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ABSTRACT 

Triple negative breast cancers are a subtype of breast cancers affecting a mostly a younger 

population. They are highly aggressive and metastasize to visceral organs and brain resulting 

in high mortality. There are no targeted therapies available and chemotherapy is the only form 

of therapy with limited success. Recently poly (ADP-Ribose) polymerase inhibitors (PARPi) 

have been approved for this indication, but they are only effective in patients with BRCA 

mutation or other DNA repair enzyme defects. In addition, most patient still do not respond 

and survival benefit is yet to be established. Cancer stem cells (CSC) are crucial cells that 

display unique characteristics and are responsible for Tumourigenesis and metastasis. These 

cells are resistant to most standard anti-cancer therapies. Previous experiments in the Rao lab 

have revealed epigenetic modification via lysine-specific demethylase 1 (LSD1) inhibition may 

regulate epithelial mesenchymal transition (EMT) related genes and transcription. This project 

explored the interaction between PARP1 and LSD1. 

This project generated several novel findings: firstly, PARP1 regulated EMT and CSC 

maintenance, where PARP1 inhibition caused upregulation of EMT and had no effect on CSC.  

Secondly, LSD1 and PARP1 showed strong colocalization and co-binding on chromatin with 

unique histone modifications. Thirdly, phenelzine, an LSD1 inhibitor in combination with 

olaparib (PARP inhibitor) induced unique global differential gene expression including 

EMT/CSC related genes, MAPK, RAS, PI3K/AKT pathway genes and transcription factors 

and reduced early tumour growth in the BRCA proficient tumour model. This also unravelled 

novel targets including TCF3 or BMPR1A/B. Phenelzine inhibited c-MET and HSP90 which 

render tumours resistant to PARP inhibitors. Finally, LSD1 inhibition with phenelzine reversed 

the immune inhibitory signal (PD-L1) induced by PARP1 inhibition which will render the 

tumours susceptible to T-cell mediated killing. This thesis identified HER2+ circulating tumour 

cells (CTCs) as a potential subset responsible for metastasis, especially brain metastasis where 
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nuclear DUSP6, a MAP phosphatase was identified as a biomarker for resistance and brain 

metastasis.  This outcome may be crucial in future drug developmental therapeutics, especially 

in early breast cancer.  

Overall, this project demonstrates for the first time the interplay between and LSD1 and PARP1 

and establishes the synergism of PARP1/LSD1 inhibition by unravelling the differential gene 

expression, histone modifications and immune-related changes. Intra-nuclear LSD1, PARP1 

and DUSP6 are potential targets for drug therapeutics with the capability to reduce tumour 

growth and metastasis, especially brain metastasis in breast cancer.    
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1.1 Breast cancer 

Breast cancer is the commonest cancer in women with nearly 1.7 million new cases diagnosed 

in 2012 and accounts for more than half a million deaths.("GLOBOCAN 2012; Breast cancer 

incidence," 2012) Triple negative breast cancers (TNBCs), a subtype of breast cancer is defined 

as the absence of oestrogen receptor (ER), progesterone receptor(PR) and Human Epidermal 

growth factor Receptor 2 (HER2) expression. TNBC comprise about 15-20% of breast cancers 

and have an aggressive natural history compared to other breast cancer subtypes with a 

propensity to spread to visceral organs compared to estrogen receptor (ER)-positive breast 

cancer which preferentially metastasize to bone.(Griffiths & Olin, 2012; Lin et al., 2012) 

TNBC is more commonly diagnosed in women younger than 40 years compared with hormone-

positive breast cancer. In one study, there was a two-fold higher attributable risk of TNBC in 

women under 40 years compared with women over 50 years (odds ratio [OR] 2.13, 95% CI 

1.34-3.39).(Trivers et al., 2009) They carry increased risk of recurrence and death compared to 

(ER)-positive breast cancer, especially in the first two years after primary resection where the 

risk of death can be as high as 6 times than the (ER)-positive subtype.(Lin et al., 2012) About 

20% of TNBCs harbor germline BRCA mutations, but they can also harbor other somatic 

mutations in homologous recombination (HR)-related pathways that confer a similar 

“BRCAness” phenotype.(Lord & Ashworth, 2016) 

There are no targeted therapies available for TNBC, hence cytotoxic chemotherapy is the only 

available therapeutic modality. Despite good responses to standard cytotoxic chemotherapy 

regimens, recurrence is common and the norm, and re-treatment with further lines of 

chemotherapy remains a standard but unsatisfactory clinical approach. Novel therapeutic 

development has been limited due to the very heterogenous nature of breast cancer. In the last 

decade, the only new  
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developments with clinically meaningful benefits have been the introduction of the cytotoxic 

drug eribulin, and the addition of platinum-based drugs to the management of patients with 

BRCA-mutant tumours.(Cortes et al., 2011; von Minckwitz et al., 2014) Although 

immunotherapy has revolutionized the paradigm of anti- cancer therapy, responses in breast 

cancer is modest and limited to certain sub-types.(Schmid et al., 2018) More recently poly 

(ADP-Ribose) polymerase inhibitors (PARPi) have been approved for BRCA mutant breast 

cancer treatment. 

1.2 Brain metastasis 

Brain metastasis is a devastating consequence for breast cancer patients in a small but 

significant proportion of patients. Brain metastasis is common among particular sub-types of 

breast cancer, namely HER2 positive breast cancer and TNBC where the risk is about 40-50% 

and 25-30% respectively.(Witzel, Oliveira-Ferrer, Pantel, Müller, & Wikman, 2016) Once 

diagnosed with brain metastasis, estimated survival is poor, especially in TNBC where median 

survival is generally less than 6 months. Surgery and radiation therapies are the mainstay of 

treatment with very limited response from systemic therapy.(Witzel et al., 2016) However, 

intracranial metastases are often multicentric and the only form of therapy is whole brain 

radiation with limited success. As discussed earlier TNBC is disease commonly afflicting 

younger women causing significant morbidity and mortality especially when associated with 

cerebral involvement.(Trivers et al., 2009)  

The pathogenesis of brain metastasis has not been thoroughly characterized to date. It is still 

unclear whether their resistant nature due to lack of drug penetration or they are result of 

selective clone of cancer cells with resistant features. The blood brain barrier (BBB) is a 

selective barrier formed by endothelial cells interconnected by tight junctions, pericytes, 

astrocytes, neuronal end-foots and other cells from the microglia forming the neurovascular 
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unit and that separates the bloodstream circulation from the brain and the cerebrospinal fluid. 

Transport across the BBB is strictly regulated and includes paracellular transport, passive and 

active transport and cell-mediated transcytosis.  

 

The pathogenesis of brain metastasis remains unresolved and could be related to a multitude 

of biological pathway activations in both tumour and the brain microenvironment.(Kotecki, 

Lefranc, Devriendt, & Awada, 2018) One of many hypotheses proposed for brain metastasis is 

the development of “metastasis initiating cells “ or “cancer stem cells” (see Chapter 1, section 

1.6). McGowan et al. showed that inhibition of the CD44hi/CD24lo phenotype was associated 

with fewer macrometastases in the brain when injected into nude mice.(McGowan et al., 2011) 

The PI3K/mTOR pathway is found to be active in brain metastasis; suggesting a further link to 

cancer stem cells and brain metastasis.(Kotecki et al., 2018)  

 

1.3 DNA damage responses and PARP 

 

DNA damage can result in double strand breaks (DSBs) or single strand breaks (SSBs), the 

accumulation of which cause cell cycle arrest and cell death if left unrepaired. DSBs are more 

lethal to cells and are repaired mostly by HR or non-homologous end joining (NHEJ), the latter 

an error prone pathway that simply involves joining two broken ends of the DNA. In addition, 

there are alternative NHEJ pathways (alt-NHEJ) including, but not limited to, PARP-1 and X-

ray repair cross-complementing protein 1 (XRCC1). SSBs are repaired by base excision repair 

(BER) proteins including PARP-1, XRCC1, and DNA ligase III alpha.(Hosoya & Miyagawa, 

2014) (see Figure 1.1) Replication errors are prominent in cancer, and deficiencies in DNA 

repair pathways are common.(Hanahan & Weinberg, 2011) To maintain DNA integrity, HR-
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deficient tumour cells compensatory upregulate alt-NHEJ for DNA repair, in which PARP is 

crucial. Understanding these crucial biological mechanisms led to the concept of inducing cell 

death by means of “synthetic lethality”(Helleday, 2011) and the subsequent rational drug 

development of the PARP inhibitors.(Bryant et al., 2005) 

 

The role of PARP1 in DDR is diverse and has been extensively studied. (summarized in Figure 

1.2). PARP1 activity is triggered by binding of PARP1 to SSB via the two zinc fingers at the 

N-terminal 42 kDa DNA binding domain which leads to the activation of its enzymatic activity. 

PARP1, using beta-nicotinamide adenine nucleotide (NAD) as a substrate catalyses the transfer 

of polymer of ADP-Ribose(PAR) molecule to glutamate, lysine or aspartate residues on 

acceptor histone and/or non-histone proteins mediates the recruitment of DNA repair proteins 

and eventually DNA repair. Autoparylation of PARP1 eventually enables dissociation of 

PARP1 from DNA for the completion of DNA repair.(Lord & Ashworth, 2017a) 
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Figure 1.1 DNA damage repair pathways. 

Schematic diagram showing various ways in which DNA damage can occur and the multiple 

pathways involved in the repair mechanism to maintain the cell viability. 
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1.4. PARP inhibitors 

PARP1 can initiate carcinogenesis by promoting cancer cell survival in response to genotoxic 

insults, which may allow cells to survive and accumulate DNA damage with incomplete repair. 

The rationale for PARP-directed therapeutics in cancer treatment is to selectively induce 

synthetic lethality of specific homologous repair-deficient (for example, breast cancer type 1 

susceptibility 1 (BRCA1)- or BRCA2-deficient) tumours by blocking PARP1-dependent DNA 

repair.  

Most PARPi are competitive NAD+ inhibitors, and cause cytotoxicity by inhibiting PARylation 

which  leads to cell death.(Murai et al., 2012) Initial therapeutic strategies using PARPi were 

to: (i) potentiate cytotoxic chemotherapy and ionizing radiation; given the role of PARP in 

DNA damage repair, PARP inhibition is a rational approach that leads to accumulation of DNA 

damage breaks induced by chemotherapy or radiation and ultimately cell cycle arrest and death. 

Synergizing anti-tumoural effects are seen with PARPi combined with topoisomerase 

inhibitors, platinum drugs and alkylating agents like temozolomide.(Kunos et al., 2015; Lee et 

al., 2017; Matulonis & Monk, 2017)  (ii) utilize the synthetic lethality approach which is a 

concept where a defect in one or two genes/repair mechanism has minimal effect on the cell, 

whereas defects in combination of genes/repair mechanism are lethal to cells.  Farmer et al. 

and Bryant et al. first demonstrated HR-deficient BRCA1/2-mutated human cell lines and 

mouse models are much more sensitive to PARPi compared to BRCA wild type cells.(Bryant 

et al., 2005; Farmer et al., 2005) But PARP inhibitor sensitivity may well extend beyond BRCA 

mutations. McCabe et al. demonstrated that defects in other DNA repair genes commonly 

found in human cancers including those involved in DSB detection and repair rendered tumours 

susceptible to PARPi.(McCabe et al., 2006) This work led to the hypothesis of “BRCAness”, 

in which a subset of cancers may display a phenotype similar to BRCA-mutant tumours 
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including their molecular and histopathological features and drug sensitivity.(McCabe et al., 

2006) 

 

Although this synthetic lethality was initially thought to be due to inhibition of catalytic activity 

of PARP in BRCA-mutant cells that rely on SSB repair (Base excision repair) pathway for 

survival, emerging evidence suggests, PARP inhibitors may have a wider range of mechanism 

than initially thought including:  

1. PARP trapping.(Lord & Ashworth, 2017b)  

2. Acceleration of fork elongation and DNA replication stress.(Maya-Mendoza et al., 

2018)  

3. Epigenetic/Chromatin modification. (see below)  
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Figure 1.2 Three proposed mechanism of action of PARP inhibitor (PARPi) and resistant 

mechanism. PARP1 is activated by DNA-strand breaks and initiate DNA repair. The original 

model that the role of PARP in single-strand break (SSB) repair accounts for synthetic lethal 

interaction in BRCA1/2 mutant cancers has been challenged by multiple groups.(Left) 

Emerging models suggest that PARPi acts as a PARP poison by trapping PARP1 on DNA 

leading to deprotection of the stalled replication fork resulting in replication associated double-

strand breaks (DSB) and cell death.(middle) Consistent with this model both BRCA1 and 

BRCA2 have a repair-independent role in fork protection and PARP and BRCA co-operate in 

replication fork protection.  More recently a third mode of action of PARPi has been reported; 

PARPi may actually lead to accelerated replication fork elongation beyond a tolerable 

threshold which eventually leads to cell death. (Right) Cancer cells may acquire PARPi 

resistance by restoring BRCA mutation, upregulating elements of homologous recombination 

repair pathway or by increasing PARP enzymatic activity. Cancer cells also may inactivate 

factors which rebalance replication fork homeostasis in particular replication fork protection. 
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1.4.1. PARPi in breast cancer 

TNBCs comprise 15% of breast cancers overall and 70% of BRCA1 and 20%  of BRCA2 

mutation carriers.(Couch et al., 2015; Gonzalez-Angulo et al., 2011; Mavaddat et al., 2012; 

Sharma et al., 2014a) However some sporadic TNBCs express the BRCAness phenotype by 

following mechanisms:(Turner, Tutt, & Ashworth, 2004)  (i) epigenetic silencing of BRCA1; 

aberrant methylation of the BRCA1 promotor region is identified in 11-14% of sporadic breast 

cancers and 5-31% of ovarian cancers; (ii) methylation of Fanconi Anaemia Complementation 

Group F (FANCF) has been detected in many cancers including breast cancer;(Taniguchi et al., 

2003) (iii) amplification of EMSY, which inactivates BRCA2;(Hughes-Davies et al., 2003) and 

(iv) decreased expression of other proteins involved in HR, namely RAD51, ATM, ATR, and 

CHK2.(McCabe et al., 2006)  Further attempts to identify BRCAness include measurement of 

HR-defect through other mechanisms.(Lord & Ashworth, 2016) 

 

The initial discovery of synthetic lethality in BRCA-mutant cancers led to massive interest in 

the use of PARPi in breast and ovarian cancers. Responses of 13-59% were seen in multiple 

phase 1 and 2 trials (Appendix 1). Even higher responses – up to 88% - were observed when 

PARPi were combined with chemotherapies.(Lee et al., 2014) Subsequently two large phase 3 

trials reported the efficacy of PARPi in BRCA-mutant metastatic breast cancers. The 

OlympiAD trial compared olaparib 400 mg twice daily monotherapy to physicians’ choice 

chemotherapy (eribulin, capecitabine or vinorelbine). The olaparib arm showed higher 

response rates (60% vs. 29%) and longer median progression-free survival (PFS; 7.0 months 

vs. 4.2 months). Although the authors reported a longer second PFS benefit with olaparib, this 

did not ultimately translate into an overall survival advantage (HR 0.90, p=0.57); however, 

overall survival was not the predetermined primary endpoint of the study.(Robson et al., 2017)  
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A recent updated survival analysis revealed there may be a survival benefit in chemo-naive 

patients but no survival benefit was seen in those pretreated with chemotherapy, suggesting 

enrichment of a resistant cell population after chemotherapy.(Robson et al., 2019) 

The EMBRACA study of 431 patients had a similar population to that of OlympiAD and 

investigated the utility of talazoparib in metastatic BRCA-mutant breast cancer patients. The 

PFS was 8.6 months in the talozaparib group versus 5.6 months in the control group. Despite 

longer progression-free survival (PFS) and higher response rates, overall survival difference at 

an interim analysis after 51% of the projected events was not significant.(Litton J, 2017) 

Another phase 3 study in the neoadjuvant setting which combined veliparib with carboplatin 

and paclitaxel, did not result in higher pathological complete response rates, a surrogate of 

survival.(Geyer CE, 2017) Despite impressive responses and PFS benefit, resistance to PARPi 

was almost ubiquitous which hampered the duration of response and perhaps even overall 

survival. Furthermore, PFS benefit was in the range of 2-4 months with PARPi, even in 

germline BRCA-mutant patients. Many of the ovarian cancer trials with PARPi have yet to 

report overall survival (OS) results, but it is interesting to note that, despite the impressive PFS 

benefits, OS differences are not significant in many PARPi trials reported to date .(Coleman et 

al., 2017; Ledermann et al., 2016; Pujade-Lauraine et al., 2017) 

 

1.5. Resistance to PARP inhibition. 

PARPi-treated cells acquire resistance via mechanisms either directly or indirectly related to 

restoration of HR repair or through other methods. These methods are broadly categorized into 

six groups (Table 1). Secondary mutations that overcome the BRCA1 pathway deficiency are 

the best-studied mechanism of PARP resistance. Other known resistant mechanisms include 

partial or complete restoration of HR repair through rewiring of DDR either through loss of 
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proteins 53BP1 and Shieldin complex that restrain DNA end resection(Gupta et al., 2018) or 

through regulation of genes involved in HR.(Hu et al., 2018) Upregulation of nuclear factor κB  

(NF-κB) signaling has also been documented in PARPi-treated cells and is thought to be 

associated with resistance.(Nakagawa et al., 2015) Most current trials are focused on enhancing 

PARP inhibitor efficacy by creating “BRCAness”, ie to induce or restore HR deficiency. (see 

Figure 1.3) A novel mechanism of resistance is the enrichment of cancer stem cells, after 

treatment with PARP inhibitors.(Prasanna et al., 2018) 

Table 1. PARP inhibitor resistance mechanism 

Mode of resistance Molecular mechanism 

Restoration of BRCA1/2 Secondary mutations(Sakai et al., 2008) 

Restoration of HR repair Increased RAD51(Liu et al., 2017) 

 HOXa9 depletion(Esposito et al., 2015) 

 S6 ribosomal phosphorylation(Sun et al., 

2014) 

 Loss of 53BP1/Shieldin(Gupta et al., 2018) 

Reduced access to drug Upregulation of the Abcb1a/b gene and p-

GP efflux pump(Rottenberg et al., 2008) 

Enrichment/increase in resistant cells CSC enrichment(Liu et al., 2015) 

 Activation of EZH2 and increased 

CSCs(Yamaguchi et al., 2018) 

Increased PARP activity Activated c-Met proto-oncogene(Du et al., 

2016) 

 Increased PARP levels(Gilabert et al., 

2014) 
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Impaired replication arrest Downregulation of SLFN11(Murai et al., 

2016; Murai et al., 2018) 

Other Upregulation of NF-κB 

signaling(Nakagawa et al., 2015) 
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Targeting HR in BRCA-WT and BRCA-Mutant Tumours 

 

 

Figure 1.3: Induction or restoration of Homologous recombinant (HR) repair deficiency.  

PARP inhibitors are not sensitive against tumours with intact HR pathway. HR deficient 

tumours also can develop resistance by restoring of HR pathway defects. Current approach to 

improve PARP inhibitor therapy involves targeting components of HR pathway proteins and 

genes to induce or restore HR deficiency. Figure 1.3 depicts some of the proposed targets 

currently being investigated.  
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1.6 Immunotherapy 

Immune checkpoint inhibition has revolutionized cancer therapy in the last decade. Checkpoint 

inhibition and immune-mediated cytotoxicity have delivered clinically useful responses in 

metastatic melanoma, non-small cell lung cancer (NSCLC) and other cancers.(Alsaab et al., 

2017; Brahmer et al., 2015; Robert et al., 2015) More importantly, responses to these therapies 

are significantly longer and have acceptable toxicity profiles compared to other standard 

therapies. A large proportion of TNBCs express high levels of PD-L1, have a high mutational 

load and are associated with high numbers of CD8+ tumour-infiltrating lymphocytes, all of 

which are positive predictors of responses to immune checkpoint inhibition.(K et al., 2016; 

Mittendorf et al., 2014; Voong, Feliciano, Becker, & Levy, 2017) However, checkpoint 

inhibitor responses are not as spectacular in TNBCs compared to other cancers.(Hu, Huang, & 

Fan, 2017) Only a handful of phase 1 trial results of immunotherapy in breast cancer are 

available (Table 1), but numerous trials including multiple combinations are ongoing. The 

results published to date show responses in the range of 10-44%, with the highest responses 

seen in tumours with higher PD-L1 levels. These trials included patients with TNBCs and ER+ 

breast cancers. 
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1.7   Cancer stem cells (CSC) 

CSCs are a small subpopulation of cancer cells found in the tumour mass that express unique 

cell surface marker profiles like CD44high/CD24low, EPCAM in breast cancer, and CD133 in 

colon, brain, and lung cancers.(Yu, Pestell, Lisanti, & Pestell, 2012) However, not all studies 

are consistent. In addition, although CD44hi/CD24lo is widely used and various other markers 

are also considered in the isolation of CSC, such as cell surface vimentin (CSV), ALDH, 

ABCB5 and CD44 variants.(Guo et al., 2018; Hu, Li, Zhang, Zhuang, & Hu, 2017; Mitra et 

al., 2015) CD44hi/CD24lo phenotype is commonly used in MCF7 and MDA-MB-231 cell lines 

to identify CSC and it is highly accepted that CD44hi/CD24lo exhibit undifferentiated 

basal/mesenchymal cell properties.(Jaggupilli & Elkord, 2012b)  There is increasing evidence 

to suggest that they play crucial roles in Tumourigenesis, invasion, and metastasis.(Ayob & 

Ramasamy, 2018) CSCs are inherently more resistant to standard chemotherapy and 

radiotherapy, and are implicated in the treatment of tumour progression, resistance and 

metastasis.(Bao et al., 2006; Li et al., 2008) Many features of CSCs confer the drug-resistant 

phenotype: reduced proliferation rate/quiescence, adaptation to hostile conditions such as 

inflammation and low nutrient availability, metabolic reprogramming(Shen et al., 2015), 

marked resistance to oxidative stress(Ishimoto et al., 2011), ability to rapidly activate 

detoxifying strategies by ATP-binding cassette transporters(Zhou et al., 2001), enhanced and 

rapid DNA damage responses(Skvortsov, Debbage, Lukas, & Skvortsova, 2015) and impaired 

apoptotic machinery. 

 

1.7.1 Epithelial-mesenchymal transition and CSCs 

Epithelial to mesenchymal transition (EMT) is a latent embryonic program implicated in cancer 

invasion and metastasis. In EMT, epithelial cancer cells lose their adhesive properties and 
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acquire a mesenchymal trait. During this process, cells lose epithelial markers like E-cadherin 

and acquire mesenchymal markers including vimentin and fibronectin. This process takes time, 

involves multiple pathways and induction by transcription factors like SNAIL, and requires 

specific histone demethylation to downregulate epithelial features such as E-cadherin.(Lin et 

al., 2010) Other important transcription factors in EMT include, but are not limited to, SLUG, 

TWIST, ZEB1, SIP1, and E47.(Peinado, Olmeda, & Cano, 2007; Yang & Wu, 2008; Ye et al., 

2015) Many pathways play crucial roles in EMT such as PI3K/AKT, Wnt, Notch, NF-κB, 

Hedgehog, and TGF-β.(Wang, Jiang, Liang, & Tang, 2015) Cells undergoing EMT can acquire 

stem cell-like features to become CSCs.(Mani et al., 2008; Radisky & LaBarge, 2008) The 

tumour microenvironment also plays a crucial role in exerting selective pressure during the 

development of CSCs with metastatic properties, a process attributed to multiple cytokines 

participating in the various pathways mentioned above and derived from the surrounding 

stroma and stromal cells including tumour-associated macrophages and cancer-associated 

fibroblasts.(Oskarsson, Batlle, & Massague, 2014) Hypoxia is also associated with 

maintenance of EMT and CSC.(Carnero & Lleonart, 2016) Data from this laboratory also 

indicates that certain protein kinases such as PKC-θ, LSD1, and HDACs play a crucial 

epigenetic role in the initiation and development of CSCs.(Boulding et al., 2018; Zafar et al., 

2014) 
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Figure 1.4: Epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial 

transition (MET) 

EMT is a phenotypic shift where cells lose cell-cell contact and acquire migratory properties 

which favours tumour metastasis. MET is the reverse process, where mesenchymal cancer stem 

cells revert back to epithelial phenotype which usually occur at distant organs where the tumour 

microenvironment is not suitable for EMT. EMT and MET are dynamic processes which 

constantly occur in any tumour microenvironment regulated by various oncogenes, suppressor 

genes, environmental factors, inflammation and transcription factors. 
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1.7.2 Effect of PARP inhibitor on cancer stem cells. 

The role of PARPi on CSCs is unknown; however, there is indirect evidence indicating CSC 

resistance to PARPi. Yamaguchi et al. demonstrated that inhibition of PARP1 with olaparib 

activated Enhancer of zeste homolog 2 (EZH2) and increased the formation of breast cancer 

CSCs.(Yamaguchi et al., 2018) In another study of human TNBC cell lines, even though 

tumour bulk reduced when treated with a PARPi, there was sparing of CSCs.(Liu et al., 2015) 

SNAI1, SNAI2 and ZEB1 are crucial transcription factors that suppress E-cadherin expression, 

hence promoting EMT and CSC formation. PARP1 negatively regulates SNAI1 and 

ZEB1.(Schiewer & Knudsen, 2014) PARP1 also binds and regulates vimentin promoter. 

Overexpression of PARP1 suppress vimentin expression which is associated with 

EMT.(Schiewer & Knudsen, 2014) Collectively these lines of evidence suggest PARP1 

inhibition is likely to promote EMT via upregulation of these transcription factors. Various 

other features of CSCs are described that confer resistance to standard therapeutics (see Table 

1). PARPi share many of these mechanisms, and it is reasonable to presume that PARPi are 

very unlikely to exert significant cytotoxicity on CSCs. 

 

1.7.3 Effect of PD-1/PD-L1 inhibitors on cancer stem cells.  

The direct impact of immunotherapy on the CSC population is currently unknown; however, it 

is unlikely to have a significant impact on its own based on current evidence. Hugo et al. 

examined the genomic and transcriptomic features of responders and non-responders in pre-

treatment tumour specimens of metastatic melanomas from patients treated with PD-1 

inhibitors. Resistant signatures identified in non-responders included genes involved in 

angiogenesis, immunosuppression, monocyte/macrophage chemotaxis, and EMT. Gene 

ontology enrichment and gene set variant analysis (GSVA) also confirmed that these tumour 
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specimens were enriched in the expression EMT and TGF-β signaling genes, both of which are 

implicated in the development of CSCs.  

 

In addition, Wu et al. demonstrated high levels of PD-L1 in breast and colon CSCs compared 

to non-CSCs.(Wu et al., 2017) Expression profiling of large breast cancer datasets revealed a 

positive correlation between the stemness score of the breast cancer and PD-L1 

levels.(Almozyan et al., 2017) Furthermore, PD-L1 knockdown decreased expression of 

embryonic stem cell transcription factors like OCT-4A, Nanog, and the stemness factor BMI1. 

Some evidence suggests that Wnt signaling is associated with PD1i resistance and Wnt is a 

crucial pathway in EMT and CSC formation.(Spranger, Bao, & Gajewski, 2015) 

As noted above multiple protein kinases play crucial role in initiating EMT and development 

of CSC. Given the resistant nature of CSC to most anticancer treatment, targeting kinases 

involved in the epigenetic modification has been explored in the last decade.   

1.8. Epigenetics 

Epigenetics is defined as heritable modifications to DNA without alteration in the nucleotide 

sequence and resulting in altered gene transcription and chromatin structure.(Esteller, 2008) 

Epigenetic changes include DNA methylation and post-translational histone modification 

involving methylation or acetylation. (see Figure 1.5) A hallmark of epigenetic changes is their 

reversibility, which contrasts with the irreversible nature of the gene sequence. Aberrations in 

DNA methylation and histone methylation and acetylation, often involving tumour promotors 

or suppressors, are associated with Tumourigenesis, so are potential drug targets.(Tsai et al., 

2012) Two widely studied groups of epigenetic drugs are DNA methylase transferase inhibitors 

(DNMTi) and histone deacetylase inhibitors, along with histone acetylase inhibitors.(Sigalotti, 

Fratta, Coral, & Maio, 2014) 
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Figure 1.5: A multi-layered epigenetic regulation can repress or induce gene expression 

Gene expression can be regulated by multiple epigenetic changes without a change in the 

nucleotide sequence. Histone variant exchange can alter DNA-nucleosome stability by 

exposing DNA to transcriptional regulators by remodelling chromatin to a transcriptionally 

active euchromatin state or a transcriptionally silent heterochromatin state. Histone modifiers 

can covalently or non-covalently modify N-terminal side chain of histones by adding or 

removing methyl, acetyl or phosphate groups. Direct DNA methylation, which occurs away 

from proximal promoters also can initiate gene expression.  This figure is taken from Citron et 

al., 2020. 
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1.8.1 PARP1 and epigenetic/chromatin modification 

PARP1 may be involved in chromatin modification in three different ways: covalent 

PARylation of histone residues on chromatin(Panzeter et al., 1993) or non-covalently attracting 

histones to polymers present in automodification domain of PARP1(Panzeter, Realini, & 

Althaus, 1992) or modification of histone modifying enzymes( methylase, acetylase 

etc).(Ciccarone, Zampieri, & Caiafa, 2017) (see Figure 1.6) 

In the absence of NAD, unmodified PARP1 promotes chromatin condensation, and activation 

of PARP1 by DNA damage or transcription will decondensate the chromatin.(Kim, Mauro, 

Gévry, Lis, & Kraus, 2004) Histone deacetylation is associated with gene repression and 

several reports suggest locus-specific and  global hypoacetylation after inhibition of 

PARylation.(Verdone et al., 2015) Unlike acetylation, function of methylated histones is 

complex. Methylation of different lysine residues may have opposing action. Gene 

transcription also may depend on the degree of methylation (mono-, di- or tri-methylation). 

Furthermore, histones can be methylated on other residues like arginine with different function. 

PARP1 could impair the activity of KDM5B or KDM4B by PARylation and its binding to 

histone.(Krishnakumar & Kraus, 2010; Le May et al., 2012) PARP inhibition  hence, may 

result in decreased H3K4me2/3 and H3K9me2/3. PARP inhibition also regulates H3K27me3 

via activation of EZH2.(Yamaguchi et al., 2018)    PARP1-mediated PARylation is important 

for the  recruitment of PRC2 complex to DNA damage site.(Campbell, Ismail, Young, Poirier, 

& Hendzel, 2013)   In addition “trapping” of PARP1 on chromatin by PARP inhibitors is likely  

to impact on the chromatin status and epigenetic changes.  
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Figure 1.6: Poly (ADP-Ribose) polymerase 1 (PARP1) can modify histones and chromatin 

Function of PARP1 extends beyond DNA damage repair. PARP1 can regulate histones, DNA 

and chromatin by PARylation of histone moieties and by altering the activity of DNA/histone 

modifying enzymes. DNMT1= DNA (cytosine-5)-methyltransferase 1, CTCF=CCCTC-

binding factor, EZH2= Enhancer of zeste homolog 2, KDM/LSD= lysine-specific 

demethylase, H1= Histone 1. Figure on the left is taken from Liu et al 2013.  
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1.8.2 PARP1- DNA trapping 

PARP inhibitors can trap PARP1 to DNA, preventing auto-PARylation and PARP1 release 

from the site of damage and therefore interfering with the catalytic cycle of PARP. This trapped 

PARP1 protein has been suggested to be more important for cytotoxicity than its catalytic 

activity at least for some PARPi. (see Figure 1.7) PARPi differ in their ability to trap PARP1; 

talazoparib is approximately 100-fold more potent than niraparib in this respect, which in turn 

traps PARP1 more potently than olaparib and rucaparib. On the other hand, veliparib appears 

to have a limited ability to trap PARP1, despite its catalytic ability to inhibit PARylation.(Lord 

& Ashworth, 2017a) Trapping PARP1 to DNA or chromatin may have consequences on the 

status of chromatin and hence, histone methylation and gene transcription. At least one study 

has shown early PARP1 release was associated demethylation of H3K4me2 by LSD1, 

chromatin compaction with reduced transcription. Moreover, PARP1 trapping by PARP 

inhibitors increased H3K4me2 and transcription.(Tokarz, Ploszaj, Regdon, Virag, & 

Robaszkiewicz, 2019) 
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Figure 1.7: Clinically available PARP inhibitors and their trapping potential 

The nicotinamide moiety common to PARP inhibitors is shown in red. The ability to trap 

PARP1 to DNA has emerged as a crucial mechanism for cytotoxicity of PARP inhibitors with 

talazoparib showing highest trapping potential with low trapping seen in veliparib. Olaparib 

posseses relatively higher trapping potential than veliparib and the most widely used PARP 

inhibitor in clinical practice. These figures were taken from Lord and Ashworth et al 2017 and 

Pommier et al 2016)   
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1.8.3 Lysine Specific Demethylase-1 (LSD1) 

LSD1 specifically demethylates mono- or di-methylated histone3 lysine4 (H3K4) or histone4 

Lysine9 (H3K9). LSD1 belongs to the family of FAD-dependent amine oxidases, was shown 

to be weakly inhibited by inhibitors of monoamine oxidases (MAOs). The downstream effect 

of inhibiting MAO prevents the degradation of monoamine neurotransmitters such as 

serotonin, melatonin, norepinephrine, epinephrine, dopamine and trace amine 

neuromodulators. This biochemical mechanism underpins phenelzine’s mode of action and 

likely efficacy in the treatment of depressive illnesses. LSD1 is required for normal stem cell 

differentiation and maintenance. It is overexpressed in some cancers including bladder, 

prostate, and NSCLC, and LSD1 knockdown reduces LSD1 expression and inhibits cancer 

growth, migration, and invasion. In breast cancer, LSD1 expression increases when ductal 

carcinoma in situ (DCIS) progresses to invasive ductal carcinoma.(Serce et al., 2012) In 

addition, LSD1 is overexpressed in TNBCs, and their stemness properties proportionately 

increase with LSD1 expression.(Lim et al., 2010) High LSD1 levels are seen during EMT in 

MCF-7 breast cancer cells following stimulation with PMA/TGF-β and in fully 

dedifferentiated mesenchymal MDA-MB-231 breast cancer cells. Decreased LSD1 levels have 

also been reported during the opposing biological process, mesenchymal-epithelial transition 

(MET). PKC-θ plays a vital role in phosphorylating LSD1, which in turn has a major impact 

on CSC formation. PKC-θ is a chromatinized protein kinase, the activation of which in turn 

activates various transcription factors including NF-κB, NFAT, c-Jun, and c-Fos.(Chand, 

Mehta, Bahia, Dixit, & Silakari, 2012) PKC-θ activation induces EMT and CSC formation. 

The PKC pathways appears to collaborate with other transcription factors like TGF-β and NF-

κB to promote transcription of genes responsible for EMT and CSC formation.(Zafar et al., 

2014) 
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Boulding et al. showed that treatment of induced MCF-7 cells with LSD1 siRNA completely 

abolished the CD44+/CD24- CSC population, and pharmacological inhibition with the known 

LSD1 inhibitor pargyline partially inhibited CSC formation. In addition, LSD1 inhibition 

reduced EMT and stemness-like resistance signatures induced by chemotherapy.(Boulding et 

al., 2018) In vivo inhibition of LSD1 in combination with chemotherapy reduced tumour 

growth compared to chemotherapy alone. However, LSD1 inhibition alone failed to show any 

effect on MDA-MB-231 cells, which represent a 100% dedifferentiated CSC population as 

opposed to the induced MCF-7 cell line population.(Boulding et al., 2018) Pharmacodynamics 

investigations have demonstrated that phenelzine is both a non-selective and irreversible 

inhibitor of monoamine oxidase and will inhibit all isoforms of this enzyme. Prusevich et al 

have demonstrated that a novel selective phenelzine analogue referred to as bizine has the 

capacity to inhibit LSD1 an epigenetic enzyme which cleaves methyl groups and ultimately 

plays a crucial role in gene silencing.(Prusevich et al., 2014) Experiments in Rao lab has 

previously demonstrated the ability of phenelzine to inhibit LSD1 transcription and protein 

efficiently. A clinical trial was conducted at Canberra hospital to proof this concept, Epi-

PRIMED trial and the results are awaited.  

These features of phenelzine (as an LSD1 inhibitor) was explored further in this project to 

optimize PARP inhibitor therapy. In this project, phenelzine was primarily used as a LSD1 

inhibitor while GSK2879552, a commercially available LSD1 inhibitor was used as control to 

explore differential mechanism of action. 
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Figure 1.8: LSD1 is dual gene activator and repressor 

(A)Lysine-specific demethylase 1A (LSD1) regulates chromatin accessibility through its 

demethylating activity on histone H3 Lys4 (H3K4) and Lys9 (H3K9) residues. LSD1 binds to 

the CoREST or nucleosome remodeling and deacetylase repressive complex (NuRD), followed 

by mono- and demethylation of histone H3K4 and allowing genes transcriptional repression. 

LSD1 can bind to other domains such as the  androgen receptor (AR) or estrogen receptor (ER) 

and promotes transcriptional activation by demethylating mono- and dimethyl-group on 

histone H3K9. (B) Mono- or di- methylated H3 is oxidised by FAD subsequently producing an 

imine intermediate which is then hydrolysed resulting in demethylation of histone 3 and 

formation of formaldehyde. The reduced co-factor FADH is re-oxidized by molecular oxygen 

to produce FAD and hydrogen peroxide. (C) LSD1 has three domains; a N-terminal SWIRM 

domain, a central Tower domain, and a C-terminal AOL domain. FAD=flavin adenine  
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dinucleotide, N= Nitrogen, CH3= methyl group, CH2= methylene, NH= nitrogen monohydrde, 

H20= water, HCHO= formaldehyde, H2O2= Hydrogen peroxide, O2= Oxygen. SWIRM= 

Swi3p, Rsc8p, and Moira. This figure was taken from Magliulo et al 2018. 
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One hallmark of many cancers is aberrant gene expression. The methylation status of histone 

lysines was recently shown to be important in the dynamic regulation of gene expression. LSD1 

is involved in histone modification and can demethylate mono and dimethylated H3K4 and 

H3K9.(Shi, 2007) (see Figure 1.8) LSD1 expression was shown to be up-regulated in prostate, 

brain and ER negative breast cancers with aggressive biology.(Hayami et al., 2011) Given these 

findings, LSD1 inhibitors have the potential to act as anticancer agents in breast cancer given 

the pathway’s clear role in EMT and CSC formation. 

In summary, LSD1 is a histone demethylase involved in epigenetic modification, and shown 

to regulate EMT/CSC. PARP inhibitors are extensively studied and utilized in the context of 

DNA damage repair inhibition via catalytic inhibition of PARP activity and PARP trapping 

with resultant synthetic lethality. Research exploring the PARP inhibitor resistance and ways 

to augment their efficacy are concentrated on:   1. Increasing DNA damage, 2. Increasing PARP 

trapping, 3. Simulating BRCAness in BRCA-proficient tumours. However, major drawback is 

feedback upregulation of an alternate pathway in the complex DNA repair machinery. 

Interaction between PARP1 and LSD1 is not known, especially at epigenetic/chromatin level. 

Given their potential role in epigenetic/chromatin, unique epigenetic modification and gene 

transcription by PARP1 and LSD1, synergistic inhibition of PARP1/LSD1 which may 

downregulate EMT/CSC, hence, Tumourigenesis and metastasis.   

This study explored  

- the epigenetic interaction between PARP1 and LSD1,   

- the synergism of combined PARP/LSD1 depletion which could lead to meaningful anti-

tumour activity irrespective of synthetic lethality in BRCA wild type tumours 

- the changes in gene transcription and histone modification.  

- Role of DUSP6 in brain metastasis.    



32 
 

1.9 Hypotheses 

1. PARP1 inhibition is unlikely to have any effect on EMT or CSC, due to resistant 

signatures. Combination therapy may be synergistically induce unique epigenetic and 

transcription modification to overcome the resistance. (see figure  A,  below) 

2. Epigenetic/chromatin modification by combination therapy may alter the natural 

history of cancer, such as metastatic potential, and invasive potential for brain 

metastasis. 

3. Identification of a resistant epigenetic signature will enable patient selection for 

combination therapy (Epigenetic drug + other) 

4. Brain metastasis may be influenced by resistant genes associated with stemness.  

 

Figure A: Figure shows potential novel mechanism of resistance and proposed strategies 

to overcome the resistance.  
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1.10 General Aims 

To establish the effect of PARP inhibitors in CSCs and explore the synergism between PARP1 

inhibitor, and LSD1 inhibitor underpinning development of a new combination therapy to 

improve responses in breast cancer, based on epigenetics and transcription. 

1.10.1 Specific aims 

Aim 1: Understand the role of PARP1 in breast cancer CSC and explore the interplay 

between PARP1 and LSD1. 

 Establish the role of PARP1 in the formation and maintenance of breast cancer stem 

cells. 

 Explore the interplay between PARP1 and LSD1 in breast cancer. 

 Examine the anti-tumour effect of combination therapy in-vivo in mice 

 Explore the post-translational modifications.(histones, kinases and proteins involved in 

EMT) 

Aim 2: Analysis of overall transcriptional changes in response to PARP1 and LSD1 

knockdown or protein inhibition in breast cancer.  

 Explore the global changes in gene transcription  

 Understand the changes in different pathways involved in cancer progression  

 Identify any novel biomarkers. 

Aim 3 : Explore potential mechanics of breast cancer brain metastasis.   

 Explore the gene profile of metastasis initiating cells or circulating tumour cells (CTC)  

 Explore the role of MAP kinase phosphatase, DUSP6 in brain metastasis. 
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Chapter 2.0  

 

Materials and methods 
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2.1: Materials 

All reagents used in this thesis are either of analytical grade or molecular grade and of the 

highest grade available for purchase. 

