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Abstract

The Interplay Between Signalling Networks and Epigenetic Enzymes in the Multi-layered
Regulation of Breast Cancer EMT

Epithelial to mesenchymal transition (EMT) is a biological process in which fully differentiated
epithelial cells reversibly dedifferentiate into cells with mesenchymal characteristics. The
phenotypic plasticity initiated by EMT is pathological in cancer, where it endows cells with highly
aggressive traits that facilitate dissemination, therapeutic resistance, and relapse. EMT also
induces the formation of cancer stem cells (CSCs) with tumourigenic and metastatic capabilities
that, although only constituting a small proportion of the main tumour bulk, possess the capacity
to self-renew and differentiate and enhance therapy resistance. EMT is mediated by a complex
network of intracellular signalling cascades that function in a coordinated manner to activate
several classes of enzymes that facilitate the progression of EMT downstream. Protein kinase C-θ
(PKC-θ) has recently emerged as a key chromatin-tethered mediator of inflammatory signalmediated breast cancer EMT. PKC-θ regulates the expression of multiple enzymes that are
implicated in cancer regulation including members of the dual-specificity phosphatase (DUSP)
family of signalling enzymes and the epigenetic enzyme, lysine-specific demethylase 1 (LSD1).
DUSPs participate in signal transduction cascades where they catalyse the dephosphorylation of
threonine/serine and tyrosine residues on their target substrates. LSD1 is a key histone
demethylase that alters the epigenetic landscape by selectively catalysing the demethylation of
mono- and di-methylated H3K4 and H3K9, subsequently facilitating gene repression and
activation, respectively. This thesis examined the contribution of several members of the DUSP
family, namely DUSP1, DUSP4 and DUSP6, as well as LSD1 in the regulation of breast cancer
EMT and the plasticity of CSCs.
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Work in this thesis shows DUSP1, DUSP4, DUSP6 and LSD1 are induced in response to PKC
pathway-mediated activation of EMT. DUSP1 and DUSP4 globally exist with distinct histone
post-translational modifications and directly tether to the chromatin-template at mesenchymal
gene loci. Specifically, DUSP4 globally regulates the acetylation of H3K27 by modulating the
activity of the key histone acetyltransferase, p300. Furthermore, DUSP1, DUSP4 and DUSP6
regulate the plasticity of breast CSCs where they play differential roles in their formation.
Induction of LSD1 promotes the progression of EMT where it subsequently regulates the
expression of the key EMT markers, E-cadherin, vimentin and Snail. Chromatin anchored PKC-θ
phosphorylates LSD1 at serine-111 (LSD1-s111p). This phosphorylation event is critical for
LSD1’s demethylase and EMT promoting activity and LSD1-s111p is enriched in chemoresistant
cells in vivo. In turn, LSD1 induces pan-genomic gene expression in networks implicated in EMT
and CSC regulation. At the genome-wide level, LSD1 selectively induces gene expression
programs in CSCs whilst repressing non-CSCs programs. Furthermore, LSD1 couples to PKC-θ
on the mesenchymal gene epigenetic template where it promotes LSD1-mediated gene induction.
Collectively, these results provide novel insight into the multi-layered regulation of breast cancer
EMT and characterises enzymes that would potentially serve as promising epigenetic targets for
adjuvant anti-cancer therapy.
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1 Introduction
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The structure of DNA and its implications for transcription

Chromatin architecture underpins transcriptional outcome
Within the nucleus of eukaryotic cells, DNA closely associates with histone proteins which
together form a highly organised and tightly condensed structure known as chromatin (Fig. 1.1).
The basic structural unit of chromatin is the nucleosome, which is comprised of 146 base pairs
(bp) of DNA wrapped around a histone octamer consisting of a H3-H4 tetramer flanked on either
side by a H2A-H2B dimer (Kornberg, 1974, Luger et al., 1997). Repeating nucleosomes are
tethered to one another by a variable length of linker DNA usually in the order of 20-90 bp bound
to a linker histone protein, H1 (Li and Reinberg, 2011). The interaction between H1 and linker
DNA stabilises nucleosome structure and subsequently facilitates higher order folding and
formation of chromatin (Thoma and Koller, 1977, Wu et al., 1986). While the structure of the
nucleosome is largely invariant, some variants of the core histones H2A, H2B and H3 as well as
the linker histone, H1 do exist (Franklin and Zweidler, 1977).

With respect to transcription, chromatin predominantly exists in two interchangeable states:
transcriptionally silent heterochromatin or transcriptionally active euchromatin. It is the transition
between these two states (chromatin remodelling) which alters the accessibility of gene regulatory
regions and plays a key role in regulating genome function (Hager et al., 2009, Rao et al., 2001,
Aoyagi et al., 2002). Highly compacted chromatin structures are enriched in nucleosomes
forming heterochromatin which prevents docking of the transcriptional machinery and renders
these areas of DNA inactive and transcriptionally silent. In contrast, a net loss of nucleosomes
from gene-specific regulatory regions increases chromatin accessibility and forms permissive
euchromatin which enables binding of transcriptional regulators and subsequent gene expression
(Bell et al., 2011, Li et al., 2007a).
2

Figure 1.1 The structure of chromatin
The primary level of chromatin organisation is the nucleosome which consists of ~146 bp of DNA
wrapped ~1.7 times around an octamer of histones subsequently forming a nucleosome.
Nucleosomes are connected to one another by stretches of linker DNA which facilitates higher
order compaction and the formation of a 30 nm chromatin fibre. These chromatin fibres loop to
form a 300 nm fibre which subsequently supercoils to produce 700 nm fibre. This condensed
chromatin fibre comprises a sister chromatid of a chromosome that can be observed during
metaphase. This figure is taken from Jansen and Verstrepen, 2011.
3

DNA regulatory elements control transcription
Transcriptional control is achieved by extensive crosstalk between sequence-specific DNA
regions referred to as proximal/promoter regulatory elements and distal regulatory elements
following effective chromatin remodelling. Proximal regulatory elements are control regions that
typically lie immediately upstream of the transcription start site (TSS), whilst distal regulatory
elements such as enhancers, silencers and insulators lie further up or downstream (Fig. 1.2).

Transcription of eukaryotic protein-coding genes occurs at the TSS which is housed in the
promoter region of a gene. The promoter is comprised of a core and proximal promoter and
importantly the core promoter contains a TATA box consensus sequence, which serves as a
docking station for the transcriptional machinery. Following assembly of a transcription
preinitiation complex (PIC) containing an array of general transcription factors (GTFs) and RNA
polymerase II (Pol II) at the TATA box, Pol II is directed to the TSS to initiate transcription
elongation at basal levels (Smale and Kadonaga, 2003). Transcription levels are modulated by
transcription factors (TFs), bound to small TF binding sites (TFBS) approximately 10 bp in length
located either in proximal promoters or distal enhancer regions (Stewart et al., 2012). Enhancers
are a type of distal regulatory elements comprising multiple TFBS located up to 1 Mb up or
downstream from the promoter, that act to promote transcription (Tuğrul et al., 2015, Narlikar
and Ovcharenko, 2009, Lettice et al., 2003). It is widely accepted that enhancers can interact with
the promoters of several genes through a DNA-looping mechanism that allows the enhancerbound TFs to physically interact with the target gene promoter (Bulger and Groudine, 1999,
Petrascheck et al., 2005). These elements along with others work in unison to coordinate precise
spatiotemporal control of transcription.
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Figure 1.2 Transcriptional regulation by DNA regulatory elements
In higher eukaryotes, transcriptional control is mediated by cis-acting sequences that form
functional regulatory elements. Insulator, enhancer and silencer elements can be located up to 10
Mb up or downstream of the core promoter region. These cis-acting sequences serve as a binding
platform for trans-acting proteins such as TFs that regulate gene transcription. Distal regulatory
elements physically interact with core or proximal promoter elements through a DNA-looping
mechanism. TF = transcription factor; TATA = TATA box; TSS = transcription start site.
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The regulation of gene expression

Modifications to the chromatin template facilitate transcription
Chromatin remodelling orchestrates a gene’s transcriptional state via several mechanisms:
(1) DNA methylation; (2) the actions of ATP-dependent chromatin-remodelling complexes;
(3) exchange of canonical histones with one of the variant histones; and (4) post-translational
modifications of histone proteins (Portela and Esteller, 2010, Tollervey and Lunyak, 2012). These
mechanisms are not mutually exclusive and each function in a systematised manner to modulate
chromatin structure and downstream transcription (Fig. 1.3).

In mammalian cells, DNA methylation is catalysed by DNA methyltransferases (DNMTs) and
occurs at the 5’ position of the cytosine ring within cytosine-phosphate-guanine (CpG)
dinucleotides (Chen and Li, 2004). This modification triggers stable long-term transcriptional
silencing and as such is absent from the promoter regions of actively transcribed genes (Bird,
2002). DNA methylation-mediated silencing occurs in two ways: by physically blocking TF
binding in these regions; or by recruiting repressor proteins such as methyl-CpG-binding protein
2 (MeCP2) (Bird and Wolffe, 1999). MeCP2 recruits a complex containing transcriptional corepressors and histone deacetylases which facilitate chromatin remodelling and subsequent
heterochromatin formation (Nan et al., 1998, Jones et al., 1998, Ballestar and Wolffe, 2001).

ATP-dependent chromatin-remodelling complexes contain a central ATPase domain that utilises
ATP hydrolysis to modify nucleosome positioning by physically sliding or displacing these
histone octamers (Narlikar et al., 2013). Modification to nucleosome positioning increases DNA
accessibility to allow binding of TFs and other DNA modifying enzymes to modulate
transcription (Struhl and Segal, 2013, Li et al., 2007a). The most well characterised groups of
6

Figure 1.3 Multi-layered epigenetic regulation of gene expression
Chromatin can be remodelled from a transcriptionally silent heterochromatin state to a
transcriptionally active euchromatin state via the coordinated action of multiple epigenetic
mechanisms.

ATP-dependent

chromatin

remodelling complexes

can reposition/evict

nucleosomes. Histone variant exchange can alter DNA-nucleosome stability subsequently
exposing DNA to transcriptional regulators. Histone modifiers can covalently modify the Nterminal side chain of histone proteins by catalysing the addition of chemical groups including
phosphate, methyl and acetyl groups. Direct DNA methylation occurs away from proximal
promoter regions and initiates stable gene repression. Ultimately, these mechanisms regulate the
exposure of key DNA regulatory elements, the binding of TFs and the recruitment of the Pol II
transcriptional machinery to target gene loci. ATP = adenosine triphosphate; ADP = adenosine
diphosphate; TSS = transcriptional start site; TF = transcription factor; RE = response elements;
R = arginine; K = lysine; T = threonine; S = serine; Me = methylation; P = phosphorylation; Ac
= acetylation. This figure is taken from Lim et al., 2013.
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chromatin-remodelling complexes are the SWI/SNF, ISWI, Mi-2/CDH and SWR1 complexes
(Narlikar et al., 2013).

Exchange of core histone proteins with a non-allelic variant can alter the properties of
nucleosomes due to their unique biophysical properties (Kamakaka and Biggins, 2005). For
example, nucleosomes containing both H2A.Z and H3.3 have decreased stability compared with
nucleosomes containing H2A and H3 (Thakar et al., 2009). Conversely, in higher eukaryotes,
nucleosomes containing a H2A.Z-H2B dimer have increased stability compared with
nucleosomes containing the canonical histones (Park et al., 2004). Furthermore, nucleosomes
containing a H2A.Z/H2A.Z homotypic dimer exhibit increased stability relative to canonical
nucleosomes whilst H2A.Z/H2A heterotypic dimers are less stable than their homotypic
counterparts (Nekrasov et al., 2013). ATP-dependent chromatin-remodelling complexes such as
the SWR1 complex catalyse the exchange of canonical histone-containing nucleosomes with
histone H2A.Z-containing nucleosomes (Mizuguchi et al., 2004).

Both core and variant histone proteins have an amorphous N-terminal side chain or “tail”
comprised of approximately 15-30 amino acid residues which can undergo covalent modification.
Such modifications subsequently alter chromatin structure which is crucial for regulating
transcription (Kornberg and Lorch, 1999). The transcriptional outcome is dependent on the
location and type of post-translational modification (PTM) (Fig. 1.4). Currently, there are at least
8 different classes of PTMs known: acetylation, methylation, phosphorylation, ubiquitination,
sumoylation, ADP-ribosylation, deamination and proline isomerisation (Kouzarides, 2007,
Bannister and Kouzarides, 2011).
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Figure 1.4 Sites of common histone PTMs
Potential modification sites on the N-terminal side chain of the canonical histone proteins. Hollow
blue circle = lysine; hollow yellow circle = threonine; hollow orange circle = serine; ac =
acetylation; me (green) = transcriptionally active methylation; me (red) = transcriptionally
repressive methylation; me1 = mono-methylation; me2 = di-methylation; me3= tri-methylation;
p = phosphorylation.
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Post-translational modifications modulate transcriptional state
PTMs of the amino tails of histones are thought to be particularly important modulators of gene
expression, either by changing chromatin structure and/or by providing a ‘histone code’ that acts
as a tag for the tethering of transcriptional regulators to the epigenetic template (Strahl and Allis,
2000). These dynamic and reversible PTMs are orchestrated by numerous histone-modifying
enzymes that can write or erase the histone code peppered across gene loci. These histonemodifying enzymes are often referred to as “writers” and “erasers”, respectively, and work in
coordination with “readers” that interpret the histone code to drive functional modifications and
transcriptional outcomes (Gardner et al., 2011, Gillette and Hill, 2015). Table 1.1 shows some of
the most well-characterised histone PTMs, the enzymes that write and erase these marks and their
effect on chromatin state. At its simplest level, writers are enzymes such as histone
acetyltransferases (HATs) that catalyse the addition of PTMs like acetyl groups to lysine residues
(Parthun et al., 1996, Mizzen et al., 1996). These PTMs are then recognised and interpreted by
readers such as the bromodomain-containing SWI/SNF complex to facilitate chromatin
remodelling and gene transcription (Awad and Hassan, 2008). Eraser enzymes such as histone
deacetylases (HDACs) catalyse the removal of PTMs like acetyl groups resulting in chromatin
compaction and transcriptional cessation (Struhl, 1998, Katan-Khaykovich and Struhl, 2002).

The mechanisms by which histone modifications alter gene expression are diverse. To exemplify
the diverse nature of PTMs, the two most well-characterised modifications, histone acetylation
and methylation will be discussed here. Histone acetylation is catalysed by HATs, which transfer
an acetyl group to lysine residues on H3 and H4 (Chen et al., 2001, Graff and Tsai, 2013). Histone
acetylation neutralises the basic charge of lysine, consequently disrupting the histone N-terminal
tail folding and DNA-protein interactions which destabilises higher order chromatin folding
permitting docking of the transcriptional machinery and activation of transcription
10

Table 1.1 Writer and eraser enzymes, their target histone PTMs and transcription outcome
Histone/
Residue

PTM

Writer

Eraser

H3K4

Methylation

MLL1/2/3/4/5,
hSET1A/B, ASH1,
SET7/9

H3K9

Acetylation

pCAF, hGCN5,
TFIIIC90

Methylation

SUV39H1/2, G9a,
EuHMTase,
SETBD1, RIZ1,
SUZ12

H3S10

Phosphorylation MSK1/2, Aurora B

H3K14

Acetylation

H3K18

Acetylation

H3K27

Transcriptional
Response

LSD1 (H3K4me1/2),
JARID1A/C/D
(H3K4me2/3),
JARID1B
(H3K4me1/2/3)
HDACs

Activation

LSD1, JHDM2A/B
(H3K9me1/2),
JMJD2A/B/C
(H3K9) JMJD2D
(H3K9me2/3)

Repression

Activation

Activation

CBP/p300, pCAF,
hGCN5, MOZ,
MORF, TFIIIC90
CBP/p300, pCAF,
hGCN5, TFIIIC90

HDACs

Activation

HDACs

Activation

Methylation

EZH2, SUZ12

UTX, JMJD3
(H3K27me2/3)

Repression

H3K36

Methylation

SET2, NSD1,
SYMD2

JHDM1A/B
(H3K36me1/2),
JMJD2A/B/C
(H3K36me2/3)

Activation

H3K79

Methylation

DOT1L

Activation

H4K20

Methylation

Pr-SET7/8, SUV420H1/2

Repression
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The N-terminal side chains of the canonical histone proteins are chemically modified by
epigenetic “writer” and “eraser” enzymes. Modification to these histone PTMs consequently
modulate transcriptional outcomes. MLL = mixed-lineage leukemia; SET = SET domaincontaining protein; LSD1 = lysine-specific demethylase 1; JARID = jumonji/AT-rich interaction
domain; pCAF = p300/CBP-associated factor; TFIIIC90 = transcription factor IIIC subunit delta;
HDACs = histone deacetylases; SUV39H = suppressor of variegation 3-9 homolog; G9a =
euchromatic histone-lysine N-methyltransferase 2; SETBD1 = SET domain bifurcated 1; RIZ1 =
retinoblastoma-interacting zinc factor; JHDM = jumonji domain containing histone demethylase;
JMJD = jumonji domain containing protein; MSK = mitogen and stress activated protein kinase;
CBP = CREB-binding protein; MOZ = monocytic leukemia zinc finger protein; KDM6B =
lysine-specific demethylase 6B; EZH2 = enhancer of zeste homolog 2; UTX = lysine-specific
demethylase 6A; NSD1 = nuclear receptor binding SET domain protein 1; SYMD = SET and
MYND domain containing; DOT1L = DOT1-like histone lysine methyltransferase; SUV420H = suppressor of variegation 4-20 homolog. This table is summarised from Allis et al., 2007,
Kouzarides, 2007 and Li et al., 2007.
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(Davie, 1997, Tse et al., 1998, Hansen et al., 1998). Histone deacetylation is catalysed by HDACs
which remove these acetyl groups and thus repress transcription (Doetzlhofer et al., 1999).
Histone methylation is a multifaceted modification that occurs on arginine and lysine residues
and can both activate and repress transcription depending on the transcriptional context (Zhang
and Reinberg, 2001). Moreover, lysine residues may be mono-, di-, or tri-methylated by lysine
methyltransferase, and arginine residues may be mono- or di-methylated by arginine
methyltransferase and lysine methyltransferases (Gary et al., 1996, Rea et al., 2000). Methylation
increases the hydrophobicity of histone side chains, increasing their affinity for transcriptional
activators or repressors leading to either transcriptional activation or repression depending on
which amino acid residue is modified and its position in the side chain sequence (Teperino et al.,
2010). These transcriptional changes are reversed by the demethylation of mono- and dimethylated lysine residues on H3 by lysine-specific demethylases (LSDs) and Jumonji C (JmjC)
domain-containing proteins (Shi et al., 2004, Forneris et al., 2005, Forneris et al., 2008, Hayami
et al., 2011, Metzger et al., 2005, Yamane et al., 2006, Tanaka et al., 2010).

Chromatin states are marked by distinct epigenetic marks
Histone modifications have typically been ascribed to either gene activation or repression
depending on their location. Methylation of lysine residues H3K4, H3K36 and H3K79 recruits
proteins responsible for activating transcription. In contrast, methylation of H3K9, H3K27 and
H4K20 recruits transcription silencing factors and various co-repressors, subsequently repressing
transcription (Kouzarides, 2007). However, it has become apparent that a single PTM does not
dictate the transcriptional outcome. H3K9 methylation is associated with repressive
heterochromatin formation and when present at promoter regions it functions in a repressive
manner, however, when localised in coding regions it promotes transcription elongation (Vakoc
et al., Rice et al.). Similar observations have been made for H3K36me3 in zebrafish (Danio
13

rerio), whereby it is enriched at the promoters of repressed genes and in the coding regions of
actively transcribed genes (Wu et al., 2011b). Moreover, the presence of a particular PTM may
influence the presence of another. Such is the case for H3K4me2, H3K4me3 and H3K79me3
which are dependent on H2B ubiquitination (Kim et al., 2009, Dover et al., 2002,
Chandrasekharan et al., 2009). Thus, it has been suggested that chromatin needs to be considered
a ‘composite domain’ in which modifications work simultaneously to form unique chromatin
states and regulate gene expression (Margueron and Reinberg, 2010).

To understand the functionality of composite domains, the presence of different combinations of
histone modifications have been extensively characterised at a genome-wide level. Such studies
have been largely facilitated using chromatin immunoprecipitation followed by high-throughput
sequencing (ChIP-seq) and have endeavoured to partition the genome into biologically
meaningful domains. These studies have enabled de novo discovery of the distinct chromatin
states associated with active and inactive genes. For example, the promoter regions of actively
transcribed genes are commonly enriched in H3K4 acetylation and H3K4me1, H3K4me2,
H3K4me3, H3K27ac, H3K9ac and H3K79me3 as well as the initiated form of Pol II (serine-5p)
and the histone variant Hzt1 in yeast (Saccharomyces cerevisiae) (Kouzarides, 2007, Guillemette
et al., 2011, Vakoc et al., 2006, Zhang et al., 2005, Komarnitsky et al., 2000). However, the
transcribed regions of active genes are enriched in H2BK5me1, H3K9me, H3K27me1,
H3K36me3, H3K79me1, H3K79me2, H3K79me3 and H4K20me1 and the elongating form of
Pol II (serine-2p) (Ernst and Kellis, 2010, Novak et al., 2012, Wu et al., 2011b, Komarnitsky
et al., 2000, Ahn et al., 2004). In contrast, the promoter regions of repressed genes are commonly
enriched in H3K9me3 and H3K27me3 as well as increased DNA methylation and loss of
H3K4me3 (Wong et al., 2011, Ernst and Kellis, 2010, Taberlay et al., 2014, Ernst et al., 2011,
Hoffman et al., 2013).
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Post-transcriptional control of gene transcripts
Following transcription, primary transcripts are processed into functional messenger RNAs
(mRNAs) and thereafter their expression is subjected to further regulation at the posttranscriptional level. MicroRNAs (miRNAs) are a class of small (18-24 nucleotide) non-coding
RNA molecules involved in the RNA interference machinery. Within the RNA-induced silencing
complex (RISC) they bind to sequence-specific regions on target mRNAs, mostly in the
3′ untranslated region (3’UTR) to post-transcriptionally regulate mRNA expression (Bartel,
2004, Sato et al., 2011). miRNA binding either decreases the stability of the target mRNA leading
to their degradation or inhibits translation from occurring (He and Hannon, 2004). It is the
collective effort of these stringent counterparts that command a precise transcriptional response
that results in functional, context-specific manipulation of gene expression in each individual cell.

Aberrant gene expression drives cancer progression

Dynamic alterations to the genome govern cancer progression during all stages from initiation to
complete malignant transformation and metastasis. The foundations of our current understanding
of the complexity of cancer biology stems from our understanding of the normal physiological
function of cells and comparisons between the two. It is now widely accepted that there are a
number of conserved hallmarks of cancer: self-sustaining proliferative signalling, resistance to
apoptosis, insensitivity to growth-inhibitory signals, capacity to invade and metastasise,
replicative immortality, and induction of sustained angiogenesis (Hanahan and Weinberg, 2000,
Hanahan and Weinberg, 2011). Each hallmark of cancer is driven by successive genetic mutations
that collectively confer normal cells with malignant capabilities either in parallel or step-wise
fashion. Such alterations include somatic point mutations, amplifications, deletions,

15

translocations, chromosomal rearrangements and ploidy, which may occur alone or in a
combinatorial manner.

More recently, the emergence of high-throughput next-generation sequencing technologies has
vastly increased the scope and capabilities of modern molecular biology studies. The usage of
such technologies has been particularly important for globally characterising pathogenic
biological programs, such as cancer. Projects such as The Cancer Genome Atlas (TCGA) have
exploited a multitude of different high-throughput techniques to generate comprehensive maps
of the key changes occurring at the DNA, RNA, protein and epigenetic level in 33 types of cancer
to date. Subsequent analyses of these datasets has enabled the identification of numerous key
oncogenic driver mutations that occur in both a cancer type-specific manner and those that are
conserved between cancers (The Cancer Genome Atlas Research et al., 2013). Further
examination of these driver mutations has revealed that many function in a temporal manner and
thus contribute to distinct stages of cancer from initiation to progression. Furthermore, analysis
of datasets such as these have both identified and verified the contribution of several signalling
networks that reveal multiple novel therapeutic targets (Kandoth et al., 2013). Importantly, as
understanding of cancer genomes grows, the possibility for the development of novel and
effective therapies does so in parallel.

To further our understanding and to provide biologically relevant information about a given
cancer, several studies have partitioned them into molecular subtypes based on their
transcriptome (Neve et al., 2006, Bailey et al., 2016). For example, in breast cancer, tumours can
be divided into either luminal A, luminal B, basal-like and human epidermal growth factor
receptor 2 (HER2)-amplified based on their gene expression signatures and further analyses
reveals distinct features of each subtype (Neve et al., 2006). Luminal A and B tumours resemble
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tumours that originate from luminal cells of the mammary duct and they express several hormone
receptors (Perou et al., 2000, Neve et al., 2006). Importantly, luminal A tumours are more
responsive to hormone-based therapies and have better overall prognosis than luminal B tumours
(Sørlie et al., 2003, Yersal and Barutca, 2014). HER2-amplified tumours overexpress the HER2
receptor and are responsive to many cytotoxic chemotherapies therapies and HER2-targeted
therapies, however, they are typically of poorer tumour grade and harbour increased rate of
relapse (Neve et al., 2006, Yersal and Barutca, 2014). Basal-like tumours resemble basal
epithelial cells of the mammary ducts, they express no hormone receptors and are typically more
aggressive, resistant to most forms of standard therapy and have poor prognosis (Perou et al.,
2000, Dai et al., 2015, Neve et al., 2006).

Epithelial to mesenchymal transition (EMT) is a key step in cancer progression and
metastasis

The basics of EMT
Epithelial and mesenchymal cells represent two of the predominant eukaryotic cell types present
in multicellular organisms each with distinct biological functions. Polarised epithelial cells
predominantly exist in single cell layers, tightly associated with one another by cell-cell adherens
junctions in their lateral membranes and to the basement membrane via integrins in their basal
surface (Cavey and Lecuit, 2009, Yurchenco, 2011). Epithelial cells function to either form a
protective barrier or facilitate selective transport of ions and small molecules across the epithelia
(Tsukita et al., 2009, Martin-Belmonte and Perez-Moreno, 2011). In contrast, mesenchymal cells
have loose or absent intercellular connections, no apical-basal polarity and exist in the stroma,
separated from epithelial cells by the basement membrane (Hay, 1995, Yang and Weinberg,
2008).
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Epithelial to mesenchymal transition (EMT) is a process of dynamic and reversible phenotypic
switching. EMT is essential for driving plasticity in embryonic development, wound healing,
fibrosis as well as in cancer progression (Hay, 1995, Thiery and Sleeman, 2006, Yu et al., 2013a).
Cells undergoing EMT have inherent flexibility to exist in multiple states ranging from a fully
differentiated epithelial state to a fully dedifferentiated mesenchymal state depending on the
cellular context (Boyer et al., 2000, Huang et al., 2012, Tam and Weinberg, 2013). Intermediate
phenotypes have been described as the final state in different cellular contexts in which epithelial
cells may undergo a partial EMT after which they exhibit some epithelial and some mesenchymal
properties (Nieto, 2011). This phenotypic spectrum of cellular plasticity can be attributed to
multiple rounds of EMT and the reverse biological program, mesenchymal to epithelial transition
(MET). Additionally, EMT can be cyclic as seen during embryonic development where up to
three consecutives cycles of EMT-MET are required for heart development (Thiery et al., 2009).

During EMT, fully differentiated epithelial cells undergo extensive reprogramming including the
loss of cell-cell junctions and apical-basal polarity (Boyer et al., 2000, Radisky, 2005, Larue and
Bellacosa, 2005, Kalluri and Weinberg, 2009). In contrast, MET reverts mesenchymal cells back
to cells with an epithelial phenotype (Li et al., 2010). Importantly, cytoskeletal restructuring
during EMT subsequently results in cells detaching from the basement membrane and acquiring
enhanced migratory and invasive capabilities (Kalluri and Weinberg, 2009). Moreover, EMTtype cells exhibit decreased proliferation and increased survival which confers them with a
selective advantage by permitting evasion to apoptosis, anoikis and cellular senescence (Tiwari
et al., 2012). Consequently, these changes have central implications for several cancer processes
including initiation, progression, invasion and metastasis.
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Signalling networks in EMT
Physiological activation of EMT can be triggered by paracrine EMT-inducing growth factors that
activate downstream intracellular signalling cascades and autocrine signalling loops (Boyer et al.,
2000, Jechlinger et al., 2006, Scheel et al., 2011). The absence of such signalling can prevent
complete dedifferentiation; thus, continuous signalling is essential for successful EMT and
maintaining the mesenchymal state (Scheel et al., 2011, Nieto and Cano, 2012). Numerous
growth factors including as transforming growth factor-beta (TGF-β), fibroblast growth factor
(FGF), epidermal growth factor (EGF), and hepatocyte growth factor (HGF) can induce EMT by
triggering a number of different signalling pathways including the TGF-β, Wnt, Notch and PI3KAkt pathways (Jechlinger et al., 2006, Strutz et al., 2002, Lo et al., 2007, Savagner et al., 1997,
Jiang et al., 2007, Timmerman et al., 2004) (Fig. 1.5).

Perhaps the most well-characterised inducers of EMT are the TGF-β superfamily of ligands,
which include TGF-β1, TGF-β2 and TGF-β3. Binding of a TGF-β ligand to a type II TGF-β
receptor (TGF-βRII) homodimer catalyses TGF-βRII-mediated phosphorylation of a type I TGFβ receptor (TGF-βRI) homodimer (Heldin and Moustakas, 2016). TGF-β signalling ensues the
formation of a TGF-βRI-TGF-βRII heterotetrameric receptor complex via phosphorylation of
cytoplasmic SMAD2 and SMAD3 proteins which subsequently form homo- and heterotrimeric
complexes with the common mediator, SMAD4. These complexes translocate to the nucleus
where they are capable of binding to the promoters of EMT signature genes (Moustakas and
Heldin, 2012).

Given the negative biological implications of EMT and its contribution to cancer progression,
there is a need to develop anti-EMT therapies that can be translated to a clinical setting. To date,
extensive effort has been put into targeting several EMT signalling cascades including the.
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Figure 1.5 Signalling pathways in EMT
EMT is regulated by several growth factors that activate downstream signalling pathways that
subsequently facilitate the progression of EMT. Key signalling pathways including the PI3K/Akt,
TGF-β, Wnt and Notch pathways cross-talk to promote EMT. This figure is adapted from
Lamouille et al., 2014.
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TGF-β, Wnt and PI3K-Akt pathways in vitro (Pai et al., 2013, Chung et al., 2009, Subramanian
et al., 2004, Park et al., 2011, Tan et al., 2009, Kothari et al., 2014)However, despite their
extensive characterisation in the EMT program there are currently no available treatment options
targeting such pathways and their effects on an EMT phenotype in a clinical setting remain largely
undefined. Furthermore, EMT is a plastic program and exists in a phenotypic spectrum that can
be observed within a tumour (Tan et al., 2014). It is plausible that a more beneficial anti-EMT
strategy would target proteins further downstream that function at a molecular level in a selective
manner to dictate the acquisition of an EMT phenotype.

EMT-inducing transcription factors
Combinatorial activation of these EMT signalling pathways results in the activation of several
EMT-inducing transcription factors (EMT-TFs) such as members of the Snail, ZEB, and bHLH
(basic helix-loop-helix) Twist families (Zheng and Kang, 2014, Peinado et al., 2003, Sahlgren et
al., 2008, Savagner et al., 1997, Romano and Runyan, 2000, Comijn et al., 2001, Lo et al., 2007,
Huber et al., 2004, Zafar et al., 2014). EMT-TFs cooperate at key EMT gene promoters as part
of complex regulatory networks that regulate gene transcription to drive EMT progression
(Peinado et al., 2007). Importantly, a large number of the genes controlled by EMT-TFs encode
functional proteins including the inducible mesenchymal proteins vimentin, fibronectin, and Ncadherin and repressible epithelial proteins such as E-cadherin (De Craene et al., 2005,
Vandewalle et al., 2005). However, the expression of these markers is not mutually exclusive,
epithelial cells may undergo partial EMT and co-express both epithelial and mesenchymal
markers.
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SNAIL is a family of zinc finger transcriptional repressors that contain three members, SNAI1
(Snail), SNAI2 (Slug), and SNAI3 (Smuc). Each family member contains a highly conserved Cterminal C2H2 zinc finger domain which selectively binds E-box motifs housed within a gene’s
proximal promoter (Nieto, 2002). However, only Snail and Slug directly suppress the expression
of epithelial genes, such as E-cadherin (encoded by CDH1) during EMT. Snail recruits a repressor
complex containing, but not limited to, HDAC1, HDAC2 and mSin3a to the CDH1 promoter
thereby mediating CDH1 transcriptional repression (Peinado et al., 2004, von Burstin et al.,
2009). Snail overexpression positively correlates with enhanced cell migration, invasion and
induces EMT while Snail knockdown represses cell migration, invasion and induces MET (Cano
et al., 2000, Zhou et al., 2014, Wang et al., 2014).

The zinc finger E-box-binding (ZEB) family of TFs contains two members, ZEB1 and ZEB2 that
can contextually activate or repress transcription. Like SNAIL family members, ZEB1 and ZEB2
contain a conserved C-terminal C2H2 zinc finger domain that selectively binds various genes
containing an E-box motif within their proximal promoter (Vandewalle et al., 2009). ZEB1 can
mediate E-cadherin repression either by recruitment of the co-repressor, C-terminal-binding
protein (CtBP), or the SWI/SNF chromatin remodelling protein, BRG1 to the CDH1 promoter
(Postigo and Dean, 1999, Sanchez-Tillo et al., 2010). Conversely, ZEB1 acts as a transcriptional
activator via recruitment of the co-activators p300 and p300/CBP-associated factor (pCAF).
These acetyltransferases subsequently acetylate the CtBP-binding domain of ZEB1 thereby
displacing CtBP and switching ZEB1 from a repressor to an activator (Postigo et al., 2003). The
expression of both ZEB1 and ZEB2 induces cell invasion, metastasis and promotes EMT, whilst
loss of either ZEB1 or ZEB2 expression restores the epithelial phenotype (Spaderna et al., 2008,
Comijn et al., 2001, Vandewalle et al., 2005, Wiles et al., 2013).
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Twist-related protein 1 and 2 (Twist1 and Twist2, respectively) belong to the bHLH family of
TFs, however, the function of Twist1 in EMT is more well-characterised. Twist1 can dually
mediate transcriptional repression and activation through recruitment of the histone
methyltransferase, SET8 to the promoters of CDH1 and CDH2 (encodes N-cadherin),
respectively (Yang et al., 2012a). Further, Twist1 can activate BMI1 expression and subsequently
recruit BMI1 to the CDH1 promoter to cooperatively facilitate E-cadherin repression (Yang et
al., 2010a). Twist1 overexpression plays a key role in regulating cell invasion, metastasis and
promoting an EMT phenotype (Yang et al., 2012a, Yang et al., 2004, Yang et al., 2010a).

While each of these EMT-TFs can function in an independent fashion to promote EMT, several
studies have demonstrated the cooperative manner in which they regulate EMT. For example,
Twist1 can directly bind to the E-box motif housed in the SNAI2 promoter to induce transcription
and afterward, induced Slug is an essential factor for Twist1-induced EMT (Casas et al., 2011).
Moreover, Twist1 expression can induce SNAI1 transcription and hence initiate EMT (Smit et al.,
2009). Intriguingly, Snail is also required for upregulation of Twist1 protein during TGF-βinduced EMT which subsequently cooperates with Snail to induce the expression of ZEB1 (Dave
et al., 2011). Collectively these studies highlight the highly complex and cooperative TF networks
that facilitate EMT. Furthermore, given the cooperative and redundant manner in which they
regulate EMT, targeting EMT-TFs in a clinical setting remains difficult and likely insufficient as
an anti-EMT therapy.
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Post-transcriptional regulation of EMT
Recently, miRNAs have been established as important regulators of EMT. Many miRNAs are
implicated in EMT regulation including the miR-200 family (miR-200a, miR-200b, miR-200c,
miR-141, and miR-429), miR-205, miR-34, and miR-21 (Gregory et al., 2008, Siemens et al.,
2011, Zavadil et al., 2007). These miRNAs have a close functional relationship with many EMTTFs including Snail, ZEB1 and ZEB2 (Gregory et al., 2008, Siemens et al., 2011, Moes et al.,
2012). The relationship between the miR-200 family and ZEB family members is particularly
well established (Gregory et al., 2008). During TGF-β-induced EMT, ZEBs are activated and
they repress the activity of miR-200 family members, which in turn represses ZEB activity and
thus regulates EMT via a double-negative feedback loop (Bracken et al., 2008, Park et al., 2008).
Intriguingly, this miR-200/ZEB balance can consecutively switch cells between epithelial and
mesenchymal states in both directions (Gregory et al., 2011). High miR-200/low ZEB expression
is associated with the epithelial state, while low miR-200/high ZEB expression is associated with
the mesenchymal state and intermediate miR-200/ZEB expression represents the hybridised,
partial EMT phenotype (Lu et al., 2013).

Epigenetic regulation of EMT

Global reprogramming of the epigenetic landscape occurs during EMT including extensive
changes to DNA methylation and the histone PTMs distributed across the genome. The role of
direct methylation of DNA and DNMTs in transcriptional silencing and cancer regulation has
been well characterised (Kulis and Esteller, 2010, McCabe et al., 2009). CDH1 promoter
hypermethylation and subsequent transcriptional repression has been documented in most
epithelial cancers which can be restored following DNMT inhibition (Yoshiura et al., 1995).
Additionally, CDH1 promoter hypermethylation positively correlates with the mesenchymal
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status of breast cancer cells (Lombaerts et al., 2006). Moreover, the expression of Snail and Slug
inversely correlates with methylation of the first intron of each gene which could also be restored
following DNMT inhibition (Chen et al., 2013).

In addition to DNA methylation, histone modifications play a key role in dictating transcriptional
outcomes and an array of studies have examined the distribution of PTMs and the enzymes that
regulate these marks during EMT. Table 1.2 summarises the key histone residues that are posttranslationally modified by epigenetic enzymes during EMT. Such studies have particularly
focused on the involvement of histone methylation and consequently, multiple histone
methyltransferases have been implicated in EMT progression including MMSET, SET8, EZH2,
G9a and SUV39H1. Several of these methyltransferases interact with EMT-TFs such as MMSET,
which directly regulates Twist expression by triggering H3K36 di-methylation on the TWIST1
promoter, thus promoting EMT (Ezponda et al., 2013). SET8 functions dually in EMT initiation
where it physically interacts with Twist thereby facilitating H4K20 mono-methylation on the
promoter regions of CDH1 and CDH2 leading to transcriptional repression and activation,
respectively (Yang et al., 2012a). Moreover, Twist-induced EMT stimulates large-scale changes
in H3K4me3 and H3K27me3 levels and importantly, a switch between the two marks occurs on
select promoter regions including CDH1 and CDH2 enabling repression and activation,
respectively (Malouf et al., 2013). Such changes to H3K27 tri-methylation at target gene
promoters is mediated by EZH2 and modulation of its methyltransferase activity during EMT
(Malouf et al., 2013, Cao et al., 2008). Moreover, Snail recruits SUZ12 to the CDH1 promoter
resulting in H3K27 tri-methylation and subsequent transcriptional silencing (Herranz et al.,
2008). G9a also regulates CDH1 silencing by physically interacting with Snail thereafter
catalysing H3K9 di-methylation on the CDH1 promoter while concurrently stimulating CDH1
promoter DNA methylation in a TGF-β-induced EMT model (Dong et al., 2012). Likewise,
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Table 1.2 Post-translational modifications to histone proteins during EMT
Histone/
Residue
H3K4

Mono- and dimethylation

LSD1 (eraser)

Target
Gene
Promoter
CDH1

H3K9

Di-methylation

G9a (writer)

CDH1

Repression

Tri-methylation

SUV39H1 (writer)

CDH1

Repression

Tri-methylation

EZH2 and SUZ12
(writers)

CDH1

Repression

Tri-methylation

KDM6B (eraser)

SNAI1

Activation

H3K36

Di-methylation

MMSET (writer)

TWIST

Activation

H4K20

Mono-methylation

SET8 (eraser)

CDH1

Repression

CDH2

Activation

H3K27

PTM

Epigenetic Enzyme

Transcriptional
Response
Repression

Several key histone residues are post-translationally modified during EMT by epigenetic “writer”
and “eraser” enzymes. These enzymes target specific EMT gene promoter regions resulting in
distinct transcriptional outcomes. LSD1 = lysine-specific demethylase 1; G9a = euchromatic
histone-lysine N-methyltransferase 2; SUV39H1 = suppressor of variegation 3-9 homolog 1;
EZH2 = enhancer of zeste homolog 2; SUZ12 = suppressor of zeste protein homolog 12; KDM6B
= lysine-specific demethylase 6B; MMSET = multiple myeloma SET domain; SET8 = SET
domain-containing protein 8.
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SUV39H1 interacts with Snail where it is recruited to the CDH1 promoter and catalyses H3K9
tri-methylation and transcriptional silencing (Dong et al., 2013).

Several histone demethylases have also been linked with the progression of EMT including lysine
demethylase 6B (KDM6B) and lysine-specific demethylase 1 (LSD1). KDM6B induces Snail
expression by selectively demethylating H3K27me3 from the promoter region of SNAI1 during
TGF-β-induced EMT consequently inducing mesenchymal gene expression and promoting EMT
(Ramadoss et al., 2012). LSD1 executes genome-wide epigenetic reprogramming of large
organised heterochromatin K9-modifications (LOCKs) domains in a TGF-β-induced murine
hepatocyte model of EMT; specifically, a genome-wide reduction in H3K9me2 and an increase
in H3K4me2 and H3K36me3 (McDonald et al., 2011).

Histone deacetylases have an important regulatory role in EMT. HDAC1 and HDAC6 are
essential for TGF-β-induced EMT, while HDAC3 is essential for hypoxia-induced EMT (Lei et
al., 2010, Wu et al., 2011a, Shan et al., 2008). Both HDAC1 and HDAC2 are essential for Snailmediated repression of E-cadherin wherein Snail directly interacts and recruits HDAC1/HDAC2
to the CDH1 promoter to catalyse H3 and H4 deacetylation resulting in transcriptional repression
(Peinado et al., 2004). H3 and H4 deacetylation facilitates recruitment of G9a which catalyses
H3K9 methylation and promotes direct DNA methylation (Feldman et al., 2006). Collectively,
the action of these epigenetic enzymes and histone modifications appear to be essential for
epithelial cell dedifferentiation.

27

E-cadherin: a paradigm for epigenetic regulation of EMT

Epigenetic control is highly complex and involves coordinated, multi-layered regulation and
dysregulation of epigenetic control leads to cancer. CDH1 is a model gene for analysing
epigenetic regulation in cancer since it is a key repressor of cellular metastasis that is under
extensive epigenetic control and is necessary for maintaining epithelial structure and preventing
EMT (Birchmeier and Behrens, 1994). Loss of E-cadherin expression in in vitro culture systems
and in vivo mouse models initiates EMT and enhances tumour metastasis (Derksen et al., 2006,
Onder et al., 2008). When CDH1 transcription occurs in epithelial cells, the CDH1 promoter is
enriched with the H3K4me2 euchromatin mark and the histone variant, H2A.Z (Sideridou et al.,
2011, Lin et al., 2010a). In contrast, CDH1 repression is accompanied by the H3K9me2,
H4K20me1, and H3K27me3 heterochromatin marks, promoter DNA hypermethylation and
eviction of H2A.Z on the CDH1 promoter (Dong et al., 2012, Yang et al., 2012a, Cao et al., 2008,
Lombaerts et al., 2006, Sideridou et al., 2011).

Following activation of EMT-related signalling pathways by paracrine EMT-inducing growth
factors, the EMT-TFs Snail, ZEB1, and Twist are activated (Zheng and Kang, 2014). Snail binds
to the E-box region of the CDH1 promoter and recruits several chromatin-remodelling complexes
including the Mi-2/nucleosome remodelling and deacetylase (NuRD) repressive complex and
polycomb repressive complex 2 (PRC2). The NuRD complex contains several proteins including
HDAC1, HDAC2, mSin3A and LSD1 (Peinado et al., 2004, von Burstin et al., 2009, Wang et
al., 2009b). It catalyses the removal of di-methylated H3K4 and deacetylation of H3 and H4
(Peinado et al., 2004, Lin et al., 2010a). PRC2 contains the polycomb-group (PcG) proteins EZH2
and SUZ12, which function together to catalyse H3K27 tri-methylation (Herranz et al., 2008,
Cao et al., 2008). Mi-2/NuRD and PRC2 recruitment leads to E-cadherin downregulation.
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Moreover, Snail induces ZEB1 expression, which, in a similar manner, binds to the E-box region
of the CDH1 promoter and recruits SWI/SNF chromatin-remodelling proteins such as BRG1,
which consequently suppresses E-cadherin expression (Sanchez-Tillo et al., 2010, Guaita et al.,
2002). Likewise, Twist represses CDH1 transcription by recruiting other partners such as BMI1
and SET8. In complex with Twist, BMI1 recruits PRC2, catalysing H3K27 tri-methylation, while
SET8 catalyses H4K20 mono-methylation on the CDH1 promoter (Yang et al., 2010a, Yang et
al., 2012a). Twist can also recruit the Mi-2/NuRD complex to the CDH1 promoter to repress
transcription (Fu et al., 2011).

These studies highlight the importance of the epigenetic platform in controlling the progression
of EMT and subsequently contributing to the pathogenesis of cancer. Given the reversible nature
of epigenetic modifications and the selectivity of epigenetic enzymes, they present as novel
candidates for anti-EMT therapies. However, such therapies require the extensive
characterisation of these epigenetic regulators and their involvement in the progression of EMT.
The identification of enzymes that function in a selective manner to regulate EMT progression
globally at a molecular level will undoubtedly lead to the development of novel anti-cancer
treatments.

EMT enriches for a population of cancer stem cells (CSCs)

Cancer stem cells (CSCs) are a small subset of cells that reside within a tumour that have the
capacity to initiate tumour formation. CSCs were first identified in human acute myeloid
leukaemia (AML) where it was found that xenotransplantation of a small number of
CD34+/CD38- leukemic cells into immunocompromised mice can produce tumours similar in
morphology and dissemination to the original patient (Lapidot et al., 1994, Bonnet and Dick,
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1997). While these cells were initially believed to be specific to the haematopoietic system, they
have since been identified in a number of solid tumours including breast, prostate, colon,
pancreatic, lung and ovarian cancer (Al-Hajj et al., 2003, Collins et al., 2005, Ricci-Vitiani et al.,
2007, O'Brien et al., 2007, Li et al., 2007b, Eramo et al., 2008, Zhang et al., 2008).

It is now well established that EMT can induce the formation of CSCs that in turn play a pivotal
role in tumourigenesis. Pioneering studies in human mammary epithelial cells (HMLEs) revealed
that the induction of EMT via either activation of the Ras-mitogen activated protein kinase
(MAPK) pathways or by ectopic expression of either Snail or Twist could generate CSCs that
acquired tumourigenic potential and expressed stem-cell markers (Mani et al., 2008, Morel et al.,
2008). CSCs are endowed with stem cell-like properties including the capacity to self-renew and
differentiate in vivo (Kreso and Dick, 2014, Mani et al., 2008). CSCs undergo both symmetric
division to produce two identical daughter cells and asymmetric division to give rise to one
daughter CSCs and one non-self-renewing differentiated daughter cell (Driessens et al., 2012,
Kozar et al., 2013, Zomer et al., 2013). This is consistent with a hierarchical organisation of cells
within a tumour which enables tumour heterogeneity and concurrent maintenance of a CSC niche.

