACA 

retinoic acid- inducible 

gene 1 (RIG1) 
CCAGCATTACTAGTCAGAAGGAA CACAGTGCAATCTTGTCATCC 

Interferon induced with 

helicase C domain 1 

(IFIH1/MDA5) 

CACTTCCTTCTGCCAAACTTG GAGCAACTTCTTTCAACCACAG 

Acidic repeat 

containing (ACRC) 
TGGCTGCTACACCAAATCGT ATGGCACCATGACCAGAGAC 

C-C motif chemokine 

ligand 20 (CCL20) 
ATTTATTGTGGGCTTCACACGG GGATTTGCGCACACAGACAA 

Maelstrom (MAEL) TTTCACACCACTGAGGAGGC GCCTCCAAGGAGAGCTTGAT 

Tudor domain 

containing 1 (TDRD1) 
CAACTGCAAAGTGGCCGAAA AAATCAGAGCGTGGAGGCAA 

Zinc finger protein 595 

(ZNF595) 
CCCCTGAAGAGTGGAAATGTCT ACCAGGTCTGGGTTAGAGATCA 

envE ACTGGCCTTTTCCTAGGTGATAC TACTATTAATGGCTGCACAAGCA 

envFc1 GCTACACCACTCCTAACTCATCCT TTGTAAGGGTGAAGTTACACCAGA 

envRb CACTAAGGGACACTTAAGCCAGAT AGTATAGTATGTCGGCACTGTCCA 

envT AGGATTTGATGTTGGGACTATGTT GGTGTTTCTGGAATATAGGGTCAC 

envV2 TGTGTCTCTTCTAGGATAAAGCAATT AGGGGGAGATGTGCTTATAGGT 

ERVFRD1 CCTTCACTAGCAGCCTACCG GCAATTGGTGGAGTAAGGGGA 

ERVV TTCCAGCAGGGTGGAAATCG ATAGCCAGGAGGGGTACAGG 

HERV-K-ORF1 TGGGCAACCATTGTCGGGAAAC GGCTTATTCCCTGAAACACTTGGG 

HERVK-5'UTR CAGATGCTTGAAGGCAGCAT ACGTTGGACAATACCTGGCT 

HERV-K-ORF2 GGCTTATTCCCTGAAACACTTGGGA TCATCAAGGCTGCAAGCAGCATAC 

HERV-W GTTGTCCTGGAGGACTTGGA TATGGGTACGGAGGGTTTCA 

LINE-2 CAGATCTCTCGGCAGAAACC GCCTGGTGGTGACAAAATCT 

LINE-1-ORF1 TCCTCGAGAAGAGCAACTCCA GGGTTTCTGCCGAGAGATCC 

LINE-1-ORF2 ATGGCCATACTGCCCAAGGT TGGCTTAGGATTGACTTGGCA 

LINE1-5'UTR AAGGGGTGACGGTCGCACCTGGAA AGCTGTGCTAGCAATCAGCGAGA 

MLTA10 TCTCACAATCCTGGAGGCTG GACCAAGAAGCAAGCCCTCA 

MLT1B TGCCTGTCTCCAAACACAGT TACGGGCTGAGCTTGAGTTG 

MER21C GGAGCTTCCTGATTGGCAGA ATGTAGGGTGGCAAGCACTG 

ERVL ATATCCTGCCTGGATGGGGT GAGCTTCTTAGTCCTCCTGTGT 

MLT1C49 TATTGCCGTACTGTGGGCTG TGGAACAGAGCCCTTCCTTG 

MLT1C627 TGTGTCCTCCCCCTTCTCTT GCCTGTGGATGTGCCCTTAT 

MER4D CCCTAAAGAGGCAGGACACC TCAAGCAATCGTCAACCAGA 

MER57B1 CCTCCTGAGCCAGAGTAGGT ACCAGTCTGGCTGTTTCTGT 

MLT2B4 GGAGAAGCTGATGGTGCAGA ACCAACCTTCCCAAGCAAGA 
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2.2.7 PATIENT DATASET ANALYSIS 

Breast Cancer (METABRIC, Nature 2012 & Nat Commun 2016) (n=2509) and 

Breast Invasive Carcinoma (TCGA, Cell 2015) (n=817) clinical data (PAM50 subtype, 

hormone receptor status) and microarray z-score gene expression data were accessed via 

cBioportal285,286. Microarray-based gene expression of matched pre- and post- neoadjuvant 

chemotherapy biopsies from breast cancer patients was acquired from GSE28844287; 

histopathological response was based on Miller & Payne grading system. 

 

2.2.8 HUMAN METHYLATION 450K (HM450) ANALYSIS 

Genomic DNA was extracted from untreated and decitabine-treated cells (1µM 

DAC for 72 hours with media refreshed daily) using the PureLink DNA kit (Invitrogen). 

Methylation analyses using the HM450 bead chip array (Illumina) was performed by the 

Centre for Applied Genomics at the Hospital for Sick Children (Toronto, Ontario, Canada), 

including bisulfite conversion, hybridization, background subtraction, and normalization. 

β-values for each HM450 probe were calculated as the ratio of the methylated probe 

intensity to the overall intensity (the sum of the methylated and unmethylated probe 

intensities). Data is accessible from GSE78875288.  Methylation β-value of probes from 

promoter-associated regions for BRCA1, CDH2, RASSF1, and RUNX3 were extracted. 

CpGs from RUNX3 promoter-associated CpG island: cg19270505, cg11018723, 

cg13629563, cg22737001, cg26421310, cg26672794, and cg02970551.  

2.2.9 RUNX3 PROMOTER BISULFITE SEQUENCING: 

As previously described56, DNA methylation was analyzed by sodium bisulfite 

pyrosequencing on a PyroMark Q24 Advanced pyrosequencer using the DNA EpiTect Fast 
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DNA Bisulfite Kit and PyroMark PCR Kit (Qiagen N.V., Venlo, the Netherlands), 

according to the manufacturer’s instructions, beginning with 500 ng template DNA. A 

custom assay covering the RUNX3 gene promoter and 5’-untranslated regions was 

designed using PyroMark Assay Design software version 2.0 (Qiagen N.V.) and validated 

to amplify a single PCR product (243 nt). See Table 2.3 for the RUNX3 assay primers. 

PCR conditions were as follows: 95C, 15 minutes (94C, 30 seconds; 56C, 30 seconds; 

72C, 30 seconds) 50 cycles; and 72C, 10 minutes. 

Table 2.3:  Primer Sequences for RUNX3 promoter bisulfite pyrosequencing. 

 Primer Sequence 

Forward GGGTTTTGGGTTGTGGTAT 

Reverse CCAAAACAAATCCTCCAAAATCAAAT 

 

2.2.10 GENE ARRAY ANALYSIS 

RNA purified from SUM159 cells that had been treated with 1µM DAC or vehicle 

for 72 hours (3n) was sent to The Centre for Applied Genomics at the Hospital for Sick 

Children (Toronto, Ontario, Canada) for sample preparation, amplification, hybridization 

to the Affymetrix HuGene 2.0 ST array, and data collection. The raw data for MDA-MB-

231 and MDA-MB-468 is accessible from GSE103427289, and the uploaded new data from 

GSE133987. The Transcriptome Analysis Console (TAC) software (ThermoFisher 

Scientific) was used to normalize the data and calculate fold changes in expression. 

Transcripts with confirmed gene annotations (not blank in the “Gene Symbol”) category 

that were 1.5-fold up- or down-regulated significantly (based on ANOVA p-value <0.05) 

in at least one cell line were plotted based on the average fold-change across all three cell 

lines (1390 transcripts/1284 genes, Figure 2.15). Not all microarray gene expression “hits” 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103427
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contained HM450 annotated CpG sites; unannotated transcripts were discarded. Only 

genes with 2 or more different regions annotated were plotted. All figures depict the mean 

methylation β-value of CpGs annotated for a given region (ex. TSS1500, TSS200, etc.).  

 

2.2.11 GENE SET ENRICHMENT ANALYSIS 

Using the HM450 and gene array data, I identified genes that were unmethylated 

in TSS1500 + TSS200 + Exon1 (≤0.5 β-value in all 3 regions) and for which decitabine 

up-regulated expression ≥1.5-fold (Table 2.4). Gene Set Enrichment Analysis (GSEA) was 

performed using online software (http://software.broadinstitute.org/gsea/index.jsp) to 

compute overlaps. The top 100 overlapping gene sets identified by GSEA for each cell line 

were identified. The # Genes in Overlap = k; # Genes in Gene Set = K; # Genes in 

Comparison = n; # Genes in Universe = N; Enrichment =  
𝑘

𝑛⁄

𝐾
𝑁⁄

 . Gene sets with similar 

functions were enriched across the three cell lines and were colour-coded for easier 

visualization. 

 

Table 2.4: The number of upregulated and unmethylated genes in decitabine (DAC) 

treated breast cancer cells. 

Cell Line 

DAC Gene 

Expression 

Change 

# of Transcripts 

>1.5-fold change 

in expression 

# of Transcripts 

with 

Methylation 

Data 

# of Up-

Regulated + 

Unmethylated 

Genes 

MDA-MB-

231 

Down-

Regulated 
238 168 

 

Up-Regulated 604 426 81 

MDA-MB-

468 

Down-

Regulated 
1232 895 

 

Up-Regulated 1377 969 255 

SUM159 
Down-

Regulated 
1003 749 
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Up-Regulated 1476 1121 172 
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2.2.12 TAXANE-RESISTANT BREAST CANCER  

MDA-MB-231 cells with acquired ABCB1-mediated taxane resistance (Taxol-res) 

and the matched taxane sensitive cells (Control) were previously generated and 

characterized290 and maintained in the same MDA-MB-231 growth conditions described 

above. Cells were treated with increasing doses of paclitaxel (Corporation Biolyse Pharma 

Corporation, St. Catherine’s, ON, Canada) or decitabine +/- 10µM verapamil (verapamil 

hydrochloride; Sigma) and a colony forming IC50 was calculated.  

 

2.3  RESULTS 

 

2.3.1 BREAST CANCER CELL LINES HAVE A BROAD RANGE OF SENSITIVITY TO DECITABINE, 

INDEPENDENT OF SUBTYPE 

To first explore the range of sensitivity to decitabine in breast cancer, I treated a 

panel of 10 cell lines representing ER+ breast cancers (MCF7, T47D), HER2+ (SKBR3), 

and TNBC (MDA-MB-231, MDA-MB-468, SUM149, SUM159, MDA-MB-436, MDA-

MB-453, and Hs578T). Given the current clinical interest in treating TNBCs with 

decitabine (NCT02957968, NCT03295552), the panel has over-representation of TNBCs. 

In a subsequent colony-forming assay, the cell lines exhibited 50% inhibitory 

concentrations (IC50s) ranging from 1 to 74 nM of decitabine (Figure 2.1A). The in vitro 

sensitivity to decitabine appeared to be independent of hormone receptor status (Figure 

2.1A).  

With the focus of ongoing clinical application in TNBCs, I also assessed the effect 

of decitabine on tumour growth of TNBC MDA-MB-468, MDA-MB-231 and SUM159 
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cells. Using the low-dose treatment protocol established by Tsai et al.274, NOD/SCID mice 

bearing palpable tumours of the TNBC cell lines were treated intermittently with 0.5 mg/kg 

decitabine. This resulted in tumour growth suppression that mimicked the colony assay, 

with MDA-MB-468 tumours being the most sensitive and SUM159 tumours being the 

most resistant to decitabine (Figure 2.1B). 

 

Figure 2.1: Sensitivity of breast cancer cell lines to decitabine treatment. A) Colony-

forming assay to determine in vitro DAC IC50 for 10 breast cancer cell lines after 72 hour 

treatment. B) Xenograft determination of in vivo decitabine sensitivity. MDA-MB-468, 

MDA-231, and SUM159 xenografts treated with 0.5 mg/kg decitabine over 3-4 weeks; 

hatch marks on x-axis indicate when mice were injected; SEM error bars, one-way t-test, 

p<0.05*, p<0.01**, p<0.001***. BMC assisted with intraperitoneal decitabine injections. 
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2.3.2 DCK IS REQUIRED FOR DECITABINE RESPONSE IN BREAST CANCER CELLS AND 

TUMOURS 

To assess the potential factors which may dictate breast cancer sensitivity to 

decitabine, I considered the cell-specific factors required for the cytosine analog’s 

incorporation into DNA. Decitabine is imported into cells by sodium/nucleoside co-

transporters solute carrier family 28 member 1 (SLC28A1) and SLC29A1279,291. Higher 

expression of either transporter was not associated with increased sensitivity (Figure 2.2A). 

Furthermore, knockdown of SLC28A1 in decitabine sensitive MDA-MB-468 cells did not 

alter the sensitivity of MDA-MB-468 cells to decitabine (Figure 2.2B). Knockdown of 

SLC29A1 in intermediately sensitive MDA-MB-231 (Figure 2.2C), which had high 

expression of the transporter (Figure 2.2A), also did not alter the sensitivity of the cells to 

decitabine. Together, this data suggests that assessing levels of the importers in patient 

tumours will not predict decitabine sensitivity or resistance in breast cancer.  
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Figure 2.2: Increased levels of nucleoside transporters does not correlate with 

increased decitabine sensitivity in breast cancer cell lines. A) Expression of solute 

carrier family 28 member 1 (SLC28A1), and solute carrier family 29 member 1 (SLC29A1) 

was determined via RT-qPCR and normalized to reference genes B2M RPL29 across 10 

breast cancer cell lines. Spearman correlation R. SD error bars (n=6). B)  SLC28A1 

knockdown in MDA-MB-468 breast cancer cells does not confer resistance to decitabine. 

SLC28A1 was knocked down via shRNA in MDA-MB-468 breast cancer cells (one sample 

t-test) and differential sensitivity to decitabine was assessed using a colony forming assay 

(one-way ANOVA). Error bars are standard deviation (n=4). C) SLC29A1 knockdown in 

MDA-MB-231 breast cancer cells does not confer resistance to decitabine. SLC29A1 was 

knocked down via shRNA in MDA-MB-231 breast cancer cells and differential sensitivity 

to decitabine was assessed using a colony forming assay. Error bars are standard deviation 

(n=4), one-way ANOVA; p<0.01, p<0.001***. BMC assisted with colony-forming assay; 

CD assisted with RT-qPCR. 
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Once imported, decitabine is sequentially phosphorylated by DCK, cytidine/uridine 

monophosphate kinase 1 (CMPK1), and finally nucleoside diphosphate kinases 1 and 2 

(NME1, NME2)91. DCK is a rate-limiting step for the incorporation of decitabine in MDS 

and AML91,292 and could possibly be a rate-limiting step for decitabine response in breast 

cancer. Consistent with its requirement for decitabine processing, knockdown of DCK 

significantly decreased the sensitivity of both the decitabine-sensitive MDA-MB-468 cells 

and decitabine-resistant SUM159 cells (Figure 2.3). This was also observed in vivo, where 

MDA-MB-468 tumours with DCK knockdown were comparably resistant to decitabine 

(Figure 2.4A). The reduction in DCK levels also hampered expression of decitabine-

inducible genes (Figure 2.4B) that were identified as up-regulated by decitabine in the gene 

array. It is noteworthy that MDA-MB-468 cells with DCK knockdown remained sensitive 

to the ribonucleoside analog and DNMT inhibitor azacytidine (Figure 2.4C), which does 

not require DCK for DNA incorporation and activity292.  

https://www.ncbi.nlm.nih.gov/gene/51727
https://www.ncbi.nlm.nih.gov/gene/51727
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Figure 2.3: Deoxycytidine kinase (DCK) is an important mediator of in vitro 

decitabine response. Efficient shRNA-mediated knockdown of DCK conferred in vitro 

resistance to DAC in MDA-MB-468 and SUM159 cells. Knockdowns validated at mRNA 

level by RT-qPCR and protein level by Western blot. In vitro sensitivity determined by 

colony forming assay. SD error bars, ANOVA with Dunnett’s post-hoc test. p<0.05*, 

p<0.01**, p<0.001***. BMC assisted with colony forming assay, RWH generated 

Western blots. 
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Figure 2.4: Deoxycytidine kinase (DCK) is an important mediator of decitabine but 

not azacytidine response. A) shRNA-mediated knockdown of DCK conferred in vivo 

resistance to DAC to MDA-MB-468 treated tumours (Control NT n=10, Control DAC 

n=10, DCK-KD NT n=10, DCK-KD DAC n=12), one-way ANOVA. B) DCK Knockdown 

in MDA-MB-468 cells dampens decitabine-induced gene expression. Genes identified as 

induced by decitabine in the breast cancer cells by the gene array include acidic repeat 

containing (ACRC), C-C motif chemokine ligand 20 (CCL20), maelstrom (MAEL), tudor 

domain containing 1 (TDRD1), and zinc finger protein 595 (ZNF595). Expression of these 

genes in MDA-MB-468 cells was assessed by RT-qPCR upon DCK knockdown (shRNA2) 

and 72h treatment with 1µM decitabine (n=3). Unpaired, one-tailed t-test with Welch’s 

correction compared decitabine-treated control to decitabine-treated DCK-KD cells, SD 

error bars. C) DCK knockdown in MDA-MB-468 cells does not confer resistance to 

azacytidine. (n=3) SD error bars, one-way ANOVA. p<0.05*, p<0.01**. BMC assisted 

with intraperitoneal decitabine injections. 
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I assessed expression levels of DCK and the other nucleotide kinases involved in 

processing deoxynucleotides/decitabine in the 10 breast cancer cell lines and noted similar 

levels of DCK, CMPK1, NME1 and NME2 across the cell lines (Figure 2.5). The lack of 

a correlation between DCK expression and decitabine IC50 of the cell lines was likely due 

to the small range of differences in DCK levels between the cell lines (Figure 2.5).  

However, given the importance of DCK in mediating decitabine response in breast cancer 

as demonstrated by my knockdown experiments (Figures 2.3A, 2.3B, 2.4), I assessed the 

expression of the DCK in two breast cancer patient cohorts (METABRIC, Figure 2.6A and 

TCGA Cell 2015, Figure 2.6B). DCK mRNA levels in the breast cancer patient tumours 

followed a normal distribution and was overall more abundant in the luminal B, basal-like 

(which consists predominately of TNBCs), and TNBC subtypes. This suggests that for 

most patients (and in the TNBC patients that are currently being treated by decitabine in 

clinical trials), limited DCK expression will not be a barrier to successful decitabine 

therapy. Since the patients that will be treated with decitabine will likely have had 

anthracycline and/or taxane chemotherapy prior to enrollment in a clinical trial, it is 

important to determine if DCK levels are altered post-treatment with standard 

chemotherapy drugs. Microarray-based gene expression from 56 matched pre- and post- 

chemotherapy breast tumour samples showed that DCK expression was elevated after 

chemotherapy in patients who did not show a histopathological response to treatment 

(Figure 2.6C).  This suggests that these patients would be good candidates for decitabine 

treatment, at least with respect to the essential decitabine processing enzyme DCK. 
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Figure 2.5: Nucleotide kinase expression is not associated with decitabine response. 

RT-qPCR of nucleotide kinases (DCK, CMPK1, NME1, NME2) across breast cancer cell 

lines, SD error bars. Spearman correlation R. CD assisted with RT-qPCR. 
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Figure 2.6: Expression of DCK is higher in TNBC and basal-like subtypes and is 

increased after treatment with chemotherapy. A) Expression of DCK via microarray 

based on PAM50 subtype and triple-negative receptor status in METABRIC and B) TCGA 

Cell, 2015 breast cancer patient cohorts. Straight lines note groups that are not significantly 

different, ANOVA with (Tukey’s post-hoc test). C) DCK expression via microarray in the 

GSE28844 dataset of breast cancer patients pre- and post-anthracycline/taxane treatment.; 

paired two-tailed t-test; p<0.001***. 
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2.3.3 GENOME-WIDE AND REGION-SPECIFIC METHYLATION OF BREAST CANCER CELLS IS 

NOT PREDICTIVE OF DECITABINE RESPONSE 

Genome-wide hypomethylation with concurrent hypermethylation of promoter 

regions is observed in cancer cells293; therefore, I wondered if any correlations with 

genome-wide or region-specific methylation could predict response to decitabine in breast 

cancer. For this purpose, I performed HM450 and gene expression analysis of decitabine 

treated cells.  The colony assay (Figure 2.1) is a long term two-week plus assay and hence 

results in an enhanced decitabine sensitivity in the nM range in IC50s. While informative 

for determining relative sensitivities, this assay is insufficient for harvesting cell samples 

for HM450 and RNA analysis, which required >300,000 cells. Therefore, I determined a 

concentration of decitabine that when applied to sub-confluent monolayers of >300,000 

cells seeded in 6 well plates would result in approximate 50% growth inhibition of cells 

after 72 hours (0.6µM-9µM; Figure 2.7). A dose of 1µM decitabine (which represents a 

median IC50 in the cell line panel) was applied to sub-confluent monolayers for 72 hours 

(Figure 2.7). Furthermore, this dose causes minimal apoptosis after 72 hours of treatment 

(day 4 post seeding), but in subsequent days (decitabine treatment has ceased but cell 

culture continued) causes dramatic cell death and growth inhibition (Figure 2.8). This is 

further evidence of the long-term effects of decitabine which are also captured by the ultra-

sensitive colony assay (Figure 2.1). 
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Figure 2.7: Cell confluency half maximal inhibitory concentration (IC50) of decitabine 

in MDA-MB-468, MDA-MB-231, and SUM159 cells. The cells were seeded in 6 well 

plates and cultured as sub-confluent monolayers with indicated concentrations of 

decitabine (DAC) for 72 hours.  Light microscopy images of crystal violet stained cells 

after 72 hours treatment with decitabine (left). Confluence of relative to no treatment (NT) 

cells was determined by quantifying total cell area coverage across 4 images/well using 

Image J. n=3. SD error bars. 
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Figure 2.8: Long-term response of sub-confluent monolayers of TNBC cell lines 

treated for 72 hours with 1µM decitabine. A) Schematic of the treatment time course. 

Cells were treated with decitabine for 72 hours and then re-plated and allowed to grow in 

regular media for an additional 7 days. B) Light microscopy 40X images of decitabine 

sensitive MDA-MB-468, intermediately sensitive MDA-MB-231 and decitabine resistant 

Hs578T cells show that 72 hours of 1µM decitabine is sufficient to slow long-term growth 

of all cell lines; NT images taken at day 4. C) At day 4 post seeding (immediately after 72h 

treatment) a differential response is observed with MDA-MB-468 cells being significantly 

depleted by the treatment and the Hs578T cells with no significant effect on cell abundance. 

D) Annexin V/7-AAD staining and quantification by flow cytometry of MDA-MB-231 

cells treated with 1µM decitabine (DAC) for 72 hours (Day 4). Initial cell death is low; 

however, the percentage of apoptotic cells reaches ≈95% a week after treatment is 

removed. n=3. SD error bars. BMC assisted with long-term cell culturing and flow 

cytometry. 

 

 

I analyzed HM450 data from 10 breast cancer cell lines (not treated with decitabine) 

and found that total genome-wide DNA methylation was not associated with response to 

decitabine and was overall similar among the cell lines (Figure 2.9). In agreement with 

this, the levels of DNMT1A, DNMT3B, and Tet methylcytosine dioxygenase 1, 2 and 3 

(which act in the demethylation of DNA)294, were also similar across the cell lines, 

consistent with the overall similar genome-wide methylation (Figure 2.10).  
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Figure 2.9: Breast cancer sensitivity to decitabine (DAC) is not associated with global 

methylation or promoter methylation. A) DNA Methylation as determined via HM450 

array among breast cancer cell lines as a frequency distribution of CpG sites with a given 

methylation β-value. B) Distribution of HM450 Methylation β-values for promoter-

associated regions TSS1500, TSS200, 5’UTR, and Exon 1 among the 10 breast cancer cell 

lines. KMC submitted cell line DNA for HM450 analysis.  
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Figure 2.10: Expression of DNA methylation and demethylation-associated genes 

does not correlate with decitabine response in breast cancer cells. mRNA of DNA 

methyltransferase 1 (DNMT1), DNA methyltransferase 3 beta (DNMT3B), 

methylcytosine dioxygenase 1 (TET1), ten-eleven translocation methylcytosine 

dioxygenase 2 (TET2), and ten-eleven translocation methylcytosine dioxygenase 3 (TET3) 

determined via RT-qPCR and normalized to reference genes B2M RPL29, and plotted 

versus the decitabine IC50 of the 10 breast cancer cell lines (from Figure 2.1). Standard 

deviation error bars (n=6), Spearman correlation R. CD assisted with RT-qPCR. 
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To determine if promoter methylation was predictive of decitabine sensitivity, 

CpGs identified within 1500bp or 200bp of the transcription start site (TSS1500 and 

TSS200 respectively), within the 5’UTR, or within the first exon were evaluated with the 

HM450 assay. Overall, promoter DNA methylation was absent in most genes across all 

cell lines (Figure 2.9) and little differential methylation between decitabine-response 

groups was observed (Figure 2.11A). I noted that 434 genes had z-score > 1 for at least 1 

promoter-associated CpG, with the majority of those hypermethylated promoter genes 

occurring in the decitabine resistant MDA-MB-453 cell line (Figure 2.11B). However, 

there are only a few genes that are consistently methylated across the 3 decitabine-resistant 

cell lines, and in patient tumours the genes are consistently unmethylated across all patient 

samples. (Figure 2.12A). This suggests that the existence of specific CpG sites that can 

stratify breast cancers for decitabine response based on hypermethylation likely do not 

exist. I also performed a principal component analysis (PCA) of TSS200 and gene body 

CpGs in the 10 cell lines which shows that the cell lines do not separate according to 

sensitivity (Figure 2.12B).  
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Figure 2.11: Breast cancer sensitivity to decitabine (DAC) is not associated with a 

specific pattern of methylation. A) The average methylation β-values for promoter-

associated regions TSS1500, TSS200, 5UTR, and Exon 1 among the 10 cell lines are 

plotted against the decitabine-treatment relative change in methylation of those promoter 

regions (Methylation z-score) based on decitabine responsiveness. Sites located in upper 

left zone of dot plot represent sites that are hypermethylated in (e.g. resistant) cell lines 

compared to the rest of the cell lines. B) The hypermethylated regions identified in A) are 

represented by the methylation β-value in each cell line. KMC submitted cell line DNA for 

HM450 analysis. 
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Figure 2.12: Primary breast tumours and breast cancer cell lines cannot be defined 

as decitabine-sensitive or -resistant based on differentially methylated CpGs in cell 

lines. A) TCGA, Cell 2015 HM450 Methylation β-values for 434 genes identified as 

differentially methylated in the cell lines (n=741). Patients with highest methylation of 

genes identified as methylated in decitabine-resistant cell lines are leftmost in the 

heatmaps. Data accessed by cBioportal285,286 and TCGA Methylation Wanderer295. B) 

Principal Component Analysis (PCA) of DNA methylation status of CpGs within 200 nt 

of the transcription start site (TSS200) and CpGs in gene bodies in 10 breast cancer cell 

lines.  
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2.3.4 GENOME-WIDE AND GENE-SPECIFIC DEMETHYLATION OF TUMOUR SUPPRESSOR 

GENES BY DECITABINE IN BREAST CANCER CELLS IS NOT CORRELATED WITH DECITABINE 

RESPONSE 

Although baseline methylation did not reveal any putative biomarkers, I 

hypothesized that genomic demethylation in the presence of decitabine may correlate with 

decitabine response. I analyzed HM450 data from six TNBC cell lines treated with 1µM 

decitabine for 72 hours. This revealed that decitabine induced a range of demethylation in 

the cells; however, the extent of demethylation was not reflective of the decitabine 

sensitivity in the cell lines. For example, SUM149 cells are generally highly sensitive 

(Figure 2.1), but on a genome-wide scale had comparatively little demethylation (Figure 

2.13A), while SUM159 are resistant, and yet comparatively lost their methylation. Hence, 

although demethylation is associated with decitabine treatment in breast cancer cells, it is 

not correlative of IC50s determined by the colony assay (Figures 2.1 and 2.13A). 
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Figure 2.13: Breast cancer sensitivity to decitabine (DAC) is not associated DAC-

induced demethylation or by induction of common hypermethylated tumour 

suppressor genes (e.g. RUNX3). DNA Methylation as determined via HM450 array 

among breast cancer cell lines A) after treatment with 1μM DAC for 72 hours. B) 

Methylation via HM450 of a promoter-associated CpG island in RUNX3 after treatment 

with 1μM DAC for 72 hours and C) RUNX3 mRNA levels via RT-qPCR after DAC 

treatment; SD error bars, one-way t-test, p<0.01**, p<0.001***. KMC submitted cell line 

DNA for HM450 analysis, CD assisted with RT-qPCR. 
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The extent of genome-wide demethylation was reflective of gene-specific 

demethylation of promoter regions and of known tumour suppressors RUNX3 (Figure 

2.13B), BRCA1, CDH2, and RASSF1 (Figure 2.14), but not associated with response 

(Figure 2.1). Intriguingly, increased expression of RUNX3 (Figure 2.13C) and CDH2 

(Figure 2.14) in many cases was not paired with promoter demethylation (Figure 2.13B, 

Figure 2.14), suggesting that induced expression of these well-characterized 

hypermethylated tumour suppressor genes296–298 by decitabine is not necessarily due to 

promoter demethylation and may be a result of other effects of decitabine treatment. In 

validation of the HM40 data, we performed bisulfite pyrosequencing of 32 CpGs in the 

promoter region of RUNX3 (Figure 2.15). The sequencing data generally agrees with the 

HM450 data and demonstrated that the SUM159 promoter is  hemimethylated and is 

overall minimally demethylated by decitabine treatment, while the more methylated MDA-

MB-231 RUNX3 promoter contains a cluster of CpG sites around the start codon that are 

demethylated upon decitabine treatment (CpG site 11 to 17, Figure 2.15). 
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Figure 2.14: BRCA1 (A), CDH2 (B), and RASSF1 (C) promoter methylation and gene 

expression after decitabine treatment. The decitabine-sensitive MDA-MB-468 and 

SUM149, decitabine-intermediately sensitive MDA-MB-231 and MDA-MB-436, and 

decitabine-resistant Hs578T and SUM159 breast cancer cell lines were treated with 1µM 

decitabine for 72 hours. Decitabine-induced (DAC) changes in methylation of CpG sites 

associated with a CpG island on the promoter region of BRCA1 was determined via 

HM450K Illumina BeadChip Array; each dot represent a CpG site (n=1). Expression of 

BRCA1 (A), CDH2 (B) or RASSF1 (C) after decitabine treatment (DAC) was determined 

via RT-qPCR (n=6); SD error bars; one-sample t-test; p<0.05 *. KMC submitted cell line 

DNA for HM450 analysis, CD assisted with RT-qPCR. 

 

 
Figure 2.15: Bisulfite Pyrosequencing of CpGs in the RUNX3 promoter region in 

MDA-MB-231 and SUM159 breast cancer cells treated for 72 hours with 1µM 

decitabine. The start codon is located between CpGs 14 and 15. n=3, SD error bars. HM 

and ICGW performed bisulfite pyrosequencing.  
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2.3.5 DECITABINE UPREGULATES GENE EXPRESSION VIA DEMETHYLATION OF PROMOTERS 

AND INDUCES TRANSCRIPTIONAL PROGRAMS FOR STRESS, CELL CYCLE ARREST, APOPTOSIS, 

AND IMMUNE RESPONSE 

Since my analyses of gene-specific demethylation of tumour suppressor genes 

failed to identify correlations with expression and decitabine sensitivity (Figure 2.13-2.15) 

I extended my gene expression analyses genome-wide. Three cell lines spanning the range 

of decitabine sensitivity were assessed for expression changes in the presence of decitabine 

by microarray. Extensive upregulation of gene expression was observed across all three 

cell lines while concurrently many genes were downregulated (Figure 2.16 and 2.17). 

Interestingly, though the magnitude of induction was variable, there was significant overlap 

in which transcripts were upregulated between the cell lines, with few differentially 

regulated genes (Figure 2.16A). Independent GSEA of the up-regulated vs. down-regulated 

transcripts showed that there is significant overlap of the breast cancer decitabine up- or 

down-regulated transcripts with existing azanucleoside-mediated gene expression datasets. 

The gene set Kim_Response_to_TSA_and_decitabine is from 4 glioma cell lines treated 

with combination decitabine and trichostatin A (histone deacetylase inhibitor)299, dataset 

Zhong_response_to_azactidine_and_TSA is from 4 non small cell lung cancer cell lines 

treated with a combination of azacytidine and trichostatin A300, and dataset 

Heller_HDAC_targets_silenced_by_methylation is from 3 multiple myeloma cell lines 

treated with a combination of azacytidine and trichostatin A301. If these up-regulated 

transcripts are hypermethylated tumour suppressor genes then I would expect the more 

decitabine-sensitive cell lines to have stronger induction of these gene sets, but this is not 

the case as SUM159 (decitabine-resistant) has the most extensive gene upregulation.  
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Figure 2.16: Decitabine induces expression of methylated genes, drug response 

pathways, and immune response pathways genes regardless of DAC sensitivity. A) 

Gene expression microarray of cell lines treated with 1μM DAC for 72 hours showing 

genes significantly up- or down-regulated (1.5-fold) in any cell line; GSEA showing genes 

from independent datasets of azanucleoside-treated cancer cells. B) Left: HM450 

methylation values of genes for which expression was affected by decitabine treatment in 

MDA-MB-231 cells significantly up- (426 genes) or down-regulated (168 genes). Right: 

Proportion of genes with methylated TSS (transcription start site) or exon 1 that are up- or 

down-regulated in expression after DAC treatment. C) HM450 methylation on genes for 

which decitabine affects expression in MDA-MB-231; change in methylation after 72 

hours decitabine treatment (DAC-NT) versus pre-decitabine methylation (NT). D) Top 100 

enriched gene sets in the un-methylated (TSS/Exon1) DAC up-regulated genes based on 

GSEA; gene included in each pathway indicated by color. KMC submitted cell line DNA 

for HM450 analysis. KMC submitted MDA-MB-468 and MDA-MB-231 RNA for 

Affymetrix Human Gene 2.0 ST microarray. 

 

 

Figure 2.17: Genome-wide expression changes induced by decitabine treatment in 

breast cancer cells. Gene expression changes induced by decitabine are quantified in 

MDA-MB-468, MDA-MB-231 and SUM159 cells using the Affymetrix Human Gene 2.0 

ST microarray platform (n=3). The log2-fold change in expression is plotted versus the –

log10 (ANOVA p-value). Only probes with a >1.50-fold expression change and a p-value 

of <0.05 are indicated as colored dots. KMC submitted MDA-MB-468 and MDA-MB-231 

RNA for Affymetrix Human Gene 2.0 ST microarray. 
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To determine if there is direct upregulation of gene expression via demethylation 

of promoter regions, HM450 Methylation β-values from the genes that were up or 

downregulated by decitabine in all three cell lines were examined. More often, the 

TSS1500, TSS200, 5’UTR, and Exon1 regions were methylated in upregulated genes 

compared to downregulated genes in MDA-MB-231 (Figure 2.16B), MDA-MB-468 

(Figure 2.18A) and SUM159 cells (Figure 2.18B). As expected, there was general 

demethylation of these regions in upregulated genes after decitabine treatment in MDA-

MB-231 (Figure 2.16C), MDA-MB-468 and SUM159 cells (Figure 2.19). Intragenic 

(especially gene body) DNA methylation may serve as a positive regulator of transcription, 

where loss of methylation inhibits gene expression302. This may explain why 

downregulated genes were more likely to have methylation of the 3’UTR and gene body 

compared to upregulated genes (Figure 2.20).  
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Figure 2.18: Clustering of the decitabine up- and downregulated genes based on 

HM450 methylation values of gene regions in A) MDA-MB-468 and B) SUM159 cells. 