2.1.1.1: Mammalian Cell Lines 

 

Cell Lines 

MDA-MB-231 

MCF7 

4T1 

B16 

 

2.1.1.2: Media, Buffers and Solutions 

 

Reagent Catalogue 

number 

supplier 

DNase I, Rnasefree 4716728001 Roche 

Dulbecco's Modified Eagle Medium (DMEM) 1232032 Gibco 

Dulbecco's PhosphateBuffered Saline (DPBS) 14190144 Gibco 

Foetal Bovine Serum (FBS) SFBSF Bovogen 

HEPES (1M) 15630080 Gibco 

LGlutamine (200mM) 25030081 Gibco 

Protease Inhibitor P8340 Sigma 

Proteinase K 25530-049 Invitrogen 
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Penicillin − Streptomycin − Neomycin 

 

P4083 Sigma 

TrypsinEDTA (0.05%), phenol red 25300054 Gibco 

OPTI-MEMTM Reduced Serum Medium 31985062 Life Technologies 

 

 

2.1.1.3: Recipe of Completed Growth Medium for Cell Culture 

 

Reagent Catalogue 

number 

Supplier Reagent volume 

DMEM 12320-032 Gibco 500 mL 

HEPES (1M) 15630-080 Gibco 12.5 mL 

L-Glutamine (200mM) 25030081 Gibco 10 mL 

PSN P4083 Sigma 5 mL 

Heat Inactivated FBS (HI-FBS) SFBSF Bovogen 50 mL 

 

2.1.1.4: Recipe of FACS Wash Buffer 

Reagent Catalogue 

number 

Supplier Reagent volume 

DPBS 1419144 Gibco 500 mL 

Heat Inactivated FBS (HI-FBS) SFBSF Bovogen 50 mL 
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2.1.2: Kits 

Reagent Catalogue 

number 

Supplier 

SuperScript™ IV VILO™ Master Mix with 

ezDNase™ Enzyme 

11766050 Invitrogen 

PureLink™ RNA Mini Kit 12183018A Invitrogen 

PowerSYBER Green PCR Master Mix 4364338 Applied Biosystems 

Taqman® universal PCR Master Mix 4367659 Applied Biosystems 

High Sensitivity D1000 ScreenTape 5067-5584 Agilent Technologies 

Qubit RNA HS Assay Kit Q32855 Invitrogen 

Qubit dsDNA Assay Kit Q32854 Life Technologies 

nCounter Human PanCancer Progression assay NSTG115000

152 

Bio Strategy 

nCounter Master Kit - Prep Plates 100052 NanoString 

Technologies 

 

2.1.3:  Chemicals 

Reagent 

 

Catalogue 

Number 

Supplier 

ChIP Dilution Buffer 20-152-K Millipore 

Chloroform C2432-500mL Sigma 

DEPC H2O AM9922 Ambion 

Dimethyl Sulfoxide (DMSO) BP231-100 Fisher Scientific 

Ethanol E7023 Sigma 
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Glycogen 10901393001 Roche 

Glycine 50046 Sigma 

High Salt Immune Complex Wash Buffer CS200626 Millipore 

Isopropanol/propan-2-o1 P/7507/17 Fisher Scientific 

LiCl Immune Complex Wash Buffer CS200627 Millipore 

Low Salt Immune Complex Wash Buffer CS200625 Millipore 

Magna ChIP™ Protein A Magnetic Beads 16-661 Millipore 

OPTIMEM® 31985062 Gibco 

Paraformaldehyde 334198 Calbiochem 

Penicillin-Streptomycin-Neomycin (PSN) P4083 Sigma 

Phenol:chloroform:isoamyl alcohol 15:24:1 P3803 Sigma 

Phorbol 12myristate-13acetate (PMA) P8139 Sigma 

RNaseZapTM 20-163 Life Technologies 

SDS Lysis Buffer 20-163-K Millipore 

Sodium acetate buffer solution S7899 Sigma Aldrich 

Sodium Chloride  5M S6546 Sigma-Aldrich 

Sodium Dodecyl Sulfate (SDS) L4390 Sigma-Aldrich 

TE Buffer 20-157-K Millipore 

TRIZOL Reagent 15596018 Sigma 

Triton™ X-100 T8787 Sigma 

Trypan Blue T6146 Sigma-Aldrich 

Nail Polisher N/A N/A 

2Propanol (isopropanol) 67-63-0 Fisher Science 

3M Sodium acetate (pH= 5.2) S-7899 Sigma 

2-Mercaptoethanol(β-Mercaptoethanol) 161071 Sigma-Aldrich 
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2.1.4:  Antibodies 

2.1.4.1: FACS antibodies and associated reagents 

Target Cell Surface 

Marker 

Conjugated 

Flurochrome 

 

Catalogue Supplier 

Mouse AntiHuman 

CD24 

PE 555428 BD Pharmingen 

Mouse AntiHuman 

CD44 

APC 559942 BD Pharmingen 

Hoechest 33258 NA 561908 BD Pharmingen 

 

 

2.1.4.2: Primary Immunofluorescence Microscopy Antibodies 

Target 

Protein 

Species Catalogue 

Number 

Supplier Dilution 

ABCB5 Goat ab77549 Abcam 1:100 

ALDH1A1 Goat ab9883 Abcam 1:100 

Anti-Phospho LSD1 Rabbit ABE1462 Millipore 1:100 

CSV Mouse H00007431 Abnova 1:100 

CoREST Rabbit 07-455 Merck Millipore 1:100 

DNMT1 Mouse Ab13537 Abcam 1:100 

EpCAM Rabbit Sc20154 Santa Cruz 1:100 

EZH2 Rabbit Ab191080 Abcam 1:50 
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H3K4me2 Rabbit 07-030 Millipore 1:100 

H3K9Me2 Rabbit ab1220 Abcam 1:100 

H3K27me3 Mouse Ab6002 Abcam 1:100 

PARP1 Mouse Ab110915 Abcam 1:100 

PARP1 Rabbit Ab32138 Abcam 1:100 

SNAI1 Goat Sc10433 Santa Cruz 1:50 

 

2.1.4.3: Secondary Immunofluorescence Microscopy  Antibodies 

 

 supplier Catalogue number Dilution 

Donkey anti-Goat 

IgG, Alexa Fluor 633 

 

Invitrogen 

 

A21082 

 

 

1:1000 

Donkey anti-Rabbit 

IgG, Alexa Fluor 488 

 

Invitrogen 

 

A21206 

 

 

1:1000 

 

 

Donkey anti-Mouse 

IgG, Alexa Fluor 568 

 

Invitrogen 

 

A10037 

 

1:1000 
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2.1.4.4: Chromatin Immunoprecipitation Antibodies 

 Catalogue number supplier Amount used 

RNA Pol-II Ab5131 Abcam 5ug 

LSD1-s111p ABE1462 Millipore 

 

5ug 

PARP1 PA534803 Fisher Scientific 5ug 

 

 

2.1.5: Pharmacological Inhibitors 

Inhibitor Catalogue number supplier 

Olaparib S1060 Selleckchem 

Veliparib S1004 Selleckchem 

Talazoparib S7048 Selleckchem 

Phenelzine P6777-5G Sigma-Aldrich 

GSK2879552 CT-GSK287 Chem Tek 

 

2.1.6: Small Interfering RNA and Associated Reagents 

siRNA Catalogue number supplier 

PARP-1 siRNA sc-29437 Santa Cruz 

Technology 

LSD1 siRNA sc-60970 Santa Cruz 

Technology 
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Mock siRNA sc-37007 Santa Cruz 

Technology 

Lipofectamine 2000 

Transfection 

Reagent 

11668019 Fisher Scientific 

 

2.1.7: Oligonucleotides 

2.1.7.1: Probes Used in Transcript Analysis 

Gene TaqMan Probe ID Species 

ABCB5 

 

Hs02889060 

 

Human 

ALDH1A1 

 

Hs00946916 

 

Human 

CD24 

 

Hs00273561_s1 

 

Human 

CD44 

 

Hs01075864_m1 

 

Human 

CD274 

 

Hs01125301_m1 

 

Human 

CDH1 

 

Hs00170423_m1 Human 

LSD1 

 

Hs01002741_m1 Human 

MYC Hs00153408_m1 Human 
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PARP1 

 

Hs00242302_m1 

 

Human 

PPIA 

 

Hs99999904_m1 

 

Human 

VIM 

 

Hs00958111 Human 

NANOG 

 

Hs02387400_g1 

 

Human 

SOX2 

 

Hs01053049_s1 

 

Human 

POU5F1 

 

Hs04260367_gH 

 

Human 

SNAI1 

 

Hs00195591_m1 Human 

SNAI2 

 

Hs00950344_m1 Human 

ZEB1 

 

Hs00611018_m1 Human 

uPAR 

 

Hs00959822 Human 
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2.1.7.2 Oligonucleotides Used in Chromatin Immunoprecipitation (ChIP) 

Promoter Oligo sequence Species 

CD44 Fwd: 

TGAGCTCTCCCTCTTTCCAC 

Human 

Rev: 

TTGGATATCCTGGGAGAGGA 

 

uPAR Fwd: 

GGGAAGCAAAGCAAGGGTTA 

Human 

Rev: 

GTTTTGTCAGGAGGGATACTGG 

 

 

2.1.8 Reagents related to xenograft mice experiment 

Chemical Catalogue number supplier 

Collagenase C9891 Sigma 

Matrigel Matrix Basement 

Membrane 

356237 Corning 

2-Hydroxypropyl-B-

Cylclodextrin 

1288446-35-5 Merck 
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2.2 Cell Culture 

2.2.1 Human Breast Cancer Cell Lines 

Chemicals: DMSO, DMEM, Trypsin, HI-FCS, DPBS, L-Glutamine, PSN 

The adherent human breast adenocarcinoma cell lines including MCF7 and MDAMB-231 

were purchased from the American Type Culture Collection (ATCC®). MDA-MB-231 is a 

mesenchymal human triple negative breast cancer cell line while MCF7 is an epithelial 

oestrogen receptor positive breast cancer cell line. MCF7 is also an inducible model. For long 

term cell lines storage, cells were resuspended in a combination of completed growth medium 

DMEM (Section 2.1.3), 45% heat inactivated foetal calf serum (HIFCS; Sigma) and 9% 

dimethyl sulfoxide (DMSO; Fisher Scientific, BP231100), with cell density of 0.5-1×106 

cells/mL in 1 mL cryotubes (NUNC, Roskilde, Denmark), which was followed by an overnight 

freeze at 80°C in Mr. Frosty freezing container (Thermo Scientific) filled with 200 mL of 

isopropanol (Fisher Science), before transferred to liquid nitrogen at -196°C. Other cells lines 

including CT26, and B16 were stored at liquid nitrogen at -196oC and thawed in appropriate 

media when required. 

 

For experiment purposes, frozen cell stocks were thawed quickly in a 37°C water bath and 

immediately re-suspended in completed growth medium (DMEM) to minimize exposure to 

DMSO which is cytotoxic. The suspension was then centrifuged at 1500 rpm at room 

temperature for 5 minutes and re-suspended in 75 or 150cm2 tissue culture flasks (Corning-

Costar®, NY) with 15 or 25 mL of completed growth medium with a density of ~2×105 

cells/mL to recover for 24 - 48 hours in a humidified HEPA-filtered cell culture incubator with 

5% CO2 at 37°C. When the cells reached ~80% confluence, cell culture medium was removed 

and the cells were washed twice with prewarmed 10 mls of DPBS (Gibco®, 14190144) to 
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remove residue HIFCS. Cells were detached by incubating with 3 mL of 0.25% 

TrypsinEDTA (Gibco®, 25300-054) at 37°C for 3 minutes. Trypsinization was stopped by 

diluting the cells in 10 mL of completed culture medium and were followed by centrifugation 

at room temperature with 1500 rpm for 5 minutes to pellet cells. The cells were subsequently 

resuspended in 1-2 mL of completed culture medium for performing the cell count. Cells were 

checked for mycoplasma contamination on a regular basis (as per described in section 2.2.2). 

Media used in the experiments was 1ul/ml 1:10,000 diluted pure DMSO. 

 

2.2.2 Stimulation 

Chemicals: Phorbol 12myristate-13acetate (PMA) 

MCF7 cells were seeded at various densities according to experimental requirement for 24 

hours prior to 60 hours stimulation by 0.65 ng/mL of Phorbol 12myristate-13acetate (PMA; 

Sigma, P8139). PMA is a PKC pathway activator induces EMT and produces about 5-10% 

CD44hi/CD24lo CSC population. 

 

2.2.3 Mycoplasma Detection 

The adherent breast cancer, MCF7, and MDAMB231 cell lines were monitored routinely for 

mycoplasma contamination with MycoAlert™ Mycoplasma Detection Kit (Lonza, LT07318) 

as per manufacturer’s instruction. Only mycoplasmafree cells were used for experiments. 

Briefly, confluent MCF7, and MDA-MB231 cells were centrifuged at room temperature with 

1200 rpm for 10 minutes to obtain 100 μL of the supernatant before adding 100 μL of 

MycoAlert™ reagent and incubated in a luminometer cuvette at room temperature for 5 

minutes. Luminescence was measured on the GloMax at a one second integrated to obtain 
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Reading A. The samples were then further incubated with 100 μL of MycoAlert™ substrate at 

room temperature for 10 minutes to measure luminescence again to obtain Reading B. The 

ratio of Reading B to Reading A that was greater than 0.9 was considered as mycoplasma 

contamination. MycoAlert™ Assay Control Set (Lonza, LT07-518) was used as control for 

assay performance. Dr. Fan Wu assisted with mycoplasma detection. 

2.3 Pharmacological Inhibition 

2.3.1 LSD1 inhibition in MDA-MB-231 Cells 

Two LSD1 inhibitors were used; phenelzine (Sigma, P6777-5G ) and GSK2879552 (GSK) 

(Chemie Tek, CT-GSK287). Phenelzine crystal powder was dissolved in complete media and 

treated at appropriate volumes to achieve 500uM based on the volume of well or flask for in-

vitro experiments and 40mg/Kg dose was used for animal studies. GSK2879552 stock was 

dissolved in complete media to prepare two different concentrations 500nM and 12,500 nM  

appropriate for wells and flask. A dose of 1.6mg/kg was used in mice studies with 

intraperitoneal injection daily for 35 days, starting when the tumour reached 50cm3 in volume, 

approximately one week after tumour inoculation. SP2509, another allosteric LSD1 inhibitor 

with a IC50 of 1.7uM, was used at 5 different concentrations (0.01uM, 0.1uM, 1.0uM, 10uM, 

100uM) to varify its effect on CSC in MDA-MB-231 cell line in-vitro experiments.  

 

2.3.2 PARP1 inhibition in MDA-MB-231 Cells 

Olaparib, veliparib and talazoparib stocks were prepared as per the manufacturers’ instructions 

by dissolving in DMSO at 50mM and stored at -200 C. The necessary concentration was later 

prepared at the time of treatment by diluting in complete media. All the drugs were prepared 

freshly for each experiment. 
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2.4 siRNA Transfection 

Chemicals: siRNA, Lipofectamine, OPTI-MEM 

All siRNAs, including FAMlabelled control siRNA, were dissolved in DNase and RNasefree 

H2O at a concentration of 100 mM prior to transfection as per manufacturer’s instruction. 

siRNAs and Lipofectamine 2000® (Invitrogen) were thawed 15 minutes before gently vortex 

and spun down. According to experimental requirement, an appropriate amount of siRNAs 

were added to prewarmed OPTIMEM (Gibco) in 10 mL Falcon tubes to achieve desired final 

concentration. The mixture was gently flicked and incubated at room temperature for 5 minutes 

prior to the preparation of 10 nM of transfection reagent, Lipofectamine 2000® (Invitrogen), 

in OPTIMEM (Gibco) with gentle flicked and 5 minutes incubation. Thereafter both reagents 

were gently mixed and further incubated at room temperature for 25 minutes. A total of 2 mL 

of mixture were added into MDA-MB-231 cells with 5 mL of antibiotic free complete culture 

medium and incubated for 48 hours transfection in a humidified HEPA-filtered cell culture 

incubator with 5% CO2 at 37°C. The same concentration of FAM-labelled control siRNA was 

used in each experiment. Fresh antibioticpositive completed culture medium (Section 2.1.3) 

was added after the completion of transfection and cells were ready for experimental use. 

 

2.5 Molecular Biology Techniques 

2.5.1: Total RNA Extraction: Organic method and PURElink RNA extraction kit 

2.5.1.1: Organic method 

Total RNA were extracted from MDAMB231 cells that were treated with the relevant 

experimental process either drug inhibition or siRNA transfection. This was followed by 

trypsinization with 0.25% TrypsinEDTA (Gibco,25200-056) at room temperature for 3 
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minutes, which was then washed with 10mL completed culture medium (Section 2.1.1.3) to 

terminate trypsinization. The cells were centrifuged at 1200 rpm at room temperature for 10 

minutes and then re-suspended into completed culture medium (Section 2.1.1.3). Further 

centrifugation was performed at 1500 rpm at 4 °C for 5 minutes to remove the complete culture 

medium before being snap frozen on dry ice then stored at -80 °C ready for total RNA 

extraction later. During the RNA extraction, 0.5 million to 1 million frozen cell pellets were 

firstly thawed in 1 mL of TriZol® Reagent (Sigma, T9424) for 5 minutes to inactivate RNase. 

Then the pellet was homogenized by vigorously pipetting and incubating at room temperature 

for 10 minutes to fully dissolve cells into TriZol® Reagent. The dissociated samples were 

transferred into 1.7 mL microtubes (Axygen, MCT175C) before 10 minutes homogenization 

with 200 µL of chloroform (Sigma, C2432) by shaking vigorously. The mixture was 

centrifuged at 12000 RPM at 4 °C for 15 minutes (Eppendorf Centrifuge, 5430R), and 400 µL 

of aqueous layer was extracted carefully (without contamination from chloroform) and 

transferred into new 1.7 mL microtubes (Axygen, MCT175C) without disturbing the mixture, 

before adding 400 µL of isopropanol (Fisher) and mixing gently. The new mixture was rested 

for 15 minutes, which was followed by 15 minutes centrifugation at 14000 rpm at 4 °C for 15 

minutes (Eppendorf Centrifuge, 5430R) to precipitate RNA. To remove the trace of 

isopropanol, after discarding the supernatant, 1 mL of freshly made 80% cold ethanol (Sigma, 

E7023) was added to wash the RNA pellet by centrifugation at 14000 rpm at 4 °C for 15 

minutes (Eppendorf Centrifuge, 5430R). The supernatant was removed and the pellets were air 

dried at room temperature, before dissolved in 20 μL of DEPC water. The concentration and 

quality of RNA was measured using Nanodrop® Spectrophotometer ND 1000 (Nanodrop 

Technologies, Inc., Wilmington, DE, USA) with ND1000 V3.30 software. Only RNA with 

the A 260 nm/A 280 nm ratio between 1.9 and 2.1 were used in further experimental evaluation. 
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2.5.1.2: PureLink RNA Mini kit (Ambion,Life technologies) 

RNA extraction was performed as per manufacturer instruction.  Fresh complete Lysis buffer 

was prepared by adding 1% 10ul of 2-mercaptoethanol to every 1 ml of Lysis buffer. Wash 

buffer II was prepared by adding 60mls of 100% ethanol to 60 mls of Wash buffer II. Frozen 

cells from -80oC either from plates or Falcon tubes were thawed in hands before being re-

suspended in appropriate volumes of pre-made Lysis buffer based on the number of cells in the 

pellet or plate. Cells were vortexed thoroughly until the cell pellet was completely dispersed. 

Thereafter, homogenization was performed by passing the lysate 10 times through an 18-gauge 

syringe needle. One volume of 70% ethanol was added to cell homogenate to precipitate the 

RNA and then transferred to the spin cartridge. Sample was centrifuged and washed with Wash 

buffer I and II subsequently with centrifugation. Finally RNA was dissolved 30-50ul of DEP 

C water and stored at -80oC until further use. Subsequently RNA was used for DNAse 

treatment and cDNA synthesis (Section 2.3.2 and 2.3.3) or for subsequent NanoString 

analysis. 

 

2.5.1.3: RNA/DNA quantification 

Nanodrop ND-1000 spectrophotometer  

The total RNA concentration and purity was measured on a Nanodrop ND-1000 

spectrophotometer (Thermo Fisher, USA). The Nanodrop was first blanked with 2µL of DEPC 

water onto the lower pedestal. RNA was measured by loading 2 µL of each sample onto the 

lower pedestal. In addition, A260/280 and A260/230 purity ratios were determined. Both 

pedestals were cleaned and wiped between each set of samples. 
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Qubit® 2.0 fluorometer  

Qubit® 2.0 fluorometer was used to quantify the DNA using the Qubit® dsDNA HS Assay kit 

(Thermo Fisher, USA) as per manufacturer instruction. All the Qubit reagents were allowed to 

rest at room temperature.  A200 µL sample of Qubit® Working solution was prepared for each 

sample by diluting 1 µL of Qubit® dsDNA reagent to 199 µL of Qubit® dsDNA HS Buffer. 

Two DNA standards, Standard 1 and 2 were prepared by adding 10 µL of each standard into 

190 µL of Qubit® Working solution. A volume of 1 µL of sample was added to 199 µL of 

Qubit®  Working solution. All the samples and both standards were vortexed for 2-3 seconds 

and incubated at room temperature for 2 minutes, followed by calibration of Qubit with high 

and low standards. Then each sample was measured and stock concentration estimated. 

2.5.2: DNase Treatment of RNA 

SuperScript IV VILO  ezDNase  kit (Invitrogen 11766050) was used to further purify RNA by 

eliminating DNA contamination as per the manufacturer’s manual. A 1 μL aliquot of 10× 

ezDNase  was added to 1 μL of ezDNase buffer and 1 μg of RNA. Nuclease free water was 

added to the reaction mix to make up a total of 10 μL reaction mix in 0.2 mL Eppendorf® PCR 

tubes (Eppendorf®, Z316121). Samples were gently mixed and incubated at 37 °C for two 

minutes to initiate the digestion. The resulting samples were DNA-free RNA for further 

experimental process. 

2.5.3: First Strand cDNA synthesis 

SuperScript IV VILO Master Mix kit (Invitrogen 11756050) for RT-qPCR (Thermo Fisher, 

K1641) was used for cDNA synthesis as per the manufacturer’s manual. A total of 4 μL of 5x 

SupeScript IV VILO Master Mix (Reverse Transcriptase, recombinant RNAse inhibitor, helper 

proteins, oligo(dT), dNTPs) and 6μL of nuclease free water were mixed and added to DNAase-

treated RNA sample to constitute a  
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final total of 20ul reaction volume. Samples were well mixed ad incubated at 25 °C for 10 

minutes to initiate the reaction, followed by 50 °C incubation for 10 minutes to perform the 

reaction. The reaction was terminated by heating up samples to 85 °C for 5 minutes. The 

resulting product was synthesised first strand cDNA for further quantitative Realtime 

Polymerase Chain Reaction (qRTPCR) analysis or stored at 20 °C. 

 

2.5.4: Quantitative Real Time Polymerase Chain Reaction (qRTPCR) 

Quantitative Real Time Polymerase Chain Reaction (qRTPCR) for transcript analysis were 

performed in 384-well plates (Life Technology) on the ABI VIIA RealTime System (Life 

Technology). 

TaqMan RT-PCR; 0.5 μL of FAMlabelled gene specific TaqMan probes was added with 5 μL 

of TaqMan Master Mix (Life Technology) to make the final reaction mix. Another 5.5 μL of 

this reaction mix and 4.5 μL of cDNA samples was added to MicroAMP® Optical-PCR 384-

well plates (Thermo Fisher,USA) to make 10 μL RTPCR reaction. cDNA was amplified under 

following conditions; 1 cycle at 50o C for 2 minutes which activates the enzymes, 1 cycle at 

95oC for 10 minutes for denaturation, and 40 cycles at 95oC for 15 seconds, followed by 60oC 

for 1 minute for denaturation. 

 

Syber Green RTPCR; the Syber Green gene specific primers (forward and reverse, Sigma, 1 

μM) were diluted in DEPC H2O with 1:100 dilution. A total of 1 μL of primer mixture together 

with 5 μL of the Power SYBRgreen 2X Reaction Mix (Life Technology) and 2 μL of DEPC 

H2O were mixed to make final reaction mix. An aliquot of 8 μL of this reaction mix was added 

with 2 μL of diluted cDNA or ChIPDNA to each well to make 10 μL RTPCR reaction. RT-

PCR duplicates were performed for each biological sample. RTPCR quality control was 
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performed to ensure no contamination was caused by RTPCR master mix using 5 μL of the 

Power SYBRgreen 2X Reaction Mix (Life Technology) with 5 μL of DEPC H2O. Each 

sample was analysed in duplicate. RTPCR was performed under standard thermocycle 

conditions from ABI VIIA software. PPIA was used as housekeeping gene for all PCR 

reactions. One limitation of PCR is, biological significance of small fold change, despite being 

statistically significant. But it well established that a small fold change in mRNA expression 

can lead to biologically and clinically significant outcome.(St Laurent et al., 2013) To validate 

such small changes, multiple repeats were conducted and relevant protein expression was 

quantified in this thesis. Furthermore, where possible relevant genes were tested in different 

experimental conditions; in-vitro and in-vivo.   

2.5.5: NanoString gene expression analysis 

Cells were pelleted, and RNA was isolated using the PureLink RNA Mini Kit (Ambion cat. 

12183018A) according to the manufacturer’s instructions. RNA quality was verified with the 

Nanodrop Spectrophotometer, and 50 ng of RNA per sample was loaded and run on the 

MmV1_CancerImm_CSO-MIP1–12 NanoString instrument for analysis of the NanoString 

PanCancer Immune Profiling Panel (NanoString Technologies). Sample were analyzed using 

the Advanced Analysis Module of the nSolver™ software (NanoString Technologies). In brief, 

samples were normalized against positive controls and selected housekeeping genes using the 

geometric mean. Ideal normalization genes were determined automatically by selecting those 

that minimized the pairwise variation statistic. Differential expression to identify specific 

targets was performed, and p-values adjusted using the Benjamini-Hochberg procedure. 

NanoString was performed at the Westmead Genomics Core facility, supported by the 

Westmead Research Hub, the Cancer Institute New South Wales, the National Health and 

Medical Research Council and the Ian Potter Foundation. 
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2.5.6: Chromatin Immuno-precipitation (ChIP) 

Chromatin Immunoprecipitation (ChIP) assay is a widely used technique to identify histone 

modification and protein-DNA interaction. In this method, specific antibodies are utilized 

against protein of interest to extract the DNA segment to which the protein is bound. 

The MDAMB231 cell line was treated with phenelzine, GSK2879552 or olaparib or 

combination, followed by trypsinization with 0.25% TrypsinEDTA (for MDA-MB231 cells; 

Gibco, 25200056) at room temperature for 3 minutes, which was then mixed with 10 mL 

completed culture medium (Section 2.1.3), to terminate trypsinization, before centrifugation at 

1200 rpm at room temperature for 10 minutes and then resuspended into completed culture 

medium (Section 2.1.3). Chromatin Immuno-precipitation (ChIP) assay was performed on 5 

million cells harvested. Cross-linking was performed (linking the proteins to DNA segments) 

by using 270 μL of 37% paraformaldehyde (PFA; final concentration of 4%; Calbiochem®, 

334198) at room temperature on the rotary wheel for exactly 10 minutes, before terminating 

further crosslinking by adding 500 μL of 2.5M glycine (final concentration of 50 mM; Sigma, 

50046) and incubation on the rotary wheel for additional 10 minutes. Crosslinked cells were 

then washed with 10 mL of ice cold DPBS (Gibco, 14190144) three times. PBS was removed 

after the last centrifuge and the cell pellet snap frozen on dry ice and stored in -80 °C. 

Crosslinked cell pellets were lysed in 250 μL of SDS lysis buffer (Millipore, 20-156K) with 

Complete Protease Inhibitor mixture (1:1000; Roche, 1169498001). Sonication was performed 

on the MoSonix 3000 sonicator with the condition: 15 seconds pulse ON for 15 minutes, 15 

seconds pulse OFF for 30 minutes, at power 5 (90 -120w), for 15 cycles on 4oC water. This 

process generates DNA fragments bound to relevant proteins. After centrifugation at 14000 

rpm, at 4 °C for 5 minutes, supernatant was transferred into 1.7 mL microtubes, before adding 

2.5 mL of ChIP dilution buffer (Millipore, 20153K) with Complete Protease Inhibitor 

mixture(1:1000; Roche, 1169498001) to dilute the lysate. A total of 400 μL of diluted lysate 
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was extracted as the Total Input (TI) sample, whereas the rest was aliquot to react with 

noantibody (NA) or appropriate volume of desire antibodies(PARP1, LSD1, POL II) together 

with 20 μL of Magna ChIP™ Protein A Magnetic beads in cold room on the rotary wheel 

overnight at low speed. On the following day, samples were centrifuged at 1500 rpm at 4 °C 

for 1 minute before placed on the magnetic stand for precipitation. The beadbound protein 

with DNA was washed on the rotary wheel at 4 °C for 5 minutes with 500 μL of Low Salt 

Buffer (Millipore, 20154K), High Salt Buffer (Millipore, 20-155K), Lithium Chloride (LiCl) 

Wash Buffer (Millipore, 20-156K), and TE Buffer (Millipore, 20157K), with Complete 

Protease Inhibitor mixture (1:1000; Roche, 1169498001), in sequence mentioned above. 

Subsequently, DNA-bounded proteins were eluted by 400 μL of freshly made ChIP Elution 

Buffer (Millipore, 1% (w/v) SDS, 100mM NaHCO3) on the rotary wheel at room temperature 

for 30 minutes. Eluted samples were then placed on magnetic stand which will separate the 

supernatant with the magnetic beads Separated supernatant, together with Total Input (TI) 

DNA were reversecrosslinked (ie to break the cross link between DNA and protein) with 16 

μL of 5 M NaCl (Sigma,S5150) at 65 °C overnight, which was followed by protein digestion 

using 1 μL of Proteinase K (20 mg/mL; Invitrogen, 25530-049) at 45 °C for 1 hour. After 

adding 400 μL of phenolchloroform-ispamyl alcohol (Phenol:Chloroform:Isoamylalcohol = 

25:24 :1; Sigma, P3802) to the sample, digested proteins were removed from genomic DNA 

by centrifugation at 12000 RPM at room temperature for 30 minutes. The supernatant was 

transferred into new 1.7 mL microtubes, which was followed by precipitation with a mixture 

of 500 μL of 100% ethanol (Sigma), 30 μL of sodium acetate (Sigma, S-7899), and 1 μL of 

glycogen (Roche, 10901393001) at 80 °C for 24 hours. Thereafter, samples were pelleted by 

centrifugation at 12000 RPM at 4 °C for 10 minutes, and supernatant was removed with pipette 

before leaving the tubes for air dry. After ensuring complete dryness of the tubes, DNA palette 

was resuspended in 20 μL of DEPC water. Total DNA was quantified with Qubit technology 



57 
 

(Life Technologies) and Tapestation (Agilent Technologies) was used to analyse the fragment 

size, followed by selection of appropriate size DNA fragments using magnetic beads. 

ChIPDNA and Total Input (TI) DNA were ready for further quantitative SYBR green RTPCR 

analysis or ChIP sequencing. 

 

2.6 Cellular Biology Techniques 

2.6.1 Flow cytometry or fluorescence-activated cell sorting (FACS) 

MDA-MB-231 cells were cultured in complete culture medium before twice washed by DPBS 

and detachment by incubating with 0.25% trypsin (Invitrogen) in a humidified HEPA-filtered 

cell culture incubator with 5% CO2 at 37°C for 5 min. Cells were then washed with completed 

culture medium (Section 2.1.1.3) to suspend detachment before centrifugation at 1200rpm at 

room temperature for 10 minutes. Cells were then resuspended in completed culture medium 

(Section 2.1.1.3) to obtain single cell suspension for cell count using a haemocytometer. A 

final concentration of 1 × 106 cells were transferred into 96well “v” bottom plate (Corning) 

and ready for staining. Cells were washed twice with FACS Wash buffer (Section 2.1.1.4) to 

remove medium residue. Cells were stained with 100 μL of antibody cocktail (CD44/APS and 

CD24/PE) in FACS Wash buffer for 30 min on ice. Hoechst antibody was used to identify dead 

cells. Stained cells were then washed with 200 μL of FACS Wash (Section 2.1.1.4) twice by 

centrifugation at 4°C with 1200 rpm for 3 minutes. Samples were then resuspended in 100 μL 

of FACS wash, transferred into 1.2 mL Cluster tubes (Corning,4001) and ready for FACS 

analysis. Flowcytometry was performed on single cell suspension using BD LSR II 

Flowcytometer (BD Bioscience, USA) at the Imaging and Cytometry facility at JCSMR, ANU, 

Canberra, Australia). Althouh CD44 and CD24 are commonly used surface markers to identify 

CSC, not all cancers uniformly expressly these markers and results are not consistent regarding 
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their role in metastasis.(Jaggupilli & Elkord, 2012b) In this thesis, although CD44 and CD24 

are commonly utilised as markers of CSC, other CSC markers such as ALDH1A1 and ABCB5 

were employed to improve the validity of results.   

2.6.1.1 Flowcytometry data analysis 

Data generated from flow cytometry was analysed using FlowJo software (Tree Star, USA). 

The gating strategy for selecting live single-cells are shown in the Figure 2.1. Cell debris were 

first excluded from by gating cells using SSC-A and FSC-H. Hoechst positive dead cells were 

next excluded from analysis by gating the cells with the Hoechst channel (Alexa Fluor 405-A) 

and FSC-A. Subsequently, sorted single cells were chosen for further analysis. Breast cancer 

CSC were defined as CD44hi/CD24lo cell population. This population was isolated by gating 

the cells for APC (PI/488) and PE(Pacific Blue). 
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Figure 2.1 Gating method used in isolating live single cells by flowcytometry. 

Gating was applied: (A) FSC-A and FSC-H to select the cells, followed by selection of live 

cells, (B) using Alexar Fluor 405-A and FSC-A to select the Hoechst-negative live cells. (C) 

Later, gating was applied to select CD44hi/CD24lo population by using APC and PE.  Numbers 

denote the percentage of cells located within the gate for the plots shown. 
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2.6.2 Immuno-fluorescence Microscopy 

MDA-MB-231 cells were seeded on 12 mm × 12 mm glass coverslips in tissue culture plate 

with corresponding culture medium solution overnight and were treated with experimental 

drugs or siRNA. After appropriate duration of treatment with inhibitors or siRNA, coverslips 

were washed with 1 mL of DPBS by incubating at room temperature for 5 minutes twice. 

Fixation was performed with 1 mL of 4% paraformaldehyde at room temperature for 10 

minutes. Coverslips were then washed again with 1 mL of DPBS by incubating at room 

temperature for 5 minutes twice to remove excess paraformaldehyde. Prepared coverslips were 

directly used for staining or stored at 4 °C with 1ml of DPBS for subsequent staining. 

Immune-fluorescence staining: fixed coverslips were removed and placed in a new 12-well 

plate and permeabilized using freshly prepared 1ml of 1% Triton (100 × Triton dissolved in 

DPBS, Sigma) to incubate at room temperature for 20 minutes. After washing with 1 mL of 

DPBS by incubating on rocker at room temperature for 5 minutes twice, “blocking” was 

performed by immersing the coverslips in 1 mL of 1% of BSA/0.1M Glycine mixture for 30 

minutes to reduce staining background by blocking non-specific binding. 

A panel of three primary antibodies were selected with appropriate host species to avoid cross 

reactivity. Antibodies cocktail was prepared by appropriate dilution according to the 

manufacture’s recommendation, as per previous optimization in the laboratory or by 

optimizing with different dilutions as needed. (generally either 1:100 or 1:50). Antibodies were 

diluted in freshly prepared 1%BSA/0.1M Glycine mixture. BSA/Glycine was then removed 

and 80-100 μL of 1% BSA/0.1M Glycine with optimised concentration of primary antibody 

added directly on coverslips and incubated at room temperature with light blockage for 2 hours. 

When primary staining was completed, coverslips were washed with 1 mL of DPBS by 
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incubating on rocker at room temperature for 5 minutes twice to remove excess primary 

antibody, which was followed by staining with secondary antibody. 

The selection of secondary antibody was based on the host species of the primary antibody. 

Three fluorochrome-attached secondary antibodies with wavelength of 488mm, 563mm and 

640mm were used. Optimised concentration of secondary antibody was diluted in 

BSA/Glycine to make a 1:1000  mixture and 80-100 μL added directly on the coverslips and 

incubated at room temperature with light blockage for 45 minutes. After twice washing with 1 

mL of DPBS by incubating on rocker at room temperature for 5 minutes, coverslips were 

transferred on glass slides were precoated with 10-15 μL of ProLong Gold Antifade Mountant 

with DAPI. The slides were sealed after airdried and ready for imaging using confocal 

immunofluorescence microscopy (Olympus). Slides were examined under an Eclipse Ti-E 

Inverted Microscope System (Nikon, Japan) running NIS-Elements AR 3.2 software (Nikon, 

Japan). Images were then analysed using ImageJ 1.51n software. There are limitations to this 

method such as operator error or subjective error. In this chapter, to minimize the error atleast 

three biological repeats were undertaken, and atleast 40-50 cells were counted for each 

analysis. In addition, wherever possible , corresponding mRNA expression was analysed to 

confirm the results of changes in immunofluorescence intensity. IN some instances, 

downstream target changes were measured to confirm the results; for example H3K4me2 as a 

target of LSD1, H3K27me3 as a target of EZH2. Other direct measures like immunoblotting 

could improve the validity of IF microscopy further. 

 

2.6.3: BOND RX automated Stainer and Olympus-ASI automated microscopy  

Formalin-fixed, paraffin-embedded tumour biopsies or tumours from mice xenograft were 

processed in the BondRX for OPAL staining (Perkin-Elmer, Waltham, MA) using the 
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instrument protocol:ER1 for 20min at 100◦C with Epitope Retrieval Solution (pH6 Citrate-

based retrieval solution) followed by probing with primary antibodies. Primary antibodies were 

visualized with an Opal Kit 520, 570, 650, and 690. Coverslips were mounted on glass 

microscope slides with ProLong Clear Antifade reagent (Life Technologies, Carlsbad, CA). 

Opal kits used the 7-color (NEL801001KT) and the 4-colour (NEL820001KT) automation kits. 

Slides were observed under a Leica DMi8 inverted microscope running Leica Application Suite 

X software. Images were obtained at different locations on the slide using a 100x oil immersion 

lens. Background fluorescence intensity was measured from each slide and subtracted from 

nuclear or cytoplasmic intensity. Images were analyzed using ImageJ software, with the 

fluorescence intensity measured from a minimum of 40 cells and an average total fluorescence 

of either the nucleus or cytoplasm reported. For high-throughput microscopy, protein targets 

were localized by confocal laser scanning microscopy. Single 0.5μm sections were obtained 

using an Olympus-ASI automated microscope with 100x oil immersion lens running ASI 

software. The final image was obtained by employing a high throughput automated stage with 

ASI spectral capture software. Digital images were analyzed using automated ASI software 

(Applied Spectral Imaging, Carlsbad, CA) to automatically determine the distribution and 

intensities with automatic thresholding and background correction of either the average nuclear 

fluorescent intensity (NFI). The number of positive cells above the threshold intensity was 

determined to provide an unbiased estimation of changes. 
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2.6.4 Cell proliferation assay 

 

A water-soluble tetrazolium salts (WST-1) assay was carried out according to the 

manufacturer’s instructions (Roche, Switzerland). The WST-1 assay is based on mitochondrial 

dehydrogenases’ enzymatic cleavage of the tetrazolium salt, WST-1, producing a formazan 

dye. An expansion in cell number from cellular proliferation increases mitochondrial activity 

which is directly proportional to the amount of dye formed (Berridge et al. 1996). Briefly, cells 

were treated with inhibitors as described in section 2.3.1. At 72 hours after treatment, the media 

was removed and fresh media containing 10% WST-1 reagent (Roche, Switzerland) added to 

all sample and control wells. The plate was incubated at 37°C and 5% CO2 and readings were 

taken at 1, 2, 3, and 4 hours. A Benchmark Plus Microplate Spectrophotometer System (Bio-

Rad, Japan) was used to read the absorbance at 450 nm, after the plate was shaken for 10 

seconds. Readings from at least 9 individual wells were normalised to an internal control (wells 

containing no cells) and then standardised to control samples. 
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2.7 In-vivo xenograft model 

The MDA-MB-231 cell line model was used in 6 weeks old nude mice. Balb/c nude mice were 

purchased from the Animal Resources Centre (ARC), Perth, and allowed to acclimatize for 1 

week in the containment suites at The John Curtin School of Medical Research (JCSMR). All 

experimental procedures were performed in accordance with the guidelines and regulations 

approved by the Australian National University Animal Experimentation Ethics Committee 

(ANU AEEC A2018/49). The required amount of MDA-MB-231 cells were cultured in T150 

flasks. Cells were harvested by trypsinization, followed by cell counting as described above. 

2x106 MDA-MB-231 cells in 50:50PBS/Matrigel (Corning) (50ul) was injected in the 

mammary fat pad of each mice. Isoflurane was used as an anaesthetic.  After tumour 

inoculation, mice were then observed for the tumour appearance and growth. Once the tumours 

reach 50 mm3 volume size (determined by calliper measurement, volumes calculated using a 

modified ellipsoidal formula 1/2 (a/b2), where a = longest diameter and b= shortest 

diameter)(Jensen, Jorgensen, Binderup, & Kjaer, 2008), treatments were initiated, around day 

7. Each group consisted of 5 mice. All drugs were administered intraperitoneally once daily for 

35 days. (The treatment groups based on various LSD1 inhibitors are detailed below).  Mice 

were sacrificed on day 35 (unless otherwise indicated) for collection of tumours and organs 

including liver, lungs, spleen, kidney and ipsilateral axillar lymph nodes were collected. Steps 

were taken to minimise error and to improve consistency; each steps such as tumour 

inoculation, intraperitoneal drug administration, preparation of single cell suspension were 

conducted by same individual where possible. 

Primary tumour was divided into three; 

a. One portion was used to make single cell suspension after digestion with collagenase; 

Tumours were collected in 5ml of DMEM supplemented with 2.5% FCS in 15ml tubes. 
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Tumours were then weighed individually, chopped up finely using a surgical blades in 

a petri dish and then transferred back into 15ml tube with an appropriate amount of 

media and collagenase (Worthington Biochemical Corp. Lakewood, NJ) . Samples 

were then incubated at 37°C for 1 hour. After 1 hour, samples were then spun down at 

500 x g for 5 mins at room  

temperature. Cells were then resuspended in 10 ml of 2.5% FCS + DMEM and filtered 

using a 0.2 m filter into a 50 ml tube. Cells were then counted using trypan blue 

staining and stored at 40C for preparation of coverslips with cytospin later. 

b. 2nd portion was stored at -800C in RNA later, for RNA extraction using RNAeasy 

microkit (Qiagen, Hilden, Germany ) 

c. 3rd portion was processed and stored as formalin fixed  and embedded in paraffin 

(FFPE) specimen. 

All organs were stored as FFPE samples.  

2.8 Circulating Tumour Cell (CTC) enrichment 

CD45-positive cell depletion was performed to enrich CD45-negative expressing cells using 

RosettSep CD45 depletion kit (StemCell Tech). CD45-negative enriched cells were stained 

with CD45, pan-Cytokeratin and HER2 prior to CTC numeration and sorted by DEPArray V2 

or NXT (Silicon Biosystems). CTCs were defined as nucleated cells lacking CD45 and 

expressing pan-cytokeratin Samples were anonymized, and operators were blinded to the 

clinical outcome. One limitation of this method is sensitivity of detection of CTC. 

Commercially available methods use EpCAM, an epithelial surface marker which was not used 

in this thesis. CTCs could express more epithelial phenotype or mesenchymal phenotype. In 

this thesis, aim was to detect CTCs with more mesenchymal phenotype, hence EpCAM was 

not utilized which may have reduced the sensitivity or limits of detection of this assay. This 
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study was approved by the ACT Health Human Research Ethics Committee (ETH.11.15.217) 

and informed written consent was obtained from patients.  

 

2.9 Data Analysis 

2.9.1 Transcript Analysis 

The cycle threshold (Ct) values of genes of interest that generated from RTPCR machine were 

converted into arbitrary copy number by the formula Arbitrary copy number = 105/ 

2(Ct17).(Juelich et al., 2009) Arbitrary copy number was then normalised to the Arbitrary copy 

number of house-keeping gene, PPIA. Relative fold change in gene amplification transcript 

was estimated by subtracting the normalised Arbitrary copy number by the Arbitrary copy 

number of the control sample. Data represented the means ± standard error from three 

independent experiments (n = 3). Student ttest in GraphPad Prism 6 (GraphPad) was used to 

calculate the value of statistic difference (p). * represented p < 0.05, ** represented p < 0.01, 

and *** represented p < 0.001. It is well established in the transcriptional field that small 

changes in mRNA of key regulatory proteins such as transcription factors or enzymes represent 

amplified signals when decoded into protein expression in the cell- leading to significant 

biological impact. Importantly, key findings in this thesis have been validated and supported 

by using a combination of different assays, at the mRNA and protein level. Furthermore, where 

possible, in-vitro experiments have been validated by corresponding in-vivo or ex-vivo 

experiments.    

2.9.2 ChIPPCR Analysis 

The arbitrary copy number of each samples were calculated using the formula described in 

Section 2.5.1. The arbitrary copy number of immuneprecipitated (IP) sample was then 

subtracted to that of noantibody control (NA) to obtain the arbitrary copy number difference. 
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This number was then normalized to the arbitrary copy number of total-input (TI) sample to 

calculate the enrichment ratio based on TI. Data represented the means ± standard error from 

three independent experiments (n = 3). Student t-test in GraphPad Prism 6 (GraphPad) was 

used to calculate the value of statistic difference(p). * represented p < 0.05, ** represented p < 

0.01, and *** represented p < 0.001 

2.9.3 Immunofluorescence microscopy analysis 

Digital images were analysed using ImageJ software. Total Nuclear Fluorescence Intensity 

(TNFI), Total Cytoplasmic Fluorescence Intensity (TCFI), nuclear to cytoplasmic fluorescence 

intensity ratio (Fn/c) and Pearsons’s Coefficient Correlation (PCC) were measured. Fn/c = (Fn-

Fb)/(Fc-Fb). (Fn-nuclear fluorescence, Fc- cytoplasmic fluorescence, Fb- background 

fluorescence)TNFI was measured by manually selecting the region of interest (ROI) specific 

for the nucleus (guided by DAPI staining) minus background. 
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Chapter 3 

Understanding the role of PARP1 in breast cancer 

stems cells and exploring the interplay between 

PARP1 and LSD1 
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Introduction 

DNA damage repair is essential for maintaining genomic stability and cell viability. It is 

estimated that each human cell sustains approximately 105 DNA lesions each day 

(Hoeijmakers, 2009). These DNA lesions, if left unrepaired or not removed, can lead to 

genomic instability, oncogene amplification, and inactivation of tumour suppressor genes, 

which contribute to cancer development. Cancer cells can overcome DNA repair through the 

loss of DNA damage response signalling or defects in one of the DNA damage repair pathways: 

base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), or 

recombinant repair. Single-strand breaks (SSBs) are generally repaired by BER, NER, or MMR 

(Hoeijmakers, 2001), while double-strand breaks (DSBs) are repaired by homologous 

recombination (HR), non-homologous end-joining (NHEJ), or alternative end-joining (alt-

NHEJ) pathways(Yelamos, Farres, Llacuna, Ampurdanes, & Martin-Caballero, 2011). 

BRCA1 and BRCA2 are two crucial tumour suppressor genes involved in the HR repair 

pathway, and mutations in either gene lead to genomic instability and an increased risk of 

cancer development (Gudmundsdottir & Ashworth, 2006). Many other DNA repair pathway 

defects have been identified that confer genomic instability and an increased risk of cancer, 

termed the “BRCAness” phenotype (Lord & Ashworth, 2016). 