Emerging evidence suggests that the homeostatic balance between CSC formation, self-renewal
and differentiation is maintained by modulation to the tumour microenvironment via growth
factor-mediated activation of signalling pathways and downstream networks that target the CSC
niche (Yang et al., 2012b). For example, human basal breast cancer cells require the expression
of the EMT-TF, ZEB1 to enable phenotypic switching from a non-CSC (NCSC) state to a CSC
state. In NCSCs, the ZEB1 promoter is flanked by H3K4me3 and H3K27me3 subsequently
maintaining it in a poised state, enabling cells to respond rapidly to microenvironment signalling.

30

In response to TGF-β signalling, H3K27me3 is removed from the ZEB1 promoter consequently
initiating transcription and the transition of NCSCs to CSCs (Chaffer et al., 2013).

CSCs have several important in vitro properties that enable their identification and isolation
subsequently facilitating their characterisation. CSCs display a distinct set of cell surface markers
such as CD24, CD44, CD90, CD133, epithelial cell adhesion molecule (EpCAM) and aldehyde
dehydrogenase (ALDH) which are commonly used to enrich for CSCs in a tissue-specific manner
(Al-Hajj et al., 2003, Singh et al., 2003, Ginestier et al., 2007, Yang et al., 2008). For example,
breast CSCs are CD44high/CD24low, while colon, brain and lung tumours are CD133high (Al-Hajj
et al., 2003, Singh et al., 2003, O'Brien et al., 2007, Eramo et al., 2008). Additionally, CSCs have
the capacity to form spherical colonies which can be utilised to monitor their stemness (Mani et
al., 2008). CSCs are also resistant to standard chemotherapy, ionizing radiation and hormone
therapies and therefore, are implicated in disease recurrence (O'Brien et al., 2011, Al-Ejeh et al.,
2011, Diehn and Clarke, 2006, Ogawa et al., 2013, Vidal et al., 2014). Importantly, multiple
classes of enzymes have been implicated in the regulation of CSCs and their distinct properties
including signalling kinases, phosphatases and histone demethylases. Understanding how
enzymes such as these differentially regulate CSCs and their associated characteristics is critical
for the development of novel anti-cancer therapies that selectively target this niche.

Genome-wide analyses of EMT

The use of high-throughput DNA microarray and next-generation sequencing technologies have
enabled extensive analysis and characterisation of the EMT program and phenotype in several
cancer types at a systemic level. Several studies have examined the downstream influence of the
TGF-β superfamily of ligands and TGF-β signalling on EMT at the global level in vitro. An early
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analysis of global DNA methylation during EMT indicated that methylation patterns remain
largely unchanged following 36 hours of TGF-β treatment (McDonald et al., 2011). However,
several others have found that in response to TGF-β-induced EMT following TGF-β treatment of
greater than 48 hours, global changes in DNA methylation ensue. Specifically, there is increased
hypomethylation of epithelial-specific methylation sites and increased hypermethylation of
mesenchymal-specific methylation sites (Ruike et al., 2010, Derksen et al., 2006, Cardenas et al.,
2014). Collectively this reveals that TGF-β treatment longer than 36 hours is likely required to
mediate changes in DNA methylation and importantly, reprogramming of DNA methylation
occurs at a genome-wide level during EMT. Furthermore, in response to TGF-β induced EMT,
there is global increases in the active histone marks, H3K4me3 and H3K36me3 (McDonald et
al., 2011). These data highlight the genome-wide reprogramming that occurs at the epigenetic
level during EMT.

Examination of histological sections from primary tumours revealed that the EMT phenotype is
particularly difficult to observe (Tarin, 2011). However, using comprehensive gene expression
analyses undertaken in primary breast cancer samples, the EMT phenotype is shown to be
enriched within the claudin-low molecular subtype. Specifically, there is enrichment of
mesenchymal and EMT-TF genes including vimentin, Snail, Slug, Twist1, Twist2, ZEB1 and
ZEB2 as well as global reductions in E-cadherin. Furthermore, such analyses have identified this
EMT signature to co-display a CSC-like signature and a reduced proliferative capacity (Prat et
al., 2015, Sabatier et al., 2014). Collectively this indicates that an EMT and CSC-like signature
is observable in primary tumours. It is likely that the absence of an observable EMT phenotype
in histological sections is due to the heterogeneity of cancer and the ability of cells to undergo
partial EMT therefore diluting the expression of EMT markers. Although the induction and
progression of EMT is well-characterised and it is an observable phenotype in primary tumours,
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what is unclear is the downstream effector enzymes that facilitate this cell plasticity. Emerging
studies are utilising high-throughput molecular biology techniques to investigate the contribution
of multiple classes of enzymes in the regulation of EMT (Chang et al., 2017, Yokoyama et al.,
2017, Tomar et al., 2018, Heilmann et al., 2017). Such investigations will lead to a further
understanding of the molecular mechanisms underpinning the regulation of EMT and will
ultimately aid in the development of therapeutic strategies.

Signalling kinases

Signalling kinases can function as chromatin-associated enzymes
It is widely understood that protein kinases are key participants of the signal transduction cascades
that relay information from the cell surface to the nucleus to modulate gene expression programs
(Sutcliffe and Rao, 2011, Thomson et al., 1999, De Nadal et al., 2004). The coordinated activation
and subsequent action of these proteins provides the exquisite control necessary for the initiation
of specific transcription programs. Traditionally, the action of signalling kinases was thought to
predominantly occur in the cytoplasm. However, pioneering studies in yeast show that signal
transduction kinases translocate to the nucleus and stably associate with the promoter and
transcribed regions of genes to regulate expression (Pascual-Ahuir et al., 2006, Pokholok et al.,
2006). These chromatin-tethered kinases have both a structural role as part of transcription
complexes and an enzymatic role by phosphorylating their target proteins (Edmunds and
Mahadevan, 2006, Pokholok et al., 2006, Chow and Davis, 2006, Proft et al., 2006).

There is growing evidence in higher eukaryotes that signal transduction kinases can have distinct
functions in the cytoplasm and nucleus. Signalling kinases act as regulators of gene transcription
in both higher and lower eukaryotic cells via two distinct mechanisms: (1) cytoplasmic signalling
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to the nucleus and (2) direct association with chromatin-bound transcription complexes at
activated target genes in the nucleus. This thesis will focus on the contribution of chromatinbound kinases in regulated gene expression. For example, two upstream kinases in the NF-κB
pathway, IKK1 and NIK, shuttle between the cytoplasm and nucleus in resting cells to facilitate
basal NF-κB transcriptional activity (Birbach et al., 2002). IKK-α was shown to have an
alternative role as a histone kinase that directly phosphorylates H3S10 at NF-κB-responsive gene
promoters (Anest et al., 2003, Yamamoto et al., 2003). The p38 MAPK is another signalling
kinase that is recruited to the chromatin of muscle-specific loci, where it targets the SWI-SNF
chromatin remodelling complex (Simone et al., 2004). For example, our laboratory has
previously shown that the novel protein kinase C (PKC) family member, PKC-θ, functions as an
epigenetic enzyme. PKC-θ forms an active transcriptional complex containing Pol II, adaptor
protein 14‐ 3‐ 3ζ, and LSD1 on the promoters of key inducible immunological response genes
in T cells thereby facilitating their induction (Sutcliffe et al., 2011). In addition, the novel PKC
family member, PKC-δ, phosphorylates a number of apoptotic histones residues including
H2BS14, H3T45 and H3S10, subsequently inducing apoptosis in cell type-dependent manner
(Varin et al., 2012, Mecklenbrauker et al., 2004, Hurd et al., 2009, Park and Kim, 2012).
Furthermore, the conventional PKC isoform, PKC-βI, also functions as an epigenetic enzyme by
directly tethering to the epigenetic template where it phosphorylates H3T6 thereby blocking
H3K4 demethylation and activating transcription of target genes in prostate cancer (Metzger et
al., 2010).

The protein kinase C (PKC) protein family
PKC are a family of serine/threonine kinases that can be classified into three groups based on
their primary structure and activation characteristics as either conventional (PKC-α, PKC-βI,
PKC-βII and PKC-γ), novel (PKC-δ, PKC-ε, PKC-η and PKC-θ), or atypical (PKC-ζ and PKC34

ι) (Steinberg, 2008). All isoforms contain a highly conserved C-terminal catalytic domain and a
N-terminal regulatory domain, containing an autoinhibitory pseudosubstrate domain and two
membrane targeting modules, C1 and C2 (Newton, 1995b). Due to the presence of the
autoinhibitory pseudosubstrate domain, all PKCs remain in an inactive state and thus require
activation which is catalysed by diacylglycerol (DAG) and/or Ca2+ binding (House and Kemp,
1987, Inoue et al., 1977). Conventional PKCs contain both C1 and C2 domain that are activated
by DAG and Ca2+, respectively while novel PKCs contain a C1 domain and variant of the C2
domain that is insensitive to Ca2+. Atypical PKCs contain a variant C1 domain and are insensitive
to both DAG and calcium signalling (Bell and Burns, 1991, Newton, 1995a).

PKCs in EMT and CSC regulation
Earlier studies on embryonic development revealed that phorbol esters are capable of inducing
cell differentiation in sea urchin embryos and more recently, have been shown to promote wound
healing in epithelial cells (Livingston and Wilt, 1992, Sumagin et al., 2013). Importantly, both of
these physiological processes are reliant on EMT (Kalluri, 2009). Moreover, pharmacologically
administered phorbol esters such as phorbol 12-myristate 13-acetate (PMA) are capable of
binding to the DAG binding site of C1 to activate conventional and novel PKCs (Mosior and
Newton, 1995). Thus this suggests that PKCs may be involved in these EMT-related process and
indeed, PKC-βII, PKC-γ and PKC-δ have each been implicated in regulating wound healing
(Sumagin et al., 2013, Andre et al., 1999).

Each of the PKC family members are implicated in cancer progression including leukaemia and
solid cancers of the bladder, brain, breasts, colon, kidneys, liver, lung, ovaries, pancreas, prostate,
skin, stomach and thyroid (Kang, 2014). Signalling cascades activated by administration of the
PKC-activator, PMA, are capable of inducing rapid EMT and several PKCs are linked with the
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regulation of EMT (Zafar et al., 2014, He et al., 2010). For example, PKC-α-mediated activation
of platelet-derived growth factor receptor (PDGFR) signalling is a central regulator of breast
cancer EMT (Tam et al., 2013). PKC-α activation is promoted by Wnt5a, an activator of noncanonical Wnt signalling, which subsequently promotes EMT in ovarian cancer (Qi et al., 2014).
In pancreatic cancer, activated PKC-α downregulates tight junction proteins including claudin-1,
-4 and -7 during TGF-β-induced EMT (Kyuno et al., 2013, Kyuno et al., 2011). Furthermore,
PKC-ζ promotes EMT in non-small cell lung cancer (NSCLC) via phosphorylation of the TGFβ receptor binding partner, Par6, subsequently downregulating E-cadherin (Gunaratne et al.,
2013). Our laboratory has previously shown that in breast cancer, PKC-θ directly tethers to the
chromatin template where it forms an active transcription complex containing Pol II and the NFκB family members p50 and p65 at inducible gene loci in mesenchymal-like cells. In this active
transcription complex, PKC-θ maintains a permissive chromatin state at key inducible genes and
consequently facilitates their induction during EMT. Importantly, inhibiting PKC-θ prevents
PKC-θ from associating with the chromatin template at key EMT genes thereby abrogating
chromatin accessibility at these regions, repressing their expression and ultimately blocking
EMT. Thus indicating that the catalytic activity of PKC-θ is essential for driving the progression
of EMT in the context of breast cancer (Zafar et al., 2014).

Recently the role of PKC signalling in regulating CSC formation has been investigated in several
studies. In addition to promoting EMT, PKC-α selectively targets breast CSCs by activating
FRA1, which is an important TF that regulate the invasive behaviour of breast cancer cells (Tam
et al., 2013). Moreover, our laboratory has shown that in addition to regulating EMT, PKC-θ
directly regulates breast CSC formation via TGF-β and NF-κB. Specifically, PKC-θ activity
drives the formation of breast CSCs and regulates the expression of key CSC genes by directly
tethering to chromatin and promoting a permissive chromatin environment at the promoter region
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of such genes (Zafar et al., 2014). Collectively, these studies demonstrate the diverse way in
which PKC family members promote EMT and CSCs.

Dual-specificity phosphatases (DUSPs)

Genome-wide transcriptome and ChIP-seq studies performed in our laboratory demonstrated that
the dual signalling and epigenetic kinase, PKC-θ, directly regulates the expression of DUSP1,
DUSP4 and DUSP6 (Zafar et al., 2014). As discussed in Section 1.8.3, PKC-θ regulates inducible
gene expression programs that subsequently facilitate breast cancer EMT progression. As
DUSP1, DUSP4 and DUSP6 expression are each linked with various aspects of breast cancer
tumourigenesis (discussed further in Section 1.9.2), it is plausible that they are involved in breast
cancer EMT progression. However, the molecular mechanisms underpinning their induction
during inflammatory signal-mediated EMT and their involvement in EMT and CSC regulation in
the context of breast cancer remains unknown.

The characterisation of DUSP family members
Protein post-translational phosphorylation is a widespread modification central to modulating the
extensive network of intracellular signal transduction cascades functioning in all cells. While
protein phosphorylation is catalysed by kinases, protein dephosphorylation is catalysed by
phosphatases and it is the concerted action of such enzymes that facilitates rapid activation of
precise signalling networks in response to extracellular cues.

Dual-specificity phosphatases (DUSPs) are a family of protein phosphatases that selectively
catalyse the dephosphorylation of threonine/serine and tyrosine residues on their target substrates.
The DUSP family contains 25 enzymes that can be categorised as either typical based on the
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presence of a N-terminal MAP kinase-binding (MKB)/kinase-interacting motif (KIM); or
atypical based on the absence of such motifs (Huang and Tan, 2012, Patterson et al., 2009). The
MKB/KIM domain functions as a docking site for the DUSPs to recognise and interact with the
common docking domain of MAP kinases to mediate substrate-specific dephosphorylation. All
DUSPs share a conserved C-terminal domain comprised of aspartic acid, cysteine and arginine
residues that forms the catalytic dephosphorylation site (Caunt and Keyse, 2013, Dickinson and
Keyse, 2006). Typical DUSPs can be further partitioned based on their subcellular localisation
(cytoplasmic, nuclear or dually-located) with more similar enzymes localising in the same
subcellular compartments (Fig. 1.6). A common feature of DUSPs are their substrates, the MAP
kinases extracellular signal–regulated kinase (ERK), c-Jun N-terminal kinases (JNK) and tumor
protein p53 (p53), which are deactivated in response to dephosphorylation (Keyse, 2000).
However, extensive characterisation of these family members has revealed differential binding
patterns for the family based on their subcellular localisation. Nuclear DUSPs are capable of
targeting ERK, JNK and p53, while cytoplasmic DUSPs are ERK-specific and dually-located
DUSPs are JNK and p53 specific (Haagenson and Wu, 2010, Dickinson and Keyse, 2006, Keyse,
2000).

DUSPs in cancer
The DUSP family has been studied in the context of a multitude of different cancer types and the
growing body of evidence indicates that while the expression of many DUSPs is dysregulated in
cancer, it does not correlate exclusively with tumour promotion or suppression. Accordingly, not
all isoforms have a clearly defined role, such is the case for DUSP4 which while predominantly
correlates with tumour progression, it is also linked with the suppression of several types of cancer
(Bermudez et al., 2010, Low and Zhang, 2016). Therefore, examination of DUSP function in
cancer needs to be conducted in an isoform-, tissue- and cell-type specific manner.
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Figure 1.6 Structure and subcellular localisation of the DUSP family
DUSP family members are characterised as either typical based on the presence of a MKB/KIM
domain or atypical if the domain is absent. The domain structure for all DUSP family members
and the subcellular localisation of typical DUSPs are shown. MKB = MAP kinase-binding; KIM
= kinase-interacting motif; PEST = proline, glutamic acid, serine and threonine rich sequence.
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Several DUSP family members are thought to be involved in breast cancer metastasis including
DUSP1, DUSP4, and DUSP6. DUSP1 is overexpressed in breast carcinomas compared to normal
mammary tissue, with greater expression in infiltrating carcinomas than in situ carcinomas (Loda
et al., 1996, Rojo et al., 2009, Wang et al., 2003). Moreover, DUSP1 is exclusively expressed in
HER2-positive carcinomas, which are relatively poor prognosis tumours but amenable to HER2targeting therapies, and DUSP1 expression is associated with an increased risk of metastasis and
shorter overall survival (Candas et al., 2014). In contrast, DUSP4 acts as a tumour suppressor,
with low expression associated with increased tumour grade, recurrence, and poor prognosis in
breast cancer patients (Armes et al., 2004, Baglia et al., 2014). However, DUSP4 is also
upregulated in malignant tissues (Wang et al., 2003, Kim et al., 2015). Like DUSP1, DUSP6 is
upregulated in HER2-positive carcinomas; however, little is known about its expression in normal
mammary tissue (Manzano et al., 2014, Lucci et al., 2010). Furthermore, DUSP1 expression is
associated with resistance to cytotoxic chemotherapies including cisplatin, cyclophosphamide,
doxorubicin, mechlorethamine, paclitaxel, and resistance to radiotherapy (Small et al., 2007,
Koike Folgueira et al., 2009, Candas et al., 2014). Similarly, DUSP4 is implicated in doxorubicin
and cisplatin chemoresistance (Liu et al., 2013, Watson et al., 2007). It has also been suggested
that DUSP6 overexpression may confer resistance to the commonly used hormone therapy drug,
tamoxifen (Cui et al., 2006).

Lysine-specific demethylase 1 (LSD1)

Earlier work performed in our laboratory has shown that PKC-θ forms an active transcription
complex containing the histone demethylase, LSD1 which subsequently facilitates the induction
of key immunological response genes in T cells (Sutcliffe et al., 2012). During breast cancer
EMT, PKC-θ acts as a central mediator by tethering to the chromatin template at the promotor
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regions of key inducible EMT where it regulates their expression (discussed in Section 1.8.3).
Given that LSD1 overexpression has been linked with multiple facets of breast cancer progression
(discussed further in Section 1.10.3), it is possible that it is involved in regulating the progression
of breast cancer EMT. However, it remains to be determined whether this occurs, and if so, how
LSD1 contributes to the regulation of this metastatic breast cancer program.

The characterisation of LSD1
Histone methylation was originally thought to be fixed, but the discovery of the first histone
demethylase, LSD1, highlighted that this modification was dynamic (Shi et al., 2004). LSD1 is a
histone lysine demethylase that selectively catalyses the demethylation of mono- and dimethylated H3K4 and H3K9 residues. LSD1 was first thought to selectively target mono- and dimethylated H3K4, both marks of active promoters, thus repressing transcription (Shi et al., 2004).
However, the discovery that when interacting with hormone receptors, LSD1 can also catalyse
the demethylation of mono- and di-methylated H3K9, both marks of repressive transcription,
highlighted a dual role for this enzyme as both a transcriptional activator and transcriptional
repressor (Metzger et al., 2005).

LSD1 is comprised of three highly conserved domains: a N-terminal SWIRM (Swi3p, Rsc8p and
Moira) domain, a C-terminal amine-oxidase like (AOL) domain and a central Tower domain
(Yang et al., 2006, Stavropoulos et al., 2006) (Fig. 1.7). The SWIRM domain interacts with the
AOL domain through a series of hydrophobic interactions creating an essential, highly conserved
cleft that mediates nucleosomal targeting and subsequent binding to the histone tails
(Stavropoulos et al., 2006, Da et al., 2006, Yang et al., 2006). The AOL domain contains two
major subdomains: a flavin adenine dinucleotide (FAD)-binding subdomain and a substratebinding
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Figure 1.7 Structure of LSD1
LSD1 contains three major domains: a N-terminal SWIRM domain, a C-terminal AOL domain
and a central Tower domain. (A) The domain structure of LSD1. (B) The structure of LSD1 with
the non-covalently bound FAD co-factor in ribbon presentation. SWIRM = Swi3p, Rsc8p and
Moira; AOL = amine-oxidase like; FAD = flavin adenine dinucleotide; grey = unstructured Nterminal region; yellow = SWIRM domain; red = SWIRM-AOL domain connector; blue = AOL
domain; green = Tower domain insertion. The ribbon presentation of LSD1 is taken from
Stavropoulos et al., 2006.
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subdomain with the catalytic centre being located within the latter (Yang et al., 2006,
Stavropoulos et al., 2006). The catalytic centre contains four major pockets which collectively
sense the histone tails and the presence of any post-translational modifications (Stavropoulos et
al., 2006). The Tower domain is uniquely inserted within the AOL domain where it forms a
structure crucial for catalysis and provides a binding platform for the recruitment of other proteins
to the epigenetic template. Indeed, it is likely that the binding of other proteins to the Tower
domain regulates the catalytic activity of LSD1 (Stavropoulos et al., 2006, Yang et al., 2006,
Anand and Marmorstein, 2007). The N-terminal region is unstructured and while it is dispensable
for catalysis, it contains an essential nuclear localisation signal (NLS) (Jin et al., 2014).

LSD1 is a flavin-dependent amine oxidase that catalyses histone lysine demethylation via a 2electron oxidation reaction (Fig. 1.8). Upon substrate binding, LSD1 catalyses the oxidation of
methylated H3K4 using a non-covalently bound, FAD co-factor. This reaction produces an imine
intermediate which is subsequently hydrolysed producing formaldehyde and an unmodified
lysine residue (Forneris et al., 2006). The reduction of FAD and subsequent production of the
imine intermediate requires a free electron pair which is present on mono- and di-methylated
H3K4. However, tri-methylated H3K4 does not contain a free electron pair and as such, LSD1 is
unable to catalyse the demethylation of this residue (Forneris et al., 2006, Stavropoulos et al.,
2006).
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Figure 1.8 Mechanism of LSD1 demethylase action
The demethylation of histone H3 is catalysed by LSD1. Mono- or di-methylated H3 is oxidised
by FAD subsequently producing an imine intermediate. The imine intermediate is then
hydrolysed resulting in the demethylation of histone H3 and the production of formaldehyde. The
reduced co-factor FADH2 is re-oxidised by molecular oxygen to produce FAD and hydrogen
peroxide. N = nitrogen; CH3 = methyl group; CH2 = methylene; NH = nitrogen monohydride; R
= H or CH3; H2O = water; HCHO = formaldehyde; FAD = flavin adenine dinucleotide; FADH2
= hydroquinone form of FAD; H2O2 = hydrogen peroxide; O2 = oxygen.
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The physiological function of LSD1
LSD1 activity is linked with a number of physiological events including embryogenesis and the
regulation of pluripotency. During early embryonic development, LSD1 is essential for
gastrulation and loss of LSD1 expression induces embryonic lethality in mice (Wang et al.,
2009a). LSD1 ablation does not affect proliferation but does modulate the expression of several
key TFs involved in tissue specification and development (Foster et al., 2010). Several studies
have also linked LSD1 activity with the regulation of embryonic stem cells (ESC) differentiation.
LSD1 knock out induces global DNA hypomethylation, growth impairment, apoptosis and
inhibits differentiation and maintenance of ESC in mice (Wang et al., 2009a). LSD1 maintains
human ESC pluripotency by regulating the balance between H3K4me2/me3 and H3K27me3 at
the promoter regions of poised developmental genes co-occupied by OCT4 and NANOG (Adamo
et al., 2011). Moreover, LSD1 is required for silencing enhancer of genes involved in regulating
pluripotency during ESC differentiation and in the absence of LSD1, ESC fail to fully
differentiate (Whyte et al., 2012).

The role of LSD1 in regulating stemness extends to the regulation of several types of adult stem
cells including neural and trophoblast stem cells. LSD1 regulates proliferation of neural stem cells
via interaction with the essential neural stem cell regulator, TLX, by repressing the expression of
TLX target genes (Sun et al., 2010). LSD1 controls the onset of trophoblast stem cell
differentiation in part by regulating the activity of the TF, ovo like zinc finger 2 (Ovol2) (Zhu et
al., 2014).
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LSD1 in cancer
Increased LSD1 expression is implicated in the pathogenesis of various cancers of the
hematopoietic and lymphatic systems and of the epithelium. In particular, LSD1 overexpression
is associated with AML, acute lymphoblastic leukaemia and T cell non-Hodgkin lymphoma
(Wada et al., 2015, Niebel et al., 2014). Additionally, LSD1 expression is linked with epithelial
cancers in the bladder, breasts, gallbladder, liver (hepatocellular), lungs (small cell and NSCLC),
pancreas, prostate, and neuroblastomas (Hayami et al., 2011, Kauffman et al., 2011, Lian et al.,
2015, Zhao et al., 2013, Lv et al., 2012, Qin et al., 2014, Kahl et al., 2006, Schulte et al., 2009).
Moreover, LSD1 expression correlates with lower overall survival in patients with gallbladder
cancer, NSCLC, and oesophageal squamous cell carcinoma (Lian et al., 2015, Yu et al., 2013b,
Lv et al., 2012).

In breast cancer, LSD1 expression is upregulated in breast carcinomas relative to normal breast
tissue and its expression increases with progression from ductal carcinomas in situ (DCIS) to
invasive ductal carcinoma (Feng et al., 2016, Serce et al., 2012). Furthermore, LSD1 expression
is positively correlated with TNM stage, estrogen receptor (ER) negative status and lymph node
metastasis thereby linking LSD1 with breast cancer metastasis (Lim et al., 2010, Feng et al.,
2016). Knockdown or inhibition of LSD1 reduces both the invasiveness and proliferative capacity
of breast cancer cells in vitro (Pollock et al., 2012, Rivero et al., 2015). This appears to be a
commonality amongst LSD1-overexpressed cancers as LSD1 has been reported to contribute to
the pathogenesis of numerous cancer types by regulating cell proliferation, migration and
invasion. These modulations to cell growth are reported to occur in response to LSD1-mediated
reprogramming of the epigenomic landscape (Hayami et al., 2011). As discussed in Section 1.5,
LSD1 regulates genome-wide epigenetic reprogramming of the histone PTMs, H3K9me2,
H3K4me2 and H3K36me3 during TGF-β induced EMT in a non-neoplastic murine hepatocyte
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model of EMT (McDonald et al., 2011). Therefore, it is plausible that LSD1 contributes to breast
cancer pathogenesis by regulating the EMT program. However, the interplay between LSD1 and
the progression of EMT and regulation of EMT transcriptional programs remains unknown.

Overall objective, hypothesis and aims

Overall objectives
The regulation of EMT is highly complex and involves the coordinated action of signalling
networks that modulate the activity of downstream effector enzymes that consequently dictate
changes to the epigenome to modulate gene expression. The overall objective of this project is to
understand the interplay that occurs between these levels and how such interactions contribute to
the regulation of EMT and plasticity of CSCs. This study will potentially provide key information
that can aid in the development of therapeutic agents.

Hypothesis
In this thesis, it is hypothesised that the progression of EMT of regulation of CSCs will be
influenced at a signalling, epigenetic and post-translational level in a coordinated manner by
protein kinases, phosphatases and histone demethylases. Moreover, the chromatin-tethered action
of such enzymes will function to regulate the genome-wide transcriptional responses that govern
breast cancer EMT progression.
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Aims
To address the hypothesis, both an established inducible in vitro model and comparisons between
cancer cell lines will be utilised to characterise the molecular regulation of breast cancer EMT
and CSCs. This study will focus on the contribution of distinct enzymes regulated by the dual
signalling and chromatin-tethered kinase, PKC-θ, specifically, members of the DUSP family and
the histone demethylase, LSD1. The results obtained through these investigations will help
elucidate the mechanisms governing breast cancer EMT and CSC regulation at multiple levels.

Specific Aims:
Aim 1: To establish the molecular mechanisms underpinning DUSP1, DUSP4 and DUSP6
expression in breast cancer EMT and CSCs.
Aim 2: To investigate the interplay between LSD1 and the progression of breast cancer EMT and
the formation and maintenance of CSCs.
Aim 3: To examine the global LSD1-driven transcriptional signatures of breast cancer EMT.
Aim 4: To identify the LSD1 targeted epigenetic landscape in the context of breast cancer EMT
and CSCs.
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2 Materials and Methods
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Materials

Chemicals
Annexin V Binding Buffer (Biolegend, Cat No. 422201)
Bovine Serum Albumin (BSA) (Sigma-Aldrich, Cat No. A9418)
Carestream® Kodak® autoradiography GBX developer/replenisher (Sigma-Aldrich, Cat No.
P7042)
Carestream® Kodak® autoradiography GBX fixer/replenisher (Sigma-Aldrich, Cat No. P7167)
Collagenase Type 4 (Worthington Biochemical Corporation, Cat No. NC9919937)
ChIP Dilution Buffer (Merck, Cat No. 20-153)
Chloroform (Thermo Fisher, Cat No. BP1145-1)
Crystal Violet (Sigma-Aldrich, Cat No. C3886)
Dimethyl Sulfoxide (DMSO) (Thermo Fisher, Cat No. BP231)
Dithiothreitol (DTT), 1M (Thermo Fisher, Cat No. P2325)
Ethyl alcohol, Pure (Sigma-Aldrich, Cat No. E7023)
Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) (Sigma-Aldrich, Cat
No. E3889)
Ethylenediaminetetraacetic acid (EDTA) disodium salt solution, 0.5 M (Sigma-Aldrich, Cat No.
E7889)
Foetal Bovine Serum (FBS) (Bovogen, Cat No. SFBS-F)
Formaldehyde 37% (Merck, Cat No. 344198)
Glycine (Sigma-Aldrich, Cat No. 50046)
Glycogen (Roche, Cat No. 10901393001)
HEPES Buffer, 1 M (Sigma-Aldrich, Cat No. H0887)
High Salt Immune Complex Wash Buffer (Merck, Cat No. 20-155)
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Hoechst 33258 solution (Sigma-Aldrich, Cat No. 94403)
Isopropanol/propan-2-ol (Thermo Fisher, Cat No. P/7507/17)
4× Laemmli Sample Buffer (Bio-Rad, Cat No. 1610747)
L-Glutamine, 200 mM (Thermo Fisher, Cat No.25030081)
LiCl Immune Complex Wash Buffer (Merck, Cat No. 20-156)
Low Salt Immune Complex Wash Buffer (Merck, Cat No. 20-154)
Magna ChIP™ Protein A Magnetic Beads (Merck, Cat No. 16-661)
Magnesium Chloride (MgCl2), 1 M (Sigma-Aldrich, Cat No. M1026)
2-Mercaptoethanol (β-Mercaptoethanol) (Bio-Rad, Cat No. 161071)
NP-40 Surfact-Amps™ Detergent Solution (Thermo Fisher, Cat No. 28324)
Pefabloc® SC (Roche, Cat No. 11585916001)
Penicillin-Streptomycin (5000 U/ml) (Thermo Fisher, Cat No. 15070063)
Penicillin-Streptomycin-Neomycin (PSN) (Thermo Fisher, Cat No. 15640055)
Phenol-chloroform-isoamyl alcohol (25:24:1) (Sigma-Aldrich, Cat No. P3803)
Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, Cat No. P8139)
Phosphatase Inhibitor Cocktail Set V, 50X (Merck, Cat No. 524629)
Ponceau S solution (Sigma-Aldrich, Cat No. P7170)
Power SYBR® Green PCR Master Mix (Thermo Fisher, Cat No. 4367659)
Precision Plus Protein™ Dual Color Standards (Bio-Rad, Cat No. 1610374)
Propidium Iodide (PI) Staining Solution (BD Biosciences, Cat No. 556463)
Protease Inhibitor Cocktail Set III, EDTA-Free (Merck, Cat No. 539134)
Proteinase K Solution (20 mg/mL), RNA grade (Thermo Fisher, Cat No. 25530049)
Recombinant Human TGF-β 1 (R&D Systems, Cat No. 240-B)
RNaseZap™ (Life Technologies, Cat No. AM9782)
SDS Lysis Buffer (Merck, Cat No. 20-163)
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SlowFade™ Diamond Antifade Mountant with DAPI (Thermo Fisher, Cat No. S36964)
Sodium Acetate (NaAcetate) Buffer Solution (Sigma-Aldrich, Cat No. S7899)
Sodium Bicarbonate (NaHCO3) (Sigma-Aldrich, Cat No. S7277)
Sodium Chloride (NaCl), 5 M (Sigma-Aldrich, Cat No. S6546)
Sodium Dodecyl Sulfate (SDS) (Sigma-Aldrich, Cat No. L4390)
TaqMan™ Gene Expression Master Mix (Thermo Fisher, Cat No. 4369016)
TE Buffer (Merck, Cat No. 20-157-K)
TRI Reagent® (Sigma-Aldrich, Cat No. T9424)
Triton™ X-100 (Sigma-Aldrich, Cat No. T8787)
Trizma® base (Tris base) (Sigma-Aldrich, Cat No. T1503)
Trizma® hydrochloride solution (Tris-HCl), pH 7.4, 1 M (Sigma-Aldrich, Cat No. T2663)
Trypan Blue (Sigma-Aldrich, Cat No. T6146)
Trypsin-EDTA (0.25%), phenol red (Life Technologies, Cat No. 25200072)
TWEEN® 20 (Sigma-Aldrich, Cat No. P9416)

Mammalian cell lines
MCF-7 (ATCC® HTB-22™)
MDA-MB-231 (ATCC® HTB-26™)
MDA-MB-436 (The Khanna Lab)
SUM149 PT (The Khanna Lab)
T47D (The Khanna Lab)
ZR751 (The Khanna Lab)
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Media
Dulbecco’s Modified Eagle’s Medium (DMEM), high glucose (Sigma-Aldrich, Cat No. D5796)
DMEM, low glucose, pyruvate, HEPES (Thermo Fisher, Cat No. 12320032)
OPTI-MEM™ I Reduced Serum Medium (Life Technologies, Cat No. 31985062)
Phosphate Buffered Saline (PBS) (Thermo Fisher, Cat No.14190250)
RPMI 1640 Medium (Thermo Fisher, Cat No. 11875119)

siRNA and associated reagents
Control siRNA-A (Santa Cruz, Cat No. sc-36869)
Human LSD1 siRNA (Santa Cruz, Cat No. sc-60970)
Human MKP-1/DUSP1 siRNA (Santa Cruz, Cat No. sc-35937)
Human MKP-2/DUSP4 siRNA (Santa Cruz, Cat No. sc-38998)
Human MKP-3/DUSP6 siRNA (Santa Cruz, Cat No. sc-39000)
Human PKC-θ siRNA (Santa Cruz, Cat No. sc-36252)
Lipofectamine® 2000 Transfection Reagent (Thermo Fisher, Cat No. 11668019)

Pharmacological inhibitors
Pargyline (Sigma-Aldrich, Cat No. P8013)
NCD-38 (Suzuki Lab)
Insolution™ Bisindolylmaleimide I (BIM; Calbiochem, Cat No. 203293)
Compound 27 (C27; SYNthesis Med Chem, made to order)
Triptolide (Santa Cruz, Cat No. sc-203654)
NSC 9537 (Santa Cruz, Cat No. sc-200122)
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Buffers
Buffer A+ (10 ml)
Reagents

Final Conc.

Volume

Tris-HCl

10 mM

100 µl

NaCl

10 mM

20 µl

MgCl2

3 mM

30 µl

EGTA

0.1 mM

2 µl

NP-40 Surfact-Amps™

5%

500 µl

0.5%

50 µl

1%

100 µl

0.2%

20 µl

Detergent Solution
Phosphatase Inhibitor
Cocktail Set V
Protease Inhibitor Cocktail
Set III
Pefabloc® SC
DEPC H2O

9.178 ml
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Buffer A- (10 ml)
Reagents

Final Conc.

Volume

Tris-HCl

10 mM

100 µl

NaCl

10 mM

20 µl

MgCl2

3 mM

30 µl

EGTA

0.1 mM

2 µl

Phosphatase Inhibitor

0.5%

50 µl

1%

100 µl

0.2%

20 µl

Cocktail Set V
Protease Inhibitor Cocktail
Set III
Pefabloc® SC
DEPC H2O

9.678 ml

Buffer C (5 ml)
Reagents

Final Conc.

Volume

HEPES

20 mM

100 µl

NaCl

400 mM

400 µl

MgCl2

7.5 mM

37.5 µl

EDTA

0.2 mM

2 µl

EGTA

0.1 mM

1 µl

DTT

1 mM

5 µl
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Phosphatase Inhibitor

0.5%

25 µl

0.5%

25 µl

2%

100 µl

Cocktail Set V
Protease Inhibitor Cocktail
Set III
Pefabloc® SC
DEPC H2O

4.305 ml

10× Running Buffer (1 L)
Reagents

Amount

Tris base

30.2 g

Glycine

144 g

SDS

10 g

Deionised H2O

1L

10× Transfer Buffer (1 L)
Reagents

Amount

Tris base

30.2 g

Glycine

144 g

Deionised H2O

1L
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TBST (1 L)
Reagents

Final Conc.

Amount

TWEEN® 20

0.1%

1 ml

Tris-HCl

999 ml

Elution Buffer (9 ml)
Reagents

Final Conc.

Amount

SDS

10%

900 µl

NaHCO3

1M

900 µl

DEPC H2O

7.2 ml

Kits
DNase I Recombinant, RNase-free (Roche, Cat No. 4716728001)
LSD1 Demethylase Activity/Inhibition Assay Kit (Colorimetric) (Abnova, Cat No. KA1525)
Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher, Cat No. K1641)
MycoAlert™ Mycoplasma Detection Kit (Lonza, LT07-218)
Neon™ Transfection System (Thermo Fisher, Cat No. MPK5000)
Neon™ Transfection System 100 µL Kit (Thermo Fisher, Cat No. MPK10025)
Novex® Reversible Membrane Protein Stain Kit (Thermo Fisher, Cat No, IB7710)
Qubit® dsDNA HS Assay Kit (Thermo Fisher, Cat No. Q32854)
Qubit™ Protein Assay Kit (Thermo Fisher, Cat No. Q33211)
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Antibodies
Table 2.1 Primary Immunofluorescence Microscopy Antibodies
Protein

Host Species

Supplier

Catalogue Number

ALDH1A1

Goat

Abcam

ab9883

E-cadherin

Mouse

Santa Cruz

sc-21791

H3K27ac

Rabbit

Abcam

ab4729

H3K4me1

Rabbit

Abcam

ab8895

H3K4me3

Mouse

Abcam

ab1012

H3K4me3

Rabbit

Merck

07-473

H3K9me1

Mouse

Merck

07-450

H3K9me3

Rabbit

Merck

07-442

LSD1

Mouse

Merck

05-939

LSD1

Rabbit

Merck

07-705

LSD1-s111p

Rabbit

Merck

ABE1462

MKP-1/DUSP1

Rabbit

Santa Cruz

sc-370

MKP-2/DUSP4

Mouse

Santa Cruz

sc-17821

MKP-3/DUSP6

Goat

Santa Cruz

sc-8598

p300

Rabbit

Santa Cruz

sc-585

p300-s1834p

Rabbit

Thermo Fisher

PA5-12735

p300-s89p

Rabbit

Santa Cruz

sc-130210
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PKC-θ-t538p

Rabbit

Abcam

ab63365

SNAI1/Snail

Goat

Santa Cruz

sc-10433

Vimentin

Mouse

Santa Cruz

sc-6260

ZEB1

Mouse

Abcam

ab181451

Table 2.2 Secondary Immunofluorescence Microscopy Antibodies
Reactive Species

Conjugated
Fluorophore

Supplier

Catalogue Number

Goat

Alexa Fluor 488

Life Technologies

A11055

Goat

Alexa Fluor 633

Life Technologies

A21082

Mouse

Alexa Fluor 488

Life Technologies

A11001

Mouse

Alexa Fluor 568

Life Technologies

A11037

Rabbit

Alexa Fluor 488

Life Technologies

A21206

Rabbit

Alexa Fluor 568

Life Technologies

A10042

Table 2.3 Flow Cytometry Antibodies
Cell Surface Marker

Conjugated
Fluorochrome

Supplier

Catalogue Number

Annexin V

Pacific Blue

Biolegend

640918

CD24

PE

BD Biosciences

555428

CD44

APC

BD Biosciences

559942

EpCAM

PerCP-Cy5.5

BD Biosciences

347199
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Table 2.4 Primary Western Blotting Antibodies
Protein

Host Species

Supplier

Catalogue Number

MKP-1/DUSP1

Rabbit

Santa Cruz

sc-370

MKP-2/DUSP4

Mouse

Santa Cruz

sc-17821

MKP-3/DUSP6

Goat

Santa Cruz

sc-8598

p300-s1834p

Rabbit

Thermo Fisher

PA5-12735

RNA-Pol-II-s2p

Rabbit

Abcam

ab5095

RNA-Pol-II-s5p

Rabbit

Abcam

ab5131

Table 2.5 Secondary Western Blotting Antibodies
Reactive Species

Conjugate

Supplier

Catalogue Number

Goat

HRP

Santa Cruz

sc-2020

Mouse

HRP

Merck

AP181P

Rabbit

HRP

Merck

AP187P
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Table 2.6 Chromatin Immunoprecipitation Antibodies
Protein

Concentration

Supplier

Catalogue
Number

Final
Concentration

H3K4me1

1 mg/ml

Abcam

ab8895

8 µg

LSD1

1 mg/ml

Abcam

ab17721

5 µg

MKP1/DUSP1

200 µg/ml

Santa Cruz

sc-370

5 µg

MKP2/DUSP4

200 µg/µl

Santa Cruz

sc-17821

5 µg

MKP3/DUSP6

200 µg/µl

Santa Cruz

sc-8598

5 µg

TaqMan™ probes
Table 2.7 TaqMan™ probes
Gene

Transcripts Targeted

Amplicon Length

Assay ID

CD44

7

70

Hs01075861_m1

CDH1

4

117

Hs00170423_m1

DUSP1

1

65

Hs00610257_g1

DUSP4

2

62

Hs01027785_m1

DUSP5

1

107

Hs00244839_m1

DUSP6

2

107

Hs04329643_s1

EGR1

1

72

Hs00152928_m1

FN1

9

86

Hs00415006_m1

MMP13

1

91

Hs00942584_m1

61

KDM1A

2

63

Hs01002741_m1

KRT81

1

137

Hs01632934_s1

MMP9

1

67

Hs00957562_m1

MMP13

1

91

Hs00942584_m1

PLAUR

4

64

Hs00182181_m1

PPIA

2

98

Hs99999904_m1

SNAI1

1

66

Hs00195591_m1

SNAI2

1

86

Hs00950344_m1

VIM

1

65

Hs00958111_m1

ZEB1

41

101

Hs01566408_m1

ZNF165

1

80

Hs01005093_m1

Other
CL-XPosure™ Film (Thermo Fisher, Cat No. 34091)
Corning® 1.2 ml Cluster Tubes (Corning, Cat No. 4401)
Corning® 1.2 ml External Threaded Polypropylene Cryogenic Vial (Corning, Cat No. 430658)
Corning® BioCoat™ Control Inserts with 8.0 μM PET membranes (Corning, Cat No. 354578.
Corning® BioCoat™ Matrigel® Invasion Chambers with 8.0 μM PET membranes (Corning, Cat
No. 354481)
MicroAmp® Optical PCR 384-Well Reaction Plates (Thermo Fisher, Cat No. 4309849)
Mini-PROTEAN® TGX™ Precast Protein Gels, 4–20% (Bio-Rad, Cat No. 4561096)
Mr. Frosty™ Freezing Container (Thermo Fisher, Cat No.5100-0001)
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Neubauer-improved haemocytometer (Marienfeld-Superior, Cat No. 640010)
Parafilm® M (Sigma-Aldrich, Cat No. P7793)
Water, (For RNA Work) (DEPC-Treated, DNase, RNase free) (Thermo Fisher, Cat No. BP5611)

Strategies utilised to examine the functions of DUSPs and LSD1 in breast cancer
EMT

Epithelial to mesenchymal transition (EMT) stimulation
To investigate the epigenomic changes that occur during breast cancer epithelial to mesenchymal
transition (EMT), a model is required that is both efficient and recapitulates the molecular
phenotype of EMT. Administration of recombinant growth factors including TGF-β, FGF, EGF,
and HGF are capable of inducing EMT (Jechlinger et al., 2006, Strutz et al., 2002, Lo et al., 2007,
Savagner et al., 1997, Jiang et al., 2007, Timmerman et al., 2004). However, such models often
require prolonged exposure for detectable changes to occur, such is the case with TGF-β which
requires at least 5 days of pre-incubation for effective EMT induction (Ruike et al., 2010, Derksen
et al., 2006, Gregory et al., 2011). In contrast, administration of the protein kinase C (PKC)activator, phorbol 12-myristate 13-acetate (PMA), is capable of inducing EMT in as little as 24
hours (Zafar et al., 2014, He et al., 2010). Our laboratory has previously shown that treatment of
MCF-7 cells with PMA induced EMT-related morphological changes, increased cell motility and
mammosphere forming ability and rapidly induced the formation of CD44high/CD24low breast
cancer stem cells (CSCs) and the expression of EMT-related genes. Moreover, the use of TGF-β
in combination with PMA has been shown to potentiate EMT and the formation of a breast CSC
subpopulation (Zafar et al., 2014).
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Protein-targeting by small-interfering RNA (siRNA) and pharmacological
inhibition
Two of the most common approaches utilised in the examination of protein function are smallinterfering RNAs (siRNA) and small-molecule inhibitors. siRNAs are a class of small (20-25
nucleotide) non-coding RNA molecules that operate in the RNA interference pathway in a similar
fashion to miRNAs (described in Section 1.2.4). siRNA is commonly administered to cells via a
lipid-based transfection where it post-transcriptionally regulates messenger RNA (mRNA)
expression by inducing RNA degradation (Carthew and Sontheimer, 2009). siRNA-mediated
mRNA knockdown results in a transient and easy to monitor reduction in the protein of interest.
In contrast, small-molecule inhibitors are compounds of a low molecular weight that can be
applied directly to cells (do not require cloning, transduction or transfection) to target the protein
of interest. The function which depends on the axis that is targeted as to whether it will inhibit
protein-protein interactions, protein-DNA interactions, nuclear import or the catalytic activity
(Weiss et al., 2007). However, for small-molecule inhibits to be effective they must be potent,
selective and reversible which is both expensive and difficult to develop and subsequently a large
proportion of commercially available inhibitors are non-specific and may have off target effects.
Discrepancies between the functional outputs of both strategies are common and are typically
attributed to protein-protein interactions. Treatment with a small molecule inhibitor may permit
retention of protein scaffolding functions, however, siRNA-mediated depletion of the protein will
prevent such protein-protein interactions (Weiss et al., 2007, Hoelder et al., 2012).

Transcript profiling by DNA microarrays
One of the most commonly used tools for whole transcriptome gene expression profiling is a
DNA microarray. DNA microarrays utilise thousands of identical gene-specific oligonucleotide
probes attached to a solid glass slide. RNA samples are reverse-transcribed into their
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complementary DNA (cDNA) sequences which are fluorescently tagged and then spotted onto
the slide where they hybridise to their target probes. The fluorophores are subsequently detected
via scanning with a microarray scanner equipped with a fluorescent laser. The relative intensities
of each fluorophore are then calculated and used to determine the relative expression of each
transcript (Trevino et al., 2007, Chittur, 2004).