C) Methylation changes in TSS1500/TSSS200/5UTR/Exon1 of genes up- or down-

regulated by decitabine. KMC submitted cell line DNA for HM450 analysis and MDA-

MB-468 RNA for Affymetrix Human Gene 2.0 ST microarray. 
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Figure 2.19: Methylation changes in Gene Body/3UTR of genes up- or down-

regulated by decitabine. KMC submitted cell line DNA for HM450 analysis and MDA-

MB-468 RNA for Affymetrix Human Gene 2.0 ST microarray. 
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Genes that were confirmed to have hypermethylated promoter regions only 

constituted 16-28% of total decitabine-upregulated genes (Figure 2.16B), leaving the 

majority of upregulated genes without a clear cause for upregulation. Direct gene 

expression changes induced by demethylation are well-characterized outcomes of 

decitabine treatment; however, the indirect gene expression changes that are not readily 

explained by methylation changes are not as well understood. These indirect changes may 

be due to the demethylation of transcription factors or the epigenetic resurrection of other 

upstream signalling pathways. In a GSEA of the decitabine-upregulated genes with 

unmethylated TSS and Exon1 in each cell line, all three cell lines showed upregulation of 

genes associated with cell cycle arrest, cell death, DNA damage, stress, immune response, 

and transcriptional machinery (Figure 2.19D).  

 

2.3.6 DECITABINE INDUCES VIRAL MIMICRY RESPONSE IN BREAST CANCER CELLS, BUT 

DSRNA SENSORS ARE NOT REQUIRED FOR IN VITRO SENSITIVITY 

Among the most consistently upregulated pathways by decitabine in the cell lines 

were immune-related pathways (Figure 2.19D). Consistent with this, interferon-inducible 

2'-5'-oligoadenylate synthetase-like (OASL) was up-regulated in MDA-MB-231 cells upon 

decitabine treatment. Recent reports have highlighted the requirement for the viral mimicry 

response (interferon-induced OASL is part of this response) for decitabine sensitivity for 

in vitro and in vivo growth inhibition of colorectal and ovarian cancer cells272,273. In those 

studies, demethylation by decitabine leads to re-expression of epigenetically silenced 

endogenous retroviral elements (ERVs), leading to a cascade of events that results in 

induction of the interferon response (Figure 2.20A). I assessed the level of induction of 
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previously described mediators of the decitabine-induced viral mimicry response in the 

breast cancer cell lines. I assessed expression of the ERVs in my cell lines using a panel of 

previously described and newly designed primers (Table 2.5). I was unable to detect 

expression of many of these transcripts in the 10 breast cancer cell lines (pooled cDNA 

sample of all cell lines no treatment and decitabine treated, Table 2.5). Decitabine-induced 

expression of ERVs MLT1C49 or MLT2B4 was observed in some of the cell lines (e.g. 

SKRBR3, MDA-MB-436) treated with 1µM decitabine for 72 hours; however, induction 

was inconsistent and did not correlate with sensitivity (Figure 2.20B). I further explored 

the induction of ERVs EnvE, ERVFRD1, and the 5’UTR region of HERV-K in decitabine 

sensitive MDA-MB-468 cells, intermediately sensitive MDA-MB-231 cells and resistant 

SUM159 cells treated with their cell confluency IC50s of decitabine. This again resulted in 

limited induction of these ERVs, which did not correlate with decitabine sensitivities 

(Figure 2.21A). Of note these ERVs were also not induced in the MDA-MB-468 tumours 

that had been treated with decitabine (Figure 2.1, Figure 2.21B). 
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Figure 2.20: Decitabine induces expression of the dsRNA pathway but it is not 

essential for DAC sensitivity. A) dsRNA “viral mimicry” pathway components B) show 

increased gene expression via RT-qPCR in breast cancer cell lines after 1μM DAC 

treatment for 72 hours; SD error bars, one-sample t-test, Spearman correlation R. CD 

assisted with RT-qPCR. 
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Table 2.5: Endogenous Retroviral Element RT-qPCR primers quality control 

summary272,273,303. 

ERV Source 
Primer 

Efficiency 
Other Issues 

envE 

(Chiappinelli et al., 

2015; Strissel et al., 

2012) 

138.7 
Requires double 

RNA conc. 

envFc1 

(Chiappinelli et al., 

2015; Strissel et al., 

2012) 

336.4  

envRb 

(Chiappinelli et al., 

2015; Strissel et al., 

2012) 

234.3  

envT 

(Chiappinelli et al., 

2015; Strissel et al., 

2012) 

74 Wide melt curve 

envV2 

(Chiappinelli et al., 

2015; Strissel et al., 

2012) 

- No amplification 

ERVFRD1 Meg Dahn 97  

ERVV Meg Dahn 593  

HK5-orf1 Meg Dahn 273.6  

HK5-utr Meg Dahn 115  

HK-orf-2 Meg Dahn - No amplification 

HW1 Meg Dahn 627.5  

L-2 Meg Dahn 286.9 2 melt curves 

L-orf1 Meg Dahn 362.5 2 melt curves 

L-orf2 Meg Dahn 257.6 2 melt curves 

L-utr Meg Dahn 166 2 melt curves 

MLTA10 (Roulois et al., 2015) - No amplification 

MLT1B (Roulois et al., 2015) - No amplification 

MER21C (Roulois et al., 2015) - No amplification 

ERVL (Roulois et al., 2015) - No amplification 

MLT1C49 (Roulois et al., 2015) 87  

MLT1C627 (Roulois et al., 2015) - No amplification 

MER4D (Roulois et al., 2015) - No amplification 

MER57B1 (Roulois et al., 2015) - No amplification 

MLT2B4 (Roulois et al., 2015) 111  

 

N.B. Bolded ERVs are ones that were quantified by RT-qPCR in this manuscript. 
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Figure 2.21: RT-qPCR of Endogenous Retroviral Elements ERVs in decitabine 

treated breast cancer cells. A) MDA-MB-468, MDA-MB-231 and SUM159 breast 

cancer cells treated with their respective cell confluency 72 hour decitabine IC50s (0.6uM, 

1uM, and 9uM), n=4; SD error bars; one sample t-test. B) MDA-MB-468 xenograft 

tumours treated with 0.5 mg/kg decitabine for 3 weeks (tumour growth in Figure 2.1B); 2-

tailed t-test (NT n=8; DAC n=8). SEM error bars. p<0.05*, p<0.001***. 
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The general response to ERVs is better detected by assessing levels of double 

stranded (ds)RNA recognition pattern receptors melanoma differentiation-associated 

protein (MDA5, encoded by IFIH1) and retinoic acid-inducible gene I (RIG-I, encoded by 

DDX58) after decitabine treatment. RIG-I and/or MDA5 were induced by decitabine in 

most of the cell lines (Figure 2.20B). Downstream effectors such as mitochondrial anti-

viral signaling protein (MAVS), transcriptional activator of interferon, interferon regulatory 

factor 7 (IRF7), anti-viral OASL, and interferon response mediator interferon-stimulated 

gene 15 (ISG15) were also generally induced in the cell lines, but did not correlate with 

sensitivity (Figure 2.20B). I also used our gene expression microarray data to evaluate a 

larger panel of reported interferon stimulated genes (Table 2.6) in decitabine treated MDA-

MB-468, MDA-MB-231 and SUM159 cells (Figure 2.22A). These analyses suggest two 

points; 1) that strong induction of interferon-stimulated genes is not associated with 

increased sensitivity to decitabine, and 2) that decitabine-induced expression of IFN 

stimulated genes is not due a direct de-methylation of the promoter regions of these genes. 

Please note that the HM450 methylation data revealed that the most strongly induced genes 

(DDX58, HPSE, IFI6, IFIT1, IFIT3, OAS3, and ZC3HAV1) have an unmethylated 

promoter region (TSS200/1500, Figure 2.22B); therefore it is unlikely that the increased 

expression in a result of decitabine directly demethylating these genes. Regardless, the 

induction of some of these genes is consistent with a viral mimicry response being induced 

through increased MDA5/RIG-I in the breast cancer cells.  
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Table 2.6: Interferon-stimulated genes 304. The fold changes in gene expression upon 

decitabine treatment is taken from our microarray data, ANOVA p-value <0.05*; 

p<0.01**; p<0.001***. 

Interferon-Induced Gene MDA-MB-468 MDA-MB-231 SUM159 

ADAR -1.01 1.02 -1.32 

BST2 1.57 -1.14 1.01 

CD74 -1.44 -1.11 1.08* 

DDIT4 -3.26 -2.69 -8.48 

DDX58 1.46* 1.44* 1.35* 

DDX60 -1.07 1.29 -1.04 

EIF2AK2 1.1* -1.09 -1.18 

GBP1 -1.04 -1.07 1.55** 

GBP2 -2.48 1 -1.04 

HPSE 1.68* 2.01* 3.51** 

IFI44L -1.42 1.25 1.37 

IFI6 2.07 1.74** 2.32* 

IFIT1 1.71 1.64** 2.26* 

IFIT2 1.54* 1.87* 1.15 

IFIT3 2.14*** 1.48* 1.77 

IFIT5 1.54* -1.16 -1.08 

IFITM1 1.1 1.18* -1.08 

IFITM2 -1.1 1.04 1.23 

IFITM3 -1.01 1.13** 1.2* 

IRF1 1.48* 1.1 -1.16 

IRF7 1.53* 1.39 1.01 

ISG15 1.08 1.43* 1.37 

ISG20 -1.13 1.58* -1.01 

MAP3K14 1.68* 1.1 1.07 

MB21D1 3.83** 1.14* 1.36 

MOV10 -1.17 1.11* 1.06 

MS4A4A -1.08 1.05 -1.21 

MX1 1.05 1.17 1.1** 

MX2 1.02 1.04 1.41 

NAMPT 1.14* 1.11** -1.45 

OAS1 -1.89 1.04 -1.15 

OAS2 1.11 1.59* 1.04 

OAS3 1.12 1.24* 1.31 

OASL -1.07 1.9* 1.26 

P2RY6 -1.14 1.05 -1.21 

PML 1 -1.11 1.08 

RSAD2 1.21 2.11* 1.01 

RTP4 1.15 1.1 -1.22 

SLC15A3 1.41 1.11 1.15 

SLC25A28 1 -1.12 -1.22 

SSBP3 -1.46 1.12 1.56 

SUN2 -1.28 1.06 -1.46 

TREX1 -1.17 -1.07 -1.14 

TRIM25 -1.08 -1.08 -2.27 

TRIM5 -1.51 -1.1 1.06 

ZC3HAV1 -1.08 1.41* 3.88** 
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Figure 2.22: Decitabine treatment alters expression of some interferon-induced genes, 

but strength of induction is not associated with decitabine sensitivity. A) MDA-MB-

468 (sensitive), MDA-MB-231 (intermediate), and SUM159 (resistant) cells were treated 

for 72 hours with 1µM decitabine and expression of the 46 genes noted in Table 2.6 were 

assessed via microarray and depicted as dots. B) Interferon-inducible genes that are 

strongly induced by decitabine treatment do not have strongly methylated promoter regions 

in MDA-MB-468, MDA-MB-231, and SUM159 breast cancer cells. HM450 analysis of 7 

interferon-inducible genes that were strongly upregulated after 72 hours of 1µM decitabine. 

Generally, the promoter region (TSS1500/200) is unmethylated and the gene body is 

methylated which suggests that DNA methylation is not silencing these genes in any of 

these breast cancer cell lines. 
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Via knockdown, MDA5 has been shown to be an essential mediator of the viral 

mimicry response induced by decitabine in colorectal cancer273. I therefore knocked down 

MDA5 in the most decitabine sensitive MDA-MB-468 cells (Figure 2.23A) to determine, 

if like DCK knockdown, this would render the cells less sensitive to decitabine. However, 

in contrast to my results with DCK (Figure 2.3, knockdown of MDA5 did not make MDA-

MB-468 cells resistant to decitabine (Figure 2.23A). Similarly, RIG-I knockdown did not 

make the cells more resistant to decitabine (Figure 2.23B). Together these data suggest that 

while the viral mimicry response is generally induced in breast cancer cells, it does not 

appear to be the key determinant of decitabine sensitivity in the cells in vitro. 
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Figure 2.23: RIGI and MDA5 are not essential for decitabine sensitivity. shRNA-

mediated knockdown of A) MDA5 (IFIH1) or B) RIGI (DDX58) in MDA-MB-468 cells 

does not affect in vitro DAC sensitivity in colony forming assay. SD error bars, ANOVA 

with Dunnett’s post-hoc test; p<0.01**, p<0.001***. AJJ assisted with MDA5-KD colony-

forming assay and generated Western blot. 
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2.3.7 HIGH LEVELS OF EXPORTER ABCB1 DOES NOT LIMIT DECITABINE RESPONSE IN 

BREAST CANCER CELLS 

A consideration for the TNBC patients receiving decitabine in clinical settings is 

the potential presence of multidrug resistance acquired during initial chemotherapy 

treatment. Increased expression of exporter multidrug resistance gene ABCB1, is a 

common resistance mechanism for many drugs162,305. Gene expression from 56 matched 

breast tumour samples pre- and post- chemotherapy treatment showed that ABCB1 

expression was elevated post-chemotherapy in patients with at least partial response to 

treatment (Figure 2.24A).  This suggest that the effect of ABCB1 expression in breast 

cancer needs to be assessed for its impact on decitabine response.  

I assessed expression of ABCB1 across the ten breast cancer cell lines and noted 

increased expression in decitabine resistant SUM159 and Hs578T cells, but also decitabine 

sensitive MDA-MB-468 cells (Figure 2.24B). This may suggest that increased ABCB1 is 

a potential mechanism of decitabine resistance in breast cancer; however, knockdown of 

ABCB1 in decitabine sensitive MDA-MB-468 cells had minimal impact on decitabine 

sensitivity (Figure 2.24C).  
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Figure 2.24: ABCB1 increases with taxane treatment but has minimal effects on 

decitabine sensitivity. A) ABCB1 expression via microarray in GSE28844 dataset of 

breast cancer patients treated with anthracyclines and taxanes (paired two-tailed t-test). B) 

Expression of ABCB1 across breast cancer cell lines by RT-qPCR. C) shRNA mediated 

ABCB1 knockdown and in vitro decitabine sensitivity; ANOVA with Dunnett’s post-hoc 

test. p<0.05*, p<0.01**, p<0.001***. CD assisted with RT-qPCR. 

 

To further assess how multidrug resistance impacts decitabine response, I used a 

variant of the MDA-MB-231 cell line with acquired taxol- and anthracycline-resistance 

and ABCB1-overexpression290. I confirmed the resistant cell line had increased ABCB1 

expression, was significantly more resistant to paclitaxel than the control cell line, and that 

paclitaxel resistance in the cells could be reduced by the addition of the ABCB1 inhibitor 
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verapamil (Figure 2.25A). Importantly, the taxol-resistant MDA-MB-231 cells were not 

resistant to decitabine and ABCB1 inhibition did not further sensitize cells to decitabine, 

implying that ABCB1 does not play a major role in decitabine response (Figure 2.25B). 

Therefore, increased expression of ABCB1 in the tumours of breast cancer patients that 

will receive decitabine after having received chemotherapy will not be a significant barrier 

to decitabine response. 

 

Figure 2.25: ABCB1 causes resistance to taxanes but has minimal effects on 

decitabine sensitivity A) ABCB1 expression via RT-qPCR in taxol-resistant MDA-MB-

231 cells; one-tailed t-test. Colony forming IC50 assay in taxol-resistant MDA-MB-231 

treated with ABCB1 inhibitor verapamil and paclitaxel or B) decitabine. ANOVA with 

Tukey’s post-hoc; p<0.05*, p<0.01**, p<0.001***. SRH and KBG supplied taxol-resistant 

MDA-MB-231 cell lines. 
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2.4  DISCUSSION  

My comprehensive analysis of decitabine response in breast cancer cells screened 

many of the potential mechanisms of decitabine to determine if essential factors and/or 

predictors of sensitivity could be identified that may impact the success of ongoing clinical 

trials in TNBCs. Together, this study revealed a range of responses to decitabine in breast 

cancer that could not be predicted based on commonly proposed mechanisms (e.g. 

demethylation of tumour suppressor genes, viral mimicry response). My transcriptome and 

methylome analyses also demonstrated that while decitabine induces genome-wide 

expression changes and demethylation, these effects are not necessarily paired and do not 

correlate with sensitivity. Instead, it became apparent that the many gene expression 

changes induced by decitabine are either an indirect result of its demethylation and/or a 

consequence of cell death, DNA damage, and immune responses being induced. Notably, 

I describe a requirement for DCK, the decitabine processing enzyme, for decitabine-

induced growth suppression and gene expression changes. DCK is comparatively abundant 

in TNBC and is increased post-chemotherapy in non-responding patients. This combined 

with my demonstration that multidrug-resistant/ABCB1-overexpressing breast cancer cells 

remain sensitive to decitabine, suggests that decitabine may be useful as part of a second-

line therapy regimen for TNBC patients. 

The initial enthusiasm for hypomethylating agents (e.g. decitabine and azacytidine) 

to treat MDS has been tempered by years of clinical use which indicate that fewer than half 

of patients maintain a response to the therapy306. This is also true for chronic 

monomyelocytic leukemia (CMML, for which azacytidine and decitabine are the only 

approved drugs), where overall response rates hover at 40% and complete response at 
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<20% 307. As an AML therapy, overall response to decitabine is also ≈40%, though there 

is some encouraging data to suggest a precision medicine approach could work for treating 

older AML patients with decitabine. For example, DNMT3A mutations, TET2 mutations 

and IDH1/2 mutations have all been associated with favorable outcomes in AML (and 

some MDS cases)308–310. However, similar stratification strategies are unlikely to work in 

breast cancer and other solid tumours; since mutations in epigenetic machinery genes are 

far less common285,286. Regardless, even for these blood malignancies/disorders there are 

many other clinical factors such as age, cytogenetics, prior treatment regimen, global or 

gene-specific methylation, and gene expression patterns that influence response to 

decitabine311. While there is compelling evidence for each of these factors individually, 

most recent studies cannot form a cohesive molecular profile of favorable decitabine 

response for AML, MDS, or CMML. As such, my gene-specific and genome-wide 

transcription and methylation results in breast cancer are unsurprising and suggest that 

predicting decitabine response will be multi-factorial and decitabine will likely be used in 

combination with other drugs.  

Potential rational combinations include using DNA hypomethylating agents 

followed by immunotherapeutics such as checkpoint inhibitors. This strategy should 

increase the immunogenicity of tumours by inducing expression of hypermethylated cancer 

testis antigens (and HERVs) with decitabine, and concomitantly inhibit the downregulation 

of elicited anti-tumour cytotoxic T cell responses by blocking PD1-PDL1 or CTLA4-

CD80/86 interactions. This is the intended strategy for an ongoing clinical trial for TNBC 

(NCT02957968), where patients are treated sequentially with decitabine plus checkpoint 

inhibitor pembrolizumab (anti-PD1), followed by standard chemotherapy.  
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In these immunotherapeutic-based combination approaches, it is also important to 

consider how decitabine affects PDL1 expression, and in this regard the data is somewhat 

contradictory. In murine solid tumour studies, decitabine reduced PDL1 levels on tumour 

cells and subsequently improved infiltration of cytotoxic CD8+ T-cells and enhanced anti-

PD1 immunotherapy 312–315. In another study examining DNA methylation and PDL1 

expression patterns in melanoma cell lines and TCGA melanoma patient data, decitabine 

induced expression of PDL1 in cells, and in hypomethylated treatment-naïve patient 

tumours, there was strong expression of “viral mimicry” HERVs and higher PDL-1316. 

However, decitabine treatment also increased PDL1 levels in MDS, CMML, and AML 

patients 317. Importantly, MDS patients with the most elevated PDL1 post-decitabine were 

also the most resistant to decitabine therapy. Together, these studies underlie the 

importance of determining how decitabine effects immunogenicity in the clinic versus in 

pre-clinical animal studies, and that these effects may also be cancer-type-specific. 

Based on the mixed results of these well-established immunogenic pathways, we 

should be hopeful but cautious when interpreting any viral mimicry responses induced by 

decitabine. I see a clear induction of the viral mimicry response genes (e.g. OASL and 

ISG15) in breast cancer cells; however, this was not paired with a favorable decitabine 

response. The direct cytotoxicity of MDA5-mediated viral mimicry that was observed in 

colorectal cancer cells273 was not replicated in my MDA5 knockdown breast cancer cells. 

Importantly, I did not assess the immunogenicity of decitabine treatment; hence, it is 

possible that while induction of this pathway is not directly cytotoxic in breast cancer cells, 

may be important for inducing anti-tumour effects in immunocompetent models and 

patients. 
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CHAPTER 3: AN UNBIASED GENOME-WIDE SCREEN IDENTIFIES MTHFD2 

AS A MEDIATOR OF DECITABINE RESPONSE IN BREAST CANCER 
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3.1  INTRODUCTION 

Cancer is a generally thought of as a mutation-driven disease; however, in addition 

to mutations, epigenetic modifications such as DNA methylation play a role in the 

progression of cancer88. Hypermethylation of CpG sites at the promoter region of a gene 

can effectively silence expression of that gene; and in cancer, hypermethylation often 

silences tumour suppressor genes (TSGs)61,318. DNA methylation and other epigenetic 

modifications (e.g. histone acetylation) are complicit in all of the cancer hallmarks defined 

by Hanahan and Weinberg22 as aberrant epigenetic marks have been shown to regulate 

expression of many hallmark pathways. As such, DNA methylation, especially 

hypermethylation and silencing of key growth regulatory genes, has been presumed to be 

a potential target of epigenetic therapy for solid tumours.  

DNA methyltransferases (DNMTs) are a group of enzymes required for DNA 

methylation, and inhibitors of these proteins have the potential to reduce hypermethylation 

of TSGs and may be effective cancer therapies268. Once such DNMT inhibitor, decitabine 

(5-aza-2’-deoxycytidine), is currently approved by the FDA to treat myelodysplastic 

syndromes and is in clinical trials to treat solid malignancies (NCT01799083, 

NCT03875287, NCT01799083, etc.).  

DNMT inhibitors are promising chemotherapeutics for treating many cancers 

because a) most cancers present with aberrant DNA methylation, b) this methylation 

evolves with tumour progression, c) these modifications are far more plastic than mutations 

and therefore may be more “druggable”61,318. However, like in most solid tumours, the 

plasticity and abundance of promoter DNA hypermethylation in breast cancer makes it 

difficult to determine which CpG sites are most important in the establishment and 
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maintenance of a tumour. In general, two approaches have been taken to elucidate the 

essential DNA methylation changes for breast cancer: 1) determining methylation status of 

known tumour suppressor genes and 2) identifying cancer-specific methylation changes by 

comparing the cancer epigenome to the normal tissue epigenome74,80,85,319–324. 

While previous studies have revealed an important prognostic and mechanistic role 

of DNA methylation in cancer, there is only occasional overlap of the gene lists generated 

by these studies. This highlights a key issue in the study of cancer DNA methylation: it is 

difficult to isolate the key “driver” events from the many “passenger” events. Most 

epigenome-wide studies depend on correlative evidence and identify 10,000s of potential 

gene hits, while methylation analysis of known TSGs excludes all TSGs that have not yet 

been identified. Furthermore, it is unknown if these hits contribute to the susceptibility of 

a cancer cell to a de-methylating agent. Determining the key “driver” DNA methylation 

events in breast cancer with a novel approach will add to our understanding of the role of 

DNA methylation in breast cancer and will reveal a cohort of patients whose tumours may 

respond to demethylating agents such as decitabine.  

To overcome the limitations of previous attempts to generate a phenotypically 

relevant DNA methylation profile in breast cancer and to also identify biomarkers that 

predict response to decitabine, I performed a knockdown screen. My approach to identify 

driver DNA methylation events is simultaneously functional and genome-wide. An in vivo 

genome-wide knockdown screen was performed using the ThermoFisher Decode lentiviral 

knockdown library in the MDA-MB-231 cell line. These shRNA library MDA-MB-231 

cells were orthotopically implanted in female NOD/SCID mice and the mice were divided 

into no treatment and decitabine treatment groups. Decitabine treatment resulted in smaller 



103 

tumours—however cells that harboured the shRNA knockdown of a hypermethylated 

tumour suppressor gene, or a gene required for decitabine sensitivity would have a growth 

advantage.  

It should be noted that decitabine’s mode of action is not limited to resurrection of 

tumour suppressor genes, and that growth suppression in decitabine-treated cells has been 

linked to other potential mechanisms such as induction of the DNA damage response, 

cytotoxicity induced by global demethylation, and induction of the dsRNA response325–327. 

It is unclear which consequence of decitabine is essential for the successful treatment of 

patients. There is evidence that the main mode-of-action for de-methylation therapies is 

dependent on the tissue of origin (e.g. ovarian and colorectal tumours have a strong dsRNA 

response) and a suggestion that some tumours are more epigenetically “primed” to respond 

to de-methylating therapy than others (i.e. a tumour with more hypermethylated promoters 

may be more inclined to respond). Defining biomarkers of response to de-methylation 

therapy is a step towards the effective use of decitabine since it will allow patient 

stratification. 

The genome-wide knockdown screen led to the identification of several putative 

hypermethylated TSGs; however only knockdown of methylenetetrahydrofolate 

dehydrogenase 2 (MTHFD2) bestowed relative resistance to MDA-MB-231 tumours 

treated with decitabine. Most striking was how knockdown of MTHFD2 restricted the 

growth of MDA-MB-231 tumours; this is likely because MTHFD2 is vital for nucleotide 

biosynthesis in cancer cells and reduced nucleotide pools slow tumour growth328,329. The 

only synergistic result of combined MTHFD2-KD and decitabine treatment came in the 
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form of increased chemokine (C-C motif) ligand 20 (CCL20) expression which is known 

to promote breast cancer resistance to chemotherapies.  

This genome-wide screen did not reveal the hypothesized panel of functional 

hypermethylated tumour suppressor genes, instead I have found that MTHFD2 is a key 

metabolic enzyme which supports breast tumour growth. MTHFD2 is consistently up-

regulated in many cancer types, and its expression significantly correlates with poor 

clinical outcome in breast cancer, pancreatic carcinomas, renal cell carcinoma, leukemia 

and in a particularly aggressive metabolic subtype of hepatocellular carcinoma330–337. 

MTHFD2 is a potential target for cancer therapy in its own right, and high MTHFD2 

expression may be a marker for breast cancer patients with aggressive disease that may be 

suitable for nucleotide-based therapies like decitabine.  

  

3.2  MATERIALS AND METHODS 

 

3.2.1 CELL CULTURE  

Cancer cell lines were obtained from ATCC (American Type Culture Collection). 

MDA-MB-231, MCF7, SKBR3, T47D, and HEK293T cells were grown in Dulbecco’s 

Modified Eagle Medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum 

(FBS; Invitrogen) and 1X antibiotic antimycotic (AA; Invitrogen). MDA-MB-436 cells 

were grown in Leibovitz’s Medium (L-15; Invitrogen) supplemented with 10% FBS, 1X 

AA, 10 µg/mL human insulin (Sigma), and 16 µg/mL L-glutathione (Invitrogen). Cells 
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were cultured in a humidified 37C incubator with 5% CO2, except for MDA-MB-436 

which were cultured without the addition of CO2.  

MDA-MB-231 cells with acquired ABCB1-mediated taxane resistance (Taxol-res) 

and the matched taxane sensitive cells (Control) were previously generated and 

characterized290 and maintained in the same MDA-MB-231 growth conditions described 

above.  

 

3.2.2 GENERATION OF SHRNA LIBRARY IN MDA-MB-231 CELLS 

Three Decode lentiviral shRNA pools containing 10,000 shRNAs per pool (30,000 

total), targeting 15,221 RefSeq mRNA accession numbers corresponding to 11,954 human 

genes with well categorized biological functions or processes were purchased from Thermo 

Scientific (catalogue # RHS5339). The titre of the shRNA pools was determined using 

HEK293T cells at ≥ 5 x 108 transfection units (TU)/mL. Using the pGipZ scramble shRNA 

control (catalogue # RHS4348), we determined the relative TU/mL for MDA-MB-231 

compared to HEK293T cells (HEK293T: 4.53 x 108 TU/mL; MDA-MB-231: 1.09 x 108 

TU/mL). The relative transduction efficiency of MDA-MB-231 was thus calculated as 

0.24.  

Following the manufacturer’s instructions, we generated MDA-MB-231 shRNA 

pools with 100-fold representation of the shRNA library. Each pool was transduced into 

MDA-MB-231 using DMEM with 10% FBS and 8 µg/mL sequabrene (Sigma). To achieve 

100-fold representation of each shRNA pool, the cells were infected at a multiplicity of 

infection (MOI) of 0.3. 4 x 106 MDA-MB-231 cells (cultured in 150 mm dishes) were 
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transduced with 1.2 x 106 TU of each pool (11.0 µL). Lentivirus was left for 6 h before 

replacement with complete media (DMEM with 10% FBS and 1x AA). 

Two days post-transduction, the expanded cells harbouring the shRNA sequences 

were selected with 1.5 µg/mL puromycin, maintained in 0.25 µg/mL, and immediately 

frozen to minimize changes in shRNA representation (> 2 x 106 cells per vial). 

 

3.2.3 MDA-MB-231 IN VIVO DECITABINE-TREATED SHRNA SCREEN 

All animal studies have been conducted in accordance with the ethical standards 

and according to the Declaration of Helsinki and the Canadian Council on Animal Care 

(CCAC) standards, and performed under protocol numbers 13-010, 15-013, 17-011, and 

19-013. Tumour volume was quantified as (mm3, length x width x height / 2). 

MDA-MB-231 shRNA screen cells admixed 1:1 with high concentration phenol 

red-free Matrigel (BD Bioscience) and 2x106 cells were orthotopically injected into lower 

mammary fat pad of 8-9 week-old female NOD/SCID mice (n=18; each pool n=6). After 

development of palpable tumours (day 24) mice were divided into treatment or no 

treatment groups. Treatment group (n=9) received intraperitoneal injections daily for 8 

days of 0.5 mg/kg decitabine; no treatment received PBS (phosphate buffered saline; n=9). 

On day 32 post-cell injection, mice were sacrificed. This experiment was independently 

repeated a second time so that n=6 for relative shRNA abundance analysis. 
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3.2.4 ANALYSIS OF RELATIVE KNOCKDOWN ABUNDANCE IN DECITABINE-TREATED IN VIVO 

SHRNA SCREEN  

Tumour tissue was minced and homogenized into 1-2mm3 pieces and digested for 

14 hours in the PureLink® Genomic Digestion Buffer and Proteinase K (Invitrogen) at 

55C. Genomic DNA was isolated from tumours using the PureLink® DNA purification 

kit as per manufacturer’s specifications. Molecular barcodes unique to each shRNA were 

then amplified from genomic DNA using Phusion Hot Start II DNA Polymerase (Thermo 

Fisher Scientific) and the negative selection primers included with the Decode screen 

(RHS5339) as per manufacturer’s instructions. PCR products were run on a 2% agarose 

ethidium bromide gel alongside 1kb Plus DNA ladder (Invitrogen), and the resulting 250-

350bp sequence was purified with the PureLink® PCR Purification kit (Invitrogen) as per 

manufacturer’s specifications. 1 µg of DNA from each pool was combined, for a total of 3 

µg per sample. 

Samples were labeled, hybridized, scanned, and normalized by Ambry Genetics 

(California, USA) following instruction in the Decode Array kit. DNA quality and 

concentration were determined on a NanoDrop spectrophotometer (ThermoFisher). 

Labeling reactions were prepared using Thermo scientific Decode RNAi Pooled Lentiviral 

shRNA screening libraries protocols and the SureTag complete DNA labeling protocol for 

aCGH (version 7.1) with 1 µg DNA input. The protocol consists of two parts: labeling of 

the RNA and hybridization.  

First, 1ug of decitabine-treated samples were labeled with Cyanine 5-dUTP (Cy5) 

and no treatment samples with Cyanine 3-dUTP (Cy3) using Exo-Klenow fragment. 

Labeled DNA was then purified using Millipore Amicon Ultracel-30 filters and the 
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labeling efficiency determined by the Nanodrop spectrophotometer. Next, the labeled DNA 

was prepared for hybridization with Human Cot-1 DNA and placed on the decode array 

and hybridised at 65°C for ~17-20 hours. Finally, the arrays were washed and scanned at 

5µm resolution on an Agilent G2565CA High Resolution Scanner 

Data was processed through Agilent’s Feature Extraction software version 11.5.1.1. 

All runs passed the recommended quality control metrics set forth by Agilent. Quartile 

normalization was applied to each sample. Fold changes for each sample were calculated 

and shRNAs which were overrepresented (enriched) and underrepresented (depleted) in 

the experimental sample (MDA-MB-231 with decitabine treatment) were identified. 

 

Figure 3.1: Schematic for combining the three Decode shRNA pools to obtain relative 

shRNA abundance. A) Each shRNA pool was injected into 6 mice, 3 of which were 

treated with decitabine. B) To obtain 1n of relative abundance for every shRNA in the 

screen, DNA from 1 tumour for each pool was pooled together, NT pooled DNA was 

labeled with Cy3 and DAC pooled DNA was labeled with Cy5 prior to hybridization to 

custom Decode microarray.  

 



109 

3.2.5 ANALYTIC TECHNIQUE FOR ASSESSMENT OF RNAI BY SIMILARITY (ATARIS) 

ATARiS was hosted on GenePattern servers and accessed through the integrative 

analysis platform GenomeSpace338–340. Instead of focusing on the effects of individual 

shRNAs, this GenePattern module assessed patterns of shRNA representation from the 

genome-wide screen to generate a per-gene value of the phenotypic effect of gene 

suppression. ATARiS generated so-called gene “solutions” which contained ≥2 shRNAs 

which exerted similar effects in the screen. Additionally, a consistency score (c-score) was 

quantified for each solution which represented the confidence that the observed effect of 

the shRNA was due to on-target gene suppression (e.g. an shRNA which is consistently 

enriched (5n/6n) in the decitabine samples would have a high c-score). 