Protein poly ADP-ribosylation (PARylation) is a post-translational modification at DNA 

damage sites catalysed by poly(ADP-ribose) polymerases (PARPs). PARP recruits key DNA 

damage repair proteins to the sites of SSBs and supervises DNA repair by end joining, which 

is usually an error prone process compared to the error-free HR repair mechanism. PARP 

inhibitors (PARPi) bind to PARP1 at sites of DNA damage and inhibit its catalytic activity, 

resulting in stalling and the development of DSBs, which are usually repaired by the HR 

pathway. PARP inhibition results in collapse of the replication fork, genomic instability, and 
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cell death in cells with defective HR , known as synthetic lethality (Lord & Ashworth, 2017a) 

.PARPi also “trap” the PARP1 on DNA and prevent autoPARylation, hence preventing the 

release of PARP1 from sites of DNA damage (Strom et al., 2011). 

PARP inhibitors have shown promising progression-free survival (PFS) benefits in patients 

with ovarian and breast cancers, and there is also early data supporting efficacy in prostate and 

pancreatic cancers. Another study utilized PARPi to treat BRCA-mutant breast cancer patients 

to reduce tumour size before surgery (neoadjuvant therapy) which showed significant numbers 

of pathological complete responses.(Litton et al., 2020) Although PARPi have been developed 

on the basis of a compelling anticancer mechanism, their efficacy is mainly limited to tumours 

with deficiencies in the HR pathway. Results in other tumours with intact HR repair pathway 

have been disappointing. In addition, a lack of significant survival benefit observed in a number 

of trials raises the possibility that a clone of cancer cells with a resistant signature is enriched 

or emerges, such as cancer stem cells (CSCs).  

CSCs are subpopulations of tumour cells which possess self-renewal ability and tumour 

initiation properties. In addition, they are not a static entity and possess the ability to transform 

into differentiated epithelial-like cells and dedifferentiated mesenchymal-like cells within a 

tumour microenvironment (Cabrera, Hollingsworth, & Hurt, 2015). They are quiescent cells 

with a low metabolic rate and slow cell cycling phenotype, which makes them resistant to most 

standard anticancer therapies and may explain why they are responsible for recurrence. More 

than 90% of cancer-related deaths in patients with solid organ cancers are due to distant 

recurrences or metastases rather than primary tumour itself (Gupta & Massague, 2006). Hence 

most anticancer treatments aim to prevent or delay the onset of metastasis.  

Anticancer therapies which show a therapeutic effect in metastatic cancer are eventually 

trialled in the adjuvant or neo-adjuvant setting to prevent recurrences and improve outcomes. 
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The recent approval of PD-1 inhibitors and BRAF/MEK inhibitors as adjuvant therapy in 

resected melanoma are good examples of this developmental pipeline. However, despite 

improvements in adjuvant therapy, most solid cancers eventually recur, especially triple-

negative breast cancer (TNBC) which, despite being chemo-sensitive, almost universally recur. 

Overexpression of LSD1 is associated with stemness features, and inhibition of LSD1 

attenuated CSC formation, at least in oestrogen receptor (ER)-positive MCF7 breast cancer 

cells; however, no effect was seen in the TNBC cell line MDA-MB-231 (Boulding et al., 2018). 

The LSD1-PARP1 interaction has not previously been studied, and whether they synergise is 

unknown. 

Therefore, this chapter explores the relationship between synergistic PARP1 and LSD1 

inhibition in BRCA-proficient cell lines.  

Chapter 3 has four specific aims: 

 Establish the role of PARP1 in the formation and maintenance of breast CSCs. 

 Explore the interplay between PARP1 and LSD1 in breast cancer. 

 Examine the anti-tumour effect of combination therapy in BRCA-proficient 

tumours. 

 Explore the post-translational modifications. (Histones, kinases and proteins 

involved in EMT) 
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Results 

3.1 Establishing the role of PARP1 in the formation and maintenance of breast CSCs and 

the related kinases. 

3.1.1 Resistance markers are upregulated after treatment with PARPi 

To examine the role of PARP1 in breast cancer, MDA-MB-231 human TNBC cell lines were 

treated with olaparib or veliparib. PARP1 depletion was confirmed by the measurement of 

mRNA by qRT-PCR (Material and Methods, Section 2.5.4) and the protein expression by 

immunofluorescence confocal microscopy (Materials and Methods, Section 2.6.2). Both 

olaparib and veliparib significantly inhibited PARP1 mRNA and protein expression compared 

to control samples. (Figure 3.1) Olaparib inhibited PARP1 more strongly at higher 

concentration than veliparib did. This may be due to different trapping potential of these drugs. 

Next, resistant markers were examined after treatment with olaparib. ATP-binding cassette 

member B5 (ABCB5) is a multidrug resistance mediator expressed in various solid organ 

cancers, especially in cancer stem cells (CSCs), and its expression is associated with a poor 

prognosis (Guo et al., 2018). ALDH1 is a detoxifying enzyme responsible for the oxidation of 

retinol to retinoic acid, which is essential for the early differentiation of stem cells. 

Furthermore, a proportion of CD44hi/CD24lo breast CSCs have been shown to be positive for 

ALDH1, and these cells were more Tumourigenic compared to ALDH1-negative cells (Liu et 

al., 2014). Both ABCB5 and ALDH1A1 were significantly upregulated after treatment with 

olaparib. While mRNA changes of ABCB5 and ALDH1A1 were only marginally different 

(data not shown), protein expression was significantly high after treatment with olaparib.(Fig 

3.2) In addition, consistent with the literature PD-L1 (CD274), a protein expressed by tumour 

cells that inhibits T cell activation. was upregulated after treatment with olaparib (Jiao et al., 

2017) (Figure 3.2 A-C). Similar results were seen after treatment with veliparib (results not 

shown) 
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Figure 3.1: Olaparib and veliparib inhibit PARP1 mRNA and protein expression 

2 x 106 MDA-MB-231 cells were seeded into complete medium and incubated for 24 hours, 

followed by treatement with either vehicle, olaparib or veliparib at two different concentrations 

for 24 hours (Materials and Methods, Section 2.3.1.3). Cells were then harvested for RNA 

extraction and cDNA synthesis or fixed for immunofluorescence staining with PARP1 

antibody followed by reading immunofluorescence intensity by confocal microscopy, by 

counting at least 40-50 cells in each slide.(A) and (B) show PARP1 mRNA fold-change 

compared to control and (C) shows PARP1 protein expression. Experiments were conducted 

in triplicate. **P≤0.01, ***P≤0.001, paired t-test. 
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Lysine specific demethylase-1 (LSD1) is an epigenetic enzyme that removes mono- or di- 

methyl groups from histone 3 lysine 4 (H3K4) or histone 3 lysine 9 (H3K9) to regulate gene 

transcription and promote epithelial to mesenchymal transition (EMT) and CSCs formation 

(Boulding et al., 2018). Hence, LSD1 expression was analysed. LSD1 mRNA and protein 

expression was upregulated after treatment with olaparib together with a consistent reduction 

in total H3K4me2 levels (which is demethylated by LSD1) (Figure 3.2 D-E). As noted by St 

Laurent et al, small changes in mRNA expression can result in significant biological outcome. 

Even though, fold change in LSD1 mRNA expression was quite small  , the biological 

significance confirmed by overexpression of LSD1 protein and resultant reduction in 

H3K4me2.(St Laurent et al., 2013)  

Given olaparib failed to downregulate stemness and resistance markers usually associated with 

EMT/CSCs, the next step was to explore the effect of PARPi on cellular proliferation and CSC 

formation using the WST-1 assay and flowcytometric quantification of CD44hi/CD24lo cells 

(Materials and Methods, Section 2.6.4 and 2.6.1). MDA-MB-231 cells were treated with 

either olaparib or veliparib, followed by measurement of CSC. Both veliparib and olaparib 

(which has higher trapping potential than veliparib)  did not show any CSC inhibition despite 

adequate depletion of PARP1. Therefore it was hypothesized, trapping potential of PARPi may 

be more critical for cytotoxicity than PARP1 protein depletion. Hence, MDA-MB-231 cells 

were next treated with olaparib or talazoparib,(Shen., Aoyagi-Scharber, & Wang, 2015) a 

highly potent new generation of PARPi with much higher trapping potential, followed by 

measurement of cell proliferation by WST-1 assay. However, both drugs failed inhibit cell 

proliferation in 3 different concentration. (Figure 3.3)  
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Figure 3.2: Treatment with olaparib upregulates some resistance genes 

MDA-MB-231 cells were treated with either vehicle or olaparib (Materials and Methods, 

Section 2.3.1.3). Resistance genes were analysed either by immunofluorescence staining or 

mRNA quantification. Images i-iv shows nuclear staining of ABCB5, LSD1, H3K4me2, and 

ALDH1A1. (A-C) show upregulation TNFI of ABCB5, ALDH, and CD274 (PD-L1), the latter 

is a protein secreted by tumours to induce immune resistance. (D) and (E) show upregulation 

of LSD1 after olaparib treatment, with (F) showing a corresponding reduction in H3K4me2, 

which is demethylated by LSD1. *P≤0.05, **P≤0.01, ***P≤0.001, two-way ANOVA. 
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Figure 3.3: Treatment with olaparib failed to inhibit CSCs or cellular proliferation  

MDA-MB-231 cells were treated with olaparib for 24 hours. Cells were harvested and 

subjected to flow cytometry after staining with APC/CD44 and PE/CD24 (Materials and 

Methods, Section 2.6.1). (A) shows percentage inhibition of CSCs compared to control, 

followed by representative flow cytometry images. (B) MDA-MB-231 cells were treated with 

either olaparib or talazoparib at 3 different concentrations, and cellular proliferation was 

estimated with the WST-1 assay (Materials and Methods, Section 2.6.4). 
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3.1.2 PARP1 knockdown upregulates CSCs and resistance markers 

Given the effect of clinically used PARP inhibitors on CSCs and resistance markers, PARP1 

was next knocked down to confirm this effect. Previously in the Rao laboratory, PARP1 siRNA 

was used at different concentrations to knock down PARP1 in different BRCA mutant cell lines. 

Hence, the same PARP1 siRNA was used to validate these findings. MDA-MB-231 cells were 

treated with PARP1 siRNA at 5 nM and 10 nM using well-validated and established protocols 

in the Rao laboratory, University of Canberra (Zafar et al., 2014) (Materials and Methods, 

Section 2.4). PARP1 knockdown was confirmed by quantifying PARP1 mRNA expression and 

PARP1 protein expression. Total RNA was extracted after siRNA treatment for 48 hours 

followed by cDNA synthesis and qRT-PCR. All Ct (cycle threshold) values were normalised 

using the housekeeping gene peptidylprolyl isomerase A (PPIA) and standardised to mock 

siRNA sample values. There was significant depletion of PARP1 mRNA at both 5nM and 

10nM concentrations. An experiment was then performed to confirm adequate PARP1 protein 

depletion at 5 nM by measuring the total nuclear immunofluorescence intensity after staining 

with PARP1 primary antibody and a corresponding secondary antibody (Figure 3.4). This 

confirmed significant depletion of PARP1 protein with 5 nM PARP1 siRNA, so 5nM was used 

in subsequent experiments. 
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Figure 3.4 PARP1 knockdown optimisation      

PARP1 knock down was conducted with PARP1 siRNA at two different concentrations, 5 nM 

and 10 nM, with 5 nM previously established as an optimal concentration in our laboratory in 

other cell lines. After 48 hours of incubation with siRNA, cells were snap frozen at -80°C. 

Following RNA extraction and cDNA synthesis, TaqMan qRT-PCR was performed to quantify 

mRNA expression (Materials and Methods, Section 2.5). Both concentrations significantly 

depleted PARP1 mRNA expression (A). Figures (B), and (C) shows nuclear fluorescence 

intensity of PARP. The graph represents the means ± standard errors from three independent 

experiments. *P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, two-way ANOVA. 
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After establishing the optimal PARP1 siRNA concentration, subsequent experiments were 

conducted in BRCA wildtype MDA-MB-231 cells. EMT is regulated by large number genes 

and transcription factors with ever evolving complex pathways. Given the changes noted in 

ABCB5 and ALDH1A1, transcription factors involved in EMT (SNAI1/2, ZEB1) were 

explored.  MYC is a proto-oncogene increase RAD51 and confer resistance to PARP inhibition. 

MYC blockade has increased PARPi sensitivity of TNBC.(Carey et al., 2018) MYC expression 

positively correlated with PDL1 expression in lung cancer.(Kim, Kim, Kim, & Chang, 2017) 

Therefor, this experiment explored the changes in MYC and PD-L1 after PARP1 knockdown. 

In addition to CD44 mRNA, CD24 mRNA levels were measured which is often used as a 

negative marker of CSC, but some reports suggest a role in tumour progression and 

metastasis.(Lee et al., 2010) Transcription factors related to EMT were assessed, which 

revealed upregulation of SNAI2 on PARP1 depletion. Furthermore, the mRNA expression of 

the CSC surface markers CD44 and ALDH1A1 increased after PARP1 knockdown (Figure 

3.5). Interestingly, CD24 was also upregulated, with no changes seen in ZEB1 or SNAI1 mRNA 

expression. However, SNAI1 protein expression increased after PARP1 knockdown. 

Consistent with the PARPi data in Section 3.1.1, PARP1 knockdown resulted in a small but 

significant increase in LSD1 expression and a decrease in H3K4me2 expression. MYC was 

upregulated by PARP1 knockdown and PARPi along with upregulation of PD-L1 expression. 

MYC is overexpressed in many cancers and associated with a poor prognosis (Lonn, Lonn, 

Nilsson, & Stenkvist, 1995; Roncalli et al., 1994). MYC reduces cellular adhesions, tumour 

invasiveness, and EMT via the micro(mi)RNA miR-9, which inhibits E-cadherin (Cho, Cho, 

Lee, & Kang, 2010). In summary, this experiment shows, MYC upregulation caused by PARP 

depletion promoted EMT and the generation of a CSC-like population and may contribute to 

immune resistance by upregulation of PD-L1 expression. 
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Figure 3.5: PARP1 knockdown increases resistance marker and LSD1 expression 

The effect of PARP1 knockdown on mesenchymal markers and transcription factors related to 

EMT/CSC was explored. MDA-MB-231 cells were incubated with 5 nM PARP1 siRNA for 

48 hours (Materials and Methods, Section 2.4) followed by either RNA extraction and cDNA 

synthesis, which were then amplified by qPCR, or fixation of cells for immunofluorescence 

staining. (A and B) mRNA expression, (C and D) immunofluorescence intensity of 

mesenchymal markers after PARP1 knockdown, (E) PD-L1, (F) LSD1, and (G) H3K4me2.  

Figures show the relative fold changes in mRNA expression or changes in total nuclear 

fluorescence intensity (TNFI) or total cytoplasmic fluorescence intensity (TCFI). *P≤0.05, 

**P≤0.01, ***P≤0.001, ****P<0.0001, two-way ANOVA. 
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3.2 PARP1 and LSD1 strongly colocalize in human TNBC tissues 

Initial experiments established the effects of PARP1 knockdown on EMT/CSC-related 

transcription factors and genes. In addition, LSD1 was upregulated following PARP1 

knockdown. LSD1 expression is elevated in a number of different cancer types including 

bladder, lung, ovarian, and prostate cancers, which is associated with poor prognosis (Hayami 

et al., 2011). Our laboratory previously established that LSD1 plays a key role in EMT and 

maintenance of CSCs (Boulding et al., 2018). However, LSD1 depletion or drug inhibition 

alone failed to promote cell inhibition in MDA-MB-231 cells, which predominantly consist of 

mesenchymal dedifferentiated TNBC cells. 

Given the initial finding and relationship between PARP1 knockdown and LSD1 (and EMT), 

the spatial relationship of PARP1 and LSD1 was explored in human breast cancer tissues as a 

first step. Ten specimens from resected brain metastases from TNBC patients were collected 

and analysed by immunofluorescence microscopy after staining with LSD1 and PARP1 

fluorescent antibodies. A total of 15,000 cells per patient were counted, and 87% of the cell 

population were CSV/PARP1/LSD1-positive. PARP1 and LSD1 showed strong nuclear 

colocalisation, with Pearson’s correlation coefficients (PCCs) of 0.6 (Figure 3.6), where a PCC 

>0.4 is considered a strong association.  
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Figure 3.6: LSD1 and PARP1 show strong colocalisation     

Ten human brain metastatic tissues from patients who had undergone craniotomy were 

obtained from The Canberra Hospital after obtaining appropriate ethical approval 

(ETH.11.15.217). Immunofluorescence staining was performed with primary and secondary 

antibodies as described in the Material and Methods, Section 2.6. CSV antibodies were used 

to identify cancer cells and DAPI was used to stain nuclei. PARP1 and LSD1 localised in the 

nucleus and showed a strong positive correlation, with a PCC of 0.6. 
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PARP1 and LSD1 consistently colocalised in MDA-MB-231 cells, with a PCC of 0.9. 

Colocalisation was lost after drug inhibition, which reduced nuclear LSD1 expression. (Figure 

3.7) This effect was seen with phenelzine but not with GSK. Our laboratory previously showed 

that phenelzine disrupts the CoREST complex and dissociates LSD1 from CoREST in 

macrophages; however, this effect was not seen with GSK. A similar mechanism may explain 

the disruption of colocalisation of PARP1/LSD1 after treatment with phenelzine but not with 

GSK. 

 

 

Figure 3.7: PARP1-LSD1 colocalisation after drug treatment. 

MDA-MB-231 cells were seeded into 12-well plates with a cover slip and incubated with the 

corresponding drugs. Cells were later formalin fixed and stained with PARP1 and LSD1 

primary antibodies, followed by staining with appropriate secondary antibodies (Materials 

and Methods, Section 2.6.2). Immunofluorescence intensity were measured by confocal 

microscopy and PCCs analysed by ImageJ 1.51n software.  Figure PCCs for each of the six 

groups. 
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3.3.1 PARP1 and LSD1 are predominantly nuclear biased with induction of epithelial to 

mesenchymal transition 

LSD1 expression is proportional to the mesenchymal status of cells. EMT induction via PKC 

and/or TGF-β upregulates LSD1 to promote and maintain the dedifferentiated mesenchymal 

status.(Ambrosio, Sacca, & Majello, 2017; Wang et al., 2011) Previous experiments have 

shown that PKC-θ phosphorylates LSD1 to convert it to its active form, LSD1-s111p, which is 

mainly nuclear localised in most cell lines. Hence, it was prudent and the obvious next step to 

examine the role and status of PARP1 upon EMT induction. 

MCF-7 cells were stimulated for 60 hours with PMA, which is a strong PKC activator, followed 

by immunofluorescence staining and quantitative assessment of LSD1-s111p and PARP1 

proteins by confocal microscopy. PMA, via PKC activation, induces EMT and produces about 

10% mesenchymal stem like cells (CSCs) in MCF-7 cells, which is otherwise mostly an 

epithelial breast cancer cell line.(Zafar et al., 2014) In addition, ABCB5, another mesenchymal 

marker associated with CSCs, was assessed. 

There was upregulation of nuclear LSD1-s111p expression after induction of EMT, as 

expected. In this experiment, PARP1 and LSD1-s111p were nuclear biased in non-stimulated 

(NS) MCF-7 cells. Interestingly, this effect was associated with a marked increase in 

intranuclear PARP1 expression compared to cytosolic PARP1 (increase in fraction n/c; Figure 

3.8). 

PARP1 has a predominantly nuclear-biased enzymatic activity, which can increase over 500-

fold upon detection of DNA damage. PARP1 also ADP-ribosylates histones (mostly H1 and 

H2B), which enables decondensation of chromatin to facilitate the recruitment of DNA repair 

proteins to the site of DNA damage. However, PARP1 is not exclusively expressed in nuclei, 

with many studies showing variable PARP1 localisation (Domagala, Huzarski, Lubinski, 



90 
 

Gugala, & Domagala, 2011; Donizy et al., 2014; Rojo et al., 2012). These studies have also 

explored the prognostic implication of the subcellular localisation of PARP1, and PARP1 is 

associated with high-grade, ER-negative breast cancer and higher rate of death (Domagala et 

al., 2011; Rojo et al., 2012). Nuclear-biased PARP1 has also been associated with higher rates 

of recurrence and metastasis (Donizy et al., 2014). In this study, PARP1 expression was 

dynamic, with nuclear translocation upon stimulation with PMA, where the epithelial 

phenotype is transformed into the more aggressive, basal-like mesenchymal phenotype. This 

sequence was associated with a concurrent increase in phosphorylated LSD1 (LSD1 s111p). 

Previous experiments from our laboratory demonstrated the role of PKC-θ in phosphorylating 

LSD1 at the nuclear localisation sequence (NLS) region at serine-111 to favour nuclear 

translocation during EMT (Boulding et al., 2018). These experiments now show a strong 

association between nuclear PARP1 and EMT in addition to LSD1 and PKC-θ. 
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Figure 3.8: PARP1 and LSD1 nuclear localisation after stimulation of EMT                      

2 x 106  epithelial MCF-7 mammalian breast cancer cells were seeded in 1 mL of complete 

culture medium (Materials and Methods, Section 2.2.1) on 15 x 15 mm coverslips placed in 

12-well plates overnight before being stimulated with 0.65 ng/mL phorbol 12-myristate 13--

acetate (PMA) for 60 hours (Materials and Methods, Section 2.2.2). PMA is a PKC pathway 

activator that induces EMT and produces a 5-10% CD44hi/CD24lo CSC population. Samples 

were fixed with 4% paraformaldehyde, followed by immunofluorescence staining and imaging 

by confocal microscopy (Materials and Methods, Section 2.6). (A) PMA induced EMT in 

MCF-7 cells and produces about 10% CSCs. (B),(C) shows upregulation of TNFI of PARP, 

ABCB5, and LSD1p in stimulated MCF-7 cells compared to non-stimulated samples. (D) 

shows fractional n/c in non-stimulated (NS) cells and stimulated (ST) MCF-7 cells. The graphs 

show means ± standard errors from two independent experiments. *P≤0.05, **P≤0.01, 

***P≤0.001, ****P<0.0001, two-way ANOVA. 
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3.3.2 LSD1 nuclear entry is critical for PARP1 intranuclear concentrations 

Nuclear PARP1 intensity increased with stimulation (with a parallel increase in LSD1-s111p) 

of EMT with PMA. Hence it was postulated that prevention of LSD1 nuclear translocation may 

prevent nuclear localisation of PARP1. The N-terminal flexible region of LSD1 contains a 

nuclear localisation signal (NLS) motif, which is vital for nuclear translocation of LSD1 (Jin 

et al., 2014). A mutation in the NLS motif would significantly reduce the nuclear translocation 

of LSD1. To further establish the association between PARP1 and LSD1p, NLS mutant and 

wild type cells were used. MCF-7 cells were transfected with full-length LSD1 expressing 

plasmids or NLS-mutant plasmids (containing a mutation at serine-111 to alanine to prevent 

phosphorylation at this site): LSD1 wild-type MCF-7 (LSD1-WT) and the LSD1 NLS-mutant 

(LSD1-Mut) MCF-7 cells, respectively. 

 

Nuclear PARP1 and LSD1p expression were analysed along with two other stem cell markers 

associated with poor prognosis, ABCB5 and ALDH1A1, utilising the ASI digital platform 

technology. ABCB5 or ALDH1A1 was used to identify cells with stemness features. 

Transfection with LSD1-WT significantly increased the ABCB5+ cell population (considered 

CSCs), and >50% of cells were also positive for nuclear LSD1-s111p expression along with 

PARP1 positivity. Conversely, there was a >50% reduction in the PARP1+/LSD1-

s111p+/ABCB5+ population in LSD1-NLS mutant MCF-7 cells (Figure 3.9). 

To further establish the correlation between LSD1-s111p and PARP1, LSD1-related 

complexes and proteins were examined. CoREST was initially identified as a transcriptional 

corepressor for REST (repressor element 1-silencing transcription factor; (Andrés et al., 1999)) 

and later purified as part of a  transcriptional corepressor complex comprising LSD1/KDM1A 

and histone deacetylases 1 and 2 (HDAC1/2) (You, Tong, Grozinger, & Schreiber, 2001).  

CoREST is vital for a number of functions attributed to LSD1 (Tan et al., 2019). ALDH1A is 
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a detoxifying enzyme responsible for the oxidation of retinol to retinoic acid, which is essential 

for the early differentiation of stem cells (Chute et al., 2006).  

 

Increased ALDH1A activity has been detected in normal and malignant stem/progenitor breast 

cells and can serve as an indicator for poor prognosis and a marker of CSCs (Ginestier et al., 

2007). Here, the ALDH1A1+ population tripled after LSD1 transfection compared to controls, 

with a concomitant rise in PARP1+/CoREST+ cells, i.e., a total triple-positive cell population 

if >30%. As predicted, this population was lower in LSD1-NLS mutant cells (<5%). 

Collectively, overexpression of nuclear LSD1 induced CSCs without the need for stimulation 

by PMA (via PKC activation), and the majority of those CSCs also expressed PARP1 and 

CoREST with upregulation of EMT/CSC proteins. Taken together, these data suggest a 

potential role for nuclear PARP1 in EMT/CSCs and raise the possibility of a PARP1-CoREST 

complex interaction. Indeed, PARP1 inhibition by olaparib reduced CoREST complex 

formation (Figure 3.14). 

 

 

 

 

 

 

 

 

 

 

 



95 
 

 

Figure 3.9: Overexpression of nuclear LSD1 induces EMT/CSCs and upregulates nuclear 

PARP1        MCF-7 cells were transfected with full-length LSD1 expressing plasmids or NLS-

mutant plasmids (containing a mutation at serine-111 to alanine to prevent phosphorylation at 

this site): LSD1 wild-type MCF-7 (LSD1-WT) and LSD1 NLS mutant (LSD1-Mut) MCF-7 

cells, respectively. (A) shows the PARP1+/LSD1-s111p+/ABCB5+ cell population in the three 

groups (VO: vehicle only, LSD1-WT, LSD1-NLS MT). (B) shows the 

PARP1+/CoREST+/ALDH1A1+ cell population in the VO, LSD1-WT, and LSD1-NLS MT 

groups.  

LSD1-WT: PEGRRTSRRKRAKVEYREMDESLANLSEDEYYSE 

Lsd1-Mut: PEGRRTARRKRAKVEYREMDESLANLSEDEYYSE 

*P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, two-way ANOVA. 
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3.4: Combined phenelzine and olaparib synergistically inhibit cell proliferation and CSC 

formation 

Experiments thus far have demonstrated that PARP1 knockdown or treatment with PARPi 

alone failed to inhibit the CSC population in MDA-MB-231 TNBC cells. In addition, PARP1 

depletion resulted in upregulation of selected EMT/CSC markers, namely CD44, ALDH1A1, 

SNAI1, SNAI2, MYC, PD-L1, and LSD1. PARP1 also colocalised strongly with LSD1 and 

seemed to interact at that nuclear level in EMT. LSD1 is associated with and induces 

EMT/CSCs, while LSD1 inhibition has been shown to reduce stemness markers. However, 

LSD1 inhibition (with pargyline) failed to inhibit CSC population MDA-MB-231 TNBC cells, 

as seen in previous experiments in the laboratory.(Boulding et al., 2018) Hence, LSD1 

inhibitors were used in combination to determine whether they could reverse the effect of 

PARPi on EMT/CSC formation. Phenelzine is an antidepressant known to inhibit LSD1 and 

differs from the clinically available LSD1 inhibitor GSK2879552 (GSK). Phenelzine is also 

capable of disrupting the CoREST complex by binding to the TOWER domain in addition to 

the FAD domain, while GSK only binds at the FAD domain with less disruption to the CoREST 

complex (Tan et al., 2019) . 

 

3.4.1 Combination therapy inhibits cell proliferation compared to treatment with single 

agents alone 

Three PARP1 inhibitors (olaparib, veliparib, and talazoparib) and two LSD1 inhibitors 

(phenelzine and GSK) were tested in three different cell lines (MDA-MB-231, 4T1, and B16). 

Talazoparib is the most potent PARP1 inhibitor with the highest “trapping” potential, while 

veliparib has the lowest “trapping” potential.(Shen. et al., 2015) Olaparib has been more 

commonly used in clinical practice and on the market for the longest. Phenelzine is an 
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antidepressant medication also known to inhibit LSD1 (Prusevich et al., 2014), while GSK is 

another irreversible LSD1 inhibitor currently in clinical trials (Mohammad et al., 2015). 

 

The WST-1 cell proliferation assay was performed with 3 x 103 cells, treated with the relevant 

drugs at different concentrations. After 72 hours, cells were stained with WST-1 reagent and 

read on a spectrophotometer at 450 nm. Percentage inhibition in cell proliferation was 

estimated based on the spectrophotometric reading. Readings were normalized to cells treated 

with DMSO.  
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Figure 3.10: Phenelzine/PARP inhibitor combination inhibits cell proliferation in MDA-

MB-231 cell lines 

A total of 3 x 103 MDA-MB-231 cells were seeded in 96-well plates and incubated with drugs 

for 72 hours. Cell proliferation was estimated with the WST-1 assay (Material and Methods, 

Section 2.6.4). Figure shows the percentage of cell proliferation in MDA-MB-231 cells after 

treatment with phenelzine (A) and GSK (B). Figures (C) and (D) show percentage inhibition 

of cell proliferation at 72 hours.  Olaparib (Ola) was used at 5 nM, 250 nM, and 5 uM), while 

talazoparib (Tal) was used at 0.5 nM, 1 nM, and 500 nM. Experiments were conducted in 

triplicate. Ph, phenelzine; GSK, GSK2879552. *P≤0.05, **P≤0.01, ***P≤0.001, Student’s t-

test. 
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In MDA-MB-231 cells, both olaparib or talazoparib alone did not have any effect on cell 

proliferation, while phenelzine resulted in only mild inhibition. However, phenelzine combined 

with either olaparib or talazoparib showed significant inhibition of cell proliferation at all three 

concentrations; this effect was not seen with veliparib. GSK did not show any synergistic 

activity with olaparib or talazoparib (Figure 3.10). Phenelzine or phenelzine/PARPi 

combination showed inhibition to cell proliferation, therefore statistical analysis was 

performed between phenelzine and phenelzine/PARPi (lowest concentration). Statistical 

analysis were not performed, given all other groups showed cell growth. 

There was mild inhibition of cell proliferation with phenelzine in 4T1 cells (10-15%) and 

moderate inhibition (~25%) in B16 cells. There was no inhibition of 4T1 cells with olaparib; 

in fact, cell proliferation increased after incubation with olaparib. There was 10-25% inhibition 

with olaparib in B16 melanoma cells, with the greatest inhibition seen at the 5000 nM 

concentration. Talazoparib, a highly potent PARPi, did not inhibit cell proliferation in 4T1 cells 

but moderately inhibited B16 cells by 20-30%. Interestingly, combining phenelzine with either 

olaparib or talazoparib resulted in almost 100% proliferation inhibition in 4T1 and B16 cells, 

while about 25% cell inhibition was seen in MDA-MB-231 cells at 4 hours. Such synergistic 

inhibition was not seen with the GSK/PARP inhibitor combination (Figure 3.11). 
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Figure 3.11: Phenelzine/PARP inhibitor combinations inhibit cell proliferation in 4T1 

and B16 cell lines 

A total of 3 x 103 cells were seeded and incubated with the corresponding drugs for 72 hours. 

Cell proliferation was estimated with the WST-1 assay as described in the Material and 

Methods. Olaparib (Ola) was used at 5 nM, 250 nM, and 5000 mM, while talazoparib (Tal) 

was used at 0.5 nM, 25 nM and 500 nM. Phenelzine and GSK were utilized at 250 µM and 500 

µM. Figure shows percentage inhibition of cell proliferation at 72 hours using triplicate 

experiments. Ph, phenelzine; GSK, GSK2879552.  
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3.4.2 Phenelzine/olaparib synergistically inhibits the CD44hi/CD24lo population 

Previous experiments conducted in our laboratory showed that LSD1 inhibition with 

phenelzine or pargyline had no effect on MDA-MB-231 populations. The MDA-MB-231 cell 

line is a triple-negative breast cancer cell line containing >90% CSC-like cells. Olaparib and 

veliparib were used as PARPi at 5 nM and 250 nM for optimisation purposes. GSK2879552 

and phenelzine were used for LSD1 inhibition at 250 uM and 500 uM, with these doses 

previously optimized by our laboratory after many years of experience in using both drugs in 

different cell lines. Cells were incubated for 24 hours after drug addition before being harvested 

for staining with CD44 and CD24 antibodies and Hoechst dye for FACS. 

 

CSCs were identified as CD44hiCD24lo cells. FACS confirmed that MDA-MB-231 cells are 

>90% CSCs. Addition of combined olaparib and phenelzine significantly reduced the CSC 

population (Figure 3.12). CSC inhibition was ~25% with the combination, twice as high as 

combined LSD1/PARP1 knockdown (Figure 3.17). Either drug used as a single agent did not 

show any reduction; in fact, there was a minor upregulation of CD44+/CD24- cells in the 

olaparib group. A similar effect was seen with both olaparib concentrations, so 5 nM was 

chosen for repeat experiments. Statistical analysis was performed between phenelzine or 

olaparib  and phenelzine/olaparib combination to show the synergism. No analysis was 

performed for GSK or GSK combination given the lack of CSC inhibition.  

Veliparib did not reduce the CSC population either as single agent or in combination with 

phenelzine (Figure 3.12). Veliparib, although it has comparable catalytic activity to olaparib, 

differs in other respects from olaparib. Importantly, veliparib has minimal PARP “trapping” 

effect compared to olaparib. Trapping of PARP on DNA has recently been identified as potent 

cytotoxic mechanism, potentially more crucial than its catalytic activity.(Hopkins et al., 2019) 

In addition, this is also likely to modify chromatin and affect its open status. This experiment 



104 
 

for the first time showed synergy between PARP1 and LSD1 inhibition and their ability 

downregulate the highly resistant stem cell-like population. 
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Figure 3.12: Combined phenelzine/olaparib significantly inhibits the CSC population 

Representative gating images showing the CD44hi/CD24lo CSC population in control/CTRL 

(A), after treatment with phenelzine+olaparib 5 nM (B), phenelzine+oalparib 250 nM (C), 

GSK+olaparib 5 nM (D), GSK+olaparib 250 nM (E), olaparib 5 nM (F), phenelzine (G). Figure 

(H) shows the percentage inhibition of CSCs with 5nM olaparib, and (I) shows the comparative 

changes in the CSC population between olaparib and veliparib. Experiments were performed 

in quadruplicate.  *P≤0.05, **P≤0.01, ***P≤0.001, two-way ANOVA.   
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3.4.3 Phenelzine reverses the changes induced by olaparib 

In this section, LSD1 changes after treatment with phenelzine or Olaparib were subjected to 

statistical analysis to confirm the effect seen in the initial experiments. Further statistical 

analysis of changes in EMT related genes and transcription factors were performed between 

combination and single agents to show synergism. Consistent with the mRNA knockdown data, 

olaparib treatment resulted in upregulation of the transcription factors SNAI2 and ZEB1 as well 

as LSD1. CD44 was overexpressed after treatment with olaparib (5nM) or phenelzine alone; 

however, significant downregulation was seen after combination treatment. Combination 

therapy also significantly downregulated MYC and upregulated CDH1 (Figure 3.13). E-

cadherin (encoded by CDH1) is an epithelial cell marker, and E-cadherin protein analysis 

revealed significant upregulation after combination treatment with phenelzine/olaparib but not 

with GSK/olaparib. Mild induction of the CDH1 promoter was seen after treatment with 

phenelzine or olaparib alone; however, E-cadherin expression was repressed. 

LSD1 binds to CoREST via the Tower domain and phenelzine, but not GSK, is known to 

disrupt this binding. (Tan et al., 2019) As noted in section 3.4.2, phenelzine/olaparib 

combination inhibited CSC, while GSK/olaparib  failed to inhibit CSC. Therefore, CoREST 

expression was analysed after drug treatment to elucidate the mechanism of action and 

synergism two different LSD inhibitors and olaparib. Consistent with the literature, CoREST 

was significantly downregulated by phenelzine treatment compared to CTRL and GSK. 

CoREST expression was lowest after treatment with phenelzine/olaparib combination therapy, 

suggesting a potential interaction between PARP1 and the LSD1/CoREST complex (Figure 

3.14).  
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Figure 3.13: Combined phenelzine/olaparib results in differential expression of EMT 

genes 

MDA-MB-231 cells were treated with either phenelzine or olaparib or a combination of both. 

Cells were harvested and RNA was extracted, followed by cDNA synthesis and analysis by 

qRT-PCR using relevant TaqMan probes (Materials and Methods, Section 2.5.4). 

Experiments were conducted in triplicate. *P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, 

Student’s t-test. 
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Figure 3.14: CoREST and E-cadherin expression after drug treatment. 

MDA-MB-231 cells were seeded into 12-well plates with cover slips. After incubation with 

the treatment of interest (drugs or siRNA), cells were fixed with 4% paraformaldehyde. 

Immunofluorescence staining with primary antibodies and corresponding secondary antibodies 

was as described in the Materials and Methods, Section 2.6.2. (A) CoREST TNFI was 

significantly reduced after treatment with phenelzine and combined phenelzine/olaparib. (B) 

E-cadherin was significantly upregulated after treatment with combined phenelzine/olaparib. 

Experiments were conducted in triplicate. *P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, 

Student’s t-test. 
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3.4.4 Nuclear LSD1-s111p is key for mesenchymal cell proliferation 

LSD1 overexpression is associated with aggressive cancer phenotypes and an increased 

proportion of S-phase cells. Nuclear localisation of LSD1 may contribute to aggressive 

phenotypes (Jin et al., 2014; Yabuta & Shidoji, 2019). As shown in Chapter 3, Sections 3.3.1 

and 3.3.2, LSD1 was nuclear biased in non-stimulated MCF-7 cells; however, its nuclear 

fraction increased significantly (along with PARP1) after induction of EMT. Transfection with 

LSD1-WT plasmids significantly increased the aggressive cell phenotype and prevention of 

nuclear LSD1 entry inhibited this cell population. Given the role of nuclear LSD1 in EMT and 

CSCs, a specific novel competitive peptide inhibitor (L1) targeting a bipartite NLS of LSD1 

was designed. The NLS signal was identified using the NLS Mapper predictive tool. After 

optimisation, MDA-MB-231 cells were treated with either vehicle, L1, or combined 

L1/olaparib. Phenelzine and combined phenelzine/olaparib were used as control. Statistical 

analysis was performed to compare the effects of phenelzine vs L1 given the important role 

nuclear LSD1 in maintaining EMT/CSC. Indeed, L1 inhibited cell proliferation in MDA-MB-

231 cells significantly more than phenelzine. In addition, L1 inhibited CSCs as a single agent, 

whereas phenelzine did not have any effect, as previously. The L1/olaparib combination also 

inhibited CSCs more than L1 alone, but this difference was not significant (Figure 3.15). 
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Figure 3.15: Targeted nuclear LSD1-s111p inhibition overcomes resistance and 

synergises with olaparib 

A peptide was designed to inhibit nuclear LSD1. MDA-MB-231 cells were treated with either 

vehicle, phenelzine, L1, olaparib, or a combination of both. Cells were harvested and subjected 

to flow cytometric analysis after appropriate antibody staining. The L1 peptide inhibited cell 

proliferation in MDA-MB-231 cells at a much lower concentration than phenelzine (A). 

Significant inhibition of CD44hi/CD24lo cells was seen with L1 alone, L1/olaparib, and 

phenelzine/olaparib (B). Figure represents triplicate experiments. **P≤0.01, ***P≤0.001, 

****P≤0.0001 Student’s t-test. 
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3.5 Combined LSD1/PARP1 knockdown inhibits cancer stem cells 

3.5.1 LSD1 knockdown optimisation 

Before investigating the combined knockdown, the LSD1 siRNA concentration was optimised. 

Previously, 40 nM LSD1 siRNA was used successfully in our laboratory in different cell lines. 

Hence 40 nM and 20 nM concentrations were used with MDA-MB-231 cells. After incubation 

for 48 hours, cells were either fixed and stained for quantification of protein expression or 

harvested for RNA extraction followed by cDNA synthesis and qRT-PCR. All Ct (cycle 

threshold) values were normalised to the housekeeping gene PPIA and standardised to mock 

siRNA sample values. The qRT-PCR results showed significant suppression of LSD1 mRNA 

at both concentrations. Supporting this, immunofluorescence staining showed a significant 

reduction in LSD1 protein expression with 20 nM LSD1 siRNA (Figure 3.16). Hence, 20 nM 

was used in subsequent experiments. 

 

 

 

 

 



112 
 

 

 

Figure 3.16: LSD1 knockdown optimisation      

MDA-MB-231 cells were treated with LSD1 siRNA at two different concentrations, 20 nM 

and 40 nM, and incubated for 48 hours before RNA extraction and cDNA synthesis. LSD1 

depletion was confirmed by qPCR and analysing the nuclear LSD1 immunofluorescence 

intensity after staining with primary and appropriate secondary antibodies (Materials and 

Methods, Section 2.6). Both concentrations significantly depleted LSD1 mRNA after 48 

hours. Hence, LSD1 20 nM was chosen for further experiments. *P≤0.05, **P≤0.01, 

***P≤0.001, ****P<0.0001, two-way ANOVA. 
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3.5.2 PARP1 and/or LSD1 knockdown inhibits CSCs 

LSD1 knockdown previously failed to show significant inhibition in highly resistant MDA-

MB-231 cells consisting of >90% of stem-like cells (Boulding et al., 2018). PARP1 knockdown 

and olaparib resulted in upregulation of EMT and CSC markers, and combined 

phenelzine/olaparib inhibited CSCs at low concentrations. Hence to confirm the effect of 

combined LSD1/PARP1 depletion, combined PARP1/LSD1 knockdown was conducted.  

MDA-MB-231 cells were treated with PARP1 or LSD1 siRNA or a combination for 48 hours, 

followed by flow cytometric analysis to quantify the CSC population. Consistently, PARP1 or 

LSD1 knockdown alone did not affect the CD44hi/CD24lo CSC-like population. However, 

combined knockdown resulted in ~15% inhibition of CSCs (Figure 3.17). Statistical analsysis 

was performed to show the effect of combined siRNA knockdown compared to PARP1 or 

LSD1 (both concentration) knockdown.  
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Figure: 3.17 Inhibition of the cancer stem cell (CSC) population               

MDA-MB-231 cells were treated with either PARP1 siRNA (5 nM), LSD1 siRNA (20 nM and 

40 nM), or their combination for 48 hours.  Cells were then detached and stained with 100 μL 

of antibody cocktail (CD44/APS and CD24/PE) (Materials and Methods, Section 2.6.1). (A) 

shows flow cytometry plots of the CD44hi/CD24lo population in different groups. Figure (B) 

shows the percentage inhibition of the CSC population in the groups compared to mock siRNA-

treated samples. Experiments were repeated in triplicate. *P≤0.05, **P≤0.01, ***P≤0.001, 

two-way ANOVA. 
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3.5.3 Consistent changes in resistance markers after PARP1/LSD1 knockdown 

PARP1 and LSD1 knockdown were carried out in MDA-MB-231 cells. PARP1 and LSD1 

knockdown were confirmed by qRT-PCR, with reductions in their respective mRNAs. PARP1 

knockdown resulted in a small but significant increase in global LSD1 mRNA expression. 

Combined knockdown, however, was successful in depleting both PARP1 and LSD1 mRNA. 

LSD1 knockdown reduced PARP1 mRNA; however, this effect was only seen with 20 nM of 

LSD1 siRNA and not with 40 nM. SNAI2 was upregulated after PARP1 knockdown, but in 

contrast suppressed with LSD1 knockdown. SNAI2 and ZEB1 were significantly suppressed by 

combined PARP1/LSD1 knockdown. (Figure 3.18) In this figure statistical analysis was 

performed mainly between PARP knockdown vs PARP/LSD1 combined knockdown to show 

how LSD1 knockdown reverse the effect of PARP depletion. PARP1 changes after LSD1 

knockdown is also displayed, given it was an unexpected finding.  

 

CD44 mRNA expression increased after PARP1 knockdown, which was suppressed when 

combined with LSD1 knockdown. Interestingly, PARP1 knockdown also increased MYC 

oncogene expression. While LSD1 knockdown alone did not show much effect, MYC mRNA 

expression significantly reduced in combined PARP1/LSD1 knockdown compared to PARP1 

siRNA alone. 