Chromatin Immunoprecipitation (ChIP)
The most widely used technique to identify and study histone modifications and proteinchromatin interactions is Chromatin Immunoprecipitation (ChIP). ChIP utilises specific
antibodies targeted against a PTM or protein of interest to extract DNA it is bound to. This method
requires either native or formaldehyde-fixed chromatin samples that have been fragmented by
sonication or enzymatic digestion (Solomon et al., 1988, Orlando et al., 1997, Mundade et al.,
2014). Sonication generates DNA samples of a larger fragment size in an unbiased manner while
enzymatic digestion targets sequence-specific sites to produce smaller DNA fragments and ChIP
results of a higher resolution. However, this technique does not effective on cross-linked samples
due to reduced chromatin accessibility and introduces bias due to the sequence-specific digestion.
Therefore, sonication is the preferred method for mapping the binding sites of TFs and other
chromatin-associated enzymes (Kidder et al., 2011). ChIP-DNA can then be coupled with realtime polymerase chain reaction (ChIP-PCR) for targeted gene analysis or with DNA microarrays
(ChIP-chip), serial analysis of gene expression (ChIP-SAGE) or massively parallel sequencing
(ChIP-seq) for high-throughput analyses. ChIP-seq is the most commonly used of the three highthroughput approaches as it provides an unbiased genome-wide analysis of protein-DNA binding
sites (Northrup and Zhao, 2011). ChIP-seq utilises next generation sequencers to produce reads
which are aligned to a reference genome and used to infer DNA binding sites.
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Cell culture

Maintenance of cell lines
All cell lines were cultured exponentially in a DHD Autoflow Air-Jacketed Automatic CO2
Incubator (NuAire, USA) in a humidified atmosphere at 37°C with 5% CO2. MCF-7 and MDAMB-231 cells were grown in DMEM, low glucose (Thermo Fisher, USA) supplemented with
10% heat inactivated FBS (HI-FBS) (Sigma-Aldrich, USA), 2% L-Glutamine (Sigma-Aldrich,
USA) and 1% PSN (Sigma-Aldrich, USA). MDA-MB-436 cells were grown in DMEM, high
glucose (Sigma-Aldrich, USA) supplemented with 10% HI-FBS and 1% penicillin-streptomycin
(Sigma-Aldrich, USA). SUM149 PT cells were grown in DMEM, low glucose supplemented
with 10% HI-FBS. T47D and ZR751 cells were grown in RPMI-1640 Medium (Thermo Fisher,
USA) supplemented with 10% HI-FBS.

Once cells reached approximately 80% confluency they were subcultured to prevent cell death
and inhibition of exponential growth. All cell lines used were adherent, therefore, prior to splitting
cells were washed with PBS (Thermo Fisher, USA) to inactivate FBS and allow detachment by
trypsinisation. A 0.25% trypsin-EDTA (Life Technologies, USA) solution was then added to the
flask and incubated at 37°C for 3 minutes to detach all cells. Complete media was added to the
flask to inactivate the trypsin and harvested the cells. Cells were pelleted by centrifugation using
a Heraeus Multifuge X3R Centrifuge (Thermo Fisher, USA) at 1500 rpm for 5 minutes. Cell
pellets were then resuspended in complete media and reseeded according to the experimental
demands. Cells that were intended for microscopy assays were seeded on sterilised 15 × 15 mm
coverslips that were placed into 12-well plates prior to seeding.
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Cell density counts
After harvesting by trypsinisation, cells were resuspended in 1 ml of complete media. A
1:1 dilution of the cells and 0.4% trypan blue (Sigma-Aldrich, USA) was prepared and 10 µl was
transferred to a Neubauer-improved haemocytometer (Marienfeld-Superior, Germany). Using an
Olympus CKX31 inverted light microscope (Olympus Corporation, Shinjuku, Tokyo, Japan) all
live cells (those that had not taken up the blue dye) in the four corner squares of the
haemocytometer were counted. The total number of cells was calculated using the formula:
Cell Count

number of cells = (

4

× 2) × 104. Where the number of cells counted are divided by 4 to

obtain an average number per square, then multiplied by 2 to account for the trypan blue dilution
and then multiplied by 104 (surface area factor) to determine the number of cells present in 1 ml
of media. The appropriate number of cells were seeded as per the experimental demands.

Cryopreservation and thawing of cells
Cells were harvested by trypsinisation, counted and diluted to 105/ml in complete media. An equal
volume of freezing media containing 82% HI-FBS and 18% DMSO (Thermo Fisher, USA) was
added to the resuspended cells. 1 ml of the freezing media containing the cells was transferred
into cryogenic vials (Corning, USA) and placed into a Mr. Frosty™ Freezing Container (Thermo
Fisher, USA) and cooled slowly at a rate of -1°C/min, the optimal rate for cell preservation. Cells
were then stored at -80°C overnight. Cells were then transferred to liquid nitrogen for long-term
storage.

Cryopreserved cells were thawed quickly in a 37°C water bath to minimise exposure to DMSO.
Cells were gently mixed and added drop-wise to a tube containing 10 ml of pre-warmed complete
media. The cell suspension was then centrifuged at 1500 rpm for 5 minutes in a Heraeus
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Multifuge X3R Centrifuge, the supernatant was discarded and the cell pellet was resuspended in
complete media and transferred to a new flask containing pre-warmed complete media for
culturing.

Mycoplasma detection
MycoAlert™ Mycoplasma Detection Kit (Lonza, Switzerland) was used to test for mycoplasma
contamination according to the manufacturer’s instructions. Following trypsinisation, cells were
harvested, transferred to a 15ml tube and centrifuged at 1500 rpm for 5 minutes at 4°C in a
Heraeus Multifuge X3R Centrifuge. 100 µl the supernatant was transferred to a luminometer
cuvette and 100 µl of MycoAlert™ regent was added to each sample and incubated at room
temperature for 5 minutes. Luminescence readings were obtained using a GloMax®-Multi
Detection System (Promega, USA) luminescence module at 1 second read time (integrated)
(Reading A). 100 µl of MycoAlert™ substrate was added to each sample and incubated at room
temperature for 10 minutes. Luminescence readings were obtained again at 1 second read time
(integrated) (Reading B). To determine if cells were mycoplasma-free the ratio of Reading B to
Reading A as was calculated using the formula:

Reading B

. Ratios of: < 0.9 = negative

Reading A

mycoplasma; 0.9 – 1.2 = borderline: quarantine cells and retest in 24 hours; > 1.2 = mycoplasma
contamination. All cells were negative for mycoplasma.

Transfection conditions
Lipofectamine transfections
All forward siRNA transfection reactions were performed using Lipofectamine 2000 (Thermo
Fisher, USA). 24 hours prior to transfection, cells were seeded in antibiotic-free media at an
appropriate density such that they were 30-50% confluent at the time of transfection. All

68

transfection complexes were prepared in OPTI-MEM™ I Reduced Serum Medium (Life
Technologies). An aliquot of pre-warmed OPTI-MEM™ equivalent to 10% of the final reaction
volume was added to 15 ml tubes. All siRNAs were thawed, flicked to mix and then spun down
prior to use. A final concentration of 50 nM DUSP1 siRNA, 50 nM DUSP4 siRNA, 50 nM DUSP6
siRNA, 20 nM PKC- siRNA, 40 nM LSD1 siRNA, or the equivalent concentration of mock siRNA
(Santa Cruz) were added to a 15 ml tube containing OPTI-MEM™. Each tube was inverted 20 times
to mix, tapped to remove any droplets remaining on the sides of each tube and then incubated at room
temperature for 5 minutes. An aliquot of Lipofectamine® 2000 equivalent to 0.2% was added to a
15 ml tube containing OPTI-MEM™. Each tube was inverted 20 times, tapped and then incubated
at room temperature for 5 minutes. An equal volume of siRNA/OPTI-MEM™ and Lipofectamine®
2000/OPTI-MEM™ were combined, inverted 20 times, tapped and then incubated at room
temperature for 20 minutes. Final transfection complexes were added to each well and then cells were
cultured in a in a humidified atmosphere at 37°C with 5% CO2.

Neon transfections
All vector transfections were performed using the NeonTM Transfection System and Neon™
Transfection System 100 µL Kit (Thermo Fisher, USA). Wild-type LSD1 (LSD1-WT; Fig. 2.1A)
and LSD1 Serine-111 to Alanine mutant (LSD1-Mut; Fig. 2.1B) constructs were cloned into the
p-Tracer-CMV mammalian expression vector (Thermo Fisher, USA). Following trypsinisation,
cells were harvested, transferred to a 15 ml tube and centrifuged at 1500 rpm for 5 minutes at 4°C
in a Heraeus Multifuge X3R Centrifuge. The supernatant was discarded and the pellet was washed
in 1 ml of PBS to remove any antibiotics. Cells were counted and 106 cells/sample were
resuspended in 50 µl of Buffer R (supplied in Neon™ Transfection System 100 µL Kit)/sample.
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Figure 2.1 Structure of LSD1 mutant plasmids
Schematic of LSD1 constructs containing either: (A) wild-type LSD1 (LSD1 WT) sequence; or
(B) LSD1 sequence contacting a mutation at serine-111 to alanine (LSD1-Mut). All LSD1
constructs were cloned into the p-Tracer-CMV mammalian expression vector.
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All plasmids were thawed, flicked to mix and then spun down prior to use. 15 µg of vector only
plasmid, LSD1-WT plasmid or LSD1-Mut plasmid were added to a 1.7 ml tube and diluted to 50
µl in Buffer R. 50 µl of cell suspension was added to each plasmid dilution and gently mixed. 3
ml of Electrolytic Buffer E2 (supplied in Neon™ Transfection System 100 µL Kit) was added to
a NeonTM Tube and placed into the NeonTM Pipette Station. Using the NeonTM Pipette, 100 µl of
the cell-DNA mixture was aspirated into a NeonTM tip (supplied in Neon™ Transfection System
100 µL Kit) and placed vertically into the NeonTM Tube in the NeonTM Pipette Station. MCF-7
cells were electroporated using the following parameters: Pulse Voltage (V) – 1100; Pulse Width
(ms) – 30; Pulse Number – 2. MDA-MB-231 cells were electroporated using the following
parameters: V – 1350; ms – 10; Pulse Number – 4. Electroporated cells were dispensed into a
new 1.7 ml tube and then cells were aliquoted at an appropriate density according to the
experimental demand. Cells were cultured in a humidified atmosphere at 37°C with 5% CO2 for
48 hours.

Inhibition conditions
24 hours prior to transfection, cells were seeded in complete antibiotic-positive media at an
appropriate density such that they were approximately 40-50% confluent at the time of inhibitor
treatment. Two pharmacological dual-specificity phosphatase (DUSP) inhibitors, two
pharmacological PKC inhibitors and three pharmacological lysine-specific demethylase 1
(LSD1) inhibitors were used in this project.

DUSP inhibitors
NSC 95397 (Santa Cruz, USA) is a CDC25 inhibitor that non-specifically inhibits DUSP1 and
DUSP6, likely due to the presence of a CDC25 domain in each of these enzymes (Vogt et al.,
2008). All NSC 95397 stocks were prepared in DMSO. All cells were treated with NSC 95397
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for 24 hours prior to simulation (MCF-7 cells) or harvesting (MDA-MB-231 cells) at an
optimised concentration of 2 µM.

Triptolide (Santa Cruz, USA) is a diterpenoid epoxide purified from the Chinese herb,
Tripterygium wilfordii hook, that acts as a non-specific DUSP1 inhibitor by blocking DUSP1
expression via an uncharacterised mechanism (Landry et al., 2012). All triptolide stocks were
prepared in DMSO. All cells were treated with triptolide for 24 hours prior to simulation (MCF7 cells) or harvesting (MDA-MB-231 cells) at an optimised concentration of 20 nM.

PKC inhibitors
Bisindolylmaleimide I (BIM; Calbiochem, USA) is a highly selective, reversible, ATPcompetitive PKC inhibitor. All BIM stocks were prepared in DMSO. MCF-7 cells were treated
with BIM for 1 hours prior to simulation; MDA-MB-231 cells were treated with BIM for 48 hours
prior to harvesting. All BIM treatments were at concentration of 1 µM which had been previously
optimised by our laboratory.

Compound 27 (C27; SYNthesis Med Chem, Australia) is a selective ATP-competitive PKC-θ
inhibitor. All C27 stocks were prepared in DMSO. All cells were treated with C27 for 48 hours
prior to simulation (MCF-7 cells) or harvesting (MDA-MB-231 cells) at concentration of 1 µM
which had been previously optimised by our laboratory.

LSD1 inhibitors
Pargyline (Sigma-Aldrich, USA) is an irreversible, non-specific monoamine oxidase (MAO)
inhibitor. The AOL domain of LSD1 is homologous to other MAO family members and
subsequently pargyline inhibits the catalytic activity of LSD1 (Shi et al., 2004). All pargyline
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stocks were prepared in complete media. All cells were treated with pargyline for 24 hours prior
to simulation (MCF-7 cells) or harvesting (MDA-MB-231 cells) at concentration of 3 mM which
had been previously optimised by our laboratory.

NCD-38 is a specific LSD1 inhibitor that was received from Prof. Takayoshi Suzuki from the
Okayama University, Japan. NCD-38 is a derivative of the non-selective LSD1 inhibitor,
phenylcyclopropylamine, that targets the AOL domain of LSD1 subsequently inhibiting its
catalytic activity (Ogasawara et al., 2013). All NCD-38 stocks were prepared in DMSO. MCF-7
cells were treated with 5 µM NCD-38 for 24 hours prior to simulation; MDA-MB-231 cells were
treated with 7.5 µM NCD-38 for 24 hours prior to harvesting, which had been previously
optimised.

Phenelzine (Sigma-Aldrich, USA) is an irreversible, non-specific LSD1 inhibitor that targets the
AOL domain of LSD1 subsequently inhibiting its catalytic activity (Culhane et al., 2010). Mr.
Abel Tan performed all experiments utilising phenelzine. All phenelzine stocks were prepared in
saline. All balb/c nude mice were treated with phenelzine daily for 34 days at a concentration of
41 mg/kg.

Stimulation conditions
All epithelial to mesenchymal (EMT) stimulation assays was carried after the completion of all
previous treatments and antibiotic-free media was replenished. MCF-7, T47D and ZR751 cells
were stimulated with 1.32 ng/ml PMA (Sigma-Aldrich, USA) alone or in combination with
5 ng/ml recombinant human TGF-β1 (R&D Systems, USA) for 60 hours, as previously optimised
and described by our laboratory (Zafar et al., 2014).
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Molecular biology techniques

Total RNA extraction
All pipettes, racks, gloves and working surfaces were pre-treated with RNaseZap™ (Life
Technologies, USA). RNase-, DNase-, pyrogen-free, sterile tubes (Corning, USA), sterile aerosol
resistant tips and fresh bench coat were used for all molecular biology work described in this
section.

Total RNA was extracted from cells based on the phenol-chloroform-extraction method
(Chomczynski and Sacchi, 1987). Following trypsinisation, cells were harvested, transferred to a
15 ml tube and centrifuged at 1500 rpm for 5 minutes at 4°C in a Heraeus Multifuge X3R
Centrifuge and the resulting cell pellet was immediately snap frozen on dry ice and then stored at
-80°C. Frozen cell pellets were retrieved from storage at -80°C and thawed in 1 ml of TRI
reagent® (Sigma-Aldrich, USA) for 20 minutes at room temperature, with resuspension of the
pellet after 10 minutes to facilitate complete cell lysis. Cells were transferred to a separate tube
and 1:5 volume of chloroform (Sigma-Aldrich, USA) was added to each sample to cause phase
separation. Samples were mixed vigorously and incubated for 10 minutes at room temperature
and then centrifuged at 12000 rpm for 15 minutes at 4°C in an Eppendorf 5430 R centrifuge
(Eppendorf, Germany). The aqueous layer was collected into a new tube and an equal volume of
isopropanol (Thermo Fisher, USA) was added. Tubes were inverted to cause homogenisation and
were incubated for 10 minutes at room temperature. Samples were then either incubated on dry
ice for 2 hours or snap frozen and stored at -80°C overnight for RNA precipitation. If samples
were kept at -80°C they were thawed on ice for 10 minutes prior to centrifugation. Following
RNA precipitation, samples were centrifuged at 14000 rpm for 15 minutes at 4°C. The
supernatant was discarded and the pellet was washed with 1 ml of ice cold 80% ethanol (Sigma74

Aldrich, USA) diluted in DEPC H2O (Thermo Fisher, USA) and then centrifuged again at
14000 rpm for 15 minutes at 4°C. The supernatant was completely removed by double aspiration
and left to air dry. The pellet was resuspended in 20 µl of DEPC H2O and briefly vortexed to
ensure a homogenous sample. Total RNA was stored at -80°C until required.

RNA quantification
The total RNA concentration and purity from each sample was measured on a NanoDrop ND1000 spectrophotometer (Thermo Fisher, USA). The NanoDrop was first blanked by loading 2 µl
of DEPC H2O onto the lower pedestal. 2 µl of each sample was loaded onto the lower pedestal
and the RNA concentration, A260/280 and A260/230 purity ratios were determined. The lower
measurement pedestal was wiped clean between each measurement.

DNase I treatment
All RNA samples were treated with DNase, an enzyme that selectively degrades DNA to prevent
DNA degradation, gDNA contamination and subsequent off-target amplification during qRTPCR. DNase I Recombinant, RNase-free kit (Roche, Switzerland) was used for all DNase
treatments. RNA samples were diluted to 1 µg in DEPC H2O to a final volume of 12.5 µl. A
DNase I master mix was prepared with the following volumes for each sample: 0.1 µl of DNase
I recombinant, 0.5 µl 10 × Incubation Buffer (both supplied in DNase I Recombinant, RNasefree kit), and 0.9 µl of DEPC-H2O per sample. 1.5 µl of the master mix was added to each sample
to a final volume 14 µl. Samples were then incubated in a SuperCycler PCR Thermal Cycler
(Kyratec, Australia) for 30 minutes at 37°C and then 5 minutes at 75°C to heat inactivate the
DNase I.
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Whole-transcriptome microarray profiling
Total RNA was extracted using the method outlined in Section 2.4.1. Singlicate mock and LSD1
siRNA-treated MCF-7 cell RNA samples were submitted in to the Ramaciotti Centre for Gene
Function Analysis, University of New South Wales, Sydney. Dr. Helen Speirs processed the
mock and LSD1 siRNA RNA samples by performing sample QC, hybridisation, staining,
washing and scanning of the Affymetrix™ GeneChip™ Human Gene 2.0 ST arrays according to
the manufacturer’s instructions.

Nuclear and cytoplasmic protein extractions
Prior to harvesting cells, tips were cooled to 4°C and the nuclear and cytoplasmic extraction
buffers A+, A- and C were freshly prepared (recipe in Section 2.1.6). All buffers were vortexed
and then stored on ice until required. Following trypsinisation, 5 × 106 cells were harvested,
transferred to a 1.7 ml tube and centrifuged at 1500 rpm for 5 minutes at 4°C in an Eppendorf
5430 R centrifuge. Cell pellets were washed with 1 ml of PBS and centrifuged again at 1500 rpm
for 5 minutes at 4°C and the supernatant was removed completely. 1 ml of Buffer A+ was added
to each sample and cells were gently mixed using cut tips. Cells were then placed on ice for
exactly 5 minutes to facilitate cell membrane lysis. Samples were centrifuged at 3000 rpm for
5 minutes at 4°C and the supernatant containing the cytoplasmic extracts were transferred to a
1.7 ml tube. Nuclei pellets were gently resuspended in 1 ml of Buffer A- using cold cut tips and
then centrifuged at 3000 rpm for 5 minutes at 4°C. The supernatant was discarded and the nuclei
pellets were gently resuspended in 100 µl of Buffer C using cold cut tips. Samples were incubated
on ice, shaking for 20 minutes to facilitate nuclear lysis. Samples were centrifuged at 13000 rpm
for 5 minutes at 4°C and the supernatant containing the nuclear extracts were transferred to a
1.7 ml tube. Nuclear and cytoplasmic protein extracts were stored at -80°C until required.
Volumes of each buffer were adjusted when less than 5 × 106 cells were used.
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Protein quantification
The total protein concentration from each sample was measured on a Qubit® 2.0 fluorometer
(Thermo Fisher, USA) using the Qubit® Protein Assay Kit (Thermo Fisher, USA) according to
the manufacturer’s instructions. Prior to use, all Qubit® Protein Assay regents were brought to
room temperature. 200 µl of the Qubit® Working Solution was prepared for each sample by
diluting the Qubit® Protein Reagent 1:200 in Qubit® Protein Buffer (both supplied in Qubit®
Protein Assay Kit). 3 protein standards were prepared by diluting 10 µl of each standard (#1, #2
and #3) with 190 µl of Qubit® Working Solution (supplied in Qubit® Protein Assay Kit). Each
protein sample was prepared by diluting 1 µl of each sample with 199 µl of Qubit® Solution
(supplied in Qubit® Protein Assay Kit). All samples and standards were vortexed for 2-3 seconds
and then incubated at room temperature for 15 minutes. The Qubit® 2.0 fluorometer was
calibrated with the standards and each sample was measured.

SDS-polyacrylamide gel electrophoresis
Separation of proteins based on molecular weight was achieved by SDS-polyacrylamide gel
electrophoresis. Prior to running gels, 10× running buffer (recipe in Section 2.1.6) was diluted to
1× in deionised H2O. Protein samples were prepared 1:4 in 4× Laemmli Sample Buffer (Bio-Rad,
USA) containing 5% β-Mercaptoethanol (Sigma-Aldrich, USA) and heated at 95°C for
5 minutes. Samples were loaded onto a 4–20% Mini-PROTEAN® TGX™ Precast Protein Gel
(Bio-Rad, USA) alongside Precision Plus Protein™ Dual Color Standards (Bio-Rad, USA). Gels
were run in a Mini-PROTEAN® Tetra Cell (Bio-Rad, USA) containing 1× running buffer at 200
volts for 20-30 minutes until the dye front reached the end of the gel. Gels were then used for
western blotting.
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Western blotting
Prior to running gels, 10× transfer buffer (recipe in Section 2.1.6) was diluted to 1× by adding
100 ml 10× stock and 200 ml ethanol to 700 ml of deionised H2O; and TBST was prepared (recipe
in Section 2.1.6). Protein was transferred to a nitrocellulose membrane in a transfer cassette
containing one fibre pad, filter paper, the gel, the membrane, filter paper and another fibre pad
that were all pre-soaked in 1× transfer buffer. Transfers were run in a Mini-PROTEAN® Tetra
Cell at 400 mA for 90 minutes with a cooling block that was replaced half way through. The
membrane was stained with Ponceau S solution (Sigma-Aldrich, USA) for approximately
5 minutes until clear bands were visible and then gently washed with distilled water. The
membrane was blocked in 5% BSA (Sigma-Aldrich, USA) in TBST overnight at 4°C on a shaker.
Primary antibodies were diluted to the appropriate concentration in blocking buffer, added to the
membrane and incubated for 2 hours at room temperature on a shaker in a sealed plastic sleeve.
The membrane was washed in TBST 4 times: 3 × 5 minute washes followed by 1 × 10 minute
wash. Secondary antibodies were diluted to the appropriate concentration in TBST in 1%
blocking, added to the membrane and incubated for 1 hour at room temperature on a shaker. The
membrane was washed again in TBST 4 times: 3 × 5 minute washes followed by 1 × 10 minute
wash. 1 ml of Western Lightning Plus-ECL, Enhanced Chemiluminescence Substrate (Perkins
Elmer, USA) was added to the membrane and then incubated for 1 minute at room temperature.
CL-XPosure™ Film (Thermo Fisher, USA) was placed onto the membrane inside a film cassette
and then incubated for the required time. The film placed in the Carestream® Kodak®
autoradiography GBX developer/replenisher solution (Sigma-Aldrich, USA) until bands were
visible and then washed with water for 20-30 seconds. The film was then placed in the
Carestream® Kodak® autoradiography GBX fixer/replenisher solution (Sigma-Aldrich, USA)
until clear and then washed again with water for 20-30 seconds. Signals were detected by
scanning the blot using Epson Perfection 2450 Photo scanner (Epson, Japan). Bands of the correct
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MW were analysed with ImageJ (free software in the public domain) for intensity, and protein
loading was normalised with a highly sensitive, quantitative total protein loading control
detection kit Novex® Reversible Membrane Protein Stain Kit (Thermo Fisher, USA).

ChIP assay
Following trypsinisation, 5 × 106 cells were harvested, transferred to a 15 ml tube and centrifuged
at 1500 rpm for 5 minutes at room temperature in a Heraeus Multifuge X3R Centrifuge. The
supernatant was discarded and the pellet was resuspended in 10 ml of media. 270 µl of 37%
formaldehyde (Merck, USA) was added to each sample, to a final concentration of 1%, and then
incubated for 10 minutes at room temperature to allow cross-linking. To stop the cross-linking
reaction, 500 µl of 2.5 M glycine (Sigma-Aldrich, USA) was added to each sample, to a final
concentration of 120 mM, and then incubated for 10 minutes at room temperature on rotation.
Cells were centrifuged at 1500 rpm for 5 minutes at 4°C and the supernatant was discarded. Cells
were then washed three times with 10 ml of ice-cold PBS and again pelleted by centrifugation at
1500 rpm for 5 minutes at 4°C and the supernatant discarded.

Cells were lysed by adding 500 µl of SDS Lysis Buffer (Merck, USA) containing 1:400 Protease
Inhibitor Cocktail Set III (Merck, USA) to each sample and incubated on a rack on ice for 10
minutes. Samples were homogenised by pipetting and transferred to a new tube. Samples were
then sonicated in a Misonix S-4000 Sonicator (Cole-Parmer, Australia) under conditions that had
previously been optimised for use with MCF-7 and MDA-MB-231 cells to produce DNA
fragments of approximately 400 bp in length. 1.2 L of pre-chilled water was placed in the acrylic
cup, 0.5 cm away from the platform and samples were placed in the microtube holder suspended
in the acrylic cup. The sonicator conditions were as follows: amplitude – 32; time – 15 minutes;
pulse on/off – 5/15 seconds; power – 5; watts – 100-200. After sonication samples were
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centrifuged at 14000 rpm for 5 minutes at 4°C in an Eppendorf 5430 R centrifuge to remove any
debris. The supernatant was extracted and diluted 1:10 in ChIP dilution buffer (Merck, USA)
containing 1:1000 Protease Inhibitor Cocktail Set III.

400 µl of sonicated DNA was aliquoted and for a total input (TI) control and snap frozen on dry
ice. The remaining sonicated DNA was aliquoted to an appropriate amount of monoclonal
antibody (outlined in Table 2.6) and to a no antibody (NoA) control. A NoA is included in each
experiment to ensure that only specific pulldown has occurred. 20 µl of Magna ChIP™ Protein
A Magnetic Beads (Merck, USA) was added to each sample and incubated at 4°C overnight on
rotation. Samples were then centrifuged at 1500 rpm for 1 minute at 4°C, placed on a cooled
magnetic stand and the supernatant was discarded. The magnetic beads were washed for 5
minutes at 4°C on rotation, with 500 µl of the following buffers containing 1:2000 Protease
Inhibitor Cocktail Set III in the order: low salt immune complex wash buffer, high salt immune
complex wash buffer, LiCl immune complex wash buffer and TE buffer (All Merck, USA). The
immune complexes were then eluted from the beads with 400 µl of freshly prepared ChIP elution
buffer (recipe in Section 2.1.6) for 30 minutes at room temperature on rotation.

Samples were centrifuged at 1500 rpm for 1 minute at room temperature, and the supernatant was
transferred to a tube containing 16 µl of 5 M NaCl (Sigma-Aldrich, USA). 16 µl of 5 M NaCl
was also added to TI controls. Samples were then incubated at 66°C overnight to hydrolyse the
cross-links. Samples were then treated with 1 µl of Proteinase K (Life Technologies, USA) for
1 hour at 45°C to digest the protein. 400 µl of phenol-chloroform-isoamyl alcohol (25:24:1)
(Sigma-Aldrich, USA) was added to each sample which were then vortexed and centrifuged at
12000 rpm for 20 minutes at room temperature to remove digested protein and extract gDNA.
The aqueous layer was extracted and transferred to a tube containing 750 µl of ice-cold 100%
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ethanol (Sigma-Aldrich, USA), 30 µl of NaAcetate (Sigma-Aldrich, USA) and 1 µl of glycogen
(Roche, Switzerland). Samples were incubated at -70°C overnight to precipitate the DNA.
Samples were centrifuged at 12000 rpm for 30 minutes at room temperature, the supernatant
discarded and the pellet was washed with 80% ice-cold ethanol (Sigma-Aldrich, USA). Samples
were again centrifuged at 12000 rpm for 30 minutes at room temperature and the supernatant was
discarded. Pellets were then air dried and then resuspended in 20 µl of DEPC H2O. ChIP DNA
samples were stored at -20°C until required.

DNA Quantification
The DNA concentration from each ChIP DNA sample was measured on a Qubit® 2.0 fluorometer
using the Qubit® dsDNA HS Assay Kit (Thermo Fisher, USA) according to the manufacturer’s
instructions. Prior to use, all Qubit® dsDNA HS Assay reagents were brought to room
temperature. 200 µl of the Qubit® Working Solution was prepared for each sample by diluting
the Qubit® dsDNA HS Reagent 1:200 in Qubit® dsDNA HS Buffer (both supplied in Qubit®
dsDNA HS Assay Kit). 2 DNA standards were prepared by diluting 10 µl of each standard (#1
and #2) with 190 µl of Qubit® Working Solution (supplied in Qubit® dsDNA HS Assay Kit).
Each protein sample was prepared by diluting 1 µl of each sample with 199 µl of Qubit® Solution
(supplied in Qubit® dsDNA HS Assay Kit). All samples and standards were vortexed for 2-3
seconds and then incubated at room temperature for 2 minutes. The Qubit® 2.0 fluorometer was
calibrated with the standards and each sample was measured.

ChIP co-immunoprecipitation (co-IP) assay
To perform ChIP co-IP assays, the ChIP assay protocol was followed as described in Section
2.4.6 with a primary antibody to DUSP4 (Santa Cruz, USA). After immune complexes were
eluted from the beads, samples were prepared for SDS-page as described in Section 2.4.4, which
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was then followed by western blotting as described in Section 2.4.5 with a second antibody to
p300-s1834p (Thermo Fisher, USA), RNA-Pol-II-s2p (Abcam, UK) or RNA-Pol-II-s5p (Abcam,
UK).

ChIP-seq
ChIP DNA was prepared using the method outlined in Section 2.4.6. The LSD1 and H3K4me1pulldown ChIP DNA samples were submitted to the Ramaciotti Centre for Gene Function
Analysis, University of New South Wales, Sydney. Dr. Helena Mangs processes the ChIP DNA
samples by preparing ChIP DNA libraries, performing sample QC and running the Illumina
sequencing. ChIP DNA libraries were prepared with 10 ng of ChIP DNA using TruSeq® ChIP
Sample Preparation Kit (Illumina, USA). The quality of ChIP DNA was then assessed on a 2100
Bioanalyzer (Agilent, USA). ChIP DNA libraries were then sequenced on the Illumina NextSeq®
500 instrument (Illumina, USA) using a 75-cycle mid output two-read run.

Quantitative real-time PCR (qRT-PCR)
First strand cDNA synthesis
All RNA samples to be analysed by qRT-PCR were reverse transcribed into cDNA using the
Maxima First Strand cDNA Synthesis Kit (Thermo Fisher, USA). A cDNA synthesis master mix
(was prepared with the following volumes for each sample: 4 µl of 5 × Reaction Mix (reaction
buffer, dNTPs, oligo (dT)18 and random hexamer primers) and 2 µl of Maxima Enzyme Mix
(Maxima Reverse Transcriptase and RiboLockRNase Inhibitor) (both supplied in Maxima First
Strand cDNA Synthesis Kit). 6 µl of the master mix was added to each sample to a final volume
of 20 µl. Samples were then incubated in a SuperCycler PCR Thermal Cycler for 10 minutes at
25°C, 15 minutes at 50°C and then 5 minutes at 85°C. cDNA samples were stored at -20°C until
analysis by qRT-PCR.
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TaqMan™ qRT-PCR
TaqMan™ Gene Expression Master Mix (Thermo Fisher, USA) were used to perform qRT-PCR
for all cDNA samples on a ViiA™ 7 Real-Time PCR System (Thermo Fisher, USA) using the
FAM probe channel. A TaqMan™ master mix was prepared for each probe with the following
volumes for each sample: 5 µl of TaqMan™ Gene Expression Master Mix, 0.5 µl of the required
TaqMan™ probe. 5.5 µl of the master mix was added to each well followed by 4.5 µl of cDNA
diluted 1:20 in DEPC H2O, to a final reaction volume of 10 µl. Each sample was analysed in
duplicate and PCR reactions were performed in MicroAMP® Optical-PCR 384 Well Reaction
Plates (Thermo Fisher, USA). For all probes, no template controls (NTC) were included to test
for contaminating DNA within the PCR master mix. cDNA was amplified under the following
conditions: 1 cycle of 50°C for 2 minutes for enzymatic activation; 1 cycle of 95°C for 10 minutes
for denaturation; and 40 cycles of 95°C for 15 seconds then 60°C for 1 minute for denaturation
and extension.

SYBR® Green qRT-PCR
Power SYBR® Green PCR Master Mix (Thermo Fisher, USA) were used to perform qRT-PCR
for all ChIP DNA samples on a ViiA™ 7 Real-Time PCR System. A primer master mix was
prepared for each primer set containing: 2 µl of forward primer, 2 µl of reverse primer and 196 µl
of DEPC H2O. A SYBR® Green master mix was prepared for each primer set with the following
volumes for each sample: 5 µl of Power SYBR® Green PCR Master Mix, 2 µl of 1:100 primer
dilution master mix and 1 µl of DEPC H2O. 8 µl of the SYBR® Green master mix was added to
each well followed by 2 µl of ChIP DNA, to a final reaction volume of 10 µl. TI samples were
diluted 1:100 prior to loading. Each sample was analysed in duplicate and PCR reactions were
performed in MicroAMP® Optical-PCR 384 Well Reaction Plates. For all primer sets, NTCs
were included to test for contaminating DNA within the PCR master mix. cDNA was amplified
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under the following conditions: 1 cycle of 50°C for 2 minutes for enzymatic activation; 1 cycle
of 95°C for 10 minutes for denaturation; and 40 cycles of 95°C for 15 seconds then 60°C for
1 minute for denaturation and extension. Following amplification, dissociation curves were
included with each primer set to confirm amplification of a single target. Dissociation curves were
produced under the following conditions: 95°C for 15 seconds, 60°C for 20 seconds, then with
minimum ramp speed reach 95°C for 15 seconds.

Microscopy

Phase-contrast microscopy
Phase-contrast microscopy was used to monitor morphological changes. Images were obtained
using a Leica DM IL LED inverted microscope (Leica Camera, Germany) with attached Leica
DFC425 digital colour microscope camera (Leica Camera, Germany) at 10 × magnification
running Leica Application Suite software (2015; Leica Camera, Germany). Images were analysed
using Microsoft Office 2010.

Immunofluorescence microscopy
Fixing
Following treatment completion, cells were left in tissue culture plates and washed two times with
1 ml ice-cold PBS for 5 minutes at room temperature on a shaker. Cells were fixed using 1 ml
3.7% formaldehyde (Sigma-Aldrich, USA), diluted 1:10 in PBS, and incubated for 10 minutes at
room temperature. Cells were washed again two times with 1 ml ice-cold PBS for 5 minutes at
room temperature on a shaker. 1 ml of PBS was added to each well and plates were covered with
foil to prevent drying out. Fixed cells were stored at 4°C until required.
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Staining
Fixed cells were permeabilised using 2% Triton™ X-100 (Sigma-Aldrich, USA) and incubated
for 20 minutes at room temperature. Cells were washed twice with PBS for 5 minutes at room
temperature on a shaker to remove the detergent. Cells were blocked by adding 1 ml 1% BSA
and incubated at room temperature for 15 minutes with slight agitation. Primary antibodies were
diluted to the appropriate concentration in 1% BSA and 75 µl was added to each coverslip and
incubated for 12-16 hours at 4°C, protected from light. Cells were washed with PBS for 5 minutes
at room temperature on a shaker to remove the excess primary antibody. Secondary antibodies
were diluted to the appropriate concentration in 1% BSA and 75 µl was added to each coverslip
and incubated for 1 hour at room temperature, protected from the light. Coverslips were removed
from the wells and mounted onto glass microscope slides using SlowFade™ Diamond Antifade
Mountant with DAPI (Thermo Fisher, USA). Slides were left to cure overnight in drying
chambers, protected from light. Once dry, the coverslips were sealed using clear nail polish and
stored at -20°C until required for immunofluorescence microscopy.

Data acquisition
Slides were observed under an Eclipse Ti-E Inverted Microscope System (Nikon, Japan) running
NIS-Elements AR 3.2 software (Nikon, Japan). Images were obtained by averaging four
sequential images of single 0.5 μM sections using a Nikon × 60 oil immersion lens. Images were
analysed using ImageJ 1.51n software.
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Cell invasion assay

Cell invasion assays were performed using Corning® BioCoat™ Matrigel® Invasion Chambers
(Corning, USA). Cells were cultured in serum-free DMEM overnight, detached by scraping, and
centrifuged at 500 × g for 10 minutes at room temperature in a Heraeus Multifuge X3R
Centrifuge. 1×104 cells were counted and transferred into Corning® BioCoat™ Matrigel®
Invasion Chambers with 8.0 μM PET membranes or Corning® BioCoat™ Control Inserts with
8.0 μM PET membranes (Corning, USA) in 100 μl serum-free medium. 500 µl of complete
serum-positive DMEM was added to the bottom well to promote chemotaxis. Thereafter, plates
were cultured in a DHD Autoflow Air-Jacketed Automatic CO2 Incubator in a humidified
atmosphere at 37°C with 5% CO2 for 24 hours. Invasion chambers and control inserts were
washed twice with deionised H2O and then staining with 0.01% crystal violet (Thermo Fisher,
USA), dissolved in PBS, for 10 minutes. Images of stained invasion chambers and control inserts
were obtained using a Leica DM IL LED inverted microscope with attached Leica DFC425
digital colour microscope camera at 40 × magnification running Leica Application Suite software.
Crystal violet stained cells were counted manually. Percent invasion was calculated using the
formula:

Number of cells passes through Matrigel® invasion chamber
Number of cells passes through Matrigel® control inserts

× 100. All experiments were

performed in triplicate wells.

Flow cytometry

Following trypsinisation, 2 × 105 cells were harvested, transferred to a 1.7 ml tube and centrifuged
at 1500 rpm for 5 minutes at 4°C in an Eppendorf 5430 R centrifuge. Cells were washed with
1 ml of PBS and centrifuged again at 1500 rpm for 5 minutes at 4°C.
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CSC staining
A CSC staining master mix was prepared with the following volumes for each sample: 1 µl of
anti-CD44-APC (BD Biosciences, USA), 1 µl of anti-CD24-PE (BD Biosciences, USA), 0.1 µl
of Hoechst 33258 (Sigma-Aldrich, USA) and 48 µl of FACS buffer (PBS containing 1% FBS).
For experiments that included EpCAM staining, 1 µl of anti-EpCAM-PerCP-Cy5.5 (BD
Biosciences, USA) was included in the master mix and the volume of FACS buffer was
adjusted to 47 µl. 50 µl of master mix was added to each sample, incubated for 30 minutes
on ice and centrifuged at 1500 rpm for 5 minutes at 4°C. Cells were washed with 100 µl
of PBS and centrifuged again at 1500 rpm for 5 minutes at 4°C. Cells were then
resuspended in 50 µl of FACS buffer and transferred to 1.2 ml FACS tubes (Corning,
USA) and kept on ice until flow cytometry was performed. A NoA control was included
for each cell line and a single-stain control was included for each fluorochrome/stain.

Apoptosis staining
An apoptosis staining master mix was prepared with the following volumes for each sample: 5 µl
of anti-Annexin V-Pacific Blue (Biolegend, USA), 10 µl of PI (BD Biosciences, USA), and 95 µl
of Annexin V Binding Buffer (Biolegend, USA). 100 µl of master mix was added to each
sample, incubated for 15 minutes at room temperature, protected from light, and
centrifuged at 1500 rpm for 5 minutes at 4°C. 100 µl of Annexin V Binding Buffer was
added to each sample and transferred to 1.2 ml FACS tubes and kept on ice until flow
cytometry was performed. A NoA control was included for each cell line and a singlestain control was included for each fluorochrome/stain.
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Data acquisition
Flow cytometry was performed on single cell suspensions and data using a BD LSR II Flow
Cytometer (BD Biosciences, USA) at the Imaging & Cytometry Facility, JCSMR, ANU,
Canberra, Australia. Forward scatter (FSC) and side scatter parameters (SSC) were selected with
APC fluorochrome excited by a 633 nm helium-neon laser, PE, PerCP-Cy5.5 fluorochrome and
PI excited by a 488 nm argon ion laser, Pacific Blue fluorochrome excited by a 405 nm krypton
fluoride laser and Hoechst fluorochrome excited by a 350 nm helium-cadmium UV laser. Single
colour controls were used to set compensation parameters.

LSD1 activity assay

LSD1 activity assays were performed using the LSD1 Demethylase Activity/Inhibition Assay Kit
(Colorimetric) (Abnova, Taiwan). Nuclear extracts from MCF-7 and MDA-MB-231 cells were
prepared using the method outlined in Section Error! Reference source not found. and used for
the LSD1 activity assay according to the manufacturer’s instructions. Prior to commencing the
assay, working buffers LD1, LD5 and LD6 were diluted to the appropriate concentrations. Each
assay was performed in a strip-well microplate format and included blank wells to ensure that the
signal generated is validated, standard wells to confirm a reaction has taken place and to generate
a standard curve and sample wells. 49 µl of LSD1 assay buffer, LD2, was added to each well and
1 µl of LSD1 substrate, LD3, was added to all blank and sample wells. The LSD1 assay standard,
LD4, was diluted to 0.2, 0.5, 1, 2 and 5 ng/µl to prepare a standard curve and 1 µl of each was
added to the appropriate standard wells. All nuclear extracts were diluted to the same
concentration (either 300 or 725 ng/µl) depending on the amount of protein available from each
experiment. 4 µl of diluted nuclear extracts were added to the appropriate sample wells. The
microplate was then sealed with an adhesive covering film to avoid evaporation and incubated in
88

a DHD Autoflow Air-Jacketed Automatic CO2 Incubator in a humidified atmosphere at 37°C
with 5% CO2 for 2 hours. The reaction solution was discarded and each well was washed 3 times
with 150 µl of 1× wash buffer, LD1. 50 µl of diluted capture antibody, LD5, was added to each
well and incubated at room temperature for 60 minutes, wrapped in Parafilm® M (Sigma-Aldrich,
USA). The reaction solution was discarded and each well was washed again 3 times with diluted
LD1. 50 µl of diluted detection antibody, LD6, was added to each well and incubated at room
temperature for 30 minutes, wrapped in Parafilm M. The reaction solution was discarded and
each well was washed again 4 times with diluted LD1. 100 µl of developer solution, LD8, was
added to each well and incubated at room temperature for 10 minutes, wrapped in Parafilm M.
100 µl of stop solution, LD9, was added to each well and incubated at room temperature for
10 minutes. Absorbance readings were obtained using a Benchmark Plus Microplate
Spectrophotometer (Bio-Rad, USA) at 450 nm with a reference wavelength of 655 nm. The
450 nm ODs were subtracted from the 655 nm ODs and LSD1 activity was calculated using the
formula:

Sample OD−Blank OD
Protein amount (µg)x number of minutes of 37°C incubation

× 1000. Percent relative LSD1

Sample activity

activity was calculated using the formula: Reference sample activity × 100. All experiments were
performed in duplicate wells.

Kinase profiling on peptide microarrays

The in vitro PKC-θ kinase assay was performed by JPT Peptide Technologies (Berlin, Germany).
Active recombinant PKC-θ was provided to JPT Peptide Technologies for kinase profiling on
peptide microarrays. 201 unmodified LSD1 peptides were chemoselectively immobilised on
glass slides and incubated for an appropriate amount of time with kinase solution (50 mM
HEPES-NaOH, 5 mM MgCl2, 5 mM MnCl2, 3 µM sodium-orthovanade, 1 mM DTT, 0.1 mg/ml
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BSA and 10 µM non-radioisotopic ATP) in the presence of 1 µM of γ-³³P-ATP. The peptide
microarray was first washed 5 times for 3-4 minutes with 0.1 M phosphoric acid in beaker with
PBS and then 5 times for 3-4 minutes with deionised water. The microarray was then washed
again with methanol and dried in a gentle stream of nitrogen. Images of the peptide microarray
were obtained using high-resolution phosphorimaging.

Mouse xenografts

Mr. Abel Tan performed all in vivo work including experimental design, ethics applications,
performing injections, animal monitoring and tumour excision. Five-week-old female nude mice
were acquired from the Animal Resources Centre (Perth, Australia) and allowed to acclimatize
for one week in the animal facility at the JCSMR before experimentation. All experimental
procedures were performed in accordance with the guidelines and regulations accessed and
approved by The Australian National University Animal Experimental Ethics Committee (Ethics
ID A2014/30). MDA-MB-231 human breast carcinoma cells were injected subcutaneously into
the right mammary gland (2 × 106 cells in 1:1 PBS and BD Matrigel Matrix). Tumours were
measured using external calipers and calculated using the modified ellipsoidal formula: ½ (a/b2),
where a = longest diameter and b = shortest diameter. Tumours were allowed to grow to around
50 mm3 before commencing treatments (around 15 days). All treatments were given by
intraperitoneal injections. Tumours were excised and collected in DMEM supplemented with
2.5% FBS. Tumours were then finely minced using a surgical blade and incubated at 37°C for
1 hour in DMEM 2.5% FBS and collagenase type 4 (Worthington Biochemical Corporation,
USA) (1 mg of collagenase/1 g of tumour).
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Data analysis

qRT-PCR data analysis
All cycle threshold (Ct) values from the qRT-PCR amplification were converted to arbitrary copy
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numbers in Microsoft Excel using the formula: arbitrary copies = 2Ct−17 where a Ct of 17 was set
to 105 copies and assuming that each cycle increase was equal to a 2-fold increase in input DNA.
For relative transcript analysis, arbitrary copy numbers were normalised to the housekeeping
gene, PPIA. All qRT-PCR experiments were performed in duplicate.

Immunofluorescence microscopy data analysis
Digital confocal images were analysed using ImageJ 1.51n software to determine the total nuclear
fluorescent intensity (TNFI), total cytoplasmic fluorescent intensity (TCFI), nuclear to
cytoplasmic fluorescence ratio (Fn/c), Pearson’s coefficient correlation (PCC) and to produce
plot-profiles for a pair of antibodies. TNFI was measured by manually selecting the regions of
interest (ROIs) specific for the nuclei of each cell minus background. TCFI was measured by
manually selecting the ROIs specific for the cytoplasm of each cell minus background. TNFI and
TCFI were measured in a minimum of 20 cells for each sample set. Fn/c was calculated using the
formula: Fn/c =

TNFI − TBFI
TCFI − TBFI

, where TBFI is total background fluorescent intensity. PCC was

measured for each pair of antibodies with automatic thresholding and manual selection of ROIs
specific for cell nuclei (as described in (Adler et al., 2008, Dinic et al., 2015)). PCC values range
from: -1 = inverse of co-localisation; 0 = no co-localisation; +1 = perfect co-localisation. Plotprofiles were produced by measuring a series of fluorescent intensities along a line spanning the
nucleus. The pattern of the two plots provides insights into the nature of the relationship between
the two fluorochromes.
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Flow cytometry data analysis
Flow cytometry data was analysed using FlowJo software (Tree Star, USA). Representative
images demonstrating the gating strategy for selecting live single-cells is shown in Fig. 2.2. Cell
debris was first excluded from the analysis by gating cells using SSC-A and FSC-A (Fig. 2.2 A).
Hoechst 33342-positive dead cells were then excluded from the analysis by gating cells using the
Hoechst channel (Alexa Fluor 405-A) and FSC-A (Fig. 2.2B). Only single-cells were selected for
further analysis by gating cells using FSC-H and FSC-A (Fig. 2.2C), SSC-H and SSC-A can also
be used. Breast CSCs were selected by gating CD44hi/+/CD24- cells using APC and PE. For
experiments that also included EpCAM staining, EpCAM-positive breast CSCs were first
selected by gating SSC-A and PerCP-Cy5.5 and then by selecting CD44hi/+/CD24-cells using
APC and PE. Early and late apoptotic cells were selected by gating cells using PI/488 and Pacific
Blue. Upper gating indicates early apoptotic cells and the lower gating indicates late apoptotic
cells.