 

3.2.6 GENERATION OF INDIVIDUAL KNOCKDOWN CLONES 

Lentiviral shRNA knockdown clones (Table 3.1) were generated using the pGipZ 

vector (Dharmacon). Briefly, lentivirus was assembled in HEK293T cells using a second-

generation packaging system (pMD2.G, pSPAX2). Lentiviral supernatants were collected 

and filtered (0.45 µm) prior to being applied to MDA-MB-231 cells. Clones were selected 

by administering 1.5 µg/mL puromycin and subsequently maintained in 0.25 µg/mL 

puromycin media. For all knockdown clones created, a GIPz vector control clone 

(containing a scrambled non-specific sequence in place of an shRNA) was generated 

simultaneously. Verification of knockdown was done through RT-qPCR. 
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Table 3.1: pGIPz IDs for shRNA knockdowns generated in MDA-MB-231 cells 

 

 

3.2.7 REVERSE TRANSCRIPTASE QUANTITATIVE PCR (RT-QPCR) 

RNA was extracted from untreated and decitabine-treated cells (1µM decitabine 

for 72 hours with media refreshed daily as previously described in Chapter 2). Cells were 

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

(Invitrogen Thermo Fisher Scientific) following the manufacturer’s instructions.  For 

tumour RNA, 50 mg of minced tumour tissue was homogenized in Trizol and RNA was 

purified using the PureLink RNA kit. Equal amounts of purified RNA were then reverse 

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

cDNA was used in RT-qPCR reactions with gene-specific primers (Table 3.2) and 

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

Gene pGIPZ Oligo ID 

AGBL2 V2LHS_157785 

APOD V2LHS_132618 

CD82 V2LHS_133578 

CD83 V2LHS_28332 

COL16A1 V2LHS_150774 

CROCC V2LHS_256714 

DNAH5 V2LHS_113470 

ERN1 V2LHS_19871 

HIST1H2BA V2LHS_100002 

KLHL3 V2LHS_154277 

MTHFD2 
V2LHS_90966 

V2LHS_90968 

NSMCE2 V2LHS_179144 

OGT V2LHS_28023 

RRN3 V2LHS_175550 

SLITRK4 V2LHS_234490 

SNAI2 V2LHS_153128 

TMBIM4 V2LHS_97338 

TRPC4 V2LHS_97884 

UBE2J1 V2LHS_233446 

XRCC4 V2LHS_202124 
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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 for decitabine inducible genes 

was quantified using the ct method of the CFX Manager Software (Bio-Rad), where 

gene-of-interest quantification was normalized to reference genes GAPDH and B2M and 

then made relative to no-treatment control mRNA.  
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Table 3.2: RT-qPCR primer sequences 

Gene Forward Primer Reverse Primer 

ACRC TGGCTGCTACACCAAATCGT ATGGCACCATGACCAGAGAC 

AGBL2 TCACGTTGCAAGGACCAGAA AGGTCAGTTCGCAAGGTGAG 

APOD AAGCCACCCCAGTTAACCTC TACGGTGCCGATGGCATAAA 

B2M AGGCTATCCAGCGTACTCCA CGGATGGATGAAACCCAGACA 

CCL20 ATTTATTGTGGGCTTCACACGG GGATTTGCGCACACAGACAA 

CD82 ACTGGACAGACAACGCTGAG TGTCCTCTTCCCCCTTGACT 

CD83 CTGCTGCTGGCTCTGGTTAT GGGAAGATACTCTGTAGCCGTG 

COL16A1 CCAGGTGAAAAAGGACCACGA CCATCCAAAGTCCCGGAGC 

CROCC TTATCCAGACACTGGAGAGCAG CGGGTGACAATCTCCCTGATAA 

DNAH5 TGGAAGCATAGCGTCACTCG TCAGGTCCAAACAGGAAGCC 

ERN1 AAAACTACGCCTCCCCTGTG GTCAGATAGCGCAGGGTCTC 

GAPDH GGAGTCAACGGATTTGGTCGTA TTCTCCATGGTGGTGAAGAC 

HIST1H2BA TTGAGCGTATAGCGAGCGAG AGCGCACTGCTGTCTGAAT 

KLHL3 TTGGAGTGCTTAGCGGACAG CTGCCACTTGCTTCCAGGTA 

MAEL TTTCACACCACTGAGGAGGC GCCTCCAAGGAGAGCTTGAT 

MTHFD2 TTCTGGAAGGAAACTGGCCC GCCAACCAGGATCACACTCA 

NSMCE2 AGAGCCCGCTCTCACTTTTC GGTAGTCCAAGCTGTCTCCG 

OGT GTTCCGGCCCATGTTGTTTC GGCTTCAAACCCTGGGAACT 

RRN3 CTGTGACAGAAGTCTTGCTGAAG CGGAATTCTAGCAGCCAGTTG 

SLITRK4 CCGGCAGTGATTTTGACGTG TGTGACCATTGGGAGTGGTG 

SNAI2 AGACCCCCATGCCATTGAAG GGCCAGCCCAGAAAAAGTTG 

TDRD1 CAACTGCAAAGTGGCCGAAA AAATCAGAGCGTGGAGGCAA 

TMBIM4 CTGTTTGCCCTCGGATCTCT AACTGCCACAGTCAGAGCTT 

TRPC4 GCATGGCATGAAACATGGCT TCCTTAGAGGGATGCGGTCT 

UBE2J1 AACATTCCAGGGTGCTACGG TCGAGGGCTCATGGAGGTAT 

XRCC4 ATTCAGCATGGACTGGGACAG GGTCCTGCTCCTGACAACAAT 

ZNF595 CCCCTGAAGAGTGGAAATGTCT ACCAGGTCTGGGTTAGAGATCA 

 

 
 

 

 

 

3.2.8 HUMAN METHYLATION 450K (HM450) ANALYSIS 

Genomic DNA was extracted from untreated and decitabine-treated MDA-MB-231 

cells (1µM DAC for 72 hours with media refreshed daily) using the PureLink DNA kit 

(Invitrogen). Methylation analyses using the HM450 bead chip array (Illumina) was 

performed by the Centre for Applied Genomics at the Hospital for Sick Children (Toronto, 

Ontario, Canada), including bisulfite conversion, hybridization, background subtraction, 

and normalization.  
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3.2.9 BREAST CANCER PATIENT GENE EXPRESSION AND METHYLATION ANALYSIS 

DNA methylation (HM450) and matched gene expression (RNA Seq; log2 

RSEM+1) data for n=720 breast tumour samples and n=80 normal breast tissue samples 

(from reduction mammoplasties) from the TCGA Cell, 2015 dataset was accessed through 

TCGA Wanderer295.  

 

3.2.10 IN VIVO DECITABINE TREATMENT 

MDA-MB-231 control, APOD-KD, or MTHFD2-KD cells were admixed 1:1 with 

high concentration phenol red-free matrigel (BD Bioscience) and 2x106 cells were 

orthotopically injected into lower mammary fat pad of 8-9 week-old female NOD/SCID 

mice. Once palpable tumours formed, the mice were treated with 0.5 mg/kg decitabine 

(DAC) or vehicle control (phosphate buffered saline, PBS) by intraperitoneal injection for 

3/5 day cycles as previously described274. Throughout the experiment, tumour volume was 

quantified (mm3, length x width x depth / 2). Tumours were excised and weighed before 

being processed for metabolomics, RNA extraction (for gene expression), or DNA 

extraction (for DNA methylation analysis). 

 

3.2.11 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY/MASS SPECTROMETRY (HPLC-

MS) METABOLOMICS 

Metabolites were extracted from tumour samples by crushing 50 mg of minced 

tumour tissue into ice-cold 80% methanol. To eliminate large cellular debris, samples were 

centrifuged at 500 x g for 5 minutes and the supernatant was decanted to a new tube. 

Samples were centrifuged at 13,000 x g for 5 min. A 25 µL aliquot of supernatant was 
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added to 225 µL of hydrophilic interaction liquid chromatography (HILIC) loading buffer 

containing 95% acetonitrile, 2 mM ammonium hydroxide, and 2 mM ammonium acetate. 

Samples were centrifuged again at 13,000 x g for 5 min. Next, 50 µL injections of the 

supernatant were loaded on an Acquity UPLC BEH Amide, 1.7 µm particle size, 2.1 x 100 

mm column (Waters #186004801). Multiple reaction monitoring (MRM) was performed 

using a Sciex 5500 QTRAP mass spectrometer (MS) using a previously described 

acquisition method341. This hybrid dual quadrupole linear ion trap mass spectrometer (MS) 

was used for quantitative profiling of endogenous polar metabolites, both positive and 

negative modes, from an in vivo source. Peak heights for individual metabolites were 

extracted using Multiquant Software (Sciex). From a single MS analysis, Q1/Q3 MRM 

transition mass spectra in both ionization modes were normalized independently. EigenMS 

normalization was performed through the NOREVA (NORmalization and EVAluation of 

Metabolomics Data) platform342. Unsupervised hierarchical clustering and principal 

component analysis (PCA) of normalized metabolite abundances was performed using the 

MetaboAnalyst platform343. 

 

3.2.12 SERINE- AND GLYCINE-DEPENDENT GROWTH ASSAY  

MDA-MB-231 control and MTHFD2-KD clones were cultured in Minimum 

Essential Medium (MEM; Invitrogen) containing 10% FBS, 1x Anti-Anti, 0.25 µg/mL 

puromycin, and 1x MEM Non-Essential Amino Acids Solution (NEAA; Invitrogen). Cells 

were seeded at a density of 50,000 cells/well in 12-well cell culture plates (Corning) in 

MEM growth media. After 24 hours, growth media was replaced with MEM containing 

10% dialyzed FBS (Gibco), 1 x AA, 0.25 µg/mL puromycin, and supplemented with 
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appropriate non-essential amino acids (10mM; glycine, L-serine, L-alanine, L-asparagine, 

L-aspartic acid, L-glutamic acid [ReagentPlus] and L-proline; Sigma) for 72 hours with 

media refreshed daily. After 72 hours, cells were trypsinized and counted using a 

haemocytometer.   

 

3.2.13 LINE1 AND CCL20 BISULFITE PYROSEQUENCING 

As previously described56, DNA methylation was analyzed by sodium bisulfite 

pyrosequencing on a PyroMark Q24 Advanced pyrosequencer using the DNA EpiTect Fast 

DNA Bisulfite Kit and PyroMark PCR Kit (Qiagen N.V., Venlo, the Netherlands), 

according to the manufacturer’s instructions, beginning with 500 ng template DNA. Assays 

covering the L1PA2 (a major subfamily of LINE1 retrotransposon) sequence and CCL20 

gene promoter were designed using PyroMark Assay Design software version 2.0 (Qiagen 

N.V.) and validated to amplify a single PCR product (L1PA2 400 nt; CCL20 381 nt). See 

Table 3.3 for the L1PA2 and CCL20 assay primers. PCR conditions were as follows: 95C, 

15 minutes (94C, 30 seconds; 56C, 30 seconds; 72C, 30 seconds) 50 cycles; and 72C, 

10 minutes. 

 

Table 3.3: Bisulfite pyrosequencing primer sequences 

Target Primer Sequence 

L1PA2 

(LINE1) 

Forward Primer AGGGAGAGTTAGATAGTG 

Reverse Primer (biotin)AACTATAATAAACTCCACCC 

Sequencing Primer GGAGAGTTAGATAGTGG 

CCL20 

promoter 

Forward Primer ATGAGGAAAAAGTAGGAAGTT 

Reverse Primer (biotin)CCTTAAAAACCCCCAATTAAACTC 

Sequencing Primer AGGAAAAAGTAGGAAGTTT 
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3.2.14 STATISTICAL ANALYSES 

All statistical analyses were performed in GraphPad Prism 8 unless indicated 

otherwise. Statistical tests and significance are indicated in all figure captions. 

 

3.3  RESULTS 

 

3.3.1 GENOME-WIDE SHRNA SCREEN IDENTIFIES SHRNAS ENRICHED OR DEPLETED BY 

DECITABINE TREATMENT 

The MDA-MB-231 breast cancer cell line was chosen as an appropriate decitabine 

response model in which to establish the shRNA library because this cell line is 

intermediately sensitive to decitabine treatment (Chapter 2 Figure 2.1). This moderate 

response to decitabine could be attributed to re-expression of tumour suppressor genes or 

other modalities (as described in Chapter 2).   

The shRNA library MDA-MB-231 cells were orthotopically implanted in female 

NOD/SCID mice and the mice were divided into no treatment and decitabine treatment 

group (total n=6). Decitabine treatment resulted in smaller tumours (Figure 3.2A)—

however, in theory cells that harboured an shRNA knockdown of a gene required for 

decitabine sensitivity or knockdown of a hypermethylated tumour suppressor gene had a 

growth advantage. Due to the growth advantage of specific knockdowns, when the tumour-

wide DNA is analyzed, there is enrichment of the shRNA sequences associated with 

decitabine sensitivity genes. In contrast, shRNA sequences that knockdown genes 

important for resistance to decitabine would be depleted.  
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As expected, most shRNAs were not enriched or depleted in the decitabine-treated 

tumours and had a median DAC/NT shRNA abundance of ≈0 (Figure 3.2B). shRNAs that 

were either enriched or depleted 2-fold in 5 out of 6 n were prioritized for further study 

(Figure 3.2C & 3.2D). It was noted that there was inconsistent enrichment/depletion of 

multiple shRNAs per gene among the genes prioritized based on 2-fold and 5/6n criteria 

(e.g. TMBIM4, OGT, DNAJB9, and TXNRD1; Figures 3.2C & 3.2D).  
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Figure 3.2:  Genome-wide shRNA screen in decitabine-treated MDA-MB-231 

tumours reveals consistently enriched and depleted shRNAs. A) Independent replicate 

#1: tumour growth of MDA-MB-231 shRNA library tumours treated with 0.5 mg/kg 

intraperitoneally injected decitabine (DAC) for 8 days (hatch marks on x-axis; n=9 mice 

per group; mean with SEM error bars and unpaired one-tailed test for tumour volume 

significance. B) Frequency distribution of shRNA fold-change abundance between DAC 

and NT tumours for each n (1-6) and the median of the pooled 6n. C) shRNAs ≥2-fold 

enriched or D) ≥2-fold depleted in 5 out of 6n; median with SD error bars. Two highly 

enriched shRNAs (corresponding to genes TMBIM4 and OGT) and two strongly depleted 

shRNAs (corresponding to genes DNAJB9 and TXNRD1) genes are represented in red. 

The enrichment/depletion of any additional shRNAs for each exemplar gene are shown in 

black. PM generated MDA-MB-231 Decode shRNA library cell line. 
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3.3.2 ENRICHED SHRNAS KNOCKDOWN PUTATIVE HYPERMETHYLATED TUMOUR 

SUPPRESSOR GENES  

The goal of this project is to validate an innovative approach (in vivo genome-wide 

knockdown screen) of isolating the key “driver” DNA methylation events in breast cancer 

from the thousands of “passenger” events. Not only will this add to our basic understanding 

of DNA methylation in breast cancer growth and progression, but will potentially lead to a 

gene signature that may be applied in the clinic to identify patients who will respond well 

to DNMT inhibitors like decitabine. 

Before functionally characterizing gene hits from an shRNA-based screen, it is 

essential to confirm that the depleted/enriched shRNA targets the intended gene. Poor 

knockdown efficiency is a known downside to shRNA-based screens. To address this 

pitfall, RT-qPCR validation of individual MDA-MB-231 knockdown clones was 

performed for the 19 most consistently enriched shRNAs from the screen (Figure 3.3A). 

Of these, 4 shRNAs could not be validated as the knockdown clone did not exhibit reduced 

expression of the supposed gene target (TMBIM4, TRPC4, XRCC4, and KLHL3).  

If the enriched shRNAs from the screen are indeed knocking down 

hypermethylated tumour suppressor genes (TSGs) in the MDA-MB-231 cells, then treating 

MDA-MB-231 cells with decitabine should induce the expression of these genes via de-

methylation. After 72 hours treatment with 1µM decitabine, there was elevated expression 

of 5/15 remaining gene candidates (COL16A1, CROCC, HIST1H2BA, CD83, and APOD; 

Figure 3.3B), and promoter or CpG island-associated DNA methylation was significantly 

reduced in 4/5 remaining gene candidates (COL16A1, CROCC, HIST1H2BA, and APOD; 

Figure 3.4). CD83 molecule (CD83) contains an initially unmethylated promoter in MDA-



121 

MB-231 cells, thus decitabine treatment does not de-methylate this gene and it is removed 

from contention as a hypermethylated TSG. 

It was confirmed in a cohort of primary breast tumours (TCGA, Cell 2015; n=720) 

that the 4 remaining candidate genes have elevated methylation of promoter-associated and 

CpG island-associated CpGs compared to normal breast tissue samples (n=80; Figure 

3.5A). Additionally, gene expression negatively correlated with methylation at promoter-

associated CpGs in apolipoprotein D (APOD; r= -0.3206, -0.336, -0.3458, and -0.4029) 

and collagen type XVI alpha 1 chain (COL16A1; -0.1995, -0.2818, -0.2088, -0.2134, -

0.2076, -0.2019) (Figure 3.5B) suggesting that methylation partially dictates gene 

expression for these genes. Ciliary rootlet coiled-coil, rootletin (CROCC) does not have 

any promoter-annotated CpGs annotated in the HM450 assay, and methylation of its 

intragenic CpG island does not significantly correlate with expression. Expression of 

histone H2B type 1-A (HIST1H2BA) was absent from 713/720 breast cancer samples and 

from all normal breast tissue samples; therefore, no association between methylation and 

expression was found. This leaves COL16A1 and APOD as the strongest candidate 

hypermethylated TSGs identified by the Decode screen.  
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Figure 3.3: Enriched shRNAs efficiently knockdown the intended gene targets and 

expression of the target gene is induced by decitabine treatment. A) RT-qPCR 

validation of knockdown efficiency in individual MDA-MB-231 knockdown clones; n=4, 

mean with SD error bars, one-sample t-test. B) RT-qPCR expression of genes targeted by 

enriched shRNAs in MDA-MB-231 cells treated with 1µM decitabine for 72 hours; n=4, 

mean and SD error bars, one-sample t-test. p<0.05*; p<0.01**; p<0.001***. PP assisted 

with RT-qPCR.  
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Figure 3.4: Putative hypermethylated tumour suppressor genes are de-methylated by 

in vitro decitabine treatment. DNA methylation of potential hypermethylated tumour 

suppressor genes determined by HM450 bead chip array in MDA-MB-231 cells treated 

with 1 µM decitabine for 72 hours. Each CpG is mapped to its location on the gene of 

interest, CpG islands and promoter-associated CpGs are indicated; n=3 per group 

decitabine- and untreated; mean with SD error bars; paired one-tailed t-test; p<0.05*; 

p<0.01**; p<0.001***. KMC submitted MDA-MB-231 DNA for HM450 analysis. 
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Figure 3.5: Putative hypermethylated tumour suppressor genes are more methylated 

in breast cancer compared to normal breast tissue. A) DNA methylation of putative 

hypermethylated TSGs determined by HM450 bead chip array in 720 primary breast 

tumours and 80 normal breast tissue samples. Each CpG is mapped to its location on the 

gene of interest, CpG islands and promoter-associated CpGs are indicated; mean with SD 

error bars; paired one-tailed t-test. B) Methylation of promoter-associated CpGs In APOD 

and COL16A1 are negatively correlated with expression. HM450 bead chip array for DNA 

methylation and RNA-Seq log2(RSEM+1) expression; Spearman correlation r- and p-

values. p<0.001***. 

 

 

3.3.3 APOLIPOPROTEIN D MAY BE A WEAK HYPERMETHYLATED TUMOUR SUPPRESSOR 

GENE BUT IS NOT PART OF A HYPERMETHYLATED TSG PROFILE 

Among the candidate genes remaining, APOD had the most potential as a 

hypermethylated tumour suppressor gene. APOD showed the greatest gene expression 

induction after decitabine treatment (Figure 3.3B), the APOD shRNA identified in the 

screen was more efficient than the shRNAs for other gene candidates (Figure 3.3A), and 

there is evidence that elevated APOD contributes to growth arrest or differentiation in 

breast cancer cells344. If APOD is a potent hypermethylated tumour suppressor gene, then 

decitabine should not inhibit growth of the APOD-KD tumours because although the 

tumour suppressor gene (APOD) is released from methylation-based silencing, it is still 

suppressed via knockdown. However, growth of the APOD-KD tumours was still slowed 

by decitabine treatment (Figure 3.6A). Possibly, APOD is not a true gene hit from the 

shRNA screen, as the other two shRNAs targeting APOD in the screen were not enriched 

(Figure 3.6B).  

 

  



126 

 

Figure 3.6: Knockdown of APOD does not confer decitabine resistance. A) NOD/SCID 

mice harbouring MDA-MB-231 Control or APOD-KD tumours were intraperitoneally 

injected with 0.5 mg/kg decitabine (DAC) or PBS vehicle (NT) (Control NT n=7; Control 

DAC n=9; APOD NT n=5; APOD DAC n=9; mean with SEM error bars; one-way 

ANOVA with Tukey’s post-hoc test; p<0.05* B) Relative abundance of the APOD-

targeted shRNAs from the screen. The APOD-targeted shRNA identified as >2-fold 

enriched in 5 out of 6n (V2LHS_132618) is represented in red, with the other two APOD-

targeted shRNAs in black. BMC assisted with intraperitoneal injections. 

 

It is also possible that suppression of single hypermethylated tumour suppressor 

gene (APOD-KD) is insufficient in the context of this individual knockdown clone model 

and that resurrection of multiple hypermethylated TSGs is necessary for decitabine-

mediated growth suppression. If this is the case, then breast cancer cell lines that are most 

sensitive to decitabine should have hypermethylation of the top two putative TSGs 

identified in the screen (APOD and COL16A1). The promoter methylation status of APOD 

and COL16A1 was assessed using the HM450 DNA methylation array for ten breast cancer 

cell lines with known decitabine response (Chapter 2). Unsupervised clustering suggests 
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that the response to decitabine was not correlated to APOD/COL16A1 methylation (Figure 

3.7). This is best illustrated in the MDA-MB-453 cell line which based on 

APOD/COL16A1 hypermethylation is primed to be sensitive to de-methylating therapy; 

yet MDA-MB-453 is one of the most decitabine-resistant cell lines. At this point, the 

evidence is unconvincing that the genome-wide screen has identified potent and common 

hypermethylated TSGs in breast cancer cells. 

 

 

Figure 3.7: Promoter-associated methylation of APOD and COL16A1 in breast 

cancer cell lines does not associate with decitabine sensitivity. DNA methylation is 

determined by HM450 for 4 promoter-associated CpGs each in APOD and COL16A1. 

Decitabine response was previously determine by colony forming IC50 (Chapter 2). KMC 

submitted cell line DNA for HM450 analysis. 
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3.3.4 NEITHER NUCLEOTIDE PROCESSING, IMPORT/EXPORT, DNA 

METHYLATION/DEMETHYLATION, NOR VIRAL MIMICRY ARE IMPLICATED IN DECITABINE 

RESPONSE IN THE GENOME-WIDE SCREEN   

In Chapter 2, I identified deoxycytidine kinase (DCK) as a key mediator of both in 

vitro and in vivo decitabine response in breast cancer cells. DCK is an essential mediator 

of decitabine response as it is required to phosphorylate decitabine prior to DNA 

integration and is upstream of all DNA methylation or gene expression changes. It was 

therefore problematic that DCK was not an enriched shRNA target in the screen. The likely 

explanation is that the pooled shRNA library did not contain a highly efficient DCK 

shRNA.  

In my previous experiment showing that breast cancer cells with DCK-KD are 

resistant to decitabine in vivo (Chapter 2, Figure 2.3), I used the highly efficient DCK 

knockdown V2LHS_112523; and only included the less efficient V2LHS_112524 clone 

for in vitro experiments. This less efficient DCK-KD clone was significantly less resistant 

to decitabine than the more efficient clone (Chapter 2 Figure 2.3). Unfortunately, the 

Decode screen contains only this less efficient (and less phenotypically impactful) 

V2LHS_112524 sequence as well as the V2LHS_112519 sequence of unknown 

knockdown efficiency (shown as shRNA #1 and #2 respectively in Figure 3.8). This 

provides a plausible reason as to why DCK was not a top hit of the decitabine-response 

screen.  
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Figure 3.8: Relative abundance of shRNAs targeting DCK in decitabine-treated 

MDA-MB-231 shRNA library tumours. shRNA abundance >0 implies that knockdown 

confers resistance.  

 

The other decitabine response pathways investigated in Chapter 2 (nucleotide 

import/export, DNA methylation/de-methylation machinery, and viral mimicry) were 

similarly of no consequence to decitabine response in the Decode screen (Figure 3.9A-C). 

Importantly, knockdown of ATP binding cassette subfamily B member 1 (ABCB1) which 

mediates resistance to several breast cancer therapies, does not also confer resistance to 

decitabine and consistently, its knockdown was not of consequence in the screen (Figure 

3.9A)160. Knockdown of the enzymes which facilitate DNA methylation (DNA 

methyltransferases: DNMT1, DNMT3A, and DNMT3B) as well as the proteins that 

mediate removal of methyl groups from DNA (ten-eleven translocation methylcytosine 

dioxygenases 1 & 2: TET1 and TET2) did not alter sensitivity to decitabine in the screen 

(Figure 3.9C). Possibly, the dsRNA viral mimicry response is occurring within the 

decitabine-treated tumours, but as shown before (Chapter 2 Figure 2.23) knockdown of the 

key viral mimicry mediator DEAD-Box Helicase 5 (DDX58) does not impart decitabine 
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sensitivity (Figure 3.9C). An shRNA targeting melanoma differentiation-associated protein 

5 (MDA5) which is the other dsRNA viral mimicry mediator, was not contained in the 

shRNA library. The Decode screen was designed to capture protein-coding genes, so no 

endogenous retroviral elements (which only create double stranded RNAs) were targeted 

by the shRNA library. 

 

 

Figure 3.9: Relative abundance of shRNAs targeting nucleotide import/export, DNA 

methylation, and viral mimicry genes in decitabine-treated MDA-MB-231 shRNA 

library tumours. shRNA abundance >0 implies that knockdown confers resistance.   
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3.3.5 IDENTIFICATION OF MTHFD2 THROUGH ATARIS 

The initial strategy of identifying the most enriched or depleted shRNAs from the 

decitabine-treated Decode screen resulted in a lack of functional targets that validated for 

decitabine sensitivity. Scanning the shRNAs with known or suspected decitabine-related 

functions (nucleotide import, DNA methylation machinery, and viral mimicry) also 

resulted in a lack of functional targets. A new strategy for prioritizing gene hits from the 

screen is called for. 

The Decode screen might be better approached with gene-centric hit prioritization 

instead of an shRNA-centric strategy. If a gene plays a vital role in decitabine response, 

then I would expect multiple shRNAs to exhibit the same effect (whether enriched or 

depleted), while allowing for different knockdown efficiencies to present as different 

magnitudes of effect on the phenotype. 

One gene-centric method for identifying RNAi screen hits is Analytic Technique 

for Assessment of RNAi by Similarity (ATARiS). This platform prioritizes gene hits based 

on several shRNAs for the same gene exerting the same effect on phenotype. I applied the 

decitabine Decode screen shRNA abundances to this analysis pipeline. The 3504 genes 

that are targeted by a single shRNA are exempt from this analysis (Figure 3.10A), of the 

remaining 17378 eligible shRNAs, 1558 ATARiS gene solutions were generated. These 

solutions represent gene hits from the screen and contain between 2-5 shRNAs for a given 

gene solution. Each ATARiS solution is given a median abundance score for the contained 

shRNAs, significance p-value pertaining to whether the solution is significantly enriched 

or depleted (median shRNA abundance ≠ 0), and consistency c-score which is higher in 

solutions where there is less variance between replicates for each shRNA (Table 3.4). 
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The most significant and enriched gene solution is for methylenetetrahydrofolate 

dehydrogenase (NADP+ dependent) 2 (MTHFD2) (Figure 3.10B) containing 3 MTHFD2-

targeted shRNAs (Figure 3.10C). 3 shRNAs targeted towards MTHFD2 were contained in 

the MTHFD2 gene solution, though V2LHS_90968 (MTHFD2-KD shRNA 66) and 

V2LHS_90968 (MTHFD2-KD shRNA 68) have a greater magnitude of enrichment than 

V2LHS_90967. Together, this reveals that knockdown of MTHFD2 confers a significant 

and consistent level of resistance to decitabine treatment in the Decode screen. 
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Figure 3.10: MTHFD2 is the most enriched ATARiS gene solution from the decitabine 

Decode screen. A) Genes that are targeted by more than one shRNA are eligible to be used 

in ATARiS solutions. This generated 1558 total gene solutions most of which contain 2 or 

3 shRNAs. B) Significance and median shRNA abundance for the 1558 gene solutions. C) 

Abundance of three shRNAs targeting MTHFD2 in the decitabine-treated shRNA library 

tumours. All three shRNAs are contained in the MTHFD2 ATARiS gene solution.  
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Table 3.4: ATARiS gene solutions for shRNAs that were enriched in decitabine-

treated MDA-MB-231 Decode shRNA library tumours 

Gene 
shRNAs in 

Solution 

Median shRNA 

Abundance 

(Fold Change to 

NT) 

p-value c-score 

Methylenetetrahydrofolate 

dehydrogenase (NADP+ 

dependent) 2 (MTHFD2) 

V2LHS_90966 

3.572 0.002 2.703 V2LHS_90967 

V2LHS_90968 

Very low density lipoprotein 

receptor (VLDLR) 

V2LHS_171963 
3.448 0.018 1.740 

V2LHS_218476 

Claudin 10 (CLND10) 
V2LHS_95077 

3.326 0.032 1.500 
V2LHS_230865 

Caspase 10 (CASP10) 
V2LHS_188943 

3.075 0.018 1.740 
V2LHS_194005 

Homeodomain interacting 

protein kinase 1 (HIPK1) 

V2LHS_140675 
3.031 0.008 2.070 

V2LHS_202529 

Pituitary tumour-

transforming 2 (PTTG2) 

V2LHS_12576 
2.882 0.032 1.500 

V2LHS_198047 

Sodium voltage-gated 

channel alpha subunit 1 

(SCN1A) 

V2LHS_94851 

2.536 0.032 1.500 
V2LHS_94854 

Ras and Rab interactor 2 

(RIN2) 

V2LHS_50920 

2.394 0.022 1.670 V2LHS_50849 

V2LHS_50850 

UDP 

glucuronosyltransferase 

family 2 member B15 

(UGT2B15) 

V2LHS_231652 

2.306 0.008 2.070 
V2LHS_94115 

Estrogen receptor binding 

site associated antigen 9 

(EBAG9) 

V2LHS_240649 

2.274 0.002 2.660 
V2LHS_242967 

Keratin 72 (KRT72) 
V2LHS_64837 

2.261 0.032 1.500 
V2LHS_64839 

Nedd4 family interacting 

protein 2 (NDFIP2) 

V2LHS_77838 
2.222 0.018 1.740 

V2LHS_77909 

Sperm associated antigen 7 

(SPAG7) 

V2LHS_67448 
2.208 0.018 1.740 

V2LHS_67453 

Myelin expression factor 2 

(MYEF2) 

V2LHS_188303 
2.058 0.032 1.500 

V2LHS_194759 

Catechol-O-

methyltransferase (COMT) 

V2LHS_112401 
2.039 0.032 1.500 

V2LHS_265760 

Leptin receptor overlapping 

transcript like 1 

(LEPROTL1) 

V2LHS_261525 
1.998 0.008 2.070 

V2LHS_74463 
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Gene 
shRNAs in 

Solution 

Median shRNA 

Abundance 

(Fold Change to 

NT) 

p-value c-score 

F-box protein 28 (FBXO28) 
V2LHS_254655 

1.994 0.002 2.660 
V2LHS_254695 

Transcriptional adaptor 2A 

(TADA2L) 

V2LHS_131910 
1.902 0.032 1.500 

V2LHS_236711 

Leucine carboxyl 

methyltransferase 

1 (LCMT1) 

V2LHS_268706 

1.857 0.041 1.387 V2LHS_97118 

V2LHS_97119 

UDP-glucose pyrophos-

phorylase 2 (UGP2) 

V2LHS_84682 
1.808 0.018 1.740 

V2LHS_84686 

Mitogen-activated protein 

kinase 1 (MAP3K1) 

V2LHS_100862 

1.775 0.045 1.851 V2LHS_203111 

V2LHS_263235 

ATPase H+ transporting V1 

subunit F (ATP6V1F) 

V2LHS_242716 
1.762 0.032 1.500 

V2LHS_28381 

Interleukin 36 receptor 

antagonist (IL1F5) 

V2LHS_18953 
1.661 0.018 1.740 

V2LHS_18954 

Ring finger protein 213 

(RNF213) 

V2LHS_130529 
1.642 0.008 2.070 

V2LHS_21660 

RUN domain containing 3B 

(RUNDC3B) 

V2LHS_41859 
1.642 0.002 2.660 

V2LHS_41860 

Synaptoporin (SYNPR) 
V2LHS_18163 

1.622 0.018 1.740 
V2LHS_18164 

Sperm associated antigen 6 

(SPAG6) 

V2LHS_43508 
1.621 0.018 1.740 

V2LHS_43511 

Thymine DNA glycosylase 

(TDG) 

V2LHS_153856 
1.555 0.002 2.660 

V2LHS_153860 

Homeostatic iron regulator 

(HFE) 

V2LHS_192666 
1.554 0.032 1.500 

V2LHS_269842 

Transmembrane protein 

132D (TMEM132D) 

V2LHS_204101 
1.535 0.018 1.740 

V2LHS_82061 
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3.3.6 KNOCKDOWN OF MTHFD2 IMPAIRS MDA-MB-231 TUMOUR GROWTH AND CONFERS 

RELATIVE RESISTANCE TO DECITABINE 

All shRNA screens have a degree of stochasticity, so although the ATARiS gene 

solution identification strongly suggests that MTHFD2 knockdown imparts MDA-MB-231 

cells with decitabine resistance, generating individual knockdown clones of MTHFD2 is 

the only way to confirm this. The knockdown clones for V2LHS_90968 (MTHFD2-KD 

shRNA 66) and V2LHS_90968 (MTHFD2-KD shRNA 68) were therefore created in the 

MDA-MB-231 cell line. Both MDA-MB-231 MTHFD2-KD clones show significant 

reduction in MTHFD2 mRNA (shRNA 66 = 68% efficient; shRNA 68 = 95% efficient) 

(Figure 3.11A). An individual knockdown clone was not generated for third shRNA of the 

MTHFD2 gene solution (V2LHS_90967), because compared to the other two shRNAs it 

had a small magnitude of effect in the Decode screen (Figure 3.10C). 

To confirm that MTHFD2-KD does impart resistance to decitabine in MDA-MB-

231 tumours as the screen suggests, both MTHFD2-KD clones and a control vector clone 

were orthotopically injected into NOD/SCID mice which were subsequently treated with 

0.5 mg/kg decitabine. Strikingly, knockdown of MTHFD2 dramatically impaired MDA-

MB-231 tumour growth reflected in both tumour volume and final mass (Figure 3.11B). 

Both MTHFD2-KD shRNAs produced tumours that were significantly smaller than control 

tumours regardless of decitabine treatment. As before (Chapter 2), this decitabine treatment 

regimen resulted in a moderate reduction of MDA-MB-231 tumour growth; however, 

growth of MDA-MB-231 MTHFD2-KD tumours was not impacted by decitabine 

treatment. Relative to MDA-MB-231 control tumours, MTHFD2-KD tumours are resistant 

to decitabine treatment. Now that the decitabine resistance of MTHFD2-KD has been 
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confirmed, I investigate mechanisms by which MTHFD2-KD may imbue MDA-MB-231 

cells with decitabine resistance. 

 

Figure 3.11: MDA-MB-231 MTHFD2-KD tumours are smaller are more resistant to 

decitabine treatment. A) RT-qPCR validation of MTHFD2-KD in MDA-MB-231 cells 

(n=4; one-way ANOVA with Dunnett’s post-hoc test). B) NOD/SCID mice harbouring 

MDA-MB-231 Control or MTHFD2-KD (shRNA 66 or 68) tumours were intraperitoneally 

injected with 0.5 mg/kg decitabine (DAC) or PBS vehicle (NT) (Control NT n=9; Control 

DAC n=9; MTHFD2-KD [shRNA 66] NT n=10, MTHFD2-KD [shRNA 66] DAC n=11, 

MTHFD2-KD [shRNA 68] NT n=11, MTHFD2-KD [shRNA 68] DAC n=12). Tumour 

volume (mm3, length x width x height / 2) and mass (g), mean with SEM error bars, one-

way ANOVA with Tukey’s post-hoc test. p<0.05*, p<0.01**, p<0.001***. 
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3.3.7 CHEMOTHERAPY RESISTANCE GENE CHEMOKINE (C-C MOTIF) LIGAND 20 IS UP-

REGULATED BY COMBINATION MTHFD2-KD AND DECITABINE TREATMENT 

Though the intent was to identify tumour suppressor genes, knockdown of 

MTHFD2 actually impaired MDA-MB-231 tumour growth and high expression of 

MTHFD2 is associated with aggressive disease and poor prognosis in many solid tumour 

types330–337. Based on the evidence that MTHFD2 is almost certainly not a tumour 

suppressor, alternate explanations for why this gene was identified in the screen need to be 

pursued.   