 

Above experiment showed upregulation of E-cadherin after combined treatment with olaparib 

and phenelzine compared to control. (Fig 3.14) Supporting these data, CDH1 mRNA (gene that 

codes E-cadherin protein) expression was elevated four-fold after combined PARP1/LSD1 

knockdown (Figure 3.19), although mild overexpression was seen with PARP1 or LSD1 

knockdown alone.  ALDH1A1 and cell surface vimentin (CSV) protein expression were 
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significantly downregulated with combined LSD1/PARP1 knockdown. ALDH1A1 protein 

expression increased after PARP1 knockdown, while CSV expression was lower after PARP1 

and LSD1 knockdown alone. However, CSV protein levels in combined LSD1/PARP1 

knockdown was four-fold lower than control, three-fold lower the PARP1 knockdown, and 

two-fold lower than LSD1 knockdown. Of note, LSD1 knockdown did not reduce ALDH1A1 

protein expression, while it was significantly inhibited by combined PARP1/LSD1 knockdown 

(Figure 3.20). CSV protein inhibition was significantly greater with combinations compared 

to LSD1 knockdown alone, further supporting the interplay between LSD1 and PARP1. 
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Figure 3.18: Changes in transcription factors after PARP1 and LSD1 knockdown              

MDA-MB-231 cells were treated with the relevant siRNAs. Subsequent RNA extraction and 

qRT-PCR show changes in (A) PARP1, (B) LSD1, (C) SNAI2, and (D) ZEB1. *P≤0.05, 

**P≤0.01, ***P≤0.001, two-way ANOVA.                                               

  

 

 



119 
 

 

Figure 3.19 LSD1/PARP1 knockdown effects        

Bar charts show changes in the CSC surface marker CD44, MYC oncogene, and epithelial gene 

CDH1 after LSD1 or PARP1 knockdown. Statistical comparison was performed between 

PARP1 knockdown and PARP1/LSD1 combined knockdown to show how LSD1 depletion 

reverse the effects of PARP1 depletion. PARP1 knockdown upregulated CD44 and MYC which 

was statistically significant. CDH1 was upregulated in all groups compared to CTRL. Given 

this, statistical analysis was performed between single gene knockdown and combined 

LSD1/PARP1 knockdown to show the synergistic effect.Figures represent two independent 

experiments. *P≤0.05, **P≤0.01, ***P≤0.001, two-way ANOVA.     
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Figure 3.20: Combined LSD1/PARP1 knockdown synergistically inhibits CSC surface 

markers          

MDA-MB-231 cells were seeded on coverslips placed in 12-well plates and treated with 

PARP1 (5 nM) or LSD1 (20 nM) or combined PARP1/LSD1 siRNAs for 48 hours. Control 

samples were treated with mock siRNAs (Materials and Methods, Section 2.6.2). After 48 

hours, cells were fixed and stained with PARP1, CSV, or ALDH1A1. Figure (D) shows 

representative images of each antibody staining. PARP1 and LSD1 knockdown downregulated 

CSV expression; however, the effect was larger with the combination. ALDH1A1 was 

overexpressed after PARP1 or LSD1 depletion, and this effect was attenuated with combined 

depletion of PARP1 and LSD1. (A-C) show quantitative measurement of total nuclear 

immunofluorescence intensity (TNFI) of (A) PARP1 and (B) ALDH1A1 and (C) total 

cytoplasmic fluorescence intensity (TCFI) of cell surface vimentin (CSV). *P≤0.05, **P≤0.01, 

***P≤0.001, ****P<0.0001, two-way ANOVA. 
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3.6: Examination of LSD1-s111p and PARP1 chromatin binding on EMT/CSC gene 

promoters. 

As noted above, PARP1 and LSD1 were predominantly nuclear biased proteins, especially 

after EMT, in the mesenchymal state. PARP1 and LSD1 strongly colocalised in the nucleus 

with other LSD1-associated protein complexes like CoREST and other mesenchymal proteins 

like ABCB5. Hence, it was important to examine the chromatin binding of these proteins at 

key EMT/CSC gene promoters. MDA-MB-231 cells were treated with either vehicle, 

phenelzine, olaparib, GSK or combinations. Using chromatin immunoprecipitation, LSD1-

s111p and PARP1 occupancy were measured across the promoters of two key genes, CD44 

and uPAR. (Fig 3.21) uPAR and CD44 are CSC marker genes. Previous report from our lab 

shows they are induced after stimulation (of EMT) with PMA.(Zafar et al., 2014) PMA is an 

inducer of PKC- θ which in turn phosphorylate and activate LSD1. In many cancers CD44 

plays a crucial role in tumourigenesis and metastasis,(Jaggupilli & Elkord, 2012b) while uPAR 

induces EMT and CSC by activating various cell signalling pathways including RAS and 

PI3K.(Jo et al., 2010) Therefore CD44 and uPAR were chosen to investigate the effect of LSD1 

and PARP1 inhibition.   After treatment with olaparib, LSD1-s111p was enriched at the CD44 

(~50-fold rise) and uPAR (~600-fold rise) promoters. (Fig 3.22) However, LSD1-s111p was 

less enriched at these promoters in cells treated with both phenelzine and GSK as well as 

combined olaparib/phenelzine and olaparib/GSK. More interestingly, PARP1 was enriched at 

the CD44 promoter by nearly 400-fold in olaparib-treated MDA-MB-231 cells compared to 

control. (Fig 3.23) PARP1 enrichment was even prominent at the uPAR promoter, with a 

>5000-fold rise. PARP1 binding to the promoters of these genes was lower in cells treated with 

the LSD1 inhibitors phenelzine and GSK. PARP1 enrichment was higher in cells treated with 

combined olaparib/phenelzine and olaparib/GSK; however, binding was >50% lower than the 

PARP1 enrichment after treatment with olaparib.  
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PARP1 is a key DNA repair protein in cancer cells that helps to maintain viability while LSD1 

is a promotor of mesenchymal cell proliferation. Concomitant PARP1 and LSD1 enrichment 

at CD44 and uPAR EMT/CSC gene promoters after treatment with olaparib indicates that 

proliferation or survival of mesenchymal cells is maintained despite PARP1 inhibition and a 

global decrease in PARP1 (with olaparib). To confirm whether such enrichment does in fact 

promote transcription, drug-treated MDA-MB-231 cells were examined for RNA polymerase 

II (RNA pol II) enrichment. (Fig 3.24) As expected, RNA pol II was significantly enriched at 

CD44 (~700-fold) and uPAR (~10,000-fold) promoters after treatment with olaparib. LSD1 

inhibition reduced RNA pol II enrichment. Combination therapy also reduced the binding of 

RNA pol II compared with olaparib-treated cells. 
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Figure 3.21: Chromatin immunoprecipitation assay of LSD1 and PARP1 binding to 

chromatin 

MDA-MB-231 cells were treated with the corresponding drugs, and chromatin 

immunoprecipitation assay (ChIP) was performed to identify PARP1 and LSD1 binding sites 

(Materials and Methods, Section 2.5.6). Purified DNA was subjected to qRT-PCR with 

SYBR green uPAR and CD44 promoters. ChIP sequencing was also performed using the ChIP 

DNA.   
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Figure 3.22: LSD1-s111p enrichment after drug treatment 

MDA-MB-231 cells were seeded into 150 cm3 tissue culture flasks with 20 ml complete culture 

medium for 24 hours. Cells were then treated with either vehicle, phenelzine, GSK, olaparib, 

or a combination.  Cells were detached and crosslinked before ChIP (Methods and Materials, 

Section 2.5.5). qRT-PCR was used to examine the ChIP protein enrichment of target genes of 

interest. Enrichment of LSD1-s111p on CD44 and uPAR promoters is shown. 
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Figure 3.23: PARP1 enrichment after drug treatment 

MDA-MB-231 cells were seeded into 150cm3 tissue culture flasks with 20 ml complete culture 

medium for 24 hours. Cells were then treated with either vehicle, phenelzine, GSK, olaparib, 

or combination.  Cells were detached and crosslinked before ChIP (Methods and Materials, 

Section 2.5.5). qRT-PCR was used to examine the ChIP protein enrichment of target genes of 

interest. Enrichment of PARP1 on CD44 and uPAR promoters is shown. 
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Figure 3.24: RNA polymerase II enrichment after drug treatment 

MDA-MB-231 cells were seeded into 150cm3 tissue culture flasks with 20 ml complete culture 

medium for 24 hours. Cells were then treated with either vehicle, phenelzine, GSK, olaparib, 

or combination.  Cells were detached and crosslinked before ChIP (Methods and Materials, 

Section 2.5.5). qRT-PCR was used to examine the ChIP protein enrichment of target genes of 

interest. Enrichment of RNA polymerase II on CD44 and uPAR promoters is shown. 
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3.7 Examining the anti-tumour effect of combination therapy in vivo: mice 

Results thus far has shown synergistic inhibition of mesenchymal cell line MDA-MB-231 after 

treatment with PARP and LSD1 inhibitors. More importantly, LSD1 and PARP seemed to 

corporate in the promoting and maintaining EMT and CSC which was significantly inhibited 

by phenelzine and olaparib combined therapy. CSC were thought to be resistant to standard 

anticancer therapy and considered responsible for metastasis and recurrence. Hence, anti-

tumour effect and impact on metastasis from LSD1/PARP1 inhibition were examined in babl/c 

nude mice. (MDA-MB-231 is humanised TNBC model)   

 

 

 

 

 

 

Figure 3.25: Xenograft mouse model  

Five-week-old BALB/c nude mice were injected with MDA-MB-231 cells into the mammary 

fat pad. Once the tumour reached 50 mm3, mice were injected with vehicle or the desired drug/s 

intraperitoneally on a daily basis for 7 weeks. There were 6 groups: control, phenelzine, GSK, 

olaparib, phenelzine/olaparib, and GSK/olaparib. Each group contained five mice. Primary 

breast tumour volume and mouse weights were recorded daily. Mice were sacrificed on day 

35, followed by harvesting primary tumours and organs including ipsilateral axillary lymph 

nodes. 
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3.7.1: Combined phenelzine/olaparib inhibits early tumour growth  

Six-week-old BALB/c nude mice were injected with MDA-MB-231 cells into the mammary 

fat pad. Once tumours reached 50 mm3, all mice were treated with either vehicle or LSD1 or 

PARP1 inhibitor or combination intraperitoneally (Methods and Materials, Section 2.7, and 

Figure 3.25). All treatments were well tolerated without any significant adverse events noted 

over the course of treatment, especially the combination treatment. Tumour growth was 

significantly lower in the group treated with combined phenelzine and olaparib in the first three 

weeks of treatment (Figure 3.26). At the end of week 5, average tumour volumes were similar 

in the groups treated with olaparib and GSK/olaparib. Single agent phenelzine or GSK did not 

produce any significant differences in tumour volume. 
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Figure 3.26: Tumour growth  

BALB/c nude mice were injected with MDA-MB-231 cells into the mammary fat pad. Drugs 

were administered once tumours reached 50mm3. Figure shows tumour volume measurements 

according to days after treatment started. (A) shows the growth pattern over 35 days. (B) shows 

the growth pattern in the first 3 weeks of treatment. 
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3.7.2 Primary tumour analysis shows that combined phenelzine/olaparib significantly 

inhibits CSCs  

As described in chapter 2, primary tumour, and axillary lymph nodes were harvested from drug 

mice. Single cell suspension was made from portion of the primary tumour and rest were stored 

as FFPE. Lymph node samples were stored as FFPE. Both single cell suspension and FFPE 

samples were subjected immunofluorescence staining as described in chapter 2.   

Immunofluorescence analysis showed that PARP1 expression was not only reduced in 

olaparib-treated cells but also in phenelzine-treated cells. PARP1 suppression was greater with 

combined phenelzine/olaparib, but this was not statistically significant. ABCB5 was 

significantly inhibited by phenelzine and combined phenelzine/olaparib but not by GSK. 

ABCB5 mediates multidrug resistance in diverse malignancies and is overexpressed in CSCs 

(Guo et al., 2018). CSV is marker of CSCs, and CSV was significantly downregulated 

compared to the other groups. Using the ASI digital pathology platform, 

PARP+/CSV+/ABCB5+ cells, considered CSCs, were counted and expressed as a percentage of 

the total number of cells. Approximately 75% of cells were triple-positive in the control group, 

consistent with CSC-like MDA-MB-231 cells. The triple-positive population was repressed in 

all treatment groups; however, the greatest reductions were seen with combined 

phenelzine/olaparib and the reductions were not significant in the GSK groups (Figure 3.27). 

LSD1 was inhibited effectively in the phenelzine and phenelzine/olaparib group. Interestingly, 

LSD1 expression was upregulated in olaparib-treated mice and GSK-treated mice, while no 

change in LSD1 was seen after combined GSK/olaparib treatment (see Figure 3.28). This is 

consistent with the results obtained above; where LSD1 upregulation after PARP1 depletion 

was shown following treatment with olaparib, and after siRNA mediated PARP1 knockdown. 

This fact was also proven by LSD1 mRNA expression, as well as immunofluorescence 

staining. (Fig 3.2D,E, Fig 3.5 F,G, Fig 3.12 A). In addition, consistent result was noticed in 
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downstream H3K4me2 methylation status which is the target histone for LSD1. FFPE sections 

from primary tumours were stained with PARP1, LSD1, and CSV followed by counting the 

percentage of cells staining positive for CSV/LSD1/PARP1 above threshold. Vimentin is 

mainly expressed in cells of mesenchymal origin and is often used as a marker of EMT and 

CSCs. Again, over 40% of cells stained for CSV above the threshold along with positive 

staining for LSD1 and PARP1, suggesting a potential role for these two proteins in EMT/CSC. 

This triple-positive population was significantly inhibited by phenelzine/olaparib to 10% 

(Figure 3.29). 
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Figure 3.27: Primary breast tumours: mesenchymal protein expression 

BALB/c mice were inoculated with MDA-MB-231 cells. Once tumours reached 50 mm3, mice 

were treated with either vehicle, phenelzine, GSK, olaparib, or combinations. After 35 days of 

treatment, primary tumours were harvested and processed for either formalin-fixed paraffin-

embedded (FFPE) specimens or single cell suspensions. Single cell suspensions were fixed on 

slides by cytospinning and stained with appropriate primary and secondary antibodies using 

the BOND RX platform and analysed using the ASI digital pathology platform. (A) 

Representative immunofluorescence images (B) shows percentage of triple-positive cells, (C) 

PARP1 expression, (D) CSV expression, and (E) ABCB5 expression. Figure shows averages 

of each group (5 mice in each group)..  *P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, 

Student’s t-test. 
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Figure 3.28: Primary breast tumours: LSD1 s111p protein expression 

BALB/c mice were inoculated with MDA-MB-231 cells. Once tumours reached 50 mm3, mice 

were treated with either vehicle, phenelzine, GSK, olaparib or combinations. After 35 days of 

treatment, primary tumours were harvested and processed for either FFPE specimens or single 

cell suspensions. Single cell suspensions were fixed on slides by cytospinning and stained with 

appropriate primary and secondary antibodies using the BOND RX platform and analysed with 

the ASI digital pathology platform. Statistical analysis was performed show changes in LSD1 

after GSK, olaparib or phenelzine/olaparib combination. GSK v phenelzine was also analysed 

given both are know LSD1 inhibitors, but with differential mechanism and effect on LSD1.  

(A) Representative immunofluorescence images showing lack of LSD1 inhibition by GSK. (B) 

LSD1-s111p expression. Figure shows average of each group (5 mice in each group). *P≤0.05, 

**P≤0.01, ***P≤0.001, ****P<0.0001, two-way ANOVA. 
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Figure 3.29: Primary breast tumours: PARP/LSD1/CSV population analysis 

BALB/c mice were inoculated with MDA-MB-231 cells. Once tumours reached 50 mm3, mice 

were treated with either vehicle, phenelzine, GSK, olaparib or combinations. After 35 days of 

treatment, primary tumours were harvested and processed for FFPE specimens and stained with 

appropriate primary and secondary antibodies using the BOND RX platform and analysed with 

the ASI digital pathology platform. Figure A and B shows number of  CSV positive PARP1 

positive cells. Figure C shows number of CSV/PARP/LSD1 positive cells.  Figure shows 

average of each group (5 mice in each group). *P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, 

two-way ANOVA. 
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3.7.3 PARP1 may interact with the CoREST complex.  

LSD1 forms a complex with CoREST by binding to its Tower domain, and the LSD1-CoREST 

complex has been shown to promote demethylation of nucleosomes. Disruption of the LSD1-

CoREST complex may be crucial to the activity of LSD1 inhibition (Tan. et al., 2019). Given 

the interaction with LSD1 and PARP1, it is possible that PARP1 may also complex with 

CoREST. Hence, FFPE samples were stained with LSD1, PARP1, and CoREST. 

LSD1+/PARP1+ cells were significantly depleted in the phenelzine/olaparib group, but were 

higher than control in the GSK groups. PARP1+/CoREST+ cells were low in the phenelzine 

group, as expected; however, they were significantly lower in olaparib-treated mice as well as 

phenelzine/olaparib-treated mice, raising the possibility of an interaction between PARP and 

CoREST (Figure 3.30). 
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Figure 3.30: Mouse primary tumour analysis 

MDA-MB-231 xenograft mice were treated with the corresponding drugs for 7 weeks followed 

by harvesting the primary tumour and organs. Harvested primary tumours were processed into 

FFPE samples, followed by immunofluorescence staining with BOND RX technology. The 

ASI digital pathology platform was used to analyse the data. Cytokeratin staining was used to 

identify cancer cells. (A) shows the percentage of PARP1+/LSD1+ cells, (B) 

PARP1+/CoREST+ cells, and (C) all positive cells. Data presented are average of each group 

(5 mice in each group). *P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, two-way ANOVA. 
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3.7.4: Phenelzine/olaparib reduces CSCs in nodal metastases  

Next, ipsilateral lymph nodes were examined by immunofluorescence microscopy. The ASI 

digital pathology platform was used to identify and quantify cells with an aggressive 

phenotype, i.e., CSCs. CSV+/LSD1+/PARP1+ cells were counted and were found to be present 

at significantly lower numbers in the phenelzine/olaparib group compared to others. EpCAM 

is a cell surface adhesion molecule, highly expressed in epithelial cancer cells (Barriere et al., 

2014). EpCAM is also expressed in CSCs but its expression seems to vary with the stage of 

EMT, where it may be downregulated at the end of EMT along with E-cadherin. EpCAM 

expression is associated with a poor prognosis and is induced again after MET (Hiraga, Ito, & 

Nakamura, 2016; Massoner et al., 2014). EpCAM-positive cells were significantly suppressed 

in the phenelzine/olaparib group, with a >50% reduction compared to controls. PARP1 

suppression was also significant in the phenelzine/olaparib group, and about 20% of cells were 

CSV+/LSD1+/PARP1+/EpCAM+ in the control group compared to nearly none in the 

phenelzine/olaparib group (Figure 3.31). 
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Figure 3.31: Ipsilateral lymph node assessment of BALB/c mice 

As described in the Methods and Materials, Section 2.7, BALB/c mice were inoculated with 

MDA-MB-231 cells and then treated with drugs of interest for 35 days intraperitoneally. After 

35 days, mice were sacrificed and ipsilateral lymph nodes harvested. These nodes were 

processed into FFPE specimens followed by immunofluorescence staining using BOND-RX 

technology and analysed using the ASI digital pathology platform. (A) shows EpCam 

expression in each group, (B) PARP1 expression, (C) the CSV+LSD1+PARP1+ cell population, 

and (D) the CSV+/LSD1+/PARP1+/EpCam+ cell population. Figure shows average of each 

group (5 mice in each group). *P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, two-way 

ANOVA. 
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3.7.5 Nodal metastases express high levels of nuclear LSD1 

Xenograft mice were treated with vehicle or PARP or LSD1 inhibitors and harvested tumours 

were assessed for their nuclear versus cytoplasmic expression (Fn/c) of LSD1 and PARP1. 

Interestingly, the LSD1 Fn/c almost tripled in nodal metastatic tissues compared to primary 

tumours in mice treated with vehicle. (Figure 3.32(C)) No significant changes were seen in 

PARP1. Phenelzine and combined phenelzine/olaparib significantly inhibited nuclear LSD1, 

with no changes seen after treatment with GSK. The Fn/c of PARP1 and LSD1 was 

significantly lower after combined phenelzine/olaparib treatment in nodal metastases, which 

supports the finding of the lowest population of CSCs seen in this group (Figure 3.32). 

Interestingly, treatment with phenelzine alone reduced nuclear PARP1 (but not GSK), again 

supporting the hypothesis of an interplay between nuclear PARP1 and LSD1.    
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Figure 3.32: Nuclear PARP1 and LSD1 were significantly downregulated by combined 

phenelzine/olaparib treatment 

BALB/c nude mice were treated with either vehicle, GSK2877952, phenelzine, olaparib, or 

combinations for 35 days. PARP1 and LSD1 showed strong nuclear localisation. The 

nuclear/cytoplasmic fraction of LSD1 and PARP1 in primary breast tumours (A,D) and lymph 

node metastases (B,E) was estimated using ImageJ software. The phenelzine/olaparib 

combination significantly inhibited nuclear LSD1 and PARP1 compared to all other groups. 

The nuclear fraction of LSD1 in control mice was significantly higher in nodal metastases 

compared to breast primary tissues (C), while PARP1 showed a similar Fn/c. Fn/c, fraction of 

nuclear versus cytoplasm.  *P≤0.05, **P≤0.01, ***P≤0.001, ****P<0.0001, paired t-test.  
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3.7.6 Phenelzine inhibits nuclear LSD1 more efficiently than GSK, with significant 

disruption to the CoREST complex 

The above experiments established a clear distinction between GSK and phenelzine in their 

effectiveness alone or in combination with olaparib. LSD1-s111p levels were significantly 

downregulated by phenelzine but not by GSK in mouse tumours (Figure 3.28). CoREST 

complexes were more significantly disrupted by phenelzine, with only a minimal effect seen 

with GSK (Figure 3.14). Hence, LSD1 activity was directly measured after treatment with 

phenelzine or GSK by measuring phosphorylated and non-phosphorylated LSD1 (LSD1p and 

LSD1np) and their direct target H3K4me2. Although GSK reduced LSD1np at higher 

concentrations, there was only a minimal effect in nuclear LSD1p (or LSD1-s111p). In fact, 

there was upregulation of LSD1p at low concentrations of GSK. Consistent changes were noted 

in the levels of H3K4me2, with reductions in methylation of H3K4.   However, phenelzine 

treatment downregulated LSD1np as well as LSD1p and upregulated H3K4me2 (Figure 3.33). 
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Figure: 3.33 Phenelzine consistently inhibits nuclear phosphorylated LSD1 

MDA-MB-231 cells were treated with different concentrations of GSK2879552 (GSK) or 

phenelzine, followed by cell fixation and immunofluorescence staining for LSD1 or LSD1-

s111p or H3K4me2. Graphs show changes in non-phosphorylated LSD1 (LSD1np) or 

phosphorylated LSD1-s111p (LSD1p) and corresponding changes in H3K4me2.  
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Discussion 

Given CSCs are resistant to most standard anti-cancer therapies, this chapter examined the role 

of PARP1 in EMT/CSCs and explored the interplay between PARP1 and LSD1. The results 

show the following: (1) PARP1 was involved in regulation of a number of EMT- and CSC-

related genes and proteins and, as hypothesized, PARP1 depletion resulted in upregulation of 

a number of resistance genes. (2) Combined PARP1 and LSD1 depletion reversed the effect of 

PARP1 inhibition and inhibited the CSC population. Combined phenelzine/olaparib inhibited 

cellular proliferation in three different cell lines and inhibited CSCs more substantially than 

mRNA knockdown. The trapping effect of the PARPi seemed to be more critical for the 

synergy than the catalytic activity; (3) Combined phenelzine and olaparib significantly 

inhibited early tumour growth and reduced nodal metastasis; (4) Phenelzine more effectively 

inhibited nuclear LSD1 and CoREST than GSK (another LSD1 inhibitor); (5) PARP1 and 

LSD1 strongly colocalised and were enriched in the nucleus after EMT induction; and (6) 

Olaparib treatment did not inhibit EMT/CSCs, as PARP/LSD1/Pol II were still enriched on 

EMT/CSC gene promoters after treatment with olaparib.     

This chapter first explored the role of PARP1 in EMT/CSCs. In this chapter, in addition to 

proving statistical significance, different methods are taken to confirm biological significance 

of the results.(Greenland et al., 2016) Firstly, more than one genes/transcription factors 

involved in EMT/CSC were examined to ensure consistency. Secondly, wherever possible each 

genes were examined with different assays; for example when relatively smaller changes in 

mRNA expression is seen, an immunofluorescence assays is conducted to establish the relevant 

protein expression in different experiments (Ex: ALDH1A1 mRNA expression after Olaparib 

treatment in Fig 3.2 B, ALDH1A1 protein expression after PARP1 knockdown in 3.5C, Fig 

3.20C). In addition, each experiments consists of atleast 3 biological repeats to ensure that 

changes were not due to chance. The robustness of these results could be further enhanced in 
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future experiments, especially in different cell lines.  The CSC surface markers CD44 and 

ALDH1A1 and the transcription factors SNAI1 and SNAI2 were upregulated after PARP1 

depletion in MDA-MB-231 cells. No changes were seen in ZEB1. In addition, LSD1 

upregulation was noted after PARP1 knockdown and inhibition. LSD1 regulates EMT in 

epithelial cells and plays a central role in the regulation of Pol II transcription (Ambrosio, 

Sacca, et al., 2017). Previous studies from our laboratory have shown that LSD1 is highly 

expressed in TNBCs and acts as a crucial regulator of EMT-related transcription factors, 

inhibition of which can potentially reverse EMT (Boulding et al., 2018). Hence, the next aim 

of this project was to explore the interaction between LSD1 and PARP1.  

 

PARP1 and LSD1 were strongly colocalised in human TNBC cancer tissues as well as in 

MDA-MB-231 cells, showing that the binding sites of these two proteins lie in close proximity 

or overlap and are likely related to common gene promoters. Inhibition of either LSD1 or 

PARP1 would be expected to disrupt such colocalisation (and reduce the PCC). Inhibition with 

phenelzine indeed reduced the PCC, as did combined phenelzine/olaparib treatment. However, 

treatment with GSK (another irreversible LSD1 inhibitor) failed to interrupt the colocalisation. 

Supporting this observation, Tan et al. previously reported that phenelzine but not GSK was 

capable of disrupting the CoREST-LSD1 complex (Tan et al., 2019). This project confirms a 

differential mechanism for phenelzine and GSK, where the former is able to bind to the FAD 

and CoREST domains, while GSK binds only to the FAD domain. In addition, olaparib did not 

reduce the colocalisation of PARP1/LSD1, suggesting persistent and close binding of these 

two proteins on chromatin despite treatment with olaparib alone. ChIP assays further confirmed 

that PARP1 and LSD1 proteins were enriched at key EMT/CSC gene promoters despite 

olaparib treatment, with global reductions in PARP1, whereas phenelzine disrupted the co-



152 
 

binding and enrichment. Concomitant enrichment of RNA Pol II suggests persistent active 

transcription and proliferation of CSCs (Figures 3.22-3.24). 

 

Previous experiments in our laboratory established an inducible MCF-7 model (Zafar et al., 

2014). MCF-7 is an epithelial ER+ breast cancer cell line. Upon stimulation with PMA, which 

is a PKC-θ activator, induced LSD1 can induce EMT and produce a 10-15% CSC population 

(Boulding et al., 2018). In this project, upon stimulation of EMT, LSD1 nuclear translocation 

increased significantly. PARP1 is predominantly a nuclear-biased enzyme; however, upon 

stimulation, PARP1 nuclear fluorescence intensity almost doubled. Some studies have 

indicated that the subcellular location of PARP1 is prognostic, suggesting nuclear PARP1 may 

be associated with TNBC and increased rates of recurrence and metastasis (Donizy et al., 

2014). The current study supports this finding, where induction of EMT  

and development of CSCs were associated with increased intranuclear PARP1 in conjunction 

with an increase in nuclear LSD1-s111p.  

ALDH1A1 has been linked to malignant transformation, a trait associated with CSCs, and is 

commonly used as a marker for breast CSCs. Vimentin (and CSV) is often used as a marker 

for EMT/CSCs, and is expressed mainly in cells of mesenchymal origin. In this study, 

ALDH1A1 protein expression increased after PARP1 knockdown, while addition of LSD1 

siRNA reversed the effect. It is interesting to note that LSD1 depletion alone was inadequate 

for inducing such changes, and in fact ALDH1A1 expression increased after treatment with 

LSD1 siRNA. PARP1 knockdown upregulated CSV protein expression. Similarly, as expected, 

LSD1 promoted CSV protein expression. Knockdown of both PARP1 and LSD1 reduced CSV 

expression; however, significant inhibition was seen with combined PARP1/LSD1 

knockdown. However, ALDH1A1 and VIM mRNA expression was upregulated with PARP1, 

LSD1, and combined PARP1/LSD1 knockdown. 
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Despite suppression of EMT genes and transcription factors, LSD1 knockdown failed to inhibit 

the CD44hi/CD24lo CSC population in MDA-MB-231 cells after treatment with 20 nM or 40 

nM LSD1 siRNA. Similarly, PARP1 knockdown had no effect on CSCs, despite optimal 

suppression of PARP1 protein expression. However, combined LSD1/PARP1 knockdown 

resulted in significant CSC inhibition in this BRCA-proficient TNBC cell line. PARP siRNA 

upregulated CDH1 transcription (E-cadherin). Consistent with this finding, Lai et al. (2018) 

showed that PARP1 knockdown upregulated E-cadherin expression with downregulation of 

vimentin in the PC3 prostate cancer cell line (Lai et al., 2018). However, in the current study, 

combined LSD1 and PARP1 knockdown enhanced CDH1 expression by 5-fold over control 

and two-fold more than PARP1 knockdown alone in MDA-MB-231 cells consisting of a >90% 

CSC-like population. With drug treatment, no significant changes were seen with olaparib, 

veliparib, phenelzine, or GSK. However, as expected, consistent with the double knockdown, 

combined olaparib/phenelzine more effectively downregulated the CSC population and 

induced epithelial markers (CDH1/E-cadherin) (Figures 3.12-3.14). The effect was almost 

twice that of combined siRNA depletion. 

Tumour growth was reduced in the xenograft mouse model (MDA-MB-231) treated with 

combined phenelzine/olaparib compared to either agent alone. Tumour growth inhibition was 

maximal in the first three weeks of treatment; however, at the end of the planned five week 

experiment, tumour volumes were similar to groups containing olaparib.  

EMT and MET are reversible and dynamic processes occurring in parallel and are regulated by 

multiple factors depending on the microenvironment. Acquisition of mesenchymal traits by 

carcinoma cells need not be permanent, as cells that pass through EMT while in the primary 

tumour may later revert to an epithelial state through MET, highlighting the plastic nature of 

these changes. Hence, at any given time, a primary tumour population may comprise non-CSC, 

CSC, and intermediate cells with both epithelial and mesenchymal features. However, EMT is 
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the predominant phase early in tumour formation (Tam & Weinberg, 2013). This sequence may 

explain the phenomenon (early tumour growth inhibition) seen in this xenograft model, where 

concurrent LSD1/PARP1 inhibition with phenelzine/olaparib inhibited CSCs (via 

PARP1/LSD1 inhibition) as well as non-CSCs (via PARP1 inhibition). Such early tumour 

growth inhibition was not seen in olaparib-treated mice, as there was minimal impact on CSCs 

in the early phase when EMT predominates. However, as the tumour progresses, MET 

dominates EMT, and the population of non-CSCs increases (bulk tumour); hence, the cytotoxic 

effect of olaparib becomes more prominent resulting in tumour growth inhibition. This effect 

may explain why tumour volume reductions were similar in all three groups treated with 

olaparib (olaparib alone, phenelzine/olaparib, GSK/olaparib) at the end of 35 days. This 

outcome is consistent with the finding that CSCs are enriched, despite reductions in bulk 

tumour volume (which contains non-CSCs), with standard anticancer therapies. In this setting, 

symptoms may improve but tumour recurrence is almost always the rule, resulting in a lack of 

survival advantage (Shibata & Hoque, 2019). Therefore, the results of this study may be 

important in preventing further tumour spread in advanced cancer settings and as well as being 

relevant in early adjuvant and neo-adjuvant therapy in breast cancer. It is important to note that 

PARPi show high pathological complete response rates (53%) in BRCA-deficient breast cancer 

patients in the neoadjuvant setting (Litton et al., 2020) and may well become standard of care 

in the future. In such cases, it will be critical to target EMT and CSCs to reduce recurrences 

and increase survival. 

Mouse primary tumour analysis was consistent with the in vitro data. There was a reduction in 

CSV and ABCB5 expression with olaparib treatment; however, these changes were 

significantly more prominent after combined olaparib/phenelzine treatment. LSD1 expression, 

consistent with the in vitro findings, was induced after PARP1 inhibition. About 45% of cells 

in primary FFPE samples of the control group were CSV+/PARP+/LSD+ compared to 35% in 
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nodal metastases in the control group. This triple-positive population is considered to represent 

cancer stem-like cells. In addition to early primary tumour growth inhibition, the aggressive 

triple-positive cancer cell population was significantly diminished in primary tumours and 

lymph node metastases of mice treated with phenelzine/olaparib. EpCAM+ cells were 

significantly reduced in lymph node metastases after phenelzine/olaparib combination 

treatment (Figures 3.30). In addition, LSD1+/PARP+/CSV+EpCAM+ cells were significantly 

suppressed with combined phenelzine/olaparib. These findings in lymph nodes suggest a low 

number of CSC (triple-positive) and non-CSCs (EpCAM+ bulk tumour) in metastases, likely 

as a result of inhibition of tumour-initiating CSCs in the primary tumour by combined 

LSD1/PARP1 inhibition, especially in the early stages.  

Finally, nuclear components of LSD1 and PARP1 seem to play an important role in EMT and 

metastasis. Nuclear PARP1 and LSD1 were enriched after EMT. Nodal metastases in mice 

were associated with higher nuclear LSD1. Phenelzine alone or in combination with olaparib 

significantly inhibited nuclear LSD1 and CoREST, which was not seen in GSK-treated mice. 

In addition, reductions in PARP1 levels after treatment with phenelzine (along with finding 

PARP1/CoREST-positive cells) suggest potential involvement and interaction of PARP1 in the 

CoREST-LSD1 complex. This study provides valuable information for future drug 

development, where targeting nuclear components of these proteins will be vital to derive 

optimal benefit.  

 

Conclusion  

In summary, this chapter explored the role of PARP1 in EMT and the 

development/maintenance of CSCs. It appears that PARP1 depletion upregulates the CSC 

population, EMT markers, and LSD1. Nuclear PARP1 and LSD1 seem to be key for EMT. 
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Enrichment of PARP1, LSD1, and RNA Pol II at EMT gene promoters supports the conclusion 

that, despite a global reduction in PARP1 and inhibition of non-CSCs (bulk tumour) after 

olaparib treatment, CSCs may be enriched and result in persistent proliferation and metastasis. 

While LSD1 knockdown or phenelzine inhibited EMT/CSC markers, there was no inhibition 

of CSCs. However, synergistic inhibition of CSCs was seen with combined LSD1/PARP1 

knockdown or combined phenelzine/olaparib in vitro and in vivo, which revealed primary 

tumour growth reductions as well as a reduction in lymph node metastases. 
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Chapter 4 

 

Identification of epigenomic addresses and 

transcriptomic footprints of LSD1 and PARP in 

breast cancer 
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Introduction 

The LSD1 protein is a transcriptional regulator that can function as co-repressor or co-activator, 

and its activity is strictly dependent on interactions with specific chromatin regulatory 

complexes. LSD1 often acts in association with protein complexes containing different 

transcriptional co-repressors, such as the REST corepressor (CoREST) and the nucleosome 

remodelling and deacetylase (NuRD) complexes. In these complexes, LSD1 works as a 

repressor, since it demethylates H3K4me1/2, a transcription activation marker. At the same 

time, LSD1 can act as a transcription activator by demethylating H3K9me2/3 (Kouzarides, 

2007). Furthermore, LSD1 may also regulate other off-target proteins by demethylation such 

as p53, E2F1, and DNMT1 (Ambrosio, Sacca, et al., 2017). 

LSD1 has been shown to play important roles in EMT and the development/maintenance of 

CSCs. EMT is a complex process where multiple transcription factors interact in complex 

networks to silence epithelial genes (e.g., E-cadherin) and activate mesenchymal genes (e.g., 

vimentin, fibronectin) (Thiery, Acloque, Huang, & Nieto, 2009). EMT leads to the 

development of CSCs with invasive and metastatic potential and a concomitant global increase 

in H3K4 and H3K36 and suppression of dimethylated H3K9. It is now well established that 

LSD1 cooperates with SNAI1 to suppress the epithelial gene CDH1 and promote EMT 

(Boulding et al., 2018). Furthermore, LSD1 can complex with the MYC oncogene. LSD1 

depletion seems to reactivate the expression of NDRG1, which is a MYC target gene, with 

resultant reductions in motility and invasiveness of neuroblastoma cells (Ambrosio, Amente, 

et al., 2017). However, contrary to expectations, LSD1 knockdown failed to show any effect 

on CSC populations in MDA-MB-231 cells (Boulding et al., 2018). 

Protein poly ADP-ribosylation (PARylation) is a post-translational modification at sites of 

DNA damage catalysed by PARP. PARP recruits key DNA damage repair proteins to the site 
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of single-strand repair and leads DNA repair by end joining, which is usually error prone 

compared to the error free HR repair mechanism. PARPi bind to PARP1 at sites of DNA 

damage and inhibit its catalytic activity, causing stalling and development of DSBs, which are 

usually repaired by the HR pathway. PARPi result in collapse of replication forks, genomic 

instability, and cell death in cells with defective HR repair pathways, known as synthetic 

lethality (Lord & Ashworth, 2017a). PARP inhibitors also “trap” the PARP1 to DNA and 

prevent autoPARylation, hence preventing the release of PARP1 from DNA damage sites 

(Strom et al., 2011). 

PARP1 is a pleiotropic enzyme with disparate functions including in multiple DNA damage 

response pathways, gene expression, cellular signalling, and chromatin/histone modification. 

Though DNA damage repair inhibition by PARPi is well studied and utilised clinically 

(synthetic lethality), emerging evidence suggests that the anti-tumour activity of PARPi may 

not only relate to DNA repair inhibition (e.g., trapping, acceleration of fork elongation, and 

chromatin modifications). PARP1 PARylates several target proteins, thereby modulating their 

functions. PARP1 may also control gene expression through the direct control of histone 

dynamics as well as through the coordination of epigenetic modifications, which include 

histone acetylation, methylation, and DNA methylation. PARylation may play a role in 

demethylation of H3K4me3. Krishnakumar et al. showed that PARP1 positively controlled 

KDM5B binding at the TSS of active genes, whereas inhibition of PARylation increased 

KDM5B binding and decreased H3K4me3/2 (Krishnakumar & Kraus, 2010). PARylation also 

controls H3K27me3 levels by regulating EZH2 gene transcription (Ciccarone et al., 2017). 

These data suggest that PARP1 not only acts as a key protein in DNA damage repair but is also 

important in the chromatin state via histone epigenetic modifications. In addition, the trapping 

effect of different PARPi may contribute to chromatin changes and hence synergism, as 
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indicated by the results in Chapter 3, where synergistic CSC inhibition was observed with 

olaparib but not with veliparib, which lacks trapping potential. 

In Chapter 3, it was apparent that PARP1 or LSD1 depletion (knockdown or drug inhibition) 

alone was insufficient for inhibiting the CSC population in the MDA-MB-231 TNBC cell line. 

However, combined PARP1/LSD1 knockdown or drug inhibition significantly inhibited CSCs. 

Most combination studies of PARPi have focused on DNA damage repair pathways, which are 

highly prone to the emergence of resistance by upregulation of alternative pathway gene/s. 

Chromatin/histone modifications and resultant differential gene transcription in one or more 

pathways may be more important to study, as they may likely reflect global changes in an 

intricate network of cancer progression pathways. PARP1-induced chromatin/histone 

modifications have not been well studied, especially in investigations of  PARPi combination 

therapy. Hence, this chapter explores the interaction between LSD1/PARP1 and how they 

cooperatively modulate unique histone/chromatin modifications and related specific gene 

transcription critical to the maintenance of EMT/CSCs. 

 

Aim: To identify the epigenomic addresses and transcriptomic footprints of LSD1 and 

PARP in breast cancer. 

 Explore post-translational modifications related to PARP1 and LSD1 depletion.  

 Explore global changes in gene transcription.  

 Understand the induced changes in different pathways involved in cancer progression.  

 Identify any novel biomarker(s). 
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4.1: Post-translational modifications 

LSD1 is a key demethylase of H3K4 and H3K9, thereby repressing or activating gene 

transcription, respectively. LSD1 participates in gene repression as part of the CoREST and 

NuRD complexes. H3K27me3 is another suppressive histone mark demethylated by 

KDM5A/B. LSD1 also demethylates lysine residues at several non-histone substrates such as 

p53, DNMT1 (DNA (cytosine-5)-methyltransferase 1), and E2F1 (Amente, Lania, & Majello, 

2013). Studies have shown, in addition to traditional demethylases, PARP1 can regulate histone 

methylation by PARylation of demethylases (Ciccarone et al., 2017). Therefore, histone post-

translational modifications (PTMs) and other off target-effects were examined next.  

LSD1/PARP1 regulates H3K4, H3K9, and H3K27 methylation status 

H3K4 demethylation at the CDH1 promoter leads to repression of E-cadherin expression and 

induction of EMT. H3K9 is also involved in EMT, where H3K9me2/3 levels are lowered with 

induction of EMT. H3K27 demethylation is reported to increase stemness features. Hence, the 

methylation status of these histones was examined next.  

 

4.1.1:  LSD1 and PARP1 regulate global H3K9 and H3K4 methylation 

H3K9me2 is a repressive mark associated with a heterochromatin state, where regions of 

chromatin remain in a condensed state throughout the cell cycle and are enriched in methylated 

DNA, hypoacetylated histones, and methylated histones like H3k9. In contrast, euchromatin is 

where chromatin is less condensed with active genes, and it associated with acetylated histones 

and methylated  H3K4 (Cebrià-Costa, Millanes-Romero, de Herreros, & Peiró, 2014). LSD1 

demethylates both H3K4 and H3K9, resulting in repression or activation of target genes.  
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This study explored H3K9 methylation status. Immunofluoresence was performed in MDA-

MB-231 cells after treatment with olaparib, phenelzine, GSK, or their combinations. No 

changes were seen after treatment with olaparib and, interestingly, no changes were seen after 

treatment with the irreversible LSD1 inhibitors phenelzine or GSK. However, H3K9me2 was 

significantly upregulated (>2-fold) after treatment with combined phenelzine/olaparib (Figure 

4.1). This overexpression of H3K9me2 was associated with significant downregulation of 

CD44hi/CD24lo CSCs.  
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Figure 4.1: Post-translational modification of H3K4 and H3K9 

MDA-MB-231 cells were seeded into 12-well plates with coverslips. After incubation with 

the treatments of interest (drugs or siRNA), cells were fixed with 4% paraformaldehyde. 

Immunofluorescence staining was performed with primary antibodies and corresponding 

secondary antibodies as described in the Materials and Methods, Section 2.6.2. (A) shows 

the methylation status of H3K4 after siRNA treatment, (B) after drug treatment, and (C) 

methylation status of H3K9 after drug treatment. 

A B 

C 
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 4.1.2:  LSD1 demethylates H3K27  

Enhancer of zeste homolog 2 (EZH2) catalyses H3K27. Methylated H3K27 is a gene repressor 

histone mark. PARP1 inhibition upregulates EZH2 and hence H3K27me3 levels. Here, EZH2 

was upregulated after PARP inhibition with olaparib; however, there was no change seen in 

H3K27me3, suggesting PARP1 may not have an effect on EZH2. However, this should be 

tested in different cell lines in order to further establish this. (Figure 4.2), with levels reducing, 

albeit non-significantly. Conversely, H3K27me3 was overexpressed after LSD1 inhibition 

with phenelzine and combined phenelzine/olaparib, though the magnitude of expression was 

lower than phenelzine alone in the combined group. LSD1/PARP1 knockdown produced 

similar findings. 
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Figure 4.2: Enhancer of zeste homolog 2 (EZH2) and H3K27me3 expression 

MDA-MB-231 cells were seeded into 12-well plates with coverslips. After incubation with 

treatments of interest (drugs or siRNA), cells were fixed with 4% paraformaldehyde. 