ChIP qRT-PCR data analysis
All Ct values from the qRT-PCR amplification were converted to arbitrary copy numbers in
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Microsoft Excel using the formula: arbitrary copies = 2Ct−17 where a Ct of 17 was set to 105 copies
under the assumption that each cycle increase was equal to a 2-fold increase in input DNA. To
determine percent enrichment relative to TI, the resulting arbitrary copy numbers for the NoA
controls were subtracted from all sample and TI arbitrary copy numbers. TI values were then
adjusted to account for different inputs of sonicated DNA in the ChIP and dilutions used in the
qRT-PCR. Percent enrichment relative to TI control was calculated using the formula:
% enrichment of TI =

Sample value
Adjusted TI value

× 100. To determine ChIP enrichment ratios, the resulting

arbitrary copy numbers for all samples and NoA control were normalised to the arbitrary copy
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Figure 2.2 Gating strategy for selecting live single-cells by flow cytometry
Gating was applied to: (A) SSC-A and FSC-A to select for cells; then (B) Alexa Fluor 405-A and
FSC-A to select for Hoechst-negative, live cells; and then (C) gating was applied to FSC-H and
FSC-A to select for single-cells. Representative plots are shown for each dataset. Numbers
indicate the percentage of cells within the gate for the plots shown.
number for the TI controls. ChIP enrichment ratios were calculated using the formula: ChIP
enrichment ratio =

Sample value
NoA value

.
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Peptide microarrays data analysis
Data analysis was performed by JPT Peptide Technologies using spot recognition software
packages, GenepixPro 7.2 and ArrayPro 4.0. Peptide constructs that displayed a normalised mean
signal equal to or greater than 2 standard deviations above the mean were considered likely
positive for phosphorylation events. Excel, R, and Python were used to determine the statistical
significance of sequences and phosphorylation events.

Affymetrix microarray data analysis
Dr. Kristine Hardy performed all bioinformatics analysis involved in Affymetrix microarray
analysis. Affymetrix™ Human Gene 2.0 ST arrays were normalised using Robust Multi-array
Average (RMA) in Affymetrix Power Tools 1.16.1 package. Only probes annotated as ‘main’
were used. Probe sets were considered differentially expressed if the difference was greater than
log2 0.5.

ChIP-seq data analysis
Dr. Kristine Hardy performed all bioinformatics analysis involved in ChIP-seq analysis. Reads
were adapter stripped using Trimmomatic and mapped to the human genome 19 (Hg19) using
local alignment in Bowtie2. Duplicate reads were removed using Picard. BedGraph files were
created from the first read using HOMER. Enriched regions were called against the relevant TI
samples with the first read of the pair using HOMER and then filtered so that each region had at
least 4-fold enrichment over TI tag count and at least 12.2 normalised reads. HOMER was used
to peak call enriched PKC-θ regions from previously published PKC-θ ChIP-seq data (Zafar et
al., 2014). Overlapping peaks were defined as those having any overlap. PCC of binding was
determined using the tag counts in merged regions from PKC-θ and LSD1 standardised to 300 bp.
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R was used to determine if the centre of the regions occurred within given distances to gene
transcription start sites (obtained from Affymetrix annotation file na.35).

Statistical analysis

All comparisons between samples were performed using two-tailed non-parametric MannWhitney test (GraphPad Prism) unless otherwise stated. For multiple comparisons, Sidak’s
multiple comparisons test was performed unless otherwise stated. Where applicable, statistical
significance is denoted by * for P ≤ 0.05, ** for P ≤ 0.01, *** for P ≤ 0.001, and **** for P ≤
0.0001. Data are expressed as mean ± standard error (SE).
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3 DUSP family members have differential roles in
EMT and CSC regulation in breast cancer
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Introduction

Breast cancer is the most common malignancy in women worldwide (Bray et al., 2013). Although
chemotherapy and radiotherapy benefit women and improve patient survival, some cancers are
treatment resistant (Nwabo Kamdje et al., 2014). EMT is a plastic cellular process in which fully
differentiated epithelial cells reversibly dedifferentiate into cells with mesenchymal
characteristics (Thiery et al., 2009). EMT is physiological in embryonic development and wound
healing but pathological in cancer, where it endows cells with highly aggressive traits that
facilitate dissemination, therapeutic resistance, and relapse (Lamouille et al., 2014, De Craene
and Berx, 2013). Complex regulatory networks control EMT but, to date, the underlying
epigenetic control is poorly understood.

EMT also induces the formation of CSCs with tumourigenic and metastatic capabilities (Mani et
al., 2008) that, although only constituting a small proportion of the main tumour bulk, possess
the capacity to self-renew and differentiate as well as enhance resistance to chemotherapy,
ionizing radiation, and hormone therapies (O'Brien et al., 2010, O'Brien et al., 2011). Thus,
determining the molecular mechanisms underpinning EMT and, in particular, distinct
mesenchymal phenotypes such as CSCs will be critical for the development of novel therapeutic
strategies that target EMT in cancers.

Recent work in our laboratory has focused on understanding the contribution of epigenetic
enzymes to the complex networks that govern EMT and CSC regulation in breast cancer. In these
studies, it was demonstrated that the signalling kinase, PKC-θ, translocates to the nucleus where
it directly tethers to the chromatin template and regulates inducible gene expression signatures
during breast cancer EMT and in CSCs (Zafar et al., 2014). Interestingly, genome-wide gene
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expression analyses and chromatin immunoprecipitation sequencing (ChIP-seq) studies identified
several members of the dual-specificity phosphatase (DUSP) family, namely DUSP1, DUSP4
and DUSP6 as targets of PKC-θ. These results highlighted an interesting dynamic in which a
kinase selectively interacts with proteins of opposing biological function.

DUSPs are a protein family responsible for dephosphorylating threonine/serine and tyrosine
residues on their substrates, the mitogen-activated protein kinases (MAPKs), implicating them in
signal transduction. The DUSP family contains 25 proteins that each contain a conserved
phosphatase domain that forms their threonine/serine, tyrosine-specific catalytic dephosphatase
site (Huang and Tan, 2012, Patterson et al., 2009). Aside from this common feature there is
limited structural similarity and subsequently there is functional diversity between family
members. DUSPs can be categorised as either typical or atypical based on the presence or absence
of a MKB/KIM motif (Section 1.9.1). The typical members are further partitioned into either
nuclear, cytoplasmic or dually-located, with both DUSP1 and DUSP4 being nuclear typical
DUSPs whilst DUSP6 is a cytoplasmic typical DUSP (Huang and Tan, 2012). To date, little is
known about the normal physiological functions of many of the DUSP family members, however,
there is evidence implicating them in cancer regulation (described in Section 1.9.2).

Given the key role that PKC-θ has in EMT and CSC regulation, this chapter will explore to what
extent the PKC-θ targets, DUSP1, DUSP4 and DUSP6 are involved in these programs. Moreover,
this chapter will elucidate potential functions for DUSPs and examine whether they are suitable
for targeting in a clinical setting.
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Chapter 3 Specific Aims:
1. Characterise the expression and distribution of DUSP1, DUSP4 and DUSP6 in breast
cancer EMT.
2. Determine the global effects of DUSP1, DUSP4 and DUSP6 in EMT and the formation
and maintenance of CSCs in breast cancer.
3. Examine potential epigenetic roles of DUSP family members in epithelial and
mesenchymal cells.
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Results
A comparison of DUSP1, DUSP4 and DUSP6 expression and distribution in
epithelial and mesenchymal cells

To examine the expression and distribution of DUSP1, DUSP4 and DUSP6 in breast cancer, both
epithelial-like MCF-7 and mesenchymal-like MDA-MB-231 cell lines were utilised. DUSP1,
DUSP4, and DUSP6 mRNA levels were measured by qRT-PCR (method described in Sections
2.4.1, 2.4.10 and 2.11.1) and it was found that they were constitutively expressed in both MCF7 and MDA-MB-231 breast cancer cell lines at varying levels (Fig. 3.1A). Interestingly, DUSP1
mRNA transcript levels were higher in MCF-7 cells, whereas DUSP4 and DUSP6 mRNA
transcript levels were significantly higher in MDA-MB-231 cells. Next, immunofluorescence
microscopy was performed using previously validated anti-DUSP1, DUSP4 and DUSP6
antibodies under the same staining and image acquisition conditions (method described in
Sections 2.5.2 and 2.11.2). These data revealed that at the protein level, the total nuclear
fluorescent intensity (TNFI) of both DUSP1 and DUSP4 were significantly higher than DUSP6
in MCF-7 and MDA-MB-231 cells (Fig. 3.1B). Within the cytoplasm, DUSP4 and DUSP6 were
significantly higher than DUSP1 in MCF-7 cells, however, DUSP1 and DUSP6 were
significantly higher than DUSP4 in mesenchymal MDA-MB-231 cells (Fig. 3.1C).

It was of interest to determine if the subcellular distribution of DUSP1, DUSP4, and DUSP6 is
altered in epithelial and mesenchymal cells. Typically, DUSP1 and DUSP4 localise in the
nucleus, while DUSP6 localises in the cytoplasm (Keyse, 2008). Upon examining the nuclear to
cytoplasmic fluorescence ratio (Fn/c) in MCF-7 cells, DUSP1 displayed a strong nuclear bias
whilst the nuclear and cytoplasmic distribution of DUSP4 was equal and DUSP6 was
predominantly cytoplasmic (Fig. 3.1D). However, in MDA-MB-231 cells, DUSP1 and DUSP4
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Figure 3.1 DUSP1, DUSP4 and DUSP6 are differentially expressed and distributed in
epithelial and mesenchymal -like cells
(A) DUSP1, DUSP4, and DUSP6 mRNA transcript levels as measured by qRT-PCR in MCF-7
and MDA-MB-231 cells. Data are expressed as arbitrary copy numbers normalised to PPIA and
are representative of the mean ± SE (n ≥ 3). Immunofluorescence microscopy was performed on
either MCF-7 or MDA-MB-231 cells that were fixed and probed with primary rabbit, mouse, or
goat antibodies to DUSP1, DUSP4, and DUSP6, respectively. Cells were then probed with the
corresponding secondary antibody conjugated to Alexa-Fluor 568 or Alexa-Fluor 488 and (B)
TNFI, (C) TCFI and (D) Fn/c were determined for each sample. Data is a representative of two
independent replicates and shows the mean ± SE (n ≥ 20 individual cells). Representative images
are shown for each dataset. Fn/c value 1 = equal cytoplasmic and nuclear fractions; >1 = nuclear
bias; <1 = cytoplasmic bias. Red = DUSP1; blue = DUSP4; green = DUSP6. *P ≤ 0.05; **P ≤
0.01; ****P ≤ 0.0001, Mann-Whitney test.
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were predominantly localised in the nucleus while DUSP6 showed strong cytoplasmic bias (Fig.
3.1D). Collectively, these data suggest that DUSP1, DUSP4 and DUSP6 have distinct expression
profiles in epithelial and mesenchymal breast cancer cells.

Validating EMT induction in MCF-7 cells

To study DUSP family members during EMT, epithelial-like MCF-7 cells were subjected to
stimulation with the well-established EMT-inducers phorbol-12-myristate-13-acetate (PMA) and
transforming growth factor-β (TGF-β) for 60 hours (method described in Section 2.3.7) (He et
al., 2010, Zafar et al., 2014, Mani et al., 2008) (Fig. 3.2A). EMT was confirmed by the hallmark
loss of E-cadherin (CDH1) and induction of vimentin (VIM) and Snail (SNAI1) mRNA (Fig.
3.2B) and protein levels (Fig. 3.2C). Additionally, EMT was confirmed by the phenotypic
morphological changes observed as early as two hours after treatment with PMA+TGF-β (method
described in Section 2.5.2) (Fig. 3.2D).

Characterising the kinetics of DUSP family members expression and distribution of
during breast cancer EMT

Since many DUSP family members are known to be intermediate early response genes (Jeffrey
et al., 2007), their induction during EMT was investigated by treating MCF-7 cells with either
PMA or PMA + TGF-β for 60 hours (Fig. 3.3A). DUSP1, DUSP4, and DUSP6 transcript levels
were all induced after PMA treatment with distinct expression profiles (Fig. 3.3B). DUSP1
expression was reduced at 24 hours and then increased and peaked at around 50 hours, whereas
DUSP4 expression was highly induced and rapidly increased and DUSP6 expression peaked at
24 hours then declined (Fig. 3.3B). Furthermore, following treatment with both PMA and
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Figure 3.2 Validation of EMT induction in MCF-7 cells
(A) MCF-7 cells were incubated with either vehicle alone or PMA + TGF-β for 60 hours to induce
EMT. (B) CDH1, SNAI1 and VIM mRNA transcript levels as measured by qRT-PCR in MCF-7
and MCF-7/PMA+TGF-β cells. Data are expressed as relative fold change to MCF-7 normalised
to PPIA ± SE (n = 4). (C) Immunofluorescence microscopy was performed on MCF-7 and MCF7/PMA+TGF-β cells that were fixed and probed with anti-E-cadherin, anti-Snail and antivimentin. Representative images are shown for each dataset. Graph depicts TCFI of E-cadherin
and TNFI of Snail and vimentin ± SE. Data is a representative of two independent replicates (n ≥
30 individual cells). (D) Phase-contrast microscopy was performed on MCF-7 cells after
incubation with PMA+TGF-β at indicated time-points. Representative images are shown for each
dataset. White = MCF-7; black = MCF-7/PMA+TGF-β. ns = p > 0.05; ****P ≤ 0.0001, MannWhitney test.
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Figure 3.3 Comparing the kinetics of DUSP1, DUSP4 and DUSP6 expression and
distribution during EMT in MCF-7 cells
(A) MCF-7 cells were incubated with either vehicle alone, PMA or PMA + TGF-β for 60 hours
to induce EMT. (B) DUSP1, DUSP4, and DUSP6 mRNA transcript levels in MCF-7 cells after
incubation with PMA for 12, 24, 36, 48 and 60 hours. Data represent mean arbitrary copy numbers
normalised to PPIA (n = 2). (C) DUSP1, DUSP4, and DUSP6 mRNA transcript levels in MCF7, MCF-7/PMA and MCF-7/PMA+TGF-β cells. Data are expressed as relative fold change to
MCF-7 normalised to PPIA ± SE (n = 4), two-way ANOVA. (D) Immunofluorescence
microscopy was performed on MCF-7 and MCF-7/PMA cells that were fixed and probed with
anti-DUSP1, anti-DUSP4 and anti-DUSP6. Fn/c values for each are a representative of two
independent replicates and show the mean ± SE (n = 20 individual cells). Value 1 = equal
cytoplasmic and nuclear fractions; >1 = nuclear bias; <1 = cytoplasmic bias. Red = DUSP1; blue
= DUSP4; green = DUSP6. *P ≤ 0.05; ***P ≤ 0.001; ****P ≤ 0.0001, Mann-Whitney test.
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TGF-β – which potentiate EMT in MCF-7 cells when administered in combination (Zafar et al.,
2014) – induction of DUSP1, DUSP4 and DUSP6 further increased (Fig. 3.3C). Moreover, the
nuclear bias of DUSP1, DUSP4 and DUSP6 – while still remaining predominantly cytoplasmic
– all significantly increased in MCF-7/PMA cells indicating translocation to the nuclear
compartment (Fig. 3.3D). Overall, these data suggest that these DUSP family members are
induced during EMT and this occurs largely in the nucleus.

The identification and characterisation of distinct subpopulations of mesenchymallike cells after PMA treatment in MCF-7 cells

Several studies show that some DUSP family members are overexpressed in malignant breast
tissues (Loda et al., 1996, Rojo et al., 2009, Wang et al., 2003). Thus, it was addressed whether
DUSP1, DUSP4 and DUSP6 were further upregulated in cells with greater metastatic potential
in vitro. MCF-7 cells were treated with PMA for 60 hours, resulting in the generation of two
populations of mesenchymal cells: an adherent population (MCF-7/PMAAD) and a metastatic
suspended population (MCF-7/PMASUS) (Fig. 3.4A). The expression of several EMT and CSC
genes in MCF-7, MCF-7/PMAAD and MCF-7/PMASUS cells was analysed by qRT-PCR to
examine differences between each of these cell types. These data showed that there was a slight,
albeit non-significant, induction of CDH1 mRNA in MCF-7/PMAAD cells which was absent in
MCF-7/PMASUS cells. The expression of FN1, SNAI2, CD44 and PLAUR were significantly
induced in MCF-7/PMAAD cells. These markers were also significantly upregulated in MCF7/PMASUS cells, as were VIM and SNAI1. Of these changes, SNAI1 and PLAUR induction were
significantly higher in MCF-7/PMASUS cells than MCF-7/PMAAD cells (Fig. 3.4B). These data
indicate that MCF-7/PMASUS display an enhanced mesenchymal expression profile. Moreover,
the invasive capability of MCF-7/PMASUS cells was tested in an in vitro Matrigel invasion assay
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Figure 3.4 PMA treatment induces the formation of two subpopulations of mesenchymallike cells in MCF-7 cells
(A) MCF-7 cells were incubated with either vehicle alone or PMA for 60 hours to induce EMT
and the formation of an adherent (MCF-7/PMAAD) and suspension (MCF-7/PMASUS)
subpopulation of cells. (B) mRNA transcript levels as measured by qRT-PCR of: CDH1, VIM,
FN1, SNAI1, SNAI2, CD44, and PLAUR in MCF-7, MCF-7/PMAAD and MCF-7/PMASUS cells.
Data are presented as relative fold change to MCF-7 normalised to PPIA ± SE (n ≥ 3). (C)
Percentage invasion of MCF-7, MCF-7/PMAAD and MCF-7/PMASUS cells through a Matrigel
invasion chamber. Data represent the mean ± SE (n = 3). MCF-7, MCF-7/PMAAD and MCF7/PMASUS cells were subjected to flow cytometry after staining with (D) anti-CD44, anti-CD24
and anti-EpCAM antibodies with plots indicating gating of CD44hi/CD24lo/EpCAM+ CSC-like
cells and corresponding graph displaying mean percentage of CD44hi/CD24lo/EpCAM+ CSC-like
cells ± SE (n = 4); or (E) anti-Annexin V and PI with plots indicating gating for early apoptotic
cells (upper box) and late apoptotic cells (lower box) (n = 2). Numbers indicate the percentage of
cells in the respective gates. (F) DUSP1, DUSP4, and DUSP6 mRNA transcript levels in MCF7, MCF-7/PMAAD and MCF-7/PMASUS cells levels as measured by qRT-PCR. Data are presented
as relative fold change to MCF-7 normalised to PPIA and are representative of the mean ± SE (n
≥ 2), two-way ANOVA. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001, Mann-Whitney
test.
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(method described in Section 2.6) where it was determined that they were significantly more
invasive than MCF-7/PMAAD and MCF-7 cells (Fig. 3.4C). Under normal culture conditions,
MCF-7 cells do not contain a breast CSC-like population (Sheridan et al., 2006). However, after
PMA treatment, a population of CD44hi/CD24lo/EpCAM+ breast CSC-like cells formed in MCF7/PMAAD cells, which increased significantly in MCF-7/PMASUS cells (method described in
Sections 2.7.1, 2.7.3 and 2.11.3) (Fig. 3.4D). To explore the possibility that the suspended cells
were apoptotic, an Annexin V and PI flow cytometry-based assay was performed (method
described in Sections 2.7.1, 2.7.3 and 2.11.3): MCF-7/PMASUS cells were not early or late
apoptotic cells (Fig. 3.4E). Interestingly, DUSP1 expression was higher in MCF-7/PMASUS cells,
whilst DUSP4 expression was reduced in MCF-7/PMASUS compared to MCF-7/PMAAD cells;
and DUSP6 expression remained stable (Fig. 3.4F). Overall, these data suggest that PMA
treatment in MCF-7 cells results in the formation of two subpopulations of cells and DUSPs have
distinct expression profiles in these two subsets of metastatic, mesenchymal breast cancer cells.

The effect of DUSP1, DUSP4 and DUSP6 siRNA-mediated knockdown on breast
cancer EMT and CSCs

To examine the role of DUSP family members in EMT, MCF-7 cells were pre-treated with smallinterfering RNAs (siRNAs) targeted against either DUSP1, DUSP4 or DUSP6 (method described
in Section 2.3.5.1) and then treated with PMA for 60 hours to induce EMT, resulting in the
generation of MCF-7/PMAAD and MCF-7/PMASUS cells (Fig. 3.5A). DUSP1, DUSP4 and
DUSP6 knockdown were first confirmed by western blotting (method described in Section 2.4.5)
(Fig. 3.5B) and qRT-PCR (Fig. 3.5C). The expression of several EMT and CSC genes, namely
CDH1, VIM, FN1, PLAUR, and CD44, were measured after DUSP knockdown. However, while
the expression of these genes was slightly altered, most changes were non-significant (Fig. 3.5D).
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Figure 3.5 DUSP1, DUSP4 and DUSP6 siRNA-mediated knockdown has differential effects
on EMT gene expression and breast cancer CSCs
(A) MCF-7 cells were transfected with either mock, DUSP1, DUSP4 or DUSP6 siRNA for 6
hours and subsequently incubated with either vehicle alone or with PMA for 60 hours to induce
EMT which results in the formation of both an adherent (MCF-7/PMAAD) and a suspension
(MCF-7/PMASUS) subpopulation of cells. (B) The nuclear and cytoplasmic fractions were
extracted from MCF-7 cells following transfection and western blotting was performed. Extracts
were probed with primary antibodies to DUSP1, DUSP4 or DUSP6, followed by the respective
HRP-conjugated secondary antibody. Signals were detected with enhanced chemiluminescence
reagents, bands of the correct MW are indicated and were analysed with ImageJ for intensity.
Protein loading was normalised with a total protein loading control detection kit. Graph displays
the normalised protein band signal intensity. mRNA transcript levels of: (C) DUSP1, DUSP4,
and DUSP6; or (D) CDH1, VIM, FN1, PLAUR, and CD44 after transfections in MCF-7, MCF7/PMAAD and MCF-7/PMASUS cells as measured by qRT-PCR. Data are presented as relative
fold change to mock treated MCF-7 cells normalised to PPIA and are representative of the mean
± SE (n ≥ 2). (E) Flow cytometry was performed on MCF-7/PMAAD and MCF-7/PMASUS cells
after staining with anti-CD44, anti-CD24 and anti-EpCAM. Bar graphs indicate mean percentage
of CD44hi/CD24lo/EpCAM+ CSC-like cells after transfection ± SE (n = 2). Numbers above each
column represent percentage inhibition (-) or promotion (+) relative to mock siRNA-treated cells
(n ≥ 2). Black = mock siRNA; Red = DUSP1 siRNA; blue = DUSP4 siRNA; green = DUSP6
siRNA. *P ≤ 0.05; **P ≤ 0.01 ****P ≤ 0.0001, paired t test.
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Since DUSP1, DUSP4, and DUSP6 are induced during EMT, this siRNA-based approach was
also used to determine whether they are involved in breast CSC formation. Consistent with
previous reports implicating DUSP1 in breast CSC survival (Candas et al., 2014), DUSP1
knockdown inhibited CD44hi/CD24lo/EpCAM+ breast CSC formation in MCF-7/PMAAD and
MCF-7/PMASUS

cells.

Conversely,

DUSP4

and

DUSP6

knockdown

enhanced

CD44hi/CD24lo/EpCAM+ breast CSC formation in both subpopulations (Fig. 3.5E). Collectively
suggesting that while loss of DUSP1, DUSP4 or DUSP6 expression alone is insufficient to drive
downstream changes in EMT gene expression, it can promote or repress the formation of breast
CSCs.

The effect of DUSP inhibition on breast cancer EMT and CSCs

Since small molecule inhibitors are increasingly trialled and used as adjuvant anti-cancer
therapies (Zhao et al., 2017, Martin et al., 2017, Long et al., 2017), it was of interest to establish
whether DUSP inhibitors could abrogate EMT-induction or the formation and maintenance of
breast CSCs. At this early stage of the project, there were two commercially available nonspecific small molecule DUSP inhibitors that were accessible to our laboratory: NSC 95397 and
triptolide, thus these inhibitors were selected to conduct such experiments. .NSC 95397 is a
CDC25 inhibitor that non-specifically inhibits the phosphatase activity of DUSP1 and DUSP6.
The exact mechanism by which NSC 95397 inhibits these family members is unknown, however,
it is likely due to the presence of the MKB/KIM domain that facilitates substrate-specific
dephosphorylation within a region that is homologous to that of one present in CDC25
phosphatases (Vogt et al., 2008) (see Fig 1.6). Triptolide is a diterpenoid epoxide purified from
the Chinese herb, Tripterygium wilfordii hook, that acts as a non-specific DUSP1 inhibitor by
blocking DUSP1 expression via an uncharacterised mechanism (Landry et al., 2012). There are
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currently no commercially available DUSP4-specific inhibitors, thus, only the inhibition of
DUSP1 and DUSP6 have been examined here.

MCF-7 and MDA-MB-231 cells were pre-treated with either NSC 95397 or triptolide (method
described in Section 2.3.6.1) and MCF-7 cells were subsequently treated with PMA for 60 hours
to induce EMT, resulting in the generation of MCF-7/PMAAD and MCF-7/PMASUS cells (Fig.
3.6A). The expression of the EMT genes, CDH1, VIM and FN1 were analysed after DUSP
inhibition and the results were largely inconclusive. Treatment with NSC 95397 had very little
effect on their expression, whilst treatment with triptolide significantly reduced the expression of
both the epithelial gene, CDH1, and the mesenchymal gene, FN1 (Fig. 3.6B). Inhibition of
DUSPs had differential effects in MDA-MB-231 cells: inhibition of DUSP1 and DUSP6 with
NSC 95397 slightly increased CDH1 expression but had little effect on VIM or FN1 expression,
whilst inhibition of DUSP1 alone with triptolide increased VIM expression, reduced FN1
expression, and had no effect on CDH1 expression (Fig. 3.6C).

Treatment with NSC 95397 inhibited CD44hi/CD24lo/EpCAM+ breast CSC formation by 8–9%
in

both

MCF-7/PMAAD

and

MCF-7/PMASUS

cells,

while

triptolide

inhibited

CD44hi/CD24lo/EpCAM+ breast CSC formation by 22% in MCF-7/PMAAD cells and 56% in
MCF-7/PMASUS cells (Fig. 3.6D). In MDA-MB-231 cells, treatment with NSC 95397 reduced
CD44hi/CD24lo/EpCAM+ breast CSCs by 28% whilst triptolide had minimal effect (Fig. 3.6E).
These data strongly implicate DUSP1 and potentially implicate DUSP6 in the promotion of breast
CSC formation and maintenance and suggest that they have varying roles in regulating EMTassociated genes.

118

119

Figure 3.6 DUSP1 and DUSP6 inhibition has differential effects on EMT gene expression
and breast cancer CSCs
(A) MCF-7 cells were pre-treated with either vehicle alone, NSC 95397 or triptolide for 24 hours
and then incubated with either vehicle alone or with PMA for 60 hours to induce EMT resulting
in the formation of both an adherent (MCF-7/PMAAD) and a suspension (MCF-7/PMASUS)
subpopulation of cells. CDH1, VIM, and FN1 mRNA transcript levels after inhibition in: (B)
MCF-7, MCF-7/PMAAD and MCF-7/PMASUS cells; and (C) MDA-MB-231 cells as measured by
qRT-PCR. Data represent the mean relative fold change to untreated cells normalised to PPIA ±
SE (n = 2). Flow cytometry was performed on: (D) MCF-7/PMAAD, MCF-7/PMASUS; and (E)
MDA-MB-231 cells after staining with anti-CD44, anti-CD24 and anti-EpCAM antibodies. Bar
graphs indicate mean percentage inhibition of CD44hi/CD24lo/EpCAM+ CSC-like cells after
DUSP inhibition ± SE (n = 2). Flow cytometry plots are shown for MDA-MB-231 cells with
gating indicated for CD44hi/CD24lo/EpCAM+ CSC-like cells and numbers indicating the mean
percentage of cells in each gate. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001, two-way ANOVA.
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Co-localisation analysis between nuclear DUSPs and histone PTMs in epithelial and
mesenchymal-like cells

Highly compacted chromatin structures are enriched in nucleosomes and are transcriptionally
silent. Chromatin remodelling is pivotal in regulating gene expression and can be orchestrated via
a number of mechanisms including covalent post-translational modification (PTM) to histone
proteins tails (Li et al., 2007a). Given the increased expression and nuclear bias of DUSPs after
EMT in MCF-7/PMA and in MDA-MB-231 cells, their co-localisation with several histone
PTMs was investigated using immunofluorescence microscopy to elucidate potential roles for
these family members.

Analysis of DUSP1 co-localisation with histone PTMs in epithelial and
mesenchymal-like cells
MCF-7 cells were treated with either vehicle alone or PMA for 60 hours to induce EMT (Fig.
3.7A). Pearson’s coefficient correlation (PCC) was used as a measure of co-localisation. DUSP1
displayed clear co-localisation with H3K9me1, a mark of active promoters (Barski et al., 2007),
in MCF-7 cells (PCC = 0.42), which displayed a strong increase in MCF-7/PMA cells (PCC =
0.56). Similarly, DUSP1 co-localised with the active promoter mark H3K4me3 (Barski et al.,
2007), which slightly decreased in MCF-7/PMA cells (PCC = 0.37) compared to MCF-7 cells
(PCC = 0.44) (Fig. 3.7B). Similar co-localisation studies were conducted in MDA-MB-231 cells
to further understand the potential contribution of DUSP1 in the mesenchymal state. Similar to
MCF-7/PMA cells, DUSP1 showed high levels of co-localisation with the active promoter marks
H3K9me1 (PCC = 0.65) and H3K4me3 (PCC = 0.72) (Fig. 3.7C). Collectively, these results
strongly suggest that DUSP1 associates with active promoter marks H3K9me1 and H3K4me3 in
mesenchymal-like cells.
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Figure 3.7 DUSP1 associates with active promoter PTMs in mesenchymal-like cells
(A) MCF-7 cells were incubated with either vehicle alone or PMA for 60 hours to induce EMT.
Immunofluorescence microscopy was performed on: (B) MCF-7, MCF-7/PMA cells; and (C)
MDA-MB-231 cells that were fixed and probed with primary anti-DUSP1 and either antiH3K9me1 or anti-H3K4me3. Representative images for indicated datasets are shown. Blue =
DAPI; red = histone PTM; green = DUSP1; yellow = overlap between DUSP1 and histone PTM
fluorescence signals. The plot-profile feature of ImageJ was used to plot the fluorescence signal
intensity along a single line spanning the nucleus (n = 5 lines per nucleus, 5 individual cells). The
average fluorescence signal intensity for the indicated pair of was plotted for each point on the
line ± SE. The PCC was determined for each plot profile ± SE (n ≥ 20 individual cells). Data is a
representative of two independent replicates. Scale bars = 10 μM.
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Analysis of DUSP4 co-localisation with histone PTMs in epithelial and
mesenchymal-like cells
MCF-7 cells were treated with either vehicle alone or PMA for 60 hours to induce EMT (Fig.
3.8A). Immunofluorescence microscopy revealed that DUSP4 co-localised with the enhancer
mark, H3K27ac (Zentner et al., 2011), in MCF-7/PMA cells (PCC = 0.40) but not in epithelial
MCF-7 cells (PCC = -0.30). Moreover, DUSP4 co-localised with the enhancer mark H3K4me1
(Zentner et al., 2011) in MCF-7 cells (PCC = 0.35), which increased in MCF-7/PMA cells (PCC
= 0.44) (Fig. 3.8B). In comparison, there was absent or minimal co-localisation of DUSP4 with
the active promoter mark, H3K4me3 and H3K9me3, a mark of heterochromatin (Saksouk et al.,
2015), in MCF-7 and MCF-7/PMA cells (Fig. 3.8C). Further co-localisation studies in
mesenchymal MDA-MB-231 demonstrated that DUSP4 had co-localised with the enhancer mark
H3K27ac (PCC = 0.56) and strongly co-localised with H3K4me1 (PCC = 0.78) but not H3K4me3
or H3K9me3 (Fig. 3.8D). Together, these data suggest that DUSP4 selectively localises with
enhancer marks, H3K27ac and H3K4me1 in mesenchymal-like cells.

Analysis of DUSP6 co-localisation with histone PTMs in epithelial and
mesenchymal-like cells
While there was increased nuclear expression of DUSP6 in mesenchymal MCF-7/PMA cells and
MDA-MB-231 cells compared to epithelial MCF-7 cells (Figs. 3.1B, 3.1D, 3.3D), nuclear
DUSP6 was expressed at very low levels and did not co-localise with any of the tested histone
modifications in MCF-7, MCF-7/PMA or MDA-MB-231 cells (data not shown).

Overall, these data suggest that DUSP and DUSP4 selectively co-localise with different histone
PTMs in the mesenchymal state, while DUSP6 remains predominantly cytoplasmic. Therefore,
they are likely to play distinct roles in gene regulation.
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Figure 3.8 DUSP4 associates with enhancer PTMs in mesenchymal-like cells
(A) MCF-7 cells were incubated with either vehicle alone or PMA for 60 hours to induce EMT.
Immunofluorescence microscopy was performed on: MCF-7, MCF-7/PMA cells that were fixed
and probed with primary anti-DUSP4 and either (B) anti-H3K27ac, anti-H3K4me1; or (C) antiH3K4me3, or anti-H3K9me3; and (D) MDA-MB-231 cells that were fixed and probed with
primary anti-DUSP4 and either anti-H3K27ac, anti-H3K4me1, anti-H3K4me3, or antiH3K9me3. Representative images for indicated datasets are shown. Blue = DAPI; red = histone
marks; green = DUSP4; yellow = overlap between DUSP4 and histone PTM fluorescence signals.
The plot-profile feature of ImageJ was used to plot the fluorescence signal intensity along a single
line spanning the nucleus (n = 5 lines per nucleus, 5 individual cells) for all antibody pairs that
showed co-localisation. The average fluorescence signal intensity for the indicated pair of
antibodies was plotted for each point on the line ± SE. The PCC was determined for each plot
profile ± SE (n ≥ 20 individual cells). Data is a representative of two independent replicates. Scale
bars = 10 μM.
127

Examination of DUSP1 and DUSP4 chromatin binding on EMT gene promoters in
the mesenchymal state

Given the high nuclear fraction of DUSP1 and DUSP4 and their co-localisation with histone
PTMs, it was postulated that these DUSPs directly tether to chromatin. MCF-7 cells were treated
with either vehicle alone or PMA for 60 hours to induce EMT (Fig. 3.9A). Using chromatin
immunoprecipitation (ChIP) (method described in Sections 2.4.6, 2.4.10 and 2.11.4), DUSP1,
DUSP4, and DUSP6 occupancy across the promoters of two key EMT genes, FN1 and PLAUR,
and the inflammatory gene, IL6 was examined. DUSP1 was enriched at the promoter region of
FN1, PLAUR, and IL6 in MCF-7 cells, which decreased in MCF-7/PMA cells (Fig. 3.9B).
DUSP4 was also enriched at the promoters of these genes in MCF-7 cells and was less enriched
at PLAUR and IL6 but not FN1 gene promoters in MCF-7/PMA cells (Fig. 3.9C). As expected,
given the predominantly cytoplasmic subcellular localisation of DUSP6, it was not enriched at
the promoters of these genes (data not shown). Interestingly, siRNA-mediated knockdown of
DUSP1 and DUSP4 had little effect on the expression of these genes (Fig. 3.5D), indicating that
DUSP binding is not essential for their expression. To further elucidate the role of DUSP4 in
EMT regulation, ChIP co-immunoprecipitation (co-IP) was performed (method described in
Sections 2.4.4 and 2.4.8) using DUSP4 ChIP DNA from MCF-7 and MDA-MB-231 cells with
both key phosphorylation residues (serine-2 and serine-5) of RNA Polymerase II (Pol II).
Interestingly, Pol II-s2p, which is involved in transcription elongation (Ahn et al., 2004), strongly
associated with chromatin bound DUSP4 in MCF-7 cells and this decreased in MCF-7/PMA
cells. In contrast, Pol II-s5p, which is involved in the initiation of transcription (Komarnitsky et
al., 2000), associated with chromatin bound DUSP4 in MCF-7 cells and this strongly increased
in MCF-7/PMA cells (Fig. 3.9D). Taken together, these data indicate a novel chromatin-anchored
role for DUSP1 and DUSP4 in mesenchymal breast cancer cells.
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Figure 3.9 DUSP1 and DUSP4 directly tether to the promoters of mesenchymal genes
(A) MCF-7 cells were incubated with either vehicle alone or PMA for 60 hours to induce EMT.
ChIP was performed on MCF-7 and MCF-7/PMA cells with anti-DUSP1 and anti-DUSP4. ChIP
DNA was analysed using SYBR Green qRT-PCR and enrichment across the promoter regions of
FN1, PLAUR, and IL6 are shown for: (B) DUSP1; and (C) DUSP4. Data are expressed as mean
percentage enrichment relative to total input control ± SE (n = 3). Black = MCF-7; white = MCF7/PMA. (D) DUSP4 ChIP DNA co-IP with either anti-Pol-II-s2p or anti-Pol-II-s5p in MCF-7 and
MCF-7/PMA cells (n = 1). Representative western blots shown along with the no antibody
pulldown and Novex loading controls.
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The role of DUSP4 in regulating p300 chromatin dynamics

Results presented in this chapter thus far indicate that DUSP4 has a novel chromatin-associated
role and co-localises globally with the enhancer mark H3K27ac in MCF-7/PMA cells. Given that
the key histone acetyltransferase, p300, mediates acetylation of this mark (Pasini et al., 2010,
Szerlong et al., 2010), it was speculated that DUSP4 may regulate p300 chromatin dynamics in
the mesenchymal state.

Analysis of DUSP4 and p300 association in breast cancer EMT
MCF-7 cells were treated with vehicle alone or PMA for 60 hours to induce EMT, resulting in
the generation of MCF-7/PMAAD and MCF-7/PMASUS cells (Fig. 3.10A). Immunofluorescence
analysis showed that the p300 TNFI increased in the mesenchymal state, in MCF-7/PMASUS and
MDA-MB-231 cells compared to MCF-7 cells (Fig. 3.10B). Moreover, DUSP4 and p300
significantly co-localised in MCF-7/PMASUS (PCC = 0.42) and MDA-MB-231 cells (PCC =
0.50) and minimally co-localised in MCF-7 cells (PCC = 0.15) (Fig. 3.10C). Consistent with
these findings, co-IP of DUSP4 ChIP DNA from MCF-7 and MCF-7/PMA cells with p300
showed that the association between chromatin bound DUSP4 and p300 increased in the
mesenchymal state (Fig. 3.10D).
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Figure 3.10 DUSP4 co-localises with p300 in mesenchymal-like breast cancer cells
(A) MCF-7 cells were incubated with either vehicle alone or PMA for 60 hours to induce EMT
which results in the formation of both an adherent (MCF-7/PMA) and a suspension (MCF7/PMASUS) subpopulation of cells. Immunofluorescence microscopy was performed on MCF-7,
MCF-7/PMASUS and MDA-MB-231 cells that were fixed and probed with anti-DUSP4 and antip300. (B) Representative images for each antibody dataset pair are shown. Blue = DAPI; red =
DUSP4; green = p300; yellow = overlap between DUSP4 and p300 fluorescence signals. Graph
represents the TNFI of p300 ± SE (n ≥ 10 individual cells). (C) The plot-profile feature of ImageJ
was used to plot the fluorescence signal intensity along a single line spanning the nucleus (n = 5
lines per nucleus, 5 individual cells). The average fluorescence signal intensity for the indicated
pair of antibodies was plotted for each point on the line ± SE. The PCC was determined for each
plot profile ± SE (n ≥ 20 individual cells). Data is a representative of two independent replicates.
(D) DUSP4 ChIP DNA co-IP with anti-p300-1834p in MCF-7 and MCF-7/PMA cells (n = 1).
Representative western blots are shown along with the no antibody pulldown and Novex loading
controls. Scale bars = 10 μM. ****P ≤ 0.0001, Mann-Whitney test.
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The effect of DUSP4 siRNA-mediated knockdown on p300 phosphorylation status
and H3K27ac
Phosphorylation of p300 at serine-1834 is essential for its histone acetyltransferase activity
(Huang and Chen, 2005). In contrast, phosphorylation of p300 at serine-89 represses its activity
(Yuan and Gambee, 2000). Next, the impact of DUSP4 knockdown on p300 phosphorylation was
investigated using immunofluorescence microscopy. MCF-7 cells were pre-treated with either
mock or DUSP4 siRNA and then treated with either vehicle alone or PMA for 60 hours to induce
EMT (Fig. 3.11A). In mock treated cells, immunofluorescence microscopy revealed increased
p300-s1834p TNFI in MCF-7/PMAAD and MCF-7/PMASUS cells which was significantly
abrogated following DUSP4 knockdown (Fig. 3.11B). In comparison, mock treated samples
displayed the p300 repressive phosphorylation mark, p300-s89p, in MCF-7 cells which was
significantly lower in MCF-7/PMAAD and MCF-7/PMASUS cells. However, p300-s89p
significantly increased after DUSP4 knockdown in MCF-7/PMAAD and MCF-7/PMASUS cells
(Fig. 3.11C). Furthermore, DUSP4 knockdown inhibited H3K27ac in these cells (Fig. 3.11D).
Collectively, these findings show that DUSP4 is involved in mediating the dynamics of two key
phosphorylation states, namely the active (serine-1834) and inhibitory (serine-89) states of p300,
which are critical for the enzyme’s optimal acetyltransferase function and for acetylating the
H3K27 residue.
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Figure 3.11 DUSP4 regulates p300 phosphorylation status
(A) MCF-7 cells were transfected with either mock or DUSP4 siRNA for 6 hours and
subsequently incubated with either vehicle alone or with PMA for 60 hours to induce EMT which
results in the formation of both an adherent (MCF-7/PMAAD) and a suspension (MCF-7/PMASUS)
subpopulation of cells. Immunofluorescence microscopy was performed on MCF-7, MCF7/PMAAD and MCF-7/PMASUS cells after transfection that were fixed and probed with primary
anti-DUSP4 and either: (B) anti-p300-1834p; (C) anti-p300-89p; or (D) anti-H3K27ac.
Representative images for p300-1834p and p300-89p are shown. Blue = DAPI; red = p300s;
green = DUSP4; yellow = overlap between DUSP4 and p300 fluorescence signals. Graphs
represent the TNFI of: (B) p300-1834p; (C) p300-89p and (D) H3K27ac ± SE (n ≥ 10 individual
cells). Data is a representative of two independent replicates. Scale bars = 10 μM. *P ≤ 0.05;
****P ≤ 0.0001, Mann-Whitney test.
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The role of the PKC pathway in the nuclear interaction of DUSP4 and p300

PMA is a well-known PKC and inflammatory signal-mediated stimulus (Niedel et al., 1983).
Results presented in Section 3.10 suggest that the PKC pathway mediates increased coupling of
DUSP4 with the key chromatin associated enzyme p300 in the mesenchymal state. To address
whether this pathway is essential for this event in breast cancer cells, the impact of PKC-θ’s
catalytic activity was assessed using two ATP-competitive inhibitors: bisindolylmaleimide I
(BIM; pan-PKC inhibitor) and Compound 27 (C27; PKC--specific inhibitor), which our
laboratory has previously shown to inhibit EMT and CSC formation in breast cancer (Zafar et al.,
2014). MCF-7 cells were pre-treated with either vehicle alone, BIM or C27 (method described in
Section 2.3.6.2) followed by treatment with either vehicle alone or PMA for 60 hours to induce
EMT and the formation of MCF-7/ PMAAD and MCF-7/PMASUS cells (Fig. 3.12A). Pretreatment with either BIM or C27 resulted in a significant reduction in the co-localisation of
DUSP4 and p300 in MCF-7/PMASUS cells (PCC = 0.11 for BIM-treated cells and PCC = 0.12
for C27-treated cells) compared to vehicle alone treated cells (PCC = 0.42) (Fig. 3.12B).
Similarly, co-localisation of DUSP4 and H3K27ac was abrogated following treatment with BIM
(PCC = 0.01) and C27 (PCC = -0.025) (Fig. 3.12C). Moreover, the TNFI of DUSP4, p300 and
H3K27ac were all reduced in BIM- and C27-treated MCF-7/PMASUS cells (Fig. 3.12D).
Collectively, these data suggest that the PKC pathway, and in particular, PKC-, is required for
the interplay between DUSP4 and p300 and the key enhancer mark H3K27ac.
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Figure 3.12 PKC-θ activity regulates DUSP4, p300 and H3K27ac
(A) MCF-7 cells were pre-treated with either vehicle alone, BIM or C27 for 1 hour and 48 hours,
respectively, and subsequently incubated with either vehicle alone or with PMA for 60 hours to
induce EMT which results in the formation of both an adherent (MCF-7/PMAAD) and a
suspension (MCF-7/PMASUS) subpopulation of cells. Immunofluorescence microscopy was
performed on MCF-7/PMASUS cells that were fixed and probed with primary anti-DUSP4 and
either: (B) anti-p300; or (C) anti-H3K27ac. Representative images for each antibody dataset pair
are shown. Blue = DAPI; red = DUSP4; green = p300 or H3K27ac; yellow = overlap between
fluorescence signals. The PCC was determined for each antibody pair ± SE (n ≥ 15 individual
cells). (D) Graphs represent the TNFI of DUSP4, p300 and H3K27ac after inhibition ± SE (n ≥
10 individual cells). Data is a representative of two independent replicates. Scale bars = 10 μM.
****P ≤ 0.0001, Mann-Whitney test.
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The impact of PKC-θ on DUSP1, DUSP4 and DUSP6 mRNA transcripts

Our laboratory has previously shown that the novel PKC family member, PKC-, directly
regulates EMT and CSC signature genes in the context of the chromatin template in breast cancer
(Zafar et al., 2014). Given that the interplay between DUSP4 and p300 appears to be regulated
by PKC- activity (Section 3.11), it was investigated whether PKC- regulates DUSP expression.
To do so, our previously published PKC- ChIP-seq data in MCF-7 and MCF-7/PMA cells was
analysed (GSE53320). This analysis revealed increased PKC- binding at the transcription start
site (TSS) of the DUSP1 and DUSP4 core promoters, suggesting that PKC- directly regulates
their induction after treatment with PMA. However, PKC-θ does not bind to any regions of the
DUSP6 gene (Fig. 3.13A). To confirm whether the expression of these DUSP family members
were dependent on PKC-θ expression, MCF-7 cells were pre-treated with either mock or PKC-θ
siRNA for 24 hours and then treated with either vehicle alone or PMA for 60 hours to induce
EMT (Fig. 3.12B). qRT-PCR analysis showed that DUSP1, DUSP4, and DUSP6 expression were
dependent on the expression of PKC- in MCF-7 and MCF-7/PMA cells (Fig. 3.13C). Overall,
these data suggest that these DUSP family members are induced during EMT in a PKC-θdependent manner where they have distinct functions in mesenchymal cells.
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Figure 3.13 PKC-θ regulates DUSP family members in mesenchymal cells
(A) PKC-θ ChIP-seq peaks across DUSP1, DUSP4, and DUSP6 transcripts in MCF-7 and MCF7/PMA cells. Data are shown in the UCSC Genome Browser. The scale in all UCSC images is
indicated on the y-axis as numbers in reads per million mapped reads. (B) MCF-7 cells were
transfected with either mock or PKC-θ siRNA for 24 hours and subsequently incubated with
either vehicle alone or with PMA for 60 hours to induce EMT. (C) DUSP1, DUSP4, and DUSP6
mRNA transcript levels in MCF-7 and MCF-7/PMA cells after transfection as determined by
qRT-PCR. Data are expressed as mean relative fold change to mock treated MCF-7 cells
normalised to PPIA ± SE (n ≥ 4). **P ≤ 0.01; ****P ≤ 0.0001, two-way ANOVA.
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Discussion

In this chapter, the role of three DUSP family members, DUSP1, DUSP4 and DUSP6 were
explored in the regulation of breast cancer EMT and CSCs. Characterisation of these proteins
revealed that: (1) DUSP family members are induced during EMT via PKC-mediated signals;
(2) nuclear crosstalk exists between the chromatin-associated kinase, PKC-θ, and DUSP1 and
DUSP4, with PKC-θ directly binding to their proximal regulatory elements to regulate these
phosphatases; (3) DUSP1 and DUSP4 globally tether to distinct epigenomic compartments with
specific roles in gene regulation in the mesenchymal state; (4) DUSP4 and p300 associate in the
context of the chromatin template and DUSP4 regulates two key phosphorylation residues of
p300 that are critical for acetylation of the H3K27 residue; and (5) DUSPs are involved in breast
CSC regulation.