Induction of gene expression modules associated with DNA damage and cell cycle 

arrest is observed in decitabine-treated cancer cells (Chapter 2, Figure 2.16D). These 

pathways are similarly up-regulated upon treatment with other cytotoxic chemotherapies 

(e.g. taxanes) and are thought to represent a shared cellular response to DNA damaging 

agents. One possible explanation for MTHFD2-KD conferring resistance to decitabine, is 

that decitabine-inducible expression of drug-response genes is modified in the MTHFD2-

KD tumours.  

As a component of chemoresistance in solid tumours, chemokine (C-C motif) 

ligand 20 (CCL20) expression changes are indicative of a coordinated drug response in 

breast cancer cells345,346. The expression of the chemoresistance gene CCL20 was strongly 

induced (7-fold) by decitabine in MDA-MB-231 cells in vitro (Affymetrix HuGene 2.0 ST 

array; GSE103427; Chapter 2). CCL20 expression was assessed in the MDA-MB-231 

MTHFD2-KD decitabine-treated tumours by RT-qPCR and was found to be upregulated 

by decitabine treatment. This induction was enhanced by MTHFD2-KD (Figure 3.12A).  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103427
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To determine whether increased CCL20 expression was due to de-methylation of 

the CCL20 promoter, bisulfite pyrosequencing was performed for 6 CpGs in the CCL20 

promoter region (Figure 3.12B). Decitabine-induced CCL20 expression is likely not 

attributable to de-methylation of the CCL20 promoter because all 6 assayed CpGs are 

relatively unmethylated (7-20% methylated) to begin with (Control NT) and are not further 

de-methylated by either decitabine treatment or MTHFD2-KD. Increased CCL20 could 

therefore be a result of a more generalized response to a cytotoxic agent and may not be 

specific to de-methylation therapy.  

To support the idea that CCL20 is involved in drug resistance, CCL20 expression 

is higher in the taxol-resistant MDA-MB-231 cells (Figure 3.12C).  Interestingly, with 

elevated CCL20, there is loss of MTHFD2 in the taxol-resistant MDA-MB-231 cells. 

Currently, we have no clear mechanism to offer for why there is enhanced CCL20 

expression in the MTHFD2-KD tumours, but it is a potential reason for the resistance of 

the MTHFD2 KD tumours to decitabine. 
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Figure 3.12: Chemotherapy-response gene CCL20 is up-regulated by decitabine in 

decitabine-treated tumours independent of its promoter methylation status. A) RT-

qPCR mean gene expression of CCL20 from decitabine-treated MDA-MB-231 MTHFD2-

KD tumours (Control NT n=10, Control DAC n=9, MTHFD2-KD [shRNA 66] NT n=11, 

MTHFD2-KD [shRNA 66] DAC n=10; one-way ANOVA with multiple comparisons). B) 

CCL20 promoter region CpG methylation quantified with bisulfite pyrosequencing for 

individual CpGs (median with Tukey bars) and the average of the 6 assessed CpGs (mean 

with SD error bars). C) RT-qPCR expression of CCL20 and MTHFD2 in taxol-resistant 

MDA-MB-231cells compared to control cells; n=4; mean with SD error bars; one sample 

t-test; p<0.05*; p<0.01**; p<0.001***.  MC assisted with RT-qPCR of MTHFD2-KD 

tumour, ICGW performed CCL20 bisulfite pyrosequencing, SRH and KBG supplied taxol-

resistant MDA-MB-231 cells. 

 

3.3.8 METABOLOMICS OF DECITABINE-TREATED MTHFD2-KD TUMOURS REVEALS 

DYSREGULATED FOLATE METABOLISM  

While gene expression changes (like CCL20) are an important element of 

decitabine response, the loss of DNMT activity and subsequent loss of DNA methylation 

are also substantial outcomes of decitabine treatment. DNA methylation relies on one-

carbon metabolism to replenish the supply of the universal methyl donor S-

adenosylmethionine (SAM); disruption of the SAM supply can result in loss of 

methylation347. Disruption of one-carbon metabolism can also reduce DNA methylation by 

virtue of limiting the available SAM348. Therefore, as an enzyme that is integral to 

mitochondrial one-carbon metabolism in breast cancer cells334,349,350, MTHFD2 may 

impact response to de-methylating therapy via its role in one-carbon metabolism.  

HPLC-MS metabolomics was performed to gain a preliminary characterization of 

the one-carbon metabolism state of MDA-MB-231 MTHFD2-KD (shRNA 68) tumours 

treated with decitabine. The tumour categories (Control NT, Control DAC, MTHFD2-KD 

NT, or MTHFD2-KD DAC) had distinct metabolite profiles, illustrated in principal 

component analysis (PCA; Figure 3.13). Decitabine treatment elicits an extensive shift of 

metabolites in the control tumours shown by the large discrepancy between Control NT 
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and Control DAC tumour samples in PCA. MTHFD2-KD NT and MTHFD2-KD DAC 

tumours were not as distinct, indicative perhaps of the lesser impact decitabine had on the 

MTHFD2-KD tumours. In unsupervised clustering of metabolites (Figure 3.14), the 

tumour categories generally cluster together, and portray the extent to which of metabolites 

are changed by decitabine treatment and/or MTHFD2-KD.  

 

 

 

Figure 3.13: Principle Component Analysis (PCA) of metabolite abundances in MDA-

MB-231 MTHFD2-KD decitabine-treated tumours reveals they have distinct 

metabolite profiles. (Control NT n=10; Control DAC n=14, MTHFD2-KD [shRNA 68] 

NT n=10, MTHFD2-KD [shRNA 68] DAC n=12). JPM, MAG, AC, and HW developed 

targeted metabolomics method, ran the mass spectrometer, and assisted in data analysis. 
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Figure 3.14: Metabolite abundance heatmap for HPLC-MS metabolomics of MDA-

MB-231 MTHFD2-KD decitabine-treated tumours. Unsupervised hierarchical 

clustering based on Euclidean distances was performed on EigenMS normalized metabolite 

abundances and is portrayed here as row-centered (z-score) relative metabolite abundances 

(Control NT n=10; Control DAC n=14, MTHFD2-KD [shRNA 68] NT n=10, MTHFD2-

KD [shRNA 68] DAC n=12). JPM, MAG, AC, and HW developed targeted metabolomics 

method, ran the mass spectrometer, and assisted in data analysis. 

 

MTHFD2 is key regulator of one-carbon metabolism in cancer cells; it is a 

mitochondrial enzyme which converts 5,10-methylenetetrahydrofolate (5,10-mTHF) to 

formyltetrahydrofolate (fTHF) (Figure 3.15A). Formate then passively diffuses out of the 

mitochondria to feed into nucleotide biosynthesis, ATP biosynthesis, and the methylation 

cycle. It has not been fully elucidated why cancer cells flux folate metabolism through the 

mitochondrial instead of through the essentially identical cytosolic pathway. MTHFD2’s 

functional equivalent in the cytosol is methylenetetrahydrofolate 

dehydrogenase/cyclohydrolase and formyltetrahydrofolate synthetase 1 (MTHFD1), yet 

MTHFD1 does not seem to be able to fully compensate for loss of MTHFD2 and in cancer 

models where MTHFD2 is inhibited, growth suppression is observed332,351–353. 

Given MTHFD2’s role as a moderator of folate metabolism in cancer cells, it was 

expected that MTHFD2-KD tumours would exhibit impaired folate metabolism. 

Knockdown of MTHFD2 resulted in reduced 5-methyl-THF (mTHF) and concurrent 

increased serine (Ser) abundance (Figure 3.15C). This is likely due to the loss of MTHFD2 

causing the reversal of the THF/5,10-mTHF reaction resulting in subsequent gain of serine 

(Figure 3.15B)350. If glycine is removed from the media, then this reaction can no longer 

be reversed and 5,10-mTHF can no longer be converted to THF. This manifests as impaired 

growth of MTHFD2-KD cells in glycine depleted media but not in replete conditions 
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(Figure 3.16). THF but not 5,10-mTHF can be exported from the mitochondria, so in the 

absence of both glycine and MTHFD2 5,10-mTHF is trapped within the mitochondria, 

folate metabolism in breast cancer cells is hobbled and this results in a growth 

disadvantage. 
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Figure 3.15: Disrupted folate metabolism of MTHFD2-KD MDA-MB-231 tumours. 

Schematic for how folate metabolism, methylation, and nucleotide synthesis interconnect 

in A) control cells with native high MTHFD2 activity and in B) MTHFD2-KD cells with 

mitochondrial folate metabolism inhibition. 7,8-dihydrofolate (DHF), THF 

(Tetrahydrofolate), 5,10-mTHF (5,10-methylenetetrahydrofolate), mTHF (5-methyl-

tetrahydrofolate), fTHF (10-formyltetrahydrofolate), SAM (S-adenosylmethionine), Ser 

(serine), Gly (glycine). C) Mean abundance of metabolites within the folate cycle is altered 

in MTHFD2-KD and decitabine-treated MDA-MB-231 tumours. (Control NT n=10; 

Control DAC n=14, MTHFD2-KD [shRNA 68] NT n=10, MTHFD2-KD [shRNA 68] 

DAC n=12) One-way ANOVA with Tukey’s post-hoc test; p<0.01**; p<0.001***. JPM, 

MAG, AC, and HW developed targeted metabolomics method, ran the mass spectrometer, 

and assisted in data analysis. 

 

 

Figure 3.16: MDA-MB-231 MTHFD2-KD (shRNA 68) cells are dependent on 

exogenous glycine in vitro. Relative growth rate of MDA-MB-231 control or MTHFD2-

KD cells grown for 72 hours in 10% dialyzed FBS media supplemented with non-essential 

amino acids +/- serine or glycine. Top graph is fold change of cell number over 72 hours 

growth period, with bottom graphs made relative to each clone’s own growth rate in replete 

conditions. n=4, mean, SD error bars 
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3.3.9 DECITABINE TREATMENT AND MTHFD2-KD IN MDA-MB-231 TUMOURS DEPLETE 

NUCLEOTIDE LEVELS BUT DO NOT ALTER LINE1 METHYLATION 

A major product of MTHFD2 one-carbon metabolism is adenosine for ATP as well 

as nucleotide biosynthesis. It is unclear how loss of MTHFD2 would impact DNA 

methylation. Trapping 5,10-mTHF in the mitochondria may slow the production of SAM 

and hinder DNA methylation; conversely, THF could be re-assigned to the cytosolic 

production of SAM resulting in increased DNA methylation capacity. The observed 

reduction of m-THF (Figure 3.15C) generally implies reduced SAM production. The 

consequence of impaired folate metabolism in MTHFD2-KD cells may include reduced 

nucleotide pools and/or aberrant DNA methylation.  

Decitabine treatment is also known to interfere with DNA synthesis; therefore, both 

MTHFD2-KD and decitabine might reduce nucleotide levels in the tumour samples337,354. 

Tumours with MTHFD2 knockdown had reduced abundance of almost all nucleotides and 

precursors that were quantified by our HPLC-MS method (Figure 3.17A). More dramatic 

however was the loss of nucleotides in the decitabine-treated samples from both control 

and MTHFD2-KD tumours. The decitabine-associated loss of nucleotides was most 

pronounced in the control tumours which were relatively more sensitive to decitabine than 

MTHFD2-KD tumours.  

Aside from nucleotide pre-cursors, one-carbon metabolism is essential for 

generation of the universal methyl donor S-adenosylmethione (SAM). SAM is the methyl 

donor for DNA methylation, and depletion of SAM can lead to reduced DNA 

methylation348. If MTHFD2 activity partially dictates SAM levels, then MTHFD2-KD 

tumours could have global DNA hyper/hypomethylation. To test this, methylation of long 



148 

interspersed nuclear elements (LINE1)—which comprise ≈17% of the genome and are an 

appropriate proxy for measuring genome-wide methylation— was assessed via bisulfite 

pyrosequencing in the decitabine-treated MTHFD2-KD tumours. Methylation was 

quantified at 27 CpGs within the class 1 Long Interspersed Nuclear Element, and there was 

no significant difference in methylation at any CpG site or average methylation across all 

27 CpG sites (Figures 3.17A & 3.17B). Neither decitabine nor knockdown of MTHFD2 

hypomethylated this class 1 LINE.  

Together, this suggests that my decitabine treatment regimen (0.5 mg/kg 3/5-day 

cycles) is having a major impact on nucleotide abundance and may not result in global 

hypomethylation of DNA. Knockdown of MTHFD2 could impair growth of MDA-MB-

231 tumours through a mechanism similar to decitabine by limiting the nucleotide pool. 

As for how MTHFD2 confers resistance to decitabine: MTHFD2-KD tumours are likely 

resistant to decitabine by virtue of their slow growth rate. Decitabine is a cell cycle 

dependent cytidine analog which is only incorporated during S-phase. MTHFD2-KD 

tumours are growth impaired (perhaps by weakened nucleotide biosynthesis) and therefore 

undergo fewer cell divisions during the treatment cycle than control tumours, incorporating 

less decitabine and appearing relatively resistant to its effects.  
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Figure 3.17: Methylation of class 1 long interspersed nuclear element (LINE1) in 

decitabine-treated MDA-MB-231 MTHFD2-KD (shRNA 66) tumours. A) Abundance 

of nucleotides or nucleotide pre-cursors is reduced in decitabine-treated and MTHFD2-KD 

tumours. (Control NT n=10; Control DAC n=14, MTHFD2-KD [shRNA 68] NT n=10, 

MTHFD2-KD [shRNA 68] DAC n=12) B) Methylation of individual CpG sites within 

LINE1 (median with quartiles and Tukey bars) and C) average methylation of all 27 CpG 

sites (mean with SD error bars). Control NT n=10, Control DAC n=9, MTHFD2-KD 

(shRNA 66) NT n=11, MTHFD2-KD (shRNA 66) DAC n=10. JPM, MAG, AC, and HW 

developed targeted metabolomics method, ran the mass spectrometer, and assisted in data 

analysis; ICGW performed bisulfite pyrosequencing of LINE1. 
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3.4  DISCUSSION 

The intent of this genome-wide screen was to parse out functionally relevant 

“driver” hypermethylated tumour suppressor genes from the thousands of “passenger” 

genes which do not contribute to breast tumour growth. Another classification of genes that 

was likely to be revealed alongside the hypermethylated TSGs were genes that mediate 

response to decitabine treatment such as cytidine kinases (DCK; Chapter 2). Unexpectedly, 

I have instead identified a potent oncogene—MTHFD2, as a mediator of sensitivity to 

decitabine.  

A major assumption of my approach was that there are hypermethylated tumour 

suppressor genes that are potent enough individually to affect growth of breast cancer cells. 

This has never been proven before, as most investigations towards hypermethylated TSGs 

follow a similar paradigm: 1) known tumour suppressor is hypermethylated in tumour cells 

compared to normal tissue, 2) treatment with a DNMT inhibitor de-methylates the tumour 

suppressor and resurrects expression, 3) reduced growth of tumour cells treated with the 

DNMT inhibitor is attributed to the now active tumour suppressor gene. These approaches 

downplay the other effects of de-methylating treatment such as the genome instability that 

accompanies global loss of DNA methylation as well as the differential expression of 

hundreds of genes in addition to the assayed hypermethylated TSG.  

We do not know if DNA methylation is causative in breast cancer or is a symptom 

of other metabolic/genomic perturbations. Unlike leukemias which commonly harbour 

mutations to epigenetic machinery264,308,355, breast cancers rarely have mutations to 

epigenetic modulators. Aberrant DNA methylation in breast cancer is often given a 

causative role in tumourigenesis and progression: common DNA methylation patterns in 
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breast cancer are attributed to the selective advantage that silencing a tumour suppressor 

gene would afford a cancer cell. Rapidly proliferating breast cancer cells would therefore 

accumulate an advantageous methylome that would evolve over time. My data here 

suggests that a single hypermethylated gene (e.g. APOD) does not impart a significant 

growth advantage to MDA-MB-231 breast cancer cells. Instead, aberrant DNA 

methylation in breast cancer is perhaps poised more as a symptom of dysregulated 

mitochondrial one-carbon metabolism.  

Overexpression of MTHFD2 is an early event in oncogenic transformation, and 

contributes to the rapid proliferation of breast cancer cells by facilitating nucleotide 

production351,356,357. Cancer cells are “nucleotide factories”, supported by consistent up-

regulation of nucleotide synthesis enzymes in almost all tumours358. Other one-carbon 

metabolism modules have a high degree of intratumoural and interpatient variability in 

their expression, including those enzymes responsible for DNA methylation359. The 

preoccupation with nucleotide synthesis (driven by MTHFD2) may come at the expense of 

replenishing SAM pools and may contribute to the global loss of DNA methylation that is 

seen in almost all tumours. Though I did not observe a gain of LINE1 methylation in the 

MTHFD2-KD tumours, it would be interesting to see what a more inclusive DNA 

methylation profile (i.e. the HM450 array) would reveal. Global hypomethylation with 

concurrent hypermethylation of promoter regions may yet be due to an imbalance of one-

carbon metabolism. Perhaps there is still an important interaction between MTHFD2 

mitochondrial one-carbon metabolism and the establishment/maintenance of DNA 

methylation patterns. Alternatively— and more likely— MTHFD2-KD disrupts nucleotide 
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biosynthesis, reducing proliferation, and thus reducing the effect of S-phase dependent 

decitabine.    

Since MTHFD2-KD tumours are impaired in their proliferative ability, they would 

not incorporate decitabine to the same extent as their control cell counterparts- imparting 

MTHFD2-KD cells with a sort of artificial decitabine resistance. This study should be 

repeated with a third generation non-nucleoside DNMT inhibitor which would be 

independent of cell proliferation360–362. An additional quality metric that should be included 

prior to de-convoluting the shRNA abundances in the tumours, is ensuring that the de-

methylating therapy was able to significantly hypomethylate tumour DNA. I did not 

confirm efficient decitabine-induced hypomethylation here, and the LINE1 methylation 

results would suggest that global loss of methylation did not occur in the decitabine treated 

tumours. My treatment regimen of 0.5 mg/kg systemic decitabine was based on landmark 

papers which established that this dosing schedule exerts durable DNA hypomethylation 

in xenografted breast cancer cell lines274,363. A 10x higher dose of decitabine (5 mg/kg) has 

been previously used  to treat MDA-MB-231 xenografts, but was seen to cause more DNA 

damage-related effects364. Toxicity was a limiting factor for my 0.5 mg/kg decitabine 

dosing schedule, so increasing the number of treatments to induce hypomethylation is 

impractical. Recreating the study using a non-nucleoside DNMT inhibitor is an important 

step to establishing an interaction between MTHFD2 and decitabine treatment360,361.  

Other improvements could be made to the shRNA screen itself. More recent 

shRNA-based screens contain far more shRNAs per gene. More shRNAs per gene aids the 

prioritization of screen hits because multiple shRNAs for a gene which exert a similar 

effect strongly imply that gene has a role in the phenotype. In our ThermoFisher Decode 
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screen, 3504 genes had to be excluded from ATARiS gene prioritization because only one 

shRNA was targeted to those genes. Using an expanded shRNA library in tandem with a 

non-nucleoside DNMT inhibitor would be technical improvements over my methodology. 

Realistically, first generation DNMT inhibitors like decitabine are not going to be 

applied as single agents in the treatment of solid tumours. Clinical trials have been too 

disappointing, and there is not enough evidence to support that these agents can effectively 

de-methylate tumour DNA326,365,366. The future of epigenetic therapy for breast cancer 

patients may include non-nucleoside based DNMT inhibitors in tandem with other 

chemotherapies or immunotherapies. MTHFD2 inhibitors are also being developed and 

will enter clinical trials for the treatment of multiple malignancies soon367,368. If there is a 

relationship between MTHFD2 and DNA methylation, as this screen may suggest, then 

there may be some predictive signature for DNMT inhibitor response that involves 

MTHFD2 (i.e. tumours with high MTHFD2 may be more sensitive to decitabine 

treatment). If this is the case, we can better apply epigenetic therapy and MTHFD2 

inhibitors.   
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CHAPTER 4: INHIBITION OF ALDH1A3 REDUCES BREAST TUMOUR 

GROWTH AND INHIBITS RETINOIC ACID-ASSOCIATED GENE EXPRESSION 
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4.1  INTRODUCTION 

First described in leukemia98, and later in solid tumours, cancer stem cells (CSCs) 

are a highly tumourigenic subpopulation present within the heterogeneous tumours of 

many cancers including breast cancer97. These cells share certain characteristics with 

normal stem cells including the ability to self-renew and to differentiate. CSCs also 

demonstrate a highly malignant phenotype, being able to initiate tumours, and promote 

epithelial-to-mesenchymal transition and metastasis97,100,237. Most concerning in terms of 

effective patient treatment and mitigating the risk of recurrence is the resistance of CSCs 

to common chemotherapies and radiotherapy369,370. These characteristics suggest that 

CSCs must be eliminated during treatment to avoid risk of relapse, and that this 

subpopulation of cells is poised to avoid elimination. Thus, therapies that target CSC 

activities may improve cancer treatment efficacy and patient outcomes.  

  CSC-associated enzymes and signaling pathways may provide novel avenues of 

therapeutic intervention, since these pathways (e.g. Notch, Wnt, and Hedgehog371) and 

enzymes (e.g. aldehyde dehydrogenases; ALDHs) are also mediators of tumourigenicity, 

metastasis, and therapy resistance. A common biomarker for CSC identification is high 

Aldefluor fluorescence associated with increased ALDH activity104. ALDHs are a 

superfamily of enzymes present in all three taxonomic domains with 19 isoforms expressed 

in humans134. ALDHs convert aldehydes to carboxylic acids; metabolic processes generate 

toxic aldehydes and ALDHs are required to maintain cellular homeostasis. Furthermore, 

individual ALDH isoforms have varied substrate specificity and more specialized 

functions. Members of the ALDH1A family (ALDH1A1, ALDH1A2, ALDH1A3) oxidize 
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the vitamin A metabolite, retinal, to retinoic acid (RA), a developmental cell signalling and 

gene expression induction molecule that also plays an important role in cancer226. 

Both ALDH1A1 and ALDH1A3, as well as other isoforms (e.g. ALDH1A2, 

ALDH2 and ALDH7A1), have been implicated as contributors to CSC-associated 

Aldefluor fluorescence, with specific isoforms playing a more predominant role in different 

cancers136,144,372–375. In particular, expression of the ALDH1A3 isoform is of primary 

importance for the Aldefluor fluorescence of breast cancer, lung cancer, melanoma, 

malignant pleural mesothelioma, and head and neck cancer136,138,142,144,376. In addition to 

being associated with CSCs, expression of ALDH1A1 and ALDH1A3 often correlates with 

poor prognosis in cancers such as breast, prostate and lung, kidney, esophageal, and head 

and neck100,104,372,377–380. ALDH1A3 has also been directly implicated in tumour 

progression and therapy resistance. For breast cancer, ALDH1A3 been shown to promote 

tumour growth and metastasis though production of retinoic acid (RA) and expression of 

RA-inducible genes138. ALDH1A3 also promotes the growth of lung tumours, 

glioblastoma, and melanoma143,144,381. Furthermore, it is associated with the chemoresistant 

population of mesothelioma376 and is a causative agent in the radioresistant population of 

head and neck cancer20. Together, these results suggest that targeting CSC-associated 

ALDH1A enzymes, in particular ALDH1A3, may be an effective adjuvant cancer 

therapy142,380.  

Due to their promise as an anti-CSC agent, several ALDH inhibitors have been 

explored for anti-cancer activity. Pan-ALDH inhibitor DEAB reduces growth of melanoma 

xenografts and the number of residual melanoma cells381. However, DEAB has a very short 

duration of efficacy in vivo and probably requires modification or encapsulation to have 
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therapeutic value382. Another ALDH inhibitor of considerable interest is disulfiram, which 

can inhibit TGF-β induced “stem like” features of MDA-MB-231 breast cancer cells383, 

increase chemosensitivity224, and also reduce mammosphere formation384. However, the 

ability of disulfiram to directly inhibit ALDH in breast cancer cells was not confirmed, and 

though mammospheres had increased expression of ALDH1A3, disulfiram did not reduce 

mammosphere-associated ALDH1A3 mRNA. Thus, the effect of specifically inhibiting 

ALDH1A3 has not been explored yet, nor is the specificity of disulfiram for ALDH1A3 

known.  

A panel of compounds known to inhibit at least one ALDH isoform and with 

unknown ALDH1A3 inhibitory activity were investigated for their potential as ALDH1A3 

inhibitors in breast cancer. Citral was identified as a strong inhibitor of ALDH1A3 and 

reduced ALDH1A3-dependent colony formation, gene expression, and tumour growth. To 

my knowledge, this is the first study to characterize inhibitors of ALDH1A3 specifically 

and is the first to show that inhibiting ALDH1A3 can slow breast tumour growth.  
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4.2  MATERIALS AND METHODS  

 

4.2.1 ALDH INHIBITORS AND CELL LINES 

All ALDH inhibitors were acquired from Sigma and dissolved in the indicated 

vehicle (Table 4.1). MDA-MB-231, MDA-MB-468, or SKBR3 cells were challenged with 

dissolved drug or vehicle alone at the indicated final concentration. The cells were obtained 

from American Type Culture Collection and the same ALDH isoform overexpression or 

knockdown clones generated and validated in our prior publications (ALDH1A1 shRNA 

1,  ALDH1A3 shRNA 3 and ALDH2 shRNA2; Table 4.2; Figures 4.1-4.4) were used136,138. 

All cells were cultured in Dulbecco’s Modified Eagle Medium (Invitrogen) supplemented 

with 10% fetal bovine serum (Invitrogen), 1X antibiotic-antimycotic (Invitrogen), and 0.25 

µg/mL puromycin (Sigma) in a 37°C humidified chamber with 5% CO2. 

Table 4.1: ALDH inhibitors used in current study. Compounds were dissolved in the 

indicated vehicle at the given stock concentration based on manufacturer specifications. 

All compounds were obtained from Sigma. 
 

Compound Cat. Number Vehicle Stock concentration 

3-Hydroxy-dl-kynurenine H1771 Hydrochloric acid 100mM 

Benomyl 45339 Chloroform 100mM 

Chloral Hydrate C8383 Water 100mM 

Citral C83007 Dimethyl sulfoxide 100mM 

Cyanamide 187364 Water 100mM 

Daidzin 30408 Dimethyl sulfoxide 50mM 

DEAB D86256 Dimethyl sulfoxide 100mM 

Disulfiram 86720 Dimethyl sulfoxide 20mM 

Gossypol G8761 Methanol 5mM 

Kynurenic Acid K3375 Dimethyl sulfoxide 25mM 

Molinate 36171 Water 2mM 

Pargyline P8013 Water 100mM 
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Table 4.2: shRNA knockdown sequences (from Marcato, 2011) used to generate 

ALDH1A1, ALDH1A3, and ALDH2 knockdowns136. 

Target shRNA Sequence 

ALDH1A3 

shRNA1 

TGCTGTTGACAGTGAGCGCGCATAGCAAATCCTAGGATAA

TAGTGAAGCCACAGATGTATTATCCTAGGATTTGCTATGCT

TGCCTACTGCCTCGGA 

shRNA2 

TGCTGTTGACAGTGAGCGCGCTGTAATTCACTTTAACAAAT

AGTGAAGCCACAGATGTATTTGTTAAAGTGCCTTACAGATT

GCCTACTGCCTCGGA 

ALDH1A1 

shRNA1 

TGATGTTGACAGTGAGCGCCCACGTGGACTCTTTAATAAAT

AGTGAAGCCACAGATGTATTTATTAAAGATGCCACGTGGA

TGCCTACTGCCTCGGA 

shRNA2 

TGATGTTGACAGTGAGCGCGGAGTGTTTACCAAAGACATTT

AGTGAAGCCACAGATGTAAATGTCTTTCCTAAACACTCCTT

TGCCTACTGCCTCGGA 

ALDH2 

shRNA1 

TGCTGTTGACAGTGAGCCGAGCTGATAAGTACCACGGGAA

ATAGTGAAGCCACAGATGTATTTCCCGTGGTACTGCCTCGG

A 

shRNA2 

TGATGTTGACAGTGAGCGCGCAGGCATACACTGAAGTGAA

TAGTGAAGCCACAGATGTATTCACTTCAGTGTATGCCTGCA

TGCCTACTGCCTGGA 

 

 

Figure 4.1: Protein expression of ALDH1A1 and ALDH1A3 in MDA-MB-231 and 

MDA-MB-468 cells. Endogenous ALDH1A1 and ALDH1A3 protein levels are detected 

by western blot in the cell lines. KMC generated Western blot. 
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Figure 4.2: Overexpression of ALDH1A3 and ALDH1A1 increases the ALDH protein 

levels in MDA-MB-231 cells. ALDH1A3 and ALDH1A1 protein levels are detected by 

western blot in the cell lines (vector control or overexpression clones). Taken from 

Supplementary Figure 1 Marcato, 20151.  

 

 
Figure 4.3: Knockdown of ALDH1A3 reduces ALDH1A3 protein levels in MDA-MB-

468 cells. ALDH1A3 protein levels are detected by western blot in the cell lines (vector 

control or knockdown clones); shRNA 3 used in the current study. Taken from Figure 5 

Marcato, 20112. 

 

 
Figure 4.4: Knockdown of ALDH2 reduces ALDH2 protein levels in SKBR3 cells. 

ALDH2 protein levels are detected by western blot in the cell lines (vector control or 

knockdown clones); shRNA 2 used in the current study. Taken from Figure 5 Marcato, 

20112. 
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4.2.2 WESTERN BLOT DETERMINATION OF ALDH1A1 AND ALDH1A3 PROTEIN LEVELS 

Western blotting of cell lysates performed using anti-human ALDH1A1 (mouse 

monoclonal; BD Bioscience or ALDH1A3 (mouse monoclonal clone 4EB; Origene) 

followed by secondary species-specific horseradish peroxidase (HRP)-conjugated goat 

anti-mouse IgG (Jackson Immunoresearch) were used to detect ALDH isoforms protein 

levels. β-actin was detected using specific mouse monoclonal antibody (Santa Cruz 

Biotechnologies). 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).  

 

4.2.3 ALDEFLUOR ASSAY ON PATIENT-DERIVED XENOGRAFT AND CELL LINES 

A patient-derived xenograft (PDX) previously established in female NOD/SCID 

mice136 was harvested to generate cell suspensions. Red blood cells were lysed, and 

remaining cells were washed with PBS and Aldefluor assay performed as per the 

manufacturer’s instructions (Stemcell Technologies), with or without the addition of one 

of the panel of drugs (Table 4.1). To eliminate dead cells and non-cancer cells of mouse 

origin, cells were stained with viability stain 7-AAD (Biolegend) and anti-H2Kd (mouse 

histocompatibility class I) conjugated to Alexafluor 647 nm (Biolegend), respectively. Cell 

populations were identified using a FACSCalibur flow cytometer (Becton Dickinson). 

Distinct Aldefluor-positive and Aldefluor-negative populations in the PDX were revealed 

after excluding debris, mouse, and dead cells. For cell line assays anti-H2Kd stain was not 

used and Aldefluor levels were quantified via mean fluorescence intensity. 
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4.2.4 FLOW CYTOMETRY ANALYSIS OF CD24 AND CD44 EXPRESSION UPON CITRAL 

TREATMENT 

MDA-MB-231 control and ALDH1A3-OE cells were seeded at 400,000 cells/well 

in a 6-well plate and treated for 24 hours with 100 µM citral or plain media. Cells were 

trypsinized and washed with PBS before CD24/CD44 staining using CD24 (Biolegend) 

conjugated to Alexafluor 519nm; and CD44 (eBioscience) conjugated to Alexafluor 

575nm. To eliminate dead cells, cells were stained with viability stain 7-AAD (Biolegend). 

Cell populations were identified using a FACSCalibur flow cytometer (Becton Dickinson). 

 

4.2.5 QUANTIFYING LIVE CELLS 

Cells quantified for percentage of early and late apoptotic cells via Alexa Fluor 488 

conjugated- Annexin V (Invitrogen) and 7-AAD (Biolegend) staining following the 

manufacturer’s protocol and analyzed with a FACSCalibur.  

 

4.2.6 GENERATION OF CITRAL NANOPARTICLES (CITRAL-NP) 

Nanoparticle encapsulated citral (citral-NP) and empty nanoparticles (vehicle 

control) were generated based on Zeng et al., 2015 protocols with few modifications385. 

Briefly, 1 mL of a 0.5 mM polyethylene glycol-block-polycaprolactone (Polymer Source, 

Quebec, CAN; PEG-b-PCL; MW PEG: 10,000; MW PCL: 5,000) solution was made in 

HPLC-grade acetone (ThermoFisher Scientific). Citral (16 mg/mL), followed by 1 mL of 

PBS added while vortexing to form nanoparticles. Rotary evaporation and nitrogen gas 

flushing removed acetone. Samples were reconstituted and centrifuged at 8,000 x g for 5 

minutes for the separation of two distinct layers: an upper waxy layer containing polymer 
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aggregates and excess unencapsulated citral, and a lower more fluid layer containing 

nanoparticles. The lower layer was collected and unencapsulated citral and nanoparticles 

>220 nm were removed by filtering (0.22 µm nylon syringe filter, Fisher Scientific).  

 

4.2.7 HPLC DETERMINATION OF CITRAL-NP CONCENTRATION 

High performance liquid chromatography (HPLC) was used to measure the 

concentration of nanoparticle encapsulated citral. A known dilution of citral-NP was 

injected into a 18C 3.9x150 mm Symmetry column (Waters) and eluted at room 

temperature with isocratic 40% water and 60% acetonitrile (both, with 0.1% trifluoroacetic 

acid) for 10 minutes at a rate of 0.5 mL/minute using a Waters 2695 separations module 

and a Waters 2487 dual λ absorbance detector set at 254nm. No peaks were detected for 

PEG-b-PCL at this wavelength, whereas acetone eluted at ≈2.55 minutes (Figure 4.5). 

  
Figure 4.5: Representative HPLC chromatogram showing contamination of citral 

nanoparticles with acetone used to solubilize the PEG-b-PCL polymer. Acetone elutes 

at 2.5 minutes; the two citral isomers neral and geranial elute at 6 minutes and 6.4 minutes, 

respectively.  Citral-NP sample with residual acetone was obtained by excluding the 

nitrogen gas flushing step from the nanoparticle preparation protocol. RDA and RD 

assisted with nanoparticle optimization and generation. 
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4.2.8 CALCULATING THE LOADING EFFICIENCY OF CITRAL-NP MICELLES 

Example calculation: 64 mg citral added per 1 mL citral-NP preparation. Average 

of 8.05 mg citral in final nanoparticle encapsulated citral samples as determined through 

HPLC analysis. This value is post-evaporation, post-phase separation, and post-filtration. 

On average, 0.12 mg of final sample is unencapsulated “free” citral. This value was 

determined by HPLC analysis of sample prepared with identical protocol as citral-NP 

except no polymer was added. 