Immunofluorescence staining was performed with primary antibodies and corresponding 

secondary antibodies as described in the Materials and Methods, Section 2.6.2. (A), (B) 

shows representative images and TNFI of EZH2, (C) TNFI of H3K27me3 after treatment with 

siRNA, and (D) after drug treatment. Figures represent two independent experiments. *P≤0.05, 

**P≤0.01, ***P≤0.001, ****P<0.0001, Student’s t-test. 
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4.1.3: DNA methylation 

DNA hypermethylation is often observed and considered a trigger for carcinogenesis (Yoo & 

Jones, 2006). Hence, DNMT1 inhibitors have been tested in clinical trials as anti-cancer 

therapies. LSD1 is a known stabiliser of DNMT1, leading to DNA methylation (Wang et al., 

2009). In the current study, PARP1 and LSD1 knockdown increased DNMT1 levels, with 

reductions seen with combined LSD1/PARP1 depletion (Figure 4.3). 
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Figure 4.3: Figure shows the total nuclear fluorescence intensity (TNFI) of DNMT1 after 

LSD1, PARP1, or combined PARP1/LSD1 knockdown. MDA-MB-231 cells were treated 

with PARP1 and LSD1 siRNA as described in Materials and Methods, followed by 

immunofluorescence staining with relevant antibodies. TNFI was measured by confocal 

microscopy. Figure represents two independent experiments. *P≤0.05, **P≤0.01, ***P≤0.001, 

****P<0.0001, Student’s t-test. 
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4.2: PARP1 and LSD1 regulate anti-cancer immunity 

Cancer cells express immune checkpoint inhibitors that inactivate T cells to promote immune 

evasion and subsequent cancer progression and metastasis (see Chapter 1, Section 1.5). 

Although immune checkpoint inhibitors (ICIs) have emerged as novel breakthrough anti-

cancer treatments that restore T cell activity, the majority of the cancers still do not respond to 

ICIs. T cell recognition, recruitment, activation, and immune-mediated killing form a complex 

machinery involving numerous pathways and crosstalk. In this study, a number of these 

pathways and genes were explored, including PI3K/AKT/mTOR, JAK/STAT/LIF, HIF-1α, 

microRNA, MYC oncogene, and DNMT1 (Kim et al., 2017; Shen et al., 2019), and phenelzine 

and combined phenelzine/olaparib clearly regulated these pathways and genes. Programmed 

death ligand-1 (PD-L1) is expressed by cancer cells and inactivates T cells upon binding to the 

PD-1 receptor on T cells (Figure 4.4), but a number of other co-stimulatory signals contribute 

to this pathway. Hence, PD-L1 regulation by PARP1 and lSD1 were next explored.  
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Figure 4.4: PD-1-PDL-1 interaction between cancer cell and T cells. 

The cytotoxic T lymphocyteassociated antigen 4 (CTLA4)mediated immune checkpoint is 

induced in T cells at the time of their initial response to antigen. The major role of the 

programmed cell death protein 1 (PD1) pathway is to regulate inflammatory responses in 

tissues by effector T cells recognising antigen in peripheral tissues. 
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4.2.1: LSD1 depletion reverses the effect of PARP1 on PD-L1 

PARP1 inhibition/knockdown upregulated PD-L1 levels, consistent with the literature.(Jiao et 

al., 2017) However, LSD1 inhibition or knockdown significantly downregulated the PD-L1 

levels at the mRNA and protein levels. This LSD1 depletion-induced PD-L1 suppression was 

able to overcome PD-L1 induction caused by PARP1 inhibition (Figure 4.5). To confirm the 

downregulation of PD-L1 following LSD1 inhibition, circulating tumour cells (CTCs) isolated 

from liquid biopsies from TNBC patients were sub-cultured and treated with phenelzine ex-

vivo. Phenelzine, as expected, inhibited SNAI1 and vimentin as well as PD-L1 protein 

expression. On contrary some other reports in literature, LSD1 depletion downregulated PD-

L1 in this thesis. These results not only statistically significant, but also likely to be biologically 

significant as well given the consistent results seen after drug treatment, siRNA treatment in 

in-vitro studies as well as ex-vivo experiment.  
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Figure 4.5: Regulation of PD-L1 by PARP1 and LSD1.  

A total of 3 x 104 MDA-MB-231 TNBC cells were seeded in 12-well plates and treated with 

either siRNA or drugs. Cells were either fixed for immunofluorescence staining (Materials 

and Methods, Section 2.6.2) or used for RNA extraction and subsequent qRT-PCR (Materials 

and Methods, Section 2.5.1.2). qRT-PCR was used to analyse CD274 or PDL1 gene 

expression. (A) shows upregulation of PDL1 after PARP1 knockdown, while LSD1 

knockdown downregulated PDL1 gene expression and countered the effect of PARP1 

knockdown. (B) PDL1 mRNA expression was upregulated after treatment with olaparib, while 

LSD1 inhibition with phenelzine either alone or in combination downregulated PDL1. (C) 

Total cytoplasmic fluorescence intensity (TCFI) of PDL1 after siRNA knockdown. (D) 

Circulating tumour cells were isolated from patients with metastatic TNBC (n=6). CTCs 

underwent ex-vivo culture and incubation with phenelzine followed by fixation and antibody 

staining. Figure shows immunofluorescence intensity of PDL1, vimentin, and SNAI1  

D 
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4.3 Analysis of overall transcriptional changes in response to PARP1 and/or LSD1 

knockdown and inhibition 

Gene expression profiling has become an integral part of translational medicine.  Cancer 

development is dependent on gain-of-function mutations in proto-oncogenes that result in 

dominant oncogenes or overexpression of oncogenes, coupled with the loss or repression of 

tumour suppressor genes that lead to uninhibited cell division. Gene expression profiling can 

be used to explore the differences between normal and malignant cells to determine the genetic 

origin of faulty pathways characteristic of cancer and drug resistance and provide potential 

targets for cancer treatment. In addition, gene expression profiling can also help with 

identification of new biomarkers and gene signatures, which can later be used for downstream 

application and construction of complex pathways and networks. Gene expression profiling 

can be achieved through various assays including next-generation sequencing and gene 

expression panels. 

Gene expression profiling techniques like microarrays have facilitated the development and 

characterisation of breast cancer subtypes such as luminal A, luminal B, and HER2 amplified 

(Neve et al., 2006). In addition, multiple other gene expression panels are used in clinical 

practice for prognostication and to guide therapeutic decisions, for example OncotypeDX and 

PAM50 in breast cancer (Vieira & Schmitt, 2018). 

NanoString is an amplification-free technology for quantifying nucleic acids by direct 

counting. The NanoString system hybridises two probes to each target transcript in the solution 

phase: a biotin-labelled capture probe and a fluorescent barcode-labelled reporter probe. 

Reporter probes hybridise with specific RNAs in a sample, while capture probes lock them via 

avidin onto a static surface. Excess unhybridised probes are eliminated, and hybridised probe-

target complexes bind to the cartridge and are subsequently immobilised and aligned on the 
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cartridge. The NanoString nCounter Analysis System counts the immobilised RNAs using their 

barcodes to give accurate, reproducible RNA counts. 

 

The NanoString PanCancer Progression Panel was utilised in this study. This panel performs 

multiplex gene expression analysis of 770 genes in each step of the cancer progression process 

including: angiogenesis, extracellular matrix remodelling (ECM), EMT, and metastasis. (see 

Appendix 2 for complete list and annotations) Advanced 3D-enabled multi-analyte analysis 

provides a detailed analysis of individual genes and different pathways. 

50 ng of RNA per sample was loaded and run on the MmV1_CancerImm_CSO-MIP1–12 

Nanostring instrument for analysis of the NanoString PanCancer Immune Profiling Panel 

(NanoString Technologies). Sample were analyzed using the Advanced Analysis Module of 

the nSolver™ software (NanoString Technologies). Samples were normalized against positive 

controls and selected housekeeping genes using the geometric mean. Ideal normalization genes 

were determined automatically by selecting those that minimized the pairwise variation 

statistic. Transcription is expressed as fold-changes compared to control. Differential 

expression to identify specific targets was performed, and p-values were adjusted using the 

Benjamini-Hochberg procedure. Experiments were conducted with RNA extracted after 

treatment of MDA-MB-231 cells with siRNA (PARP1 or LSD1 or both) (Section 3.2.1) or after 

drug treatment with phenelzine, olaparib, GSK or their combinations (Section 3.2.2). The 

siRNA results represented a summed analysis of three individual experiments, while drug 

treatment results represented a summed analysis of two individual experiments. This chapter 

explores the gene expression pattern after siRNA or drug treatment to support the findings from 

qPCR results and CSC inhibition seen with combined PARP1/LSD1 depletion. More 

importantly, changes in different pathways involved cancer progression were analysed, 
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especially the EMT, CSC, and other pathways directly or indirectly involved in EMT and CSC 

to unravel key pathways involved in resistance and with potential to act as novel therapeutic 

targets. In addition, the differential effects seen with two different LSD1 inhibitors were further 

explored to further explore the mechanism. 

 

NanoString analysis was performed at the Westmead Genomics Core facility, which is 

supported by the Westmead Research Hub, the Cancer Institute New South Wales, the National 

Health and Medical Research Council, and the Ian Potter Foundation. 

QC measures were undertaken before each analysis, which revealed no QC flags in heatmaps 

of raw and normalised data. Significant clustering of data were seen of all covariates indicating 

a consistent effect in the repeats of the siRNA experiment (Figure 4.6) and drug treated 

experiment (Figure 4.9). Furthermore, principal component analysis (PCA) shows clear 

separation of four groups in the PC1 and PC2 analysis. 
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4.3.1 Combination PARP/LSD1 knockdown results in differential gene expression 

compared to PARP1 or LSD1 knockdown alone 

 

 

 

 

 

A 

B 
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Figure 4.6: NanoString gene expression profiling shows consistent results after siRNA 

knockdown in three independent experiments 

MDA-MB-231 cells were treated with relevant siRNAs for 48 hours. RNA was extracted as 

described in the Materials and Methods, Section 2.5.1.2, and subjected to NanoString gene 

expression analysis. (Material and Methods, Section 2.5.5). (A) Heatmaps of raw data (left) 

and normalised data (right) show solid yellow bars with no QC flags. Clustering of data 

coincides with all covariates. (B) Principal component analysis (PCA) shows clear separation 

of four groups in the PC1 and PC2 analysis, suggesting consistent changes between the 

treatment groups. (C) Scatterplot (left) shows that housekeeping genes are stably expressed and 

placed at the bottom of the graph.  Bar graph denotes number of p values in the significant 

range, close to zero.  

 

 

C 
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LSD1, PARP1, or combined siRNA groups were analysed against the mock siRNA group. 

mRNA expression was expressed as log2 fold changes in mRNA differential expression with 

statistical significance (<0.05). Combined siRNA treatment resulted in marked differential 

gene expression, as shown in Figure 4.7. A total of 70 genes were downregulated after 

combined siRNA, while 66 and 47 genes were downregulated after PARP1 and LSD1 siRNA 

treatment. Of these, 15% of genes were suppressed in all three groups, while 22% of genes 

were uniquely suppressed after combination siRNA treatment. Larger number of genes were 

upregulated after siRNA treatment (Figure 4.8). PARP1, LSD1, and combined siRNA 

treatment upregulated 163, 202, and 232 genes, respectively. Of the genes upregulated by 

combined siRNA, 146 genes were also upregulated by PARP1 knockdown and 157 genes were 

upregulated by LSD1 knockdown; however, 17% genes were solely upregulated by combined 

siRNA (Tables 4.1 to 4.3). 
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Figure 4.7: Differential gene expression after PARP1 or LSD1 or combined PARP1/LSD1 

siRNA treatment 

Volcano plots displaying the most differentially expressed genes in each treatment group; p-

value versus log2 fold change of the differentially expressed genes. Differentially expressed 

genes with high statistical significance fall at the top of the plot (above the horizontal lines i.e., 

FDR <0.1) and are denoted in colour. Highly differentially expressed genes fall to either side: 

low on the left and high on the right. (A) PARP1 siRNA, (B) LSD1 siRNA; (C) combined 

siRNA (PARP1 siRNA + LSD1 siRNA). 
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Figure 4.8: Differential gene expression in MDA-MB-231 cells after siRNA transfection 

with PARP1 and LSD1 siRNA 

The number of downregulated (A) and upregulated (B) genes after treatment with PARP1 

siRNA or LSD1 siRNA or both. Gene expression was expressed as fold changes compared to 

controls (mock siRNA), and relative fold-changes with statistical significance (<0.05) were 

considered for further analysis. 

 

 

 

 



182 
 

Table 4.1: Genes upregulated after transfection with mock, PARP1, LSD1, or 

combination PARP/LSD1 siRNA knockdown. 

 

PARP1 

siRNA 

LSD1 

siRNA 

Group: 

PARP1 

siRNA & 

Group: 

LSD1 

siRNA 

Group: LSD1 

siRNA & 

Group: 

combined 

siRNA 

Group: 

PARP1 

siRNA & 

Group: 

combined 

siRNA 

Combined 

siRNA only 

All three groups 

COL18A1 ADM2- ADD1- ACVR1 ADAM8 ABI3BP ADAM15 KRT19 

COL4A2 AKT1 CAV1 ADAM9 ADAMTS12 AHNAK ADAM17 KRT7 

COL7A1 ARHGDIB IGFBP7 ALOX5 BAG2 ANGPTL4 ADAMTS1 LAMA3 

GLYR1 CD24 SLC35A3 ANG CIB1 BMPR1B AGR2 LOX 

HOXB3 CD2AP 
 

BTG1 COL4A1 CD34 AKT3 LUM 

ITGA3 CDK14 
 

CASP8 COL6A1 CDH1 ALDOA LY96 

NME1 CLEC3B 
 

CDC42 CYB561 CDS1 ANGPT1 MAP2K1 

PLCG1 CLIC4 
 

CHRDL1 EDN1 CLEC2B ANGPTL2 MAP2K4 

PRSS22 COL1A1 
 

CLDN1 EGF CSPG4 ANXA2P2 MISP 

PTEN DLC1 
 

CLDN7 ENO2 CXCR4 AREG MMP1 

RPS27A EGLN2 
 

CTNND1 FRAS1 DESI1 ATPIF1 MTA1 

SOX9 EIF2AK3  CXCL8 

 

HSPG2 EGFR B3GNT3 

 

NDRG1 

VHL EIF4E2 
 

DAG1 KISS1 EMP3 BMP4 NRP2 

 
FGFR1 

 
DSC2 LAMA5 ERBB3 CALD1 P3H1 

 
FOXO4 

 
DST LAMB3 FBN2 CAMK2D P3H2 

 
GTF2I 

 
ECM1 LAMC1 GPR56 CCBE1 PDCD10 

 
HIF1A 

 
ENO1 LAMC2 HDAC5 CCDC80 PDGFRB 

 
HIPK1 

 
ERBB2IP MAPK3 HDHD3 CD46 PDK1 

 
ITGB1 

 
EREG MED23 HSP90B1 CLDN4 PFKFB4 

 
LGALS1 

 
F11R MGAT5 ITGB1BP1 CLU PGK1 

 
LHFP 

 
GDF15 MMP13 LAMA1 COL5A1 PKN1 

 
LIFR 

 
GPX1 PLXND1 LOXL2 CRISPLD2 PMP22 

 
MAPK1 

 
HPSE PNPLA6 MTDH CTNNB1 PPP2CB 
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MAPK3 

 
ID4 POPDC3 NFATC2 CTSH PPP2R1A 

 
MYLK 

 
ILK RBX1 PIK3CD CTSL PTK2 

 
NME4 

 
ITGB8 SKP1 PLAUR CYP1B1 RBM47 

 
NR3C1 

 
KRIT1 SNRPF PLCG2 DENND5A RRAS 

 
NRP1 

 
LDHA SOD1 PLXNC1 DENR RTN4 

 
PDGFC 

 
LLGL2 SRGN PPFIBP2 DLG1 SCNN1A 

 
PLEKHO1 

 
MAP2K2 TCEB2 PRKCZ EGLN3 SDC4 

 
PTX3 

 
MUC1 TFPI2 PTK6 ELF3 SEMA3E 

 
PXDN 

 
OAS1 TMC6 RAF1 EPAS1 SERPINH 

 
RAC1 

 
OCLN TP53 RHOA F3 SH2D3A 

 
RBPJ 

 
PIK3R1 

 
ROBO4 FBN1 SNAI2 

 
RGCC 

 
PKM 

 
SERPINA1 FN1 SPHK2 

 
S1PR1 

 
PPP3R1 

 
SLC12A6 GPI SPINT1 

 
SMAD2 

 
PTGS2 

 
SMURF1 GSN SPOCK3 

 
SPDEF 

 
RNH1 

 
SRF HEG1 SPP1 

 
TOM1L1 

 
RPS6KB2 

 
SRPX2 HK2 SRC 

 
VEGFA 

 
SERPINE1 

 
TCEB1 HKDC1 TACSTD 

 
VIM 

 
SLC2A1 

 
TLR4 HMOX1 TGFB1 

   
SLIT2 

  
HSD17B12 TGFB2 

   
ST14 

  
HSPB1 TGFBI 

   
STAT3 

  
ICAM1 THBS1 

   
TNC 

  
ID1 TIMP2 

   
TNFSF10 

  
IGFBP4 TIMP4 

      
IL15 TNFRSF1 

      
IL18 TSPAN1 

      
IL1A TXNIP 

      
IL6 UBA52 

      
ITGA1 VAMP8 

      
ITGA5 VEGFC 

      
ITGA6 WARS 

      
ITGB4 ZC3H12A 

      
JAG1  

      
JUN  
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Table 4.2: Genes downregulated after transfection with mock, PARP1, LSD1, or 

combination PARP/LSD1 siRNA. 

PARP1 

siRNA 

LSD1 

siRNA 

Group: PARP1 

siRNA & Group: 

LSD1 siRNA 

Group: LSD1 & 

Group: 

combined 

siRNA 

Group: PARP1 

siRNA & Group: 

combined siRNA 

Combined 

siRNA only 

All three 

groups 

AHNAK ADAM8 AKAP2 ELK3 CEP170 AKT1 CD82 

ANGPTL4 AGRN RORB EPHA2 CHD4 BMPR2 IL11 

ARHGDIB COL4A2 
 

ETV4 EIF4E2 CEP295 PLAU 

BMPER COL7A1 
 

EVPL EVI2A COL6A3 ROCK2 

BTG1 DICER1 
 

FSTL1 FERMT2 FHL1 SACS 

CD2AP HIPK2 
 

KDM1A FST ITGB1 SH2B3 

CDKN1A ITGA2 
 

KRAS GALNT7 MYC SMAD3 

CLDN7 ITGA3 
 

MED1 HRAS MAP3K7 SMAD5 

CLIC4 LAMC2 
 

NCL LGALS1 NF2 SORD 

CREBBP MCAM 
 

RBL1 MAPK1 PIK3CA WWTR1 

CXCL8 MMP13 
 

ROCK1 MTOR PIK3R2 
 

DCC NFATC2 
 

RPS27A MYO5C RB1 
 

DST PTEN 
 

SMC3 NOX5 SETD2 
 

EIF2AK3 ROBO4 
 

SOX9 NRP1 SP1 
 

FBP1 SMURF2 
 

WNT5B PTTG1 TFDP1 
 

LHFP SNRPF 
  

PTX3 VEZF1 
 

NR3C1 TFPI2 
  

RGCC ZEB1 
 

PDGFC TPSB2 
  

SET 
  

PXDN 
   

SIRT1 
  

RAC2 
   

SPDEF 
  

SERPINE1 
   

TGFBR2 
  

STAT1 
   

TIMP1 
  

STAT3 
   

VEGFA 
  

VPS13A 
   

VIM 
  

ZFYVE9 
   

ZEB2 
  

    
ZCCHC24 
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Table 4.3: Gene annotations of differentially expressed genes upregulated after treatment 

with combination PARP1/LSD1 siRNA. 

Upregulated 

genes 

Annotation 

ABI3BP Collagen Family, ECM Structure 

 

AHNAK Epithelial to Mesenchymal Transition 

 

ANGPTL4 Angiogenesis Response, Hypoxia Response, Positive Regulation of Angiogenesis 

 

BMPR1B Cellular Growth Factor, Plasma Membrane, TGFB Signalling, Stem Cell Associated 

 

CD34 Blood Coagulation, Cell Adhesion, Cell Proliferation, Plasma Membrane, Positive Regulation of 

Angiogenesis, Transcription Factor, Vascular Wound Healing, Stem Cell Associated 

 

CDH1 Cell Adhesion, Epithelial to Mesenchymal Transition, Integral to Membrane, Metastasis Suppressors, 

Plasma Membrane 

 

CDS1 Epithelial to Mesenchymal Transition, Integral to Membrane 

 

CLEC2B Epithelial to Mesenchymal Transition, Plasma Membrane 

 

CSPG4 Angiogenesis Response, Collagen Family, Plasma Membrane 

 

CXCR4 Epithelial to Mesenchymal Transition, Hypoxia Response, Integral to Membrane, Plasma Membrane, 

Stem Cell Associated 

 

DESI1 Epithelial to Mesenchymal Transition 

 

EGFR Carbon Cancer Metabolism, Cell Motility, Cell Proliferation, Cellular Differentiation, Cellular Growth 

Factor, Choline Cancer Metabolism, HIF1A Signaling 

 

EMP3 Cell Proliferation, Cellular Growth Factor, Epithelial to Mesenchymal Transition, Integral to Membrane 

 

ERBB3 Cell Adhesion, Cell Proliferation, Cellular Differentiation, Cellular Growth Factor, Epithelial to 

Mesenchymal Transition, Plasma Membrane 

 

FBN2 ECM Structure 

 

GPR56 Angiogenesis Response, Cell Adhesion, Epithelial to Mesenchymal Transition, Integral to Membrane, 

Plasma Membrane 

 

HDAC5 Negative Regulation of Angiogenesis, Transcription Factor 

 

HDHD3 Epithelial to Mesenchymal Transition 

 

HSP90B1 Cellular Differentiation, ECM Structure, Hypoxia Response, Plasma Membrane 

 

ITGB1BP1 Negative Regulation of Angiogenesis, Sprouting Angiogenesis 

 

LAMA1 Basement Membrane, Cell Adhesion, ECM Receptor Interaction, ECM Structure 

 

LOXL2 Basement Membrane, Cell Adhesion, Epithelial to Mesenchymal Transition, LOX Remodelling, 

Sprouting Angiogenesis 
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MTDH Integral to Membrane, Plasma Membrane, Positive Regulation of Angiogenesis, Transcription Factor 

 

NFATC2 Cell Proliferation, Plasma Membrane, Transcription Factor, VEGFA Signalling 

 

PIK3CD Carbon Cancer Metabolism, Choline Cancer Metabolism, HIF1A Signalling, Plasma Membrane, VEGFA 

Signalling 

 

PLAUR Blood Coagulation, Cell Proliferation, Integral to Membrane, Plasma Membrane 

 

PLCG2 Blood Coagulation, HIF1A Signalling, Plasma Membrane, VEGFA Signalling 

 

PLXNC1 Cell Adhesion, Epithelial to Mesenchymal Transition, Integral to Membrane, Plasma Membrane 

 

PPFIBP2 Epithelial to Mesenchymal Transition 

 

PRKCZ Plasma Membrane, Stem Cell Associated 

 

PTK6 Epithelial to Mesenchymal Transition, Plasma Membrane 

 

RAF1 Blood Coagulation, Carbon Cancer Metabolism, Cell Proliferation, Cellular Growth Factor, Choline 

Cancer Metabolism, Hypoxia Response, Plasma Membrane, VEGFA Signalling 

 

RHOA Cell Adhesion, Cellular Differentiation, Plasma Membrane, TGFB Signalling 

 

ROBO4 Angiogenesis Response, Integral to Membrane 

 

SERPINA1 Blood Coagulation, Hypoxia Response, MMP Remodelling 

 

SLC12A6 Angiogenesis Response, Integral to Membrane, Plasma Membrane 

 

SMURF1 Cellular Growth Factor, Plasma Membrane, TGFB Signalling 

 

SRF Angiogenesis Response, Cell Adhesion, Cell Proliferation, Sprouting Angiogenesis, Transcription Factor, 

Vasculogenesis, Stem Cell Associated 

 

SRPX2 Angiogenesis Response, Cell Adhesion, Cell Motility, Cellular Differentiation, Positive Regulation of 

Angiogenesis 

 

TCEB1 HIF1A Signalling 

 

TLR4 Cellular Differentiation, HIF1A Signalling, Hypoxia Response, Plasma Membrane 
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Table 4.4: Gene annotations of downregulated genes after treatment with combination 

PARP1/LSD1 siRNA. 

Downregulated 

genes 

Annotations 

AKT1 Carbon Cancer Metabolism, Cell Proliferation, Cellular Differentiation, Choline Cancer Metabolism, 

HIF1A Signalling, Plasma Membrane, VEGFA Signalling 

 

BMPR2 Cell Proliferation, Cellular Growth Factor, Plasma Membrane, TGFB Signalling, Stem Cell 

Associated 

 

CEP295 Basement Membrane 

 

COL6A3 Cell Adhesion, Collagen Family, ECM Receptor Interaction, ECM Structure 

 

FHL1 Cell Cycle, Cellular Growth Factor, Epithelial to Mesenchymal Transition, Plasma Membrane 

 

ITGB1 Basement Membrane, Blood Coagulation, Cell Adhesion, Cell Cycle, Cell Motility, Cell 

Proliferation, Cellular Differentiation, Collagen Family, ECM Receptor Interaction, Plasma 

Membrane, Sprouting Angiogenesis, Stem Cell Associated 

 

MAP3K7 Angiogenesis Response, Plasma Membrane 

 

MYC Carbon Cancer Metabolism, Cell Cycle, Cell Proliferation, Regulation of Metabolism, TGFB 

Signalling, Transcription Factor, Stem Cell Associated 

 

NF2 Cell Adhesion, Cell Proliferation, Plasma Membrane 

 

PIK3CA Angiogenesis Response, Blood Coagulation, Carbon Cancer Metabolism, Cellular Growth Factor, 

Choline Cancer Metabolism, HIF1A Signalling, Regulation of Metabolism, Vasculogenesis, VEGFA 

Signalling 

 

PIK3R2 Blood Coagulation, Carbon Cancer Metabolism, Cellular Growth Factor, Choline Cancer 

Metabolism, HIF1A Signalling, VEGFA Signalling 

 

RB1 Cell Cycle, Transcription Factor 

 

SETD2 Angiogenesis Response, Vasculogenesis  

SP1 Choline Cancer Metabolism, TGFB Signalling, Transcription Factor  

TFDP1 Cell Cycle, Cell Proliferation, TGFB Signalling, Transcription Factor  

VEZF1 Angiogenesis Response  

ZEB1 Cell Proliferation, EMT to Metastasis, Epithelial to Mesenchymal Transition, Transcription Factor  

 

 

 

4.3.2 Analysis of gene expression after drug treatment 
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QC measures were undertaken before each analysis, which revealed no QC flags in heatmaps 

of raw and normalised data. Significant clustering of data were seen of all covariates indicating 

a consistent effect in the repeats of this experiment (Figure 4.9). In addition, principal 

component analysis (PCA) shows clear separation of four groups in the PC1 and PC2 analysis, 

especially the groups treated with phenelzine or phenelzine/olaparib combination. Twenty-

three genes were uniquely downregulated in the group treated with phenelzine/olaparib 

combination (Fig 4.9 A). Given the differential effect on EMT/CSC markers noted in chapter 

3, gene expression was compared between phenelzine treated group and group treated with 

GSK. As expected larger number of genes were downregulated by phenelzine mediated LSD1 

inhibition compared to GSK. (Fig 4.9 B,C and Table 4.5) Table 4.6 shows annotations of the 

genes that were specifically downregulated by phenelzine/olaparib combination.  
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Figure 4.9: NanoString gene expression profiling shows consistent results after 

corresponding drug treatments. Graphs represent combined analyses of two independent 

experiments.  

MDA-MB-231 cells were treated with relevant drug(s). RNA was extracted as described in the 

Materials and Methods, Section 2.5.1.2, and subjected to NanoString gene expression 

analysis. (Material and Methods, Section 2.5.5). (A) Heatmaps of raw data (left) and 

normalised data (right) show solid yellow bars with no QC flags. Clustering of data coincides 

with all covariates. (B) Principal component analysis (PCA) shows clear separation of four 

groups in the PC1 and PC2 analysis, suggesting consistent changes between treatment groups. 

(C) Scatter plot (left) shows that housekeeping genes are stably expressed and placed at the 

bottom of the graph. Bar graph denotes number of p values is in the significant range, close to 

zero.  
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Figure 4.10: Differential gene expression after drug treatment (downregulated genes)  

Number of significantly downregulated genes after drug inhibition in MDA-MB-231 cells 

(p<0.05). Differential gene expression between phenelzine, olaparib, phenelzine+olaparib 

(A), between phenelzine+olaparib and GSK+olaparib (B), and between phenelzine and GSK 

(C). 

Table 4.5: Genes that downregulated after drug treatment.  

Phenelzine Only Olaparib only Ph and Ph+Ola Ph, Ola Ola, Ph+Ola Ph+Ola 

only 

All 3 groups 

AHNAK ADAMTS1 ADAM15 ADD1 EDN1 BMPR1A ACVR1 

CDH11 AKAP2 ADAM9 CALD1 PPL BMPR1B ADAM17 

EIF4E2 ANG AKT3 CAMK2D RAC1 CUL1 ADAM8 

EIF4EBP1 ANGPTL4 BAG2 CXCL8 TCF20 DLC1 AGR2 

ERMP1 ARAP2 CD24 EREG TLR4 EPHB4 AKAP12 

HKDC1 AREG CD2AP ERBB2IP  ETV4 ALDOA 

IGFBP4 BICC1 CDK14 FN1  F3 ANXA2P2 

ITGA6 CDKN1A CHD4 ITGB4  GPR56 BTG1 

MAP2K4 CFP CIB1 LGALS1  MTA1 CD46 

MTBP CLEC2B COL4A1 NOTCH1  NRP2 CEP170 
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NAA15 CTSL COL4A2 SPDEF  PLS1 CLDN4 

OLFML2B DPYSL3 DENND5A VEGFB  PPP2CB CLDN7 

PLAUR EGFR EGLN2   PTK2 CLIC4 

SERPINH1 ERBB3 FGFR1   ROCK1 CTNNB1 

SMAD1 EVI2A FRAS1   RUNX1 DSC2 

SNRPF FHL1 FSTL1   EMA3E EGLN3 

STAB1 FOXO4 GALNT7   SH2D3A ENO1 

VIM GTF2I GPI   SNAI1 ENO2 

 HDHD3 HPSE   SNAI2 EPAS1 

 HEG1 HRAS   TBX1 EPHA2 

 HLA-DPB1 HSP90B1   TCF3 F11R 

 HOXB3 IL18   TJP2 FST 

 HSPG2 ITGB1   TNC GDF15 

 IGFBP7 JAG1   VAV2 GSN 

 ILK KDM1A    HIF1A 

 ITGA1 KRAS    HK2 

 ITGB2 LIFR    HSD17B12 

 ITGB3 MAP3K7    ICAM1 

 ITGB8 MAPK1    ITGA3 

 KIAA1462 MCAM    ITGA5 

 LAMA3 MET    JUN 

 LLGL2 MGP    KRT19 

 MMP1 MYO5C    LAMA5 

 MUC1 NCL    LAMB3 

 MYLK OCLN    LAMC1 

 NDP P3H2    LAMC2 

 NFKB1 PDCD10    LDHA 

 PKN1 PIK3CA    LOX 

 PTGS2 PLAU    LOXL2 

 PTK6 PLXND1    MAP2K1 

 RAC2 PPP3R1    MAPK3 

 ROBO4 PTEN    MMP14 

 RBX1 PTX3    MTDH 
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 ROCK2 QKI    NDRG1 

 SCNN1A RB1    NF2 

 SERPINA1 RBL1    NOX5 

 SLC2A1 RHOA    NRP1 

 SMAD2 RPS27A    PDK1 

 SMURF1 SERPINE1    PFKFB4 

 SPHK2 SET    PGK1 

 SPP1 SLC37A1    PIK3CD 

 TACSTD2 SMC3    PKM 

 TFPI2 SMURF2    PLCG1 

 TIMP1 SORD    PLEKHO1 

 TIMP2 SRF    PMP22 

 TNFSF10 TCEB1    PXDN 

 TNFSF12 VAMP8    RBPJ 

 TPM2 WARS    RGCC 

 TPSB2 WWTR1    RTN4 

 WIPF1     SIRT1 

      SLC35A3 

      SRC 

      TGFBR2 

      TMC6 

      TOM1L1 

      VEGFA 

 

 

Table 4.6: Annotation of genes uniquely downregulated in phenelzine/olaparib 

combination group compared to other groups. 

Downregulated genes Annotations 

BMPR1A Cell Proliferation, Cellular Growth Factor, Integral to Membrane, Plasma Membrane, TGFB 

Signalling, Stem Cell Associated 

BMPR1B Cellular Growth Factor, Plasma Membrane, TGFB Signalling, Stem Cell Associated 
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CUL1 Cell Cycle, Cell Proliferation, Cellular Differentiation, TGFB Signalling 

DLC1 Cell Adhesion, Cellular Differentiation, Metastasis Suppressors 

EPHB4 Angiogenesis Response, Cell Adhesion, Plasma Membrane, Sprouting Angiogenesis, Stem 

Cell Associated 

ETV4 Cell Proliferation, Transcription Factor 

F3 Blood Coagulation, Cell Proliferation, Cellular Growth Factor, ECM Structure, Integral to 

Membrane, Plasma Membrane, Positive Regulation of Angiogenesis 

GPR56 Angiogenesis Response, Cell Adhesion, Epithelial to Mesenchymal Transition, Integral to 

Membrane, Plasma Membrane 

MTA1 Transcription Factor 

NRP2 Angiogenesis Response, Cell Adhesion, Cell Proliferation, Cellular Growth Factor, Integral 

to Membrane, Plasma Membrane, Vasculogenesis 

PLS1 Epithelial to Mesenchymal Transition 

PPP2CB TGFB Signalling 

PTK2 Angiogenesis Response, Cell Adhesion, Cellular Differentiation, LOX Remodelling, 

Vasculogenesis, VEGFA Signalling 

ROCK1 Cell Adhesion, Cell Motility, Cellular Differentiation, Negative Regulation of Angiogenesis, 

TGFB Signalling 

RUNX1 Basement Membrane, Metastasis Response, Positive Regulation of Angiogenesis, 

Transcription Factor, Stem Cell Associated 

SEMA3E Negative Regulation of Angiogenesis, Sprouting Angiogenesis 

SH2D3A Epithelial to Mesenchymal Transition 

SNAI1 Cellular Differentiation, EMT to Metastasis, Epithelial to Mesenchymal Transition, Fibrosis, 

LOX Remodelling, Transcription Factor, Stem Cell Associated 

SNAI2 Cell Adhesion, Cellular Differentiation, EMT to Metastasis, Epithelial to Mesenchymal 

Transition, Transcription Factor, Stem Cell Associated 

TBX1 Angiogenesis Response, Cell Proliferation, Transcription Factor, Vasculogenesis 

TCF3 Cell Cycle, EMT to Metastasis, Transcription Factor 

TJP2 Epithelial to Mesenchymal Transition, Plasma Membrane 

TNC Basement Membrane, Cell Adhesion, Cell Proliferation, ECM Receptor Interaction, ECM 

Structure, Epithelial to Mesenchymal Transition 

VAV2 Angiogenesis Response, Blood Coagulation, Cellular Growth Factor, Plasma Membrane 
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4.4 Analysis of different pathways involved in cancer initiation and progression 
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Figure 4.11: Pathway scores for each treatment group 

MDA-MB-231 cells were transfected with PARP1 siRNA or LSD1 siRNA or both. RNA was 

extracted as described in the Materials and Methods, Section 2.5.1.2 followed by mRNA 

analysis with the NanoString Pan-cancer Progression panel (Materials and Methods, Section 

2.5.5). NanoString gene expression profiling and advanced analysis condense each sample’s 

gene expression profile into a set of pathway scores. Usually, an increased pathway score 

represents increased expression in the genes involved in the pathway.  Figure shows pathway 

changes in pathway scores across (A) siRNA treatment groups (n=3), and (B) drug treatment 

groups (n=2). 

 

 

 

4.4.1 Signalling pathways regulating stem cells 

 

CSCs, or tumour-initiating cells, are responsible for the growth and propagation of cancer 

through their ability to self-renew and create the heterogeneous milieu of non-CSCs that make 

up the bulk of a tumour. Non-CSCs can undergo a dedifferentiation process and acquire CSC-

like properties through EMT to contribute to tumour progression and drug resistance, as CSCs 

can survive traditional anti-cancer therapies (Koury, Zhong, & Hao, 2017). Several studies 

have reported dysregulation of several developmental and homeostatic stemness signalling 

pathways that support unregulated self-renewal and differentiation that drive CSC functions 

(Ajani, Song, Hochster, & Steinberg, 2015; Matsui, 2016).  Although CSC regulation is 
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incompletely understood, a number of CSC/EMT pathways appear to play a key role,  including 

the Janus-activated kinase/signal transducer and activator of transcription (JAK/STAT), 

Hedgehog, Wnt, TGF-β, Notch, phosphatidylinositol 3-kinase/phosphatase and tensin 

homolog (PI3K/PTEN), bone morphogenetic protein (BMP), fibroblast growth factor 

signalling (FGF)  and nuclear factor-κB (NF-κB) pathways (Chen, Huang, & Chen, 2013). 

 

In this study, nanostring pathway score analysis showed differential changes after siRNA 

treatment and drug treatment. (Fig 4.11) It is worthwhile noting here that although combined 

PARP/LSD1 siRNA treatment did inhibit CSC in MDA-MB-231 cells, the inhibition was much 

higher in MDA-MB-231 treated with combination phenelzine/olaparib. Therefore, Individual 

pathways are analysed below. Expression patterns of genes involved in signalling pathways 

regulating stem cells were analysed after PARP1 and LSD1 depletion by either siRNA 

transfection or drug inhibition with olaparib or LSD1 inhibitors (phenelzine, GSK) alone or in 

combination. (Figure 4.12) The majority (69%) of genes did not show any statistically 

significant difference after PARP1 depletion by PARP1 siRNA or olaparib, while 17% of genes 

were upregulated and 14% were downregulated. A higher number of stem cell-related genes 

were upregulated after LSD1 depletion with LSD1 siRNA transfection and combined LSD1 and 

PARP1 siRNA. However, among the genes that were downregulated after treatment with 

siRNA, the highest number of genes were downregulated after combination PARP1 and LSD1 

depletion (29%) compared to PARP1 siRNA (14%) or LSD1 siRNA (11%). 
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Figure 4.12: changes in signalling pathways regulating stem cells against covariates. 

RNA was extracted from siRNA and drug treated MDA-MB-231 cells and subjected to 

nanostring analysis. nSolver analysis software analyses changes in each pathways and provide 

a comparative score.   (A) represents the results from three independent experiments and RNA 

samples, while (B) represents the results of two independent experiments. 

 

 

However, the magnitude of downregulation was greater with drug inhibition, with 42% of stem 

cell genes significantly downregulated after treatment with combined phenelzine and olaparib 

and 39% downregulation with phenelzine treatment alone. (Figure 4.13) Interestingly, a 

similar effect was not seen in cells treated with GSK alone (17%) or in combination with 

olaparib (22%). Phenelzine treatment inhibited c-MET (confers resistance to PARP inhibitors), 

PLAUR (a CSC oncogene), and HSP90B1 (a chaperone protein that stabilizes DDR proteins), 

while combined phenelzine/olaparib also inhibited the EMT transcription factors SNAI1 and 

SNAI2 (Table 4.5). 
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Figure 4.13: Gene set analysis of genes involved in stem cell regulation 

MDA-MB-231 cells were transfected with PARP1 siRNA or LSD1 siRNA or both. RNA was 

extracted as described in the Materials and Methods, Section 2.5.1.2 followed by mRNA 

analysis with the NanoString Pan-cancer Progression panel. Gene expression changes were 

expressed as log2-fold changes. Genes with statistically significant changes (p<0.05) were 

selected for further analysis. (A) and (B) show detailed differential gene expression between 

the treatment groups. (C) and (D) show the percentage changes in gene expression between 

treatment groups. 

 

 

 

4.4.2: Bone morphogenetic protein (BMP) pathway 

Over 20 proteins have been identified in the human bone morphogenetic protein (BMP) family, 

the expression of which are highly correlated with various aspects of carcinogenesis such as 

angiogenesis, proliferation, differentiation, apoptosis, migration, EMT, and CSCs (Alarmo & 

Kallioniemi, 2010). BMP ligands bind to their receptors (type I and type II) to form a 

heterotetrameric complex, which activates the phosphorylation, recruitment, translocation, and 

gene expression of small mothers against decapentaplegics (SMADs) in cells, which enter 

nuclei and initiate transcription. However, the exact function of BMPs in carcinogenesis 

complex, with studies showing conflicting results. BMP signalling has been shown to be both 

oncogenic and tumour-suppressive. BMP ligands and BMP receptors could both act as 

oncogenes and suppressors, sometimes even with in the same tumour type (Bach, Park, & Lee, 

2018). 
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This study showed overexpression of BMP4 after LSD1 depletion (siRNA and drug inhibition), 

including with GSK, GSK/olaparib, phenelzine, and phenelzine/Olaparib. However, it should 

be noted that CSC inhibition was only detected in the phenelzine/olaparib group. BMPR1A, 

BMPR1B, and TCF3 were preferentially downregulated in the combined phenelzine/olaparib 

group as opposed to the phenelzine or olaparib alone groups. (Fig 4.13) Similar to the dual role 

played by their respective ligands, the BMP receptors, BMPR1A/B, also can also be tumour-

promoting or suppressive. 

 

4.4.3: LSD1/PARP1 regulate T cell factor 3 (TCF3) 

The third gene preferentially repressed by combined phenelzine/olaparib was TCF3. TCF3 is 

a transcription factor in the Wnt family known to regulate stem cells. High TCF3 expression is 

associated with poor differentiation and an aggressive basal-like phenotype. Depletion of TCF3 

expression inhibits cancer cell growth and metastasis (Slyper et al., 2012) and can suppress 

EMT markers including ZEB1/2 , TWIST, and miR-200. TCF3 is known to repress Wnt genes; 

however, it was noted that a proportion of Wnt genes were in fact upregulated (Slyper et al., 

2012) Here, consistent results were seen, with 23% of Wnt genes upregulated and 32% were 

downregulated on LSD1 inhibition in association with downregulation of TCF3. (Fig 4.13) In 

this study, TCF3 suppression was also associated with downregulation of ZEB1 and SNAI2 and 

upregulation of CDH1. 

Interestingly, TCF3 downregulation was not seen with combined knockdown of PARP1/LSD1 

or with treatment with phenelzine or GSK alone. These results suggests a potential role for 

olaparib and its trapping ability, which might alter phenelzine pharmacodynamics; however 

these relationships need further exploration. 
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4.4.4: Genes involved in the micro-(mi)RNA pathway in cancer are upregulated by 

combined LSD1/PARP1 inhibition 

Treatment with combined LSD1/PARP1 siRNAs showed significant upregulation of the 

miRNA pathway, with a mean miRNA score of 1.4 compared to -1.5 with mock siRNA. LSD1 

depletion caused a modest increase, with a mean score of 0.8, while the change was negligible 

with PARP1 siRNA (-0.6). The number of genes involved in cancer progression that were 

regulated by miRNAs were analysed in each group. Consistently, the largest changes in 

expression were seen with combined siRNA (72%), whereas >50% genes did not show 

significant variation in the LSD1 and PARP1 siRNA groups. 30% of genes were 

downregulated, while 42% genes were overexpressed with combined siRNA. 

The repressed genes are shown in Figure 4.14. Notably, PI3K genes (PIK3CA, PIK3R2, 

MTOR), RAS pathway genes (HRAS, KRAS), and stem cell-related genes (ZEB1, ZEB2) were 

downregulated. The miR-200 family is known to downregulate CSC/EMT-related genes, and 

this is consistent with the findings. Similarly, the let-7 miRNA is known to repress the RAS 

pathway. This is also consistent with the significant upregulation seen in the miRNA score with 

combined siRNA knockdown. 
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Figure 4.14: MicroRNA pathway analysis after siRNA treatment 

MDA-MB-231 cells were transfected with PARP1 siRNA or LSD1 siRNA or both. RNA was 

extracted as described in the Materials and Methods, Section 2.5.1.2 followed by mRNA 

analysis with the NanoString PanCancer Progression panel. The microRNA in cancer score 

was highest in cells treated with LSD1/PARP1 siRNA followed by LSD1 siRNA alone. (A) 

shows differential pathway scores, (B) percentage changes in genes regulated by miRNAs, and 

(C) breakdown (miRNA-related) genes downregulated after siRNA transfection. 

The miRNA pathway score (mean) was lower in GSK, GSK/olaparib, and olaparib treated 

groups (-1.1, -1.2, and -1.0, respectively), while the mean pathway score was significantly 

higher than control in the phenelzine (1.9) and phenelzine/olaparib groups (2.0). Consistent 

with the siRNA findings, RAS pathway genes (HRAS, KRAS, MAPK1, MAP2K1) were 

significantly downregulated by phenelzine and combined phenelzine/olaparib. Although PTEN 

was downregulated, concomitant suppression of downstream PIK3CA was noted in these two 
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groups. In addition, MET was repressed along with CD44 after phenelzine/olaparib treatment. 