These data demonstrate that DUSP1, DUSP4, and DUSP6 are induced during EMT. Their highly
inducible nature is highlighted when EMT is stimulated using a combination of two potent EMTinducers, PMA and TGF-β. Each DUSP has a distinct spatial and temporal pattern of expression
during EMT, suggesting that they have specific cellular roles (Section 3.4). These results also
show that, while DUSP1 is highly induced in metastatic MCF-7/PMASUS cells, its expression is
constitutively lower in mesenchymal MDA-MB-231 cells in comparison to epithelial MCF-7
cells. Interestingly, DUSP1 is expressed higher in luminal A breast tumours than luminal B, basallike or HER2-amplified tumours (Liu et al., 2018). These findings are consistent with those
presented in this chapter as MCF-7 cells have a luminal A gene signature while MDA-MB-231
cells have a basal-like gene signature (Neve et al., 2006). Conversely, the expression of DUSP4
and DUSP6, which are highly expressed in MDA-MB-231 cells, is not potentiated in MCF7/PMASUS cells (Sections 3.2 and 3.5). Intriguingly, low levels of DUSP4 are linked with the
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basal-like tumours, however, while these results are inconsistent with those presented in this
chapter (Section 3.2), high levels DUSP4 are associated with overall mortality and recurrence in
basal-like breast cancers (Baglia et al., 2014, Balko et al., 2013). Therefore, it is postulated that
while there may be overall patterns of DUSP expression in breast cancer subtypes, they likely
exert cell-specific effects. For example, while each DUSP is induced during EMT, it seems that
DUSP1 may be more involved in transitioning cells to a mesenchymal state rather than
maintaining it when fully differentiated. Conversely, DUSP4 and DUSP6 may have greater
involvement in maintaining the mesenchymal state and contributing the tumour recurrence and
in some cases, eventual mortality.

PKC family members are pivotal proteins in inflammatory signalling and inflammation-related
processes. Here it is shown that the PKC family member, PKC-, regulates DUSP1, DUSP4, and
DUSP6 expression in response to inflammatory signals introduced via PMA and the subsequent
induction of EMT (Sections 3.11 and 3.12). Our laboratory’s previous studies show that PKC-
can translocate to the nucleus, anchor to chromatin, and directly regulate key EMT and CSC
marker genes in breast cancer (Sutcliffe et al., 2011, Zafar et al., 2014). In this chapter, it has
been shown that PKC- binds to the proximal promoter regions that house the TSSs of DUSP1
and DUSP4 but not DUSP6 transcripts (Section 3.12). It is plausible that, as well as regulating
the expression of DUSP family members, PKC- may directly phosphorylate them and modulate
their activity. Indeed, PKC CK2 has been shown to selectively phosphorylate DUSP6 and
increase its dephosphatase activity (Castelli et al., 2004). Moreover, extracellular signal-regulated
kinase 1 and 2 (ERK1/2) can phosphorylate DUSP6 to promote proteasomal degradation,
highlighting additional layers of interaction between kinases and phosphatases (Marchetti et al.,
2005).
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Microscopy studies revealed a nuclear bias for DUSP1 and DUSP4 (Section 3.2). Furthermore,
findings at the epigenomic level suggest that DUSP family members exist within distinct
epigenomic regions, decorated by distinct histone PTMs in the mesenchymal state (Section 3.8).
This suggests that each DUSP family member is likely to function on a distinct cohort of genes
during EMT/CSC formation. DUSP1 is spatially organised with H3K4me3 and H3K9me1
histone PTMs, both of which are associated with active promoter regions, while DUSP4 colocalises with H3K27ac and H3K4me1, which are marks of regulatory enhancer elements (Barski
et al., 2007, Zentner et al., 2011). DUSP1 has previously been implicated in H3S10p
dephosphorylation; however, DUSP4 has not been implicated as a chromatin-tethered enzyme
(Kinney et al., 2009). These findings provide a novel molecular insight into the potential nuclear
functions of DUSP family members during EMT in the breast cancer setting. Section 3.10 shows
that DUSP4 co-exists with the transcriptional co-activator, p300, which mediates acetylation of
H3K27 (Pasini et al., 2010). Serine-1834p is critical for the transactivation of p300 by stimulating
its HAT activity, whilst serine-89p represses the activity of p300 (Huang and Chen, 2005, Yuan
and Gambee, 2000). Here it is shown that p300-s1834p is induced and p300-s89p is diminished
in the mesenchymal state, with maximal expression detected in the epithelial state. Intriguingly,
DUSP4 knockdown resulted in inhibition of the active phosphorylation mark p300-s1834p in
breast cancer cells, whilst protecting the repressive mark p300-s89p, thereby promoting its
acetyltransferase activity.

Interestingly, ChIP analysis in Section 3.9 shows that DUSP1 and DUSP4 directly tether to key
EMT and CSC inducible gene promoters. These data suggest that tethering of DUSP1 and DUSP4
at the chromatin platform at these loci decreases in the mesenchymal state across CSC-inducible
gene promoters. Furthermore, these phosphatases appear to have minimal effect on the gene
expression signature of inducible EMT genes. However, since there are 25 DUSP family
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members, many of which share similar domain structures, it is speculated that there is redundancy
in their binding (Huang and Tan, 2012). This would explain why siRNA-mediated knockdown
of DUSP1 and DUSP4 did not clearly affect the expression of the genes to which they tether.
Additionally, it is acknowledged that, although these data show that DUSP4 is enriched at
promoter regions, it is possible that DUSP4 is bound to the enhancers of these genes. Due to 3D
conformational interactions of chromatin and the nature of ChIP, DUSP4 may also be pulled
down at physically interacting promoter regions.

An interesting finding of this work is that both positive and negative regulators of CSCs are
induced during EMT. DUSP1 knockdown repressed breast CSC formation. This is consistent
with a recent study implicating DUSP1 as a regulator of breast CSC survival (Candas et al., 2014).
Conversely, DUSP4 or DUSP6 knockdown promoted breast CSC formation (Section 3.6). The
involvement of all three DUSPs highlights that there is a constant balancing act between positive
and negative signals regulating the plasticity of CSCs. Interestingly, treatment with triptolide (a
non-specific inhibitor of DUSP1 expression) had little effect on the constitutive CSC population
in MDA-MB-231 cells; however, it did inhibit the formation of breast CSCs in MCF-7/PMA
cells. Treatment with NSC 95397 (a non-specific DUSP1 and DUSP6 inhibitor) inhibited both
the maintained MDA-MB-231 breast CSCs and formation of MCF-7/PMA breast CSC
subpopulations (Section 3.7). It is likely that the differential effects seen after inhibiting DUSP6
with NSC 95397 are due to the inhibitor having greater effect on DUSP1 and its regulation of the
CSC subpopulation as it lies further downstream within the nuclear compartment. It is also
plausible that the differential effects are due to triptolide blocking the expression of DUSP1,
rather than inhibiting its enzymatic activity. However, as the exact mode of action of each of these
inhibitors remains unknown, this cannot yet be determined. Nevertheless, these data suggest that
DUSP1 may be suitable for targeting breast CSCs in a clinical setting.
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Conclusions

In summary, several approaches were used to demonstrate that DUSP1, DUSP4, and DUSP6 are
involved in breast cancer EMT and CSC regulation. DUSP1, DUSP4 and DUSP6 are induced
during EMT in a PKC pathway signal-mediated EMT model. It was shown for the first time that
the key chromatin-associated kinase, PKC-, regulates this subset of DUSP family members in
both a direct and indirect manner. DUSP1, DUSP4, and DUSP6 globally but differentially coexist with enhancer and permissive active histone PTMs, suggesting that they play distinct roles
in gene regulation in EMT/CSCs. Moreover, these analyses demonstrated that nuclear DUSP4
associates with the key acetyltransferase, p300, in the context of the chromatin template and
dynamically regulates the interplay between two key phosphorylation marks: the 1834 (active)
and 89 (inhibitory) residues central to p300’s acetyltransferase activity. Furthermore, knockdown
with siRNA shows that DUSP4 is required for maintaining H3K27ac, a mark mediated by p300.
siRNA-mediated knockdown of DUSP1, DUSP4, and DUSP6 shows that they participate in the
formation of CD44hi/CD24lo/EpCAM+ breast CSCs: DUSP1 knockdown reduces CSC formation,
while DUSP4 and DUSP6 knockdown enhance CSC formation. Thus suggesting that DUSP1
may potentially be targeted to reduce CSC burden in vivo. Taken together, these findings illustrate
novel pleiotropic roles for DUSP family members in EMT and CSC regulation in breast cancer.
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4 LSD1 activation promotes the progression of EMT
in breast cancer cells
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Introduction

EMT is regulated by an extensive network of regulatory factors that work at multiple levels to
synergistically activate transcription programs that elicit the transition (Thiery and Sleeman,
2006). One such mechanism is by widespread epigenetic modifications to the histone template
by histone-modifying enzymes that induce many of the hallmark changes that occur during EMT
(Wu et al., 2012, Tam and Weinberg, 2013). For example, in breast cancer, the EMT-TF Snail is
upregulated and binds to the CDH1 promoter to subsequently repress CDH1 transcription
(Moody et al., 2005, Batlle et al., 2000). Several histone-modifying enzymes have been
implicated in this process by either associating with Snail or directly regulating the expression of
CDH1 (described in Section 1.5).

Lysine-specific demethylase 1 (LSD1) is a histone demethylase that selectively catalyses the
removal of mono- and di-methylated groups from H3K4 and H3K9 depending on its association
with nuclear receptors (Metzger et al., 2005, Garcia-Bassets et al., 2007). H3K4 methylation is
generally associated with gene activation and H3K9 methylation with gene repression, so LSD1
acts as a dual transcriptional activator and repressor depending on its target residue (Kouzarides,
2007). LSD1 contains three highly conserved domains: a N-terminal SWIRM domain, a Cterminal amine-oxidase like domain and a central Tower domain (Anand and Marmorstein,
2007). Importantly, the quaternary structure of these domains facilitates substrate-binding,
recruitment of co-enzymes, and forms the catalytic centre of LSD1 that mediates its demethylase
activity (Forneris et al., 2007).
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A small number of studies have implicated LSD1 in the regulation of EMT and CSCs. LSD1
interacts with the EMT-TF, Snail which subsequently recruits LSD1 to the CDH1 promoter where
it mediates H3K4me2 demethylation and consequent transcriptional silencing (Lin et al., 2010a,
Lin et al., 2010b). Additionally, LSD1 executes genome-wide epigenetic reprogramming of large
organised heterochromatin K9-modifications (LOCKs) domains in a TGF-β-induced murine
hepatocyte model of EMT (McDonald et al., 2011). Specifically, LSD1 initiates a genome-wide
reduction in H3K9me2 and an increase in H3K4me2 and H3K36me3 (McDonald et al., 2011).
Furthermore, the deubiquitinase, ubiquitin specific peptidase 28 (USP28), interacts with LSD1
and stabilises its structure via deubiquitination which subsequently promotes CSC-associated
characteristics in breast cancer cells (Wu et al., 2013).

As discussed in Chapter 3, our laboratory has recently shown that PKC-θ directly regulates
inducible gene expression signatures during breast cancer EMT and in CSCs, including the
expression of several DUSP family members (Zafar et al., 2014). Moreover, our earlier studies
show that PKC-θ tethers to the chromatin template in complex with LSD1 to regulate the
expression of inducible immune response genes in T cells (Sutcliffe et al., 2012). Given that
LSD1 interacts with PKC-θ in the context of T cells and is implicated in the epigenetic regulation
of non-neoplastic EMT, this chapter will investigate the involvement of LSD1 in the regulation
of breast cancer EMT and CSC formation and maintenance. Additionally, this chapter will
examine the correlation between LSD1 expression and several subtypes of breast cancer as well
as its relationship with PKC-θ.
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Chapter 4 Specific Aims:
1. Characterise LSD1 expression in epithelial cells, mesenchymal cells and cells undergoing
EMT in breast cancer.
2. Investigate the effect of LSD1 knockdown and inhibition on the expression of key EMT
markers and the formation and maintenance CSCs in breast cancer.
3. Investigate the influence of PKC-θ on LSD1 in epithelial and mesenchymal cells.
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Results
Examination of LSD1 mRNA expression in relation to breast cancer molecular
subtype and ER status

Comprehensive molecular characterisation of breast cancer has revealed that it can be
characterised into distinct subtypes based on gene expression profiles (described in Section 1.3)
(Neve et al., 2006). Further analyses of these subtypes have highlighted that basal B cell lines
predominantly display a mesenchymal gene signature whilst luminal cell lines retain epithelial
characteristics (Blick et al., 2010). To examine how LSD1 expression differs in these molecular
subtypes KDM1A (hereafter referred to as LSD1) mRNA expression was analysed in a panel of
breast cancer cell lines that have previously been classified as either luminal or basal B. The
characteristics of each of the breast cancer cell lines used in this chapter are shown in Table 4.1.
Total RNA from each cell line was obtained from Prof. Kum Kum Khanna (Brisbane, Australia),
whilst cDNA synthesis and qRT-PCR was performed in our laboratory (method described in
Sections 2.4.1, 2.4.10 and 2.11.1). qRT-PCR analysis revealed that LSD1 mRNA levels were
higher in the more invasive, less differentiated basal B cell lines than the less invasive, more
differentiated luminal cell lines (Neve et al., 2006, Yersal and Barutca, 2014) (Fig. 4.1A). Basal
B cell lines have predominantly mesenchymal gene signatures, while luminal cell lines have
predominantly epithelial gene signatures (Blick et al., 2010). This indicates that LSD1 expression
likely correlates with the mesenchymal status of the cell. Each cell line was then characterised
based on their ER status (Kao et al., 2009) and the same dataset was utilized to examine LSD1
expression in relation to ER expression. LSD1 mRNA levels were higher in cell lines that are ERnegative (Fig. 4.1B), which is associated with poorer patient prognosis (Putti et al., 2005). These
data suggest that LSD1 expression is linked with a more aggressive breast cancer phenotype and
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Table 4.1 Classification of breast cancer cells lines
Cell Line

Cell Type

Breast Cancer
Subtype

ER Status

BT549

Mesenchymal

Basal B

ER-negative

Hs578T

Mesenchymal

Basal B

ER-negative

MCF-7

Epithelial

Luminal

ER-positive

MDA-MB-157

Mesenchymal

Basal B

ER-negative

MDA-MB-231

Mesenchymal

Basal B

ER-negative

MDA-MB-436

Mesenchymal

Basal B

ER-negative

MDA-MB-453

Epithelial

Luminal

ER-negative

SKBR3

Epithelial

Luminal

ER-negative

SUM149 PT

Mesenchymal

Basal B

ER-negative

T47D

Epithelial

Luminal

ER-positive

ZR751

Epithelial

Luminal

ER-positive

Classification of breast cancer cell lines used in this chapter based on their cell type, breast cancer
subtype and ER status. This table is summarised from Lombaerts et al., 2006, Neve et al., 2006
and Prat et al., 2015.
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Figure 4.1 LSD1 expression correlates with a Basal B, ER-negative phenotype
LSD1 mRNA levels as measured by qRT-PCR in breast cancer cell lines characterized as either:
(A) luminal (MCF-7, MDA-MB-453, SKBR3, T47D and ZR751) and basal B (BT549, Hs578T,
MDA-MB-157, MDA-MB-231 and MDA-MB-436); or (B) ER-positive (MCF-7, T47D and
ZR751) and ER-negative (BT549, Hs578T, MDA-MB-157, MDA-MB-231, MDA-MB-436,
MDA-MB-453 and SKBR3). Data are expressed as arbitrary copy numbers normalised to PPIA
and are representative of the mean ± SE (n = 2).
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poorer patient outcome. Furthermore, these results have additional implications for this study as
LSD1 expression appears to be related to the mesenchymal status of the cell.

Analysis of LSD1 expression kinetics and activity in epithelial and mesenchymallike cells

Characterising LSD1 expression and H3K4 demethylase activity in MCF-7 cells
undergoing EMT and mesenchymal MDA-MB-231 cells
To study LSD1 function in EMT, epithelial MCF-7 cells were treated with a combination of PMA
and TGF-β for 60 hours to induce EMT (method described in Section 2.3.7) (Fig. 4.2A). LSD1
mRNA levels were measured at several time-points during EMT induction revealing that LSD1
expression peaked at 36 hours and then returned to baseline after 60 hours of treatment with
PMA+TGF-β. After 60 hours of treatment with PMA+TGF-β, the stimulus was withdrawn and
LSD1 mRNA levels were measured at the same time-points during PMA+TGF-β withdrawal
which indicated that LSD1 expression decreased before returning to near basal levels (Fig. 4.2B).
At the protein level, immunofluorescence microscopy (method described in Sections 2.5.2 and
2.11.2) revealed a significant increase in LSD1 TNFI following 60 hours of treatment with
PMA+TGF-β in MCF-7 cells and in differentiated mesenchymal MDA-MB-231 cells (Fig.
4.2C).

To further explore the role of LSD1 during EMT, the enzymatic activity of LSD1 based on its
demethylation of methylated H3K4 was examined (method described in Section 2.8). The
demethylase activity of LSD1 was assessed in nuclear extracts from MCF-7, MCF-7/PMA+TGFβ and MDA-MB-231 cells using a commercially available kit. LSD1 activity was 45% higher in
MCF-7 cells than MDA-MB-231 cells and 8% higher in MCF-7 cells compared to
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Figure 4.2 LSD1 expression and activity is altered in epithelial and mesenchymal-like cells
(A) MCF-7 cells were incubated with either vehicle alone or PMA+TGF-β for 60 hours to induce
EMT. (B) LSD1 mRNA transcript levels as measured by qRT-PCR in MCF-7 cells after
incubation with PMA+TGF-β or withdrawal of PMA+TGF-β after 60 hours incubation at the
indicated time-points. Data are expressed as fold change relative to 0 hours stimulation or 0 hours
stimulation withdrawal and are representative of the mean ± SE (n = 3). * indicates significance
relative to 0 hours stimulation, *P ≤ 0.05, Dunnett's multiple comparisons test. (C)
Immunofluorescence microscopy was performed on MCF-7, MCF-7/PMA+TGF-β and MDAMB-231 cells fixed and probed with primary anti-LSD1 and DAPI. Representative images for
each dataset are shown. Blue = DAPI; red = LSD1. Graph shows the mean TNFI values of LSD1
from three independent replicates (n > 50 individual cells). (D) LSD1 H3K4 demethylation
activity assay was performed on MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 nuclear
extracts in duplicate wells. LSD1 demethylase activity was calculated and graph depicts
percentage of activity relative to MCF-7 cells ± SE (n = 2). Scale bars = 10 µm. *P ≤ 0.05; ****P
≤ 0.0001, Mann-Whitney test.
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MCF-7/PMA+TGF-β cells (Fig. 4.2D). As methylation of H3K4 is a mark of active transcription,
demethylation of H3K4 by LSD1 is associated with transcriptional repression (Kouzarides,
2007). Given that LSD1 activity is higher in MCF-7 cells, it is therefore more repressive in
luminal type epithelial cells and less repressive in mesenchymal-like cells.

Validating LSD1 induction during PMA+TGF-β-induced EMT in T47D and
ZR751 breast cancer cells
To confirm that LSD1 induction was not unique to MCF-7 cells undergoing EMT, two additional
epithelial breast cancer cell lines, T47D and ZR751 were treated under the same conditions with
a combination of PMA+TGF-β for 60 hours (Fig. 4.3A). Immunofluorescence microscopy was
performed and EMT was confirmed in T47D cells by an increase in both vimentin TCFI and Snail
TNFI, which was accompanied by an induction of LSD1 at the protein level (Fig. 4.3B). After
PMA+TGF-β treatment in ZR751 cells, vimentin TCFI reduced, nevertheless, Snail TCFI
increased indicating a more mesenchymal phenotype and this was accompanied by an increase in
LSD1 TNFI (Fig. 4.3C). Overall, these data indicate that LSD1 is induced during EMT in both a
cell-type independent and reversible manner.

The effect of erlotinib-induced MET on LSD1 expression

Data presented in this chapter thus far indicate that LSD1 is induced during EMT; next, it was of
interest to examine LSD1 expression after inducing the opposing biological process,
mesenchymal to epithelial transition (MET). To do so, erlotinib, an ATP-competitive tyrosine
kinase inhibitor that acts upon the epidermal growth factor receptor (EGFR) was utilised.
Erlotinib has been shown to induce MET by reversing the mesenchymal phenotype of breast
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Figure 4.3 Validation of LSD1 induction after PMA+TGF-β-induced EMT in T47D and
ZR751 cells
(A) T47D and ZR751 cells were incubated with either vehicle alone or PMA+TGF-β for 60 hours
to induce EMT. Immunofluorescence microscopy was performed on: (B) T47D; and (C) ZR751
cells fixed and probed with anti-vimentin, anti-SNAI1 and anti-LSD1. Graphs depict the TCFI of
vimentin and TNFI of Snail and LSD1 ± SE. Data is a representative of two independent
replicates (n = 40 individual cells). Black = untreated; red = PMA+TGF-β. ****P ≤ 0.0001,
Mann-Whitney test.
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cancer cells to a less invasive epithelial phenotype and hence was a good candidate for use in this
model (Zhang et al., 2009). To induce MET, mesenchymal MDA-MB-231, MDA-MB-436 and
SUM149 PT cells were treated with erlotinib for 72 hours (Fig. 4.4A). Immunofluorescence
microscopy was used to identify MET in each cell line by a dose-dependent increase in Ecadherin and reduction in vimentin, Snail and ZEB1 (Fig. 4.4B). Interestingly, a dose-dependent
reduction in LSD1 protein levels after MET induction in all cell lines was observed (Fig. 4.4C).
These results support the conclusions from Section 4.2 and collectively suggest that LSD1
expression is relative to the mesenchymal status of breast cancer cells.

Investigating the interplay between LSD1 and Snail in epithelial and mesenchymallike cells

Given that LSD1 interacts with the EMT-TF, Snail, in vitro (Lin et al., 2010b), their relationship
was examined to determine whether it differed in the mesenchymal state. To do so, MCF-7 cells
were treated with either vehicle alone or PMA+TGF-β to induce EMT (Fig. 4.5A). SNAI1 mRNA
levels were measured at several time-points during PMA+TGF-β treatment and following
PMA+TGF-β withdrawal and compared to LSD1 mRNA levels. The spatiotemporal induction
pattern of LSD1 was largely consistent with that observed for SNAI1 from as early as 24 hours
during both PMA+TGF-β-treatment and after PMA+TGF-β withdrawal (Fig. 4.5B).

Next, LSD1 and Snail interactions were examined in MCF-7, MCF-7/PMA+TGF-β and MDAMB-231 cells at the protein level by immunofluorescence microscopy using the Pearson’s
coefficient correlation (PCC) of Snail and LSD1 as a measure of co-localisation. Interestingly,
there was a significant increase in their co-localisation in MCF-7/PMA+TGF-β cells (PCC =
0.170) and MDA-MB-231 cells (PCC = 0.380) relative to epithelial MCF-7 cells (PCC = 0.009)
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Figure 4.4 Erlotinib elicits a dose-dependent MET in mesenchymal-like cells
(A) MDA-MB-231, MDA-MB-436 and SUM149 PT cells were incubated with either vehicle
alone or erlotinib at either 0.1, 1 or 10 µM for 72 hours to induce MET. Immunofluorescence
microscopy was performed on MDA-MB-231, MDA-MB-436 and SUM149 PT cells fixed and
probed with (B) anti-E-cadherin, anti-vimentin, anti-SNAI1 and anti-ZEB1; or (C) anti-LSD1.
Graphs depict the TCFI of E-cadherin and vimentin and TNFI of Snail, ZEB1 and LSD1 ± SE.
Data is a representative of two independent replicates (n = 40 individual cells). Black = control;
red = 0.1 µM erlotinib; blue = 1 µM erlotinib; green = 10 µM erlotinib. *P ≤ 0.05; ***P ≤ 0.001;
****P ≤ 0.0001, Mann-Whitney test.
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Figure 4.5 Snail and LSD1 co-localise in mesenchymal-like cells
(A) MCF-7 cells were incubated with either vehicle alone or PMA+TGF-β for 60 hours to induce
EMT. (B) LSD1 and SNAI1 mRNA transcript levels measured by qRT-PCR in MCF-7 cells after
incubation with PMA+TGF-β or withdrawal of PMA+TGF-β after 60 hours incubation at the
indicated time-points. Data are expressed as fold change relative to 0 hours stimulation or 0 hours
stimulation withdrawal (n = 3). * indicates significance relative to 0 hours stimulation, *P ≤ 0.05;
**P ≤ 0.01; ***P ≤ 0.001, Dunnett's multiple comparisons test. (C) Immunofluorescence
microscopy was performed on MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells fixed and
probed with primary anti-LSD1 and anti-SNAI1. Representative images for each dataset are
shown. Blue = DAPI; red = LSD1; green = Snail; yellow = overlap between LSD1 and Snail
fluorescence signals. Graph depicts the PCC for LSD1 and Snail ± SE. Data is a representative
of two independent replicates (n = 40 individual cells). -1 = inverse of co-localisation; 0 = no colocalisation; +1 = perfect co-localisation. Scale bars = 10 µm. ****P ≤ 0.0001, Mann-Whitney
test.
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(Fig. 4.5C). Overall, these results demonstrate that LSD1 and the key EMT-TF, Snail are induced
in a similar manner during EMT and that they co-localise in mesenchymal cells.

The effect of LSD1 siRNA-mediated knockdown on the expression of key EMT
markers

Since LSD1 may, therefore, regulate downstream events during EMT, the expression of several
key EMT markers were examined after LSD1 knockdown with a previously validated pool of
three specific 19-25-nucleotide small-interfering RNAs (siRNAs) targeting LSD1. MCF-7 cells
were pre-treated with either mock or LSD1 siRNA for 24 hours (method described in Section
2.3.5.1) and then treated with PMA+TGF-β for 60 hours to induce EMT (Fig. 4.6A). First, LSD1
knockdown was confirmed at the mRNA (Fig. 4.6B) and protein level (Fig. 4.6C) by qRT-PCR
and immunofluorescence microscopy, respectively, in MCF-7, MCF-7/PMA+TGF-β and MDAMB-231 cells.

Analysis of several EMT markers at the mRNA level after treatment with LSD1 siRNA revealed
that following LSD1 knockdown there was an increase in CDH1 mRNA in all cell lines,
indicating a more epithelial phenotype (Fig. 4.7A). However, this is accompanied by an increase
in VIM, which indicates a more mesenchymal phenotype (Fig. 4.7B). Notably, in MCF7/PMA+TGF-β cells, LSD1 siRNA significantly decreased the expression of the EMT gene
PLAUR, as well as the EMT-TFs SNAI2 and ZEB1. As these results were conflicting, the
expression of E-cadherin, Snail and vimentin was examined at the protein level using
immunofluorescence microscopy. Interestingly, siRNA-mediated knockdown of LSD1
significantly increased E-cadherin TCFI and significantly decreased the TNFI of Snail and TCFI
of vimentin in MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells (Fig. 4.7C).
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Figure 4.6 Validation of LSD1 knockdown after LSD1 siRNA transfection
(A) MCF-7 cells were transfected with either mock or LSD1 siRNA for 24 hours and
subsequently incubated with either vehicle alone or PMA+TGF-β for 60 hours to induce EMT.
(B) LSD1 mRNA transcript levels as determined by qRT-PCR in mock and LSD1 siRNA-treated
MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells. Data are expressed as fold change
relative to mock siRNA-treated cells normalised to PPIA and are representative of the mean ± SE
(n ≥ 3). (C) Immunofluorescence microscopy was performed on MCF-7, MCF-7/PMA+TGF-β
and MDA-MB-231 cells fixed and probed with primary anti-LSD1 and DAPI. Representative
images for each dataset are shown. Blue = DAPI; red = LSD1. Graph represents the TNFI values
of LSD1 ± SE. Data is a representative from three independent experiments (n > 50 individual
cells). Black = mock siRNA; red = LSD1 siRNA. **P ≤ 0.01; ***P ≤ 0.001; Mann-Whitney test.
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Figure 4.7 LSD1 siRNA-mediated knockdown regulates the expression of key EMT
markers at the protein level
(A) MCF-7 cells were transfected with either mock or LSD1 siRNA for 24 hours and
subsequently incubated with either vehicle alone or PMA+TGF-β for 60 hours to induce EMT.
(B) CDH1, VIM, PLAUR, SNAI1, SNAI2, and ZEB1 mRNA levels as determined by qRT-PCR
in mock and LSD1 siRNA-treated MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells. Data
are expressed as fold change relative to mock siRNA-treated cells normalised to PPIA and are
representative of the mean ± SE (n ≥ 2). (C) Immunofluorescence microscopy was performed on
MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells fixed and probed with primary anti-Ecadherin, anti-Snail, anti-Vimentin and DAPI. Representative images for each dataset are shown.
Blue = DAPI; green = E-cadherin, Snail or Vimentin. Graph represents the mean TCFI of Ecadherin and vimentin and TNFI of Snail ± SE. Data is a representative of two independent
experiments (n ≥ 30 individual cells). Black = mock siRNA; red = LSD1 siRNA. **P ≤ 0.01;
***P ≤ 0.001; Mann-Whitney test.

170

In summary, of the EMT genes examined at the mRNA level, there were few whose expression
were significantly altered upon treatment with LSD1 siRNA. However, successful siRNAmediated knockdown of LSD1 can modulate the expression of the hallmark EMT proteins, Ecadherin, Snail and vimentin at the protein level which strongly indicates that LSD1 promotes
EMT in breast cancer.

The effect of LSD1 inhibition on the expression of key EMT markers

To determine whether the catalytic activity of LSD1 is required to promote the expression of key
EMT markers, two inhibitors of LSD1 were utilised to impair its function. These inhibitors were:
pargyline, a commercially-available, non-specific LSD1 catalytic and monoamine oxidase
activity inhibitor (Culhane et al., 2010); and NCD-38, a specific LSD1 catalytic inhibitor which
was obtained from Prof. Takayoshi Suzuki (Kyoto, Japan) (Ogasawara et al., 2013). MCF-7 cells
were pre-treated with either vehicle alone, pargyline or NCD-38 for 24 hours (method described
in Section 2.3.6.3) and then treated with either vehicle alone or PMA+TGF-β for 60 hours to
induce EMT (Fig. 4.8A).

Immunofluorescence microscopy revealed that like data presented in Section Error! Reference
source not found., LSD1 inhibition had mixed effects on the expression of the EMT markers
examined. In MDA-MB-231 cells there was a significant increase in CDH1 expression after
treatment with pargyline and a substantial increase after treatment with NCD-38. Conversely,
there was a significant increase in the CDH1 repressor, SNAI1, in pargyline treated cells and a
substantial increase in NCD-38 treated cells. There was also large increase in expression of the
EMT-TFs SNAI2 and ZEB1 in NCD-38 treated MCF-7 and MCF-7/PMA+TGF-β cells (Fig.
4.8B). As these results were also
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Figure 4.8 Inhibition of LSD1 regulates the expression of key EMT markers at the protein
level
(A) MCF-7 cells were pre-treated with either pargyline or NCD-38 for 24 hours and subsequently
incubated with either vehicle alone or PMA+TGF-β for 60 hours to induce EMT. (B) CDH1,
VIM, PLAUR, SNAI1, SNAI2, and ZEB1 mRNA levels as determined by qRT-PCR in control,
pargyline and NCD-38 treated MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells. Data are
expressed as fold change relative to control cells normalised to PPIA and are representative of
the mean ± SE (n ≥ 2). (C) TCFI of E-cadherin and vimentin and TNFI of Snail as determined by
immunofluorescence microscopy in control, pargyline and NCD-38 treated MCF-7, MCF7/PMA+TGF-β and MDA-MB-231 cells. Data is a representative of two independent replicates
and shows the mean ± SE (n ≥ 15 individual cells). Black = control; red = pargyline; blue = NCD38. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001, Mann-Whitney test.
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largely inconsistent, the effect of LSD1 inhibition on the protein levels of E-cadherin, Snail and
vimentin was examined by immunofluorescence microscopy. Interestingly, LSD1 inhibition
increased E-cadherin TCFI and decreased Snail TNFI and vimentin TCFI in MCF-7, MCF7/PMA+TGF-β and MDA-MB-231 cells. However, these effects were less pronounced or nonsignificant in MCF-7 cells (Fig. 4.8C).

Collectively, as reported in Section Error! Reference source not found., LSD1 appears to
modulate breast cancer EMT by regulating the expression of the hallmark EMT proteins, Ecadherin, Snail and vimentin. Moreover, inhibition of LSD1 represses the mesenchymal
characteristics of MCF-7/PMA+TGF-β and MDA-MB-231 cells but not MCF-7 cells. Thus
suggesting that LSD1 promotes a mesenchymal phenotype in transitioning and fully
differentiated mesenchymal cells but in the absence of additional stimuli it is insufficient to drive
these changes in epithelial cells.

Comparing the effects of LSD1 knockdown and inhibition on breast CSCs in
mesenchymal-like cells

Data presented in this chapter thus far demonstrate that LSD1 is involved in regulating breast
cancer EMT, therefore, the involvement of LSD1 in regulating breast CSCs was examined. MCF7 cells were pre-treated with LSD1 siRNA, pargyline or NCD-38 for 24 hours and then treated
with either vehicle alone or PMA+TGF-β for 60 hours to induce EMT (Fig. 4.9A). Cells were
then subjected to flow cytometry and the proportion of MCF-7, MCF-7/PMA+TGF-β and MDAMB-231 cells displaying a CD44+/CD24- CSC-like phenotype was determined (method described
in Sections 2.1.1, 2.7.3 and 2.11.3). Treatment with LSD1 siRNA almost abrogated
CD44+/CD24- breast CSC formation after PMA+TGF-β-induced EMT in MCF-7 cells
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Figure 4.9 siRNA-mediated knockdown or inhibition of LSD1 has differential, cell-type
specific effects on breast cancer CSCs
(A) MCF-7 cells were pre-treated with either mock siRNA, LSD1 siRNA, vehicle alone,
pargyline or NCD-38 for 24 hours and subsequently incubated with either vehicle alone or
PMA+TGF-β for 60 hours to induce EMT. Percentage of CD44+/CD24- CSCs as measured by
flow cytometry after treatment with: (B) mock or LSD1 siRNA; or (C) vehicle alone, pargyline
or NCD-38 in MCF-7 and MCF-7/PMA+TGF-β cells ± SE (n = 3). Percentage of CD44hi/CD24CSCs as measured by flow cytometry after treatment with: (D) mock and LSD1 siRNA; or (E)
vehicle alone, pargyline and NCD-38 in MDA-MB-231 cells ± SE (n = 2). CD44 mRNA levels
as determined by qRT-PCR after treatment with: (F) mock and LSD1 siRNA; or (G) vehicle
alone, pargyline and NCD-38 in MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells. Data
are expressed as fold change relative to mock siRNA or vehicle alone treated cells normalised to
PPIA and are representative of the mean ± SE (n ≥ 2). *P ≤ 0.05; ***P ≤ 0.001, paired t-test.
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(Fig. 4.9B). These results are consistent with previous reports implicating LSD1 in breast CSC
regulation (Wu et al., 2013). In contrast, pargyline was only partially inhibitory and NCD-38
slightly increased the CD44+/CD24- CSC-like cell population in MCF-7/PMA+TGF-β cells (Fig.
4.9C). However, in MDA-MB-231 cells with a high constitutive CSC population (Sheridan et
al., 2006), LSD1 knockdown had no effect on their maintenance (Fig. 4.9D). Inhibition of LSD1
with either pargyline or NCD-38 slightly increased the CD44+/CD24- CSC-like cell population
in MDA-MB-231 cells, albeit non-significantly (Fig. 4.9E).

These phenotypic changes correlated with changes observed at the mRNA level for the CSC gene,
CD44. Notably, there was a large reduction in CD44 expression after LSD1 knockdown in MCF7/PMA+TGF-β cells (Fig. 4.9F) and an increase in CD44 expression after LSD1 inhibition in
MDA-MB-231 cells (Fig. 4.9G). It is hypothesized that the differences observed between MCF7/PMA+TGF-β cells and MDA-MB-231 cells are likely to be in part due to differential roles for
LSD1 in the formation compared to the maintenance of breast CSCs. Nevertheless, these data
indicate that LSD1 promotes the formation breast CSCs.

The influence of PKC-θ on LSD1

Co-localisation analysis between nuclear PKC-θ and LSD1 in epithelial and
mesenchymal-like cells
Early work in our laboratory show that PKC-θ exists in a complex with LSD1 tethered to the
chromatin template wherein they regulate the expression of inducible immunological response
genes in T cells (Sutcliffe et al., 2012). Therefore, it was initially questioned whether LSD1 and
PKC-θ may also co-exist during EMT and in dedifferentiated mesenchymal cells. To examine
the co-localisation of LSD1 and PKC-θ, MCF-7 cells were treated with either vehicle alone or
177

PMA+TGF-β for 60 hours to induce EMT and immunofluorescence microscopy was performed
(Fig. 4.10A). Double staining with anti-LSD1 and anti-PKC-θ showed that LSD1 and PKC-θ do
not co-localise in epithelial MCF-7 cells. However, upon EMT, LSD1 and PKC-θ moderately colocalise in MCF-7/PMA+TGF-β cells (PCC = 0.278) and in fully differentiated mesenchymal
MDA-MB-231 cells, LSD1 and PKC-θ are highly co-localised (PCC = 0.519) (Fig. 4.10B).

Array-based identification of regions of LSD1 phosphorylated by PKC-θ
Given that PKC-θ and LSD1 co-localise during EMT and in the mesenchymal state it was
explored whether PKC-θ may directly phosphorylate LSD1. To investigate this, an array-based
in vitro kinase assay was performed by JPT Peptide Technologies (Berlin, Germany) using
provided active recombinant PKC-θ (method described in Sections 2.9 and 2.11.5). In this assay,
201 overlapping LSD1 peptide constructs were incubated with active PKC-θ in the presence of
radiolabelled γ33P-ATP in an array-based format. LSD1 peptide constructs that displayed a
normalised mean signal equal to or greater than two standard deviations above the mean were
considered likely positive for phosphorylation events.

Of the 201 overlapping peptide constructs, 15 were positive for phosphorylation events (top 10
are shown in Fig. 4.11A). Sequence analysis of these 15 peptides in Fig. 4.11B shows that three
peptides including the top two hits, were localised to the nuclear localisation signal (NLS) region
(highlighted in red). The peptide with the strongest phosphorylation signal, peptide 1, was focused
on serine-111 (highlighted in blue) near the NLS domain. Since this phosphorylation site is
directly adjacent to the NLS, it is likely that serine-111 is accessible and amenable to
phosphorylation, as functional NLS domains are externalised and allow interaction with nuclear
import receptors.
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Figure 4.10 PKC-θ co-localises with LSD1 during EMT in breast cancer cells
(A) MCF-7 cells were incubated with either vehicle alone or PMA+TGF-β for 60 hours to induce
EMT. (B) Immunofluorescence microscopy was performed on MCF-7, MCF-7/PMA+TGF-β
and MDA-MB-231 cells fixed and probed with anti-LSD1, anti-PKC-θ and DAPI. Representative
images for each dataset are shown. Blue = DAPI; red = LSD1; green = PKC-θ; yellow = overlap
between LSD1 and PKC-θ fluorescence signals. Graph depicts the PCC for LSD1 and PKC-θ ±
SE. Data is a representative of two independent experiments (n = 30 individual cells). -1 = inverse
of co-localisation; 0 = no co-localisation; +1 = perfect co-localisation. Scale bars = 10 µM. ****P
≤ 0.0001, Mann-Whitney test.
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Figure 4.11 LSD1 is phosphorylated at serine-111 by PKC-θ
(A) Amino acid sequence for the top ten peptides positive for phosphorylation and their mean
signal intensity. (B) LSD1 amino acid sequence indicating the location of the top ten peptides
positive for phosphorylation. Red amino acids = NLS region; green bars = location of peptides
and are numbered in order of mean signal intensity. (C) Partial LSD1 amino acid sequence
indicating potential PKC-θ phosphorylation motifs near the NLS region (described in Hutti et al.,
2004). Red amino acids = NLS region; blue amino acid = potential PKC-θ phosphorylation site.
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Hutti et al. (2004) previously identified a number of serine/threonine-specific recognition motifs
for PKC-θ-mediated phosphorylation (motifs shown in Fig. 4.11C). Here, the relationship
between the NLS region of LSD1 and identified PKC-θ motifs was examined. This analysis
showed that the NLS region contained three PKC-θ consensus phosphorylation motifs (Fig.
4.11C). These results collectively suggest that nuclear PKC-θ directly phosphorylates LSD1 at
multiple regions including the NLS region, where it likely targets serine-111.

Analysis of the downstream effects of PKC-θ inhibition on LSD1-s111p nuclear
localisation and LSD1 activity
Next, the presence of LSD1 phosphorylated at serine-111 (LSD1-s111p) was examined in vitro
during EMT. To induce EMT, MCF-7 cells were incubated with either vehicle alone or
PMA+TGF-β for 60 hours (Fig. 4.12A). Immunofluorescence microscopy revealed: firstly, that
LSD1-s111p was entirely nuclear; and secondly, the TNFI of LSD1-s111p was significantly
higher in MCF-7/PMA+TGF-β and MDA-MB-231 cells relative to MCF-7 cells (Fig. 4.12B).

The effect of PKC-θ activity on LSD1 phosphorylation and downstream activity was assessed by
inhibiting PKC-θ with either Compound 27 (C27) or bisindolylmaleimide I (BIM) in MCF-7 and
MDA-MB-231 cells (method described in Section 2.3.6.2). MCF-7 cells were then incubated
with either vehicle alone or PMA+TGF-β for 60 hours to induce EMT (Fig. 4.12A). Upon
treatment with either C27 or BIM, the TNFI of LSD1-s111p was significantly reduced in MCF7, MCF-7/PMA+TGF-β and MDA-MB-231 cells, except in MCF-7 cells after treatment with
BIM (Fig. 4.12C). It is probable that the absence of an analogous effect is due to the nonspecificity of BIM and the lower expression of LSD1-s111p in epithelial MCF-7 cells.
Nonetheless, these data strongly indicate that PKC-θ is critical for phosphorylation of LSD1 at
serine-111 and that this is important for nuclear localisation.
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Figure 4.12 Phosphorylation of LSD1 at serine-111 regulates its repressive activity and
nuclear localisation
(A) MCF-7 cells were pre-treated with either vehicle alone, BIM or C27 for 48 hours and
subsequently incubated with either vehicle alone or PMA+TGF-β for 60 hours to induce EMT.
(B) Immunofluorescence microscopy was performed on MCF-7, MCF-7/PMA+TGF-β and
MDA-MB-231 cells fixed and probed with anti-LSD1-s111p and DAPI. Representative images
for each dataset are shown. Blue = DAPI; red = LSD1-s111p. Graph depicts mean LSD1-s111p
TNFI in indicated cell lines ± SE from two independent experiments (n > 30 individual cells).
(C) TNFI of LSD1-s111p as determined by immunofluorescence microscopy in control, BIM
and C27-treated MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells. Data is a representative
of two independent experiments (n > 20 individual cells). (D) LSD1 H3K4 demethylation activity
assay was performed on vehicle alone, BIM and C27-treated MCF-7, MCF-7/PMA+TGF-β and
MDA-MB-231 nuclear extracts in duplicate wells. LSD1 demethylase activity was calculated and
graph depicts percentage of activity relative to control cells ± SE (n = 2). (E) Immunofluorescence
microscopy was performed on vehicle alone, BIM and C27-treated MCF-7, MCF-7/PMA+TGFβ and MDA-MB-231 cells fixed and probed with anti-LSD1 and anti-SNAI1. Graph depicts the
PCC for LSD1 and Snail ± SE. Data is a representative of two independent experiments (n > 10
individual cells). -1 = inverse of co-localisation; 0 = no co-localisation; +1 = perfect colocalisation. Scale bars = 10 µM. ns = p > 0.05; *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001, MannWhitney test.
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The downstream effects of PKC-θ inhibition was next examined by assessing the H3K4
demethylase activity of LSD1 from nuclear extracts obtained from MCF-7, MCF-7/PMA+TGFβ and MDA-MB-231 cells following inhibition with C27 or BIM. Inhibiting PKC-θ with either
C27 or BIM increased the H3K4 demethylase activity of LSD1 (Fig. 4.12D). Thus indicating that
active PKC-θ prevents LSD1 from demethylating H3K4 and subsequently causing gene
repression. Lastly, anti-LSD1 and anti-Snail double staining and immunofluorescence
microscopy demonstrated that PKC-θ inhibition with either agent significantly reduced the colocalisation of LSD1 and Snail in both mesenchymal-like MCF-7/PMA+TGF-β and MDA-MB231 cells (Fig. 4.12E).

Overall, PKC-θ and LSD1 co-localise in mesenchymal cells where PKC-θ can directly
phosphorylate LSD1 at serine-111 to cause nuclear localisation. This phosphorylation event
decreases the repressive activity of LSD1 during EMT and reduces its interaction with Snail.