8.05 mg - 0.12 mg = 7.93 mg nanoparticle encapsulated citral 

7.93 mg / 64 mg = 12.4% of 64 mg initial citral is successfully 

encapsulated 

 

4.2.9 TUMOUR GROWTH INHIBITION STUDY WITH UNENCAPSULATED CITRAL  

Eight week old NOD/SCID female mice were orthotopically injected in the 

mammary fat pad four with 2 x 106 vector control or ALDH1A3 overexpression MDA-

MB-231 cells, admixed in 1:1 ratio with phenol red-free high concentration matrigel 

(Fisher Scientific). Subsequently, the mice were randomly divided into vehicle (dimethyl 

sulfoxide; DMSO) or citral treatment groups and were injected intraperitoneally for three 

consecutive days then one day no injection for 56 total days with 20 µL of vehicle or citral 

(0.1 mg per dose) (n=6 mice per group). Resulting tumour growth was quantified (mm3, 

length x width x height / 2) for the duration of the experiment.  

 

4.2.10 IN VIVO CITRAL-NP TREATMENT  

Eight-week-old NOD/SCID female mice were orthotopically injected with 2 x 106 

MDA-MB-231 vector control or ALDH1A3 overexpression cells, admixed in 1:1 ratio 
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with phenol red-free high concentration matrigel (Fisher Scientific). Subsequently, the 

mice were randomly divided into empty-NP (NT) or citral-NP treatment groups (n=6 per 

group) and were injected via tail vein every 3 or 4 days (alternating) with 100 µL of citral-

NP (0.4 mg/kg) or saline. Resulting tumour growth was quantified (length x width x height 

/ 2) and on day 38 the tumours were harvested and weighed from euthanized mice. 

 

4.2.11 IN VITRO GROWTH RATE ANALYSIS 

Seeded cells were treated with 100 µM citral or vehicle control and collected and 

counted 24 or 72 hours later. Growth rate = number of cells at a time point / number of 

cells pre-treatment, normalized to the vehicle control, no treatment (NT) growth rate.  

 

4.2.12 COLONY FORMING ASSAY 

Seeded cells were treated with 100 µM citral or vehicle for 24 hours prior to re-

seeding at very low confluency for single cell generation of colonies (20 cells/cm2 for 

MDA-MB-231 cells, 50 cells/cm2 for MDA-MB-468 cells) and cultured for 13 days with 

media change every other day. Resulting colonies were visualized by methanol fixation 

and 0.05% crystal violet staining. Colonies >50 cells were counted, and colony forming 

efficiency = number of colonies / number of seeded cells. 

 

4.2.13 REVERSE TRANSCRIPTASE QUANTITATIVE PCR (RT-QPCR) 

 After treatment with the ALDH inhibitors for 24 hours, RNA from the cells was 

extracted using Trizol (Invitrogen) and the Purelink RNA kit (Invitrogen), and reverse 
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transcribed with iScript™ cDNA Synthesis Kit (Bio-Rad) as per manufacturer’s 

instructions. Reverse transcriptase quantitative PCR (RT-qPCR) used SsoAdvanced 

Universal SYBR supermix (Bio-Rad) with gene-specific primers (Table 4.3) was 

performed as per manufacturer’s instructions using a 96CFX Touch Real-Time PCR 

Detection System (Bio-Rad). Standard curves were generated to incorporate primer 

efficiencies and relative levels of mRNA were calculated utilizing internal reference gene 

B2M. 

 

Table 4.3: RT-qPCR primer sequences  

 Gene Sequence 

Housekeeping 

Gene 
B2M 

Forward AGGCTATCCAGCGTACTCCA 

Reverse CGGATGGATGAAACCCAGACA 

RA-Inducible 

Gene 

RARRES1 
Forward ACGGCTCATCGAGAAAAAGA 

Reverse GAAAGCCAAATCCCAGATGA 

RARβ 
Forward GGTTTCACTGGCTTGACCAT 

Reverse GGCAAAGGTGAACACAAGGT 

ELF3 
Forward CCAGCGATGGTTTTCGTGAC 

Reverse GATGTCCCGGATGAACTCCC 

CSC-

Associated 

Gene 

ITGA6 
Forward TCAGCCAAAGATACTAGTGCCA 

Reverse TTGAGGATCACCTACATAGAGCG 

CD44 
Forward CCCATTCGACAACAGGGACA 

Reverse AGCTGAGGTCACTGGGATGA 

ALDH1A1 
Forward TGTTAGCTGATGCCGACTTG 

Reverse TTCTTAGCCCGCTCAACACT 

Pluripotency 

Gene 

SOX2 
Forward AACCAGCGCATGGACAGTTA 

Reverse GACTTGACCACCGAACCCAT 

POU5F1 
Forward TGATCCTCGGACCTGGCTAA 

Reverse CCCCACAGAACTCATACGGC 

NANOG 
Forward CCTGTGATTTGTGGGCCTGA 

Reverse GGGCTGTCCTGAATAAGCAGA 
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4.2.14 STATISTICAL ANALYSIS 

GraphPad Prism Version 4 was used to perform one-way ANOVAs and post-hoc 

tests, or paired t-tests as indicated in the figure legends. Significance is indicated as follows 

p<0.05*, p<0.01**, p<0.001***. 

 

4.3  RESULTS 

4.3.1 CITRAL, DEAB, AND BENOMYL ELIMINATE THE ALDEFLUOR-POSITIVE POPULATION 

OF A BREAST CANCER PATIENT DERIVED-XENOGRAFT TUMOUR 

To identify a compound that would inhibit ALDH1A3 activity specifically and 

ALDH1A3-mediated breast tumour growth, I compiled a group of previously described 

ALDH inhibitors, some of which had been tested for cytotoxic effects, tumour growth 

inhibition potential, and anti-CSC activity256. As a first assessment of the ALDH inhibition 

capacity of the compounds, I tested their ability to reduce Aldefluor fluorescence 

associated with CSCs104,136. Using a PDX previously demonstrated to contain Aldefluor-

positive tumour initiating cells and high ALDH1A3 expression136, I quantified and 

compared the efficiency of the 12 compounds256 to eliminate the Aldefluor-positive 

population from the PDX tumour ex vivo. PDX cells from serial passages were incubated 

with the Aldefluor substrate with increasing concentrations of ALDH inhibitor. The mean 

percentage Aldefluor-positive cells in this PDX was 4.56%. Of the 12 inhibitors tested, 

citral, DEAB and benomyl significantly reduced the Aldefluor-positive population (Figure 

4.6). Interestingly, disulfiram, which has previously been used as an ALDH inhibitor in 

cancer models224, only partially eliminated the Aldefluor-positive population (Figure 4/6B, 

not significant). This suggests that at least for this PDX, citral, DEAB and benomyl have 

superior activity against the Aldefluor-positive tumour population.  
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Figure 4.6: Citral, benomyl, and DEAB eliminate the Aldefluor+ population in a 

patient-derived xenograft (PDX) ex vivo. A) Representative dot plots. B) Indicated drugs 

were added to harvested tumour cells of a PDX and Aldefluor assay performed. 

Significance determined by one-way ANOVA with Tukey post-hoc test. 
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4.3.2 CITRAL IS MOST EFFECTIVE AT INHIBITING ALDEFLUOR FLUORESCENCE INDUCED 

BY ALDH1A3 

Multiple ALDH isoforms can contribute to the Aldefluor fluorescence observed in 

breast cancer cells, with ALDH1A3, as well as ALDH1A1 and ALDH2 to a lesser degree, 

being the most important136. Therefore, cell lines with defined ALDH isoform expression 

were used to compare the specificity of the compounds for inhibiting the production of 

Aldefluor fluorescence by a specific isoform. For this purpose, I used MDA-MB-231, 

MDA-MB-468 and SKBR3 breast cancer cells.  

MDA-MB-231 cells have very low endogenous Aldefluor fluorescence136, and 

therefore served as a good model system to introduce isoform-specific Aldefluor 

fluorescence by overexpressing individual ALDH isoforms. The low protein expression of 

ALDH1A1 and ALDH1A3 in MDA-MB-231 cells in comparison to MDA-MB-468 cells 

was previously reported via quantitative proteomics386 and is visualized here by western 

blotting in Figure 4.1. Overexpression of ALDH1A1 or ALDH1A3 to a greater degree, 

significantly increased mean Aldefluor fluorescence compared to that of cells with vector 

control (Figure 4.8A and 4.7A, respectively). Expression of the ALDH isoforms was 

previously shown138, and illustrated here in Figure 4.2. ALDH1A3-specific Aldefluor 

fluorescence can also be modeled with MDA-MB-468 breast cancer cells that have 

endogenously high Aldefluor fluorescence dependent upon ALDH1A3 expression136. 

Knockdown ALDH1A3 cells showed significantly reduced mean Aldefluor fluorescence 

compared to scramble control (Figure 4.7B). Similarly, ALDH2-associated Aldefluor 

fluorescence can be modeled with SKBR3 breast cancer cells with high endogenous levels 

of ALDH2 activity136. Knockdown ALDH2 cells showed significantly lower mean 

Aldefluor fluorescence compared to cells with scramble control (Figure 4.8B). The 
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reduction of ALDH1A3 and ALDH2 protein levels in the knockdown cell lines was shown 

previously136, and illustrated here in Figures 4.3 and 4.4. 

To assess the effect of the 12 compounds on Aldefluor fluorescence induced by 

ALDH1A1, MDA-MB-231 cells overexpressing ALDH1A1 (ALDH1A1-OE) were 

incubated with Aldefluor substrate in the presence of increasing drug concentrations. Only 

DEAB significantly reduced the mean Aldefluor fluorescence of MDA-MB-231 

ALDH1A1 cells (Figure 4.8A), suggesting the other drugs were ineffective ALDH1A1 

inhibitors under the experimental conditions. 

Similarly, to assess the effect of the inhibitors on Aldefluor fluorescence mediated 

by ALDH1A3, increasing concentrations of the compounds were added to MDA-MB-231 

cells with or without overexpression of ALDH1A3 (ALDH1A3-OE), and to MDA-MB-

468 cells with high endogenous ALDH1A3-dependent Aldefluor fluorescence. Of the 12 

inhibitors tested, citral, DEAB and benomyl significantly reduced ALDH1A3-mediated 

Aldefluor fluorescence production in the breast cancer cells (Figure 4.7); however, citral 

was the most effective, significantly inhibiting ALDH1A3 at the lowest concentration of 1 

µM.  

Finally, ALDH2-dependent Aldefluor fluorescence production was challenged 

with increasing concentrations of the compounds applied to SKBR3 cells with 

predominately ALDH2-dependent Aldefluor fluorescence. Citral, DEAB and benomyl 

significantly reduced Aldefluor fluorescence of SKBR3 cells to a similar extent, suggesting 

that all three compounds effectively inhibit ALDH2 (Figure 4.8B). Therefore, in terms of 

reducing Aldefluor fluorescence specifically associated with ALDH1A3 or ALDH2, citral 

was the most effective inhibitor, while DEAB was the most effective pan ALDH inhibitor. 



171 

 

Figure 4.7: Citral is the best inhibitor of ALDH1A3-mediated Aldefluor positivity 

quantified by mean fluorescence intensity. The effect of overexpression or knockdown 

of ALDH1A3 in Aldefluor positivity (relative mean fluorescence intensity, MFI). The 

effect of indicated drugs on Aldefluor positivity mediated by ALDH1A3 in MDA-MB-231 

ALDH1A3-OE cells (A, C) and in MDA-MB-468 cells with intrinsic high ALDH1A3 (B, 

D) Significance determined by one-way ANOVA with Tukey’s post-hoc test. 
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Figure 4.8: Citral is not the best inhibitor of ALDH1A1/ALDH2-mediated Aldefluor 

positivity quantified by mean fluorescence intensity. The effect of overexpression of 

ALDH1A1 or ALDH2 knockdown in Aldefluor positivity (relative mean fluorescence 

intensity, MFI). The effect of indicated drugs on Aldefluor positivity mediated by 

ALDH1A1 in MDA-MB-231 ALDH1A1-OE cells (A, C) and in SKBR3 cells with 

intrinsic high ALDH2 (B, D) Significance determined by one-way ANOVA with Tukey’s 

post-hoc test. 
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4.3.3 DISULFIRAM, GOSSYPOL, AND CITRAL INDUCE APOPTOSIS IN MDA-MB-231 CELLS 

To compare the effect of the inhibitors on apoptosis and also to test if ALDH1A3 

expression has an effect on the sensitivity of cells to apoptosis, I next assessed the ability 

of the panel of inhibitors to induce apoptosis in MDA-MB-231, with or without 

overexpression of ALDH1A3. Of all the drugs, disulfiram most strongly induced apoptosis, 

which was magnified in the ALDH1A3-OE cells (Figure 4.9). Gossypol also induced 

apoptosis in the cells, regardless of ALDH1A3 expression. At the highest concentration 

tested (100 µM), citral induced a low level of cell death in MDA-MB-231 ALDH1A3-OE 

cells after 24 hours but did not appear to induce morphological changes (Figures 4.9 & 

4.10). Citral was shown to induce apoptosis and cell cycle arrest in other cancer cell lines, 

although this is the first indication that its effects on cell viability may be minimally related 

to ALDH activity387,388. 

Taking into consideration all four assays (i.e. elimination of Aldefluor-positive 

population in a PDX, reduction of ALDH1A3-specific Aldefluor fluorescence in breast 

cancer cells, and apoptosis induction which was associated with ALDH1A3), citral stood 

out among the ALDH inhibitor panel as a potentially effective ALDH1A3/Aldefluor 

fluorescence inhibitor. Therefore, I focused the remainder of my studies on the ability of 

citral to inhibit ALDH1A3-mediated tumour growth. 
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Figure 4.9: Disulfiram, gossypol, or citral induce apoptosis in MDA-MB-231 cells. A) 

MDA-MB-231 vector control and ALDH1A3-OE cells were treated with indicated drugs 

for 24 hours and assessed for live cells (percentage annexin-V-negative and 7-AAD-

negative) by FACS analysis of annexin-V-Alexafluor 488 and 7-AAD stained cells. 

Significance determined by one-way ANOVA with Tukey's post-hoc test. B) 

Representative dot plots. 
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Figure 4.10: MDA-MB-231 and MDA-MB-468 cells treated for 24 hours with citral 

and aside from some cell death at higher concentrations, morphological changes are 

not detected. Images captured with a bright field microscope. 

 

4.3.4 NANOPARTICLE-ENCAPSULATED CITRAL REDUCES ALDH1A3-MEDIATED TUMOUR 

GROWTH OF MDA-MB-231 CELLS 

Citral is a common component of fragrances and flavor additives and is known to 

degrade at acidic pH and under oxidative stress389, suggesting it likely requires stabilization 

or encapsulation to enhance in vivo bioavailability. Zeng et al reported a PEG-b-PCL 

micelle-encapsulation method for citral (referred to as nanoparticle-encapsulated NP)385. 

These authors also demonstrated that citral-NP inhibited the tumour growth of murine 

mammary 4T1 tumour cells implanted in the BALB/C mice385. In the present study I found 

that intraperitoneal administration of free citral was ineffective at reducing tumour growth 

of MDA-MB-231 cells, regardless of ALDH1A3 expression (Figure 4.11). Therefore, I 

adapted the encapsulation strategy devised by Zeng et al., to generate nanoparticle 
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encapsulated citral (citral-NP) and an empty nanoparticle control using PEG-b-PCL.  

HPLC confirmed that citral is composed of two E and Z isomers in a 2:1 ratio, as reported 

by Zeng et al. (Figure 4.12A). HPLC was used to quantify free citral and citral-NP, and 

equivalent doses based on the HPLC quantification had similar effects on Aldefluor 

fluorescence, indicating citral-NP was as bioactive as free citral (Figure 4.12B). The 

loading efficiency of this citral-NP preparation was estimated to be 12.4%. The mean citral 

concentration for an individual preparation of citral-NP was 8.05 mg/mL. Subsequently, 

the nanoparticle preparations were administered to mice bearing MDA-MB-231 

ALDH1A3-OE or vector control tumours via tail vein injections. As I previously reported, 

overexpression of ALDH1A3 increased tumour growth of MDA-MB-231 cells138 (Figure 

4.12C). Citral-NP significantly reduced tumour volume and tumour weight of MDA-MB-

231 ALDH1A3-OE cells but not MDA-MB-231 vector control cells (Figure 4.12C and 

4.12D). This suggests that the tumour growth inhibitory effect of citral is related to its anti-

ALDH activity, and in the case of ALDH1A3 expressing breast tumour cells, its specific 

inhibition of ALDH1A3. 

 

Figure 4.11: Unencapsulated citral fails to inhibit MDA-MB-231 tumour growth 

regardless of ALDH1A3 expression. A) vector control MDA-MB-231 tumour growth is 

not affected by citral treatment. B) ALDH1A3-overexpression MDA-MB-231 tumour 

growth is not affected by citral treatment. 
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Figure 4.12: Nanoparticle encapsulated citral reduces ALDH1A3-mediated MDA-

MB-231 tumour growth. A) Nanoparticle encapsulated citral (citral-NP) quantification 

via HPLC illustrated the two isomers present in citral and estimated the citral 

concentration. Three peaks present on the HPLC chromatogram represent the “non-citral” 

products in the Sigma citral (elute 3.2 minutes), the neral or E isomer (elute 6.4 minutes), 

and the geranial or Z isomer (elute 6.9 minutes). B) The effect of 100µM citral-NP and 

unencapsulated citral in the Aldefluor assay performed on MDA-MB-468 cells and MDA-

MB-231 ALDH1A3-OE cells. C) Tumour measurements in mice injected with MDA-MB-

231 vector control or ALDH1A3-OE cells, with or without citral-NP treatment. D) The 

resulting tumour weights. B, C, D) Significance determined by one-way ANOVA with 

Tukey’s post-hoc test. RDA and RD assisted with nanoparticle optimization and 

generation; PM assisted with tail vein injection. 

 

 

4.3.5 CITRAL REDUCES ALDH1A3-MEDIATED COLONY FORMATION 

To further study the effect of citral on cancer cells, the potential mechanisms for 

the ALDH1A3-specific tumour growth reduction caused by this compound were 

investigated. The minor apoptotic effects observed in Figure 4.9 upon treatment of cells 
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with 100 µM of citral are probably insufficient to explain the observed tumour growth 

inhibition effects, since citral inhibits ALDH1A3 activity at much lower concentrations 

(i.e. 1µM decreases Aldefluor fluorescence). Furthermore, the effect of citral on cancer cell 

proliferation over 72 hours was not ALDH1A3-dependent (Figure 4.13A). Therefore, I 

assessed the effects of citral on other cellular growth and signalling assays that may be 

specific to ALDH1A3 activity and related to the enhanced tumour growth mediated by the 

enzyme. Notably, the colony formation assay (clonogenic assay) quantifies the ability of a 

single cell to grow into a colony, and has been utilized to illustrate CSC phenotype since it 

measures the ability of the cells to undergo "unlimited" division390. In both MDA-MB-231 

and MDA-MB-468 cells, higher ALDH1A3 expression was associated with increased 

colony formation. Most importantly, citral reduced colony formation only in those cell 

lines with high ALDH1A3 expression (Figure 4.13B and 4.13C). The results from the 

colony formation assay mirror the tumour growth assay results (Figure 4.13C and 4.13D) 

and suggest citral may be inhibiting the enhanced ability of ALDH1A3 expressing MDA-

MB-231 cells to form tumours.  
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Figure 4.13: Citral reduces cell growth and ALDH1A3-mediated colony formation. 

A) MDA-MB-231 cells with or without ALDH1A3-OE and MDA-MB-468 cells with or 

without knockdown of ALDH1A3 were treated with citral for 72 hours and their growth 

rate normalized to no treatment. B, C) MDA-MB-231 cells with or without ALDH1A3-

OE and MDA-MB-468 cells with or without knockdown of ALDH1A3 were pre-treated 

with 100µM citral or vehicle for 24 hours prior to colony formation assay. B) 

Representative images of colonies. A, C) Significance determined by one-way ANOVA 

with Tukey’s post-hoc test. 
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4.3.6 CITRAL INHIBITS ALDH1A3-MEDIATED GENE EXPRESSION  

To investigate the mechanism by which citral exerts its anti-tumourigenic and anti-

growth effects, I evaluated expression of genes inducible by retinoic acid, or pluripotency 

and markers associated with breast CSCs upon ALDH1A3 modulation and citral treatment. 

The effects of ALDH1A3 on MDA-MB-231 breast tumour growth and metastasis is 

dependent upon its induction of RA signaling via expression of RA-inducible genes138. 

Furthermore, expression of RA-inducible genes in breast cancer is specifically dependent 

upon expression ALDH1A3138. Therefore, I evaluated the effect of citral on ALDH1A3-

induced expression of RARβ, RARRES1, and ELF3, all of which are RA-inducible and 

contain retinoic acid response elements (RAREs)138. Overexpression of ALDH1A3 in 

MDA-MB-231 cells increased expression of RARβ, RARRES1, and ELF3 (Figure 4.14A), 

while knockdown of ALDH1A3 in MDA-MB-468 cells reduced expression of RARβ, 

RARRES1, and ELF3 (Figure 4.14B). Citral significantly reduced ALDH1A3-dependent 

expression of RARβ, RARRES1, and ELF3 in MDA-MB-231 cells (Figure 4.14A), and 

reduced expression of RARβ and RARRES1 in MDA-MB-468 cells (Figure 4.14B).  
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Figure 4.14: Citral reduces ALDH1A3-mediated expression of retinoic acid-inducible 

genes. Relative mRNA expression levels of retinoic acid-inducible genes RARβ, 

RARRES1, and ELF3, pluripotency genes SOX2, NANOG, and POU5F1/Oct4, and CSC-

associated genes ITAG6, ALDH1A1, and CD44 was quantified by RT-qPCR, normalized 

to control and B2M levels in MDA-MB-231 ALDH1A3-OE cells (A) and MDA-MB-468 

cells (B) with increasing citral treatment for 24 hours compared to vehicle no treatment 

control. Significance of ALDH1A3-OE compared to control MDA-MB-231 cells (A) and 

ALDH1A3 knockdown compared to control MDA-MB-468 cells (B) was determined by 

t-test. A, B) Significance of citral treatments compared to vehicle no treatment determined 

by one-way ANOVA with Dunnett’s post-hoc test. MS and MAG assisted with RT-qPCR. 

 

In contrast, the expression of pluripotency and markers associated with breast CSC- 

was not consistently altered by ALDH1A3 expression or citral treatment MDA-MB-231 

and MDA-MB-468 cells (Figure 4.14A and 4.14B)391. While ALDH1A3-KD and citral 

treatment increased ITGA6 expression in MDA-MB-468 cells, no change in expression 

was observed in MDA-MB-231 cells. An opposite effect was seen for ALDH1A1 

expression where ALDH1A3-KD and citral treatment reduced ALDH1A1 expression in 

MDA-MB-468, though no change was observed in MDA-MB-231 cells. Gene expression 

of CSC-associated/marker CD44 was also not consistently altered by ALDH1A3 

expression or citral treatment. This result mirrors my cell surface expression analysis of 

breast CSC markers CD24 and CD44; neither ALDH1A3 expression nor citral treatment 

altered the percentage CD24-/CD44+ cells in MDA-MB-231 cells (Figure 4.15). Together, 

the gene expression analysis strengthens the possibility that citral’s inhibition of 

ALDH1A3-mediated tumour growth are related to inhibition of ALDH1A3-induced 

retinoic acid signaling. 
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Figure 4.15: Treating MDA-MB-231 control or ALDH1A3-OE cells with 100 µM 

citral for 24 hours does not alter the number of CD24-/CD44+ cells. A majority of 

MDA-MB-231 cells are CD24-/CD44+ (80%), overexpression of ALDH1A3 does not 

alter this value, nor does citral treatment. 
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4.4  DISCUSSION 

Breast CSCs are highly tumourigenic and resistant to conventional 

therapies97,100,237,369,370; therefore, the presence of a residual population of CSCs after 

treatment may increase a patient’s risk for relapse and justifies a search for compounds that 

target CSC-associated activity. High ALDH activity is used as a biomarker for many types 

of CSCs, and more recently it has been shown that ALDH1A3 has a functional role in 

breast cancer, lung cancer, melanoma, malignant pleural mesothelioma, and head and neck 

cancer136,138,142,144,376 . To date, the inhibition of ALDH1A3 as a breast cancer therapy has 

not been explored. 

I evaluated 12 compounds with known inhibitory activity for other ALDH isoforms 

(with unknown ALDH1A3 activity)256, and found that citral effectively inhibited 

ALDH1A3. To my knowledge, this is the first time that these compounds have been 

comparatively investigated for ALDH inhibitory activity in live cells using the Aldefluor 

assay. Previous cell-free enzymatic and/or in vivo assays implied that chloral hydrate, 

citral, cyanamide, daidzin, DEAB, disulfiram, gossypol, molinate, and pargyline inhibit 

ALDH1A1 or ALDH2 (reviewed in Koppaka et al., 2012)256. Of the compounds I tested, 

only DEAB, citral, and benomyl significantly inhibited ALDH1A3, ALDH1A1, or 

ALDH2-mediated Aldefluor fluorescence in breast cancer cells. The lack of positive results 

with the other compounds could be attributed to the fact that the previous studies reporting 

inhibition of ALDH isoforms were performed using cell-free enzymatic assays or animal 

models. Several of these compounds potentially require in vivo processing, as in the case 

of cyanamide, which requires the action of catalase to inhibit ALDH2, or pargyline which 

is activated in liver microsomes. Furthermore, the efficiency by which these compounds 
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can enter (and remain within) the cell is unknown and could contribute to their lack of 

effects in the present study.  

Our 12 drug panel included disulfiram, a long-used drug in the deterrence of alcohol 

abuse, which has also been extensively tested previously for its anti-cancer properties. The 

most commonly reported anti-cancer mechanism of disulfiram is the inhibition of the 

proteasome-mediated degradation pathway258. Specifically, when bound to copper, the 

disulfiram/copper complex is a potent proteasome inhibitor, thereby inducing apoptosis of 

cancer cells.  In cancers with clearly elevated copper levels such as glioblastoma 

multiforme, disulfiram treatment induces apoptosis and re-sensitizes the tumours to 

temozolomide therapy392,393. However, as illustrated by my findings here, it is possible that 

the apoptotic effects of disulfiram are not only attributable to its effects on proteasome-

inhibition but may also be related to its ALDH enzyme inhibition activity. 

Another drug tested here, gossypol, induced notable apoptosis in MDA-MB-231 

cells. This is consistent with the previously described pro-apoptotic activity of gossypol on 

breast cancer394.  Interest in gossypol as a breast cancer treatment stalled after a Phase I/II 

clinical trial determined the compound has negligible antitumour effects on refractory 

metastatic breast cancer395. Furthermore, the lack of ALDH1A3-specific apoptotic effects 

induced by gossypol decreased its relevance as a potential ALDH1A3-specific inhibitor in 

this study 

Importantly, in addition to inhibiting Aldefluor fluorescence, citral treatment 

resulted in direct inhibition of ALDH1A3-mediated breast tumour growth. It is probable 

that citral inhibits general tumour growth by several mechanisms such as autophagy or 

apoptosis385,388, but this is the first report of ALDH1A3-specific inhibition resulting in 
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decreased tumour growth. Since ALDH1A3 can mediate breast cancer growth through 

upregulating RA signaling138, and citral can inhibit ALDH1A3-mediated expression of 

RA-inducible genes, this is a likely mechanism for citral-mediated tumour growth 

inhibition. The ideal cancer therapy would reduce tumour mass as well as CSCs while 

sparing normal cells. Notably, citral is reported to be less cytotoxic towards normal 

mammary epithelial cells (MCF10A) than breast cancer cell lines MCF7 and MDA-MB-

231, suggesting a cancer-specific effect396. A recent report demonstrated that citral reduced 

tumour growth in the 4T1 syngeneic tumour model; this growth inhibition was not 

associated with CSC targeting385. In the present study I report that citral reduced tumour 

growth driven by the CSC marker ALDH1A3 as well as ALDH1A3-mediated colony 

formation. Finally, while free citral was ineffective in vivo, nanoparticle encapsulated citral 

reduced ALDH1A3-mediated tumour growth, illustrating the beneficial effects of 

encapsulation in the in vivo delivery of drugs in the treatment of cancer. Nanoparticle 

encapsulation for the delivery of anti-cancer drugs has several advantages: particles are too 

large for renal clearance or penetration of the endothelial junctions of normal blood vessels, 

yet the particles are small enough to extravasate the “leaky” vessels surrounding 

tumours397. These characteristics define the enhanced-permeability and retention effect and 

are likely responsible for the improved efficacy of citral-NP relative to free citral observed 

in this study. 

In conclusion this study conceptualizes the use of ALDH1A3-specific inhibitors in 

the treatment of cancer and illustrates the proof of principle that this enzyme may be 

targeted to reduce tumour growth associated with ALDH1A3.  It would be worthwhile to 

investigate whether the anti-cancer activity of citral that is observed in endometrial cancer, 
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ovarian cancer, cervical cancer, B-lymphoma, and glioblastoma, can be partially attributed 

to ALDH1A3 inhibition. Having illustrated the proof of principle with citral, small 

molecule library screening may identify ALDH1A3 inhibitors which are effective at nM 

concentrations, and therefore would likely be superior novel drug candidates. Future 

studies with citral and other ALDH1A3-specific inhibitors will determine if the tumour-

initiating potential and therapy resistance of Aldefluor-positive identified CSCs can be 

abrogated with such inhibitors. This could lead to the adjuvant application of ALDH1A3-

specific inhibition in the treatment of certain cancers where ALDH1A3 plays a functional 

role in tumour growth, metastasis, and chemo- or radio-resistance.  
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CHAPTER 5: TRANSCRIPTOMICS AND METABOLOMICS IDENTIFY 

PUTATIVE ROLE FOR PLASMINOGEN ACTIVATION AND GABA METABOLISM 

IN ALDH1A3-MEDIATED BREAST CANCER METASTASIS 
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5.1  INTRODUCTION 

The survival rate of breast cancer has improved dramatically over time largely due 

to the development of hormone receptor targeted therapies1. However, there remains a 

population of patients with aggressive disease who do not benefit from these targeted 

therapies as their tumours do not express the necessary cell surface hormone receptors 

(estrogen receptor [ER], progesterone receptor [PR], or epidermal growth factor receptor 

[HER2]). These triple negative breast cancer (TNBC) patients have an intrinsically more 

aggressive disease and worse prognosis which is exacerbated by the lack of effective 

therapies. Although initial response to chemotherapy may be profound, relapse and 

metastasis occurs frequently and early in TNBC patients8. Developing therapies that can 

benefit this population of TNBC patients is essential.  

One hypothesis for why TNBC is such an aggressive disease is that high aldehyde 

dehydrogenase 1A3 (ALDH1A3) is driving tumour growth and metastasis. High ALDH 

activity (due to ALDH1A3 isoform activity) is a defining feature of breast cancer stem cell 

(CSC) populations, these CSCs are abundant in TNBC primary tumours relative to non-

TNBC, and ALDH1A3 has been shown to accelerate tumour growth and metastasis in the 

MDA-MB-231 TNBC model138,398,399. While ALDH1A3 inhibitors are under 

development, understanding how ALDH1A3 contributes to growth and metastasis could 

reveal novel avenues for targeting aggressive TNBC and CSCs400. 

As a retinaldehyde dehydrogenase, ALDH1A3’s main function is the synthesis of 

retinoic acid135. High ALDH1A3 activity leads to an abundance of retinoic acid and 

subsequent retinoic acid-inducible gene expression. As a potent transcription factor, 

retinoic acid mediates the expression of hundreds of genes, and the transcriptional overlap 
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of ALDH1A3-overexpression and exogenous retinoic acid treatment has been 

exhaustively documented288,289. Herein, I examine pro-metastasis and cancer progression 

mechanisms of ALDH1A3 in both the gene expression changes induced by ALDH1A3 

and in potential mechanisms beyond its function in gene expression regulation (e.g. 

metabolomics). These analyses revealed roles for plasminogen activation, prostaglandin 

synthesis and the GABAergic system in ALDH1A3-hi breast cancer cells. 

Breast CSCs with high ALDH1A3 activity (ALDH+ cells) have enormous 

metastatic potential. To determine whether the mechanisms governing ALDH+ and 

ALDH1A3-OE metastasis may be similar, gene set enrichment analysis was performed on 

genes up-regulated in both types of ALDH-hi breast cancer cell. Unsurprisingly, retinoid 

biosynthesis was enhanced in both cell types. Prostaglandin E2 synthesis, which 

accelerates growth of in vitro cancer stem cell mammospheres, and enhances metastasis 

in vivo401, was commonly up-regulated in ALDH-hi cells.  

Plasminogen activation is an established means by which tumours cells can invade 

through the basement membrane in the initial phase of metastasis. This occurs through the 

ability of activated plasminogen (plasmin) to degrade extracellular matrix proteins (similar 

to fibrinolysis), liberate growth factors that had been sequestered in the ECM, and activate 

several matrix metalloproteases402. Here, in MDA-MB-231 and MDA-MB-436 TNBC 

cells, high ALDH1A3 activity leads to enhanced plasminogen activation and plasminogen-

based cellular invasion. 

The product of all gene expression regulation, translational regulation, and 

environmental context is the metabolome. HPLC-MS metabolomics revealed a loss of γ-

aminobutyric acid (GABA) and its intermediates N-acetylputrescine and glutamate in 
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MDA-MB-231 ALDH1A3-OE tumours/cells. Aside from its main role as an inhibitory 

neurotransmitter, GABA has been shown to moonlight as a pro-growth and pro-metastasis 

molecule. In TNBC cells with aberrant GABA metabolism, there is an enhanced ability to 

metastasize to the brain403. To test the overall effect of GABA on MDA-MB-231 cells, 

mice harbouring MDA-MB-231 ALDH1A3-OE or control tumours were administered 

with systemic GABA. Abundant GABA increased MDA-MB-231 metastasis, and this is 

supported by clinical data that breast tumours with low expression of γ-aminobutyrate 

transaminase (ABAT; which degrades GABA) are at a greater risk for brain and lung 

metastasis.  

This novel connection between GABA signaling/metabolism and ALDH1A3 

needs further study as it may have significant clinical connotations. Currently, patients 

receiving taxane-based chemotherapy can be prescribed GABA agonists like gabapentin 

to alleviate peripheral nerve pain404. Many of these patients have TNBC with significant 

ALDH1A3 activity. If GABA signaling and ALDH1A3 interact, then giving these patients 

a GABA agonist may unwittingly create a permissive environment for lung or brain 

metastasis. 

   

5.2  MATERIALS AND METHODS 

 

5.2.1 CELL CULTURE 

Cancer cell lines were obtained from ATCC. MDA-MB-231, MDA-MB-468, and 

HEK293T cells were grown in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen) 
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supplemented with 10% Fetal Bovine Serum (FBS; Invitrogen) and 1X antibiotic 

antimycotic (AA; Invitrogen). MDA-MB-436 cells were grown in Leibovitz’s Medium (L-

15; Invitrogen) supplemented with 10% FBS, 1X AA, 10 µg/mL human insulin (Sigma), 

and 16 µg/mL L-glutathione (Invitrogen). ALDH1A3-OE and ALDH1A3-KD cells and 

their associated vector control cell lines were maintained in media supplemented with 0.25 

µg/mL puromycin (Sigma). Cells were cultured in a humidified 37C incubator with 5% 

CO2, except for MDA-MB-436 which were cultured without the addition of CO2.  