(Figure 4.15) 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: MicroRNA pathway analysis after drug treatment 
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(A) shows miRNA pathway scores  (B) overexpressed and (C) suppressed genes regulated by 

miRNAs. Genes that were differentially expressed with statistical significance (p≤0.05) are 

shown in the figure. 

 

 

 

 

 

 

 

 

Table 4.9: Micro RNA pathway, downregulated genes. 

Treatment groups Total Genes 

Olaparib,Phenelzine 

Phenelzine+Olaparib 

5 MAP2K1, ITGA5, PLCG1, VEGFA, SIRT1 

Olaparib, Phenelzine 1 NOTCH1 

Phenelzine, Phenelzine+Olaparib 8 PIK3CA, HRAS, MAPK1, KRAS, RHOA, PLAU, 

PTEN, MET 

Phenelzine 4 VIM 

Olaparib 7 ITGB3, CDKN1A, EGFR, PTGS2, ERBB3, 

NFKB1 

Phenelzine+Olaparib 4 CD44, TNC, ROCK1 
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Table 4.10: MicroRNA pathway, upregulated genes 

Treatment groups Total Genes 

Olaparib,Phenelzine 

Phenelzine+Olaparib 

1 THBS1 

Phenelzine, Phenelzine+Olaparib 7 CDKN1A, FGFR3, TGFB2, CYP1B1, PIK3R2, 

TP53, STAT3 

Phenelzine 3 RAF1, MTOR, PDGFRB 

Olaparib 2 PLAU, HRAS 

Phenelzine+Olaparib 3 NFKB1, VIM, DICER1 

 

 

4.4.5: HIF-1 pathway analysis 
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Figure 4.16: Differentially expressed genes involved in the regulation of the HIF-1α 

pathway after treatment with PARP1 and LSD1 siRNA. 

Fifty-one genes were involved in the control of the HIF-1 pathway, of which 27 were LSD1 

sensitive and 28 were PARP1 sensitive, while 37 genes showed significant changes with 

combined siRNA treatment. While 18% of the genes were downregulated after treatment with 

PARP1 siRNA, no gene repressive effect was seen with LSD1 siRNA treatment alone. 

However, with combined siRNA treatment, 16% of genes were downregulated and the pattern 

was distinct from PARP1 depletion. 

 

 

 

 

 

Importantly, three genes involved in the PI3K pathway were downregulated with combined 

siRNA treatment: PIK3CA, PK3R2, and AKT1. AKT2 was repressed with combined siRNA 

treatment, though this was not significant. While most PIK3 pathway genes were unchanged 

after PARP1 depletion, a number of genes showed non-statistically significant upregulation: 

PIK3R1, PIK3R2, and PIK3CD. Furthermore, MTOR was repressed with PARP1 siRNA and 

combined siRNA treatment. 
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Figure 4.17: Differentially expressed genes involved in the regulation of the HIF-1α 

pathway after  treatment with LSD1 and PARP1 inhibitors.  

 

 

 

 

 



209 
 

 

 

 

 

 

 

 

 

 

In this study, the HIF-1 signalling pathway was highly expressed in MDA-MB-231 cells. 

Although the HIF-1 pathway was inhibited by both olaparib and both LSD1 inhibitors, 

phenelzine and the phenelzine/olaparib combination showed maximal inhibition. 66% 

inhibition was seen with olaparib compared to control samples, while 170% and 130% 

inhibition was seen with phenelzine and phenelzine/olaparib combination, respectively. 

(Figure 4.16) Similarly, a -0.4-fold inhibition of VEGF was seen after olaparib treatment and 

a 0.6-fold reduction after phenelzine/olaparib treatment. Consistent results were also seen with 

other genes involved in metabolism such as ENO1, LDHA, and HK2. Overall, although mild 

inhibition of HIF-1 pathways was observed with olaparib alone, the effect was doubled by 

addition of phenelzine. After treatment with olaparib, MTOR, PIK3R1, and PIK3R2 showed 

non-significant upregulation, while AKT1 was significantly upregulated by olaparib (p=0.01). 

PIK3CA, AKT2, and AKT3 were unchanged, while PIK3CD was downregulated by olaparib 

treatment. Nearly half of the genes (41%) were downregulated after combination therapy as 

opposed to 16% with combined siRNA treatment. As seen in siRNA-mediated PARP1/LSD1 

depletion, PI3K pathway genes were downregulated by addition of phenelzine to olaparib, 

notably PIK3CD, PIK3CA, and AKT3. (Figure 4.17) 
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In summary, the HIF-1 pathway was upregulated after combined siRNA treatment; however, 

a number key genes were downregulated, namely PI3K pathway-related genes. In contrast to 

the siRNA results, drug-mediated PARP1/LSD1 inhibition repressed the HIF-1 pathway 

significantly more than PARP1 inhibition alone. 

4.4.6: cGMP-PKG pathway 

cGMP-PKG pathway genes were differentially expressed in drug-treated samples compared to 

siRNA transfected cells, with overall pathway scores higher than controls with combined 

siRNA treatment and the lowest pathway scores seen with combined phenelzine/olaparib. 

Although mild downregulation was seen in other groups, maximal inhibition was seen in cells 

treated with either phenelzine (-0.65-fold change) or phenelzine/olaparib (-0.62-fold change). 

48% of genes were downregulated by phenelzine/olaparib compared to 42% with phenelzine, 

43% with olaparib, 33% with GSK, and 42% with GSK/olaparib. (see Appendix 5) Next, gene 

expression patterns were further analysed to explore the differences between olaparib and 

combinations. ROCK1 and ROCK2, but not RHOA, were downregulated by olaparib. While 

ROCK1 and RHOA were suppressed in the combined group, ROCK2 downregulation was not 

seen. Phenelzine treatment downregulated RHOA but not ROCK1 or ROCK2. 

4.4.7 Mitogen-activated protein kinase and PI3K/AKT signalling pathway analysis 

The MAPK pathway is known to be activated in TNBCs for promotion of cell proliferation. 

(Bartholomeusz et al., 2012) In this study, 17% of MAPK genes were downregulated after 

combined siRNA treatment, whereas 11% and 3% were downregulated after treatment with 

PARP1 siRNA and LSD1 siRNA, respectively. After drug treatment, 36% of genes were 

downregulated after combined phenelzine/olaparib treatment. MAP3K7 was suppressed with 

combined siRNAs, while KRAS was suppressed in both the LSD1 and combined siRNA 

groups. KRAS upregulation was seen (log2 0.09) after PARP1 siRNA transfection. While 



211 
 

there was no change in KRAS, HRAS upregulation was seen after olaparib treatment. KRAS, 

HRAS, MAP3K7, FGFR1, and MAPK1 were significantly downregulated by the addition of 

phenelzine (Figure 4.18). MAPK3 was downregulated in all three groups.  

Overall, treatment with phenelzine downregulated downstream cytoplasmic genes in the 

MAPK pathway, while extracellular (growth factor) and transmembrane (growth factor 

receptor) genes were upregulated. Conversely, extracellular and transmembrane receptor 

genes were downregulated by olaparib, with no changes in intracellular gene expression. 

Combined phenelzine/olaparib synergistically inhibited intracellular targets and reduced 

extracellular/transmembrane signalling (Figure 4.19). 
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Figure 4.18: Mitogen-activated protein kinase (MAPK) signalling pathway gene changes 

MDA-MB-231 cells were treated with siRNA or corresponding drugs followed by RNA 

extraction and NanoString gene expression profiling. (A) shows differential expression after 

siRNA treatment and percentage gene expression changes. (B) shows differential gene 

expression (number of genes) after the corresponding drug treatments and the details of the 

genes involved.   
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Figure: 4.19: MAPK pathway overlay after drug inhibition 

Pathway nodes shown in white have no genes in the panel that map to them. Pathway nodes in 

grey have corresponding genes in the panel; however, no significant differential expression 

was observed. Nodes in blue denote downregulation relative to the selected baseline, whereas 

nodes in orange denote upregulation relative to the selected baseline. After treatment with (A) 

phenelzine, (B) olaparib, and (C) combined phenelzine/olaparib. 

C 
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A number of PI3K/AKT pathway genes were downregulated by both combined siRNA 

treatment and combined phenelzine/olaparib. AKT1, PIK3CA, and PIK3R2 were 

downregulated by combined siRNA treatment, while AKT3, PIK3CD, and PIK3CA were 

downregulated by both phenelzine alone or with olaparib (Figure 4.20). 
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Figure 4.20: PI3K/AKT/mTOR pathway after phenelzine/olaparib treatment 

(A) Pathview shows changes in the targets involved in the PI3K/AKT/mTOR pathway in the 

group treated with phenelzine/olaparib compared to control. Pathway nodes shown in white 

have no genes in the panel that map to them. Pathway nodes in grey have corresponding genes 

in the panel; however, no significant differential expression was observed. Nodes in blue 

denote downregulation relative to the selected baseline, whereas nodes in orange denote 

upregulation relative to the selected baseline. (B) Heatmap depicts expression of genes 

involved in the PI3K/AKT/mTOR pathway.  
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4.4.8 RAS and ERBB RAS signalling pathway analysis 

Final pathway scores of both RAS and ERBB signalling pathways were higher in the combined 

group. However, although extracellular signalling factors like EGF, PDGFR, ERBB3, and 

transmembrane receptors were upregulated, leading to high pathway scores, key downstream 

regulator genes were in contrast downregulated, notably RAS genes. In addition, the percentage 

downregulated genes were consistently higher after combined siRNA treatment for most of the 

pathways (Figure 4.21). As described for the MAPK pathway analysis (Section 4.4.7), 

phenelzine/olaparib downregulated intracellular pathway genes as well as extracellular signals 

and transmembrane receptors compared to olaparib or phenelzine (Figure 4.22 and 4.23). 

 

 

Figure 4.21: Differential gene expression in the RAS signalling pathway 

Gene transcription was expressed as fold-changes (log2) in the NanoString analysis. Genes that 

were expressed with statistical significance (p<0.05) were included in this analysis. Figure 

shows percentage changes in genes involved in the RAS pathway in the three groups (PARP 

siRNA, LSD1 siRNA, or combination PARP1/LSD1 siRNA) compared to mock siRNA-treated 

control samples.  
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Figure 4.22: ERBB pathway overlay after phenelzine/olaparib treatment 

Pathway nodes shown in white have no genes in the panel that map to them. Pathway nodes in 

grey have corresponding genes in the panel; however, no significant differential expression 

was observed. Nodes in blue denote downregulation relative to the selected baseline, whereas 

nodes in orange denote upregulation relative to the selected baseline. 
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Figure 4.23: RAS signalling pathway overlay after phenelzine/olaparib treatment 

Pathway nodes shown in white have no genes in the panel that map to them. Pathway nodes in 

grey have corresponding genes in the panel; however, no significant differential expression 

was observed. Nodes in blue denote downregulation relative to the selected baseline, whereas 

nodes in orange denote upregulation relative to the selected baseline. 
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Discussion 

The effects of PARP1 depletion on CSCs, the PARP1/LSD1 interplay, and synergistic anti-

tumour activity were identified in this investigation. Gene expression profiling revealed distinct 

patterns of gene transcription with PARP1, LSD1, or combined PARP1/LSD1 inhibition, 

supporting the inhibition of CSCs via these mediators. 

LSD1 demethylated H3K27 and PARP1 downregulated EZH2 

Enhancer of zeste homolog 2 (EZH2) is a subunit of the PRC2 complex that catalyses the 

methylation of H3K27, which is a repressive histone mark (H3K27me3). EZH2 is mutated or 

overexpressed in number of cancers, including breast and ovarian cancers (Yamaguchi & 

Hung, 2014). PARP1 PARylates EZH2 and inhibits EZH2 enzymatic activity, and inhibition 

of PARP1 results in activation of EZH2 with subsequent methylation of H3K27me3 and gene 

silencing (Yamaguchi et al., 2018). Consistently in this project, PARP1 knockdown or 

treatment with olaparib upregulated EZH2. However, there were no significant changes in 

global H3K27me3 after PARP inhibition; in fact, levels were lower than controls. In contrast, 

H3K27me3 levels were significantly higher after LSD1 knockdown, phenelzine treatment, and 

combined LSD1/PARP1 depletion. H3K27me3 is usually demethylated by KDM5A or 

KDM5B and is not a known target of LSD1. However, Zhang et al. reported a similar finding, 

where LSD1 inhibition elevated H3K27me3 and H3K9me2 in SOX2-expressing cells via 

inhibition of SOX2 (Zhang et al., 2013). Despite upregulated EZH2 by PARP depletion, LSD1 

seems to regulate H3K27 methylation status and overcome changes induced by PARP1.  

 

Combination phenelzine/olaparib upregulated global H3K9me2 and H3K4me2 

LSD1 demethylates H3K4 and H3K9 to repress or activate transcription by inducing dense 

heterochromatin or less dense euchromatin states. Global H3K4me2 levels were increased after 
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LSD1 knockdown or phenelzine treatment, with resultant increases in CDH1 transcription and 

E-cadherin protein expression. However, H3K9me3 was not changed after treatment with 

phenelzine, although it was significantly upregulated with combined phenelzine/olaparib, 

suggesting a role for PARP1 or olaparib in LSD1-mediated regulation of H3K9. H3K9me2 is 

inversely associated with EMT and CSC formation (Cebrià-Costa et al., 2014; Shokraii et al., 

2019). 

Thus, this chapter demonstrated the fundamental role of LSD1 in governing and maintaining 

the proper balance between H3K4, H3K9, and H3K27 methylation levels, which is critical for 

the induction and maintenance of EMT. LSD1 also appeared to overcome the changes induced 

by PARP1 on histone methylation.  

PD-L1-PARP1-LSD1 interplay 

PARP1 depletion upregulates PD-L1 (Jiao et al., 2017), while two recent studies have revealed 

that LSD1 depletion may elevate PD-L1 levels (Qin et al., 2019; Sheng et al., 2018). However, 

the current study, LSD1 knockdown or inhibition by phenelzine downregulated PD-L1 mRNA 

and protein expression in MDA-MB-231 cells. To confirm this, CTCs were isolated from 

patients with metastatic TNBC and treated with phenelzine and, consistently, PD-L1 

downregulation was observed in addition to inhibition of other stemness markers. PD-L1 is 

expressed by cancer cells, which inhibit T cell activation and promote immune evasion. PD-

L1 inhibitors, despite showing significant anti-tumour activity by immune activation, result in 

increased stemness markers by genomic profiling of resistant patients (Hugo et al., 2016). 

Therefore, LSD1 inhibition may be an ideal combination therapy to improve outcomes in 

patients taking PARPi, not only by enhancing CSC killing but also by alleviating the immune 

resistance induced by PARPi. While this is a very promising results, this should be tested in 
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different TNBC cell lines  (both mesenchymal and epithelial),including immunocompetent 

models like 4T1 to further establish the LSD1-PD-L1 interplay.  

Stem cell pathways  

NanoString expression analysis was employed to examine the influence of PARP1 and LSD1 

on the global regulation of cancer progression and EMT. The results further support a strong 

interplay between PARP1 and LSD1, with distinct patterns of gene expression seen with 

combined PARP1/LSD1 depletion (knockdown or protein inhibition) compared to PARP1 

depletion alone. Importantly, pathway analysis showed downregulation of genes involved in 

stem cell regulation after combined PARP1/LSD1 inhibition with phenelzine and olaparib. 

However, stem cell pathway scores were higher after combined siRNA treatment compared to 

the PARP1 siRNA group. More importantly, the percentage of genes that were downregulated 

was significantly higher with combined PARP1/LSD1 knockdown. Phenelzine treatment 

inhibited MET and PLAUR, while combined phenelzine/olaparib treatment also inhibited 

SNAI1 and SNAI2. c-Met is a proto-oncogene and its expression correlates with poor survival 

in TNBC patients. High levels of c-Met are seen in TNBC compared to non-TNBC cell lines. 

c-Met phosphorylates PARP at Tyr907 and increases its activity. This effect also reduces the 

binding of PARP to PARPi and renders tumours resistant to PARPs (Du et al., 2016). 

Downregulation of the proto-oncogene PLAUR and c-MET by phenelzine may be important in 

this synergy. Targeting HSP90 increases sensitivity to PARPi, and hyperacetylation of HSP90 

chaperone proteins by HDAC inhibitors initiate proteasomal degradation and depletion of 

ATR, CHK1, and BRCA1 and increases PARPi inhibitor sensitivity (Bhalla et al., 2012). 

Downregulation of HSP90B1 by phenelzine may be crucial to CSC inhibition with combination 

therapy (by sensitising cells to PARPi) given that no CSC inhibition was seen with phenelzine 

alone.  



224 
 

MAPK, PI3/AKT, ERBB, RAS pathways  

MAPK pathway analysis revealed downregulation of number key genes implicated in 

Tumourigenesis and proliferation. Genes including KRAS, HRAS, and MAP3K7 were 

downregulated by phenelzine or LSD1 knockdown. Downstream MAPK1 (ERK1) was 

repressed by combined phenelzine/olaparib, while MAPK3 (ERK2) was inhibited in all three 

groups. Even though KRAS is not a frequent mutation in breast cancer (Sánchez-Muñoz et al., 

2010), it is often aberrantly activated in breast cancer, especially basal-like breast cancers, 

conferring a mesenchymal phenotype with metastatic potential (Kim et al., 2015). KRAS 

knockdown has also been shown to inhibit EMT via inactivation of SNAI2 (but not SNAIL, 

ZEB1, or TWIST). MDA-MB-231 cell growth is driven by mutated KRAS (G13D) (Eckert et 

al., 2004; Matsubara & Bissell, 2016). Hence, RAS inhibition may be crucial to the CSC 

inhibition seen in this study. However, feedback upregulation of upstream signalling or 

alternate pathways are inevitable, and often a second or third drug is required to overcome 

resistance. However, despite feedback upregulation of upstream extracellular signals or 

transmembrane tyrosine kinase receptors, LSD1 depletion by LSD1 knockdown and 

phenelzine was able to repress a number of key downstream pathway genes like RAS, PIK3CA, 

MAPK1, and MTOR, with downregulation of extracellular signals by olaparib perhaps 

providing the key to synergism. 

Conclusion 

This chapter provided evidence of post-translational modifications caused by LSD1 and 

PARP1 inhibition and data to support synergism. LSD1 and PARP1 interact to regulate and 

maintain the balance of histone methylation, and hence EMT/MET. In addition, NanoString 

gene expression profiling was deployed to study the synergy between LSD1 and PARP1 

inhibitors. While PARP1 indeed is involved in regulating EMT/CSC-related genes and 

transcription factors, PARP1 inhibition upregulated some EMT-related genes and repressed 
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others. LSD1 is a known promoter of the mesenchymal phenotype and Tumourigenesis. 

However, depletion of LSD1 alone was inadequate to inhibit the CSC population despite 

inducing expected differential gene expression. Combined PARP1/LSD1 depletion induced 

unique differential gene expression patterns to effectively inhibit EMT and hence the CSC 

population. Marked changes were seen in genes regulating stem cell, miRNA, HIF-1, MAPK, 

RAS, ERBB, and PI3K/AKT pathways. Notably, although feedback upregulation of upstream 

extracellular/transmembrane signalling was seen with phenelzine, combination 

phenelzine/olaparib treatment downregulated key downstream genes involving more than one 

pathway as well as reducing extracellular/transmembrane signals, which was key to the 

cytotoxicity.  
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Chapter 5 

Identification of circulating tumour cells with 

mesenchymal features and exploring potential 

biomarkers of breast cancer brain metastasis   

 

 

 

 

 

 

 

 

 



227 
 

Introduction 

In Chapter 4, gene expression analysis unravelled a number of unique gene expression patterns 

after treatment with phenelzine and combined phenelzine/olaparib. In addition to changes in 

stem cell genes, unique changes were seen in MAPK pathway genes. Hence, in this chapter, 

the MAPK pathway was explored in circulating tumour cells (CTCs) which are the main 

vehicles of metastatic relapse. EMT, a normal morphogenetic process, is thought to be involved 

in the genesis of CTCs. EMT is a process described as fundamental for cancer metastasis, 

where epithelial cells from primary cancers lose their cell-to-cell adhesive properties and 

develop a more motile and invasive mesenchymal phenotype. This process facilitates their 

entry into the bloodstream, before reverting back to an epithelial phenotype upon extravasation 

in host tissue (the so-called mesenchymal-to-epithelial transition; MET) (Christiansen & 

Rajasekaran, 2006; Thiery & Sleeman, 2006). However, CTCs are identified with epithelial 

markers such as cytokeratin and EpCAM, which contradicts with the theory of EMT and 

metastasis. However, as described by Christiansen et al, EMT is not a homogenous process, 

hence it is likely that EMT gives rise to heterogenous CTC phenotypes with either 

predominantly mesenchymal or epithelial properties (Christiansen & Rajasekaran, 2006). An 

in vivo study postulated that CTCs with mesenchymal properties are responsible for breakdown 

of extracellular matrix and vascular wall invasion, which facilitate the entry of both 

mesenchymal CTC as well as epithelial CTCs, which eventually form distant metastases (Tsuji, 

Ibaragi, & Hu, 2009). The CTC population may thus comprise a subset of cells with self-

renewal and tumour-initiating capabilities called circulating CSCs. 

Breast cancer CTCs provide prognostic information, although not all existing studies have 

produced consistent findings (Beije et al., 2016; Wallwiener et al., 2015; Zhang et al., 2016b). 

A meta-analysis suggested that the presence of HER2+ CTCs is associated with worse 

progression-free and overall survival in early breast cancer. HER2-positive breast cancers are 
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inherently aggressive cancers with a poor prognosis (Poltinnikov et al., 2006). Over the last 

decade, prognosis and outcomes have improved significantly with the advent of HER2-directed 

therapy. Nevertheless, about 20-30% of patients relapse and die from HER2+ breast cancer 

every year despite multiple lines of HER2-directed therapy. Multiple studies have examined 

predicters of therapy including HER2+ CTC levels, but the results are conflicting (Ali et al., 

2008; Esteva et al., 2005; Kostler et al., 2004; Leyland-Jones & Smith, 2011). However, there 

is widespread discrepancy between HER2 positivity in tumour tissue and CTCs (Zhang et al., 

2016a). In their study of 107 patients, Wallwiener et al. reported that 73% of patients with 

HER2+ CTCs were found to have HER2- primary cancers (Wallwiener et al., 2015). In addition, 

HER2+ tumours convert into HER2-negative tumours after therapy (Niikura et al., 2012). 

Hence, in this study, CTC gene expression was analysed in terms of their HER2 status.   

HER2+ breast cancers are associated with frequent brain metastases in about 25-50% of cases, 

which are associated with high morbidity and mortality (Kodack, Askoxylakis, Ferraro, 

Fukumura, & Jain, 2015). This phenomenon may be due to the proclivity of HER2+ cells to 

migrate to the brain or the prolonged survival of HER2+ patients related to effective systemic 

therapy. TNBCs are associated with about a 20% incidence of brain metastasis (Witzel et al., 

2016). Brain metastases are almost always resistant to standard anticancer therapies, and the 

pathogenesis and causes of such resistance remain unresolved. The highly selective blood-brain 

barrier (BBB) is commonly thought to contribute the most to resistance, as it is thought to 

impede entry of most anticancer therapies (Kotecki et al., 2018). Monitoring drug 

concentrations intracranially is not practical. However, another hypothesis is that the brain 

microenvironment, with its unique cell types, anatomical structures, metabolic constraints, and 

immune environment, differs drastically from the microenvironments of extracranial lesions. 

This sequence of events imposes a distinct and profound selective pressure on tumour cells 
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that, in turn, shapes the metastatic process and therapeutic responses. Some studies implicate 

EMT and CSC in brain metastases (McGowan et al., 2011). 

Hence, this project also examined brain metastatic tissues for potential biomarkers that 

predispose to intracranial metastasis.  

 

Aims 

5.1 Explore the gene profiles of CTCs and LSD1 modulation. 

5.2 Explore the role of the MAP kinase phosphatase DUSP6 in brain metastases. 
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Results 

This chapter first examined the role of HER2 overexpression in the CTCs of five patients, 

including a patient who was newly diagnosed with TNBC brain metastases and treated with 

chemotherapy and an LSD1 inhibitor. CD45-/pan-CK+ CTCs were identified, enumerated, and 

isolated from five metastatic TNBC patients using the DEPArray system (Silicon Biosystems, 

Castel Maggiore, Italy). There were 5 to 150 CTCs per 7.5 mL blood (average of 103 CTCs 

per 7.5 mL). Based on HER2 positivity, they were grouped into HER2+ CTCs and HER2- 

CTCs. 

 

5.1 HER2+ CTCs show higher stemness features and different MAPK pathway expression  

NanoString analysis showed a higher expression of stem-like genes in HER2+ CTCs than 

HER2- CTCs. Epithelial markers like EpCAM, TNF, and ID1 were strongly positive in HER2- 

CTCs compared to HER2+ CTCs. Stemness genes like BMPR1A, STAT3, CTNNB1, WNT5B, 

HIF1A, ZEB1, and ROCK2 were overexpressed in HER2+ CTCs (Figure 5.1A). MAPK 

pathway genes (MAPK1, MAPK3), RAS pathways genes (EGF, KRAS, RRAS), and the 

PI3K/AKT pathways gene AKT were more highly expressed in HER2+ CTC compared to 

HER2- CTCs. Both HER2+ CTCs and HER2- CTCs were found in the same patient with TNBC. 

A similar pattern was seen among these CTC subtypes (Figure 5.1 B, C). 
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Figure 5.1: NanoString profiling shows differential gene expression in HER2+ and HER2- 

circulating tumour cells (CTC) 

(A) CTCs were collected from 4 patients with metastatic breast cancer (one HER2+, and three 

TNBC). CD45-CK+ CTCs were labelled with HER2 antibody to distinguish HER2+ CTCs and 

HER2- CTCs. CTC subpopulations were sorted using the DEPArray system and subsequently 

lysed. RNA from these CTCs was used for pre-amplification, which was followed by 

NanoString gene expression analysis using the PanCancer Progression Panel. Gene expression 

was normalised to housekeepers, and fold-changes were calculated. Red (or yellow) show 

higher expression in the heat-maps, while blue indicates lower expression. (B) HER2-positive 

CTCs and HER2-negative CTCs using DEPArray. BF: brightfield. (C) HER2-positive CTCs 

show distinct mRNA profiles in genes involved in mitogen-activated protein kinase (MAPK) 

signalling in HER2-positive and negative CTCs isolated from the same patient. 
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5.2 LSD1 inhibition induces a phenotypic shift in circulating tumour cells 

 

All TNBC patients in this group had HER2-positive CTCs detected, ranging from 10% to 100% 

of total. In the patient treated with an LSD1 inhibitor, at baseline, the majority of CTCs were 

HER2+, despite not showing HER2 overexpression at tissue level. After resection of brain 

metastases, there was a significant rise in the number of CTCs, and almost 100% of them were 

HER2+. At 8 weeks after commencing chemotherapy and phenelzine, a significant reduction 

in bulk CTCs was noted, with phenotypic transformation of HER2+ CTCs to HER2- CTCs.  

 

 

5.2.1 Ex-vivo LSD1 inhibition switches the CTC phenotype from HER2+ to HER2-  

Given the higher stemness features in the HER2+ CTCs and the observation of phenotypic 

switching in CTCs in a TNBC patient, ex vivo inhibition of CTCs with the LSD1 inhibitor 

phenelzine was undertaken. Ex vivo culture of CTCs with phenelzine suppressed HER2+ 

expression in CTCs, consistent with the in vivo observation in the patient treated with 

phenelzine. The reduced proportion of HER2+ CTCs was associated with a reduction of total 

CTCs, which indicates an effect of LSD1 inhibition in controlling disease progression by 

switching HER2+ CTCs to HER2- CTCs.   
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Figure 5.2: Phenotypic changes in HER2+ CTCs after LSD1 inhibition 

CTCs from a TNBC patient treated with an LSD1 inhibitor in combination with standard 

chemotherapy were collected and labelled with HER2 antibody and DEPArray analysis 

performed. (A) LSD1 inhibitor switched HER2+ CTCs to HER2- CTCs in vivo. (B) CTC 

number was associated with the proportion of HER2+ CTCs post LSD1 inhibitor treatment in 

vivo. 
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Figure 5.3: CTCs from a TNBC patient were cultured with LSD1 inhibitor and DEPArray 

analysis was performed. (A) LSD1 inhibitor switched HER2+ CTCs to HER2- CTCs ex vivo. 
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5.3 Exploring the role of the MAPK pathway phosphatase DUSPs in brain metastasis 

HER2+ breast cancers are associated with a high risk of intracranial metastasis and high 

morbidity and mortality. Intracranial metastasis in HER2+ and TNBC patients represent an 

unmet clinical need, since current therapies are ineffective. The experiments above showed that 

HER2+ CTCs have high stemness features and overexpress MAPK pathway genes compared 

to HER2- CTCs. In addition, MAPK1 and MAPK3 downregulation was seen after 

phenelzine/olaparib treatment in MDA-MB-231 cells (as detailed in Chapter 4).  

Dual-specificity phosphatases (DUSPs) are a family of proteins responsible for 

dephosphorylating threonine/serine and tyrosine residues on their substrates, mainly MAP 

kinases. Several DUSPs are implicated in breast cancer metastasis, for example, DUSP1, 

DUSP4, and DUSP6 (Boulding et al., 2016). DUSP6 knockdown by siRNA increased breast 

CSC formation but inhibited cell proliferation in TNBC cell lines in vitro. DUSP6 was also 

upregulated in the cytoplasm of primary malignant breast cancer cells in HER2-positive breast 

cancer patients. Although DUSP6 is predominantly cytoplasmic, nuclear staining has been 

observed in HER2+ breast cancers (Boulding et al., 2016). Brain metastasis tissues were 

examined with respect to DUSP6 expression. 

 

5.4 Nuclear dual-specific phosphatase-6 (DUSP6) is associated with resistance and 

intracranial metastasis 

5.4.1 DUSP6 is nuclear biased in brain metastases and HER2+ CTCs 

PARP1 was enriched in nuclei after EMT induction, and PARP1 colocalised strongly with 

LSD1 in brain metastases (Chapter 3, Figures 3.3 and 3.4). Archival metastatic tissues from 

TNBC patients were collected including brain, lung, and pleural metastases, which were then 

subjected to immunofluorescence staining with DUSP6, CSV, and ABCB5. In 19 out of 21 
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brain metastases, almost 40% of cells were triple positive for the stem cell markers CSV and 

ABCB5 as well as DUSP6. Surprisingly, DUSP6 nuclear expression was seen in the brain 

metastases, with the highest DUSP6 expression noted in triple-positive cells. DUSP6 is 

reported to be predominantly cytoplasmic, so to further understand whether nuclear expression 

of DUSP6 is exclusively present in brain metastases, lung and pleura; metastases from five 

TNBC patients were examined. Interestingly, although 60% and 40% triple-positive 

populations were identified, virtually no cancer cell exhibited nuclear DUSP6 expression in all 

five patients. Hence, since HER2+ breast cancers have a high incidence of brain metastasis, 

HER2+ CTCs were stained with CSV, ABCB5, and DUSP6 to explore the subcellular 

localisation of DUSP6. Indeed, DUSP6 was predominantly nuclear biased in HER2+ CTCs, 

with an Fn/c  of 1.5.  
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Figure 5.4: Nuclear DUSP6 is present in breast cancer brain metastases 

Nuclear-biased DUSP6 in brain metastases from metastatic TNBC patients. Fluorescence 

labelling of DUSP6, CSV, and ABCB5 was performed for ASI microscopy analysis. (A) 

Representative image of nuclear DUSP6 expression in brain metastases (n = 21 patients). >500 

cells counted per patient. (B) Columns represent cells double-positive for either 

DUSP6/ABCB5/CSV or triple-positive for all three markers. (C) Columns display the nuclear 

fluorescence intensity in double- or triple-positive cells for DUSP6. Data represent mean ± SE. 

Unpaired t-test. *P<0.05, ****P<0.0001.  
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Figure 5.5: DUSP6 expression in breast cancer metastases to the lung and pleura (n = 5 

patients) from metastatic TNBC patients 

Fluorescence labelling of DUSP6, CSV, and ABCB5 was performed for ASI microscopy 

analysis. Columns represent cells double-positive for either DUSP6/ABCB5/CSV or triple-

positive for all three markers (A) in breast cancer lung metastases and (B) in breast cancer 

pleural metastases. Data represent mean ± SE. Unpaired t-test. *P<0.05, ****P< 0.0001. 
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Figure 5.6: Nuclear DUSP6 present in CTCs from metastatic breast cancer patients  

CTCs were labelled with anti-human DUSP6, cell surface vimentin (CSV), ABCB5, and DAPI 

for microscopy. Nuclear/cytoplasmic intensity of DUSP6 was measured by microscopy. About 

15-20 cells were counted in each patient. Figure shows a representative image (one patient) (A) 

and the nuclear bias of DUSP6 in CTCs (B) from stage IV metastatic breast cancer patients. (n 

= 5 patients).  
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5.4.2 Nuclear DUSP6 is enriched in resistant cancer cell clones 

Given the unique subcellular localisation of DUSP6 in chemoresistant brain metastatic tissues, 

we hypothesised that enrichment of nuclear DUSP6 may give rise to a resistant clone of cancer 

cells after treatment with systemic therapy. To investigate this assertion, 4T1 mouse tumour 

samples that had been treated with nab-paclitaxel (30 mg/kg) or PD-1 inhibitor (RMP1-14, 10 

mg/kg) were obtained. Mice were treated with either vehicle, nab-paclitaxel, or PD-1 inhibitor 

for 15 days. Primary tumours were stained with CSV, ABCB5, and DUSP6. Both treatments 

resulted in expected tumour growth inhibition. About 20% of cells in the control group stained 

positive for all three markers (triple positive) above the threshold. In the nab-paclitaxel and 

PD-1-treated groups, the triple-positive population was about 40% in each. More importantly, 

DUSP6 was predominantly cytoplasmic in control samples with a mean Fn/c of 0.4, however, 

in both treatment groups, DUSP was mainly nuclear biased with an Fn/c of 1.9, suggesting 

nuclear DUSP6 may play a key role in the emergence of resistant clones of cancer cells.   
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Figure 5.7: Nuclear-biased DUSP6 in the 4T1 metastatic mouse cancer model 

(A) Treatment regimen using the BALB/c 4T1 breast cancer model and day 15 tumour volumes 

of mice treated with vehicle control, Abraxane, or PD-1 (n=4). (B) DUSP6 expression in the 

primary 4T1 tumour model. Fluorescence labelling of DUSP6, CSV, and ABCB5 was 

performed for ASI microscopy analysis. Columns represent cells double-positive for either 

DUSP6/ABCB5/CSV or triple-positive for these three markers. n=3 mice per group (>500 cells 

per patient counted). Data represent mean ± SE. Unpaired t-test. ****P<0.0001. (C) DUSP6 

Fn/c (ratio of nuclear to cytoplasmic staining) was quantified in the primary 4T1 tumour model. 

Fn/c was determined by performing ASI microscopy analysis and using ImageJ-Fiji to 

determine the ratio. Bar graphs represent fn/c mean ± SE. Unpaired t-test., ****P<0.0001. 
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5.4.3 Inhibition of nuclear entry of DUSP6 reverses the emergence of resistance after 

chemotherapy   

Given the role of nuclear DUSP6 in resistance, intracranial metastases, and HER2+ CTCs, it 

was hypothesised that inhibition of nuclear DUSP6 may downregulate mesenchymal markers 

and reverse the emergence of resistance.  A bipartite nuclear localisation signal (NLS) of 

DUSP6 was identified using the NLS Mapper predictive tool, and a novel competitive peptide 

inhibitor targeting the NLS motif was designed (DUSP6 PEP C1). MDA-MB-231 cells were 

treated with either vehicle, nab-paclitaxel, DUSP6 PEP C1, or combined nab-

paclitaxel/DUSP6 PEP C1. Consistent with the mouse experiment above, treatment with nab-

paclitaxel upregulated DUSP6 nuclear expression (Fn/c 1.6). Treatment with DUSP6 PEP C1 

significantly reduced nuclear DUSP6 expression (Fn/c 0.6) and reversed the nuclear 

enrichment induced by nab-paclitaxel in the combination group (Fn/c 0.7). 
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Figure 5.8: Inhibition of nuclear DUSP6 with a novel peptide inhibitor  

DUSP6, CSV, and ABCB5 were labelled in the TNBC cell line MDA-MB-231 and treated 

with either vehicle alone, nab-paclitaxel (PTX), or DUSP6 nuclear peptide inhibitor (DUSP6 

PEP, C1 60 mg/mL) or a combination (PTX C2 40 mg/mL) with n = 20 individual cells. (A) 

Representative images for each dataset are shown. (B) Graphs represent the Fn/c, nuclear 

fluorescence intensity (NFI), cytoplasmic fluorescence intensity (CFI), or total fluorescence 

intensity (TFI) measured with the ASI automated digital pathology system. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001. 
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5.4.4 DUSP6 and post-translational modifications 

Previous studies in the Rao laboratory have shown an association between DUSP4 and the 

activating histone mark H3K27ac and its acetyltransferase p300. In Chapter 4, it was shown 

that H3K9me2 was uniquely upregulated after phenelzine/olaparib inhibition and CSC 

inhibition. Hence, interaction between DUSP6 and H3K9me2 and p300 were examined in 

CTCs. p300 colocalized with DUSP6 with a PCC of 0.3, while the correlation was lower with 

H3K9me2 (PCC of 0.2), suggesting that DUSP6 is possibly involved with active gene 

transcription in CTCs and that expression of H3K9me2 may suppress the activity of DUSP6.  
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Figure 5.9:  Nuclear DUSP6 interaction with p300 or H3k9me2 

Confocal laser scanning microscopy was performed on CTCs isolated from metastatic breast 

cancer patients (Stage IV; n = 10). Cells were fixed and probed with primary rabbit antibodies 

to DUSP6 and primary mouse antibodies to p300 or H3k9me2 followed by the corresponding 

secondary antibody conjugated to Alexa-Fluor 568 or Alexa-Fluor 488. (A) Representative 

images for each antibody dataset pair are shown: red = p300 or H3k9me2; green = DUSP6. (B) 

The PCC was determined as described in the methods, where PCC indicates the strength of 

relationship between the two fluorochrome signals for at least 20 individual cells ± SE. Other 

columns indicate the total NFI of DUSP6, p300, or H3K9me2 as measured using ASI software 

to select the nucleus of each cell and the total NFI signal minus background for at least 20 

individual cells ± SE.  
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Chapter 5: Discussion 

Chapters 3 and 4 demonstrated how epigenetic modulation via LSD1 inhibition 

reprogrammed cancer stem cells and enhanced the efficacy of olaparib in BRCA-proficient cell 

lines, which are usually resistant to PARP inhibitors. This chapter explored the stemness 

features of CTCs, the effect of epigenetic modifications in CTCs, and explored other 

biomarkers of resistance such as DUSP6, which showed unique changes after 

phenelzine/olaparib treatment in MDA-MB-231 cells.  

CTCs are characterised by expression of the epithelial markers cytokeratin and/or EpCAM and 

are responsible for metastasis, which is the leading cause of death in cancer patients. On the 

other hand, EMT initiates metastasis through loss of epithelial markers and loss of cell-cell 

adhesion. This contradicts the theory of CTC-induced metastasis. However, EMT is a dynamic 

process where tumour metastasising cells (or CTCs) may have different degrees of 

mesenchymal and epithelial markers at a given time (Wu et al., 2015). Studies have shown that 

CTC populations possessing high levels of mesenchymal markers may be critical for metastasis 

and that the identification of such clonal cells is vital for targeted therapy (Yu et al., 2013). 

HER2+ CTCs were found to be associated with poor prognosis, irrespective of their primary 

tumour subtype (Poltinnikov et al., 2006). HER2+ CTCs may also possess a more mesenchymal 

phenotype (Kakarala & Wicha, 2008). 

This chapter identified that HER2+ CTCs are associated with higher stemness features and 

overexpress MAPK, RAS, and PI3K/AKT pathway genes. Chapter 4 demonstrated that 

phenelzine downregulated various genes in these pathways. Consistently, this experiment 

showed that LSD1 inhibition can reprogram mesenchymal CTCs (HER2+) to HER2- CTCs 

with a more epithelial phenotype, which may possess less metastatic potential. Subcellular 
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localisation of the MAPK pathway phosphatase DUSP6 seems to be important for the invasive 

properties and resistance of breast cancer cells.  

DUSP6 is cytoplasmic-biased in breast cancer cells such as MCF-7 and MDA-MB-231. 

DUSP6 nuclear expression increases in tumour cells that have transformed into CSCs via EMT 

(Boulding et al., 2016). Dual inhibition of DUSP6 and DUSP1 significantly reduces CSC 

formation in vitro. Previous experiments in the Rao laboratory have shown that DUSP6 is 

exclusively cytoplasmic in primary HER2+ER- breast cancers from metastatic breast cancer 

patients, with no nuclear DUSP6 expression in primary TNBCs (Boulding et al., 2016). 

However, in CTCs, DUSP6 was nuclear in all vimentin-positive mesenchymal CTCs from 

stage IV metastatic patients evaluated. Nuclear DUSP6 expression was identified in 19 out of 

21 patients with TNBC brain metastases, indicating that brain metastases may form from 

HER2+ CTCs via a nuclear DUSP6-dependent pathway. DUSP6 was intra-nuclear in residual 

tumours resistant to chemotherapy or immunotherapy. Inhibition of a DUSP6 motif responsible 

for nuclear entry successfully inhibited nuclear DUSP6 as well as mesenchymal properties.  

The identification of subtypes of highly invasive CTCs with mesenchymal and resistant 

features could be prognostic and predictive. Furthermore, they may be important in the 

treatment and prevention of breast cancer brain metastases in the future.    

 

Conclusion 

This chapter demonstrated that a subset of CTCs with HER2 positivity may possess 

mesenchymal features and are characterised by prominent MAPK pathway genes and 

intranuclear DUSP6, a MAP kinase phosphatase. Intra-nuclear translocation or nuclear 

enrichment of DUSP6, which is usually a cytoplasmic protein, could increase the invasive 

properties and emergence of resistant clones of cancer cells that may be associated with 
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intracranial metastasis. Manipulation of nuclear entry of DUSP6 or MAPK pathway (as seen 

in Chapter 4) may alter the natural history of the breast cancer.   
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Chapter 6 

Final Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



253 
 

Discussion 

Triple-negative breast cancer comprises about 15-20% of all breast cancer cases (Lin et al., 

2012), lack ER, PR, and HER2 receptors, and are not suitable for any targeted therapy. 

Chemotherapy has been the backbone of cancer therapy for many decades, with limited 

therapeutic developments in recent years. The prognosis of the TNBC remains poor, with a six-

times higher risk of death compared to other breast cancer subtypes in the first two years after 

diagnosis (Lin et al., 2012). In addition, TNBC has a high potential for intracranial metastasis, 

with a median survival of less than six months (Griffiths & Olin, 2012). Recently, PD-L1 

inhibitors have been approved for metastatic TNBC, but the benefits are seen mainly in PD-

L1-high subtypes and response rates are modest compared to other solid organ malignancies 

(Schmid et al., 2018). This is an area of unmet need in the field of solid organ cancers, 

especially for the treatment of brain metastasis.  

 

The clinical application of PARP inhibitors has developed rapidly over the last decade. A 

number of PARPi are now approved for ovarian and breast cancer patients with BRCA 

mutations. However, although they show activity in patients with any homologous 

recombination (HR) deficiency, their efficacy in tumours without BRCA mutations or HR 

deficiency is suboptimal. Among patients with TNBC, only 15-30% carry a BRCA mutation 

(Sharma et al., 2014b). Two large phase 3 trials have reported modest improvement in PFS in 

metastatic breast cancer patients; however, there was no overall survival (OS) benefit (Robson 

et al., 2017). The Olympiad trial recently reported updated OS data and found a two-month 

improvement, which was not statistically significant (Robson et al., 2019). It appears that PFS 

difference was significant in TNBCs compared to ER+ cancers. Another interesting finding was 

that patients who were chemo-naive had a statistically significant OS benefit. This results 
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further supports the hypothesis that CSCs may have been enriched after treatment with 

chemotherapy that were still resistant to PARPi. LSD1, a chromatin-modifying protein, is 

highly expressed in basal-like TNBCs and associated with poor survival (Boulding et al., 

2018). The evidence suggests that PARP1 could modify chromatin and gene expression by 

altering epigenetic enzymes and histones in addition to its effect in DNA damage repair. Until 

now, the PARP1-LSD1 interplay has not been well explored. Hence, this thesis explored the 

role PARP1 in EMT/CSC pathways and the effects of concomitant LSD1-PARP1 depletion on 

histones, chromatin, and gene transcription, which could potentially reprogram the cancer 

genome and inhibit EMT/CSCs, in turn improving responses to PARPi.    