The effect of BIM- and C27-induced MET on LSD1 expression

Data presented in Section 4.9.3 demonstrate that inhibition of PKC-θ increases the repressive
activity of LSD1 and reduces co-localisation between LSD1 and Snail. It was speculated that
inhibition of PKC-θ may be inducing MET in mesenchymal breast cancer cells. Therefore, to
assess whether induction of MET had occurred, mesenchymal MDA-MB-231 cells were pretreated with either C27 or BIM and the expression of E-cadherin, vimentin, Snail and ZEB1 was
assessed by immunofluorescence microscopy (Fig. 4.13A). Upon inhibition of PKC-θ with both
C27 and BIM there was a significant increase in the epithelial marker E-cadherin, and significant
reductions in the mesenchymal marker, vimentin and the EMT-TFs Snail and ZEB1 (Fig. 4.13B).
These data successfully demonstrate that inhibition of PKC-θ is sufficient to initiate MET.
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Figure 4.13 Inhibition of PKC-θ induces MET in MDA-MB-231 cells
(A) MDA-MB-231 cells were pre-treated with either vehicle alone, BIM or C27 for 48 hours and
subsequently incubated with either vehicle alone or PMA+TGF-β for 60 hours to induce MET.
Immunofluorescence microscopy was performed on MDA-MB-231 cells fixed and probed with
(B) anti-E-cadherin, anti-vimentin, anti-SNAI1 and anti-ZEB1; or (C) anti-LSD1. Graphs depict
the TCFI of E-cadherin and VIM, and the TNFI of Snail, ZEB1 and LSD1 ± SE. Data is a
representative of two independent replicates (n ≥ 20 individual cells). Black = control; red = BIM;
blue = C27. ****P ≤ 0.0001, Mann-Whitney test.
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Importantly, both C27 and BIM treatment caused a significant reduction in LSD1 protein levels
after MET induction was observed (Fig. 4.13C). These findings are consistent with those
presented in Section 4.4, which collectively demonstrate that upon induction of MET, there is a
global reduction in LSD1 protein levels indicating that LSD1 levels are proportional to the
mesenchymal phenotype of breast cancer cells.

The impact of serine-111 phosphorylation on breast cancer EMT

To test the functional importance of serine-111 phosphorylation in breast cancer EMT, the effect
of mutating this site on the expression of several EMT markers was examined. To do so, two
LSD1 plasmids were constructed: one expressing wild-type LSD1 (LSD1-WT) and the other
containing a mutation at serine-111 to alanine (LSD1-Mut) to prevent phosphorylation at this site
(Fig. 4.14A). Both constructs were cloned into the p-Tracer-CMV mammalian expression vector.
MCF-7 cells were transfected with either vector alone, LSD1-WT or LSD1-Mut for 48 hours
(method described in Section 2.3.5.1) and subsequently stimulated with either vehicle alone or
PMA+TGF-β for 60 hours to induce EMT (Fig. 4.14B). Transfection with LSD1-WT
significantly increased LSD1-s111p, vimentin, and Snail expression in MCF-7 cells.
Furthermore, transfection of MCF-7/PMA+TGF-β cells with LSD1-Mut abrogated the increase
in LSD1-s111p, vimentin and Snail observed after EMT induction (Fig. 4.14C). Together these
data demonstrate that phosphorylation of LSD1 at serine-111 regulates the expression of the key
EMT markers, vimentin and Snail.

187

188

Figure 4.14 Phosphorylation of LSD1 at serine-111 promotes EMT in mesenchymal-like
cells
(A) Amino acid sequences of LSD1-WT and LSD1-Mut plasmid construct sequences. Blue
amino acid = mutation site. (B) MCF-7 cells were transfected with either vector only, LSD1-WT
or LSD1-Mut for 48 hours and subsequently incubated with either vehicle alone or PMA+TGFβ for 60 hours to induce EMT. (C) Immunofluorescence microscopy was performed on MCF-7
and MCF-7/PMA+TGF-β cells fixed and probed with anti-LSD1-s111p, anti-vimentin, and antiSNAI1. Graphs indicate LSD1-s111p TNFI, vimentin TCFI, and Snail TNFI ± SE. Data is a
representative of two independent replicates (n = 40 individual cells). Black = vector only; red =
LSD1-WT; blue = LSD1-Mut. ****P ≤ 0.0001, Mann-Whitney test.
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A comparison of LSD1 expression in relation to breast cancer treatment resistance
and tumour recurrence

Numerous studies have linked a CSC-phenotype with resistance to standard treatment thereby
facilitating tumour recurrence as well as dissemination leading to secondary tumour formation
(Al-Ejeh et al., 2011, O'Brien et al., 2011, Valastyan and Weinberg, 2011). The Gene Expression
Omnibus (GEO) repository was used to examine the expression of LSD1 in several publicly
available datasets associated with breast cancer treatment resistance and tumour recurrence.
Using these datasets, it was found that LSD1 expression is higher in patients with invasive ductal
carcinoma (IDC) than ductal carcinoma in situ (DCIS) which is higher than healthy controls
(GSE21422; Fig. 4.15A). Moreover, LSD1 expression is higher in the breast tumours of patients
who experienced tumour recurrence after treatment than those who did not (GSE4913; Fig.
4.15B). Of the patients whose tumour recurred after treatment, LSD1 expression was higher in
the primary carcinoma than the secondary carcinoma (GSE4913; Fig. 4.15C).

Analysis of LSD1 expression in chemotherapy-resistant breast cancer cells

To further investigate the role of LSD1 in chemotherapy resistance, LSD1 protein levels were
analysed in paired docetaxel resistance and parental MCF-7, T47D and MDA-MB-231 cells.
These cell lines were originally generated by Spicakova et al. (2010) and had developed
resistance to docetaxel by stepwise exposure to the taxane (as described in Spicakova et al., 2010).
Formaldehyde fixed coverslips of these cell lines were obtained from Prof. Kum Kum Khanna
(Brisbane, Australia) and immunofluorescence microscopy was performed on each matched cell
line. It was found that these cells were enriched in the stem-like marker, aldehyde dehydrogenase
1 family member A1 (ALDH1A1) which is associated with both poor cancer prognosis and a
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Figure 4.15 LSD1 mRNA levels in GEO datasets pertaining to breast cancer treatment
resistance and tumour recurrence
LSD1 arbitrary expression values in: (A) healthy mammary tissue, DCIS and invasive mammary
tumours from GEO dataset GSE21422 (n ≥ 5); (B) local recurrent and non-recurrent breast
carcinomas from GEO dataset GSE4913 (n ≥ 19); and (C) primary and secondary locally
recurrent breast carcinomas from GEO dataset GSE4913 (n ≥ 9). *P ≤ 0.05, Mann-Whitney test.
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CSC phenotype (Tomita et al., 2016), as well as PKC-θ and LSD1-s111p (Fig. 4.16A). Moreover,
there was increased co-localisation between PKC-θ and LSD1-s111p (Fig. 4.16B). In summary,
these data suggest that LSD1 in enriched in chemotherapy-resistance cells where it may facilitate
tumour progression and recurrence.
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Figure 4.16 LSD1-s111p in enriched in docetaxel-resistant breast cancer cells
Immunofluorescence microscopy was performed on matched parental and docetaxel-resistant
MCF-7, T47D and MDA-MB-231 cells fixed and probed with anti-ALDH1A1, anti-PKC-θ and
anti-LSD1-s111p. (A) TNFI of ALDH1A, PKC-θ and LSD1-s111p ± SE (n = 20 individual cells).
(B) The PCC for PKC-θ and LSD1-s111p ± SE. Data is from one independent replicate (n = 10
individual cells). -1 = inverse of co-localisation; 0 = no co-localisation; +1 = perfect colocalisation. Black = parental; red = docetaxel resistant. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001,
Mann-Whitney test.
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Discussion

Characterisation of LSD1, its function, and regulation in epithelial and mesenchymal breast
cancer cells has shown that: (1) LSD1 is induced during EMT and repressed during MET;
(2) LSD1 expression is relative to the mesenchymal phenotype of breast cancer cells where its
repressive activity is diminished; (3) LSD1 regulates the expression of key EMT markers and is
required for complete EMT to occur; (4) knockdown of LSD1 prevents the formation of CSCs
during PMA+TGF-β-induced EMT; and (5) PKC-θ co-localises with LSD1 in mesenchymal cells
where it directly phosphorylates LSD1 at serine-111 consequently facilitating its ability to
promote EMT-associated features.

In response to inflammatory signal-mediated EMT in MCF-7 cells, LSD1 expression is induced,
where it subsequently peaks, and then returns to baseline upon complete dedifferentiation.
Although LSD1 mRNA levels revert to baseline, LSD1 protein persists and remains elevated in
mesenchymal cells. LSD1 protein overexpression is also observed after PMA+TGF-β-induced
EMT in T47D and ZR751 cells (Section 4.3). Similarly, LSD1 protein expression increases in
response to TGF-β-induced EMT in non-neoplastic murine hepatocytes, HPV16-induced EMT
in cervical cancer cells and during castration-induced murine prostate cancer cells (Liu et al.,
2017, Wang et al., 2015, McDonald et al., 2011). Therefore, it is likely that overexpression of
LSD1 protein is a common feature of EMT and is not cell-type dependent.

Results presented in this chapter also revealed that LSD1 expression is greater in basal B cell lines
relative to luminal cell lines (Section 4.2) which have predominantly mesenchymal and epithelial
gene signatures, respectively (Blick et al., 2010). Indeed, a published analyses of LSD1 mRNA
expression data from The Cancer Genome Atlas (TCGA) found that LSD1 transcript is
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significantly higher in basal-like breast cancers than luminal subtype breast cancers (Nagasawa
et al., 2015). Interestingly, treatment with erlotinib (an EGFR inhibitor), BIM (a non-specific
PKC inhibitor) and C27 (a specific PKC-θ inhibitor) each induced MET in mesenchymal breast
cancer cells. Microscopy analysis revealed global reductions in LSD1 levels upon MET induction
in response to all treatments (Sections 4.4 and 4.10). Thus, these data collectively support the
proposal that LSD1 expression is relative to the mesenchymal phenotype of breast cancer cells.

qRT-PCR analyses determined that the spatiotemporal induction pattern of LSD1 and SNAI1
mRNA were markedly analogous during EMT and the ensuing protein highly co-localised in
mesenchymal cells (Section 4.5). These data are interesting given that there is a reduction in the
H3K4 demethylase activity of LSD1 in mesenchymal cells (Section 4.3). LSD1 interacts with
Snail via its SNAG domain and catalyses H3K4me2 demethylation of E-box containing target
gene promoters to mediate gene silencing (Lin et al., 2010a, Lin et al., 2010b). So, while LSD1
and Snail co-localise during EMT, it is probable that their binding and subsequent transcriptional
silencing is restricted to regions of the genome that contain E-boxes and globally, the repressive
action of LSD1 decreases in mesenchymal cells. Furthermore, this study utilised both siRNAand inhibitor-based strategies to examine LSD1 function. Both approaches revealed and thus
validated that LSD1 is involved in breast cancer EMT, where it regulates the expression of several
EMT markers. Therefore, it is likely that the H3K9 demethylase activity of LSD1 – which serves
to activate gene expression – is potentiated in mesenchymal-like cells subsequently contributing
to EMT progression.

Notably, this study demonstrated that LSD1 regulates the expression of the key EMT markers,
Snail, vimentin, and E-cadherin at the protein level. However, there was little change detected at
the mRNA level of these transcripts and other EMT genes examined (Sections 4.6 and 4.7). It
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has been noted by others that the abundance of matched mRNA and protein do not always
correlate and their disparity is due to post-transcriptional, translational and protein degradation
regulation (Vogel and Marcotte, 2012). It is speculated that in this model, LSD1 regulates the
expression of multiple genes involved in EMT but due to the low stability of mRNAs – which
have a median half-life 7 hours (Sharova et al., 2009) – changes in their expression are not always
measurable. Indeed, recruitment of LSD1 to E-box and transcription start site (TSS) regions is an
early (30-60 minutes) event that precedes H3K4me2 demethylation and subsequent transcription
initiation of Myc target genes in response to Myc activation (Amente et al., 2010). Thus, it is
likely that for many genes, LSD1-mediated induction or repression occurs early after the initiation
of EMT. Nevertheless, the results at the protein level are consistent with previous reports that
LSD1 is required for repression of epithelial genes and induction of mesenchymal genes in a Snail
and Slug-dependent manner (Ferrari-Amorotti et al., 2014, Rivero et al., 2015).

Analyses of LSD1 function in breast CSCs from MCF-7/PMA+TGF-β and MDA-MB-231 cells
revealed differing functions for the histone demethylase. Knockdown of LSD1 nearly abolished
the formation of breast CSCs and expression of CD44 transcript in MCF-7/PMA+TGF-β cells
whilst pharmacological inhibition of LSD1’s catalytic activity had little effect. These data raise
the possibility that LSD1 is required for breast CSC formation independent of its catalytic activity
and may be regulating this action via interactions with co-enzymes or through its role as a
structural enzyme. However, in MDA-MB-231 cells neither LSD1 knockdown nor inhibition can
reduce the high constitutive breast CSC fraction (Section 4.8). Hence, it is plausible that while
LSD1 may be involved in breast CSC formation that occurs during EMT, it is not essential for
their maintenance in fully differentiated mesenchymal cells. Future experiments should employ
the use of small molecule inhibitors that target either the SWIRM domain to prevent LSD1 from
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tethering to the chromatin-template or the Tower domain to block LSD1 from binding with other
proteins and co-factors that subsequently facilitate its activity.

This study demonstrates for the first time that PKC-θ interacts with LSD1 during breast cancer
EMT, with LSD1 and PKC-θ co-localising in mesenchymal-like cells but not in epithelial cells
(Section 4.9.1). Results obtained from peptide microarray kinase profiling show that PKC-θ
directly phosphorylates LSD1 at multiple sites. Several of these regions were within the NLS of
LSD1, likely focusing on serine-111 which lies within the unstructured region of LSD1 which
would be open and thus amenable for phosphorylation (Forneris et al., 2005) (Section 4.9.2).
Phosphorylation of LSD1 at serine-111 was: (1) dependent on PKC-θ activity; and (2) increased
in the nucleus to facilitate vimentin and Snail induction in mesenchymal-like cells (Sections 4.9.3
and 4.11). Moreover, PKC-θ inhibition increased LSD1’s repressive H3K4 demethylase activity,
indicating that PKC-θ normally reduces LSD1-mediated repression (Section 4.9.3). In in vivo
mice models, PKC-α phosphorylates mouse LSD1 at serine-112 (analogous to serine-111 in
humans) in a circadian rhythm-dependent manner and in breast cancer EMT and metastasis to
enable E-box-mediated transcription (Nam et al., 2014, Feng et al., 2016). Here it is shown for
the first time that an additional PKC family member, PKC-θ, directly phosphorylates LSD1 and
facilitates EMT in human breast cancer cells.
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Conclusions

In this chapter, the role of LSD1 in breast cancer EMT, CSCs and therapeutic resistance was
explored. It was shown that LSD1 expression is reversibly induced during EMT and its expression
is proportional to the mesenchymal status of the cells. In mesenchymal cells, LSD1 co-localises
with PKC-θ which subsequently phosphorylates LSD1 at numerous regions including serine-111.
Phosphorylation of serine-111 enhances LSD1-mediated promotion of breast cancer EMT by
regulating LSD1 activity and the expression of several key EMT markers. Both siRNA-mediated
knockdown and pharmacological inhibition of LSD1 can repress the expression such EMT
markers. Furthermore, siRNA-mediated knockdown of LSD1 revealed that in addition to driving
EMT, LSD1 strongly promotes the formation of breast CSCs, but is not involved in maintaining
them in fully de-differentiated mesenchymal cells.
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5 LSD1 globally regulates transcriptional responses
during EMT in breast cancer
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Introduction

Genome-wide transcription profiling is a valuable high-throughput molecular tool to study
complex diseases states. Such studies are employed to examine the functional importance of given
datasets at a systemic level as they facilitate the establishment of expression signatures based on
differential gene expression. Importantly, the signatures generated can be used for many
downstream applications including: the construction of complex network maps; the prediction of
transcription factor binding sites (TFBS); and the identification of enriched biological processes
and signalling pathways. Collectively, this information can be used to reveal potential protein
interactions as well as protein functions and delineate how they contribute to a disease state.

Gene expression profiling has been used in a myriad of cancer studies to provide insight into the
gene expression signatures that subsequently produce the complex phenotypes of cancer. For
example, microarray analysis expression data facilitated the discovery of four major subtypes of
breast cancer, luminal A, luminal B, basal-like and HER2-amplified, each with distinct expression
profiles and phenotypes (Neve et al., 2006). Thereafter, genome-wide transcriptome profiling of
breast CSCs has revealed that their expression signatures is enriched within the basal-like subtype
of cancer (Blick et al., 2010). Importantly, these subtypes can be used to provide predictive
information regarding treatment sensitivity for patients (Prat et al., 2015). These studies highlight
the important role that transcriptome profiling plays in understanding cancer biology and in
providing effective treatment for patients.

Data presented in Chapter 4 demonstrate that LSD1 promotes breast cancer EMT by regulating
the expression of several key EMT markers. Additionally, LSD1 expression promotes the
formation of breast CSCs. However, the molecular mechanisms through which LSD1 regulates
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EMT and other aspects of cancer progression is currently unknown. Given the importance of
EMT in tumorigenesis (described in Section 1.4.1), it is important to understand what
transcriptional programs are activated and repressed during EMT and what drives the
transcriptional changes associated with EMT and thus contribute to tumour progression. This
chapter will investigate the gene expression signature associated with PMA+TGF-β-induced
EMT. Importantly, the role that LSD1 plays in the global regulation of these transcriptional
networks and their function will be explored. Moreover, this chapter will investigate the
association between LSD1 and gene expression signatures of breast CSCs.

Chapter 5 Specific Aims:
1. Functionally characterise induced gene cohorts based on their sensitivity to LSD1
expression during breast cancer EMT.
2. Functionally characterise repressed gene cohorts based on their sensitivity to LSD1
expression during breast cancer EMT.
3. Examine the correlation between the expression of LSD1-sensitive genes and
transcriptional programs in breast CSCs.
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Results
Preparation of LSD1 siRNA-treated RNA samples and validation of RNA integrity
for genome wide transcriptome analysis

To further elucidate LSD1’s contribution to breast cancer EMT, genome-wide transcriptional
profiling was performed on MCF-7 cells transfected with either mock or a previously validated
pool of three specific 19-25-nucleidide siRNAs targeting LSD1. Following 24 hours of
transfection, MCF-7 cells were then treated with PMA+TGF-β for 60 hours to induce EMT
(method described in Sections 2.3.5.1 and 2.3.7). Total RNA was isolated from transfected MCF7 and MCF-7/PMA+TGF-β cells and submitted to the Ramaciotti Centre for Gene Function
Analysis (Sydney, Australia) for a quality control check and RNA expression profiling using the
Affymetrix™ GeneChip™ Human Gene 2.0 ST microarray platform (method described in
Sections 2.4.1 and 2.4.2) (Fig. 5.1A). The integrity of the total RNA was assessed using the 2100
Expert Eukaryote Total RNA Nano chip on the Agilent 2100 Bioanalyser. This assigns an RNA
integrity (RIN) value of between 1 and 10 to each sample with a RIN of 10 corresponding to high
quality, non-degraded RNA and a RIN of 1 corresponding to completely degraded RNA
(Schroeder et al., 2006). The RIN value for these samples ranged from ranged from 8.80 to 9.90
(Fig. 5.1B). It is generally accepted that a RIN of over 8 is sufficient for downstream analyses,
thus, these samples were of sufficient quality to proceed to microarray hybridisation.
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Figure 5.1 RNA samples for genome-wide microarray analysis are of high quality
(A) MCF-7 cells were transfected with either mock siRNA or LSD1 siRNA and subsequently
incubated with either vehicle alone or with PMA+TGF-β for 60 hours to induced EMT and
Affymetrix microarrays were performed (n=1). (B) RIN numbers of mock and LSD1 siRNAtreated MCF-7 and MCF-7/PMA+TGF-β cells as measured by a 2100 Expert Eukaryote Total
RNA Nano chip on the Agilent 2100 Bioanalyser. RIN numbers for each sample are displayed
below the corresponding electropherograms.
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Analysis of overall transcriptional changes in response to EMT and LSD1
knockdown in MCF-7 cells

All microarray expression data were normalised by Dr. Kristine Hardy (University of Canberra)
using Robust Multi-array Average (RMA) in the Affymetrix Power Tools 1.16.1 program
(method described in Section 2.11.6). Only probes annotated as ‘main’ were used for further
analyses. To confirm that the normalised expression values were analogous to those reported in
Chapter 4, and to confirm knockdown of LSD1 in these samples, the normalised microarray
expression intensity of LSD1 was examined. Indeed, LSD1 expression in mock siRNA-treated
MCF-7 and MCF-7/PMA+TGF-β cells shown in Fig. 5.2A was evidently alike to LSD1 mRNA
levels as measured by quantitative real-time PCR (qRT-PCR) in the untreated MCF-7 and MCF7/PMA+TGF-β cells shown in Fig. 4.2B. Moreover, treatment with LSD1 siRNA reduced the
microarray expression value of LSD1 in both MCF-7 and MCF-7/PMA+TGF-β cells (Fig. 5.2A),
thereby confirming that LSD1 knockdown had ensued LSD1 siRNA transfection.

Next, the normalised microarray expression intensities were used to assess the overall
transcriptional changes in response to treatment with PMA+TGF-β and LSD1 siRNA
transfection. Log2 expression intensities were then depicted as scatterplots to compare the
transcriptional changes between samples. Using the coefficient of determination (R2) as a
measure of goodness-of-fit, the expression of most transcripts was found to have remained
constant following EMT in MCF-7/PMA-β cells compared to MCF-7 cells (R2 = 0.952).
Indicating that only a subset of genes had altered expression upon EMT and this was slightly
skewed towards gene induction (Fig. 5.2B). Similarly, following LSD1 knockdown the
expression of most transcripts remained constant in both MCF-7 cells (R2 = 0.979) (Fig. 5.2C)
and MCF-7/PMA+TGF-β cells (R2 = 0.972) (Fig. 5.2D), indicating LSD1 regulates the

204

205

Figure 5.2 Comparison of gene expression in response to LSD1 siRNA transfection and
treatment with PMA+TGF-β in MCF-7 cells
Microarray expression data were normalised using RMA in the Affymetrix Power Tools 1.16.1
package. (A) Normalised microarray expression intensity of LSD1 following treatment with
either mock or LSD1 siRNA in MCF-7 and MCF-7/PMA+TGF-β cells. Normalised microarray
expression intensities were converted to log2 values. Scatterplots depicting the changes in
expression of probes between: (B) mock siRNA-treated MCF-7 and MCF-7/PMA+TGF-β cells;
(C) mock and LSD1 siRNA-treated MCF-7 cells; (D) mock and LSD1 siRNA-treated MCF7/PMA+TGF-β cells; and (E) mock siRNA-treated MCF-7 and LSD1 siRNA-treated MCF7/PMA+TGF-β cells. The coefficient of determination (R2) is shown for each comparison. Red
line indicates line of best fit.
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expression of selected genes in both cell types. However, LSD1 knockdown is not sufficient for
blocking the transcriptional changes that occur in response to PMA+TGF-β-induced EMT in
MCF-7 cells as indicated by the comparison between mock siRNA-treated MCF-7 cells and
LSD1 siRNA-treated MCF-7/PMA+TGF-β cells (R2 = 0.964) (Fig. 5.2E). Collectively, these
data demonstrate that there is a distinct cohort of genes with altered expression during EMT in
MCF-7 cells and LSD1 regulates a select proportion of these changes.

Classification of global changes in transcriptional responses during PMA+TGF-βinduced EMT

To gain an understanding of the influence of LSD1 on global transcriptional programs during
breast cancer EMT, log2 expression values were used to classify probe sets into groups based on
their response to treatment with PMA+TGF-β and transfection with LSD1 siRNA. Probes that
were either up-regulated or down-regulated upon treatment with PMA+TGF-β were referred to
as “induced” or “repressed” genes, respectively. Probes that were either down-regulated or
unchanged upon LSD1 siRNA transfection in MCF-7/PMA+TGF-β cells were referred to as
“LSD1-sensitive” or “LSD1-insensitive” genes, respectively (Table 5.1). Probe sets were
considered differentially expressed if the difference in log2 values was greater than 0.5, equating
to a 1.41-fold difference in expression intensity.

Analysis of the 44258 main probes, covering 36292 well-established annotated transcripts,
revealed that 3502 probes were induced and 3351 probes were repressed in MCF-7/PMA+TGFβ cells relative to MCF-7 cells. Of the 3502 probes upregulated during EMT, 41.7% (1459 probes)
were reversible on LSD1 siRNA-mediated knockdown and therefore dependent on LSD1
expression for their induction. In contrast, of the 3351 probes downregulated during EMT, only
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Table 5.1 Classification of genes based on response to LSD1 siRNA transfection and
treatment with PMA+TGF-β in MCF-7 cells
Group
Induced
LSD1-sensitive

Induced
LSD1-insensitive

Repressed
LSD1-sensitive

Repressed
LSD1-insensitive

Sample Comparison

Cut-off
(log2)

No. of Probes

Mock siRNA MCF-7/PMA+TGF-β >
Mock siRNA MCF-7

>0.5

1459

LSD1 siRNA MCF-7/PMA+TGF-β >
Mock siRNA MCF-7/PMA+TGF-β

>0.5

Mock siRNA MCF-7/PMA+TGF-β >
Mock siRNA MCF-7

>0.5

LSD1 siRNA MCF-7/PMA+TGF-β ≥
Mock siRNA MCF-7/PMA+TGF-β

<0.5

Mock siRNA MCF-7 > Mock siRNA
MCF-7/PMA+TGF-β

>0.5

LSD1 siRNA MCF-7/PMA+TGF-β >
Mock siRNA MCF-7/PMA+TGF-β

>0.5

Mock siRNA MCF-7 > Mock siRNA
MCF-7/PMA+TGF-β

>0.5

LSD1 siRNA MCF-7/PMA+TGF-β ≥
Mock siRNA MCF-7/PMA+TGF-β

<0.5

2043

790

2561

Normalised microarray expression intensities from mock and LSD1 siRNA-treated MCF-7 and
MCF-7/PMA+TGF-β cells were converted to log2 values. All probes were called differentially
expressed if the difference was greater than log2 0.5 and were categorised based on their response
to treatment with PMA+TGF-β and transfection with LSD1 siRNA. Differentially expressed
probes were categorised into four different groups: induced LSD1-sensitive, induced LSD1insensitive, repressed LSD1-sensitive and repressed LSD1-insensitive. The cut-offs used and the
number of probes identified for each group are shown.
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23.6% (790 probes) were reversible on LSD1 siRNA-mediated knockdown and therefore
dependent on LSD1 expression for their repression (Table 5.1, Fig. 5.3). So, while there are a
similar number of genes that are induced and repressed during EMT, LSD1 regulates the
expression of larger proportion of inducible genes.

Validation of Affymetrix microarray expression data

To validate the reproducibility of the results obtained from utilising the Affymetrix microarray
platform, the expression of several transcripts identified as induced LSD1-sensitive were
examined by qRT-PCR. MCF-7 cells were transfected with either mock or LSD1 siRNAs for 24
hours and then treated with vehicle alone or PMA+TGF-β for 60 hours to induce EMT and the
expression of MMP9, MMP13, ZNF165, KRT81, EGR1 and DUSP5 mRNA were measured.
qRT-PCR analysis revealed that the expression of each transcript increased upon induction of
EMT and decreased in response to LSD1 knockdown in MCF-7 cells (Fig. 5.4). Thus, the
microarray data was successfully validated for a cohort of inducible LSD1-sensitive transcripts.

Examination of inducible genes during PMA+TGF-β-induced EMT

Analysis of induced LSD1-sensitive genes
In order to understand the global regulation of breast cancer EMT, it is imperative to examine the
transcriptional programs induced during this process and to delineate the role that LSD1 plays in
the induction of these programs. Genes annotated as induced LSD1-sensitive denote probes that
were expressed higher in MCF-7/PMA+TGF-β cells then MCF-7 cells and their expression
decreased in response to LSD1 siRNA transfection in MCF-7/PMA+TGF-β cells (Table 5.1).
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Figure 5.3 LSD1 regulates the expression of a large proportion of induced and repressed
genes during EMT
Pie graphs indicating the percentage of induced LSD1-sensitive probes and repressed LSD1sensitive probes following treatment with either mock or LSD1 siRNA in MCF-7/PMA+TGF-β
cells. Numbers below each graph indicate the total number of probes within the corresponding
group.
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Figure 5.4 Validation of induced LSD1-sensitive genes identified by the Affymetrix
microarray platform in MCF-7 and MCF-7/ PMA+TGF-β cells
MMP9, MMP13, ZNF165, KRT81, EGR1 and DUSP5 mRNA levels as determined by qRT-PCR
in mock and LSD1 siRNA-treated MCF-7 and MCF-7/PMA+TGF-β cells. Data are expressed as
fold change relative to mock siRNA-treated cells normalised to PPIA and are representative of
the mean ± SE (n ≥ 3). Black = mock siRNA; red = LSD1 siRNA. *P ≤ 0.05; **P ≤ 0.01, paired
t test.
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This analysis identified 1459 induced LSD1-sensitive probes matching 1002 annotated gene
transcripts with 61% (608) corresponding to unique protein-coding genes. The top 50 induced
LSD1-sensitive protein-coding genes are shown in Table 5.2 and the Gene Ontology (GO)
annotations for each of these genes is shown in Appendix I. Notably, four of the top 50 genes,
including the top hit, were members of the matrix metalloproteinase (MMP) family, MMP9,
MMP13, MMP1 and MMP10. MMPs are a protein family that selectively degrade components
of the extracellular matrix (ECM) during several physiological EMT processes including
embryonic development and wound healing (Page-McCaw et al., 2007, Vu and Werb, 2000).
LSD1 also induced the expression of CD44, GPR87, F2RL1, STEAP4, MMD and PLAUR which
each encode for proteins that are integral components of the plasma membrane. LSD1 may
therefore induce the expression of MMP family members to facilitate EMT in the pathological
context of breast cancer and may also induce the expression of transmembrane proteins that could
be used as markers of EMT.

Next, all LSD1-sensitive protein-coding genes were analysed using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) Functional Annotation Tool to find
functionally related gene clusters (Huang da et al., 2009, Huang et al., 2008). The top 6 gene
clusters, the enrichment score, associated GO term, the number of genes within the corresponding
GO term and the p-value of the corresponding GO term are shown in Table 5.3. Four of the
induced LSD1-sensitive functions were related to the regulation of transcription including
circadian regulation of gene expression. An unexpected finding of this work was that the other
clusters related exclusively to immune regulation with 32% of the top 50 induced LSD1-sensitive
genes implicated in pathways related to immune signalling (Table 5.2). So, whilst this data
suggests that LSD1 promotes EMT by globally regulating inducible transcriptional programs, it
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Table 5.2 Top 50 induced LSD1-sensitive genes
Mock siRNA
Probe ID Gene Symbol

LSD1 siRNA

MCF-7

MCF-7/P+T

MCF-7

16914395 MMP9

7.19

10.78

7.00

7.86

7.57

16666509 IFI44

4.47

8.82

4.27

5.97

7.21

16743764 MMP13

3.75

8.52

4.45

5.97

5.86

17070492 ATP6V0D2

4.99

7.85

4.52

5.4

5.46

16975234 TMEM156

5.14

7.98

4.60

5.55

5.39

16861953 IFNL2

6.76

9.97

6.59

7.61

5.13

16977052 CXCL10

5.27

9.30

4.41

6.94

5.13

16800630 C15orf48

4.71

7.66

4.71

5.37

4.89

17012946 TNFAIP3

6.43

9.61

6.55

7.44

4.50

16707184 IFIT3

5.98

9.59

5.19

7.53

4.17

16666485 IFI44L

5.27

9.07

5.21

7.03

4.11

16707180 IFIT2

6.00

9.62

5.40

7.61

4.03

16968765 HERC5

6.58

9.12

5.63

7.17

3.86

17005888 ZNF165

6.97

9.12

7.10

7.17

3.86

17079210 GEM

6.48

10.51

6.86

8.57

3.84

16704865 MSMB

5.81

7.71

5.90

5.82

3.71

16723614 CD44

8.33

9.78

8.21

7.91

3.66

16764817 KRT81

7.06

9.56

7.33

7.72

3.58

16989736 EGR1

8.03

11.7

7.54

9.87

3.56

16819478 CCL22

7.01

10.54

7.13

8.71

3.56

16931766 KLHDC7B

6.80

8.76

6.94

6.96

3.48

16709128 DUSP5

7.34

9.73

7.04

7.94

3.46

16794321 ADAM20

5.91

7.66

5.18

5.87

3.46

16841907 RASD1

7.81

10.56

7.46

8.82

3.34
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MCF-7/P+T Fold Change

16743721 MMP1

4.31

9.72

4.28

7.98

3.34

17087517 NR4A3

6.29

8.44

6.27

6.70

3.34

17080788 FBXO32

7.51

10.70

7.34

8.96

3.34

16876764 RSAD2

6.13

8.52

5.89

6.81

3.27

16723653 CD44

6.24

7.67

6.02

5.99

3.20

16960567 GPR87

6.02

8.43

6.01

6.76

3.18

16764053 RND1

6.96

10.14

6.80

8.48

3.16

16771417 OASL

7.47

9.91

7.36

8.27

3.12

16743707 MMP10

4.35

6.37

4.39

4.74

3.10

16983848 RAI14

6.39

7.98

6.40

6.36

3.07

16873826 PLA2G4C

6.58

9.28

7.01

7.67

3.05

16986417 F2RL1

7.68

9.43

7.13

7.83

3.03

16821365 PLCG2

4.91

6.83

4.59

5.25

2.99

16852683 PMAIP1

7.86

9.96

7.58

8.40

2.95

17049676 SERPINE1

6.48

10.37

6.93

8.81

2.95

17059567 STEAP4

7.35

7.94

6.74

6.40

2.91

16977058 CXCL11

6.13

8.42

6.34

6.88

2.91

16846864 MMD

7.03

8.76

7.31

7.22

2.91

16716478 ANKRD1

6.82

8.01

6.22

6.50

2.85

16873060 PLAUR

7.90

9.99

7.77

8.48

2.85

16843511 CCL5

8.29

10.75

8.01

9.24

2.85

16692577 FCGR1B

7.41

8.79

7.59

7.29

2.83

16681827 DHRS3

6.91

9.21

7.30

7.72

2.81

16904365 IFIH1

6.71

10.20

6.38

8.71

2.81

16705011 DKK1

10.31

11.82

9.71

10.34

2.79

16894127 CMPK2

6.07

8.35

6.08

6.88

2.77
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Table displays the top 50 induced LSD1-sensitive probes that correspond to protein-coding genes.
RNA genes and pseudogenes were excluded. All genes are ranked by fold change difference in
probe normalised microarray expression intensities between mock siRNA-treated and LSD1siRNA MCF-7/PMA+TGF-β cells. The Affymetrix probe ID, corresponding gene symbol,
microarray expression intensities and fold change in expression are shown for each probe.
Microarray expression intensities are shown as a colour gradient from green (lowest) to red
(highest) in mock siRNA-treated and LSD1-siRNA MCF-7/PMA+TGF-β cells.
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Table 5.3 Functional characterisation of induced LSD1-sensitive genes
Cluster
No.

Enrichment
Score

1

9.949

2

GO Terms

Gene
Count

p-value

Innate immune response

26

5.3E –
-3
4.2E

5.361

Basic-leucine zipper (bZIP) domain
transcription factors

13

7.3E –
-3
1.6E

3

3.703

Lipopolysaccharide-mediated signalling
pathway/NOD-like receptor signalling
pathway

8

1.9E –
-3
6.3E

4

3.580

Transcription from RNA polymerase II
promoter

30

7.3E –
-3
6.8E

5

3.566

Transcription factor activity, sequencespecific DNA binding, transcription
regulation

97

5.3E –
-4
8.1E

6

3.363

Circadian regulation of gene expression

11

1.1E –
-2
7.6E

-19

-8

-5

-8

-3

-6

Induced LSD1-sensitive genes were clustered into functionally related gene groups using the
DAVID functional annotation tool. Table indicates the top 6 gene clusters, enrichment scores,
associated GO term, the number of genes within the corresponding GO term and the p-value of
the corresponding GO terms are shown relative to the whole genome, modified Fisher’s exact test
(EASE Score).
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may also simultaneously serve to regulate the immune system by inducing the expression of such
genes.

To further examine how inducible LSD1-sensitive genes contribute to EMT progression, GO
enrichment analysis was utilised to identify biological process and pathways that specifically
relate to aspects of EMT. GO enrichment was performed using GO term enrichment and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (Ashburner et al., 2000,
Kanehisa and Goto, 2000). Interestingly, the induced LSD1-sensitive genes were highly enriched
for multiple EMT-related processes including cell migration, motility, differentiation and
proliferation. Moreover, this gene cohort was enriched for several pathways involved in EMT
regulation including the TGF-β, MAPK, NF-κB and PI3K-Akt signalling pathways (Fig. 5.5).

Analysis of induced LSD1-insensitive genes
It was also of interest to determine which of the gene programs induced during EMT, occur
independently of LSD1 expression. Genes annotated as induced LSD1-insensitive denote probes
that were expressed higher in MCF-7/PMA+TGF-β cells then MCF-7 cells and their expression
did not change or increased in response to LSD1 siRNA transfection in MCF-7/PMA+TGF-β
cells (Table 5.1). This analysis identified 2043 induced probes that were insensitive to LSD1
matching 1328 annotated gene transcripts with 68% (899) corresponding to unique proteincoding genes.
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Figure 5.5 Gene ontology annotations of induced LSD1-sensitive genes
Induced LSD1-sensitive genes were profiled for enrichment of biological processes and KEGG
pathways. The significant enrichment of each group relative to the whole genome is indicated,
hypergeometric test.
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Functional annotation of the induced LSD1-insensitive genes using the DAVID functional
annotation tool identified several gene clusters including those related to cell autophagy (top 6
clusters shown in Table 5.4). Intriguingly, there was also enrichment of gene clusters related to
the interferon gamma (IFNγ) and Toll-like receptor (TLR) signalling pathways, both of which
are implicated in immune regulation, albeit, they were less significantly enriched than the LSD1sensitive immunity-related gene clusters (Table 5.3).

Examination of repressible genes during PMA+TGF-β-induced EMT

Analysis of repressed LSD1-sensitive genes
To investigate the role that LSD1 plays in global gene repression during EMT and the
downstream implications of this action, genes annotated as repressed LSD1-sensitive were
examined. Such genes were annotated as repressed LSD1-sensitive if the corresponding probes
were expressed higher in MCF-7 cells then MCF-7/PMA+TGF-β cells and their expression
increased in response to LSD1 siRNA transfection in MCF-7/PMA+TGF-β (Table 5.1). There
were 790 LSD1-sensitive repressed probes matching 591 annotated gene transcripts with 78%
(460) corresponding to unique protein-coding genes.

Table 5.5 displays the top 50 repressed LSD1-sensitive protein-coding genes and the GO
annotations for each of these genes are shown in Appendix II. Strikingly, 26 of the top 50
downregulated LSD1-sensitive genes were all transmembrane proteins (Table 5.5). Next, the
DAVID functional annotation tool was used to find enriched clusters within the repressed gene
list that were dependent on LSD1 expression. This analysis revealed enrichment of annotations
related to cell cycle, chromosomes, microtubules and DNA repair (top 6 clusters shown in Table
5.6).
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Table 5.4 Functional characterisation of induced LSD1-insensitive genes
Cluster
No.

Enrichment
Score

1

7.645

2

GO Terms

Gene
Count

p-value

Lysosome

28

5.2E –
-6
5.3E

2.922

Anchored component of membrane

12

1.2E –
-2
1.5E

3

2.315

Autophagy autophagosome assembly

18

1.3E –
-1
1.7E

4

2.186

Zinc ion binding, zinc-finger

138

2.2E –
-1
6.1E

5

2.096

Interferon-gamma-mediated signalling
pathway

18

1.6E –
-1
8.6E

6

1.664

Toll-like receptor signalling pathway

5

3.0E –
-1
5.3E

-12

-4

-4

-4

-8

-4

Induced LSD1-insensitive genes were clustered into functionally related gene groups using the
DAVID functional annotation tool. Table indicates the top 6 gene clusters, enrichment scores,
associated GO term, the number of genes within the corresponding GO term and the p-value of
the corresponding GO terms relative to the whole genome, modified Fisher’s exact test (EASE
Score).
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Table 5.5 Top 50 repressed LSD1-sensitive genes
Mock siRNA
Probe ID

Gene Symbol

LSD1 siRNA

MCF-7

MCF-7/P+T

MCF-7

MCF-7/P+T

17056817 TARP

7.24

6.61

9.03

9.24

Fold
Change
6.19

17063366 ATP6V0A4

7.61

6.77

9.29

9.37

6.06

16921724 NCAM2

10.23

8.57

11.00

10.96

5.24

17112498 POF1B

10.16

8.68

10.95

11.02

5.06

16761726 PLBD1

8.87

7.08

9.90

9.38

4.92

16687914 CYP2J2

8.18

6.29

9.24

8.42

4.38

16693976 MUC1

10.01

8.39

10.71

10.30

3.76

16716507 PPP1R3C

10.12

9.17

11.07

11.06

3.71

16978417 SLC39A8

10.36

8.20

10.66

10.08

3.68

16988874 ADAMTS19

9.94

8.33

10.85

10.09

3.39

17101292 STS

9.37

8.52

11.17

10.26

3.34

16984365 GHR

8.63

6.61

9.21

8.35

3.34

16990284 PCDHB8

7.09

6.30

7.41

8.01

3.27

16690036 FRRS1

7.03

6.19

8.21

7.89

3.25

17097046 C9orf152

8.30

7.10

8.65

8.76

3.16

17112426 HMGN5

6.21

5.69

7.15

7.34

3.14

16714581 SLC16A9

7.51

6.83

8.36

8.47

3.12

16920806 SYCP2

7.76

6.39

8.80

8.00

3.05

17096030 FBP1

11.48

10.26

12.28

11.85

3.01

16673748 FMO4

7.53

7.00

8.25

8.56

2.95

16998551 SLCO4C1

7.10

6.23

7.99

7.79

2.95

16668111 KIAA1324

12.28

10.89

12.84

12.44

2.93

16688864 TTLL7

7.66

6.61

8.49

8.14

2.89

16942958 EPHA3

6.59

5.91

8.25

7.43

2.87
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16886656 KCNJ3

9.52

8.18

9.77

9.65

2.77

16947850 GPR160

8.58

7.56

9.15

9.03

2.77

16709405 PLEKHS1

7.86

6.54

9.15

8.00

2.75

17015637 ELOVL2

12.28

10.18

12.46

11.63

2.73

16670739 MLLT11

8.84

8.04

9.50

9.48

2.71

16844312 TOP2A

11.00

7.88

10.83

9.28

2.64

16909401 SLC16A14

8.47

7.29

8.99

8.68

2.62

16904780 SPC25

9.00

5.63

8.69

7.02

2.62

17078870 MMP16

10.43

7.96

10.60

9.33

2.58

17092208 ERMP1

10.47

9.55

10.96

10.92

2.58

16779701 DACH1

8.98

7.54

9.40

8.90

2.57

16849274 ST6GALNAC2

10.25

9.68

10.87

11.04

2.57

17114272 GPC4

9.70

9.14

10.47

10.5

2.57

16863074 BCAM

9.25

8.32

10.17

9.66

2.53

16722299 PDE3B

8.44

7.13

8.94

8.46

2.51

16992957 FGFR4

9.02

7.60

9.27

8.92

2.50

17110289 MAOB

7.19

5.93

8.56

7.24

2.48

16800707 SEMA6D

6.73

6.04

7.15

7.35

2.48

16904827 LRP2

6.76

6.25

7.75

7.55

2.46

16705159 CDK1

9.78

6.84

9.67

8.13

2.45

16697544 ASPM

9.94

6.91

9.91

8.19

2.43

16670710 BNIPL

7.51

6.89

8.51

8.16

2.41

16692918 FAM63A

8.73

8.02

9.52

9.25

2.35

16747014 RAD51AP1

8.11

5.38

7.90

6.61

2.35

16846157 PRR15L

9.71

8.47

10.19

9.70

2.35

16990288 PCDHB16

8.94

8.31

9.19

9.54

2.35
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Table displays the top 50 repressed LSD1-sensitive probes that correspond to protein-coding
genes. RNA genes and pseudogenes were excluded. All genes are ranked by fold change
difference in probe normalised microarray expression intensities between mock siRNA-treated
and LSD1-siRNA MCF-7/PMA+TGF-β cells. The Affymetrix probe ID, corresponding gene
symbol, microarray expression intensities and fold change in expression are shown for each
probe. Microarray expression intensities are shown as a colour gradient from green (lowest) to
red (highest) in mock siRNA-treated and LSD1-siRNA MCF-7/PMA+TGF-β cells.
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Table 5.6 Functional characterisation of repressed LSD1-sensitive genes
Cluster
No.

Enrichment
Score

GO Terms

Gene
Count

p-value

1

18.618

Cell cycle

65

2.3E –
-14
4.3E

2

7.263

Chromosome

39

1.1E –
-5
5.4E

3

4.794

Microtubule binding

17

8.6E –
-4
8.1E

4

4.108

Microtubule based movement

11

2.8E –
-2
7.2E

5

3.347

DNA repair

19

5.4E –
-3
4.8E

6

3.186

G1/S transition of mitotic cell cycle,
DNA replication initiation

13

6.4E –
-2
3.1E

-23

-13

-8

-8

-5

-4

Repressed LSD1-sensitive genes were clustered into functionally related gene groups using the
DAVID functional annotation tool. Table indicates the top 6 gene clusters, enrichment scores,
associated GO term, the number of genes within the corresponding GO term and the p-value of
the corresponding GO terms relative to the whole genome, modified Fisher’s exact test (EASE
Score).
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Analysis of repressed LSD1-insensitive genes
Finally, the implications of global gene repression that occur independently of LSD1 expression
during breast cancer EMT were investigated. Genes annotated as repressed LSD1-sensitive
denote probes that were expressed higher in MCF-7 cells than MCF-7/PMA+TGF-β cells and
their expression did not change or decreased in response to LSD1 siRNA transfection in MCF7/PMA+TGF-β cells (Table 5.1). There were 2561 probes identified within the repressed LSD1insensitive group matching 1778 annotated gene transcripts with 78% (1389) corresponding to
unique protein-coding genes.
All repressed LSD1-insensitive genes were again categorised into clusters based on functional
annotations using the DAVID functional annotation tool. Similar to the annotations identified in
repressed LSD1-sensitive probes (Section 5.7.1), the repressed LSD1-insensitive probes were
enriched annotations relating to DNA repair, cell cycle and chromosomes. While other enriched
annotations included those relating to ATP binding and the mitochondrial matrix (top 6 clusters
shown in Table 5.7).

The role of LSD1 in CSC gene expression programs

Data presented in Section 4.8 demonstrated that siRNA-mediated knockdown of LSD1 abrogated
the formation of CD44+/CD24- breast CSCs in MCF-7/PMA+TGF-β cells. Thus, it was of interest
to explore the role of LSD1 in regulating breast CSCs transcriptional programs. The LSD1 siRNA
expression profiles were intersected with our laboratory’s previously published expression
profiles generated from CD44hi/CD24lo CSCs and non-CSCs (NCSCs) (GSE53266) to determine
if there was differential expression of these genes between the two cell subsets. CSC and NCSC
microarrays were performed using the Affymetrix™ GeneChip™ Human Gene 1.0 ST
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Table 5.7 Functional characterisation of repressed LSD1-insensitive genes
Cluster
No.