 

5.2.2 GENERATION OF ALDH1A3-KD IN MDA-MB-436 CELLS 

To generate ALDH isoform knockdowns, retroviral vector pSMP (Open 

Biosystems, Huntsville, AL) with either the shRNAmir scramble sequence or shRNAmir 

sequences specific to each ALDH isoform (Table 5.1) were transfected into Phoenix cells 

following standard procedures. The retroviral supernatants were applied to cultured MDA‐

MB‐436, and stable transfectants were selected with puromycin (Sigma). The same 

ALDH1A3 overexpression MDA-MB-231 clone as in our prior publication was used136,138. 

 

Table 5.1: shRNA Sequences for ALDH1A3-KDs 

Target shRNA Sequence 

ALDH1A3 

shRNA1 

TGCTGTTGACAGTGAGCGCGCATAGCAAATCCTAGGATA

ATAGTGAAGCCACAGATGTATTATCCTAGGATTTGCTATG

CTTGCCTACTGCCTCGGA 

shRNA2 

TGCTGTTGACAGTGAGCGCGCTGTAATTCACTTTAACAAA

TAGTGAAGCCACAGATGTATTTGTTAAAGTGCCTTACAGA

TTGCCTACTGCCTCGGA 
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5.2.3 REVERSE-TRANSCRIPTASE QUANTITATIVE PCR 

MDA-MB-436 control and ALDH1A3-KD cells were collected in Trizol 

(Invitrogen) and RNA was purified using a PureLink RNA kit (Invitrogen Thermo Fisher 

Scientific) following the manufacturer’s instructions.  Equal amounts of purified RNA 

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

instructions. Diluted cDNA was used in RT-qPCR reactions with gene-specific primers 

(Table 5.2) 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 for 

plasminogen activation and RA-inducible genes in ALDH1A3-KD cells was quantified 

using the ct method of the CFX Manager Software (Bio-Rad), where gene-of-interest 

quantification was normalized to reference genes TBP and RPL29 and then made relative 

control cells mRNA levels.  

  



194 

Table 5.2: RT-qPCR Primer sequences 

 

 

5.2.4 ALDEFLUOR ASSAY 

MDA-MB-436 control or ALDH1A3-KD cells were washed with PBS and 

Aldefluor assay performed as per the manufacturer’s instructions (Stemcell Technologies). 

To eliminate dead cells, cells were stained with viability stain 7-AAD (Biolegend). Cell 

populations were identified using a FACSCalibur flow cytometer (Becton Dickinson). 

After excluding debris and dead cells, Aldefluor levels were quantified via mean 

fluorescence intensity. 

 

5.2.5 BREAST CANCER CELL LINE XENOGRAFTS 

Animal investigations detailed in this manuscript have been conducted in 

accordance with the ethical standards and according to the Declaration of Helsinki and 

Gene Forward Primer Reverse Primer 

TBP GGCACCACTCCACTGTATCC GCTGCGGTACAATCCCAGAA 

RPL29 ACACACAACCAGTCCCGAAA TCTTGGCAAAGCGCATGTTC 

ALDH1A3 TCTCGACAAAGCCCTGAAGT TATTCGGCCAAAGCGTATTC 

PLAT TGTGTGGAGCAGTCTTCGTT TCGCTGCAACCTTGGTAAGA 

PLAU GTCACCTACGTGTGTGGAGG AGTTAAGCCTTGAGCGACCC 

PLAUR CCTCGCGACATGGGTCAC GGCAATCCCCGTTGGTCTTA 

SERPINE1 TTGGTGAAGGGTCTGCTGTG GGGTGAGAAAACCACGTTGC 

SERPINB2 GCAGTTACCCCCATGACTCC GTGCCTGCAAAATCGCATCA 

DHRS3 TCTGTGATGTGGGCAACCG ATGGTGATGTCACCCACCTTC 

RARβ GGTTTCACTGGCTTGACCAT GGCAAAGGTGAACACAAGGT 

RARRES1 ACGGCTCATCGAGAAAAAGA GAAAGCCAAATCCCAGATGA 

GAPDH 

(human) 
CAAGGCTGAGAACGGGAAG CGCCCCACTTGATTTTGGAG 

GAPDH 

(mouse) 
GCGAGACCCCACTAACATCA GGCGGAGATGATGACCCTTT 
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according to national and international guidelines. All experiments were conducted in 

accordance with the Canadian Council on Animal Care standards and a protocol approved 

by Dalhousie University Committee on Laboratory Animals (#19-013b).  

For the in vivo all-trans retinoic acid (ATRA) treatment, a subcutaneous slow-

release ATRA pellet (5 mg / 60 days; Innovative Research of America) was implanted into 

mice one day prior to cancer cell injection288. Eight week old NOD/SCID female mice were 

orthotopically injected with MDA-MB-436 (5 x 106 /mouse), MDA-MB-436 vector 

control or MDA-MB-436 ALDH1A3 knockdown cells (5 x 106/mouse), MDA-MB-231 (2 

x 106/mouse), MDA-MB-231 vector control or ALDH1A3-OE (2 x 106/mouse) admixed 

in 1:1 ratio with phenol red-free high concentration matrigel (BD Bioscience). Resulting 

tumour growth was quantified (mm3; length x width x height / 2). 

 

5.2.6 PLASMINOGEN ACTIVATION ASSAY 

MDA-MB-231 control/ALDH1A3-OE or MDA-MB-436 control/ALDH1A3-KD 

cells were seeded at a density of 30,000 cells/well in cell culture grade 96-well plates 

(Corning) overnight and washed three times with incubation buffer (Hanks balanced salt 

solution containing 3 mM CaCl2 and 1 mM MgCl2; Invitrogen). Cells were then incubated 

with 0.5 µM glu-plasminogen (Molecular innovations (Michigan, USA), for 25 minutes 

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 rate of p-nitroanilide (p-NA) production A405 nm = B + Kt2, 

where K is the rate constant for the acceleration of p-NA generation and B is the y-intercept. 
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Under our experimental conditions, K is proportional to the initial rate of plasmin formation 

from plasminogen. 

 

5.2.7 TRANSWELL INVASION ASSAY 

Plasminogen was stripped from regular FBS by passing the FBS through a lysine 

Sepharose column, which allows plasminogen to bind to the column. The flow-through 

from the lysine Sepharose column which is free of plasminogen was collected and filter 

sterilized using 0.2µm filters (Fisher Scientific).  

Cells (2.5 x 104) were seeded in 0% FBS media into the upper well of either a 

Matrigel-coated invasion chamber (Corning) or an uncoated migration chamber (Corning) 

with 8 µm pore size. The bottom chamber contained 10% plasminogen-stripped FBS as a 

chemoattractant +/- 0.25µM plasminogen (Molecular innovations, Michigan, USA). In the 

case of MDA-MB-436 ALDH1A3-KD cells, 10% replete FBS was used with no 

supplemented plasminogen. After 24 hours, migrated or invaded cells which had crossed 

the chamber membrane were fixed in methanol and stained with 0.05% crystal violet. 

Transversed cells were counted in four 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: 

% 𝐼𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =
mean number of cells invaded through Matrigel − coated transwell

mean number of cells migrated through uncoated transwell
𝑥100 
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5.2.8 METABOLISM-FOCUSED GENE SET ENRICHMENT ANALYSIS (GSEA) 

Microarray gene expression data for MDA-MB-231 cells overexpressing 

ALDH1A3 (n=3; GSE103426), and microarray gene expression data Aldefluor-sorted 

(ALDH+ vs ALDH-) breast cancer patient samples (n=8; GSE52327) was assessed for 

differential transcription of metabolic enzymes237,289. A list of 1647 genes known to code 

for metabolic enzymes was accessed through the Comprehensive Mammalian Metabolic 

Enzyme Database405. The top 50 most up-regulated metabolism genes in the ALDH1A3-

OE cells, and top 50 most up-regulated metabolism genes in ALDH+ breast cancer patient 

samples were submitted to GSEA.  

Gene Set Enrichment Analysis (GSEA) was performed using available online 

software (http://software.broadinstitute.org/gsea/index.jsp) to compute overlaps in curated 

gene sets (C2). The top 50 overlapping gene sets identified by GSEA for each dataset were 

identified. Gene sets with similar function were identified between the datasets (12/50 

gene sets were shared between ALDH+ and ALDH1A3-OE).  

 

5.2.9 MASS SPECTROMETRY-BASED METABOLOMICS 

Metabolites from cultured cells were collected by scraping subconfluent 

monolayers of cells directly into ice-cold 80% methanol. Metabolites were extracted from 

tumour samples by crushing 50 mg of a minced tumour into ice-cold 80% methanol. To 

eliminate large cellular debris, samples were centrifuged at 500 x g for 5 minutes and the 

supernatant was decanted to a new tube. Supernatant was diluted 1/10 with hydrophilic 

interaction liquid chromatography (HILIC) loading buffer (95% acetonitrile, 2 mM 

ammonium hydroxide, and 2 mM ammonium acetate). Samples were centrifuged at 13,000 
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x g for 5 minutes to remove any precipitate, and tumour sample supernatants (but not 

cultured cell sample supernatant) was further diluted 1/10 in HILIC buffer. Next, 50 µL 

injections were loaded on an Acquity UPLC BEH Amide, 1.7 µm particle size, 2.1 x 100 

mm column (Waters #186004801). Multiple reaction monitoring (MRM) was performed 

using a Sciex 5500 QTRAP mass spectrometer using a previously described acquisition 

method406. This hybrid dual quadrupole linear ion trap mass spectrometer (MS) has been 

used previously for quantitative profiling of endogenous polar metabolites in both positive 

and negative modes from an in vivo source406. Peak heights for individual metabolites were 

extracted using Multiquant Software (Sciex). From a single MS analysis, Q1/Q3 MRM 

transition mass spectra in both ionization modes were normalized independently.  

MS total useful signals (MSTUS)407 is a simple and cited MS normalization method 

that uses total useful metabolite concentrations to normalize metabolite concentrations 

between samples. Samples were MSTUS normalized on the NOREVA platform342. 

Database sources including the Human Metabolome Database, KEGG and MetaboAnalyst 

were used for the identification of altered metabolic pathways. 

 

5.2.10 GABA TREATMENT OF MDA-MB-231 ALDH1A3-OE TUMOURS 

Eight to ten-week old female NOD/SCID mice, were orthotopically injected with 

2 × 106 MDA‐MB‐231 vector control or ALDH1A3-OE cells admixed in 1:1 ratio with 

phenol red-free high concentration. Mice were intraperitoneally injected daily with 250 

µg/kg γ-aminobutyric acid (GABA; Sigma) or the same volume of vehicle (phosphate 

buffered saline; PBS; Invitrogen). Primary tumours were palpable in 10 to 16 days, mice 

with poorly placed tumours (i.e. growing subcutaneously instead of on the mammary fat 
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pad) were excluded from the study. Primary tumour growth was quantified (length × width 

× height / 2). 

  

5.2.11 LUNG AND BRAIN METASTASIS QUANTIFICATION 

One lung from each more was subjected to RT-qPCR assessment of metastasis. 

Lung tissue was minced and then digested in Trizol. RNA extraction, cDNA synthesis was 

performed as previously described. Infiltration of human cells into the lung (metastasis) 

was determined using human-specific GAPDH primers, with Cq values interpolated to 

represent the # of metastatic cells by comparing to a standard curve generated by spiking 

known numbers of MDA-MB-231 cells (0, 10, 100, 1000, 100000, 1000000) into samples 

of naïve lung tissue. 

The remaining lungs and brains were harvested, fixed, paraffin embedded and 

sectioned (5 µM) for metastasis visualization by haematoxylin and eosin (H&E) staining. 

Images were captured on a Zeiss Axio Imager Z1 W/ Color & Monochrome camera at 

2.5x Magnification. Three H&E stained sections per lung were visualized. Quantified 

sections were taken from equal thirds to represent the entire tissue. In a blinded design, 

captured images were quantified for % metastatic surface area by Image J. 

 

5.2.12 PATIENT DATASET ANALYSIS 

Breast Cancer (METABRIC, Nature 2012 & Nat Commun 2016; n=1904) and 

Breast Invasive Carcinoma (TCGA, Cell 2015; n=816) clinical data and RNA-Seq log2 

V2 RSEM gene expression data were accessed via cBioportal285,286.  
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Microarray-based gene expression (Affymetrix HG-U133 Plus 2.0 array) of pre-

chemotherapy biopsies from breast cancer patients was acquired from GSE28844287; with 

histopathological response based on Miller & Payne grading system (Non-Responders 

n=14; Intermediate responder n=10; Responders n=8). Microarray-based gene expression 

of primary breast tumours which had associated clinical data for metastasis was accessed 

from GSE2034 (n=286), GSE12276 (n=204), GSE2603 (n=81), and GSE5327 (n=48). 

 

5.2.13 STATISTICAL ANALYSES 

All statistical analyses were performed in GraphPad Prism 8. Statistical tests and 

significance are indicated in all figure captions.  

 

5.3  RESULTS 

 

5.3.1 ALDH1A3 INCREASES TUMOUR GROWTH AND METASTASIS OF TNBC MDA-MB-231 

AND MDA-MB-436  

As previously established (in Chapter 4 and in other publications138), MDA-MB-

231 cells overexpressing ALDH1A3 grow faster as tumours and are more metastatic to the 

lungs than control MDA-MB-231 cells (Figure 5.1A). Treating mice with all-trans retinoic 

acid (which is the product of ALDH1A3) causes a similar increase in MDA-MB-231 

tumour growth and metastasis138,289. Identifying an additional breast cancer cell line which 

recapitulates the pro-tumourigenic and pro-metastatic effects of elevated ALDH1A3 in 

MDA-MB-231 is desirable for validating potential mechanisms driving ALDH1A3-

mediated tumour growth and spread.  
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To this end, ALDH1A3 was successfully knocked down in the MDA-MB-436 

breast cancer cell line and validated at the mRNA level (shRNA1 88% and shRNA2 85% 

efficient) and by Aldefluor fluorescence (shRNA1 71% and shRNA2 75% efficient; Figure 

5.1B). As expected, expression of all-trans retinoic acid (ATRA)-inducible genes (DHRS3, 

RARβ, and RARRES1) was reduced in the MDA-MB-436 ALDH1A3-KD cells (Figure 

5.1C). 

 MDA-MB-436 ALDH1A3-KD tumours were generally smaller than control 

tumours; however only ALDH1A3-KD shRNA 2 tumours were of significantly smaller 

volume than control tumours (Figure 5.1D).  As previously published289, MDA-MB-436 

tumours grew faster in mice harbouring subcutaneous ATRA pellets, though this effect was 

not significant here (Figure 5.1F). 

For ATRA-treated and ALDH1A3-KD experimental mice, both lungs were 

harvested at endpoint, with one lobe formalin fixed and paraffin embedded for H&E 

staining, and the other lobe undergoing RNA extraction for downstream RT-qPCR 

analysis. Expression of human GAPDH in mouse lungs is a rapid and accurate measure of 

human cell infiltration (aka metastasis) in the lungs. There was no detectable human 

GAPDH in any of the mouse lungs suggesting there was a lack of lung metastasis, thus 

H&E staining was not performed. Though there was no in vivo metastasis observed, MDA-

MB-436 ALDH1A3-KD cells had less invasive potential in an in vitro trans-well invasion 

assay (Figure 5.1E), consistent with previous findings in the MDA-MB-231 model138. 

While the MDA-MB-436 ALDH1A3-KD model is appropriate for some in vitro 

applications (i.e. invasion); because it does not metastasize in vivo, the MDA-MB-231 

ALDH1A3-OE model is retained for most future experiments characterizing the function 
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of ALDH1A3. The focus now shifts to determining what characteristics of ALDH1A3-hi 

cells are causing this aggressive pro-metastatic phenotype.  
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Figure 5.1: Elevated ALDH1A3 increases tumour growth and invasion/metastasis of 

TNBC MDA-MB-231 and MDA-MB-436 cells. A) MDA-MB-231 ALDH1A3-OE 

tumours grow faster than control tumours, one-tailed t-test (Control n=4, ALDH1A3-OE 

n=5; mean and SEM error bars), and have increased lung metastasis (median and SEM 

error bars). B) RT-qPCR and Aldefluor validation of MDA-MB-436 ALDH1A3 

knockdown efficiency. ALDH1A3 mRNA abundance relative to vector control and 

geometric mean fluorescence of Aldefluor assay; one-way ANOVA with Dunnett’s post-

hoc test (n=4; SD error bars). C) Reduced expression of ATRA-induced genes (DHRS3, 

RARβ, and RARRES1) in MDA-MB-436 ALDH1A3-KD cells. ATRA-induced gene 

mRNA abundance relative to vector control cells. One-way ANOVA with Dunnett’s post-

hoc test (n=4; SD error bars). D) MDA-MB-436 control or ALDH1A3-KD tumours, one-

way ANOVA with Dunnett’s post-hoc test (control n=13, ALDH1A3 shRNA1 n=13, 

ALDH1A3 shRNA2 n=8; SEM error bars). E) Invasive potential of MDA-MB-436 

ALDH1A3-KD cells in replete FBS conditions (one-way ANOVA with Dunnett’s post-

hoc test; n=5, SD error bars). F) NOD/SCID mice harbouring an MDA-MB-436 tumour 

+/- ATRA pellet, one-tailed unpaired t-test (NT n=9, ATRA n=5; SEM error bars). Tumour 

volume mm3, length x width x height / 2. p<0.05*; p<0.01**; p<0.001***. CD performed 

RT-qPCR analysis of lung metastasis, PM surgically implanted ATRA pellets. 

 

 

5.3.2 DIFFERENTIAL TRANSCRIPTION OF ENZYMES IMPLICATES DYSREGULATED PLASMIN, 

RETINOID, AND PROSTAGLANDIN SYNTHESIS IN ALDH1A3/ALDH+ BREAST CANCER CELLS 

To investigate the pro-metastatic capacities of ALDH1A3-hi breast cancer cells; I 

begin with assessing differential gene expression of MDA-MB-231 ALDH1A3-OE cells 

and then compare this differential gene expression to ALDH+ breast cancer stem cells. 

Through these analyses I identify a potential mechanisms for the increased invasive 

capacity of ALDH1A3-expressing cells through altered plasminogen activation.  

In the previously published Affymetrix Human Gene 2.0ST microarray gene 

expression dataset (GSE103426), extensive differences in gene transcription between 

MDA-MB-231 ALDH1A3-OE and MDA-MB-231 control cells were observed138. It was 

determined that a large portion of ALDH1A3-OE-driven transcription was due to the 
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increased production of retinoic acid which is a well-characterized nuclear hormone ligand 

and mediates expression of hundreds of genes289.  

The mechanism by which ALDH1A3 confers increased invasive potential to MDA-

MB-231 cells in vitro has not previously been determined. Therefore, I focused on 

differential expression of genes that have known contributions to invasion and/or 

metastasis. Among the 139 transcripts significantly up-regulated by ≥1.5-fold in MDA-

MB-231 cells overexpressing ALDH1A3, it was noted that two pro-plasminogen activation 

(tissue plasminogen activator [PLAT] and plasminogen activator, urokinase [PLAU]) and 

a plasminogen activator urokinase receptor gene (PLAUR) were up-regulated. 

Concurrently, there was significant downregulation of plasminogen activator inhibitor-2 

(SERPINB2) (Figure 5.2).  

Plasmin can play a critical role in cancer invasion and metastasis via its ability to 

degrade extracellular matrix (ECM) proteins, liberate growth factors that had been 

sequestered in the ECM, and by activating several matrix metalloproteases402. The 

activation of plasminogen to plasmin is a tightly regulated process which is governed by 

the two main plasminogen activators (encoded by PLAT and PLAU) and two main 

plasminogen activator inhibitors (encoded by SERPINE1 and SERPINB2). The gene 

expression profile of MDA-MB-231 ALDH1A3-OE cells suggests an increased 

plasminogen activation capacity and a potential mechanism for the increased invasion seen 

in cells with high ALDH1A3 activity (MDA-MB-436 cells Figure 5.1E) and is previously 

published in MDA-MB-231 cells138.  
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Figure 5.2: Microarray-based plasminogen activation/inhibition gene expression of 

MDA-MB-231 ALDH1A3-OE cells relative to control cells (Affymetrix Human Gene 

2.0ST ; n=3; ANOVA). p<0.05*; p<0.01**; p<0.001***. KMC submitted MDA-MB-231 

ALDH1A3 and Control RNA for microarray analysis. 

 

 

The majority of ALDH1A3-mediated gene expression is attributed to elevated 

retinoic acid. As a potent transcriptional mediator, RA controls the expression of hundreds 

of genes- most of which likely do not contriube to ALDH1A3-mediated metatasis. In an 

attempt to provide insight to the ALDH1A3-hi phenotype downstream of this extensive 

RA-mediated transcription, differential regulation of genes which code for metabolic 

enzymes was assessed in the MDA-MB-231 ALDH1A3-OE cells (Figure 5.3). To provide 

greater relevance to patients—where the greatest activity of ALDH1A3 is not observed in 

bulk tumour cells, but in ALDH+ cancer stem cells— I compared the metabolism-

associated transcriptional overlap of ALDH+ CSCs (Figure 5.3) and MDA-MB-231 

ALDH1A3-OE cells. Overall, there was a striking overlap of metabolic pathways that 

contained up-regulated genes in both ALDH+ breast CSCs and MDA-MB-231 ALDH1A3-

OE cells (Figure 5.4 & Table 5.3). 
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Gene Set Enrichment Analysis (GSEA) was performed for the top 50 most up-

regulated genes in MDA-MB-231 ALDH1A3-OE cells and also for the top 50 most up-

regulated genes in ALDH+ breast cancer patients cells. Though the genes up-regulated in 

ALDH1A3-OE and ALDH+ were not identical, the genes were enriched in 12/50 of the 

same gene sets, including: retinol biosynthesis (REACTOME_SIGNALING_BY_ 

RETINOIC_ACID, REACTOME_RA_BIOSYNTHESIS_ PATHWAY, and 

REACTOME_METABOLISM_OF_VITAMINS_AND_ COFACTORS), prostaglandin 

metabolism (REACTOME_METABOLISM_OF_LIPIDS and REACTOME_ 

SYNTHESIS_OF_PROSTAGLANDINS_PG_AND_THROMBOXANES_TX), and 

cytochrome p450 drug metabolism (KEGG_METABOLISM_OF_XENOBIOTICS_BY_ 

CYTOCHROME _P450, HSIAO_LIVER_SPECIFIC_GENES, and KEGG_DRUG_ 

METABOLISM_ CYTOCHROME_P450) (Figure 5.4).  

 

 

Figure 5.3: Differential expression of metabolism-associated genes in MDA-MB-231 

ALDH1A3-OE and ALDH+ Aldefluor-sorted breast cancer patient samples. 

Microarray-based differential gene expression in MDA-MB-231 ALDH1A3-OE vs control 

cells (Affymetrix Human Gene 2.0ST ; n=3) and from Aldefluor-sorted primary breast 

tumour samples (Affymetrix Human Genome U133 Plus 2.0 Array; GSE52327237; n=8). 

Shown here is differential transcription of 1647 genes coding for metabolic enzymes (from 

the Comprehensive Mammalian Metabolic Enzyme Database gene list); one-way 

ANOVA; gray line represents p=0.05. KMC submitted MDA-MB-231 ALDH1A3 and 

Control RNA for microarray analysis. 
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Table 5.3: Up-regulated transcription of metabolic enzymes in ALDH+ breast cancer 

patient cells and MDA-MB-231 ALDH1A3-OE cells. The top 20 most up-regulated 

genes in both datasets are shown here. 

  
ALDH+ Breast Cancer 

Patient Cells 

MDA-MB-231 

ALDH1A3-OE Cells 

Gene 

Symbol 
Gene Name 

Fold-Change 

Expression 

ANOVA 

p-value 

Fold-Change 

Expression 

ANOVA 

p-value 

DHRS3 
short-chain 

dehydrogenase/reductase 3 
1.31 0.0151 10.36 0.0023 

ADH1B 
alcohol dehydrogenase 1B isoform 

2 
4.28 0.0055 1.22 0.8111 

STEAP1 metalloreductase STEAP1 3.07 0.0012 1.48 0.1746 

STEAP2 metalloreductase STEAP2 3.01 0.0004 1.36 0.2315 

ALDH1A3 
aldehyde dehydrogenase family 1 

member A3 
2.95 0.0005 1.24 0.1176 

PTGES prostaglandin E synthase 2.16 0.0016 2.02 0.1047 

PLA2G2A 
phospholipase A2, membrane 

associated precursor 
2.88 0.0079 1.03 0.1442 

PLOD2 

procollagen-lysine,2-oxoglutarate 

5-dioxygenase 2 isoform 2 

precursor 

2.82 0.0038 1.08 0.0756 

PTGIS prostacyclin synthase precursor 2.82 0.0380 1.03 0.8637 

PRTFDC1 
phosphoribosyltransferase domain-

containing protein 1 
2.63 0.0025 1.16 0.0177 

PRG4 
lipid phosphate phosphatase-

related protein type 2 
2.55 0.0124 1.14 0.3038 

AKR1C1 
aldo-keto reductase family 1, 

member C1 
2.54 0.0092 1.05 0.0841 

PDK4 
pyruvate dehydrogenase kinase, 

isozyme 4 
2.28 0.0164 1.08 0.9146 

ALDH1L2 
10-formyltetrahydrofolate 

dehydrogenase ALDH1L2 
2.14 0.0118 1.06 0.2474 

PDE1A 

calcium/calmodulin-dependent 

3',5'-cyclic nucleotide 

phosphodiesterase 1A 

1.81 0.0419 1.28 0.0276 

BHMT2 

S-methylmethionine--

homocysteine S-methyltransferase 

BHMT2 

1.83 0.0068 1.25 0.7656 

AADAC arylacetamide deacetylase 1.47 0.0104 1.58 0.0127 

HNMT histamine N-methyltransferase 1.93 0.0269 1.03 0.0279 

ACSS3 

acyl-CoA synthetase short-chain 

family member 3, mitochondrial 

isoform X3 

1.77 0.0049 1.18 0.0558 

COX7A1 
cytochrome c oxidase subunit 

7A1, mitochondrial 
1.78 0.0288 1.10 0.5651 
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Figure 5.4: Retinoic Acid and prostaglandin metabolism is up-regulated in 

ALDH1A3-OE and ALDH+ breast cancer. A) Top 50 gene sets identified in Gene Set 

Enrichment Analysis of genes enriched in MDA-MB-231 ALDH1A3-OE or ALDH+ 

breast cancer cells. Specifically, which genes are up-regulated in B) ALDH+ breast cancer 

patient cells, and C) ALDH1A3-OE MDA-MB-231 for retinoic acid (RA) synthesis and 

prostaglandin metabolism are depicted with black boxes. KMC submitted MDA-MB-231 

ALDH1A3 and Control RNA for microarray analysis. 

 

Retinol biosynthesis was the metabolic pathway most likely to emerge in the 

ALDH-hi breast cancer cells (Figure 5.4). Increased retinoic acid synthesis is inescapable 

in cells with enhanced ALDH1A3 activity, as ALDH1A3 functions as a retinaldehyde 

dehydrogenase converting retinal to retinoic acid. Also expected is the strong induction of 

the retinoic acid synthesis negative feedback enzyme short-chain dehydrogenase/reductase 

3 (DHRS3) which converts retinal back to retinol. Increased expression of prostaglandin 

biosynthesis genes was also anticipated. Expression of prostaglandin synthesis genes (e.g. 

PTGES and PTGS2) is known to be induced by retinoic acid and prostaglandin E2 

signaling has been implicated in breast cancer stem cells previously289,401. 

Overall, the relationship between ALDH1A3 and retinoic acid/prostaglandin 

synthesis was also reflected in breast cancer patient data. In biopsies of n=806 primary 

breast tumours, there is a strong positive correlation for expression of ALDH1A3 and 

expression of retinoic acid biosynthesis and prostaglandin synthesis genes (Figure 5.5). 

However, expression of prostaglanden E2 synthase (PTGES) was not significantly 

correlated with ALDH1A3 in these bulk tumour biopsies (Pearson r = -0.005, p=0.4448). 

Of clinical relevance is the up-regulation of cytochrome p450 drug metabolism 

pathways (Figure 5.4) seen in ALDH1A3-hi breast cancer cells. As ALDH+ cancer stem 

cells are inherently resistant to chemotherapy, an ALDH1A3/cytochrome p450 axis might 
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present a new target for improving chemotherapy sensitivity. Importantly, chemoresistance 

and metastasis use interconnected pathways. For example, Twist increases both invasive 

potential and chemotherapy resistance of breast cancer cells by dowregulating estrogen 

receptor-α and upregulating AKT408,409. However, none of the genes that code for the 

cytochrome p450 drug metabolism proteins themselves (CYP1A2/2A13/2A6/2A7 

/2B6/2C18/2C19/2C8/2C9/2D6/2E1/3A4/3A43/3A5/3A7) were up-regulated in ALDH-hi 

cells. Instead, accessory enzymes which feed into cytochrome p450 were up-regulated (e.g. 

ALDH3B2, ADH1A, and ADH1B). Without a clear chemoresistance expression profile, I 

cannot glean any insights into combined chemoresistance/metastasis pathways mediated 

by ALDH1A3. Based on transcriptional data alone, the best novel candidate for explaining 

ALDH1A3-mediated metastasis may involve plasminogen activation (Figure 5.2) 
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Figure 5.5: Correlation of RA and prostaglandin metabolism gene expression with 

ALDH1A3 expression in breast cancer patient samples. RNA-seq (V2 RSEM; z-score)-

based expression data for n=816 primary breast tumour samples (TCGA, Cell 2015)  for 

ALDH1A3, retinoic acid, and prostaglandin metabolism genes upregulated in MDA-MB-

231 ALDH1A3-OE and/or ALDH+ breast cancer cells. Pearson correlation R- and p-

values for each metabolism gene vs ALDH1A3. 
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5.3.3 INCREASED PLASMIN GENERATION MAY CONTRIBUTE TO ALDH1A3-MEDIATED 

INVASION 

The increased expression of plasminogen activators PLAT and PLAU with 

concurrent downregulation of plasminogen activator inhibitor SERPINB2 in the MDA-

MB-231 ALDH1A3-OE cells (Figure 5.2) suggested that ALDH1A3’s pro-metastatic 

phenotype may be due to elevated plasminogen activation.  To directly quantify 

plasminogen activation activity, a chromogenic plasminogen assay was performed. Briefly, 

a chromogenic substrate for plasmin is added to the cells in culture and this substrate will 

change color in the presence of plasmin (the activated form of plasminogen) in a time-

dependent manner. In both MDA-MB-231 and MDA-MB-436 cells, when there is elevated 

ALDH1A3 there is subsequently increased plasminogen activation (Figure 5.6A).  

Enhanced plasminogen activation is associated with increased invasive and 

metastatic potential in many cancer models402. The enhanced invasive capacity of MDA-

MB-231 ALDH1A3-OE cells has been characterized previously, but not in the context of 

plasminogen activation. All previous invasion experiments assessing the invasive potential 

of MDA-MB-231 ALDH1A3-OE cells were performed with replete FBS (which would 

contain variable levels of endogenous bovine plasminogen). To test the role of plasminogen 

activation more exclusively in ALDH1A3-mediated MDA-MB-231 cell invasion, the 

conventional transwell invasion assay was performed, but with plasminogen-stripped FBS 

+/- 0.25µM human plasminogen. With plasminogen-stripped FBS, MDA-MB-231 

ALDH1A3-OE only has an invasive advantage over control cells in the presence of 

plasminogen (Figure 5.6B). Similarly, in replete FBS (which contains trace levels of bovine 

plasminogen that can be activated by human PLAT and PLAU to plasmin) MDA-MB-436 

ALDH1A3-KD cells were less invasive than control cells (Figure 5.1E). 
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Mirroring the effect seen in MDA-MB-231 ALDH1A3-OE cells, reduced 

plasminogen activation was observed in MDA-MB-436 ALDH1A3-KD cells (Figure 

5.6A); but, unlike MDA-MB-231 there was no significant differential expression of 

plasminogen activation genes (Figure 5.6C). Indeed ALDH1A3-KD cells expressed lower 

levels of plasminogen activator-2 (SERPINB2) than control cells which would incorrectly 

imply that MDA-MB-436 ALDH1A3-KD cells have improved plasminogen activation 

over control cells.  

The plasminogen activation transcription profile was also assessed in ALDH+ 

breast cancer stem cells. In ALDH+ CSCs there is increased expression of plasminogen 

activators PLAT and PLAU, while plasminogen inhibitor SERPINE1 is significantly 

elevated in ALDH+ cells (Figure 5.6D). Due to the discrepancy of actual plasminogen 

activation (chromogenic assay) versus the predicted activity (transcription profile) 

observed in the MDA-MB-436 ALDH1A3-KD cells, the extent of plasminogen activation 

capacity in ALDH+ breast cancer stem cells should be assessed with the direct 

chromogenic plasminogen assay. Plasminogen activation may be a paradigm for how 

transcriptional data alone cannot capture the true phenotype of ALDH1A3-OE cells and 

underscores a need to complement gene expression data with additional methods like 

metabolomics.  
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Figure 5.6: Plasminogen activation is enhanced by ALDH1A3 and may contribute to 

the invasive potential of MDA-MB-231 and MDA-MB-436 cells. A) Colorimetric 

plasminogen activation assay applied to MDA-MB-231 ALDH1A3-OE (one sample t-test) 

and MDA-MB-436 ALDH1A3-KD (one-way ANOVA with Dunnett’s post-hoc test) cells 

(n=4, SD error bars). C) Invasive potential of MDA-MB-231 ALDH1A3-OE cells +/- 

0.25µM plasminogen (n=2, bars represent range). D) RT-qPCR based gene expression of 

plasminogen activation/inhibition gene expression in MDA-MB-436 ALDH1A3-KD cells 

relative to control cells (one-way ANOVA with Dunnett’s post-hoc test; n=4, SD error 

bars). p<0.05*; p<0.01**. DB performed plasminogen activation assays. 
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5.3.4 METABOLOMICS ANALYSIS REVEALED THAT GABA DEGRADATION IS DYSREGULATED 

IN MDA-MB-231 ALDH1A3-OE TUMOURS  

Due to the discrepancy between transcription and phenotype observed in the 

plasminogen activation pathway, it occurred to us that complementing transcriptomics with 

metabolomics is a potential strategy to identify pro-metastatic pathways that are not 

obvious by gene expression data alone. HPLC-MS metabolomic analysis of MDA-MB-

231 ALDH1A3-OE tumours and MDA-MB-231 ALDH1A3-OE cells grown in monolayer 

adherent culture revealed remarkably similar metabolite profiles between in vivo and in 

vitro ALD1A3-OE samples (Figure 5.7A & 5.7B). Control tumours had a significantly 

different metabolite profile than ALDH1A3-OE tumours, exemplified by the number of 

differentially abundant metabolites (23/72), and distinguishable subgroups in principal 

component analysis (Figure 5.7C). The ALDH1A3-OE cells grown in culture did not have 

as distinct a metabolite profile as their control cell counterparts, with 4/72 differentially 

abundant metabolites and poorly separated subgroups via principal component analysis 

(Figure 5.7D). 
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Figure 5.7: HPLC- MS Metabolomics identifies GABA metabolism as a dysregulated 

pathway in MDA-MB-231 breast cancer cells overexpressing ALDH1A3. Heatmap of 

mean normalized metabolite levels detected by Sciex 5500 QTRAP mass spectrometer406; 

72 metabolites clustered using Euclidean Distances based on the in vivo ALDH1A3-OE 

samples. A) In vivo samples taken from MDA-MB-231 tumours +/- ALDH1A3-

overexpresion (ALDH1A3-OE) after 53 days of tumour growth (Control n=4, ALDH1A3-

OE n=4). B) In vitro samples from MDA-MB-231 cells grown in subconfluent adherent 

monolayers; n=3 per group. JPM, MAG, AC, and HW developed targeted metabolomics 

method, ran the mass spectrometer, and assisted in data analysis  
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The changes in metabolite abundance in the MDA-MB-231 ALDH1A3 

cells/tumours were combined with the metabolism-associated gene expression data to form 

a transcriptomic-metabolomic map and identify dysregulated pathways (Figure 5.8). The 

central subnetwork contains the metabolites glutamate (L-glutamic acid) and 4-

aminobutyrate (GABA), as well as gene expression for 4-aminobutyrate aminotransferase 

(ABAT) (Figure 5.8A). These components form a “GABA degradation” node and have a 

high degree centrality (the number of connections made to other nodes) and betweenness 

centrality (the number of shortest paths going through the node) (Table 5.4). This places 

GABA metabolism as a central component of the ALDH1A3-OE phenotype. GABA 

metabolites were among the metabolites that were similarly altered in both in vivo and in 

vitro ALDH1A3-OE samples (γ-aminobutyric acid and its intermediate metabolites N-

acetylputrescine and glutamate) (Figure 5.9). As a pathway that has been implicated in 

tumour growth and metastasis, GABA metabolism was prioritized for further study. 
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Figure 5.8: Gene Expression/Metabolite interaction network places GABA 

metabolism at center of ALDH1A3-OE phenotype. A) Gene-Metabolite interaction 

network for ALDH1A3-OE tumours/cells showing the central network and distal nodes. 