    

6.1 Summary  

PARP1 and LSD1 showed strong nuclear colocalisation in human metastatic breast cancer 

samples and TNBC cell lines in vitro. Upon stimulation of EMT with PMA, a parallel increase 

in nuclear PARP1 and nuclear LSD1 was observed, suggesting that nuclear PARP1 may play 

a key role along with nuclear LSD1 (LSD1-s111p) in EMT. Chromatin immunoprecipitation 

assays confirmed, despite PARPi with olaparib, that PARP1 was enriched along with LSD1 at 

the promoters of EMT-related genes. As hypothesised, PARP1 knockdown/inhibition was 

ineffective at inhibiting the CSC population in the BRCA-proficient cell line. Furthermore, an 

increase in CSC surface markers CD44, ALDH1A1, MYC, and LSD1 after PARP1 knockdown 

was noted (Chapter 3). Previous experiments in this laboratory have revealed that, despite 

repression of EMT/CSC genes, LSD1 knockdown or inhibition was ineffective at depleting 

CSCs in MDA-MB-231 cells. A similar finding was observed in this project. However, 

combined LSD1/PARP1 depletion (by siRNA knockdown or drug inhibition) inhibited CSCs 

and reversed EMT transcription factors and other oncogenes upregulated by PARP1 depletion 
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alone. Subcellular nuclear localisation of PARP1 and LSD1 may be crucial for EMT and the 

maintenance of CSCs. Inhibition of the NLS motif of LSD1 with a peptide inhibitor 

significantly inhibited CSCs and synergised with olaparib. Olaparib or talazoparib combined 

with phenelzine also showed significant inhibition of cell proliferation in two other cell lines. 

However, veliparib did not show synergy. Hence, it seems that the “trapping” potential of 

PARPi was important for enhancing cytotoxicity and epigenetic reprogramming. In addition to 

early tumour growth inhibition, combination therapy also inhibited the CSC population and 

EpCAM expression (which is an epithelial cancer marker) in nodal metastasis. 

 

Chapter 4 explored alterations in histones and gene transcription induced by PARP1 and LSD1 

depletion. Combination phenelzine/olaparib synergistically induced methylation changes in 

histones, notably increases in the gene silencing marks H3K9me2 and H3K27me3. H3K4me2 

was upregulated, which is associated with CDH1 activation. NanoString gene expression 

profiling of siRNA- and drug-treated samples showed further differential gene expression with 

combined PARP1/LSD1 depletion compared to either agent alone. It was also evident that 

combined drug inhibition more effectively depleted CSCs (almost three-times more) than 

siRNA-mediated mRNA inhibition, suggesting either other off-target effects of LSD1 

inhibition or changes in chromatin due to the “trapping” effect of olaparib and talazoparib but 

not veliparib. Supporting this hypothesis, “stem cell pathway“ scores were significantly 

downregulated by combined olaparib/phenelzine treatment. In addition, crucial genes 

involving MAPK, PI3K/AKT, RAS, and ERBB pathways were inhibited by phenelzine and 

combined phenelzine/olaparib, which are involved in EMT as well as PD-L1 expression. A 

unique set of genes was repressed by combination therapy , such as BMPR1A/B and TCF3. 

NanoString analysis also revealed that phenelzine downregulated c-MET and HSP90, which 
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are known to confer resistance to PARPi.  This chapter, for the first time showed that LSD1 

inhibition repressed the immune suppressive protein PD-L1.  

 

Given the reduction in nodal metastases by LSD1 inhibition, Chapter 5 first investigated and 

characterised CTCs. CTCs with features of EMT and stemness are key to metastasis. Indeed, 

it was shown that a subset of CTCs (HER2+) exhibit stemness features and these cells 

overexpress MAPK pathway genes. DUSP6, a MAP kinase phosphatase, was found to be 

nuclear in HER2+ CTCs.  DUSP6 was also found to be nuclear in brain metastatic tissues 

compared to lung/pleural metastases, raising the possibility that nuclear DUSP6 may drive 

metastasis and confer resistance. This relationship was further confirmed in mouse tumours 

treated with chemotherapy and immunotherapy. Similar to inhibition of nuclear LSD1 in 

Chapter 3, a peptide was designed to inhibit the nuclear NLS motif of DUSP6, and as expected 

it inhibited CSC features and reversed the resistant features induced by chemotherapy. As noted 

in Chapter 4, LSD1 inhibition globally regulated more than one pathway including the MAPK, 

PI3K/AKT, RAS and Wnt pathways. These outcomes provide vital information in the fight 

against TNBCs and brain metastases.  

 

Collectively, this thesis characterised the role of PARP1 in signalling pathways and epigenetic 

enzymes involved in EMT/CSC and explored the interplay between LSD1 and PARP1, 

demonstrating widespread unique changes in histones, gene expression, and anti-cancer 

immunity. In addition, a subset of CTCs and a potential biomarker was shown to favour brain 

metastasis, which could lead to novel drug development.  
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6.2 PARP1 inhibition enhanced EMT/CSCs in breast cancer   

PARP1 is a key enzyme activated by DNA damage that is recruited to SSB sites. Activated 

PARP1 PARylates amino acid molecules in histones as well as non-histone proteins to maintain 

the chromatin in an open, less condensed state to recruit other DNA repair proteins to the repair 

site (Lord & Ashworth, 2017a). Hence PARP1 functions as a chromatin modifier in addition 

to a DNA repair enzyme. Further studies have revealed that PARP1 may have a wider role and 

other off-target effects. However, their role in EMT and maintenance of CSCs is not well 

studied. Thus far, most studies have focused on overcoming PARPi resistance by (1) increasing 

DNA damage, (2) increasing PARP trapping, and (3) simulating BRCAness in BRCA-

proficient tumours. In this project, the role of PARP1 in EMT/CSCs was explored, focusing on 

chromatin and transcription modifications. 

 

CD44 is a non-kinase transmembrane glycoprotein often upregulated in CSCs (Chen, Zhao, 

Karnad, & Freeman, 2018). CD24 is a small cell surface protein present on a wide variety of 

cancer cells. It is heavily glycosylated and functions in cell-cell and cell-matrix interactions 

(Jaggupilli & Elkord, 2012a). In breast cancer, high expression of CD44 and low expression of 

CD24 (CD44hi/ CD24lo) in cells from patients were more Tumourigenic than CD44hi/CD24hi 

cells, so this combination is widely used as a marker of CSCs. Although the relationship 

between the CD44hi/CD24lo profile and clinical outcomes is not certain, breast tumours 

expressing CD44hi/CD24lo exhibit enhanced invasion and metastasis (Li et al., 2017). These 

are the most widely used surface markers for the identification of breast CSCs, and they were 

identified in MCF-7 and MDA-MB-231 cell lines consistently as de-differentiated metastasis-

inducing cells. ALDH1A1 is a detoxifying enzyme responsible for the oxidation of retinol to 

retinoic acid, which is essential for the early differentiation of stem cells. High ALDH1A1 
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activity has been detected in normal and breast cancer stem cells and is an indicator of poor 

prognosis (Ginestier et al., 2007). In this thesis, the CD44hi/CD24lo combination was primarily 

used to identify CSCs, with other markers like ALDH, ABCB5, and CSV used for validation. 

PARP1 knockdown or olaparib treatment upregulated the CD44hi/CD24lo population in a 

TNBC cell line and induced expression of ALDH1A1 (Chapter 3, Section 3.1.2). An increase 

in CD24 expression was also evident, somewhat surprisingly. Although it is often analysed in 

association with CD44 in CSCs, CD24 expression is generally considered to be an independent 

poor prognostic factor (Jaggupilli & Elkord, 2012a). Furthermore, a different combination of 

markers was used to identify CSCs in this project such as CSV/ABCB5/LSD1, 

CSV/LSD1/PARP1, ABCB5/PARP1/LSD1, or ALDH1A1/CoREST/PARP1, with all of them 

showing consistent effects due to changes in LSD1 and/or PARP1. 

 

EMT is a conserved biological transition program where cells lose epithelial traits and gain 

mesenchymal traits with an associated loss of cell-to-cell adhesion and communication 

resulting in increasing invasive properties. Mesenchymal cells undergo mesenchymal-

epithelial transition (MET), which is the opposite process where cells convert back to a more 

epithelial phenotype (Thiery et al., 2009). EMT and MET are reversible dynamic processes 

possessed by malignant cells involved in all steps of metastasis including local invasion in the 

primary tumour, migration to distant organs via intravascular-extravascular circulation, and 

colonisation of distant sites (Mani et al., 2008). PARP1 depletion upregulated SNAI1 and 

SNAI2, which are EMT transcription factors. SNAI2, along with SNAI1, is a zinc finger 

transcription factor that binds to the E-box element of the E-cadherin promoter and represses 

CDH1 transcription to induce EMT. No significant changes were seen in ZEB1 expression in 

this study after PARP1 knockdown. In addition, MYC was downregulated by PARP1 (Chapter 

3, Section 3.1.2). MYC is an oncogene implicated in multiple functions in cancer cells 
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including tumour invasiveness, metastasis, and EMT induction (Cho et al., 2010). MYC also 

seems to promote TGF-β-mediated SNAI1 transcription. Downregulation of MYC by CDK4/6 

inhibition sensitises ovarian cancer cell lines to PARPi, which were otherwise resistant (Yi et 

al., 2019).  Another interesting finding was the small but significant increase in LSD1 mRNA 

expression following PARP1 knockdown.  

 

Overall, these initial experiments revealed that PARP1 is involved in the regulation of EMT 

and development and maintenance of CSCs in this TNBC cell line.  

 

6.3 LSD1 and PARP1 depletion synergistically inhibited EMT/CSCs, tumour growth, and 

metastasis 

In this study, PARP1  negatively regulated EMT-related transcription factors and oncogenes. 

Given this finding, it was hypothesised that PARP1 inhibition is unlikely to inhibit EMT and/or 

CSCs. Second, although LSD1 knockdown or LSD1 inhibition abrogated EMT and CSC 

formation in the well-differentiated MCF-7 cell line in previous studies from this lab, there was 

little impact on de-differentiated MDA-MB-231 cells. In fact, LSD1 inhibition with pargyline 

(a weak LSD1 inhibitor) promoted the CSC formation (Boulding et al., 2018).  

 

As hypothesised, PARP1 or LSD1 knockdown did not affect the maintenance of CSC in BRCA-

proficient MDA-MB-231 cells. Similarly, olaparib (a commercially available FDA/TGA-

approved drug for ovarian cancer) failed to show any effect on MDA-MB-231 CSCs or cell 

proliferation. Significant inhibition (10-15%) of CSC swas seen with combined LSD1/PARP1 

knockdown (Chapter 3, Section 3.4). Consistent with the previous report from this laboratory, 
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phenelzine, a potent irreversible LSD1 inhibitor, did not inhibit CSCs. However, combination 

phenelzine/olaparib showed almost 25% CSC inhibition compared to vehicle control and all 

other groups. In fact, olaparib- or phenelzine-treated cells showed enhanced CSC populations 

in some of the repeats.     

 

Supporting this finding, tumour growth was slower in xenograft mice (MDA-MB-231) treated 

with combination phenelzine/olaparib compared to either agent alone. The tumour growth 

inhibition was maximal in the first three weeks of treatment; however, at the end of the planned 

five week experiment, tumour volumes were similar to groups containing olaparib (Chapter 

5, Section 5.1). This outcome is probably explained by the dynamic regulation of EMT/MET 

in the tumour microenvironment and the effect of olaparib and phenelzine on CSCs and non-

CSCs (see Chapter 3 Discussion). In addition, the most important observation was a reduction 

in CSCs and EpCAM expression (non-CSCs) in ipsilateral lymph node metastases, which was 

a more crucial prognostic factor. EMT and CSCs are implicated in the initiation of metastasis. 

Given this finding of inhibition of EMT/CSCs along with a reduction in nodal metastasis, this 

approach may become crucial in the early breast cancer setting and needs further exploration.  

6.4 LSD1 and PARP1 interact at EMT/CSC gene promoters 

Numerous studies are underway to explore to augment PARPi efficacy. Most are targeted at 

creating “BRCAness” to enhance the PARPi sensitivity in BRCA-proficient and BRCA-mutant 

PARPi-resistant cancers. Various epigenetic drugs like HDAC inhibitors and DNMT inhibitors 

can repress HR pathway enzymes like RAD51, ATR, or CHK1 and sensitize them to PARPi 

(Ha et al., 2014; Muvarak et al., 2016; Wiegmans, Yap, Ward, Lim, & Khanna, 2015). Given 

both PARP1 and LSD1 are chromatin modifiers, this thesis explored their interaction at 

chromatin level.   
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LSD1 and PARP1 binding were assessed using two genes related to EMT and CSC. CD44 is 

a non-kinase transmembrane glycoprotein overexpressed in CSCs and associated with cancer 

progression (Chen et al., 2018). Urokinase-type plasminogen activator receptor (uPAR) is a 

GPI-anchored cell membrane receptor with proteolytic activity responsible for degradation of 

the extracellular matrix. uPAR expression is associated with metastasis, poor prognosis, and 

EMT (Lester, Jo, Montel, Takimoto, & Gonias, 2007; Mauro et al., 2017). Chromatin 

immunoprecipitation (ChIP) revealed enrichment of PARP1 and LSD1 at CD44 and uPAR 

CSC gene promoters in cells treated with olaparib, despite mRNA and protein analysis 

confirming a global reduction in PARP1 after olaparib treatment. PARP1 enables ongoing 

DNA damage repair and cell proliferation. In addition, LSD1 was enriched after treatment with 

olaparib at the CD44 and uPAR promoters along with PARP1. As noted earlier, LSD1 

facilitates EMT and CSC proliferation (Boulding et al., 2018). LSD1 and PARP1 enrichment 

at these EMT genes was disrupted by the addition of phenelzine and reversed the effect of 

PARPi (Figures 3.22-3.24). Despite global reductions in PARP1 and inhibition of bulk tumour 

growth by treatment with olaparib, it is clear that PARP1 is still enriched at EMT/CSC genes 

along with LSD1, which promotes EMT and CSC formation and in turn may eventually lead 

to relapse and progression. Enrichment of RNA Pol II further supports proliferation of this sub-

population of cells (CSCs) despite inhibition of bulk tumour/non-CSCs.  

Even though DNA damage repair (DDR) pathway analysis was not the focus of this project, 

gene expression profiling showed downregulation of c-MET and HSP90 after treatment with 

phenelzine. c-Met can phosphorylate PARP1, and blocking c-MET can enhance the anti-

tumour effects of PARPi (Du et al., 2016). During DDR, the stability and activity of ATR and 

CHK1 are essential for cell cycle arrest and subsequent DNA repair through homologous 

recombination (HR), which involves BRCA1 protein. ATR, CHK1, and BRCA1 are HSP90 

client proteins, and treatment with HSP90 inhibitors sensitises cancer cells to DNA damage 
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(Bhalla et al., 2012). HDAC inhibitors have been shown to hyperacetylate HSP90 and sensitise 

cancers to PARPi. The phenelzine-mediated inhibition of HSP90B1 observed in this project 

implies that LSD1 inhibition may in fact inhibit DDR and enhance PARPi-induced 

cytotoxicity. This relationship needs to be formally tested in the future by exploring other DNA 

damage repair proteins and markers.   

 

In this project, gene expression profiling and epigenetic changes were explored to identify 

potential synergistic changes and new targets. Indeed, distinct gene expression patterns were 

demonstrated with combined LSD1/PARP1 knockdown and inhibition. It was also interesting 

to note that while some cancer progression pathways showed consistent changes after 

knockdown or drug inhibition, other pathways showed opposing changes, suggesting that the 

binding of olaparib and phenelzine to chromatin induces differential expression. This 

dichotomy of effects is discussed below. 

 

6.5 LSD1/PARP1 synergistically modify chromatin and induce differential gene 

expression 

6.5.1 Stem cell pathway  

Cancer stem cells (CSCs) are sub-population of cancer cells that are resistant to most anti-

cancer therapies and thought to cause cancer recurrence. CSCs are uniquely identified by their 

immortality, capacity to reproduce all derived cell phenotypes of a cancer, and biological and 

biochemical markers (such as CD44, CD133, ALDH, and a high CD44/CD24 ratio) (Bao et 

al., 2006). CSCs are thought to arise as a consequence of EMT and considered responsible for 

tumour initiation and distant metastasis (Mani et al., 2008). EMT/CSCs are regulated by 
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numerous transcription factors and a large number of pathways like PI3K/AKT, Wnt, Notch, 

NF-κB, Hedgehog, and TGF-β (Wang et al., 2015).   

 

A number of transcription factors including SNAI1/2, ETV4, and TCF3 involved in 

EMT/CSCs were uniquely downregulated after treatment with combined phenelzine/olaparib 

compared to either agent alone (see Chapter 4, Tables 4.5 and 4.6). SNAI1 and SNAI2 are 

well known EMT transcription factors that recruit LSD1 to induce EMT (Boulding et al., 2018). 

ETV4 is overexpressed in TNBCs and increases the risk of nodal metastasis in association with 

MMP13 (Dumortier et al., 2018; Yuan et al., 2014). TCF3 is a Wnt family transcription factor 

that regulates stem cells. TCF3 overexpression is associated with poor differentiation and an 

aggressive basal-like phenotype, and depletion of TCF3 expression inhibits cancer cell growth 

and metastasis (Slyper et al., 2012). CTNNB1, another Wnt pathway protein, was inhibited by 

combination therapy as well as by single agents.  

 

6.5.2. Bone morphogenic protein pathway (BMP) 

Another important unique gene expression pattern noted with combined LSD1/PARP1 

depletion was in BMP pathway genes. BMP4 was negatively regulated by LSD1 in this study. 

However, BMP receptor downregulation was uniquely seen after combined PARP1/LSD1 

knockdown (BMPR2) and combined phenelzine/olaparib (BMPR1A, BMPR1B, ACVR1). 

BMP4 is overexpressed in a number of cell lines and human cancer tissues and appear to play 

an important role in Tumourigenesis and metastasis (Alarmo, Kuukasjarvi, Karhu, & 

Kallioniemi, 2007; Ketolainen, Alarmo, Tuominen, & Kallioniemi, 2010). However, 

functional studies have shown that BMP4 plays a dual role in cancer invasiveness. Ketolainen 

et al. reported that BMP4 treatment resulted in inhibition of nine breast cancer cell lines 
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(Ketolainen et al., 2010). Cao et als also reported similar results, where BMP4 suppressed 

breast cancer metastasis by inhibiting myeloid-derived suppressor cell activity in mice. 

However, not all results are consistent, with some studies showing an increase in invasive 

properties with BMP4 (Montesano, Sarkozi, & Schramek, 2008). 

 

Deletion of BMPR1A can impair and delay Tumourigenesis, metastasis, and breast cancer 

invasion; however, the investigators also noted upregulation of EMT markers like SNAIL, and 

they concluded alternative mechanisms involving BMPR1A could be critical for EMT/CSC 

(Pickup et al., 2015). Likewise, Helms et al. reported that BMPR1B was overexpressed in 

breast cancer and was associated with high-grade tumours, tumour progression, and poor 

prognosis in breast cancer patients (Helms et al., 2005). 

In addition, type I receptors belonging to the BMP pathway (BMPR1A, BMPR1B, and ACVR1) 

were all significantly suppressed by drug treatment, whereas the type II receptor BMPR2A was 

downregulated by siRNA treatment. Usually, BMP ligands bind and activate type II receptors 

first, which in turn activate type I receptors. These activated type I receptors phosphorylate and 

activate the SMADs. However, different BMP ligands bind and recruit different receptors 

preferentially. BMP4 can bind to type I receptors and recruit type II receptors. Hence, the 

upregulation of BMP4 seen in this study along with suppression of all three type I receptors 

may be a crucial mechanism identified as a potential cause of CSC inhibition following 

combined phenelzine/olaparib treatment. 

 

6.5.3. PI3K/AKT/mTOR, RAS, MAPK, and ERBB2 pathways 

One of the key changes seen with both siRNA knockdown and drug inhibition was changes to 

the PI3K/AKT/mTOR pathway.  This pathway is involved in several cellular processes such 
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as cell growth, proliferation, survival, and cellular transformation (Yang et al., 2019). A wide 

range of stimuli, including multiple growth factors and mitogens, activate cell surface tyrosine 

kinase receptors, which in turn determine the activation of PI3K. Following activation, a series 

of kinases eventually activate AKT (Ramazzotti et al., 2019). PI3K/AKT activation is essential 

for the development and maintenance of pluripotent stem cells by inhibiting GSK-3β and 

FOXO1. Both AKT and PIK3CA are overexpressed in breast cancer and confer a poor 

prognosis. In addition, AKT seem to be upregulated in BRCA1-deficient tumours, which 

apppears to promote Tumourigenesis, and inhibition of AKT suppressed tumour growth in 

BRCA1-deficient mice (Jia, Song, Zhang, Yan, & Yang, 2013). In addition, PI3K/AKT can 

induce EMT via cooperation with other signalling pathways such as TGFβ, NF-κB, and Wnt/β-

catenin (Xu, Yang, & Lu, 2015). With combined siRNA knockdown, AKT1 was significantly 

downregulated, whereas AKT3 was downregulated with the phenelzine/olaparib combination 

(Section 4.4.3). In addition, upstream PIK3CA was inhibited by both siRNA knockdown and 

drug treatment. One common mode of acquired resistance in cancer is compensatory 

upregulation of a related alternate pathway. Often, compensatory upregulation of RAS pathway 

genes is apparent after PI3K pathway inhibition, which induces resistance (Yang et al., 2019). 

In this study, a number of RAS pathway genes were repressed with suppression of the PI3K 

pathway including KRAS, HRAS, and MAPK1 (Section 4.4.2). These observations were not 

seen in PARP1 knockdown or olaparib-treated cells, while some changes were seen in 

phenelzine-treated cells. Overall, this study showed synergistic downregulation of selected 

genes involved in critical proliferative pathways involving PI3K and RAS after combined 

LSD1/PARP1 depletion.  
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Table 6.1: Downregulated EMT-related genes after siRNA treatment. 

Groups EMT genes 

LSD1 siRNA (17) ROCK1, PLAU, COL4A2, ADAM8, MMP13, LAMC2, ITGA3, AGRN, ROCK2, SMC3, SMAD3, TPSB2, 

ITGA2, COL7A1, RBL1, SMAD5, SMURF2 

PARP1 siRNA (16) SERPINE1, PLAU, TGFBR2, FST, CREBBP, ROCK2, MAPK1, SMAD3, LGALS1, PXDN, VEGFA, 

TIMP1, CXCL8, DST, SMAD5, ZFYVE9 

Combi siRNA (19) ROCK1, PLAU, TGFBR2, FST, ITGB1, BMPR2, ROCK2, MAPK1, COL6A3, SMC3, SMAD3, TFDP1, 

SP1, LGALS1, VEGFA, TIMP1, RBL1, SMAD5, CEP295 

 

6.5.4. HIF-1 pathway  

Hypoxia is common in many types of solid cancers, where cancer cells proliferate rapidly, 

resulting in obstruction of blood vessels and creating a vicious cycle of hypoxia. Cancer cells, 

however, adapt to survive in hypoxic conditions by regulating various pathways. Activation of 

the HIF-1 pathway is one of the key machineries of survival in the tumour microenvironment. 

HIF-1 is known to regulate more than 100 downstream genes implicated in cell proliferation, 

migration, angiogenesis, and metabolism. Multiple other pathways also work synchronously to 

regulate the HIF-1 pathway including PI3K/Akt/mTOR and MAPK. In addition, PARP1 also 

seem to play a role in the intrinsic control of HIF-1 (Masoud & Li, 2015; Singh et al., 2017). 

Elser et al. showed that PARP-1-dependent activation of HIF-1α was necessary for the 

enzymatic activity of PARP-1 and that PARP-1 directly interacts with the HIF-1α protein, 

functioning as a transcriptional coactivator under hypoxic conditions (Elser et al., 2008). 

Pharmacologic inhibition of PARP-1 resulted in significant downregulation of HIF-1α (Martin-

Oliva et al., 2006). Consistent with the literature, the HIF-1 pathway was suppressed after 

olaparib-mediated PARP inhibition; however, the addition of phenelzine to olaparib 

augmented the inhibition of HIF-1 pathway genes by more than 2-fold, resulting in CSC 

inhibition that was more than double that of siRNA treatment.  
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6.5.5 cGMP-PKG pathway 

The role of the cGMP-PKG in cancer is controversial, with studies showing conflicting results 

as pro-oncogenic as well as tumour suppressor factors. Schwappacher et al. showed that 

inhibition of the cGMP/PKG pathway decreased the pro-migratory function and invasiveness 

of MDA-MB-231 cells (Schwappacher et al., 2013). Several studies have shown that elevated 

expression of RhoA and ROCK1 in breast cancer tissues is associated with a poor prognosis 

(Gilkes et al., 2014). Matsubara et al. also reported that ROCK inhibition transformed highly 

virulent MDA-MB-231 cells to less malignant cells that lacked E-cadherin (Matsubara & 

Bissell, 2016). It is important to note that MDA-MB-231 cells possess high levels of ROCK1 

and ROCK2 compared many other cell lines and that inhibition of ROCK1 alone showed only 

modest effects on cell proliferation, whereas there was significant inhibition of cell 

proliferation in this study with phenelzine/olaparib. In fact, another study showed that the pro-

migratory effect and proliferation of PKG depends on activation of PI3K and RhoA 

phosphorylation (Rolli-Derkinderen, Toumaniantz, Pacaud, & Loirand, 2010). Consistently, in 

this study, there was inhibition of a number of PI3K genes along with downregulation of RhoA 

after treatment with phenelzine/olaparib. This is another example of the complexity and 

crosstalk between pathways involved in migration, proliferation, and metastasis, emphasising 

the necessity for selection of appropriate combinations of drugs that govern a number of 

involved pathways.  

 

6.5.6 LSD1 inhibition enhances microRNA pathway gene expression  

MicroRNAs (miRNAs or miRs) are small, noncoding RNAs that directly modulate gene 

expression 
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at the post-transcriptional level by binding predominantly to 3’ untranslated regions (3’UTRs) 

of target mRNAs. There is strong evidence showing that miRNAs can also be deregulated in 

cancer by abnormal CpG methylation and/or histone modifications. Furthermore, several 

miRNAs are not only regulated by epigenetic mechanisms but also play an active role in the 

epigenetic machinery, creating highly controlled feedback circuits that finely tune gene 

expression. 

MicroRNAs can regulate tumour suppressor genes and oncogenes negatively or positively to 

inhibit or promote tumour growth. In addition, the involvement of microRNAs with various 

other genes facilitates other aspects of carcinogenesis like invasion, metastasis, and drug 

resistance. Although not universal, global downregulation of miRNAs is a feature of cancer.  

 

In this study, there were minimal changes in miRNAs after PARP1 depletion either by siRNA-

mediated knockdown or by drugs. However, combined PARP1/LSD1 siRNA knockdown or 

combined phenelzine/olaparib treatment resulted in significant changes (>50%) in genes 

regulated by miRNAs. The overall global effect of LSD1 depletion, whether alone or in 

combination with PARP1 depletion, was upregulation of miRNA scores and subsequent 

inhibition of related genes (Chapter 4, Section 4.4.2). 

Changes in key genes and the related miRNAs were further analysed. First, it was noted that 

DICER1 was upregulated by phenelzine/olaparib. DICER1 is a type III cytoplasmic 

endoribonuclease involved in the maturation of miRNAs. Mutations in DICER1 result in 

downregulation of miRNAs and are associated with Tumourigenesis (Foulkes, Priest, & 

Duchaine, 2014).  This study showed that LSD1 plays an important role in the regulation of 

genes related to miRNA expression.   
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Phosphatase and tensin homolog (PTEN) inhibits the PI3K pathway to inhibit tumour growth. 

In this study, PTEN was suppressed by phenelzine/olaparib treatment in the PTEN proficient 

cell line MDA-MB-231 (Jang, Kim, Seo, & Shin, 2010). However, concomitant repression of 

PIK3CA was also seen, which in combination with upregulated PIK3R1/2 effectively inhibited 

the activation of PI3K pathway and growth retardation (PIK3R1/2 are inhibitory to 

PIK3CA)(Zardavas, Phillips, & Loi, 2014). 

 

The RAS pathways genes HRAS, KRAS, MAPK1, and MAP2K were also downregulated by the 

combination group, along with key genes involved in CSC/EMT: ZEB1 and ZEB2. miR-200 is 

a well-studied miRNA known to inhibit ZEB1 and ZEB2 (Lim et al., 2013). Lim et al. also 

reported restoration of miR-200 reduced stem-like properties . In addition, CpG 

hypermethylation was thought to be associated with reduced expression or loss of miR-200 in 

MDA-MB-231 cells. Consistently, the combination of phenelzine/olaparib downregulated the 

protein levels of DNMT1. The miRNA let-7 is known to be a tumour suppressor gene that 

inhibits pro-oncogenic RAS and related genes (Tan et al., 2018; Wang et al., 2012). 

Upregulation of miRNA pathway scores along with suppression of RAS and ZEB1/2 by 

combined PARP1/LSD1 inhibition may be a crucial mechanism for significant CSC inhibition 

in this group.   

 

6.6  Differential gene expression after drug inhibition compared with mRNA knockdown 

6.6.1 Stem cell pathway genes 

Combined siRNA treatment resulted in CSC downregulation in MDA-MB-231 cells by about 

10%; however, CSC inhibition was 27% with combined phenelzine/olaparib. Accordingly, 

gene expression profiles of siRNA treatment and drug inhibition were markedly different 
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(Section 4.4.1 and Table 6.2). While some genes showed similar expression pattern, a number 

of genes were preferentially downregulated in the drug treatment groups. Several genes in the 

PI3K/Akt pathway, FGFR1, LIFR, TCF3, and some MAPK genes were reduced by drug 

inhibition. CTNNB1, a crucial ligand in the Wnt pathway and implicated in EMT/CSCs, was 

significantly inhibited by drug treatment but not siRNA-mediated depletion. As discussed in 

Section 6.4.2, the BMP pathway is involved in the maintenance of EMT and CSCs. Despite 

variable changes seen in BMP4 expression, all three type 1 downstream receptors (BMPR1/A, 

BMPR1/B, ACVR1) were repressed by combined phenelzine/olaparib and (type 2 receptor) 

BMPR2 was inhibited by combined siRNA treatment.   

In this study, downregulation of downstream BMP receptors seemed to be the critical 

regulating factor irrespective of its ligand, resulting in significant inhibition of CSCs. 
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Table 6.2: Differential stem cell gene expression after siRNA treatment and drug 

inhibition. 

 

In Combi siRNA and                       

Ph/Ola 

in Combi siRNA and 

Ph/Ola 

 in Ph/Ola  

 

in Combi siRNA and  

HRAS 

KRAS 

MAPK1 

PIK3CA 

ID1 

ID4 

STAT3 

ACVR1 

AKT3 

BMPR1A 

BMPR1B 

CTNNB1 

FGFR1 

LIFR 

MAP2K1 

MAPK3 

PIK3CD 

TCF3 

 

AKT1 

PIK3R2 

SMAD3 

BMPR2 

SMAD5 

WNT5B 

ID2 
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6.7 Phenelzine and GSK show distinct mechanisms and CSC inhibition 

 

 

Figure 6.1: Overall gene expression pattern between (A) phenelzine/olaparib and 

GSK/olaparib and (B) phenelzine and GSK. Figure shows the number of genes 

downregulated in each group.  

 

GSK2879552 is a selective, reversible LSD1 inactivator. Mohamed et al. described its anti-

tumour efficacy in small cell lung cancer cell lines (Mohammad et al., 2015), where 9/28 cell 

lines showed a response. Phenelzine sulphate is a non-selective mono amine oxidase (MAO) 

inhibitor, (used to treat psychiatric conditions like resistant depression) which has been re-

purposed and shown to inhibit LSD1 by the Rao laboratory (University of Canberra)  and is 

currently being investigated as a therapeutic option in metastatic breast cancer patients in 

combination with nab-paclitaxel (Boulding et al., 2018). Tan et al. described distinct 

mechanisms of action of GSK and phenelzine, showing that phenelzine targets and disrupts the 

nuclear REST corepressor 1 (CoREST) and flavin adenine dinucleotide (FAD) domains of 

LSD1 in macrophages, whereas treatment with GSK results in binding and inactivation of the 

FAD domain only (Tan et al., 2019).   
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For this reason, the effect of LSD1 inhibition by GSK and phenelzine in the MDA-MB-231 

model was explored to further understand the mechanism of action of phenelzine. As expected, 

GSK did not inhibit the CD44hi/CD24lo population as measured by FACS at different doses and 

had no effect on cell proliferation at doses as high as 500 µM. Not surprisingly, gene expression 

profiles, despite some similarity, showed obvious differences (Figure 6.1). A higher 

percentage of genes were downregulated by phenelzine treatment compared to GSK. Notably, 

there was no effect on PI3K genes (PIK3CA, PIK3CD, AKT3, AKT1), STAT3, and TCF3 after 

treatment with GSK.  BMP4 was upregulated by both GSK and phenelzine, with 

downregulation of ACVR1. However, other BMP type I receptors, including BMPR1A and 

BMPR1B, were only downregulated with phenelzine treatment (Figure 6.2). Complete details 

of the differential gene expression between GSK versus phenelzine and GSK/Olaparib versus 

phenelzine/olaparib are shown in Appendix 3-4.   

 

 

Figure 6.2: Differential expression of genes involved in stem cell pathways in MDA-MB-

231 cells after treatment with phenelzine and GSK  
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GSK did not inhibit nuclear LSD1 effectively, while phenelzine inhibited nuclear LSD1 more 

efficiently, with upregulation of methylated H3K4 (H3K4me2) (Chapter 3, Figure 3.33). 

Furthermore, phenelzine/olaparib inhibited the CoREST complex more significantly than 

GSK/olaparib (Chapter 3, Figure 3.14). The LSD1-CoREST complex interaction was found 

to be crucial for methylation or demethylation of H3K4 and hence its target gene transcription 

(Tan et al., 2019), particularly CDH1 in the case of EMT/CSC. Consistently, 

phenelzine/olaparib upregulated CDH1 transcription and corresponding E-cadherin expression 

significantly more than any other groups (Chapter 3, Figure 3.13).  

In summary, combined phenelzine/olaparib resulted in differential gene expression, including 

upregulation and downregulation of many key genes, resulting in reprogramming and 

inhibition of the TNBC cell line MDA-MB-231, which is mostly comprised of stem cell-like 

cells. Even though combined siRNA knockdown of PARP1 and LSD1 resulted in differential 

gene expression and CSC inhibition, the effect was more prominent and distinct with 

phenelzine/olaparib (not GSK), suggesting an enhanced effect of phenelzine by olaparib or 

vice-versa. This study clearly showed that PARP1 inhibition by olaparib but not veliparib was 

crucial for differential gene expression and CSC inhibition. The “trapping” effect of PARPi is 

increasingly recognised as a potent anti-tumour feature, which varies among the available 

PARPi (Lord & Ashworth, 2017b). Hence, it is likely that trapping of PARP1 on chromatin by 

olaparib may enhance the activity of phenelzine. Other potential hypotheses are that olaparib 

may inhibit PARP1-mediated PARylation of LSD1 (similar to their effect on other histone 

methylases(Ciccarone et al., 2017)) or that phenelzine may methylate PARP1 and further 

augment downregulation of PARP1. These hypotheses need further testing.   
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6.8 Post-translational modifications 

6.8.1 Histone modifications 

LSD1 is a key histone demethylase which regulates chromatin and EMT (Wu & Zhou, 2014). 

H3K4me2/3 promotes CDH1 induction and inhibits EMT, while H3K9me2 levels are reduced 

on induction of EMT (McDonald, Wu, Timp, Doi, & Feinberg, 2011). TGFβ-mediated 

induction of EMT was associated with a reduction in bulk H3K9me2. PARP1, in addition to 

its role in DNA damage repair, and may modify histone/chromatin directly or indirectly. 

PARP1, when activated, can prevent H3K4 demethylation to maintain the open chromatin state 

(Ke, Zhang, Lv, Zeng, & Ba, 2019). One of the potential mechanisms proposed is PARylation 

of KDM5B, which prevents its binding to H3K4. KDM4D, another H3k9me2/3 demethylase, 

is also PARylated by PARP1 (Khoury-Haddad et al., 2014). It appears that LSD1 is in fact 

recruited to DNA damage sites and promotes DDR (Mosammaparast et al., 2013). Hence, it is 

likely that PARP1 also PARylates other demethylases like LSD1. PARP1 inhibitors inhibit 

PARylation and tend to induce a closed chromatin state. At the same time, PARP1 inhibitor-

induced demethylation and decreased H3K4me2/3 may inhibit CDH1 and induce EMT. Hence, 

histone methylation status in relation to LSD1 and PARP1 was investigated in this project.  

 

In this study, LSD1 levels increased after PARP1 inhibition, with reductions in H3K4me2 and 

induction of EMT. LSD1 knockdown or phenelzine treatment resulted in an increase in 

H3K4me2 and promotion of CDH1; however, there no changes were seen in H3K9me2. In 

contrast, with combined phenelzine/olaparib, there was a marked increase in H3K9me2, which 

is a suppressive marker. Methylation of H3K4 induced the CDH1 promoter and E-cadherin 

expression with subsequent inhibition of EMT. However, H3K9 methylation also may play a 

role in EMT. Shokrai et al. reported suppression of H3K9me2 and H3K27me3 in prostate CSCs 
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(prostasphers) in association with increased stemness (Shokraii et al., 2019). H3K9 

demethylation by LSD1 has also been shown to increase cell invasiveness (Carnesecchi et al., 

2017). In this project, the LSD1/PARP1 combination synergistically regulated the methylation 

status of H3K4me2 (modestly) and, more importantly, H3K9me2 (strongly) to control 

EMT/CSC genes and transcription factor expression. Carnesecchi et al. also reported that LSD1 

inactivation increased H3K9me2 levels without significant changes in H3K4me2 (Carnesecchi 

et al., 2017). Therefore, H3K9me2 methylation at key gene promoters may be a more crucial 

factor in the suppression of various other EMT-related genes in this TNBC cell line.  

 

PARP1 was significantly enriched at CD44 and uPAR EMT/CSC gene promoters in olaparib-

treated cells, despite a global reduction in PARP1 in vitro and in vivo. This effect was 

associated with enrichment of LSD1 protein. As discussed above, LSD1 is recruited to DNA 

damage sites by PARP1 (Mosammaparast et al., 2013). In addition, PARP1 seems to PARylate 

various demethylases at DNA damage sites. This project confirms that trapped/enriched 

PARP1 at EMT/CSC gene promoters attracts and binds to LSD1 at these sites, which usually 

promote EMT. This outcome explains the lack of inhibitory effect or increased cell 

proliferation of MDA-MB-231 cells treated with olaparib. Enrichment of RNA Pol II at these 

sites supports the accelerated transcription of these two promoters after olaparib treatment. 

 

6.8.2 LSD1 induces immune resistance by enhancing PD-L1 expression 

Programmed death-ligand 1 (PD-L1) on the surface of cancer cells is a T cell inhibitory 

molecule. Engagement of the PD-1 receptor on T cells by PD-L1 leads to suppression of T cell 

proliferation, cytokine release, and cytolytic activity (Sharma & Allison, 2015). While PD-L1 

high tumours show higher response rates to anti-PD-1 or PD-L1 inhibitors, large numbers of 
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tumours with low PD-L1 also benefit from anti-PD-1 therapy. A large number of studies have 

utilised drugs that upregulate PD-L1 as a research intervention to sensitise “cold tumours” to 

anti-PD-1 therapy. However, this approach has not yet advanced into clinical practice and is 

controversial (apart from the combination of CTLA-4 and PD-1 inhibition), given that 

upregulation of PD-L1 has a negative impact on anti-tumour immunity and prognosis (Hu, 

Huang, et al., 2017). In addition, there is also evidence that breast cancer CSCs may possess 

high PD-L1 expression compared to non-CSCs, which may induce stemness via expression of 

the stem cell transcription factors OCT4 and NANOG (Almozyan et al., 2017). Gene profiling 

of tumours that were resistant to anti-PD1 therapy showed enrichment of the EMT signature, 

suggesting potential resistance of CSCs (Hugo et al., 2016). 

 

In this study, consistent with the literature, PD-L1 mRNA expression was upregulated after 

PARP1 knockdown or PARPi with olaparib (Jiao et al., 2017). Interestingly, LSD1 knockdown 

or LSD1 inhibition with phenelzine suppressed PD-L1 mRNA expression and protein 

expression in MDA-MB-231 cells. Concurrent PARP1/LSD1 inhibition also reversed the 

effect of PARP1 inhibition on PD-L1. Supporting this, ex vivo culture of CTCs from TNBC 

patients and treatment with phenelzine significantly inhibited PD-L1 expression. Regulation of 

PD-L1 is extremely complex, involving various intrinsic and extrinsic factors like 

chromosomal alterations, epigenetic changes, aberrant oncogenic signals, cytokines, and many 

others (Shen et al., 2019). MYC, PI3K/AKT, and DNA methylation by DNMT1 are all reported 

to positively regulate PD-L1. In this study, it was interesting to note the downregulation of 

PI3K/AKT genes, MYC, and suppression of DNMT1 with LSD1 inhibition, may explain the 

downregulation of PD-L1.  However, this finding contrasts with recent reports, with Qin et al. 

and Sheng et al. reporting PD-L1 upregulation after LSD1 inhibition with HCI-2509 and LSD1 

knockdown, respectively (Qin et al., 2019; Sheng et al., 2018). 
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This study shows that combined LSD1/PARP1 inhibition may promote a favourable immune 

signature in the tumour microenvironment along with PD-L1 downregulation, rendering 

tumours more likely to respond to intrinsic immune-mediated killing. This is a novel finding 

and warrants further exploration in human trials.     

6.9 CSC-like CTCs may be crucial for metastasis 

Despite therapeutic advances, the overall response and survival rates for patients with TNBC 

are low using conventional chemotherapy and novel immunotherapy compared to other solid 

organ malignancies. Increased CTC numbers are associated with rapid cancer progression and 

a higher risk of recurrence and metastasis. The presence of HER2+ CTCs in HER2+ patients is 

associated with lower rates of pathological complete response (Azim et al., 2013). HER2+ 

CTCs may not be addicted to HER2 signalling, unlike HER2+ breast cancer tissues (Jordan et 

al., 2016). This chapter confirmed the presence of both HER2-positive and -negative CTCs in 

patients with a primary tissue diagnosis of TNBC, supporting previous findings (Jaeger et al., 

2017). For the first time, the mRNA profiles of these two populations were compared directly 

using a panel of cancer progression-related genes, revealing overexpression of MAPK pathway 

genes and high expression of EMT/CSC genes in HER2+ CTCs. Specifically, there was 

increased expression of MAPK1/2 in HER2-positive CTCs, encoding ERK1/2, which are direct 

dephosphorylation targets of DUSP6. 

 

6.10 DUSP6, a potential biomarker for CSC-like CTCs and brain metastases 

Previous experiments in this laboratory have shown that DUSP6 knockdown inhibited CSCs 

(Boulding et al., 2016). DUSP6 is a phosphatase of MAPK pathway kinases. Given the changes 

in the MAPK pathway after phenelzine treatment, it was decided to explore the role of DUSPs 

in EMT. DUSP6 is usually a cytoplasmic protein. In contrast, a surprisingly significant 
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percentage of cancer cells with intra-nuclear DUSP6 were identified in human breast cancer 

brain metastatic tissues; however, no nuclear DUSP6 staining was noted in pleural or lung 

metastatic tissues. Intracranial metastases are considered virtually resistant to all standard anti-

cancer treatments irrespective of the responsiveness of non-intracranial metastases (Kodack et 

al., 2015). It is unclear whether this effect is atributable to a lack of tissue penetration of drugs 

due to the highly selective blood-brain barrier (BBB), which makes the brain a sanctuary site, 

or whether it is the localisation of highly selective resistant subclones of cancer cells in the 

brain microenvironment. The differential expression of DUSP6 in brain tissues compared to 

peripheral cancer tissues is a novel finding suggesting that selection of the resistant cancer cell 

population may in fact be responsible for intracranial metastasis (which survive and are 

enriched after standard anti-cancer therapy). Given this effect, resistant mouse tumour samples 

(i.e., residual samples that survived chemotherapy or immunotherapy) were examined, which 

revealed intranuclear DUSP6 expression in a significant proportion of cells (>40%). The 

nuclear fraction (Fn/c) DUSP6 was more than doubled in these tumours compared to control 

samples, suggesting nuclear DUSP6 expression may confer resistance to anti-cancer therapies 

and facilitate metastasis (Chapter 5, Figure 5.7). Since HER2+ breast cancers are associated 

with brain metastasis, the distribution of DUSP6 was examined in HER2+ CTCs. Interestingly, 

HER2+ CTCs expressed nuclear DUSP6, overexpressed MAPK pathway genes and showed 

high stemness features, raising the possibility that this subset of CTCs may be associated with 

increased risk of brain metastasis. Furthermore, specific inhibition of intranuclear DUSP6 

and/or inhibition of MAPK and stemness genes may reduce brain metastasis. (Notably, the 

phenelzine/olaparib combination inhibited MAPK pathway genes as well as EMT/CSC in this 

project; see Chapter 4). 
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Nuclear localisation of LSD1, PARP1, and DUSP6 may play a key role in metastasis  

In Chapter 3, it was demonstrated that nuclear LSD1 and PARP1 were associated with EMT 

and stemness. Human brain metastatic tissues exhibited high stemness features, with 87% of 

cells showing positivity for CSV/PARP1/LSD1. About 40% of brain metastatic tissues also 

showed positivity for CSV/ABCB5/DUSP6, with nuclear DUSP6 expression. Specific 

targeting of nuclear LSD1-s111p inhibited CSCs, and a specific antibody targeting the NLS 

motif of DUSP6 also inhibited CSCs in MDA-MB-231 cells. These findings provide additional 

opportunities to combat and prevent brain metastasis in TNBC patients. Furthermore, LSD1 

may demethylate PARP1, which may be vital in this regard; follow-up experiments will 

investigate this.  