Enrichment
Score

1

23.969

2

GO Terms

Gene
Count

p-value

DNA Repair

65

1.8E –
-21
8.3E

20.411

Cell division, mitotic nuclear division

81

6.6E –
-12
4.0E

3

13.232

Sister chromatid cohesion

40

6.7E –
-9
5.9E

4

13.204

G1/S transition of mitotic cell cycle, DNA
replication initiation

29

7.1E –
-1
2.5E

5

7.220

Nucleotide binding

184

4.0E –
-6
9.6E

6

7.018

Mitochondrial matrix

45

1.4E –
-5
3.5E

-26

-32

-20

-27

-10

-10

Repressed LSD1-insensitive genes were clustered into functionally related gene groups using the
DAVID functional annotation tool. Table indicates the top 6 gene clusters, enrichment scores,
associated GO term, the number of genes within the corresponding GO term and the p-value of
the corresponding GO terms relative to the whole genome, modified Fisher’s exact test (EASE
Score).
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microarray platform, thus only genes represented on both the Human Gene 1.0 and 2.0 arrays
were included in this analysis. Normalised microarray expression intensities of each probe from
the CSC and NCSC datasets were classified as either CSC>NCSC or NCSC>CSC. Interestingly,
induced gene expression profiles were biased towards transcripts expressed higher in CSCs than
NCSCs, whilst the opposite was found for repressed transcripts with only 8/680 expressed higher
in CSCs than NCSCs. A significantly (p = 1.3 x 10-9) greater proportion of the induced LSD1sensitive genes had higher expression in CSCs than NCSCs compared to the inducible LSD1insensitive genes. Furthermore, the repressed LSD1-sensitive genes had significantly (p < 2.2 x
10-16) biased expression toward NCSCs compared to the repressed LSD1-insensitive genes (Fig.
5.6). These data indicate that LSD1 promotes inducible gene expression programs in CSCs whilst
acting as a repressor of NCSCs.

Analysis of overrepresented transcription factor binding sites at the promoters of
LSD1-sensitive genes

Successful transcription is a multi-layered process and requires the coordinated action of multiple
chromatin modifying enzymes, such as LSD1, as well as transcription factors (TFs) which
cooperatively facilitate restructuring of the chromatin architecture and thereafter, transcription.
TFs bind sequence-specific regions of DNA known as TF binding sites which can be examined
to elucidate potential gene regulatory networks (Jia and Li, 2012). It was of interest to examine
the TFBS present in the promoter regions of both LSD1-sensitive and LSD1-insensitive genes to
determine what TFs may be assisting gene expression during breast cancer EMT. To do so,
promoter sequences were extracted from 500 bp upstream and 100 bp downstream of the
transcription start site (TSS) for each gene. Next, the Genomatix Software Suite was utilised to
examine overrepresented TFBS in each gene cohort.
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Figure 5.6 LSD1 targets gene induction programs in breast cancer CSCs
Mock and LSD1 siRNA expression profiles were overlayed with our laboratory’s previously
published expression profiles generated from CSCs and non-CSCs (NCSCs) (Zafar et al., 2014).
All probes from the CSC and NCSC datasets were classified as either CSC>NCSC or
NCSC>CSC. Graph displays the percent of genes that are induced, repressed, LSD1-sensitive or
LSD1-insensitive in MCF-7/PMA+TGF-β cells and either in CSC>NCSC or NCSC>CSC
groups.
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First, the overrepresented TFBS at the promoters of induced LSD1-sensitive genes were
determined and compared the TFBS overrepresented at the promoters of genes induced in a
LSD1-insensitive manner. The top 20 overrepresented TFBS, the TFs that bind these sites and
the percentage of promoters with the motif in both induced LSD1-sensitive and LSD1-insensitive
gene cohorts are shown in Table 5.8. This analysis revealed that while there were many TFBS
overrepresented in both cohorts, only the representation of O$TF3A differed significantly
between the induced LSD1-sensitive and LSD1-insensitive genes. Next, this analysis was
repeated to examine the overrepresented TFBS at the promoters of repressed LSD1-sensitive
genes and these were compared to those at repressed LSD1-insensitive genes. However, while
there was also numerous TFBS overrepresented in both gene sets, there were no significant
differences between the two (Table 5.9). Thereby suggesting that there are no TFs that selectively
target the promoters of genes repressed by LSD1.

Validation of LSD1-mediated innate immunity in vivo

Data presented in Section Error! Reference source not found. identified clusters of induced
LSD1-sensitive genes that are enriched in programs related to innate immunity. To explore the
possibility that LSD1 was involved in regulating an innate immune cell infiltration in vivo, the
expression of several genes implicated in innate immune regulation were analysed following
LSD1 inhibition in an in vivo derived cancer xenograft model. All in vivo experiments were
performed by Mr. Abel Tan (University of Canberra). MDA-MB-231 cells were subcutaneously
transplanted into the mammary fat pad of balb/c nude mice and then treated them by daily
intraperitoneal injections with either vector only or phenelzine (method described in Section
2.10). Phenelzine is a non-selective MAO inhibitor that targets the AOL domain of LSD1
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Table 5.8 Overrepresented TFBS at the promoters of induced LSD1-sensitive genes
Motif Match (%)
TF
Families

Family Bound By

Z-score

Induced Induced Induced Induced p-value
LSD1LSD1LSD1LSD1Sensitive Insensitive Sensitive Insensitive

O$TF3A GTF3A

3.16

1.47

87.86

48.03

0.0016

V$E2FF E2F1, ENF2, E2F3, E2F4, E2F5,
E2F6, E2F7, E2F8, TFDP1,
TFDP2, TFDP3
V$ZF5F ZBTB14

78.25

78.58

13.82

21.49

0.9369

33.45

33.32

11.99

20.9

0.9721

V$CART ALX1, ALX3, ALX4, ARX,
ESX1, HESX1, ISX, MIXL1,
OTP, PHOX2A, PHOX2B,
PROP1, PRRX1, PRXX2, RAX,
RAX2, SHOX, SHOX2, UNCX,
VSX1, VSX2
V$SORY CIC, HBP1, HMGA1, HMGA2,
HMGB3P1, PINX1, SOX1,
SOX2, SOX3, SOX4, SOX5,
SOX5P, SOX6, SOX7, SOX8,
SOX9, SOX10, SOX11, SOX12,
SOX13, SOX14, SOX15, SOX17,
SOX18, SOX21, SOX30, SRY,
TOX
V$NRF1 NRF1

73.58

69.01

7.96

3.25

0.2439

94.11

94.23

7.87

0.61

>0.9999

30.73

32.46

7.73

18.93

0.4216

V$BEDF ZBED4

40.99

42.73

7.16

12.47

0.5407

O$YTBP

18.16

16.61

6.94

3.91

0.3387

O$VTBP TBP, TBPL1, TBPL2

74.37

70.68

6.76

3.98

0.3454

V$HBOX EMX2, EN1, EN2, EVX1, EVX2,
GBX1, GBX2, GSX1, GSX2,
MEOX1, MEOX2, VAX1, VAX2
V$BRNF POU3F1, POU3F2, POU3F4,
POU4F1, POU4F2, POU4F3
V$HNF1 HMBOX1, HNF1A, HNF1B

72.07

69.57

6.64

3.82

0.5147

73.73

72.30

6.52

3.66

0.7264

70.50

68.56

6.39

3.9

0.6230

V$BRN5 POU6F1, POU6F2

68.99

64.25

6.18

-1.14

0.2034

V$DLXF DLX1, DLX2, DLX3, DLX4,
DLX5, DLX6
V$HOMF BARHL1, BARHL2, BARX1,
BARX2, BSX, HHEX, HMX1,
HMX2, HMX3, LBX2, MSX1,
MSX2, NOBOX, TLX1, TLX2

47.67

43.90

6.02

0.71

0.1898

89.02

86.53

6

2.33

0.5912
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V$FKHD AP5Z1, FOXA1, FOXA2,
FOXA3, FOXB1, FOXC1,
FOXC2, FOXD1, FOXD2,
FOXD3, FOXD4, FOXD4L1,
FOXD4L4, FOXE1, FOXK1,
FOXK2, FOXL1, FOXL2,
FOXM1, FOXN2, FOXN3,
FOXO1, FOXO3, FOXO4,
FOXO6, FOXP1, FOXP2,
FOXP3, FOXP4, FOXQ1,
FOXE3, FOXF1, FOXF2,
FOXG1, FOXI1, FOXJ1, FOXJ2,
FOXJ3, FOXS1
O$PTBP

85.71

83.24

5.91

2

0.5874

33.60

30.08

5.67

3.76

0.1253

V$HDBP SLC2A4RG

23.04

25.47

5.53

13.58

0.2204

V$HOXF HOXA1, HOXA2, HOXA3,
76.74
HOXA4, HOXA5, HOXA6,
HOXA7, HOXB1, HOXB2,
HOXB3, HOXB4, HOXB5,
HOXB6, HOXB7, BOXB8,
HOXC4, HOXC5, HOXC6,
HOXC8, HOXD1, HOXD3,
HOXD4, HOXD8, NANOG
V$LHXF ISL1, ISL2, LHX1, LHX2, LHX3, 68.49
LHX4, LHX5, LHX6, LHX8,
LHX9, LMX1A, LMX1B

75.90

5.5

2.27

0.8524

67.09

5.18

2.68

0.7206

The promoters of induced LSD1-sensitive and induced LSD1-insensitive genes were probed for
the presence of overrepresented TFBS using the Genomatix Software Suite. The top 20
overrepresented TF families at the promoters of induced LSD1-sensitive genes are shown ranked
by Z-score. The relative percentage of TF motifs identified at the promoters of each group and
the names of the TFs that bind these motifs are shown. p-values are shown for each TF family
and significant differences between groups is denoted in bold, Fisher’s exact test.
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Table 5.9 Overrepresented TFBS at the promoters of repressed LSD1-sensitive genes
Motif Match (%)
TF
Families

Family Bound By

Z-score

Induced Induced Induced Induced p-value
LSD1LSD1LSD1LSD1Sensitive Insensitive Sensitive Insensitive

V$E2FF E2F1, ENF2, E2F3, E2F4, E2F5,
E2F6, E2F7, E2F8, TFDP1,
TFDP2, TFDP3
V$ZF5F ZBTB14

82.28

82.10

30.82

60.18

0.9756

43.65

44.90

27.71

53.5

0.7109

V$NRF1 NRF1

39.41

41.13

19.82

42.44

0.5917

V$SP1F CDCA7L, EAPP, KLF10, KFL11,
KLF16, KLF5, SP1, SP2, SP3,
SP4, SP5, SP6, SP7, SP8
V$BEDF ZBED4

70.35

69.59

17.11

30.81

0.8728

50.83

50.02

16.01

28.25

0.8314

V$EGRF EGR1, EGR2, EGR3, EGR4,
WT1
O$XCPE

68.55

67.64

15.85

28.04

0.8465

44.54

44.17

14.61

26.62

0.9115

V$MAZF MAZ, PATZ1

54.81

52.01

12.47

16.89

0.4646

O$TF3A GTF3A

0.64

0.53

11.85

18.44

0.7752

V$KLFS KLF1, KLF2, KLF3, KLF4,
KLF6, KLF7, KLF8, KLF9,
KLF12, KLF13, KLF15, KLF17
O$MTEN

88.06

88.43

11.47

18.87

0.9521

43.00

44.46

11.37

25.78

0.6820

V$ZF02 ZBTB7A, ZBTB7B, ZKSCAN3,
ZNF148, ZNF202, ZNF219,
ZNF281, ZNF300
V$CDEF

67.91

66.18

11.28

16.11

0.6973

30.42

32.68

10.69

25.6

0.4028

V$NDPK NME1, NME2

46.60

45.23

10.62

14

0.6870

V$CTCF CTCF, CTCFL

62.26

60.58

9.84

19.87

0.6895

V$HDBP SLC2A4RG

29.53

30.41

9.14

19.3

0.7648

V$HNFP HINFP

35.82

37.76

6.27

17.58

0.5266

V$WHNF FOXN1, FOXN4

31.58

32.24

6.1

13.7

0.8346

V$AHRR AHR, ARNT, NPAS4, SIM1,
SIM2
V$PLAG PLAG1, PLAGL1, PLAGL2

48.78

49.82

6.04

13.37

0.7749

62.64

58.91

5.52

5.29

0.3672
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The promoters of repressed LSD1-sensitive and repressed LSD1-insensitive genes were probed
for the presence of overrepresented TFBS using the Genomatix Software Suite. The top 20
overrepresented TF families at the promoters of repressed LSD1-sensitive genes are shown
ranked by Z-score. The relative percentage of TF motifs identified at the promoters of each group
and the names of the TFs that bind these motifs are shown. p-values are shown for each TF family,
Fisher’s exact test.
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subsequently inhibiting its catalytic activity (Lee et al., 2006). Excised tumours were provided by
Mr. Abel Tan and then RNA was extracted from each tumour and reverse transcribed into cDNA.
The mRNA expression of several Toll-like receptors (TLRs) and cytokines were analysed in each
sample by qRT-PCR. TLRs are a family of pattern-recognition receptors involved in activation
of the innate immune system while cytokines are cell signalling molecules that can have either a
pro-inflammatory/chemokine function or an anti-inflammatory function in the innate immune
system (Medzhitov, 2001). Transcript analysis (method described in Sections 2.4.1, 2.4.10 and
2.11.1) revealed that inhibition of LSD1 in vivo leads to downregulation of the TLR genes, TLR4
and TLR7 (Fig. 5.7A). Moreover, phenelzine treatment repressed the expression of the proinflammatory cytokines ILB1, IL12, IL23A and TNF as well as the chemokines, CCL2 and CCL5
(Dinarello, 2000, Trinchieri, 2003, Langrish et al., 2004, Griffith et al., 2014) (Fig. 5.7B).
Collectively, these data suggest that LSD1 promotes an innate immune infiltration at the primary
tumour site.
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Figure 5.7 LSD1 inhibition represses innate immune signatures at the primary tumour site
in vivo
Balb/c nude mice were treated with either vector only or phenelzine 41 mg/kg. Tumours were
excised, cut in half, digested with collagenase IV into single cell suspensions RNA was extracted
from each sample. mRNA transcript levels of: (A) TLR4 and TLR7; or (B) CCL2, CCL5, TNF,
ILB1, IL12B and IL23A as determined by qRT-PCR. Data are expressed as fold change relative
to vector only treated cells normalised to PPIA and are representative of the mean ± SE (n ≥ 4).
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Discussion

Microarray expression analysis was employed to examine the influence of LSD1 in the global
regulation of gene expression during breast cancer EMT. Genome-wide transcriptional profiling
and revealed that: (1) LSD1 regulates large-scale gene induction and repression during breast
cancer EMT; (2) LSD1-sensitive genes are involved in a wide range of functions and are enriched
in EMT related programs and pathways; and (3) LSD1 promotes gene induction programs in
breast CSCs and gene repression programs in NCSCs. Finally, data presented in this chapter
demonstrate that an in vivo innate immune infiltration at the primary tumour site is regulated by
LSD1 activity.

EMT is characterised by extensive transcriptional reprogramming that regulates multiple
downstream events including loss of apical-basal polarity and cell-cell adhesion which
subsequently enable phenotypic switching (Lamouille et al., 2014). Indeed, this analysis
identified over 4500 gene transcripts with altered expression during EMT with many of both the
induced and repressed changes being LSD1-sensitive. Of the protein-coding genes that were
influenced by LSD1, the majority were induced rather than repressed during EMT (Sections
Error! Reference source not found. and 5.4). Perhaps the most well-described reprogramming
that occurs during EMT is the hallmark repression of E-cadherin and induction of vimentin and
Snail (described in Section 1.4). At the protein level, there is loss of E-cadherin and induction of
vimentin and Snail after PMA+TGF-β treatment in MCF-7 cells (Section 3.3). However, there
were no detectable changes in the expression of CDH1, VIM or SNAI1 mRNA utilising the
Affymetrix™ GeneChip™ Human Gene 2.0 ST microarray platform in this model. It is now well
understood that EMT occurs rapidly and presents on a phenotypic spectrum (Nieto, 2011) and
while there were no detectable changes in CDH1, VIM or SNAI1 mRNA, changes in the
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expression of the LSD1-sensitive EMT markers, PLAUR and CD44 (Sections 4.6 and 4.8) were
detected. Data presented in Section 4.5 show that SNAI1 mRNA levels significantly increase
following PMA+TGF-β treatment, however, they have returned to baseline by 60 hours of
treatment at which point samples are collected. These data support the suggestion that by 60 hours
of treatment, these transcripts have either been degraded or translated into protein (Section 4.14).
It is therefore likely that this would have occurred for multiple transcripts and consequently,
differential changes in the expression of many genes would not identified. Further, it is
acknowledged that newer techniques, such as RNA-seq, can more accurately detect both poorly
and abundantly expressed transcripts (Zhao et al., 2014) and that this genome-wide analysis was
performed using a single experimental replicate raising the possibility that some differentially
expressed genes may have been missed. Indeed, it is also plausible that due to the nature of
transfections, the efficiency of this particular transfection may be lower than those shown in
Figure 5.2B. Accordingly, it is noted that not all functional changes will have been detected in
this transcriptome analysis. Further experiments will be required to validate the functional
changes that have occurred at a transcriptome-wide level.

Analyses of LSD1-sensitive protein-coding genes revealed that within the top 50 inducible
transcripts in Section Error! Reference source not found. were the MMP family members, MMP9,
MMP13, MMP1 and MMP10. As described earlier, MMPs proteins are involved ECM
degradation and have been implicated in embryonic development and wound healing, both of
which are physiological EMT processes (Page-McCaw et al., 2007, Vu and Werb, 2000).
Consistent with these findings, pharmacological inhibition or siRNA-mediated knockdown of
LSD1 represses the expression of MMP9, MMP13 and MMP1 in retinal endothelial cells, an in
vivo orthotopic oral cancer model, and in breast cancer cells, respectively (Zhong and Kowluru,
2013, Alsaqer et al., 2017, Carnesecchi et al., 2017). GO enrichment analysis determined that of
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the induced LSD1-sensitive genes, many were EMT related including the regulation of cell
migration, motility, and differentiation as well as the TGF-β, MAPK, NF-κB and PI3K-Akt
signalling pathways (Larue and Bellacosa, 2005) (Section Error! Reference source not found.).
Examination of repressed LSD1-sensitive genes also revealed a large cohort of genes that encode
for transmembrane proteins were downregulated by LSD1 during EMT (Section 5.7.1). Given
that rearrangement of the actin cytoskeleton and ECM remodelling are key step in the progression
of EMT (Lamouille et al., 2014), it is postulated that LSD1 regulates breast cancer EMT, at least
in part, by inducing MMP family members; and this cytoskeletal remodelling leads to large-scale
loss of integral membrane proteins.

Functional annotation data presented in Section 5.6 show that a large proportion of genes
repressed during EMT are involved in the cell cycle. In accordance with this, cell cycle arrest has
previously been observed in breast cancer cells undergoing TGF-β-induced EMT (Tran et al.,
2011). However, this observation is not unique to breast cancer and has previously been observed
in human ovarian adenocarcinoma cells, canine kidney cells and murine epidermal keratinocyte
cells, tubular epithelial cells and medial edge epithelial primary cells undergoing EMT (Grassi et
al., 2017, Vega et al., 2004, Lovisa et al., 2015, Iordanskaia and Nawshad, 2011). Many of these
studies have concluded that the EMT-TFs, Snail and Twist regulate this process by initiating and
sustaining G2 arrest (Lovisa et al., 2015, Vega et al., 2004, Tran et al., 2011). To date, the function
of EMT cell cycle arrest remains unknown, although it has been suggested that it allows cells to
synchronise to then undergo the morphological changes required during dedifferentiation
(Iordanskaia and Nawshad, 2011, Vega et al., 2004), or conversely, that it functions to maintain
a mesenchymal state (Tran et al., 2011). LSD1 promotes the expression and subsequently colocalises with Snail during EMT (Sections 4.5 and 4.6), therefore, it is speculated that much of
this action is facilitated by LSD1. However, repression of cell cycle genes occurs in both a LSD1-
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sensitive and LSD1-insensitive manner (Section 5.6), hence it is likely that in the absence of
LSD1 expression, initiation of EMT is sufficient for Snail to drive these changes.

This study utilised a TF motif analysis to examine overrepresented TFBS within the promoter
regions of induced and repressed LSD1-sensitive genes. This analysis identified the binding sites
of Transcription Factor IIIA (GTF3A) as being highly enriched in induced LSD1-sensitive genes
relative to LSD1-insensitive genes (Section 5.8). GTF3A is an RNA Polymerase III TF involved
in promoting the transcription of 5S ribosomal RNA (rRNA) genes (Camier et al., 1995, Layat et
al., 2013). Furthermore, GTF3A has been implicated in maintaining the transcription of other
genes such as p53 (Sloan et al., 2013). Upon examining the induced LSD1-sensitive genes it was
revealed that LSD1 does not regulate expression of GTF3A during EMT. However, this is
unsurprising given that most TFs are regulated at the protein level (Filtz et al., Carr et al., 2015).
Future genome-wide chromatin immunoprecipitation-sequencing (ChIP-seq) and transcriptome
analyses examining the distribution of chromatin-tethered GTF3A and its effects on the
expression of inducible genes will be required to unravel the contribution of this TF to breast
cancer EMT and the induction of LSD1-sensitive genes. Nevertheless, functional annotation of
induced LSD1-sensitive genes revealed enrichment for several functions relating to transcription
regulation, TF activity and DNA binding (Section 5.5.1). Thus, LSD1 is integrally involved in
large-scale regulation of transcription during EMT.

Previously our laboratory has performed transcriptome analysis of CD44hi/CD24lo breast CSCs
isolated using FACS from MCF-7/PMA cells (Zafar et al., 2014). Here it was shown that LSD1
regulates widespread genomic changes during EMT that result in active induction of CSC
phenotype mediated by increased expression of multiple EMT-related genes. Markedly, LSD1
promotes inducible gene expression programs in CSCs whilst promoting repressive programs in
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NCSCs (Section 5.8). Within the induced LSD1-sensitive CSC>NCSC cohort there were several
genes associated with stem cell regulation including KLF4, SMAD3 and BMP2 (Zhang et al.,
2010, Shi et al., 2014, Pera et al., 2004). These data suggest that LSD1 promotes a stem-like
phenotype and as such may be an exemplar target in the clinical setting.

It is well-established that evasion of the immune system is tightly linked with cancer progression.
Data presented in this chapter demonstrate that LSD1 induces the expression of genes involved
in an innate immune response (Section Error! Reference source not found.). Furthermore,
treatment with the non-specific LSD1 inhibitor, phenelzine, promotes the expression of several
factors implicated in innate immune regulation at the primary tumour site in vivo (Section Error!
Reference source not found.). Notably, phenelzine treatment promotes TNFα, IL-1β, IL-12 and
IL-23 expression which are all cytokines secreted by macrophages (Arango Duque and
Descoteaux, 2014). Treatment with phenelzine also induces the expression of the chemokines
CCL2 and CCL5 which regulate macrophage migration and infiltration and TLR4 which is
responsible for macrophage activation (Deshmane et al., 2009, Ding et al., 2016, Keophiphath et
al., 2010, Gallego et al., 2011). Macrophages are mediators of the innate immunity and have been
shown to create an inflammatory environment at the primary site that promotes tumour growth
and metastasis (Qian and Pollard, 2010). Collectively, these data suggest that LSD1 may regulate
the promotion of an innate macrophage infiltration further contributing to a more malignant
phenotype in breast cancer.
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Conclusions

In this chapter, microarray expression profiling was employed to study the involvement of LSD1
in the global regulation of gene expression in breast cancer EMT and CSCs. It was found that
LSD1 regulated the expression of a large cohort of genes during EMT and this activity was
skewed towards gene induction rather than repression. Importantly, inducible LSD1-sensitive
genes are involved in regulating transcription and in promoting an EMT phenotype. Moreover,
LSD1 promotes an innate immune infiltration at the primary tumour site in vivo. This suggests
that in addition to promoting EMT, LSD1 simultaneously serves to promote tumorigenesis by
modulating the immune system.
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6 Chromatin-tethered LSD1 targets distinct genomic
regions to promote breast cancer EMT and CSCs
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Introduction

Chromatin immunoprecipitation (ChIP) coupled with massively parallel DNA sequencing (ChIPseq) is powerful tool used to unbiasedly identify segments of DNA that physically interact with
DNA binding proteins. Such DNA binding proteins include transcription factors (TFs),
chromatin-modifying enzymes, modified histone proteins and components of the basal
transcriptional machinery. ChIP-seq studies can facilitate the discovery of sites bound by novel
TFs, and subsequently the sequence motifs they recognise subsequently allowing the creation of
extensive global binding maps. Moreover, these studies can be utilised to identify differential
binding in response to altered conditions and how the position of these regions are relative to
specific genomic regions or the binding sites of other proteins or factors. Acquired binding data
can be intersected with expression data and used to identify distinct mechanisms involved in
differential gene regulation by inferring whether a factor is acting in an activatory or repressive
manner and reveal gene regulatory networks.

The ENCyclopedia Of DNA Elements or ENCODE project aims to identify functional elements
in the human genome and is an exemplar example of the power of high-throughput ChIP-seq
(ENCODE Project Consortium, 2012). Previously, ChIP-seq has been utilised to identify the
function of histone modifications or proteins and how they relate to transcriptional status and
chromatin state. For example, ChIP-seq has revealed that H3K4me3 marks transcriptionally
active regions of DNA, whilst H3K27me3 marks repressive chromatin (Mikkelsen et al., 2007).
Within the ENCODE project, ChIP-seq has been employed to generate genome-wide maps
establishing the chromatin state of genomic regions in multiple cell types based largely on the
presence of specific histone modifications. All information gathered can then subsequently be
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utilised by others to examine the state of the chromatin bound by their DNA binding protein of
interest in numerous disease states including cancer.

Data presented in Chapter 5 reveal that LSD1 regulates wide-spread gene induction that
subsequently activates downstream programs that promote breast cancer EMT and CSCs. Yet the
mechanism by which LSD1 promotes these programs remains undefined. Given that LSD1 is a
histone demethylase capable of tethering to the chromatin template, it is important to understand
how such binding is related to this gene signature and the promotion of EMT. This chapter will
examine the interplay between chromatin-bound LSD1 and the effects of LSD1 expression on
the PMA-TGF-β-induced gene expression profile. Moreover, this chapter will study potential
influences of PKC-θ chromatin binding as well as the relationship between LSD1 binding and
transcript expression in CSCs and NCSCs subsets.

Chapter 6 Specific Aims:
1. Characterise the role of chromatin-tethered LSD1 and LSD1 target genes in breast cancer
EMT.
2. Examine the relationship between LSD1 binding and global gene expression programs in
breast CSCs.
3. Determine if LSD1 and PKC-θ co-bind to the chromatin template in epithelial and
mesenchymal-like breast cancer cells.
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Results
Examination of LSD1 chromatin binding on EMT gene promoters in the
mesenchymal state

To determine whether LSD1 binds to the promoter regions of inducible EMT genes, chromatin
immunoprecipitation (ChIP) was performed on MCF-7 cells treated with either vehicle alone or
PMA+TGF-β to induce EMT (method described in Sections 2.3.7 and 2.4.6) (Fig. 6.1A). LSD1
ChIP DNA was subsequently isolated and ChIP-PCR was utilised to assess LSD1 enrichment at
the promoter region of PLAUR and CD44 (method described in Sections 2.4.10 and 2.11.4).
PLAUR was selected as it has previously been implicated in the induction of breast cancer EMT
(Lester et al., 2007) whilst CD44 was selected as it is a well-established marker of breast CSCs
(Al-Hajj et al., 2003). Both PLAUR and CD44 are highly induced and LSD1-sensitive in this
model (Table 5.2). ChIP-PCR revealed that LSD1 was tethered to the promoter region of PLAUR
in MCF-7, MCF-7/PMA+TGF-β cells and was highly enriched in MDA-MB-231 cells (Fig.
6.1B). LSD1 was also highly enriched across the promoter region of CD44 in MCF-7, MCF7/PMA+TGF-β and MDA-MB-231 cells (Fig. 6.1C). Collectively these results indicate that
LSD1 tethers to the promoter regions of genes induced during breast cancer EMT.

Preparation of LSD1 ChIP DNA samples and validation of DNA fragment sizes for
next-generation sequencing

To identify genome-wide LSD1 binding sites and to help determine which LSD1-sensitive genes
were direct LSD1 targets, ChIP coupled with massively parallel DNA sequencing (ChIP-seq) was
performed. LSD1 ChIP DNA was isolated from MCF-7, MCF-7/PMA+TGF-β and MDA-MB231 cells and samples were submitted to the Ramaciotti Centre for Gene Function Analysis
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Figure 6.1 LSD1 directly tethers to the promoters of mesenchymal genes
(A) MCF-7 cells treated with either vehicle alone or with PMA+TGF-β for 60 hours to induce
EMT. (B) ChIP was performed on MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells with
an anti-LSD1 antibody. LSD1 ChIP DNA was analysed by SYBR Green qRT-PCR and
enrichment across the promoter region of PLAUR and CD44 is shown for each cell type. Data are
expressed as LSD1 ChIP enrichment ratio ± SE (n ≥ 8). Black = MCF-7; red = MCF7/PMA+TGF-β; blue = MDA-MB-231 cells.
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(Sydney, Australia) for library preparation, quality control check and next-generation sequencing
(method described in Sections 2.4.7 and 2.4.9) (Fig. 6.2A). Samples were size selected to obtain
fragments between 250-550 bp and DNA libraries were prepared using the TruSeq ChIP Sample
Preparation kit. The final size distribution of the resulting DNA libraries was assessed using the
High Sensitivity DNA chip on the Agilent 2100 Bioanalyser. Each sample had fragments that
ranged in size from approximately 200-460 bp with the average fragment length ranging from
293-348 bp (Fig. 6.2B). These samples were of appropriate size and were subsequently sequenced
using the NextSeq 500 75-cycle paired-end high output kit on the NextSeq 500 System.

Genome-wide analysis of the chromatin environments of LSD1 bound regions in
epithelial and mesenchymal-like cells

All bioinformatic analyses of the ChIP-seq data were performed by Dr. Kristine Hardy
(University of Canberra). All reads were mapped to the human genome 19 and peaks were called
against the relevant TI samples using HOMER (method described in Section 2.11.7). The total
number of peaks called in MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells and the overlap
between peaks in these cells is shown in Fig. 6.3A. LSD1 ChIP-seq detected considerably more
LSD1 binding regions in MCF-7/PMA+TGF-β cells (6487) than in MCF-7 cells (2479),
indicating that LSD1 binding shifts at a large number of regions during EMT (representative
images shown in Fig. 6.3B). Furthermore, there were substantially more LSD1 binding sites in
both MCF-7 and MCF-7/PMA+TGF-β cells than in MDA-MB-231 cells (851). Only 283 LSD1
peaks were shared among all cell lines. Notably, 50% of the peaks in mesenchymal MDA-MB231 cells were also present in MCF-7/PMA+TGF-β cells suggesting that these regions may be
selectively bound by LSD1 in mesenchymal cells. Next, LSD1 ChIP-seq peaks where overlayed
with ENCODE “blacklisted” regions of the genome that often display a substantially enriched
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Figure 6.2 LSD1 ChIP DNA sample fragment sizes are of acceptable length for nextgeneration sequencing
(A) MCF-7 cells treated with either vehicle alone or with PMA+TGF-β for 60 hours to induced
EMT and LSD1 ChIP was performed. (B) Electropherograms indicating the size distribution of
DNA fragments from MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231cells as measured by a
High Sensitivity DNA chip on the Agilent 2100 Bioanalyser. RIN numbers for each sample are
displayed below the corresponding electropherograms.
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Figure 6.3 Chromatin-bound LSD1 relocates in epithelial and mesenchymal-like cells
LSD1 ChIP-seq was performed on MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells. (A)
Venn diagram depicting the separation of LSD1 ChIP-seq peaks and the overlap of peaks between
each cell type. (B) LSD1 ChIP-seq peaks across EGR1, KLF4, and KLF10 transcripts in MCF-7
and MCF-7/PMA+TGF-β cells. Data are shown in the UCSC Genome Browser. (C) LSD1 ChIPseq data was overlaid with ENCODE blacklisted regions. Graph depicts the proportion of LSD1
ChIP-seq peaks that occur in blacklisted regions. White = non-blacklisted regions; black =
blacklisted regions. LSD1 ChIP-seq-peaks were annotated to: (D) the genomic annotation of the
region occupied by the centre of the peak; and (E) summarized CTCF/chromatin states in MCF7 cells. Genomic annotations were classified as pseudogene, rRNA, ncRNA, exon, 5’UTR,
3’UTR, transcription termination site (TTS), promoter (<1 kb from TSS), intronic, or intergenic.
Chromatin states were classified as enhancer (± CTCF), promoter (± CTCF), CTCF, repeat,
transcribed, repressed, poised promoter, or heterochromatin.
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signal largely independent of the target protein and cell type (ENCODE Project Consortium,
2012). This analysis showed that 29%, 14% and 59% of the reads from MCF-7, MCF7/PMA+TGF-β and MDA-MB-231 cells mapped to these blacklisted regions, respectively (Fig.
6.3C). While a large proportion of the MDA-MB-231 peaks were blacklisted, over 330 peaks
were not, thereby confirming that the MDA-MB-231 LSD1 ChIP-seq was successful and that
there are low levels of LSD1 binding in these cells.

To determine what genomic regions are bound by LSD1 during EMT, ChIP-seq peaks were
annotated to the genomic annotation of the region occupied by the centre of the peak using
HOMER. It was found that LSD1 largely occupied intergenic and intronic regions in both MCF7 and MCF-7/PMA+TGF-β cells. However, while 97% of LSD1 bound regions were annotated
as intronic and intergenic regions in MCF-7 cells, this number decreased to 77% in MCF7/PMA+TGF-β cells. Moreover, there was a substantial increase (15%) in the proportion of LSD1
bound to regions annotated as promoters during EMT (Fig. 6.3D). Next, LSD1 ChIP-seq peaks
were annotated to distinct chromatin states utilising previously published data on the chromatin
state and CCCTC-binding factor (CTCF) binding in these regions in MCF-7 cells (Taberlay et
al., 2014). It was found that a large proportion of the LSD1 bound regions were marked as
heterochromatin, poised promoter and promoter. Interestingly, there was a shift from LSD1
binding at poised promoter regions to active promoter regions in MCF-7/PMA+TGF-β cells (17%
and 25%, respectively) compared with MCF-7 cells (35% and 10%, respectively). This was
accompanied by an increase in LSD1 bound regions annotated as transcribed along with those
marked as CTCF + promoter and CTCF + enhancer in MCF-7/PMA+TGF-β cells (Fig. 6.3E).
Collectively, these data suggest that LSD1 binding shifts from non-coding regions in epithelial
cells to promoter regions in mesenchymal cells and specifically to active promoters.
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The relationship between LSD1 binding and the transcriptional responses of LSD1sensitive and LSD1-insensitive genes in epithelial and mesenchymal-like cells

Data presented in Chapter 5 demonstrate that LSD1 expression regulates the expression of a
large cohort of inducible and repressible genes during EMT. MCF-7 and MCF-7/PMA+TGF-β
gene expression sets were overlaid with LSD1 ChIP-seq data to determine if LSD1 preferentially
tethered to induced or repressed genes and within what distance of the transcription start sites
(TSSs) of differentially expressed genes. LSD1 occupied a higher proportion of regions within
all distances of an induced gene TSS than a repressed gene TSS following EMT induction in
MCF-7/PMA+TGF-β cells and in mesenchymal MDA-MB-231 cells. Furthermore, a greater
proportion of the induced LSD1-sensitive genes had LSD1 binding than repressed genes in MCF7, MCF-7/PMA+TGF-β and MDA-MB-231 cells. However, only around 17% of genes induced
during EMT had chromatin-tethered LSD1 within 10 kb of the TSS (Fig. 6.4). DNA looping
enables distant binding of factors, and when the regions examined were extended to within 100
kb it was determined that up to 39% of these induced LSD1-sensitive genes had LSD1 binding.
It is, therefore, likely that a large proportion of LSD1-sensitive genes are induced due to indirect
effects of LSD1. Nevertheless, LSD1 binding appears to promote gene induction rather than
repression in mesenchymal cells.

Examination of inducible direct and indirect LSD1 target genes during PMA+TGFβ-induced EMT

Since LSD1 promotes breast cancer EMT by regulating gene expression, it was of interest to
examine the role of LSD1 targeted genes in EMT. To do so, genes with LSD1-sensitive gene
expression where classified either as direct or indirect LSD1 targets. As a conservative approach,
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Figure 6.4 Chromatin-tethered LSD1 selectively targets gene induction programs during
breast cancer EMT
LSD1 ChIP-seq data was overlaid with LSD1 siRNA gene expression profiles. LSD1 ChIP-seq
peaks were grouped by indicated distance to the nearest TSS based on their response to treatment
with PMA+TGF-β and sensitivity to LSD1 siRNA. Graphs represent the percentage of genes that
lie within each group. Black = 1 kb; red = 5 kb; blue = 10 kb from TSS.
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genes induced upon treatment with PMA+TGF-β, with LSD1-sensitive gene expression and
LSD1 binding within 5 kb of their TSS were classified as direct LSD1 targets and those without
as indirect (Fig. 6.5).

Analysis of direct LSD1 target genes
There were 200 induced LSD1-sensitive probes classified as direct LSD1 target genes matching
165 annotated gene transcripts with 67% (110) corresponding to unique protein-coding genes.
The DAVID functional annotation tool was used to identify clusters of genes enriched within the
direct LSD1 target group. Table 6.1 shows the top 6 enriched clusters with their corresponding
enrichment score and GO term, the number of genes within the GO term and the significance of
the enrichment. Importantly, this analysis identified functional clusters relating to both positive
and negative transcription regulation including annotations relating to TF activity and sequencespecific DNA binding. Thus, indicating that LSD1 directly targets multiple genes that are
involved in modulating transcription and therefore, it is plausible that these proteins mediate the
expression of indirect LSD1 targets.

Analysis of indirect LSD1 target genes
There were 1259 induced LSD1-sensitive probes with no chromatin-tethered LSD1 detected
within 5 kb of the TSS, as thus classified as indirect LSD1 target genes. These probes matched
841 annotated gene transcripts with 59% (500) corresponding to unique protein-coding genes.
All indirect LSD1 target genes were subjected to clustering and functional annotation using the
DAVID functional annotation tool. This analysis revealed that indirect LSD1 targets are enriched
for a variety of biological process relating to the regulation of innate immunity, gene expression
and protein phosphorylation. Interestingly, this analysis also identified positive regulation of
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Figure 6.5 Identification of genes directly and indirectly targeted by LSD1
Venn diagram depicting the separation of LSD1 ChIP-seq peaks based on: their expression in
MCF-7 and MCF-7/PMA+TGF-β cells; their sensitivity to LSD1 siRNA in MCF-7 and MCF7/PMA+TGF-β cells; and LSD1 binding in MCF-7/PMA+TGF-β cells. Graph highlights the
selection of genes that were classified as direct LSD1 targets and indirect LSD1 targets.
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Table 6.1 Functional characterisation of directly targeted induced LSD1-sensitive genes
Cluster
No.

Enrichment
Score

1

3.72

2

GO Terms

Gene
Count

p-value

Transcription factor activity, sequencespecific DNA binding

21

3.0E –
-2
3.3E

3.61

Positive regulation of transcription from
RNA polymerase II promoter

19

3.0E –
-3
5.0E

3

3.55

Protein binding

87

5.3E –
-2
8.5E

4

2.49

Transcriptional activator activity, RNA
polymerase II core proximal region
sequence-specific binding

9

1.8E –
-1
4.0E

5

2.18

Transcriptional repressor activity, RNA
polymerase II core proximal region
sequence-specific binding

6

7.6E –
-2
5.0E

6

2.1

Type I interferon signalling pathway

5

4.2E –
-1
4.1E

-6

-6

-9

-5

-4

-4

Directly targeted induced LSD1-sensitive genes were clustered into functionally related gene
groups using the DAVID functional annotation tool. Table indicates the top 6 gene clusters,
enrichment scores, associated GO term, the number of genes within the corresponding GO term
and the p-value of the corresponding GO terms are shown relative to the whole genome, modified
Fisher’s exact test (EASE Score).
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EMT as being enriched within the indirect LSD1 target genes (top 6 clusters shown in Table 6.2).

Classification of direct and indirect LSD1 targets genes in relation to EMT-related
pathways
Next, all directly and indirectly targeted LSD1-sensitive genes were analysed and classified
according to EMT-related pathways using GO term enrichment and the KEGG pathway database.
Several genes in each group were both direct and indirect LSD1 targets, indicating a broad role
for this enzyme in promoting EMT (Fig. 6.6). The ratio of indirect to direct LSD1 targets was
slightly lower for TF and forkhead box (FOX) proteins compared to other groups, suggesting that
LSD1 may preferentially target TFs to achieve its secondary effects. Indeed, our recent study on
the regulation of DNA accessibility in MCF-7/PMA cells (Hardy et al., 2016) identified an
important role for AP-1 family members such as JUN, JUNB, and FOS, which are direct LSD1
targets (Fig. 6.6). Therefore, LSD1 executes genome-wide EMT programs through both direct
and indirect actions.

Analysis of overrepresented TF binding motifs at the promoters of direct and
indirect LSD1 target genes

Data presented thus far indicate that a large cohort of induced LSD1-sensitive genes are not
directly targeted by LSD1. It was therefore of interest to examine the TF binding sites (TFBS)
overrepresented at the promoter regions of direct and indirectly targeted induced genes to
determine if any TFs may be aiding LSD1-mediated gene induction. Moreover, it was of interest
to examine if the TFs binding direct LSD1 target genes differed to those capable of acting upon
indirect LSD1 target genes. The promoter sequences for all directly and indirectly targeted
induced LSD1-sensitive genes were extracted from 500 bp upstream and 100 bp downstream of
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Table 6.2 Functional characterisation of indirectly targeted induced LSD1-sensitive genes
Cluster
No.

Enrichment
Score

1

8.84

2

GO Terms

Gene
Count

p-value

Innate immune response

25

8.7E –
-4
5.4E

2.255

Positive regulation of release of
cytochrome c from mitochondria

7

7.8E –
-2
5.6E

3

1.970

Circadian regulation of gene expression

9

1.2E –
-1
1.4E

4

1.920

Basic-leucine zipper (bZIP) domain
transcription factors

7

2.1E –
-1
1.4E

5

1.854

Positive regulation of protein
phosphorylation, Positive regulation of
epithelial to mesenchymal transition

8

9.2E –
-2
5.6E

6

1.846

Inflammatory response

14

1.0E –
-1
2.5E

-15

-5

-4

-3

-4

-4

Indirectly targeted induced LSD1-sensitive genes were clustered into functionally related gene
groups using the DAVID functional annotation tool. Table indicates the top 6 gene clusters,
enrichment scores, associated GO term, the number of genes within the corresponding GO term
and the p-value of the corresponding GO terms are shown relative to the whole genome, modified
Fisher’s exact test (EASE Score).
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Figure 6.6 LSD1 tethers to chromatin and both directly and indirectly regulates genomewide programs that activate EMT-related pathways
Induced LSD1-sensitive genes were profiled for enrichment of GO or KEGG annotations in
indicated pathways. Genes within the circle are direct LSD1 targets, genes outside the circle are
indirect LSD1 targets.
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the TSS and overrepresented TFBS were examined using the Genomatix Software Suite.

Analysis of the TFBS overrepresented in direct LSD1 target genes revealed that 18 of the top 20
were significantly enriched in the promoter regions of genes directly targeted by LSD1 compared
with those indirectly targeted (Table 6.3). Interestingly, several induced LSD1-sensitive genes
encode for TFs that target these motifs, such as E2F3 (V$E2FF), E2F5 (V$E2FF), KLF10
(V$SP1F), KLF11 (V$SPIF), EGR1 (V$EGRF), ZNF281 (V$ZF02), KLF6 (V$KLFS) and KLF4
(V$KLFS). Notably, KLF10, EGR1 and KLF6 are all direct LSD1 targets which suggests that
LSD1 induces their expression, and subsequently they may assist LSD1 binding to target gene
promoters wherein LSD1 directly induces the expression of these transcripts.