The GABA degradation gene (ABAT) and metabolites (Gamma-aminobutyric acid and L-

glutamic acid) are outlined in black. The top 10 B) Downregulated and C) upregulated 

Reactome pathways in ALDH1A3-OE tumours/cells identified by Gene-Metabolite 

interaction network. JPM, MAG, AC, and HW developed targeted metabolomics method, 

ran the mass spectrometer, and assisted in data analysis. KMC submitted MDA-MB-231 

ALDH1A3 and Control RNA for microarray analysis. 
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Table 5.4: Node centrality within gene-metabolite interaction map of ALDH1A3-OE 

tumours/cells343 

Id Label 
Degree 

Centrality 

Betweenness 

Centrality 

C00016 FAD 12 986.29 

C00025 L-Glutamic acid 11 1570.85 

C03878 Beta-N-Acetylglucosamine 11 1406.99 

2628 GATM 8 891.34 

C00020 Adenosine monophosphate 7 890.48 

C00041 L-Alanine 7 689.59 

C00334 Gamma-Aminobutyric acid 7 427.67 

5313 PKLR 6 1047.12 

4846 NOS3 6 469.81 

C00327 Citrulline 6 407.97 

43 ACHE 5 1445.53 

C00021 S-Adenosylhomocysteine 5 761.02 

4842 NOS1 5 632.9 

C00079 L-Phenylalanine 5 491.17 

C00212 Adenosine 5 459.16 

C00588 Phosphorylcholine 5 406 

18 ABAT 5 347.13 

7054 TH 5 281.74 

C00245 Taurine 5 252.05 

C00062 L-Arginine 5 236.8 
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Figure 5.9: GABA and GABA metabolism intermediates are less abundant in MDA-

MB-231 ALDH1A3-OE tumours and cell cultures but not in ATRA-treated cells. A) 

GABA metabolism with detected metabolites in black boxes. B-D) GABA and GABA 

intermediate metabolite abundance (N-acetylputrescine and glutamate/L-glutamic acid); 

mean, SD error bars, unpaired two-tailed t-test (n=4 ALDH1A3-OE in vivo, n=4 in vivo 

NT and in vitro ALDH1A3-OE and ATRA-treatment). p<0.05*; p<0.01**, p<0.001***. 

JPM, MAG, AC, and HW developed targeted metabolomics method, ran the mass 

spectrometer, and assisted in data analysis. 
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5.3.5 GABA TREATMENT ENHANCES METASTASIS OF MDA-MB-231 TUMOURS 

The gene-metabolite interaction network suggests that there is dysregulated GABA 

signaling/metabolism in ALDH1A3-OE cells; but metabolomics provides a snapshot of 

metabolite abundance with little insight into the direction of metabolism. The reduced 

GABA observed in ALDH1A3-OE tumours/cells could be due to rapid flux of GABA 

metabolism based on high usage, or due to GABA metabolism being avoided altogether. 

To determine whether GABA is utilized by MDA-MB-231 cells as an 

oncometabolite/signaling molecule to drive tumour growth or metastasis, mice harbouring 

MDA-MB-231 control or ALDH1A3-OE tumours were treated with systemic GABA. 

 As expected, MDA-MB-231 ALDH1A3-OE tumours were larger in both volume 

and mass when compared to control tumours (Figure 5.10A 5.10B). Systemic treatment 

with 250 µg/kg GABA did not significantly impact tumour growth. Assessment of lung 

metastasis via human GAPDH RT-qPCR assay revealed that mice treated with GABA or 

with ALDH1A3-OE primary tumours had more MDA-MB-231 cells in their lungs, and 

ALDH1A3-OE did not enhance GABA’s pro-lung metastasis effect (Figure 5.10C). The 

RT-qPCR lung metastasis assay is confirmed by H&E stained lung sections (Figure 5.10D) 

where ALDH1A3-OE tumours colonized a greater portion of lung tissue (Figure 5.10E). 

Though the % of metastatic lung tissue is not significantly different between untreated and 

GABA-treated mice harbouring control tumours, a larger portion of GABA-treated mice 

had detectable lung metastasis (8/13; 61.5%) compared to untreated control MDA-MB-

231 (5/15; 33%). The incidence of metastasis was similar in GABA-treated mice (8/10; 

80%) versus untreated mice (11/11; 100%) harbouring ALDH1A3-OE tumours  
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Figure 5.10: Systemic GABA treatment may increase metastatic potential of MDA-

MB-231 tumours. A) ALDH1A3 overexpression increases MDA-MB-231 tumour 

volume and B) tumour mass. Treatment with systemic GABA (daily 250 µg/kg IP 

injections) does not alter tumour volume/mass (Control NT n=15; Control GABA n=13; 

ALDH1A3-OE NT n=11, ALDH1A3-OE GABA n=10; SEM error bars). C) RT-qPCR 

quantified lung metastasis (median, SEM error bars). D) Light microscopy image of H&E 

stained lung section; example from GABA-treated control tumour bearing mouse with 

metastatic nodes outlined. E) Histology quantified lung metastasis (median, SEM error 

bars); p<0.05*. HW assisted with intraperitoneal injections, CD performed RT-qPCR and 

H&E lung metastasis quantification. 
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Since enhanced GABA metabolism has been implicated in breast cancer cells that 

preferentially metastasize to the brain403, the incidence of brain metastasis in GABA-

treated mice is being assessed. Mouse brains were formalin fixed and paraffin embedded 

and are being H&E stained. In our hands, the MDA-MB-231 tumours do not typically 

metastasize to the brain of NOD/SCID mice at 48 days post cell injection. However, the 

first brain assessed for metastasis—from a mouse harbouring an MDA-MB-231 

ALDH1A3-OE tumour treated with GABA—showed detectable micrometastases in 2/3 

brain sections (one section shown in Figure 5.11). The remainder of mouse brains will be 

sectioned and stained. 

 

 

Figure 5.11: Brain micrometastases observed in a mouse harbouring MDA-MB-231 

ALDH1A3-OE tumour treated with systemic GABA (n=1). Light microscopy image, H&E 

stained, metastatic nodes outlined in dotted black line. CD performed H&E staining. 
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5.3.6 ABAT EXPRESSION IS LOWER IN BREAST TUMOURS WITH HIGH ALDH1A3 

EXPRESSION AND IN BREAST TUMOURS THAT METASTASIZE 

Exogenous GABA treatment increased metastasis of MDA-MB-231 control 

tumours but not ALDH1A3-OE tumours. The interaction between GABA 

signaling/metabolism and ALDH1A3 is unclear, so the MDA-MB-231 ALDH1A3-OE 

microarray gene expression data was revisited to determine if there is differential 

expression of GABA signaling/metabolism genes that could suggest the directionality of 

GABA signaling/metabolism in the ALDH1A3-OE cells (Figure 5.12A). In MDA-MB-

231 ALDH1A3-OE cells there was significantly reduced expression of γ-aminobutyrate 

aminotransferase (ABAT); with significant up-regulation of γ-aminobutyric acid receptor 

subunit ε (GABRE), γ-aminobutyric acid receptor subunit α-6 (GABRA6), glutamate 

decarboxylase 1 (GAD1), and succinic semialdehyde dehydrogenase (ALDH5A1) (Figure 

5.12B).  

In two independent breast cancer patient datasets (TCGA, Cell 2015 and 

METABRIC), expression of ABAT was negatively correlated (Pearson correlation r= -

0.175 and -0.2734 respectively) while expression of GABRE was positively correlated 

(Pearson correlation r= 0.3585 and 0.3075) with ALDH1A3 expression (Figures 5.12C & 

5.12D). Neither GABRA6, GAD1, or ALDH5A1 were significantly and consistently 

correlated with ALDH1A3 expression in the TCGA or METABRIC datasets (Pearson r: 

GABRA6 -0.0528 & 0.0117; GAD1 -0.0343 & -0.1308; ALDH5A1 0.0794 & -0.2195 

respectively).  
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Figure 5.12: GABA signaling/metabolism genes are differentially expressed in MDA-

MB-231 cells and breast tumours with high ALDH1A3 levels. A) The GABA 

signaling/metabolism pathway with receptors, channels, and metabolism. B) 

Transcriptome analysis of MDA-MB-231 cells (ALDH1A3 overexpression versus control 

cells) was completed by Affymetrix Human Gene 2.0ST Array (n=3) identifies differential 

expression of some GABA signaling/metabolism (e.g. downregulation of ABAT and 

upregulation of GABRE upon ALDH1A3 overexpression); grey line p=0.05. C and D) The 

changes in expression in GABA signaling pathway players ABAT and GABRE induced 

by ALDH1A3 overexpression in MDA-MB-231 cells is mirrored in expression 

correlations in breast cancer patient tumour data sets (METABRIC n=1904, and TCGA, 

Cell 2015 n=816; RNA-Seq RSEM log2; Pearson correlations). KMC submitted MDA-

MB-231 ALHD1A3-OE and Control RNA for microarray analysis. 
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As a major inhibitory neurotransmitter in the central nervous system, GABA is 

most abundant in the brain410. If ALDH1A3-hi breast cancer cells can “hijack” GABA 

signaling/metabolism, these cells may be more likely to metastasize to the GABA-enriched 

brain microenvironment. To determine if ABAT or GABRE coordinate with ALDH1A3 

to promote brain metastasis, two independent datasets for gene expression of primary 

breast tumours were assessed (GSE2034 and GSE12276). As in the TCGA and 

METABRIC datasets (Figure 5.12C), expression of ABAT was negatively correlated (r=-

0.2823 and -0.3264) while GABRE was positively correlated (r=0.3336 and 0.3574) with 

ALDH1A3 expression (Figure 5.13A & 5.13B). In both patient groups, low ABAT 

expression in the primary breast tumour was significantly and strongly associated with 

increased risk of brain metastasis (HR=4.486 & p=0.0372; HR=4.043 & p=0.0044), while 

GABRE was not.  

The lung is a common site of breast cancer metastasis, especially for TNBC411. 

ALDH1A3-driven lung metastasis is well established in the MDA-MB-231 model (Figures 

5.1 and 5.10)138, and now I have observed GABA-driven lung metastasis of MDA-MB-

231 tumours (Figure 5.10) as well. When primary breast tumours have low ABAT 

expression, there is a higher risk for metastasis to all distal sites excluding brain 

(GSE12276; HR=1.898; p<0.0001), and a higher risk for lung-specific metastasis 

(GSE2603; HR=7.334; p=0.0022 & GSE5327; HR=2.532; p=0.0156). GABRE expression 

did not impact the risk of distant metastasis (Figure 5.13). 

ABAT-lo/ALDH1A3-hi primary tumours are more likely to metastasize to several 

distal sites, implying that these cells (the “seeds”) have an inherent metastatic capacity not 

wholly dependent on the microenvironment of the metastatic site (the “soil). Since ABAT 
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is the key enzyme which degrades GABA, reduced ABAT levels in these highly metastatic 

primary tumours suggests that there is more available endogenous GABA for 

signaling/metabolism. Together, this brain and lung metastasis data suggests that ABAT-

low primary breast tumours (often with concurrent high ALDH1A3 expression) are highly 

metastatic and are agnostic to whether the metastatic site is enriched for GABA (i.e., the 

brain) or is depleted for GABA (i.e. the lung). Completed analysis of ALDH1A3-mediated 

brain metastasis in my experimental GABA-treated model can clarify this concept.   
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Figure 5.13: Metastasis is associated with reduced ABAT expression in primary 

breast tumours. Microarray-based gene expression of ABAT or GABRE correlated with 

ALDH1A3 expression. High and low expression of ABAT and GABRE was categorized 

based on median expression for Kaplan-Meier metastasis-free survival analysis. A) 

GSE2034: Affymetrix Human Genome U133A Array log2 expression from primary 

tumours of 286 lymph node negative breast cancer patients412. B) GSE12276: Affymetrix 

Human Genome U133 Plus 2.0 Array log2 expression of 204 primary breast tumours from 

patients all of whom experienced local or distant relapse413. C) GSE2603: Affymetrix 

Human Genome U133A Array log2 expression from primary tumours of 81 breast cancer 

patients; GSE5327: Affymetrix Human Genome U133A Array log2 expression from 48 

primary ER- breast tumours.  
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5.4  DISCUSSION 

In this study, the transcriptome and metabolome of TNBC cells with elevated 

ALDH1A3 activity were studied. This was done to identify novel ways in which 

ALDH1A3 contributes to the aggressive nature of TNBC cells. I find that high aldehyde 

dehydrogenase activity from ALDH1A3 is not just a marker, but a functional mediator of 

growth and metastasis in breast cancer. The direct contribution of ALDH1A3 to metastasis 

may be mediated through enhanced plasminogen activation and aberrant GABA 

signaling/metabolism. 

Though MDA-MB-231 ALDH1A3-OE cells are not true breast cancer stem cells, 

this cell line does recapitulate many features of breast CSCs such as enhanced colony-

formation, tumour growth, and metastatic capacity138. When compared to ALDH+ breast 

cancer stem cells, the metabolism-associated gene expression profile of MDA-MB-231 

ALDH1A3-OE cells contains up-regulation of the same retinoid and prostaglandin 

synthesis programs.  

 In retinoid biosynthesis, retinol is reversibly oxidized by ADHs to retinaldehyde, 

which is then irreversibly oxidized to RA by cytosolic ALDH1 (human ALDH1A1, 

ALDH1A2, ALDH1A3) or aldehyde oxidase (AOX1)135. As an important mediator of 

stem cell differentiation versus expansion, retinoid signaling is an establish feature of 

ALDH+ breast cancer stem cells414. Unfortunately, retinoid-based treatments for solid 

tumours have contradictory results in clinical trials- at times reducing tumour burden but 

in other cases accelerating disease progression226. It is unlikely that retinoid-based 

therapies for solid tumours will be generally applied in the clinic due to these unpredictable 

clinical responses.  
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Analysis of the metabolome is a useful complement to the transcriptome analyses 

that has been performed for ALDH-hi breast cancer cells in this study (and in many others). 

As the downstream end product of interactions between the genome, transcriptome, and 

proteome the metabolome of breast cancer stem cells may give us new insights into the 

true character of aggressive ALDH-hi cells. Unfortunately, all methods to isolate or enrich 

for cancer stem cells contain a FACS cell sorting step which directly alters the metabolome 

of cells415,416. Since the MDA-MB-231 ALDH1A3-OE cells re-capitulate many of the 

features of ALDH+ breast cancer stem cells and since the transcriptional overlap of 

metabolic enzymes is similar; it is possible to glean new insights into how ALDH1A3 

contributes to metastasis of ALDH-hi cells and potentially CSCs. 

I performed mass spectroscopy-based metabolomics on TNBC MDA-MB-231 

tumours and cells, with or without ALDH1A3 overexpression, and noted ALDH1A3-

dependent changes in the metabolism of the inhibitory neurotransmitter γ-aminobutyric 

acid (GABA). GABA is the ligand of the GABAergic signaling pathway417 and the 

pathway plays a role in the metastasis of breast cancer, especially to the brain403,418–421. 

Importantly, systemic GABA treatment did not affect MDA-MB-231 tumour growth, but 

both ALDH1A3 and systemic GABA increased lung metastasis. Quantification of brain 

metastasis is ongoing. Transcriptome analysis of MDA-MB-231 cells revealed 

ALDH1A3-dependent changes in expression of some GABA signaling components 

including upregulation of receptor subunits (GABRE) and downregulation of GABA 

catabolic enzyme ABAT. These gene expression changes were reflected in breast cancer 

patient tumours. The importance of GABA signaling/metabolism in breast cancer 

metastasis is illustrated by the four independent patient datasets wherein decreased ABAT 



231 

expression (and inferred increased GABA signaling/metabolism) was strongly and 

significantly associated with an increased risk of brain and lung metastasis (Figure 5.13). 

While only one brain from the GABA-treated MDA-MB-231 ALDH1A3-OE 

mouse cohort has been analyzed, it is striking to see the presence of any brain metastasis. 

Though it is considered an aggressive and metastatic TNBC model, MDA-MB-231 cells 

typically do not metastasize to the brains of NOD/SCID mice. Indeed, MDA-MB-231 

brain metastasis models follow two paradigms: 1) MDA-MB-231 cells are injected 

intracardially or 2) intracranially422–425. Even the “brain-seeking” MDA-MB-231BR cell 

line— derived from intracardiac-injected MDA-MB-231 cells which formed a brain 

lesion— must be injected intracranially to reliably form brain metastases426–428. It is 

possible that the humane endpoint (based on extensive lung metastasis; Figures 5.10C-E) 

is often reached prior to development of brain metastases in the MDA-MB-231 model. 

With completed analysis of brain metastasis, I can determine whether ABAT-

low/ALDH1A3-OE MDA-MB-231 tumours are able to hone to both metastatic sites that 

are enriched for GABA (i.e. the brain) or depleted for GABA (i.e. the lung). 

If an interaction between ALDH1A3 and GABA signaling/metabolism primes 

TNBC cells to establish brain or lung metastases, some common clinical practices should 

be re-assessed.  Peripheral nerve pain is a dose-limiting and long-lasting side effect 

observed in 31-42% of patients receiving taxane chemotherapy429,430. These individuals are 

eligible to receive treatment with gabapentin which is a structural analog of GABA and is 

able to dampen neuropathic pain404,431–434. Though the complete mechanism of action is 

still under investigation, gabapentin does not act through GABA(A) or GABA(B) receptor 

binding, but by indirectly increasing intracellular GABA synthesis435. ALDH1A3-hi breast 
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cancer cells are intrinsically resistant to taxane-based therapy— if these cells are also adept 

at using intracellular GABA to metastasize, gabapentin administration could create a 

permissive environment for metastasis and relapse. Further investigation of the 

ALDH1A3/GABA axis is needed to determine whether patients may be at increased risk 

of metastasis if given gabapentin or other GABA agonists. 
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CHAPTER 6: DISCUSSION 

6.1  SUMMARY OF WORK: 

This work has assessed the potential of two distinct targets in the treatment of breast 

cancer: DNA methylation and ALDH1A3. Targetable DNA methylation was studied 

through the lens of DNA hypomethylating agent decitabine, and ALDH1A3 was 

investigated as an inhibitable pro-growth and metastasis molecule. In summary, the goals 

were to: 

1. Identify determinants of decitabine response in breast cancer cells:  

o Characterize the sensitivity of a panel of breast cancer cells to decitabine 

treatment (Chapter 2) 

o Examine known or suspected mediators of decitabine response to identify 

key features of decitabine response (Chapter 2)  

o Functionally screen for hypermethylated tumour suppressor genes that 

when resurrected by hypomethylating therapy slow breast tumour growth. 

(Chapter 3) 

o Functionally screen for other novel mediators which dictate decitabine 

response (Chapter 3) 

 

2. Determine if ALDH1A3 is a potential target for breast cancer treatment: 

o Develop an in vivo ALDH1A3 inhibition breast cancer model (Chapter 4) 

o Study the role of ALDH1A3 in breast cancer metastasis (Chapter 5) 
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Broadly, the results of this work suggest that: 

• Nucleoside-based DNA de-methylating therapy alone is an ineffective approach for 

treating breast cancer in general. 

• The one-carbon metabolism system governed by MTHFD2 is an emerging target for 

breast cancer therapy and may render cells susceptible to cytotoxic drugs like 

decitabine. 

• ALDH1A3 inhibition has the potential to suppress tumour growth. 

• ALDH1A3/TNBC may utilize plasminogen activation and the GABAergic system 

during metastasis.  

 

6.2  DECITABINE ALONE IS INEFFECTIVE FOR BREAST CANCER TREATMENT APPLIED 

WITHOUT PRECISION 

For decades the aberrant promoter hypermethylation observed across cancer types 

has been speculated upon as a drug target23,51,440–442,76,88,319,363,436–439. The first generation 

of hypomethylating agents was nucleoside-based (azacytidine and decitabine), and was 

successfully applied to haematological malignancies (MDS, and AML)95. However, this 

success has not yet translated over to the treatment of any solid tumour type. In my first 

aim I used a panel of breast cancer cell lines to characterize how decitabine treatment 

affects breast cancer cells in particular—perhaps decitabine would be more clinically 

efficacious if applied to patients who are already primed to respond. In the breast cancer 

cell lines, I searched for features that could be used to pre-determine which breast cancers 

are more susceptible to hypomethylating therapy.  
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I was unable to identify any molecular markers that could be used to stratify breast 

cancers based on decitabine response. What I found is that there is a significant cytotoxic 

outcome to decitabine therapy that is not reflected in changes to DNA methylation. 

Instead, the only molecule which seemed essential to decitabine response was 

deoxycytidine kinase (DCK). DCK controls the entry of decitabine (but not azacytidine) 

into DNA443,444. Loss of DCK confers resistance to decitabine in breast cancer cells. This 

is consistent with what is seen in AML patients who gain resistance to decitabine via 

down-regulation of DCK. Fortunately, down-regulation of DCK does not seem to be 

caused by the first-line therapies that breast cancer patients receive, and taxane-resistance 

does not translate to decitabine-resistance. All this implies that even after heavy pre-

treatment, breast cancer patients enrolled in a decitabine clinical trial would not have 

resistance to decitabine. Unfortunately, decitabine is a weakly cytotoxic agent (Chapter 2 

Figure 2.25; paclitaxel treatment inhibited growth of taxol-resistant cells to the same extent 

as decitabine treatment) and does not seem to consistently hypomethylate DNA of breast 

cancer cells.  

The lack of correlation between the pattern of DNA hypomethylation and response 

to hypomethylating agents has been observed in pre-clinical and clinical studies in many 

cancer models277,445–447. This underlines our lack of understanding of A) how much DNA 

methylation truly contributes to breast tumour growth and B) the mechanism of action of 

hypomethylating agents. This led me to investigate if there were key hypermethylated 

tumour suppressor genes or novel genes that are integral to decitabine’s mechanism of 

action which would govern hypomethylating agent response in breast cancer. 
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6.3  REACTIVATION OF A SINGLE HYPERMETHYLATED TUMOUR SUPPRESSOR GENE IS 

INSUFFICIENT TO SUPPRESS XENOGRAFT GROWTH 

Hypermethylation of promoter regions is an early and ubiquitous event in breast 

tumour carcinogenesis. This observation led to many years of research which have 

catalogued the differential methylation patterns of ductal carcinoma in situ, breast cancer 

subtypes, and metastatic lesions. Ultimately, these studies have portrayed DNA 

methylation as correlative with breast cancer progression but not necessarily causative. 

This is due in part to the plethora of differentially methylated CpGs which make it difficult 

to parse the functionally relevant “driver” methylation events from hundreds of 

“passengers.” This is assuming of course that “driver” methylation events exist. 

I used a genome-wide shRNA screen in the MDA-MB-231 TNBC cells to search 

for individual hypermethylated tumour suppressor genes which impact in vivo cell growth. 

To add a layer of translational applicability, hypermethylated tumour suppressor genes 

were sought in the context of a hypomethylating therapy (decitabine). Only those 

hypermethylated TSGs which could be induced by hypomethylating therapy and had a 

significant impact on cell growth would be identified in this screen. Disappointingly, no 

single hypermethylated TSG (e.g. APOD) could be validated as an essential mediator of 

decitabine response. The two best explanations for this may be: A) MDA-MB-231 growth 

is not driven by any individual hypermethylated TSG or B) decitabine treatment did not 

effectively resurrect the expression of tumour suppressor genes in vivo. 
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6.3.1 THE FUTURE OF DNA METHYLATION THERAPY FOR BREAST CANCER 

 

Non-nucleoside DNMTi agents 

After many clinical failures of nucleoside-based hypomethylating drugs in solid 

tumours, non-nucleoside DNMT inhibitors (DNMTi) are being sought. Since the 

nucleoside analogs induce extensive DNA damage and cytotoxicity, it is not possible to 

study their DNMT inhibitory effects in isolation. Therefore, it is challenging to extrapolate 

the methylome-specific effects of nucleoside-based DNMTi’s in breast cancer cells— this 

is the problem I encountered in Chapter 2. Novel DNMTi which directly bind to the 

catalytic domain of DNMTs without incorporation into DNA could be better tools by which 

to study the consequences of DNMT depletion in cancer cells.  

These new non-nucleoside DNMTi’s include curcumin, procaine, hydralazine, 

epigallocatechin gallate, RG-108, 3-nitro-2-(3-nitrophenyl) flavone and isooxazoline. A 

downside of these current non-nucleoside DNMTi is their poor selectivity for DNMTs and 

low potency448. The 4-aminoquinoline-based inhibitor “analog 5” of SGI-1027 shows 

potent inhibition of DNMT1 (at ≈5µM) in silico and effectively inhibited proliferation of 

several cancer cell lines in vitro including MDA-MB-231361,449. Unfortunately, the authors 

did not verify if DNA methylation was reduced in the analog 5-treated MDA-MB-231 

cells. To date, none of these compounds have been assessed in vivo and are far from the 

clinical trial stage.  

There is an untapped market for non-nucleoside DNMTi compounds. A potent, 

selective, and stable inhibitor for DNMT1 could be useful in pre-clinical studies to 

segregate the hypomethylation-specific and DNA damage effects that are pooled together 
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in the current studies which use decitabine or azacytidine. Until these experiments are 

performed, I think it will be challenging to determine whether DNA methylation truly is a 

relevant target for breast cancer therapy. 

 

Strategic combination therapies 

If hypomethylating agents are eventually used as a breast cancer therapy, it is highly 

likely that they will be used in tandem with other therapies. Chemotherapeutic pairings 

should include DNA-damaging agents. Synergy has been achieved between DNMTi and 

DNA damaging agents, as DNMTi promotes chromatin relaxation which both interferes 

with DNA damage repair and also is more permissive for DNA damage by genotoxic 

agents450. 

As with many cancer treatments, the immunomodulatory angle is being pursued in 

the application of decitabine to solid tumours. This is based off of evidence that 

hypomethylation induces the expression of cancer testis antigens and a human endogenous 

retrovirus “viral mimicry” response (Chapter 2)271,451,452. The first published trial with a 

low “hypomethylating” dose of decitabine posited to enhance immunotherapy was 

unsuccessful. In a Phase I/II study of heavily pre-treated advanced hepatocellular 

carcinoma patients, treatment with cytokine-induced killer T cells extended progression-

free survival but this was not improved by concurrent administration of a low-dose 

decitabine regimen (NCT01799083)365. An increasingly popular angle is to use decitabine 

to enhance PD1/PDL1 therapies. Encouraging results from a trial of relapsed/refractory 

classic Hodgkin lymphoma show that combined decitabine + camrelizumab (Anti-PD1) 

treatment garnered a 100% complete response rate at 6 months compared to 76% complete 
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response rate with camrelizumab monotherapy453. There are several ongoing trials pairing 

decitabine with various immunotherapies (e.g. pembrolizumab anti-PD1), but at this time 

it is unclear how effective these combinations will be against different solid tumour types 

(NCT03233724, NCT03250962, NCT02961101, and NCT03346642). 

 

6.4  MITOCHONDRIAL ONE-CARBON METABOLISM AND MTHFD2 AS A KEY FEATURE 

OF BREAST CANCER GROWTH 

One-carbon metabolism is a vital metabolic pathway which includes key 

metabolites that sustain the synthesis of nucleotides, proteins, and lipids; while also 

generating S-adenosyl methionine (SAM) to maintain the epigenetic landscape; and 

supporting redox metabolism. For reasons we are just beginning to understand, 

mitochondrial one-carbon metabolism (instead of cytoplasmic) is favored in almost all 

cancer types and is ruled by methylene tetrahydrofolate dehydrogenase 2 (MTHFD2)334.  

The genome-wide shRNA screen performed in Chapter 3 was intended to reveal 

either hypermethylated tumour suppressor genes or genes which mediate decitabine’s 

mechanism of action. Instead, likely due to the dependence of decitabine on cell 

proliferation, I have uncovered MTHFD2 as a potent oncogene in the MDA-MB-231 

TNBC cells, which imparts increased sensitivity to decitabine. As MTHFD2’s far-reaching 

role in cancer cell metabolism and proliferation becomes obvious, novel inhibitors are 

being developed to target this enzyme. 
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6.4.1 ONE-CARBON METABOLISM TO GENERATE NUCLEOTIDES 

One-carbon metabolism is organized around two parallel cycles of methylation 

which use folate derivatives as methyl group carriers— one cycle is located in the cytosol 

and the other in the mitochondria. In the cancer-favored mitochondrial one-carbon 

pathway, serine donates a carbon through serine hydroxymethyltransferase (SHMT) which 

is then attached to tetrahydrofolate (THF) to create 5,10-methylenetetrahydrofolate (5,10-

mTHF). MTHFD2 is a dual-action enzyme (dehydrogenase and cyclohydrolase) which 

then catalyzes the reversible conversion of methylene-THF into 10-formyl-THF which is 

subsequently oxidized to formate by MTHFD2L357,454. Formate then diffuses into the 

cytoplasm, joins a THF molecule and is further reduced to either 1) contribute to de novo 

purine synthesis, 2) pyrimidine synthesis, or 3) methionine synthesis354,455–458. All these 

functions are critical to maintenance of cancer cell growth, but perhaps none more so than 

nucleotide synthesis.  

In the metabolomic analysis of MDA-MB-231 MTHFD2-KD tumours, I found 

depleted levels of almost all metabolites in purine or pyrimidine biosynthesis, but no effect 

on LINE1 DNA methylation (Chapter 3). This parallels results from lung and breast cancer 

metabolomes which exhibited reduced purine biosynthesis in cells harbouring MTHFD2 

shRNAs350,352. Inhibition of MTHFD2 has also been shown to induced fatal levels of DNA 

replication stress by slowing the production of the pyrimidine thymidine459. Importantly, 

knockdown of MTHFD2 seems to have the most dramatic impact on breast cancer cell 

growth and nucleotide metabolism in glycine-depleted conditions (Chapter 3)331. This 

confirms MTHFD2’s status as a key one-carbon metabolism mediator which fuels 
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nucleotide biosynthesis in addition to the other purposes it may serve such as redox 

metabolism.  

This one-carbon metabolism detour through the mitochondria is a curious feature 

of cancer cells. The mitochondrial and cytosolic pathways are identical except that 

cytosolic MTHFD1 accomplishes the tasks of both MTHFD2 and MTHFD2L by 

reversibly converting 5,10-mTHF completely to formate. Nevertheless, the majority of 

one-carbon units used in the cytoplasm are derived from the mitochondria, and MTHFD2 

is consistently upregulated across cancer types334,460,461. This implies some inherent benefit 

to preferring mitochondrial over cytoplasmic one-carbon metabolism.  

MTHFD2 is undeniably facilitating mitochondrial one-carbon metabolism, but 

other folate metabolism-independent mechanisms may contribute to the MTHFD2 

phenotype. This is best exemplified in a study where inhibition of MTHFD2 in cancer 

cells was partially compensated by shifting folate metabolism to the cytosol; but strikingly 

folate supplementation did not fully rescue MTHFD2-KD cells357. Formate is the end 

product of MTHFD2’s one-carbon metabolism function, so the observation that adding 

formate was insufficient to save MTHFD2-KD cells implies that MTHFD2 may have a 

purpose independent of folate-metabolism334,462. 

 

6.4.2 MITOCHONDRIAL REDOX  

Reactive oxygen species (ROS) are chemically reactive molecules which are 

produced under oxidative stressors, can cause damage to cell structures, and are potent 

signaling species. ROS production and scavenging is a tightly regulated process, and cells 
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are protected from ROS-mediated stress by the major ROS scavenger: reduced glutathione 

(GSH). Oxidized glutathione (GSSG) is recycled back to GSH in an NADPH-dependent 

manner; therefore, NADPH generating enzymes play a key role in stabilizing redox 

homeostasis.  

Redox metabolism is siloed into cytosolic and mitochondria pools. In cancer cells, 

the major cytosolic source of NADPH is the pentose phosphate pathway and G6PD; while 

the major mitochondrial source is one-carbon metabolism and MTHFD2357,463,464. 

MTHFD2 is an important contributor to mitochondrial redox metabolism and protection 

from oxidative stress. Depleting MTHFD2 decreased the ratios of NADPH/NADP+ and 

GSH/GSSH and resulted in HEK293T cells that were vulnerable to hydrogen peroxide 

oxidative stress463. Similarly, in colorectal cancer cells, knockdown of MTHFD2 sensitized 

cells to hypoxia-induced oxidative stress and impaired tumour growth and metastasis465. 

This illustrates the possibility of targeting MTHFD2 not just for impairing nucleotide 

biosynthesis but also for potentiating oxidative stress in tumours.  

 

6.4.3 ALTERNATIVE MTHFD2 MECHANISMS 

MTHFD2 has dual redox cofactor specificity, so in addition to generating NADPH, 

it also generates a substantial volume of NADH in cancer cells466. Meiser et al. 2016 

observed that some cancer cell lines run mitochondrial one-carbon metabolism in excess 

of the biosynthetic demands of one-carbon units, and excess one-carbon units get released 

from the cell as formate. Reducing 5,10-m-THF to formate can produce 3.5 molecules of 

ATP if the NADH produced by MTHFD2 is coupled to oxidative phosphorylation467. So, 
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enhanced MTHFD2 may produce excess formate to quickly spike energy production, 

similar to the Warburg effect. 

Other phenotypes observed with either genetically engineered or small molecule 

mediated MTHFD2 inhibition are not directly explained by nucleotide synthesis, redox 

metabolism, or ATP generation. These observations imply a nuclear role for MTHFD2 

that warrants further investigation. In one study, MTHFD2 was observed to bind to newly 

synthesized DNA and have an uncharacterized DNA repair function351. Ribosomal and 

RNA processing proteins also associate with MTHFD2 in cancer cells with an unidentified 

end result468. How MTHFD2 contributes to cancer growth could be affected by the mode 

of MTHFD2 inhibition. For example, a study comparing global shRNA versus CRISPR-

based screens (in 501 and 342 cancer cell lines respectively), found that metabolic 

disruption dominates the effects on cell proliferation in CRISPR MTHFD2-knockouts 

while in shRNA knockdowns other MTHFD2 functions were playing a role468.  