6.11 Future directions and implications 

6.11.1 Future directions 

In this project, it was established that PARP1 plays an important role in EMT and CSC 

maintenance, with in vitro and in vivo experiments showing that PARP1 depletion is unlikely 

to inhibit EMT-related genes and not showing an inhibitory effect on breast cancer CSCs. In 

fact, there was enrichment of CSCs, which may explain the observed shorter PFS benefit and 

lack of OS, at least at this stage. Examination of tumour samples or CTCs from patients who 

have primary or acquired resistance to PARPi may further support this finding.  

 

This study demonstrated the interplay between PARP1 and LSD1. Combined inhibition of 

LSD1 and PARP1 was more effective at inhibiting the highly invasive TNBC cell line MDA-

MB-231 in vitro and in vivo. Although similar synergy was demonstrated in other cell lines 

like B16 and 4T1 by inhibition of cell proliferation, it is important to establish this in an in vivo 

model. Given the MDA-MB-231 xenograft model is an immune-deficient model, analysis of 
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immune responses to PARP1 and LSD1 inhibition was not undertaken in this study. Given the 

interesting finding regarding PI3K/AKT and miRNA pathways and PD-L1 levels, it is 

imperative to explore the immune response in the tumour microenvironment in an 

immunocompetent mice model like 4T1 (which is also an immune resistant model).  It will 

also be important to explore changes induced by LSD1 in DNA repair pathways in future 

experiments.   

 

This study demonstrated unique differential gene expression in a number of genes and 

pathways. For example, pathways like HIF-1, miRNAs, and PI3K/AKT and BMP pathway 

genes and TCF3 showed unique expression with combination therapy. Knockdown of these 

genes or blocking one or more of these pathways would further narrow down the critical 

pathway involved in CSC inhibition underpinning the development of more specific novel 

therapeutics. This comprehensive gene expression analysis (individual genes as well as global 

genomic profile) provide an opportunity to explore pathways involved in cell signalling and 

changes related PARP and LSD1. This results confer valuable in-depth knowledge about 

pathways involved EMT/CSC and how these can be modified to improve anticancer therapy 

and reduce cancer metastasis. Furthermore, this dataset could be cross compared with other 

datasets in future which again may help further insight into cancer resistant mechanism.    

Examination of larger numbers of brain metastatic samples may confirm and validate the 

findings of this study in terms of nuclear DUSP6 expression, MAPK pathway activation, and 

stemness gene expression. Utilisation of nuclear LSD1 or DUSP6 and/or PARP1 inhibitors in 

models with brain metastatic potential will be crucial in determining whether these can prevent 

brain metastasis.  
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6.11.2 Implications 

PARPi are currently approved for ovarian and breast cancers that harbour a BRCA mutation. 

Even in BRCA-mutant patients, the survival benefit is modest. LSD1 has been shown to be a 

key upstream modulator of EMT and CSC maintenance. Previous experiments in Rao 

laboratory has shown that phenelzine induced LSD1 inhibition may improve outcome of 

chemotherapy in preclinical models. A phase 1, proof of concept study has completed 

recruitment to explore the clinical safety of phenelzine and abraxane (nab-paclitaxel) 

combination (https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=373089).    

In this PhD project, it was demonstrated that LSD1 inhibition may sensitise BRCA-proficient 

cancer cells to PARP inhibitors. Synergistic depletion of breast cancer CSCs is a crucial 

finding, as most standard anti-cancer therapies are resistant to CSCs, including PARPi, as 

shown in this project. CSCs have been implicated in cancer recurrence, metastasis, and poor 

survival in numerous studies. These findings provide evidence of another effective 

combination of an epigenetic drug and PARPi to combat breast cancer. Given the effect on 

EMT/CSCs, metastasis, and immune modulation, this combination warrants exploration in 

the early breast cancer setting to prevent metastasis and improve survival.  Development of 

inhibitors against nuclear PARP1, LSD1, and DUSP6 may be a more effective approach, with 

fewer off-target effects and the potential to prevent and treat brain metastasis.    

 

 

 

 

 

https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=373089
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6.12 Concluding remarks  

This study has demonstrated for the first time, the interaction between LSD1 and PARP1 in 

terms of EMT and CSCs. Synergistic inhibition of PARP1 and LSD1 is a novel combination 

that warrants further investigation. This novel combination inhibited bulk tumour cells as well 

as the CSC population, which is resistant to standard anti-cancer therapies. Inhibition of CSCs 

and augmenting anti-cancer immune responses would be even more critical in the early breast 

cancer setting, which is still an under-explored area. CSC suppression, coupled with 

suppression of the immune inhibitory factor PD-L1, is likely to reduce early tumour metastasis 

and late recurrences, hence improving survival in addition to reducing tumour growth. A wide 

range of pathways are involved in EMT/CSC maintenance and anti- cancer immunity. Standard 

combination therapy involves targeting one or more of these pathways, which although may 

show short-term benefit, the tumours acquire resistance by compensatory activation of other 

pathways. This project showed that PARP1 and LSD1 synergistically regulate more than one 

key pathway and inhibit key proteins that confer resistance to PARPi, which makes them an 

“ideal” combination. Confirming the involvement of  intranuclear DUSP6 in brain metastasis 

and HER2+ CTCs, together with the crucial role of nuclear LSD1/PARP1, warrants further 

investigation for the development of novel therapeutics in the fight against TNBC brain 

metastasis.  
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Appendix 1: PARP inhibitor trials in breast cancer  

 

Author Drug Single agent 

/combination 

Phase Number ORR

% 

PFS 

(mths) 

OS (HR/p) OS 

(mths) 

         

Litton et 

al 2017  

Tal Single agent v 

chemo 

3 431 62 8.6 v 5.6  (0.76/0.10) 22 v 19 

 

Robson et 

al 2017 

Ola Single agent v 

chemo 

3 205 59 v28 7.0 v 4.2  0.9(0.57)  

Kaufman 

et al 2015 

Ola Single agent 2 62 13 3.7 NA 11 

Turner et 

al 2017 

Tal Single agent 2 84 28 4 NA NR 

Han et al 

2018 

Vel V+Cb+P, 

Pl+Cb+P 

(& V+Tem) 

2 284 78 v 61 14 v 12  (0.75/0.1) 28 v 26 

 

Abbreviations: TNBC; triple negative breast cancer, Tal; talazoparib, Ola; Olaparib, Cb; 

carboplatin, , P; paclitaxel, Vel/V; veliparib, Pl; placebo, chemo; chemotherapy,  NR; not 

reported, NA; not applicable,  ORR; overall response rate. 
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Appendix 2: Genes downregulated by LSD1 inhibition by phenelzine  

Gene Progression Categories Annotation 

ACVR1 
ECM Layers, Tumour 

Growth, Tumour Invasion 

Cell Cycle, Cellular Differentiation, Cellular Growth Factor, 

Plasma Membrane, TGFB Signaling 

ADAM15 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, EMT, 

Tumour Invasion 

Angiogenesis Response, Cell Adhesion, Cellular Differentiation, 

Collagen Family, Epithelial to Mesenchymal Transition, Integral 

to Membrane, MMP Remodelling                                  

ADAM17 

ECM Layers, ECM 

Remodeling, Tumour 

Growth, Tumour 

Invasion, Hypoxia, 

Tumour Growth, Tumour 

Invasion 

Cell Adhesion, Cell Proliferation, Cellular Growth Factor, 

Hypoxia Response, MMP Remodeling, Plasma Membrane 

ADAM8 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Tumour 

Invasion 

Angiogenesis Response, Cell Adhesion, Cellular Differentiation, 

MMP Remodeling, Plasma Membrane 

ADAM9 

ECM Layers, ECM 

Remodeling, Tumour 

Growth, Tumour Invasion 

Cell Adhesion, Cellular Growth Factor, Collagen Family, Integral 

to Membrane, MMP Remodeling, Plasma Membrane 

AGR2 EMT 
Epithelial to Mesenchymal Transition 

 

AHNAK EMT 
Epithelial to Mesenchymal Transition 

 

AKAP12 
ECM Layers, EMT, 

Metastasis 

Epithelial to Mesenchymal Transition, Metastasis Suppressors, 

Plasma Membrane 

AKT3 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, EMT, Hypoxia 

Carbon Cancer Metabolism, Choline Cancer Metabolism, 

Epithelial to Mesenchymal Transition, HIF1A Signaling, Plasma 

Membrane, VEGFA Signaling 

ALDOA 

Angiogenesis, Cancer 

Metabolism, Hypoxia, 

Tumour Invasion 

Blood Coagulation, Cellular Differentiation, HIF1A Signaling, 

Regulation of Metabolism 

ANXA2P2 
Angiogenesis, ECM 

Layers, Tumour Invasion 

Angiogenesis Response, Basement Membrane, Cellular 

Differentiation, Collagen Family, ECM Structure, Plasma 

Membrane 

BAG2 EMT 
Epithelial to Mesenchymal Transition 

 

BTG1 
Angiogenesis, Tumour 

Growth 

Cell Proliferation, Cellular Growth Factor, Positive Regulation of 

Angiogenesis 

CD24 

ECM Layers, EMT, 

Hypoxia, Tumour 

Growth, Tumour Invasion 

Cell Adhesion, Cell Proliferation, Cellular Growth Factor, 

Epithelial to Mesenchymal Transition, Hypoxia Response, Plasma 

Membrane 

CD2AP 
ECM Layers, EMT, 

Tumour Growth 

Cell Cycle, Epithelial to Mesenchymal Transition, Plasma 

Membrane 

CD46 ECM Layers, EMT 
Epithelial to Mesenchymal Transition, Plasma Membrane 

 

CD82 ECM Layers, Metastasis 
Integral to Membrane, Metastasis Suppressors, Plasma Membrane 

 

CDC42 
Angiogenesis, ECM 

Layers 

Plasma Membrane, Sprouting Angiogenesis, VEGFA Signalling 

 

CDH11 

ECM Layers, EMT, 

Tumour Invasion, 

Metastasis 

Cell Adhesion, Epithelial to Mesenchymal Transition, Integral to 

Membrane, Metastasis Suppressors, Plasma Membrane 

CDK14 
ECM Layers, EMT, 

Tumour Growth 

Cell Cycle, Epithelial to Mesenchymal Transition, Plasma 

Membrane 

CEP170 EMT 
Epithelial to Mesenchymal Transition 
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CHD4 Transcription Factor 
Transcription Factor 

 

CIB1 

Angiogenesis, ECM 

Layers, Tumour Growth, 

Tumour Invasion 

Angiogenesis Response, Cell Adhesion, Cell Cycle, Cell 

Proliferation, Cellular Differentiation, Plasma Membrane, 

Positive Regulation of Angiogenesis 

CLDN4 
ECM Layers, EMT, 

Tumour Invasion 

Cell Adhesion, Epithelial to Mesenchymal Transition, Integral to 

Membrane, Plasma Membrane 

CLDN7 
ECM Layers, EMT, 

Tumour Invasion 

Cell Adhesion, Epithelial to Mesenchymal Transition, Integral to 

Membrane, Plasma Membrane 

CLIC4 
Angiogenesis, ECM 

Layers, EMT 

Angiogenesis Response, Epithelial to Mesenchymal Transition, 

Integral to Membrane, Plasma Membrane 

COL4A1 

ECM Layers, ECM 

Remodeling, Tumour 

Growth 

Basement Membrane, Cellular Growth Factor, Collagen Family, 

ECM Receptor Interation, ECM Structure 

COL4A2 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Tumour 

Growth 

Angiogenesis Response, Cellular Growth Factor, Collagen 

Family, ECM Receptor Interation, ECM Structure, Negative 

Regulation of Angiogenesis 

CTNNB1 

Angiogenesis, ECM 

Layers, Transcription 

Factor, Tumour Growth, 

Tumour Invasion 

Cell Proliferation, Cellular Differentiation, EMT to Metastasis, 

Plasma Membrane, Regulation of Angiogenesis, Transcription 

Factor, Stem Cell Associated 

DENND5A EMT 
Epithelial to Mesenchymal Transition 

 

DSC2 
ECM Layers, EMT, 

Tumour Invasion 

Cell Adhesion, Epithelial to Mesenchymal Transition, Integral to 

Membrane, Plasma Membrane 

EGLN2 
Cancer Metabolism, 

Hypoxia, Tumour Growth 

Cellular Growth Factor, HIF1A Signaling, Hypoxia Response, 

Regulation of Metabolism 

EGLN3 
Cancer Metabolism, 

Hypoxia, Tumour Growth 

Cell Proliferation, HIF1A Signaling, Hypoxia Response, 

Regulation of Metabolism 

EIF4E2 

Cancer Metabolism, 

Tumour Invasion, 

Hypoxia, Metastasis 

Cellular Differentiation, HIF1A Signaling, Metastasis Response, 

Regulation of Metabolism 

EIF4EBP1 
Cancer Metabolism, 

Hypoxia, Tumour Growth 

Cell Cycle, Choline Cancer Metabolism, HIF1A Signaling, 

Regulation of Metabolism 

ENO1 

Cancer Metabolism, ECM 

Layers, Hypoxia, 

Transcription Factor, 

Tumour Growth 

Cellular Growth Factor, HIF1A Signaling, Plasma Membrane, 

Regulation of Metabolism, Transcription Factor 

ENO2 ECM Layers, Hypoxia 
HIF1A Signaling, Plasma Membrane 

 

EPAS1 
Angiogenesis, Hypoxia, 

Transcription Factor 
Angiogenesis Response, Hypoxia Response, Transcription Factor 

EPHA2 

Angiogenesis, ECM 

Layers, Tumour Growth, 

Tumour Invasion 

Angiogenesis Response, Cell Adhesion, Cell Proliferation, Plasma 

Membrane, Regulation of Angiogenesis, Vasculogenesis 

ERMP1 ECM Layers, EMT Epithelial to Mesenchymal Transition, Integral to Membrane 

F11R 

Angiogenesis, ECM 

Layers, EMT, Tumour 

Invasion 

Blood Coagulation, Cell Adhesion, Cellular Differentiation, 

Epithelial to Mesenchymal Transition, Integral to Membrane, 

Plasma Membrane 

FGFR1 

Angiogenesis, Cancer 

Metabolism, Tumour 

Growth 

Angiogenesis Response, Carbon Cancer Metabolism, Cell Cycle, 

Cell Proliferation, Cellular Growth Factor 

FRAS1 
ECM Layers, Tumour 

Invasion 

Cellular Differentiation, ECM Structure, Integral to Membrane, 

Plasma Membrane 

FST Tumour Growth TGFB Signaling 

FSTL1 EMT 
Epithelial to Mesenchymal Transition 

 

GALNT7 ECM Layers, EMT 
Epithelial to Mesenchymal Transition, Integral to Membrane 
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GDF15 EMT, Tumour Growth 
Cellular Growth Factor, Epithelial to Mesenchymal Transition 

 

GPI 
Angiogenesis, ECM 

Layers, Tumour Growth 

Angiogenesis Response, Cellular Growth Factor, Plasma 

Membrane 

GSN 
Metastasis, Tumour 

Invasion 

Cell Adhesion, Metastasis Suppressors 

 

HIF1A 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, ECM 

Remodeling, EMT, 

Hypoxia, Transcription 

Factor, Tumour Growth 

Angiogenesis Response, Carbon Cancer Metabolism, Cellular 

Growth Factor, Choline Cancer Metabolism, Collagen Family, 

Epithelial to Mesenchymal Transition, HIF1A Signaling, Hypoxia 

Response, LOX Remodeling, Positive Regulation of 

Angiogenesis, Transcription Factor, Vasculogenesis 

HK2 
Cancer Metabolism, 

Hypoxia 

Carbon Cancer Metabolism, HIF1A Signaling, Regulation of 

Metabolism 

 

HKDC1 
Cancer Metabolism, 

Hypoxia 

Carbon Cancer Metabolism, HIF1A Signaling 

 

HPSE 
Angiogenesis, Tumour 

Growth, Tumour Invasion 

Blood Coagulation, Cell Adhesion, Cellular Differentiation, 

Cellular Growth Factor, Vasculogenesis 

HRAS 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, Tumour Growth 

Blood Coagulation, Carbon Cancer Metabolism, Cell Cycle, Cell 

Proliferation, Cellular Growth Factor, Choline Cancer 

Metabolism, Plasma Membrane, VEGFA Signaling 

 

HSD17B12 ECM Layers 
Collagen Family, ECM Structure, Integral to Membrane 

 

HSP90B1 
ECM Layers, Hypoxia, 

Tumour Invasion 

Cellular Differentiation, ECM Structure, Hypoxia Response, 

Plasma Membrane 

ICAM1 

ECM Layers, 

Transcription Factor, 

Tumour Invasion 

Cell Adhesion, Plasma Membrane, Transcription Factor, Stem 

Cell Associated 

IGFBP4 EMT, Tumour Growth 
Cell Proliferation, Cellular Growth Factor 

 

IL18 

Angiogenesis, ECM 

Layers, Hypoxia, Tumour 

Growth, Tumour Invasion 

Angiogenesis Response, Cell Adhesion, Cell Proliferation, 

Collagen Family, Hypoxia Response, Plasma Membrane 

ITGA3 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Tumour 

Invasion 

Blood Coagulation, Cell Adhesion, ECM Receptor Interation, 

Integral to Membrane, LOX Remodeling, Plasma Membrane 

ITGA5 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Tumour 

Growth, Tumour Invasion 

Angiogenesis Response, Blood Coagulation, Cell Adhesion, 

Cellular Differentiation, Cellular Growth Factor, ECM Receptor 

Interation, Integral to Membrane, Plasma Membrane, 

Vasculogenesis, Stem Cell Associated 

ITGA6 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Tumour 

Invasion 

Basement Membrane, Blood Coagulation, Cell Adhesion, ECM 

Receptor Interation, Integral to Membrane, Plasma Membrane, 

Stem Cell Associated 

ITGB1 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Tumour 

Growth, Tumour Invasion 

Basement Membrane, Blood Coagulation, Cell Adhesion, Cell 

Cycle, Cell Motility, Cell Proliferation, Cellular Differentiation, 

Collagen Family, ECM Receptor Interation, Plasma Membrane, 

Sprouting Angiogenesis, Stem Cell Associated 

JAG1 

Angiogenesis, ECM 

Layers, EMT, Tumour 

Growth, Tumour Invasion 

Angiogenesis Response, Cell Motility, Cell Proliferation, Cellular 

Differentiation, Cellular Growth Factor, Plasma Membrane 

JUN 

Angiogenesis, Cancer 

Metabolism, 

Transcription Factor, 

Tumour Growth, Tumour 

Invasion 

Angiogenesis Response, Cell Proliferation, Cellular 

Differentiation, Choline Cancer Metabolism, Transcription Factor 
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KDM1A 
Angiogenesis, Metastasis, 

Transcription Factor 
Blood Coagulation, Metastasis Suppressors, Transcription Factor 

KRAS 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, Tumour Growth 

Blood Coagulation, Carbon Cancer Metabolism, Cell 

Proliferation, Cellular Growth Factor, Choline Cancer 

Metabolism, Plasma Membrane, VEGFA Signaling 

KRT19 EMT 
Epithelial to Mesenchymal Transition, Stem Cell Associated 

 

LAMA5 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Tumour 

Growth, Tumour Invasion 

Angiogenesis Response, Basal Lamina, Basement Membrane, 

Cell Adhesion, Cell Proliferation, ECM Receptor Interation, ECM 

Structure, LOX Remodeling, Plasma Membrane 

LAMB3 
ECM Remodeling, 

Tumour Invasion 
Cell Adhesion, ECM Receptor Interation 

LAMC1 

ECM Layers, ECM 

Remodeling, Tumour 

Growth, Tumour Invasion 

Basement Membrane, Cell Adhesion, Cell Proliferation, ECM 

Receptor Interation, ECM Structure 

LAMC2 
ECM Remodeling, 

Tumour Invasion 
Cell Adhesion, ECM Receptor Interation 

LDHA Hypoxia 
HIF1A Signaling 

 

LIFR 
ECM Layers, Metastasis, 

Tumour Growth 

Cell Proliferation, Cellular Growth Factor, Metastasis 

Suppressors, Plasma Membrane 

LLGL2 
ECM Remodeling, EMT, 

Tumour Growth 

Cell Cycle, Epithelial to Mesenchymal Transition, LOX 

Remodeling 

LOX 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, EMT 

Collagen Family, Epithelial to Mesenchymal Transition, LOX 

Remodeling, Vasculogenesis 

LOXL2 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, EMT, 

Tumour Invasion 

Basement Membrane, Cell Adhesion, Epithelial to Mesenchymal 

Transition, LOX Remodeling, Sprouting Angiogenesis 

MAP2K1 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, Hypoxia, Tumour 

Growth, Tumour Invasion 

Carbon Cancer Metabolism, Cell Adhesion, Cell Cycle, Cellular 

Growth Factor, Choline Cancer Metabolism, HIF1A Signaling, 

Plasma Membrane, Vasculogenesis, VEGFA Signaling 

MAP2K4 Metastasis 
Metastasis Suppressors 

 

MAP3K7 
Angiogenesis, ECM 

Layers 
Angiogenesis Response, Plasma Membrane 

MAPK1 

Angiogenesis, Cancer 

Metabolism, ECM 

Remodeling, Hypoxia, 

Transcription Factor, 

Tumour Growth, Tumour 

Invasion 

Blood Coagulation, Cell Adhesion, Cell Cycle, Cellular Growth 

Factor, Choline Cancer Metabolism, HIF1A Signaling, LOX 

Remodeling, TGFB Signaling, Transcription Factor, VEGFA 

Signaling 

MAPK3 

Angiogenesis, Cancer 

Metabolism, Hypoxia, 

Tumour Growth, Tumour 

Invasion 

Carbon Cancer Metabolism, Cell Adhesion, Cell Cycle, Cellular 

Differentiation, Cellular Growth Factor, Choline Cancer 

Metabolism, HIF1A Signaling, TGFB Signaling, VEGFA 

Signaling 

MCAM 
Angiogenesis, ECM 

Layers, Tumour Invasion 

Angiogenesis Response, Cell Adhesion, Integral to Membrane, 

Plasma Membrane, Vasculogenesis, Stem Cell Associated 

MET 
Cancer Metabolism, ECM 

Layers, Tumour Growth 

Carbon Cancer Metabolism, Cell Proliferation, Cellular Growth 

Factor, Integral to Membrane, Plasma Membrane, Stem Cell 

Associated 

 

MGP ECM Layers ECM Structure 

MMP14 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Hypoxia, 

Transcription Factor, 

Angiogenesis Response, Cell Adhesion, Cell Proliferation, ECM 

Structure, Hypoxia Response, MMP Remodeling, Plasma 

Membrane, Transcription Factor 
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Tumour Growth, Tumour 

Invasion 

MTBP 
Metastasis, Tumour 

Growth 
Cell Cycle, Cell Proliferation, Metastasis Suppressors 

MTDH 

Angiogenesis, ECM 

Layers, Transcription 

Factor 

Integral to Membrane, Plasma Membrane, Positive Regulation of 

Angiogenesis, Transcription Factor 

 

MYO5C EMT Epithelial to Mesenchymal Transition 

NAA15 
Angiogenesis, 

Transcription Factor 
Angiogenesis Response, Transcription Factor 

NCL Angiogenesis 
Angiogenesis Response 

 

NDRG1 
ECM Layers, Hypoxia, 

Metastasis 
Hypoxia Response, Metastasis Suppressors, Plasma Membrane 

NF2 
ECM Layers, Tumour 

Growth, Tumour Invasion 
Cell Adhesion, Cell Proliferation, Plasma Membrane 

NOX5 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, Tumour Growth 

Angiogenesis Response, Cell Proliferation, Integral to Membrane, 

Plasma Membrane, Regulation of Metabolism 

NPR1 
Angiogenesis, ECM 

Layers, Tumour Growth 

Cellular Growth Factor, Negative Regulation of Angiogenesis, 

Plasma Membrane 

OCLN ECM Layers, EMT 
Epithelial to Mesenchymal Transition, Integral to Membrane, 

Plasma Membrane 

OLFML2B ECM Layers, EMT 
ECM Structure, Epithelial to Mesenchymal Transition 

 

P3H2 
ECM Layers, Tumour 

Invasion 
Basement Membrane, Cellular Differentiation 

PDCD10 

Angiogenesis, ECM 

Layers, Tumour Growth, 

Tumour Invasion 

Angiogenesis Response, Cell Proliferation, Cellular 

Differentiation, Negative Regulation of Angiogenesis, Plasma 

Membrane 

PDK1 
Cancer Metabolism, 

Hypoxia 

Carbon Cancer Metabolism, HIF1A Signaling 

 

PFKFB4 Hypoxia 
HIF1A Signaling 

 

PGK1 
Cancer Metabolism, 

Hypoxia 

HIF1A Signaling, Regulation of Metabolism 

 

PIK3CA 

Angiogenesis, Cancer 

Metabolism, Hypoxia, 

Tumour Growth 

Angiogenesis Response, Blood Coagulation, Carbon Cancer 

Metabolism, Cellular Growth Factor, Choline Cancer Metabolism, 

HIF1A Signaling, Regulation of Metabolism, Vasculogenesis, 

VEGFA Signaling 

PIK3CD 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, Hypoxia 

Carbon Cancer Metabolism, Choline Cancer Metabolism, HIF1A 

Signaling, Plasma Membrane, VEGFA Signaling 

PKM 
Cancer Metabolism, ECM 

Layers 
Carbon Cancer Metabolism, ECM Structure 

PLAU 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, Hypoxia, 

Tumour Growth, Tumour 

Invasion 

Blood Coagulation, Cell Adhesion, Cell Proliferation, Hypoxia 

Response, MMP Remodeling, Plasma Membrane 

PLAUR 
Angiogenesis, ECM 

Layers, Tumour Growth 

Blood Coagulation, Cell Proliferation, Integral to Membrane, 

Plasma Membrane 

PLCG1 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, Hypoxia, Tumour 

Growth 

Blood Coagulation, Cellular Growth Factor, Choline Cancer 

Metabolism, HIF1A Signaling, Plasma Membrane, Positive 

Regulation of Angiogenesis, VEGFA Signaling 

PLEKHO1 ECM Layers, EMT 
Epithelial to Mesenchymal Transition, Plasma Membrane 

 

PLXND1 
Angiogenesis, ECM 

Layers 

Angiogenesis Response, Plasma Membrane, Regulation of 

Angiogenesis 
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PMP22 
ECM Layers, EMT, 

Tumour Growth 

Cell Proliferation, Epithelial to Mesenchymal Transition, Integral 

to Membrane, Plasma Membrane 

 

PPP3R1 Angiogenesis, EMT Epithelial to Mesenchymal Transition, VEGFA Signaling 

PTEN 

Angiogenesis, Cancer 

Metabolism, ECM 

Layers, Tumour Growth 

Angiogenesis Response, Carbon Cancer Metabolism, Cell 

Proliferation, Cellular Growth Factor, Plasma Membrane, 

Regulation of Metabolism 

PTX3 EMT 
Epithelial to Mesenchymal Transition 

 

PXDN ECM Layers 
ECM Structure 

 

QKI 
Angiogenesis, ECM 

Layers, EMT 

Epithelial to Mesenchymal Transition, Plasma Membrane, 

Vasculogenesis 

RB1 
Transcription Factor, 

Tumour Growth 
Cell Cycle, Transcription Factor 

RBL1 
Transcription Factor, 

Tumour Growth 
Cell Cycle, TGFB Signaling, Transcription Factor 

RBPJ 

Angiogenesis, 

Transcription Factor, 

Tumour Invasion 

Angiogenesis Response, Cellular Differentiation, Transcription 

Factor 

RGCC Angiogenesis Negative Regulation of Angiogenesis 

RHOA 

ECM Layers, EMT, 

Tumour Growth, Tumour 

Invasion 

Cell Adhesion, Cellular Differentiation, Plasma Membrane, 

TGFB Signaling 

RPS27A 

ECM Layers, EMT, 

Tumour Growth, Tumour 

Invasion 

Cell Cycle, Cellular Differentiation, Plasma Membrane 

RTN4 
Angiogenesis, ECM 

Layers, EMT 

Angiogenesis Response, Epithelial to Mesenchymal Transition, 

Integral to Membrane, Plasma Membrane 

   

RTN4 
Angiogenesis, ECM 

Layers, EMT 

Angiogenesis Response, Epithelial to Mesenchymal Transition, 

Integral to Membrane, Plasma Membrane 

SERPINE1 

Angiogenesis, ECM 

Layers, ECM 

Remodeling, EMT, 

Hypoxia 

Angiogenesis Response, Blood Coagulation, ECM Structure, 

Epithelial to Mesenchymal Transition, HIF1A Signaling, MMP 

Remodeling, Plasma Membrane, Positive Regulation of 

Angiogenesis 

SERPINH1 
ECM Layers, ECM 

Remodeling 
Collagen Family, MMP Remodeling 

SET Tumour Growth Cell Proliferation 

SIRT1 Angiogenesis Angiogenesis Response 

SLC35A3 ECM Layers, EMT Epithelial to Mesenchymal Transition, Integral to Membrane 

SLC37A1 ECM Layers, EMT Epithelial to Mesenchymal Transition, Integral to Membrane 

SMAD1 
Transcription Factor, 

Tumour Growth 

Cell Proliferation, Cellular Growth Factor, TGFB Signaling, 

Transcription Factor 

SMC3 
ECM Layers, Tumour 

Growth 
Basement Membrane, Cell Cycle 

SMURF2 
ECM Layers, Tumour 

Growth 
Cellular Growth Factor, Plasma Membrane, TGFB Signaling 

SNRPF Metastasis Metastasis Response 

SORD EMT, Tumour Invasion Cell Motility, Epithelial to Mesenchymal Transition 

SRC 

Angiogenesis, ECM 

Layers, Tumour Growth, 

Tumour Invasion 

Blood Coagulation, Cell Adhesion, Cell Cycle, Cell Proliferation, 

Cellular Growth Factor, Plasma Membrane, VEGFA Signaling 

SRF 

Angiogenesis, 

Transcription Factor, 

Tumour Growth, Tumour 

Invasion 

Angiogenesis Response, Cell Adhesion, Cell Proliferation, 

Sprouting Angiogenesis, Transcription Factor, Vasculogenesis, 

Stem Cell Associated 
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STAB1 
Angiogenesis, ECM 

Layers, Tumour Invasion 

Cell Adhesion, Negative Regulation of Angiogenesis, Plasma 

Membrane 

TCEB1 Hypoxia HIF1A Signaling 

TGFBR2 

Angiogenesis, ECM 

Layers, EMT, Tumour 

Growth 

Cell Proliferation, Cellular Growth Factor, Plasma Membrane, 

Positive Regulation of Angiogenesis, TGFB Signaling, 

Vasculogenesis 

TMC6 ECM Layers, EMT 
Epithelial to Mesenchymal Transition, Integral to Membrane 

 

TOM1L1 EMT 
Epithelial to Mesenchymal Transition 

 

VAMP8 ECM Layers, EMT 
Epithelial to Mesenchymal Transition, Integral to Membrane, 

Plasma Membrane 

VEGFA 

Angiogenesis, ECM 

Remodeling, Tumour 

Growth, Hypoxia 

Angiogenesis Response, Cell Proliferation, Cellular Growth 

Factor, HIF1A Signaling, Hypoxia Response, MMP Remodeling, 

Positive Regulation of Angiogenesis, Sprouting Angiogenesis, 

Vasculogenesis, VEGFA Signaling, Stem Cell Associated 

VIM 
ECM Layers, EMT, 

Tumour Invasion 

Cell Motility, Epithelial to Mesenchymal Transition, Plasma 

Membrane, Stem Cell Associated 

WARS Angiogenesis 
Angiogenesis Response, Regulation of Angiogenesis 

 

WWTR1 
EMT, Transcription 

Factor 
Epithelial to Mesenchymal Transition, Transcription Factor 
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Appendix 3 : Differential gene expression between phenelzine and GSK (Downregulated 

genes) 

 

Phenelzine, GSK GSK Phenelzine 

ACVR1 ADAMTS1 ADAM15 

ADAM17 ADAP1 ADAM9 

ADAM8 AKAP2 AKT3 

ADD1 ARAP2 BAG2 

AGR2 CCDC80 CALD1 

AHNAK CD44 CD2AP 

AKAP12 CDKN1A CDK14 

ALDOA CFP CHD4 

ANXA2P2 CLEC2B CIB1 

BTG1 CTNND1 COL4A1 

CAMK2D CTSH COL4A2 

CD24 CTSL DENND5A 

CD46 CYP1B1 EGLN2 

CDH11 DENR EIF4EBP1 

CEP170 DPYSL3 EPHA2 

CLDN4 EGFR ERMP1 

CLDN7 EVI2A F11R 

CLIC4 HDAC5 FGFR1 

CTNNB1 HEG1 FRAS1 

CXCL8 HIPK2 FST 

DSC2 HMOX1 FSTL1 

EGLN3 IL1A GALNT7 

EIF4E2 ITGA2 GPI 

ENO1 ITGB2 HPSE 
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ENO2 KIAA1462 HRAS 

EPAS1 LAMA3 IGFBP4 

ERBB2IP LLGL2 IL18 

EREG MMP1 KDM1A 

FN1 MMP3 LAMA5 

GDF15 MYLK LOXL2 

GSN PDCL3 MAP2K4 

HIF1A PPFIBP2 MAP3K7 

HK2 PTGS2 MAPK1 

HKDC1 RAC1 MCAM 

HSD17B12 RAC2 MGP 

HSP90B1 RBM47 MTBP 

ICAM1 ROBO4 MYO5C 

ITGA3 ROCK1 NAA15 

ITGA5 ROCK2 NCL 

ITGA6 RRAS NF2 

ITGB1 SERINC5 NOX5 

ITGB4 SERPINA1 OCLN 

JAG1 SH2B3 P3H2 

JUN SMURF1 PDCD10 

KRAS SNAI2 PIK3CA 

KRT19 TCF20 PIK3CD 

LAMB3 TFPI2 PKM 

LAMC1 TIMP1 PLAU 

LAMC2 TIMP2 PLEKHO1 

LDHA TLR4 QKI 

LGALS1 TNFSF12 RB1 

LIFR TPM2 RBL1 

LOX  RGCC 

MAP2K1  RHOA 
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MAPK3  RPS27A 

MET  SERPINE1 

MMP14  SET 

MTDH  SLC37A1 

NDRG1  SMAD1 

NOTCH1  SMC3 

NRP1  SMURF2 

OLFML2B  SNRPF 

PFKFB4  SORD 

PDK1  SRC 

PGK1  TCEB1 

PLAUR  TMC6 

PLCG1  VAMP8 

PLXND1   

PMP22   

PPP3R1   

PTEN   

PTX3   

PXDN   

RBPJ   

RTN4   

SERPINH1   

SIRT1   

SLC35A3   

SOX9   

SPDEF   

SRF   

STAB1   

TGFBR2   

TOM1L1   
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VEGFA   

VEGFB   

VIM   

WARS   

WWTR1   
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Appendix 4: Gene expression profile between GSK and phenelzine combination 

(Downregulated genes) 

GSK+Ola,  Ph+Ola Ph+Ola GSK+Ola 

ACVR1 ADAM15 PDCD10 ADAMTS1 

ADAM17 ADAM9 PIK3CA AHNAK 

ADAM8 AKAP12 PIK3CD AKAP2 

AGR2 AKT3 PKM CCDC80 

ALDOA BAG2 PLAU CDKN1A 

ANXA2P2 BMPR1A PLEKHO1 CLEC2B 

BTG1 BMPR1B PLS1 CTNND1 

CD24 CD2AP PLXND1 CTSL 

CD46 CDK14 PPL CXCL8 

CEP170 CHD4 PPP2CB CYP1B1 

CLDN4 CIB1 PTEN EGFR 

CLIC4 CLDN7 PTK2 EIF4E2 

CTNNB1 COL4A1 PXDN ERBB2IP 

ENO1 COL4A2 QKI EREG 

ENO2 CUL1 RAC1 FN1 

EPAS1 DENND5A RB1 HIPK2 

GDF15 DLC1 RBL1 HKDC1 

GSN DSC2 RGCC ITGA6 

HIF1A EDN1 RHOA ITGB2 

HK2 EGLN2 ROCK1 ITGB4 

HSD17B12 EGLN3 RPS27A LAMA3 

HSP90B1 EPHA2 SEMA3E LGALS1 

ICAM1 EPHB4 SERPINE1 MMP1 

ITGA3 F3 SET PLAUR 

ITGA5 ETV4 SH2D3A RAC2 

ITGB1 F11R SLC37A1 ROBO4 
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JAG1 FGFR1 SMC3 ROCK2 

JUN FRAS1 SMURF2 SERINC5 

KRT19 FST SNAI1 SERPINA1 

LAMA5 FSTL1 SORD SPDEF 

LAMC1 GALNT7 SRC TFPI2 

LAMC2 GPI TBX1 TIMP1 

LDHA GPR56 TCEB1 TIMP2 

LIFR HPSE TCF20 TPM2 

LOX HRAS TCF3 VEGFB 

MMP14 IL18 TJP2 VIM 

NDRG1 KDM1A TLR4  

NRP1 KRAS TMC6  

PDK1 LAMB3 TNC  

PFKFB4 LOXL2 VAV2  

PGK1 MAP2K1 WARS  

PLCG1 MAP3K7   

PMP22 MAPK1   

PPP3R1 MAPK3   

PTX3 MCAM   

RBPJ MET   

RTN4 MGP   

RUNX1 MTA1   

SIRT1 MTDH   

SLC35A3 MYO5C   

SRF NCL   

TGFBR2 NF2   

TOM1L1 NOX5   

VAMP8 NRP2   

VEGFA OCLN   

WWTR1 P3H2   
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Appendix 5 : cGMP-PKG pathway  
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Appendix 6.  

1. LSD1 mRNA PCR results (Ct values) after treatment with Olaparib or phenelzine 

or combination 

CTRL Phenelzine  Olaparib Phenelzine+Olaparib  

1 0.8 1.1 0.79 

1 0.81 1.15 0.73 

1 0.76 1.18 0.70 

 

2. CDH1 mRNA PCR results (Ct values) after siRNA treatment 

Mock siRNA PARP LSD20 LSD40 

1 1.744722 2.090716 1.835274 

1 1.782058 2.529764 1.656342 

1 1.768432 2.568238 1.752953 

3. PARP mRNA PCR results (Ct values) after treatment with olaparib 

CTRL Olaparib 5nM Olaparib 250nM 

1 0.778 0.614 

1.01 0.796 0.666 

1 0.752 0.610 

 

4. PARP mRNA PCR results (Ct values) after treatment with veliparib 

CTRL Veliparib 5nM Veliparib 250nM 

1 0.808 0.714 
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1.01 0.816 0.766 

1 0.794 0.792 

 

5. LSD1 TNFI after treatment with olaparib 

CTRL (3 repeats) Olaparib (3 repeats) 

597.876 683.2428 263.0808 227.2208 822.2463 1593.495 

509.808 743.0818 311.4428 455.4639 375.1638 1708.69 

520.99 616.6758 150.2098 542.7665 370.4134 1644.508 

413.569 724.1718 209.3298 446.5427 457.4019 1569.609 

872.225 847.3978 586.7208 713.8873 945.6129 1600.241 

693.288 482.8478 661.9808 694.5925 291.7266 1072.672 

1164.336 1028.935 306.0088 642.6994 308.1793 1827.443 

1443.023 674.4348 457.2018 527.2035 559.4349 961.4925 

908.383 927.4218 232.7498 1566.332 490.757 774.3295 

728.911 930.0748 161.1408 603.6316 420.8248 833.2725 

1028.935 719.0038 214.9578 229.2367 347.3076 803.7175 

1138.756 534.2928 278.6108 800.8978 544.5779 1692.139 

1009.703 675.2638 262.2818 626.4976 468.1944 942.7425 

1086.176 424.6838 389.8748 1446.094 395.4608 1706.269 

1570.377 812.3558 348.6188 509.2307 407.2533 938.9295 

1141.233 928.2068 358.4098 416.3603 978.0306 1732.177 

765.973 569.4948 277.6048 562.6243 669.1799 940.6015 

944.649 970.2028 495.3028 575.7169 668.1467 1711.598 

1078.312 1540.867 193.7128 512.9782 1317.75 989.5515 

1066.405 543.9398 780.6758 617.4821 1291.122 895.7315 

1306.9 449.4358 351.0958 706.6136 552.8913 1621.168 

1047.666 435.6078 358.3888 528.3214 534.8115 791.6735 

1322.997 534.0968 1277.753 732.0637 231.2277 1765.235 

1293.53 840.0988 320.4378 515.1214 1141.433 1420.291 

654.924 1029.417 348.4048 888.4381 803.0372 898.1335 

663.107 642.7678 444.1308 917.4833 931.7947 1024.11 

981.672 920.1668 401.241 495.2318 341.1624 842.9055 

1319.976 880.8308 250.843 271.7128 562.1142 1102.572 

1121.526 772.9138 222.86 393.2675 971.3328 1495.734 

788.383 700.6658 337.699 1451.614 526.7379 889.2565 

611.561 897.5158 700.253 547.8573 812.2399 919.8128 

928.074 1002.462 769.664 791.0781 791.1534 436.0003 

543.168 668.1188 336.617 642.4121 491.9406 876.2663 

301.8293 941.7248 333.233 602.3052 632.2619 301.1933 

256.6233 572.5838 432.692 497.9718 544.3132 374.8513 

310.7203 681.6888 301.8293 206.8647 493.7847 750.8963 

239.7673 680.8318 656.6233 449.0303 535.6988 277.0133 
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291.1183 829.6748 310.7203 411.9717 592.7122 311.3093 

277.8083 620.4398 444.1308 472.0617 435.7103 972.5793 

285.5933 701.4068 263.0808 453.5816 822.2463 375.6123 

332.794 398.1158 311.4428 411.2992 375.1638 452.4993 

332.815 559.168 150.2098 700.2064 370.4134 425.3513 

258.296 713.202 209.3298 773.2738 457.4019 356.8633  
1005.004 586.7208 886.9322 945.6129 466.6973  
896.883 661.9808 954.2886 291.7266 837.1483  

1016.051 306.0088 862.7383 308.1793 869.0013 

 

6. Percentage inhibition in cell proliferation 

Ph GSK Ph+O-5 Ph+O-250 Ph+O-

5000 

GSK+O+5 GSK+O-

250 

GSK+O5000 

9.522564 -59.6468 26.89339 27.82334 28.23319 -59.7515 -55.5535 -52.2315 

10.12284 -61.3309 22.00026 23.10047 24.45027 -60.1894 -56.1832 -53.4594 

8.20167 -50.7049 24.61689 25.31659 27.56679 -60.3163 -60.3433 -51.6163 

 

7. PARP1/CSV/ABCB5 positive CSC population in cell suspension of mice primary 

tumour(MDA-MB-231 xenograft model) 

Control Phenelzine Olaparib GSK287 Phenel+Ola GSK+Ola 

67.35537 43.85965 14.82558 35.03836 11.84573 51.53374 

62.41901 41.45199 30.4878 68.36364 29.47846 52.90698 

78.9011 37.80488 52.38095 34.18803 40.07491 42.4 

83.37349 42.53112 36.84211 46.77239 30.63063 48.0276 

59.82533 29.25659 68.03279 38.8254 25.0945 51.6631 
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8. ChiP DNA fragment size analysis using tape station 
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Appendix 7: Links to publications. 

1. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6215877/ 

2. https://pubmed.ncbi.nlm.nih.gov/31462109/ 

3. https://pubmed.ncbi.nlm.nih.gov/31088240/ 

4. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6627630/ 

5. https://pubmed.ncbi.nlm.nih.gov/32612611/ 
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