 

6.4.4 MTHFD2 INHIBITION 

The seminal work which instigated much of the interest in MTHFD2 was done in 

2014. This began with an analysis RNA-Seq data for metabolic gene expression across 19 

cancer types in the TCGA database. MTHFD2 was significantly and consistently 

overexpressed in almost every cancer type334. Subsequent analysis of survival data found 

that upregulation of MTHFD2 was associated with poor survival and aggressive 

pathological characteristics (such as TNM staging, grade, and metastasis) in invasive breast 

carcinoma, pancreatic cancer, renal cell carcinoma, and hepatocellular 

carcinoma330,332,333,335. Yet, MTHFD2 is not just a prognostic biomarker for multiple cancer 
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types. In an analysis of global RNAi and CRISPR screening data, inhibition of MTHFD2 

consistently and potently reduced cell viability or proliferation468. The results of these 

studies communicated a need for MTHFD2 inhibitors to test clinically in multiple cancer 

types469.  

New targets for cancer therapy would ideally be specific to cancer cells. It is 

therefore encouraging that MTHFD2 is detected in transformed cell lines, primary tumours, 

and metastatic lesions; yet is undetectable or low in normal cell lines and adjacent normal 

stroma334,465. In fact, the only normal tissue type with high levels of MTHFD2 expression 

is pluripotent embryonal stem cells470,471. This further supports MTHFD2 as a viable drug 

target for cancer therapy which may spare healthy cells. The focus has now shifted into 

how these inhibitors will be designed. 

Based on its clear role in one-carbon metabolism, several MTHFD2 inhibitors have 

been designed with inhibition of MTHFD2’s dehydrogenase activity in mind. But, based 

on MTHFD2’s participation in other pathways (e.g. DNA replication and RNA processing) 

perhaps inhibitors which can disrupt protein-protein interactions are also required. The first 

characterized MTHFD2 inhibitor was LY345899 which when bound to MTHFD2 prevents 

correct alignment of 5,10-mTHF for cyclohydrase activity, with an IC50 of 663 nM353. 

However, LY345899 has a higher affinity for MTHFD1 (IC50 90 nM). Novel inhibitors 

DS18561882 and DS44960156 are more selective for MTHFD2367,368. DS18561882 is an 

orally available compound and was able to abolish in vivo MDA-MB-231 tumour growth 

when administered a 300 mg/kg dose bidaily. However, both DS18561882 and 

DS44960156 seem to exclusively inhibit the dehydrogenase activity of MTHFD2, leaving 

the interactions between MTHFD2 and DNA/proteins unaccounted for. 
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As additional MTHFD2 inhibitors are developed472, and the role of MTHFD2 in 

cancer cells is further elucidated, I believe that there is enormous promise for MTHFD2 

inhibitors in treating multiple cancer modalities including breast cancer. However, there 

may be one important caveat to the use of MTHFD2 inhibitors. When MTHFD2 was 

inhibited with shRNA in Chapter 3, decitabine was relatively less effective at suppressing 

tumour growth, and expression of chemotherapy resistance gene CCL20 was strongly 

induced. This may suggest some unknown mechanism by which MTHFD2 inhibition 

imparts resistance to cytotoxic chemotherapies. Further evaluation of MTHFD2 inhibition 

and drug resistance is required before MTHFD inhibitors are used in tandem with other 

agents in clinical trials.  

 

6.5  TARGETING ALDH1A3 IN VIVO 

Breast cancer cells with high ALDH activity caused by elevated levels of 

ALDH1A3 are a highly aggressive subpopulation227. These ALDH+ cells are often found 

in triple-negative or basal-like tumours which are intrinsically more prone to relapse and 

metastasis473. The contributions of ALDH1A3 to tumour growth and metastasis in TNBC 

was investigated here in Chapters 4 and 5. Cancer stem cells (CSCs) with high ALDH 

activity (ALDH+) have enhanced metastatic potential that is mirrored by the MDA-MB-

231 ALDH1A3-OE cells138,288. While my model does not use the true ALDH+ cancer stem 

cells that would be present in heterogeneous primary tumours, observations in this model 

may be translatable not only to bulk tumour cells with high ALDH1A3 but also to CSCs. 

A primary goal of this project was to establish an effective model of in vivo 

ALDH1A3 inhibition which had not been achieved by other groups. To this end, the MDA-
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MB-231 TNBC cell line with engineered overexpression of ALDH1A3 was orthotopically 

injected in mice—these ALDH1A3-OE tumours grow significantly faster than control 

MDA-MB-231 tumours. If ALDH1A3 is effectively inhibited in these rapidly growing 

ALDH1A3-OE tumours, then growth will slow to the level of control MDA-MB-231 

tumours. The non-specific but potent ALDH1A3i that was chosen for in vivo 

administration was nanoparticle encapsulated citral. This compound was able to 

significantly reduce ALDH1A3-mediated tumour growth. This in vivo proof-of-concept is 

significant because it provides a breast cancer model in which to test ALDH1A3i 

compounds that may be more clinically viable than citral.  

 

6.5.1 THE DEVELOPMENT OF ALDH1A3-SPECIFIC INHIBITORS 

Due to the role of ALDH1 isoforms in tumourigenesis, metastasis, drug resistance, 

and recurrence, many inhibitors are under development. Though ALDH isoforms are 

similar in structure and can bind the same substrates, each isoform has a distinct aldehyde 

binding site256. Therefore, there are two classes of ALDHi (ALDH inhibitor): those 

designed to inhibit multiple isoforms, and those specific to single isoforms. Multi-ALDH 

isoform inhibitors include N,N-diethylaminobenzaldehyde (DEAB), 4-dimethylamino-4- 

methylepent-2-ynthioic acid-S-methylester (DIMATE), ALDH inhibitors (aldis)-1, 2, 3, 4 

and 6, dyclonine, and citral474–478. Isoform-specific ALDH inhibitors include the 

ALDH1A1 specific inhibitors Cpd 3, CM037, CM026, NCT-501, NCT-505, NCT-506, 

13g and 13h; the ALDH2 specific inhibitor CVT10216; and the ALDH3A1 specific 

inhibitors CB7 and CB29131,220,479–486. Only two compounds (13h and compound 64) have 

been reported with modestly selective activity for ALDH1A3 and could inhibit ALDH1A3 
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activity when administered intraperitoneally487–492. Isoform-specific inhibitors have utility 

for isolating the function of individual ALDH isoforms. But, inhibitors that target a 

strategic combination of ALDH isoforms may be most clinically effective at targeting 

CSCs and drug resistance. 

Though cancer types have distinct ALDH isoform activity that characterizes their 

ALDH+ (Aldefluor-positive) CSC population, 9/19 ALDH isoforms can contribute to 

Aldefluor fluorescence482. So, the ALDH activity in CSCs is a composite of multiple 

isoforms, and while targeting the major ALDH isoform (for breast cancer, ALDH1A3) is 

essential, inhibition of other ALDH isoforms may also be desirable. The application of 

multi-isoform ALDHi needs to consider the function of ALDH isoforms in normal 

tissues—importantly, the Aldefluor assay was originally developed to identify normal 

hematopoietic stem cells. In culture, inhibition of ALDH1 isoforms seems to actually 

expand the hematopoietic stem cell population493,494. If ALDH-targeted therapies cause 

aberrant expansion of hematopoietic stem cells in vivo and simultaneously remove the 

ALDH1-mediated cytoprotective capacity of hematopoietic stem cells, this could be a 

recipe for myelodysplastic disease. Fortunately, it seems that inhibition of a single ALDH1 

isoform can be compensated by upregulation of the other two isoforms to rescue normal 

hematopoietic stem cell function220. Studies where ALDH1 isoform-specific inhibitors are 

administered in vivo are lacking, but the few studies do not report any adverse 

hematological events474,495–498. The optimal combination of ALDH isoform inhibition for 

effective CSC-targeting has yet to be determined.    
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6.5.2 EXPLOITING THE ALDH-HI STATUS OF BREAST CANCER CELLS 

One promising approach to CSC-targeted therapy is to “lean in” to the elevated 

ALDH1 activity of CSCs. An interesting nifuroxazide compound was developed by Sarvi 

et al., which is non-toxic until converted by intracellular ALDH1, this generates a reactive 

nitrogen species and cell death while concomitantly oxidizing and inactivating ALDH1499. 

This strategy was very effective at eliminating ALDH+ melanoma cells (with high 

ALDH1A1 and 1A3 activity), in an in vivo model and impaired the ability of nifuroxazide-

treated tumours to initiate new tumours in a serial transplantation. This strategy could 

prevent other ALDH1 isoforms from compensating for inhibition of a single ALDH1 

isoform by killing the ALDH+ cell before it can adapt. Further optimization of these types 

of compounds for specific ALDH isoforms could be very useful at limiting off-target 

toxicity and eliminating CSCs.  

 

6.6  CHARACTERIZING THE ROLE OF ALDH1A3 IN BREAST CANCER METASTASIS 

Metastasis of primary breast tumours to distal sites is ultimately what claims the 

lives of most breast cancer patients. Thus, identifying novel targets and strategies to 

prevent metastasis is essential. One such target may be ALDH1A3 which has recently 

been endorsed as a driver of breast-to-brain metastasis500. Indeed, the true goal of 

ALDH1A3-based therapies may be preventing metastasis as clinical models may suggests 

that ALDH1A3 is a negligible contributor to bulk tumour proliferation and instead is vital 

for metastasis.  

The most obvious pathway that ALDH1A3 may use to facilitate metastasis is 

retinoic acid signaling. As an efficient retinaldehyde dehydrogenase, ALDH1A3 generates 
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large quantities of retinoic acid which exerts a wide array of effects on different cellular 

pathways and functions135. The key role of retinoic acid signaling in ALDH1A3-mediated 

breast tumour growth and metastasis has been well described by Marcato et al. 2015. 

However, retinoid-based therapies have not experienced the anticipated clinical success 

(which will be detailed later). 

Defining which pathways—aside from RA signaling—are implicated in 

ALDH1A3-mediated metastasis can help shape our strategies to prevent metastasis. 

Through transcriptomic and metabolomic assays I have found that MDA-MB-231 

ALDH1A3-OE cells resemble the ALDH+ CSCs and that plasminogen activation and the 

GABAergic system are involved in invasion/metastasis. One pathway that was identified 

in common between MDA-MB-231 ALDH1A3-OE cells and ALDH+ CSCs but was not 

functionally characterized here is prostaglandin synthesis. This pathway could play a 

major role in CSC-based metastasis and warrants further investigation. In addition to 

ALDH1A3 inhibitors, complementary therapies to ameliorate metastasis could target 

plasminogen activation, prostaglandin E2, and the GABAergic system 

 

6.6.1 RETINOID-BASED THERAPIES 

ALDH1A3 is an oncogene and its major product (retinoic acid) accelerates tumour 

growth and metastasis in some pre-clinical breast cancer models. So, it seems 

counterintuitive to use retinoids as a cancer therapy138,289,501. The main conceit of retinoid-

therapy is based off observations made in haematological malignancies: namely that 

retinoic acid induces differentiation of acute promyelocytic leukemia (PML) cells. 

Eliminating the leukemic stem cell population via retinoid treatment can be curative for 
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some PML patients502. Therefore, the theory was that exogenous retinoic acid would shift 

the ALDH+ cancer stem cell program from a pro-self renewal state to a pro-differentiation 

state.  

Overall, the results of retinoid treatment for solid tumours have been lackluster503. 

In two Phase II clinical trials for recurrent or metastatic breast cancer, all-trans retinoic 

acid did not have any clinical benefit504,505. The 13-cis-retinoic acid isomer similarly has 

little/no clinical benefit in glioma, pancreatic carcinoma, renal cell carcinoma, esophageal 

carcinoma, carcinoma of the cervix, or breast carcinoma506–510. There are 36 open clinical 

trials applying all-trans retinoic acid in cancer, most are in haematological malignancies 

(APL n=11, acute myelocytic leukemia n=11), with the remaining studies in solid tumours 

focused on neuroblastoma, non-small cell lung cancer, multiple myeloma, and melanoma. 

At this point in time, retinoid therapies are at a standstill for breast cancer therapy.  

 

6.6.2 PLASMINOGEN ACTIVATION SYSTEM 

One of the early events which may be required for distant metastasis is the escape 

of primary tumour cells through the extracellular matrix (ECM) and basement membrane. 

Several proteolytic systems contribute to the degradation of the ECM, digesting the basal 

lamina components and permitting tumour cell movement511. Matrix metalloproteinases 

(MMPs) are an important family of endopeptidases with the primary function of ECM 

degradation512511. Of the 28 MMP proteins, 14 have been implicated in breast cancer 

progression513. These MMPs are often not produced by the tumour cells themselves, but 

are released from the surrounding stromal cells after stimulation by tumours cells514. In 

addition to MMPs, cytokines and growth factors work in concert with tumour cells to 
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promote cellular invasion. The plasminogen activation system is hypothesized to 

contribute not only its own proteolytic function to degrading the ECM, but also activation 

of MMPs and liberation of growth factors in the ECM402. 

The plasminogen activation system is dysregulated in the microenvironment of 

many cancer types including breast cancer. There are two plasminogen activators which 

promote the conversion of plasminogen to plasmin: tissue plasminogen activator (tPA) 

and urokinase plasminogen activator (uPA). Generally, tPA is present in both normal and 

malignant tissue, while uPA seems to be more specific to cancer cells515. In node-negative 

breast cancer patients, an ELISA based test for uPA activity has been used to anticipate 

patients with a high risk of metastasis who require more aggressive treatment516,517. In 

terms of potential treatments for inhibiting breast cancer metastasis, this makes uPA a 

desirable target.  

uPA works in tandem with its receptor urokinase plasminogen activator receptor 

(uPAR; PLAUR) which helps to localize and to enhance the activity of uPA by up to 50-

fold518,519. uPA and uPAR are associated with advanced disease and metastasis clinically, 

and both have been shown to increase breast tumour growth and metastasis in pre-clinical 

models520–522. Small molecule inhibitors designed to block the binding of uPA to uPAR 

have not been successful at suppressing uPA activity, probably due to technical challenges 

in blocking the binding site on uPAR523. Inhibitors which were designed to block the 

plasminogen binding site on uPA were able to inhibit metastasis of prostate, colorectal, 

and MDA-MB-231 breast tumours524–527.  

Altogether, this presents the increased plasminogen activation I observed in MDA-

MB-231 and MDA-MB-436 TNBC cells with high ALDH1A3 (Chapter 5) as a facilitator 
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of ALDHA3-mediated metastasis and a target for therapy. Limiting the clinical translation 

of all uPA/uPAR targeted therapies however, is the extreme species specificity of uPA-

uPAR interactions524. Human uPA/uPAR inhibitors only impact the tumour cells and do 

not effect the normal mouse tissue. So, even if we were to show that uPA/uPAR inhibition 

slows ALDH1A3-mediated metastasis in vivo, we will not be able to assess the relevance 

of uPA/uPAR inhibition across the entire metastatic cascade. This species specificity 

might cause us to underestimate the toxicity profile of these drugs as well. In a clinical 

trial, systemic inhibition of normal uPA-mediated fibrinolysis could have dire 

consequences for clotting. Perhaps ALDH1A3 inhibition could prevent downstream 

plasminogen activation and bypass the need for uPA/uPAR clinical inhibitors.  

 

6.6.3 THE ROLE OF PROSTAGLANDIN E2 SYNTHESIS IN BREAST CANCER 

For decades it has been observed that many solid tumours exist in a prostaglandin 

E2 (PGE2)-enriched microenvironment528–530. This has been attributed to overexpression 

of cyclooxygenase-2 (COX-2 encoded by the PTGS2 gene) and prostaglandin E2 synthase 

(PTGES) in both tumour cells and surrounding normal fibroblasts/normal stem cells531–

535. Abundant PGE2 is associated with poor clinical outcomes in solid tumours, and how 

PGE2 mechanistically contributes to tumour growth and spread is under active 

investigation535–537. Based on my transcriptome evaluation of MDA-MB-231 ALDH1A3-

OE and ALDH+ breast CSCs, a major source of PGE2 in breast cancer may these 

aggressive ALDH-hi cells.  

A key component of prostaglandin synthesis which was up-regulated in the MDA-

MB-231 ALDH1A3-OE cells is COX-2. Arachidonic acid is converted to prostaglandin 
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H2 by either COX-1 (PTGS1) or COX-2 (PTGS2). COX-1 seems to be constitutively 

active in normal tissue, while COX-2 can be induced by inflammatory signals or during 

oncogenic transformation538–540. In transgenic mice with mammary gland-specific 

overexpression of COX-2, this increase in COX-2 was sufficient to induce mammary 

gland tumourigenesis541. This tumour formation could be abrogated by treatment with 

COX2 inhibitor celecoxib542. In addition to tumourigenesis, COX-2 also seems to prime 

MDA-MB-231BR “brain seeking” cells for extravasation and establishment of brain 

metastases413.  

There are connections being drawn between CSCs and PGE2 signaling. Breast 

cancer cell lines with endogenously high COX-2 (PTGS2) or with engineered COX-2 

overexpression display increased migratory and invasive capabilities linked to an 

enhanced production/release of prostaglandin E2 and signaling through prostaglandin E2 

cell surface receptors401,543. PGE2 signaling through the prostaglandin E2 cell surface 

receptor type 4 (EP4) specifically was able to create an ALDH+ cancer stem cell-like 

population in MCF7 and SKBR3 breast cancer cells through the PI3K/AKT/Notch/Wnt 

axis401. Similarly, in an in vivo model, PGE2 expanded colorectal CSCs and increased liver 

metastasis by EP4-NFKB and EP4-MAPK signaling544,545. In a PGE2 receptor-

independent fashion, Wnt signaling in glioma stem cells is responsible for overexpression 

of COX-2 and subsequent self-renewal546. The source of PGE2 does not have to be tumour 

cells; both myeloid derived suppressor cells and dying bulk tumour cells may supply PGE2 

to support CSCs. PGE2 provided by myeloid derived suppressor cells induced an ALDH+ 

CSC phenotype on uterine cervical carcinoma cells547. The most convincing evidence is 

from a study of bladder cancer patient derived xenografts (PDXs) where PGE2 release due 
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to chemotherapy-induced cell damage expanded the CSC population and drove post-

chemotherapy tumour repopulation. Importantly, administration of COX-2 inhibitor 

(celecoxib) quashed PGE2-driven chemotherapy resistance mediated by cancer stem 

cells548. Unfortunately, the clinical evidence for COX-2 inhibition is not as convincing.  

The best studied COX-2 inhibitor is the nonsteroidal anti-inflammatory drug 

(NSAID) aspirin. While there is evidence to support a role of aspirin in breast cancer 

prevention, there are conflicting or null reports for aspirin’s role in improving relapse-free 

survival549–557. The COX-2 specific inhibitor celecoxib has also been through clinical trials 

for breast cancer therapy. Celecoxib treatment (400 mg daily) did not improve disease-

free survival in a randomised placebo controlled study of 2639 patients with resected 

HER2- breast cancer that had previously received local and systemic adjuvant therapy558. 

These negative results suggest that perhaps targeting the enzyme which generates PGE2 

is ineffective, and instead targeting the PGE2 receptors could be superior.  

Inhibition of the prostaglandin E2 receptor EP4, does not have the long-term 

adverse gastrointestinal side effects of traditional or selective COX-2 inhibitors (like 

aspirin and celecoxib). Small molecule inhibitors for EP4 are in development and well 

tolerated (no gastrointestinal side effects or other adverse events observed in initial 

studies)559. Preclinical evidence shows that an EP4 inhibitor (L-161,982) can reduce 

resistance to oxaliplatin, slow proliferation, and prevent tumoursphere formation546,560,561. 

EP4 is also a key mediator of prostaglandin-based inflammation and pain. The market for 

new non-opioid analgesics is substantial, so development of clinically viable EP4 

inhibitors is occurring rapidly. If EP4 inhibitors are not directly tested as cancer therapies, 
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there may be at least correlative studies performed (like aspirin and celecoxib) in the 

future. 

 

6.6.4 GABA SIGNALING/METABOLISM IN METASTASIS 

 Cancer cells can co-opt normal signaling processes to accomplish rapid growth and 

to metastasize. Apparently, neurotransmitters like GABA are not exempt from a breast 

cancer cell’s ability to hijack cellular signaling pathways. My observation that systemic 

GABA treatment increases lung metastasis of MDA-MB-231 tumours implicates the 

GABAergic system in metastasis (Chapter 5). This is supported by my analysis of breast 

cancer patient datasets where high ALDH1A3 expression is associated with loss of 

aminobutyric acid transaminase (ABAT) in primary tumours. This implies ALDH1A3-hi 

breast cancer has an increased GABAergic capacity. Importantly, I found that this loss of 

ABAT was a significant risk factor for lung and brain metastasis (Chapter 5)420. The role 

of GABA in cancer metastasis is poorly defined at present. 

Clinically, GABA seems to have an oncogenic role in primary breast tumours, as 

homogenates of stage I and II breast tumours with high extracellular GABA (>90 µM) 

were associated with shorter disease-free survival418. My observation that primary breast 

tumours which have lost ABAT expression are more metastatic implies that this loss of 

ABAT might result in an impaired ability to degrade GABA and cause subsequent elevated 

extracellular GABA levels. The pro-metastatic function that this extra GABA serves may 

come down to its activation of GABA(A/B/C) receptors or its use as an oncometabolite to 

fuel the TCA cycle. 
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GABA is the main inhibitory neurotransmitter in the brain; however, functional 

GABA receptors have also been identified in non-neuronal tissues (e.g. lung, liver, 

gastrointestinal tract, sperm, testes, mammary gland, colon, liver)254,562–564. The ionotropic 

GABA(A) and GABA(C) receptors are pentameric chloride channels comprised of several 

subunits (α1-6, β1–4, γ1–3, δ, ε, π, and ρ) or exclusively ρ subunits respectively565,566. 

GABA(A) receptors composed of different subunits can have different affinities to GABA 

or GABA agonists and seem to have diverse functions in GABA-related metastasis and 

growth models.  

Activation of GABA(A) receptors is typically pro-metastatic in breast cancer 

models. GABA treatment of MDA-MB-231 cells increased invasive potential by activating 

GABA(A) receptors, increasing intracellular Ca2+, and activating the transcription factor 

NFAT1420. However, in HER2+ breast cancer cells derived from a patient’s brain 

metastasis, treatment with a GABA(A) receptor agonist isoguvacine resulted in 

apoptosis567. It is possible that the function of GABA(A) receptors is dependent on primary 

tumour subtype (HER2+ versus TNBC) and/or the composition of subunits in the 

predominant GABA(A) receptor. Expression of the GABA(A) receptor subunit α3 

(GABRA3) is associated with poor prognosis and enhances lung metastasis of MDA-MB-

436 TNBC tumours421. The presence of GABA(A) receptor subunit π (GABRP) is subtype 

specific. GABRP is often lost in primary breast tumours568, yet another group found 

GABRP specifically in basal-like breast tumours where it promotes tumourigenesis and 

metastasis419. GABA is a chemoattractant for MDA-MB-231BR “brain seeking” cells; and 

this seems to be mediated by GABRP localized to the invadopodia of MDA-MB-231BR 
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cells569. Together, this suggest that activation of GABA(A) receptors promotes metastasis 

of experimental TNBC. 

The other category of GABA receptors, are the metabotropic GABA(B) receptors 

which belong to the G protein-coupled receptor superfamily and exist as R1a, R1b, and R2 

isoforms570. The only study to my knowledge which focused on the metastatic role of 

GABA(B) receptor in breast cancer used the 4T1 triple-negative murine mammary 

carcinoma model571,572. Intraperitoneal administration of 30 mg/kg baclofen (GABA(B) 

agonist) increased lung metastasis mediated through ERK1/2. While this requires further 

characterization, activation of GABA(B) receptors also appears to increase TNBC 

metastasis. 

These studies of GABA receptors and the observation ABAT-lo primary tumours 

are highly metastatic suggest that TNBC can enhance GABA signaling by downregulating 

ABAT and preventing intracellular degradation of GABA. This autocrine GABA 

production and self-signaling may explain why primary breast tumours with elevated 

GABA are at greater risk for metastasis418. Interestingly, the role of GABA shifts 

dramatically once primary breast tumours have established a brain metastasis. In a rare 

opportunity to study surgically resected breast-to-brain metastases, it was observed that 

GABA import proteins and ABAT activity were actually up-regulated403. In this context, 

GABA was used as an oncometabolite, with breast-to-brain metastatic cells importing 

GABA from the GABA-rich brain environment and shuttling GABA into the TCA cycle. 

These metastatic cells were highly proliferative in the presence of GABA, with elevated 

NADH production that was abolished by the addition of ABAT inhibitor vigabatrin. The 
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dichotomy of GABA as an oncometabolite and signaling molecule may be dependent on 

exogenous levels of GABA and intracellular ABAT activity.  

 Unraveling the interactions between TNBC cells and GABA is important because 

GABA memetics are commonly prescribed to alleviate peripheral nerve pain404. 

Gabapentin is the best studied GABA analog in the context of cancer. Gabapentin 

indirectly increases the intracellular production of GABA through binding the alpha-

2/delta subunit at voltage-gated sensitive calcium channels573,574. Gabapentin (and other 

gabapentinoids) are liberally prescribed in the United States, with an estimated 4% of 

Americans using gabapentinoids at least once in 2015575. Fortunately, there does not seem 

to be an association of gabapentin use and development of cancer. A large Californian 

study of 6,608,681 individuals, 109,879 of whom were prescribed gabapentin at some 

point, determined that there was no significant association between gabapentin exposure 

and risk of cancer development576. We are lacking follow-up studies to determine if 

gabapentin use affects the rates of relapse or metastasis in cancer patients. These studies 

are necessary because an estimated 5.6% of Americans with cancer use gabapentin, and 

this rate is increasing577.  

My data supporting a relationship between the GABAergic system, ALDH1A3, and 

metastasis provides the impetus for future experiments which will fully dissect this pro-

metastatic axis. The completion of these experiments will clarify the contradictory and 

context-dependent role of GABA in metastasis. 
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6.7  SUMMARY OF LIMITATIONS AND FUTURE WORK 

6.7.1 GENOME-WIDE SCREENS 

The shRNA-based genome-wide screen for knockdowns which bestow decitabine 

resistance could be improved in several ways. The ThermoFisher Decode shRNA library, 

which was innovative at the outset of this project, is outclassed by more recent shRNA 

screens which can contain ≈25 shRNAs per gene to identify hits with a high level of 

confidence578. These next generation shRNA screens could be applied to the MDA-MB-

231 TNBC cells to re-create this in vivo decitabine experiment. This could salvage potential 

gene hits that were lost by the ATARiS algorithm’s exclusion of genes targeted by single 

shRNAs. It is also possible that hypermethylation of TSGs is not a major driver of MDA-

MB-231 tumour growth, so additional TNBC cell lines should be used for a more thorough 

search of potent hypermethylated TSGs. In the execution of these future experiments, 

technical challenges should be addressed such as characterizing the relative abundance of 

shRNAs in the pools prior to implantation in the mice to remove stochastic gene hits that 

are a result of shRNA drop-out during the establishment of tumours. 

Overall, the design of the screen was sufficient and has one major advantage over 

similar studies: the screen was performed in vivo. Knockdown of MTHFD2 does not impart 

a significant growth disadvantage to MDA-MB-231 cells in replete culture conditions 

(Chapter 5), yet it dramatically impairs tumour growth. The large databases of shRNA- and 

CRISPR-based screen (i.e. Achilles) are generally obtained through culturing cells in 

replete conditions and may underestimate the role of genes like MTHFD2 under more 

realistic in vivo conditions. Strategies to increase the scale of in vivo genome-wide 

screening data could identify other such key components of tumour growth. 
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6.7.2 CITRAL AS AN ALDH1A3 INHIBITOR 

 Nanoparticle encapsulated citral was able to significantly inhibit ALDH1A3-

mediated growth of MDA-MB-231 tumours (Chapter 4). This was the first published 

breast cancer model to use a small molecule inhibitor against ALDH1A3 to suppress 

tumour growth and was performed as a proof-of-concept. Realistically, citral has several 

major issues that preclude it from consideration as a clinical ALDH1A3i. First, citral does 

not specifically inhibit ALDH1A3; instead also inhibiting at least ALDH2 and ALDH1A1. 

Secondly, citral has poor bioavailability unless encapsulated. Finally, citral has non-

ALDH1A3 associated cytotoxic activity in other breast cancer models, making it difficult 

to distinguish its ALDH1A3-specific activity unless citral is used in an ALDH1A3-

modified system like I have done385.  

To improve the translational application of ALDH1A3i studies, metastasis should 

be assessed after in vivo ALDH1A3i treatment. Unfortunately, the MDA-MB-231 

ALDH1A3-OE xenograft +/- Citral-NP experiment was terminated at day 38, which is too 

early to observe lung metastases. Future experiments should be designed to have an 

extended timeline to capture any anti-metastatic effects of ALDH1A3i.  

Monoclonal cell lines are acceptable as the initial pre-clinical model to show 

mechanism, but patient-derived xenografts (PDXs) are superior in vivo models to re-

capitulate clinical features and to model CSCs105,579. In vivo ALDH1A3i experiments in 

the future should use these PDX models as they contain true ALDH+ CSCs. Serial 

transplantation experiments are also essential to show that a CSC-like population has been 

depleted by ALDH1A3i. The next generation of ALDH1A3i in vivo experiments would 

ideally have these elements: a PDX from a recent passage, use of an ALDH1-specific and 
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bioavailable compound, an assessment of metastasis, and performance of serial 

transplantation at endpoint.  

 

6.7.3 CHARACTERIZING CANCER STEM CELL METABOLOMES 

Evaluating the metabolic pathways that CSCs use for self-renewal and metastasis 

could reveal novel CSC-specific targets. While not the express aim of my study of MDA-

MB-231 ALDH1A3-OE cells, this cell line has many of the features of CSCs and might be 

extrapolated to imply that breast CSCs harbour enhanced GABAergic 

signaling/metabolism (Chapter 5). This indirect profiling of breast CSCs is relevant 

because there are few metabolomics methods that can accurately evaluate CSCs.  

Methods to isolate CSCs are often dependent on FACS (i.e. Aldefluor assay). 

However, several controversial reports claim that FACS drastically alters the cellular 

metabolome. In one study, FACS altered the composition of eicosanoids (like 

prostaglandin), fatty acids, and carboxylic acid derivatives (the output of ALDHs). This 

was attributed to mechanosensory signaling pathways being activated by the physical 

impact cells experience as they pass through the instrument416. Another study observed that 

nearly half of the profiled metabolites changed by at least 1.5-fold after sorting, including 

glycogen, nucleosides, amino acids, central carbon metabolites, and acylcarnitines415. 

Therefore, accurate metabolomic analysis of live CSCs is lacking, as studies including flow 

cytometry present a distorted view of the CSC metabolome580,581. 

Lately, several creative workarounds have been applied to the metabolomic 

profiling of CSCs. An innovative single cell mass spectrometry platform was used to 
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examine “stem-like” colorectal HCT116 cell cultures, and identified that TCA cycle 

metabolites are more abundant in CSCs versus non-CSCs580. Glioma stem cells enriched 

in non-adherent conditions exhibited dysregulated glycerophospholipid metabolism 

compared to normal neural stem cells582. These studies are two good examples of how the 

metabolome of breast CSCs could be profiled in a FACS-free manner. For future studies, 

I would propose the use of PDXs cultured ex vivo in low-adherent conditions to enrich for 

ALDH+ CSCs583.  

 

6.7.4 CONTRIBUTION OF GABA TO METASTASIS 

My observation that systemic GABA administration enhanced the lung metastasis 

of MDA-MB-231 tumours should be followed-up with experiments to determine the pro-

metastatic mechanism of GABA. Based on the literature, it appears that GABA has 

opposing roles: 1) imported extracellular GABA is fed into the TCA cycle to fuel 

proliferation or 2) ABAT is lost and GABA is released for autocrine/paracrine GABAergic 

signaling to promote invasion/metastasis (Figure 6.1). ABAT-lo primary tumours are at 

greater risk for brain metastasis, yet breast cancer cells that have established metastatic 

brain lesion are ABAT-hi. This suggests that somewhere in the metastatic cascade the 

function of GABA shifts from pro-invasive to pro-growth. Future experiments should be 

carefully designed to discriminate between these two functions.  

 To determine whether GABA-fueled TCA cycling is important to tumourigenesis 

and growth, the mammosphere forming assay and typical growth rate assays should be 

used. PDXs should be grown ex vivo as mammospheres (a readout of tumourigenesis that 

enriches for ALDH+ cells); and TNBC cell lines with modified ALDH1A3 activity (i.e. 
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MDA-MB-231 ALDH1A3-OE) should be used. Exogenous GABA’s entry into the TCA 

cycle would be prevented by addition of tiagabine (GABA importer inhibitor) or 

vigabatrin (ABAT inhibitor). If exogenous GABA contributes to proliferation, then both 

vigabatrin and tiagabine should suppress growth in GABA supplemented conditions. It is 

possible that GABA’s position as an oncometabolite is restricted to breast cancer cells that 

are adapting to the brain microenvironment403.  

To determine whether GABAergic signaling mediates the initial invasion step of 

metastasis, those same PDX or TNBC cells should be applied to the Matrigel transwell 

invasion assay. Addition of muscimol (GABA(A) receptor agonist) or baclofen 

(GABA(B) receptor agonist)—which cannot be fed into the TCA cycle like GABA—will 

stimulate GABA receptors and reveal whether this signaling enhances invasion. 

Completion of these studies will provide evidence for a potential ALDH1A3/GABA axis 

of metastasis. 
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Figure 6.1 Working model for the relationship between ALDH1A3-OE and GABA 

treatment. A) Control MDA-MB-231 cells with ABAT activity modestly use GABA both 

as a proliferative oncometabolite and as a pro-metastatic/invasion signaling molecule. B) 

MDA-MB-231 ALDH1A3-OE cells have lost ABAT activity and direct intracellular 

GABA towards invasive GABAergic signaling. C) MDA-MB-231 control cells treated 

with exogenous GABA can now direct more GABA towards invasive GABAergic 

signaling resembling the elevated metastasis seen in the MDA-MB-231 ALDH1A3-OE 

cells.  

 

6.8  CONCLUSIONS 

 The preceding work has evaluated two potential targets for breast cancer therapy: 

DNA methylation and ALDH1A3. I was not able to identify predictive biomarkers or 

resurrected hypermethylated TSGs which govern the response of breast cancer to 

decitabine. Instead, the emerging drug target MTHFD2 was revealed as a driver of MDA-

MB-231 tumour growth and nucleotide synthesis. MTHFD2 appears to be an excellent 

target for inhibition— perhaps a better target than DNMT in breast cancer. At this time, 
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DNA methylation inhibitors are unlikely to provide clinical benefit to most breast cancer 

patients when applied as single agents, without a patient stratification strategy.  

The CSC-marker ALDH1A3 has been speculated to be a potentially druggable 

target for breast cancer. Here, I show that inhibition of ALDH1A3 was indeed able to 

reduce in vivo MDA-MB-231 tumour growth in an ALDH1A3-dependent fashion. 

ALDH1A3 has a cryptic role in breast cancer metastasis, which based off my analyses may 

be due to plasminogen activation or the GABAergic system. Further dissection of the 

GABAergic system in ALDH-hi breast cancer cells could shed light on how breast cancer 

invades surrounding tissue and hones to metastatic sites (especially the brain). Inhibition 

of ALDH1A3 warrants further investigation especially surrounding its potential anti-

metastatic benefits. 
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