Next, the TFBS overrepresented in the promoter regions of indirect LSD1 target genes was
examined. It was found that all of the top 20 TFBS overrepresented in this gene cohort were
enriched compared with direct LSD1 target genes and furthermore, 19 had negative Z-scores in
direct LSD1 target genes (Table 6.4). Several of these TFBS are targeted by induced LSD1sensitive genes including HBP1 (V$SORY), FOXN2 (V$FKHD), ARID3B (V$AIRD), ARIDA
(V$ARID) and MEF2D (V$MEF2). However, none of this cohort were directly targeted by LSD1
indicating that it is again the indirect effects of LSD1 expression that mediates the transcription
of these TFs and facilitates downstream EMT-related events.
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Table 6.3 Overrepresented TFBS at the promoters of directly targeted induced LSD1sensitive genes
Motif Match (%)

Z-score

TF
Family Bound By
Families
V$E2FF E2F1, ENF2, E2F3, E2F4, E2F5,
E2F6, E2F7, E2F8, TFDP1,
TFDP2, TFDP3
V$ZF5F ZBTB14

Direct

Indirect

Direct

Indirect

p-value

85.86

76.99

23.80

5.23

0.3626

53.03

30.21

22.48

3.78

<0.0001

V$BEDF ZBED4

63.13

37.32

16.68

0.93

<0.0001

V$SP1F CDCA7L, EAPP, KLF10,
KFL11, KLF16, KLF5, SP1,
SP2, SP3, SP4, SP5, SP6, SP7,
SP8
V$CTCF CTCF, CTCFL

80.81

55.82

16.10

-2.11

0.0019

75.76

47.20

15.93

-2.58

<0.0001

V$NRF1 NRF1

51.01

27.36

15.68

1.95

<0.0001

V$EGRF EGR1, EGR2, EGR3, EGR4,
WT1
V$ZF02 ZBTB7A, ZBTB7B, ZKSCAN3,
ZNF148, ZNF202, ZNF219,
ZNF281, ZNF300
V$HDBP SLC2A4RG

74.75

54.06

15.16

-3.76

0.0073

74.75

55.15

13.77

-5.90

0.0126

39.90

20.25

11.67

1.20

<0.0001

O$XCPE

51.01

28.79

10.96

-0.06

<0.0001

O$MTEN

52.53

29.62

10.72

1.07

<0.0001

V$MAZF MAZ, PATZ1

60.61

40.50

10.36

-2.26

0.0018

V$KLFS KLF1, KLF2, KLF3, KLF4,
KLF6, KLF7, KLF8, KLF9,
KLF12, KLF13, KLF15, KLF17
V$PLAG PLAG1, PLAGL1, PLAGL2

87.37

83.43

10.12

-4.38

0.6935

71.21

52.13

8.35

-5.81

0.0111

V$NDPK NME1, NME2

52.02

32.22

7.93

-3.54

0.0006

V$DEAF DEAF1

37.37

20.92

7.75

0.29

0.0003

V$HNFP HINFP

44.44

25.77

7.14

-0.55

0.0002

V$CDEF

34.85

18.58

6.98

0.37

0.0001

V$WHNF FOXN1, FOXN4

40.91

23.68

6.81

0.93

0.0003

V$AP2F TFAP2A, TFAP2B, TFAP2C,
TFAP2D, TFAP2E

67.17

41.26

6.43

-5.98

0.0001
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The promoters of directly and indirectly targeted induced LSD1-sensitive genes were probed for
the presence of overrepresented TFBS using the Genomatix Software Suite. The top 20
overrepresented TF families at the promoters of directly targeted induced LSD1-sensitive genes
are shown ranked by Z-score. The relative percentage of TF motifs identified at the promoters of
each group and the names of the TFs that bind these motifs are shown. p-values are shown for
each TF family and significant differences between groups are denoted in bold, Fisher’s exact
test.
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Table 6.4 Overrepresented TFBS at the promoters of indirectly targeted induced LSD1sensitive genes
Motif Match (%)

Z-score

TF
Family Bound By
Families
O$TF3A GTF3A

Direct

Indirect

Direct

Indirect

p-value

0.51

3.60

2.51

92.75

0.0235

V$SORY CIC, HBP1, HMGA1, HMGA2,
HMGB3P1, PINX1, SOX1, SOX2,
SOX3, SOX4, SOX5, SOX5P,
SOX6, SOX7, SOX8, SOX9,
SOX10, SOX11, SOX12, SOX13,
SOX14, SOX15, SOX17, SOX18,
SOX21, SOX30, SRY, TOX
V$CART ALX1, ALX3, ALX4, ARX, ESX1,
HESX1, ISX, MIXL1, OTP,
PHOX2A, PHOX2B, PROP1,
PRRX1, PRXX2, RAX, RAX2,
SHOX, SHOX2, UNCX, VSX1,
VSX2
V$BRNF POU3F1, POU3F2, POU3F4,
POU4F1, POU4F2, POU4F3
V$BRN5 POU6F1, POU6F2

85.86

95.48

-11.73

13.27

0.3693

56.57

76.40

-7.12

11.49

0.0192

61.11

75.82

-8.77

10.60

0.0886

52.53

71.72

-8.35

10.06

0.0171

V$FKHD AP5Z1, FOXA1, FOXA2, FOXA3,
FOXB1, FOXC1, FOXC2, FOXD1,
FOXD2, FOXD3, FOXD4,
FOXD4L1, FOXD4L4, FOXE1,
FOXK1, FOXK2, FOXL1, FOXL2,
FOXM1, FOXN2, FOXN3,
FOXO1, FOXO3, FOXO4,
FOXO6, FOXP1, FOXP2, FOXP3,
FOXP4, FOXQ1, FOXE3, FOXF1,
FOXF2, FOXG1, FOXI1, FOXJ1,
FOXJ2, FOXJ3, FOXS1
V$HBOX EMX2, EN1, EN2, EVX1, EVX2,
GBX1, GBX2, GSX1, GSX2,
MEOX1, MEOX2, VAX1, VAX2
V$HOMF BARHL1, BARHL2, BARX1,
BARX2, BSX, HHEX, HMX1,
HMX2, HMX3, LBX2, MSX1,
MSX2, NOBOX, TLX1, TLX2
V$LHXF ISL1, ISL2, LHX1, LHX2, LHX3,
LHX4, LHX5, LHX6, LHX8,
LHX9, LMX1A, LMX1B

76.26

87.28

-8.10

9.67

0.2489

55.56

74.81

-5.84

9.54

0.0188

82.32

90.13

-7.35

9.46

0.4607

49.49

71.63

-8.56

9.07

0.0053
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V$HNF1 HMBOX1, HNF1A, HNF1B

61.62

71.97

-4.69

8.80

0.2224

V$HOXF HOXA1, HOXA2, HOXA3,
HOXA4, HOXA5, HOXA6,
HOXA7, HOXB1, HOXB2,
HOXB3, HOXB4, HOXB5,
HOXB6, HOXB7, HOXB8,
HOXC4, HOXC5, HOXC6,
HOXC8, HOXD1, HOXD3,
HOXD4, HOXD8, NANOG
O$VTBP TBP, TBPL1, TBPL2

62.12

79.16

-6.84

8.72

0.0532

68.69

75.31

-3.27

8.62

0.4748

V$DLXF DLX1, DLX2, DLX3, DLX4,
DLX5, DLX6
V$OCT1 POU2F1, POU2F2, POU2F3,
POU3F3
V$ABDB HOXA9, HOXA10, HOXA11,
HOXA13, GOXB9, HOXB13,
HOXC9, HOXC11, HOXC12,
HOXC13, HOXD9, HOXD10,
HOXD11, HOXD12, HOXD13
V$ARID ARID3A, ARID3B, ARID5A,
ARID5B, JARID2
V$DMRT DMRT1, DMRT2, DMRT3,
DMRTA1, DMRTA2,
DMRTB1, DMRTC1,
DMRTC1B, CMRTC2
V$BCDF CRX, DMBX1, GSC, GSC2,
OTX1, OTX2, PITX1, PITX2,
PITX3
V$MEF2 MEF2A, MEF2B, MEF2BNB,
MEF2BNB-MEF2B, MEF2C,
MEF2D, MYEF2
V$HOXC HOXA1, HOXA2, HOXA3,
HOXA4, HOXA5, HOXA6,
HOXA7, HOXA9, HOXA10,
HOXB1, HOXB2, HOXB3,
HOXB4, HOXB5, HOXB6,
HOXB7, HOXB8, HOXB9,
HOXC4, HOXC5, HOXC6,
HOXC8, HOXC9, HOXC10,
HOXD1, HOXD3, HOXD4,
HOXD8, HOXD9, HOXD10,
MEIS1, PBX1, PBX2, PBX3,
PBX4

32.32

50.21

-4.57

8.35

0.0037

57.58

78.74

-8.71

7.68

0.0122

64.14

77.99

-4.99

7.55

0.118

40.91

58.49

-7.14

7.10

0.0110

42.93

64.27

-5.71

6.60

0.0032

46.46

60.00

-3.14

6.51

0.0583

35.35

53.14

-3.82

6.51

0.0056

58.59

71.72

-5.36

5.92

0.1096
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The promoters of directly and indirectly targeted induced LSD1-sensitive genes were probed for
the presence of overrepresented TFBS using the Genomatix Software Suite. The top 20
overrepresented TF families at the promoters of indirectly targeted induced LSD1-sensitive genes
are shown ranked by Z-score. The relative percentage of TF motifs identified at the promoters of
each group and the names of the TFs that bind these motifs are shown. p-values are shown for
each TF family and significant differences between groups are denoted in bold, Fisher’s exact
test.
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The correlation between chromatin-anchored LSD1 and breast CSC gene
expression profiles

The relationship between LSD1 binding and the gene expression profiles of CSCs
and NCSCs
Given that EMT is known to induce CSC formation and that LSD1 promotes breast CSC
transcriptional programs (Section 5.7), the role of chromatin-tethered LSD1 in breast CSCs was
investigated. To do so, the LSD1 ChIP-seq data was first overlaid with our expression profiles
generated from CD44hi/CD24lo CSCs and NCSCs (GSE53266). It was found that there was little
difference in LSD1 binding in MCF-7 cells between genes induced in CSCs or NCSCs (Fig.
6.7A). However, a significantly higher proportion of LSD1-bound regions in MCF7/PMA+TGF-β cells lay closer to genes induced in CSCs compared to NCSCs for all distances
tested (Fig. 6.7B). Likewise, in MDA-MB-231 cells, LSD1 was bound to a higher proportion of
genes induced in CSCs compared to NCSCs for all distances tested (Fig. 6.7C).

The interplay between LSD1 targeted CSC genes and chromatinised LSD1 in
epithelial and mesenchymal-like cells
Next, it was of interest to determine which of the genes were expressed higher in CSCs were
direct targets of LSD1. Thus, the expression profiles of all direct LSD1 targets (those with LSD1
binding within 5 kb of their TSS in MCF-7/PMA+TGF-β cells and LSD1-sensitive expression)
were compared with probes that were expressed higher in CSCs than NCSCs. Only genes
represented on both the Human Gene 1.0 and 2.0 arrays were included in this analysis. Of the
direct LSD1 targets, 52 were expressed higher in CSCs than NCSCs and all excluding 2 had
induced expression upon EMT in MCF-7 cells. It is possible that the differential expression of
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Figure 6.7 LSD1 selectively targets gene induction programs in breast cancer CSCs
LSD1 ChIP-seq data was overlaid with CSC and NCSC gene expression profiles. LSD1 ChIPseq peaks were grouped by indicated distance to the nearest TSS of CSC>NCSC or NCSC>CSC
transcripts in (A) MCF-7, (B) MCF-7/PMA+TGF-β cells and (C) MDA-MB-231 cells. Graphs
represent the percentage of genes that lie within each group. Black = 1 kb; red = 5 kb; blue = 10
kb from TSS.
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these probes between datasets is due to the low proportion of CSCs within the bulk population
after EMT. NCSCs comprise the majority of the population and as such their expression profiles
would be overrepresented in the LSD1 siRNA microarray datasets. Notably, of the 52 genes
directly targeted CSC genes, 6 have been previously characterised as TFs and therefore may
regulate downstream transcription programs. Many of the genes also had LSD1 bound near the
TSS in MDA-MB-231 cells which have a high constitutive CSC population (Sheridan et al.,
2006). Suggesting that LSD1 selectively targets many genes in breast CSCs, however, most genes
did not have chromatin-tethered LSD1 and as such it is likely that much of this action is cell-type
specific (Fig. 6.8).

Collectively, these data suggest that LSD1 upon induction of EMT, LSD1 selectively targets gene
induction programs in CSCs compared to NCSCs. Importantly, this action appears to be largely
due to increased LSD1 binding to regions within 5 kb of the TSS of induced genes.

The correlation between PKC-θ and LSD1 chromatin binding in epithelial and
mesenchymal-like cells

Since PKC-θ and LSD1 can both act as chromatin-anchored proteins and that they co-localise in
mesenchymal cells (Section 4.9.1), it was of interest to determine whether they co-bound to
chromatin in the mesenchymal state. To do so, the LSD1 ChIP-seq data from MCF-7/PMA+TGFβ cells was intersected with our previously published PKC-θ ChIP-seq data from MCF-7/PMA
cells (GSE53320). It was determined that of the 6487 regions bound by LSD1, 368 were enriched
for PKC-θ (PCC = 0.04). However, when the regions were restricted to those within 1 kb of a
TSS, the PCC increased to 0.14, and, when further restricted to those near a TSS of an inducible
LSD1-sensitive gene, the PCC increased to 0.64.
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Figure 6.8 LSD1 is enriched around the TSS of genes transcribed in breast CSCs
(A) Heat map indicating the expression levels of genes with higher expression in CSCs than
NCSCs and higher LSD1 binding in MCF-7/PMA+TGF-β than MCF-7 cells at the 5’UTR.
Expression levels are shown in mock and LSD1 siRNA-treated MCF-7 (NS) and MCF7/PMA+TGF-β (ST) cells and untreated MCF-7 cells (NS), NCSCs and CSCs isolated from
MCF-7/PMA cells. Genes are clustered and expression values are scaled by Z-score. LSD1
siRNA and CSC datasets were scaled separately. (B) LSD1 binding for each corresponding gene
in MCF-7, MCF-7/PMA+TGF-β and MDA-MB-231 cells. LSD1 binding is binned by 100 bp
and binding is scaled to equalise library size.
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Genome-wide analysis of the chromatin environments of PKC-θ and LSD1 cobound regions in epithelial and mesenchymal-like cells
To delineate potential functions of these co-bound genes, all LSD1 and PKC-θ ChIP-seq peaks
were annotated to the genomic annotation of the region occupied by the centre of the peak using
HOMER. It was found that 63% of regions bound by both LSD1 and PKC-θ were annotated as
promoters or 5’UTR regions (Fig. 6.9A). Moreover, when the LSD1 and PKC-θ ChIP-seq peaks
were annotated to distinct chromatin environments, 84% had promoter marks in MCF-7 cells
(Fig. 6.9B).

The relationship between PKC-θ and LSD1 binding in response to LSD1 siRNAmediated knockdown and breast cancer EMT
Early work in our laboratory has shown that PKC-θ forms an active transcription complex
containing LSD1 and subsequently induces gene expression programs in T cells (Sutcliffe et al.,
2011). To determine if such a relationship exists during EMT the correlation between chromatin
bound LSD1 and PKC-θ and global gene expression profiles was examined. To do so, all regions
bound by both LSD1 and PKC-θ were annotated to the nearest gene and overlaid with MCF-7
and MCF-7/PMA+TGF-β LSD1 siRNA microarray data. This analysis revealed that
approximately 20% of the co-bound regions were annotated to genes that were induced in MCF7/PMA+TGF-β cells compared to MCF-7 cells. Furthermore, approximately 16% were annotated
to genes whose expression was dependent on LSD1 expression in MCF-7/PMA+TGF-β cells.
Whilst a similar trend was observed for regions bound by LSD1 alone the percentages were
significantly lower (p = 0.001 and 0.0001, respectively) (Fig. 6.10).
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Figure 6.9 PKC-θ and LSD1 co-bind to the chromatin template at promoter regions in
mesenchymal cells
LSD1 and PKC-θ ChIP-seq peaks and regions with both LSD1 and PKC-θ peaks were annotated
to: (A) the genomic annotation of the region occupied by the centre of the peak; and (B)
summarized CTCF/chromatin states in MCF-7 cells. Genomic annotations were classified as
pseudogene, rRNA, ncRNA, exon, 5’UTR, 3’UTR, transcription termination site (TTS),
promoter (<1 kb from TSS), intronic, or intergenic. Chromatin states were classified as enhancer
(± CTCF), promoter (± CTCF), CTCF, repeat, transcribed, repressed, poised promoter, or
heterochromatin.
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Figure 6.10 LSD1 and PKC-θ co-binding promotes the expression of LSD1-sensitive genes
during EMT
Percentage of regions bound by LSD1 alone, both LSD1 and PKC-θ, or PKC-θ alone in the
indicated gene groups where the number of regions is used as the denominator. Black = MCF7/PMA+TGF-β > MCF-7; red = MCF-7 > MCF-7+LSD1 siRNA; blue = MCF-7/PMA+TGF-β
> MCF-7/PMA+TGF-β+LSD1 siRNA.

276

Profiling of chromatin-anchored PKC-θ and LSD1 around the TSS of LSD1sensitive genes
As LSD1 and PKC-θ appear to be highly enriched in promoter regions, LSD1 and PKC-θ were
profiled around the TSS of LSD1-sensitive genes. In addition, the active promoter mark
H3K4me3 and enhancer mark H3K27ac (Barski et al., 2007, Zentner et al., 2011) were profiled
around the TSS of such genes to further inspect LSD1 and PKC-θ binding. H3K4me3 ChIP was
performed in MCF-7 cells and samples were submitted to the Ramaciotti Centre for Gene
Function Analysis (Sydney, Australia) for ChIP-seq using conditions outlined in Section 6.3.
These data and our previously published H3K27ac ChIP-seq data from MCF-7 cells (GSE76732)
were utilised. This analysis revealed increased LSD1 and PKC-θ binding at the TSSs of induced
LSD1-sensitive genes during EMT. Interestingly, LSD1 binding was absent while there were
small amounts of PKC-θ bound at these regions in MCF-7 cells which raises the possibility that
PKC-θ binding may precede the binding of LSD1. Moreover, LSD1 and PKC-θ binding occurred
in regions flanked by H3K4me3 and H3K27ac following EMT and their binding appeared to
target H3K4me3-high promoters, suggesting that they might assist in transcribing these genes
(Fig. 6.11).

Analysis of PKC-θ and LSD1 co-bound target genes
Finally, to examine the function of genes co-bound by LSD1 and PKC-θ, the DAVID functional
annotation tool was utilised. Of the 369 co-bound genes, 308 (83%) were unique protein-coding
genes. Interestingly, this analysis revealed enrichment of several functional clusters related to
transcription including those related to histones H2A and H2B and basic-leucine zipper (bZIP)
domain TFs as well as enrichment of the EMT-related process, cadherin binding involved in cellcell adhesion (top 6 clusters shown in Table 6.5).
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Figure 6.11 LSD1 and PKC-θ co-binding promotes transcription in mesenchymal cells
(A) LSD1, PKC-θ, H3K4me3, and H3K27ac levels around the TSS of LSD1-sensitive genes.
Reads are binned by 0.1 kb ± 0.5 kb around the TSS and are ranked by level of LSD1 within ±
1.5 kb of the TSS. (B) Average LSD1, PKC-θ, H3K4me3, and H3K27ac levels around the TSS
of LSD1-sensitive genes. Reads are binned by 0.1 kb, ± 1.5 kb around the TSS. Dashed lines =
MCF-7; solid lines = MCF-7/PMA (PKC-θ) or MCF-7/PMA+TGF-β (LSD1).
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Table 6.5 Functional characterisation of genes co-bound by LSD1 and PKC-θ
Cluster
No.

Enrichment
Score

1

5.85

2

GO Terms

Gene
Count

p-value

Histone core, histone H2A

12

9.8E –
-4
5.4E

5.73

Transcription

65

2.6E –
-2
2.4E

3

5.10

Transcription from RNA polymerase II
promoter, basic-leucine zipper (bZIP)
domain transcription factors

28

2.6E –
-1
1.0E

4

4.40

Cadherin binding involved in cell-cell
adhesion

17

5.7E –
-3
1.0E

5

3.26

Regulation of circadian rhythm

8

9.2E –
-2
5.0E

6

1.97

Nuclear nucleosome, histone H2B

6

4.4E –
-2
6.0E

-11

-8

-8

-6

-6

-4

Genes co-bound by LSD1 and PKC-θ were clustered into functionally related gene groups using
the DAVID functional annotation tool. Table indicates the top 6 gene clusters, enrichment scores,
associated GO term, the number of genes within the corresponding GO term and the p-value of
the corresponding GO terms are shown relative to the whole genome, modified Fisher’s exact test
(EASE Score).
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Taken together, these data indicate that although PKC-θ and LSD1 predominantly occupy
separate genomic compartments, when they co-bind this occurs primarily at promoters and near
a higher proportion of genes that are induced and are LSD1-sensitive. PKC-θ binding appears to
precede LSD1 binding and to promote LSD1’s role in transcriptional regulation.
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Discussion

Massively parallel ChIP DNA sequencing was performed to examine global LSD1 binding and
its role in gene expression programs incited during breast cancer EMT and in CSCs. This analysis
revealed that: (1) LSD1 globally tethers to the chromatin template during EMT where it shifts
from binding in non-coding regions in epithelial cells to active promoter regions in mesenchymallike cells; (2) genes directly induced during EMT by chromatin-bound LSD1 are largely involved
in modulating downstream transcription; (3) distinct families of TFs target the promoter regions
of LSD1-sensitive genes; (4) binding of PKC-θ to the chromatin template to regions co-occupied
by LSD1 promotes the transcription of LSD1-sensitive genes; and (5) LSD1 selectively targets
CSCs and promotes gene expression in this subset of cells.

This study found that LSD1 is globally bound to chromatin and upon induction of EMT, LSD1
occupancy shifted from preferentially binding at intergenic and intronic regions to binding a
larger proportion of promoter regions. Moreover, LSD1 binding increased at regions annotated
as active promoters and reduced in those annotated as repressed chromatin in MCF-7 cells
(Taberlay et al., 2014) (Section 6.4). These findings differ from those in embryonic stem cells
(ESCs), in which LSD1 largely lies on the enhancers of actively transcribed and bivalent genes
(Whyte et al., 2012). Additionally, 50% of the LSD1 peaks in mesenchymal MDA-MB-231 cells
are not present in MCF-7/PMA+TGF-β cells (Section 6.4). This indicates that LSD1 binding is,
to a degree, conserved between similar cell types, however, the predominant regions in which
LSD1 binds to is likely to be cell-type specific.
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Annotation of LSD1 binding sites to the TSS of the nearest gene establishes that LSD1
preferentially binds closer to genes induced during EMT and expectedly, closer to induced LSD1sensitive genes. Although a large proportion of genes induced during EMT are dependent on the
expression of LSD1, around 86% of these LSD1-sensitive genes are not tethered by LSD1
(Section 6.5). Differentiation between direct and indirect LSD1 targets highlighted a clear role
for direct LSD1 target genes in both the positive and negative regulation of gene transcription
(Section Error! Reference source not found.). It is speculated that these genes are likely to mediate
the expression of many indirect LSD1 target genes. Nevertheless, genomic binding of LSD1 and
subsequent primary and secondary actions of LSD1 promote several downstream EMT pathways
including the TGF-β, MAPK and NF-κB signalling pathways as well as cell adhesion,
differentiation and locomotion (Section Error! Reference source not found.).

Analysis of overrepresented TFBS revealed distinct motifs enriched in the promoters of genes
directly targeted by LSD1 and genes indirectly targeted by LSD1 (Section 6.7). This analysis
identified three TFs that bind to motifs enriched at the promoter regions of direct LSD1-sensitive
genes that were also directly targeted by LSD1, EGR1, KLF6 and KLF10. Interestingly, Early
Growth Response Protein-1 (EGR1), Krüppel-like Transcription Factor 6 (KLF6) and recently,
Krüppel-like Transcription Factor 10 (KLF10) have each been implicated in the negative
regulation of EMT. Upon induction of EMT, EGR1 expression is reduced and when
overexpressed, reduces the invasive and migratory capacity of cancer cells (Shan et al., 2015,
Kim et al., 2007). KLF6 functions further downstream where it binds to the promoter of the
epithelial gene, CDH1 and stimulates CDH1 transcription (DiFeo et al., 2006). Furthermore,
KLF10 act as a transcriptional repressor by binding to the promoter of the EMT-TF, Slug (SNAI2)
where it subsequently recruits HDAC1 and facilitates deacetylation of H3K9 and H3K27 (Mishra
et al., 2017). This highlights an interesting dynamic in which LSD1 selectively targets several
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TFs that in turn function to repress EMT. It is interesting to note that the motifs targeted by EGR1
(V$EGRF), KLF6 (V$KLFS) and KLF10 (V$SP1F) were enriched in the repressed LSD1insensitive gene cohort (Section 5.8). Given this, it is likely that despite their upregulation and
their binding motif being enriched in the directly induced target gene list, EGR1, KLF6 and
KLF10 are not targeting such genes thereby permitting their expression. Additionally, it is
possible that their induction activates a feedback loop to halt further EMT progression.

Our laboratory has previously shown that the novel PKC family member, PKC-θ, interacts with
LSD1 to regulate inducible gene expression in T cells (Sutcliffe et al., 2011). In this chapter, it is
shown for the first time that PKC-θ and LSD1 interact at the chromatin level during breast cancer
EMT (Section Error! Reference source not found.). Herein they bound separate genomic regions
in MCF-7 cells, however, in cells that have undergone EMT both proteins predominantly cooccupied promoter regions of genes induced during EMT in a LSD1-dependent manner (Sections
Error! Reference source not found. and Error! Reference source not found.). Indeed, these data
indicated that LSD1 and PKC-θ co-binding occurred between H3K4me3 and H3K27ac flanked
regions, targeted H3K4me3-rich promoters, and occurred predominantly at induced LSD1sensitive genes. Moreover, PKC-θ tethered to the TSS of multiple genes in MCF-7 cells and was
only accompanied by LSD1 upon induction of EMT (Section Error! Reference source not
found.). Previously, PKC-β has been shown to colocalise with LSD1 and the androgen receptor
(AR) at target gene promoters, where PKC-β mediates H3T6 phosphorylation to facilitate gene
expression (Metzger et al., 2010). It is speculated that a similar mechanism occurs during breast
cancer EMT, with PKC-θ occupying select promoter regions with LSD1 and acting to enhance
LSD1-mediated gene induction in response to inflammatory signal induced EMT.
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Data presented in Chapter 5 demonstrate that LSD1 regulates the expression of inducible genes
in CSCs whilst simultaneously repressing genes in NCSC subsets. Data presented in this chapter
reveal that LSD1 preferentially binds closer to genes with higher expression in CSCs than
NCSCs. It is likely that such binding occurs after EMT has been initiated as there is little LSD1
binding within 10 kb of the TSS of CSC>NCSC genes in MCF-7 cells (Section 6.8.1). Thereby
indicating that upon induction of EMT, LSD1 selectively targets CSCs to promote gene induction.
Interestingly, while many of the directly targeted CSC genes also had chromatin-tethered LSD1
within 5 kb of their TSS in MDA-MB-231 cells, many did not (Section 6.8.2). Given that MDAMB-231 cells have a high population of breast CSCs (Sheridan et al., 2006), it is speculated that
LSD1 binding in CSCs may not be conserved. Both MCF-7 and MDA-MB-231 cells originate
from a malignant pleural effusion, however, MCF-7 cells are classified as luminal molecular
subtype while MDA-MB-231 cells belong to the basal B subtype (Soule et al., 1973, Neve et al.,
2006, Cailleau et al., 1974). Therefore, it is also speculated that LSD1 binding may be specific to
the molecular subtype of the cells. An interesting finding of this analysis was that 19% of the
CSC genes directly targeted by LSD1 encode for TFs or co-factors, including ETS2 and ELF3
(Section 6.8.2).
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Conclusions

In summary, genome-wide next-generation ChIP DNA sequencing was utilised to examine
chromatin-tethered LSD1 during breast cancer EMT. It was determined that LSD1 globally binds
to the chromatin template of epithelial and mesenchymal cells in distinct genomic compartments.
After initiation of EMT, LSD1 occupancy shifts and importantly, LSD1 selectively binds to genes
both induced during EMT in an LSD1-sensitive manner and those expressed higher in breast
CSCs than NCSCs. Moreover, co-binding of PKC-θ and LSD1 to the chromatin template
enhances transcription of inducible LSD1-sensitive genes. LSD1 also selectively promotes the
expression of several TFs that target motifs enriched in the promoters of direct LSD1 target genes.
Interestingly, such TFs can act as both positive and negative regulators of EMT. Finally, genes
directly targeted by LSD1 both during EMT and in CSCs are largely involved in the regulation
of transcription and are therefore likely to mediate secondary effects of LSD1.

285

286

7 Discussion
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Summary

Recent efforts to characterise EMT have revealed it endows cells with several characteristics that
induce tumorigenesis including augmented migratory and invasive capabilities (Thiery, 2002,
Thiery et al., 2009). Importantly, molecular markers that define the EMT phenotype are enriched
in distinct, aggressive subtypes of cancer, exemplifying the clinical relevance of this program
(Sabatier et al., 2014). Furthermore, EMT is capable of inducing the formation of a subpopulation
of highly plastic, CSCs which exhibit both the ability to initiate tumour formation and evade
standard anti-cancer treatments (Lapidot et al., 1994, Mani et al., 2008, Al-Ejeh et al., 2011).
Given the negative biological implications of EMT in the context of cancer, it essential that the
molecular mechanisms underpinning its highly complex regulation are understood. In particular,
how the actions of both signalling enzymes and epigenetic enzymes coordinate to regulate this
program at a transcriptional level.

Utilising an inflammatory signal-mediated in vitro model of breast cancer EMT the interplay
between these distinct classes of enzymes could be investigated. The expression of several DUSP
family members are induced by the chromatin-associated kinase, PKC-θ, where after they tether
to epigenetic compartments with distinct genomic functions (Chapter 3). Thereby highlighting
that epigenomic crosstalk occurs between this dual-functioning kinase and DUSP family
phosphatases during EMT. Additionally, the induction of the key histone demethylase, LSD1 and
its activity is essential for the expression of key proteins involved in EMT. The ability of LSD1
to promote EMT is dependent upon PKC-θ-mediated post-translational phosphorylation of LSD1
at serine-111 (Chapter 4). Microarray gene expression profiling coupled with a siRNA-based
strategy revealed the extent of LSD1’s participation in regulating EMT by identifying genomewide gene induction and repression occurring in an LSD1-sensitive manner (Chapter 5).
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Importantly, induced LSD1-sensitive genes are implicated in numerous biological processes and
signalling pathways involved in EMT progression (Section 5.5.1). Examination of genome-wide
LSD1 binding sites by ChIP-seq showed that genes directly targeted by LSD1 are largely
implicated in modulating downstream transcription (Section 6.6). Binding of PKC-θ to the
chromatin-template at gene loci co-occupied by LSD1 assisted LSD1-sensitive gene transcription
further highlighting the multi-layered regulation of EMT (Section 6.9). LSD1 expression also
promoted the formation of a subpopulation of breast CSCs where it selectively targeted gene
induction programs (Sections 4.6, 5.7 and 6.8). Collectively, this thesis characterises the
involvement of distinct signalling and epigenetic enzymes and the interconnected manner in
which they modulate wide-spread changes in gene expression that occur during breast cancer
EMT.

The multi-layered regulation of breast cancer EMT

Protein kinases activate downstream EMT pathways
Within the intricate signalling networks modulating the transcriptional programs dictating EMT
progression, protein kinases have established themselves as central mediators. Extracellular
growth factors and cytokines activate several downstream pathways including the
phosphatidylinositol-4,5-bisphosphate 3-kinase/protein kinase B (PI3K/Akt) and mitogenactivated protein kinase (MAPK) pathways (Bakin et al., 2000, Mulder, 2000). The role of the
PI3K/Akt pathway has been well-established in the control of EMT in multiple cancer types.
Activation of PI3K triggers a cytoplasmic phosphorylation cascade leading to the activation of
Akt which blocks post-translational degradation of Snail by inhibiting glycogen synthase kinase
3β (GSK-3β) thereby facilitating EMT (Zhou et al., 2004). Akt is also capable of activating the
NF-κB subunit p65 which upregulates SNAI1 expression and induces EMT (Julien et al., 2007).
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Collectively, these studies highlight the interplay between protein kinases in EMT networks at
multiple levels of the signalling hierarchy.

Earlier studies on embryonic development revealed that phorbol esters are capable of inducing
cell differentiation in sea urchin embryos and more recently, that they promote wound healing in
epithelial cells (Livingston and Wilt, 1992, Sumagin et al., 2013). Importantly, both of these
physiological process are reliant on EMT and phorbol esters are potent PKC antagonists
indicating that PKCs may be involved in these EMT-related process (Kalluri, 2009, Mosior and
Newton, 1995). Indeed, PKC-βII, PKC-γ and PKC-δ have each been implicated in the regulation
of wound healing (Sumagin et al., 2013, Andre et al., 1999). Our laboratory has previously shown
that upon treatment with the phorbol ester, phorbol 12-myristate 13-acetate (PMA), MCF-7 cells
readily undergo rapid EMT. However, it is note that as with all in vitro cell line models, the MCF7 inducible model is not without limitations and such limitations must be considered when
interpreting the results presented in this thesis. For example, many of the hallmark changes of
EMT were not detected using at the transcript level using genome-wide approach in this model.
While it is likely that this may be attributed to several reasons (discussed in Section 5.11), it is
plausible that this model may not recapitulate all physiological changes that occur in vivo in their
entirety. Furthermore, due to the luminal origin of the MCF-7 cells, the changes described in this
model may be unique to breast cancer cells of this molecular subtype undergoing an inflammatory
signal-mediated EMT. Therefore, all changes that occur in this model of EMT must be considered
to be in response to activation of the PKC signalling pathway which may not occur in all instances
of in vivo breast cancer EMT.
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Nevertheless, rapid induction of EMT in response to PMA treatment in MCF-7 cells is
accompanied by induction of the novel PKC family member, PKC-θ, at the mRNA and protein
level. Notably, PKC-θ predominantly increases in the nuclear fraction of mesenchymal-like cells
where it exists in an chromatin-tethered active transcription complex that regulates the expression
of key inducible EMT and CSC genes (Zafar et al., 2014). The activity of PKC-θ appears to be
indispensable for this induction as catalytic inhibition with either bisindolylmaleimide I (BIM) or
Compound 27 (C27) abrogates EMT induction (Zafar et al., 2014). Furthermore, results presented
in this thesis demonstrate that it induces the opposing biological program, mesenchymal to
epithelial transition (MET), in fully differentiated mesenchymal breast cancer cells (Section
4.10).

The interplay between phosphatases and breast cancer EMT networks
Previous work in our laboratory indicated that PKC-θ directly regulates the expression of several
members of the dual-specificity phosphatase (DUSP) family, namely DUSP1, DUSP4 and
DUSP6. The results in this thesis show that in response to PKC signalling-mediated EMT in
MCF-7 cells, the expression of DUSP1, DUSP4 and DUSP6 are induced (Section 3.4 and 3.5).
Indeed, the dependency of PKC-θ expression on the induction of these family members was
validated and furthermore, the induction of DUSP1 and DUSP4 are accompanied by increased
PKC-θ binding at the TSS of the DUSP1 and DUSP4 core promoters (Section 3.12). Several
studies have demonstrated that the DUSP1 promoter contains an activator protein 1 (AP-1; JUN)
transcription factor binding site (TFBS) and upon AP-1 binding, DUSP1 transcription occurs
(Brondello et al., 1997, Casals-Casas et al., 2009). In response to PKC pathway activation, AP-1
is upregulated, and specifically, PKC-θ is shown to activate AP-1 (Karin, 1995, Trejo et al., 1994,
Baier-Bitterlich et al., 1996, Lamph et al., 1988). Moreover, our laboratory has recently found
that upon PMA-induced EMT, large-scale changes to chromatin accessibility occur and regions
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of increased accessibility are highly enriched for AP-1 motifs (Hardy et al., 2016). Therefore, it
is postulated that in addition to directly regulating DUSP1 expression, PKC-θ may activate AP1 which subsequently binds to number of promoter regions including that of DUSP1 to regulate
their expression. These interactions illustrate an interesting dynamic in which kinases interact
with their opposing phosphatases in both a direct and indirect manner. Several growth factors
including EGF and FGF are capable of inducing the expression of DUSP4 and DUSP6 (Amit et
al., 2007, Ekerot et al., 2008). Interestingly, EGF-mediated signalling induces the expression of
AP-1 TFs whilst FGF requires AP-1 activity to mediate downstream transcription (Dhandapani
et al., 2007, Amit et al., 2007, Pestell et al., 1995). Given that EGF and FGF are both well-known
EMT-inducers (described in Section 1.4.2), it is likely that crosstalk exists between PKC and
growth factor signalling networks that cooperatively induce the expression of these DUSP family
members.

Data presented in this thesis demonstrated the highly inducible nature of DUSP family members
and their unique spatiotemporal induction patterns, thereby suggesting that they have distinct
roles during EMT progression (Sections 3.4 and 3.5). siRNA and inhibitor-based strategies were
both utilised to characterise the overall role of DUSP1, DUSP4 and DUSP6 during EMT.
However, these analyses revealed that the expression and catalytic activity of each family member
examined had little effect on the expression of several key inducible EMT genes (Section 3.6 and
3.7). Given the large size of the DUSP family and sequence homology between family members,
it is possible that redundancy exists thereby obstructing analysis of their functional roles. In the
regulation of cardiomyocytes, DUSP1 and DUSP4 display redundancy, however, DUSP4 plays
a non-redundant role in embryonic fibroblast survival (Auger-Messier et al., 2013, Lawan et al.,
2011). Thus, any redundancy present between family members may be cell-type specific. Future
experiments should include both the co-knockdown of similar DUSP family members and the
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generation of stably transfected cells to examine the functional overlap between the DUSPs and
explore whether the absence of functional change is due to transient nature of siRNA-based
transfections. Nevertheless, in the absence of redundancy in breast cancer cells it is also possible
that DUSP1, DUSP4 and DUSP6 do not regulate the expression of the panel of EMT genes
examined and instead have alternate functional roles during EMT. Future RNA-seq of DUSPknockdown cells will unravel how critical these DUSPs are for EMT gene expression.

Crosstalk between signalling kinases, protein phosphatases and the epigenetic platform in the
context of EMT is an emerging and key research area. Here it was shown that upon activation of
PKC signalling and subsequent EMT, DUSP4 selectively localises with H3K27ac and H3K4me1,
as well as the key H3K27 histone acetyltransferase, p300, in mesenchymal-like cells (Sections
3.8.2 and 3.10.1). siRNA-mediated knockdown of DUSP4 revealed that DUSP4 regulates the
balance between phosphorylation of the active serine-1834 residue and repressive serine-89
residue of p300 thereby mediating its H3K27 acetyltransferase activity (Huang and Chen, 2005,
Yuan and Gambee, 2000) (Section 3.10.2). These findings are consistent with previous reports
indicating that induction of PKC signalling activates p300 (Kamiya et al., 2013). Interestingly,
catalytic inhibition of PKC-θ prevents DUSP4 from interacting with p300 resulting in a global
reduction in H3K27ac (Section 3.11). However, PKC-α and PKC-δ can catalyse the
phosphorylation of p300 at serine-89 thereby repressing its transcriptional activity (Yuan and
Gambee, 2000). Given that PKC-α and PKC-δ are predominantly cytoplasmic and DUSP4
localises downstream in the nucleus, it is speculated p300 is preferentially maintained in an active
state via DUSP4-mediated dephosphorylation of the repressive serine-89 residue during EMT.
To date, the role of p300 in EMT remains elusive. Knockdown of p300 represses vimentin in
prostate cancer cells in vitro while p300-deficient colon cancer cells display features of EMT in
an in vivo mice model (Krubasik et al., 2006, Bouchal et al., 2011). p300 can switch zinc finger
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E-box-binding homeobox 1 (ZEB1) from a transcriptional repressor to an activator thereby
promoting EMT (described in Section 1.4.3). Therefore, the implications of DUSP4-mediated
activation of p300 in the context of EMT remains unknown. Future siRNA and inhibitor-based
experiments should examine the function of p300 in the presence and absence of DUSP4
expression during inflammatory signal-mediated EMT in the context of breast cancer.

The interplay between LSD1 and breast cancer EMT networks
Induction of EMT is marked by global changes in the histone methylome and recently, interest
has arisen in delineating the role of the histone demethylase, LSD1, in the regulation of EMT
(McDonald et al., 2011). Results presented in this thesis demonstrate that induction of EMT via
PKC and TGF-β-mediated signalling transiently induces LSD1 mRNA levels, however, LSD1
protein persists and remains elevated in dedifferentiated mesenchymal-like cells (Section 4.3).
Further analyses of LSD1 expression revealed that it is elevated in the basal B molecular subtype
of breast cancer, which predominantly harbour a mesenchymal phenotype (Blick et al., 2010)
(Section 4.2). Additionally, data presented in Section 4.2 also show that LSD1 is overexpressed
in estrogen receptor (ER)-negative breast cancer cell lines relative to ER-positive cell lines which
is consistent with findings that LSD1 protein is significantly higher in ER-negative breast tumours
(Lim et al., 2010). Interestingly, induction of the reverse biological program, MET, by treatment
with either erlotinib, BIM or C27 results in global reductions in LSD1 protein levels (Sections
4.4 and 4.10). Examination of the gene expression signatures of the intestinal epithelium and
mesenchyme in mice from the publicly available GEO dataset GSE6383 reveal elevation of LSD1
expression in the mesenchyme relative to the epithelium (data not shown) (Li et al., 2007c). These
results uniformly suggest that LSD1 expression is proportional to the mesenchymal status of cells.

294

Current understanding of the networks dictating epithelial plasticity and the involvement of
epigenetic enzymes in this process is continually evolving. Results presented in this thesis
demonstrate that loss of LSD1 expression and catalytic activity strongly abrogates the induction
of a mesenchymal phenotype upon EMT, as indicated by global induction of E-cadherin and
repression of Snail and vimentin (Sections 4.6 and 4.7). Notably, these changes were detected at
the protein level but were not represented in the mRNA expression data. It is now understood that
EMT is on a continuum and requires rapid changes in gene expression such that many changes
that occur throughout this process may not be detected at one given time point (Nieto, 2011).
Findings presented here are consistent with that of others showing that LSD1 is involved in the
regulation of EMT. LSD1 is implicated in global EMT-related epigenetic reprogramming in
mouse hepatocytes, thereby facilitating cell migration and chemoresistance (McDonald et al.,
2011). LSD1 also promotes EMT, migration, and proliferation in both non-small cell lung cancer
(NSCLC) and hepatocellular carcinoma (Lv et al., 2012, Zhao et al., 2013).

The dynamic balance between gene activation and repression plays a central role in regulating a
cells response to both intra- and extracellular cues. LSD1 is one such enzyme that can dually
function as both a transcriptional activator and repressor and therefore plays a central role in
regulating gene expression. LSD1 facilitates gene repression by catalysing the demethylation of
mono- and di-methylated H3K4 (Shi et al., 2004). LSD1 largely exercises its role in gene
repression in association with various co-repressor complexes including the corepressor to REST
(CoREST) complex and Mi-2/nucleosome remodelling and deacetylase (NuRD) complex (Shi et
al., 2005, Wang et al., 2009b). Conversely, LSD1 facilitates transcriptional activation by
catalysing the demethylation of mono- and di-methylated H3K9 (Metzger et al., 2005). Upon
binding to either the androgen receptor (AR) or ER, LSD1 selectivity shifts from preferentially
demethylating H3K4 to H3K9 (Metzger et al., 2005, Perillo et al., 2008, Nair et al., 2010,
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Wissmann et al., 2007). An interesting finding of this work was that LSD1 displayed higher
H3K4 demethylase activity in epithelial cells than in mesenchymal-like cells (Section 4.3.1).
Thereby indicating that the repressive function of LSD1 is diminished in mesenchymal-like cells.
It is therefore speculated that the reduction in LSD1-mediated demethylation of H3K4 is due
either to decreased association with co-repressor complexes or increased association with ER or
AR. Data presented in this thesis also demonstrate that this reduction in the repressive catalytic
activity of LSD1 is being regulated by PKC-θ (Section 4.9.3). Indeed, several members of the
PKC family control co-factor binding with target proteins. PKC-ζ catalyses the phosphorylation
of p65 at serine-311 subsequently abrogating glucagon-like peptide-1 (GLP-1) binding to p65 at
lysine-310me1 thereby facilitating p65 target gene expression (Levy et al., 2011). Furthermore,
PKC-δ blocks CCAAT/enhancer‐ binding protein α (C/EBPα) binding to target gene promoters
by catalysing C/EBPα phosphorylation at serine-21 subsequently facilitating transcriptional
activation (Kang et al., 2013). Thus, it is speculated that modulation between LSD1 and its cofactors may be regulated by PKC-θ. Future LSD1 ChIP co-IP experiments coupled with PKC-θ
inhibition or knockdown are required to determine whether such a scenario occurs.

Several physiological events occur during EMT including loss of the epithelial transmembrane
protein E-cadherin (encoded by CDH1) which is mediated by EMT-inducing transcription factors
(EMT-TFs) including Snail, Slug and ZEB1 (described in Section 1.4.3). In breast cancer, the
SNAG domain of Snail recruits LSD1 to epithelial gene promoters including that of CDH1, where
LSD1 mediates H3K4me2 demethylation. This demethylation event is subsequently followed by
CDH1 transcriptional silencing and increased cell motility (Lin et al., 2010a, Lin et al., 2010b).
Genes sharing similar expression profiles are often linked by conserved regulatory and functional
interactions (Chou et al., 2016). In this thesis it is shown that during EMT the spatiotemporal
induction patterns of LSD1 and SNAI1 are markedly similar, likely indicating that they are under
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similar control and may share conserved DNA regulatory elements. Additionally, upon their
coordinated induction, they highly co-localise in mesenchymal-like cells (Section 4.5). It is
presumed that this interaction mediates the LSD1-dependent global reduction in E-cadherin
observed during breast cancer EMT in this model (Sections 4.6 and 4.7).

Genome-wide transcriptome profiling revealed that in response to EMT induction via PKC and
TGF-β signalling, global changes in the expression of a distinct cohort of genes occurs (Section
5.3). Of these changes, LSD1 regulates both the induction and repression of specific transcripts,
however, LSD1 regulates the expression of a larger proportion of inducible genes rather than
repressible (Section 5.4). Partitioning of induced and repressed genes based on their sensitivity
to LSD1 coupled with functional annotation clustering revealed that downregulated genes have
similar functions irrespective of LSD1-sensitivity (Section 5.6). Interestingly, distinct functions
exist for inducible LSD1-sensitive genes relative to LSD1-insensitive genes. LSD1-sensitive
genes are largely involved in the regulation of transcription whilst inducible LSD1-insensitive
genes are implicated in a range of functions including autophagy, interferon gamma (IFNγ) and
Toll-like receptor (TLR) signalling pathways (Section 5.5). Further analyses of the inducible
LSD1-sensitive gene cohort revealed significant enrichment of several terms related to EMT
including cell migration, motility, differentiation and proliferation. There was also significant
enrichment of several EMT-related signalling pathways including the TGF-β pathway and several
kinase signalling pathways including the MAPK, NF-κB and PI3K-Akt pathways (Section 5.5.1).
This is in line with several studies that have reported enrichment of similar processes as being
directly related to the expression of LSD1. siRNA-knockdown or inhibition of LSD1 coupled
with RNA-sequencing (RNA-seq) and gene set enrichment analysis identified significant
enrichment of the gene set of EMT in neuroblastoma cells (Ambrosio et al., 2017). In addition, a
separate study analysed the contribution of LSD1 and the orphan estrogen-related receptor α
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(ERRα) to global gene expression by siRNA-knockdown coupled with RNA-seq in mesenchymal
MDA-MB-231 cells. This analysis revealed that genes targeted by both LSD1 and ERRα can be
clustered into three distinct groups with functional annotations relating to the regulation of
development, cell signalling and migration (Carnesecchi et al., 2017). Collectively, these studies
and data presented in this thesis strongly suggest that LSD1 selectively targets genes that are
involved in promoting EMT in a cell-type independent manner.

Emerging evidence suggests that LSD1 can also target several non-histone proteins including
p53. p53 is a well-characterised tumour suppressor gene which functions to regulate apoptosis
and arrest of the cell cycle at the G1/S regulation point (Shaw, 1996, Amaral et al., 2010). In
vitro, LSD1 interacts with and directly demethylates p53 at lysine-370 which subsequently
represses p53 activity (Huang et al., 2007). These findings are interesting given that analyses
presented in this thesis demonstrate that induced LSD1-sensitive genes are enriched in p53
signalling (Section 5.5.1). Furthermore, repressed LSD1-sensitive genes are enriched in several
processes relating to the cell cycle including G1/S transition of mitotic cell cycle. This leads to
the hypothesis that during EMT, LSD1 does not target p53 for demethylation which subsequently
initiates cell cycle arrest. As discussed in Section 5.11, cell cycle arrest is often observed during
EMT, however, the exact molecular mechanisms and the functional significance for this are
currently unknown. It has been speculated that it facilitates cell synchronisation thereby enabling
cells to undergo EMT-associated morphological changes or to maintain a mesenchymal
phenotype.

The focus of this thesis is to unravel the contribution and interrelationship of signalling and
epigenetic enzymes in breast cancer EMT. Whole genome transcriptome analysis identified
several members of the dual-specificity phosphatase family as being LSD1-sensitive, namely,
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DUSP4, DUSP5, DUSP6, DUSP8 and DUSP10 (data not shown). This study also identified AP1 (JUN) as being induced in an LSD1-sensitive manner (data not shown). As discussed in Section
7.2.2, AP-1 is commonly induced during EMT and upon binding to the DUSP1 promoter
stimulates DUSP1 transcription. Although DUSP1 was not identified as being LSD1-sensitive in
this thesis, it does highlight the complexities of the signalling networks that govern EMT
progression. It is plausible that upon EMT induction via PKC-mediated signalling, PKC-θ and
LSD1 are induced and thereafter co-operate to regulate the transcription of several members of
the DUSP family. Further investigations are required to delineate the contribution of several of
these DUSP family members to the progression of EMT. Nevertheless, these findings further
highlight the dynamic interplay that occurs between signalling networks and epigenetic enzymes
during EMT.

The dynamic regulation of breast CSCs

The contribution of DUSPs to breast CSC regulation
Given the highly heterogeneous nature of cancer, understanding the molecular mechanisms
underpinning the regulation of specific cancer cell subsets such as CSCs is essential to decrypting
the complexity of this disease. Data presented in this thesis demonstrates that in response to PKC
signalling, EMT is induced which subsequently initiates the formation of CSCs (Section 3.5).
Furthermore, siRNA-mediated knockdown of DUSP1 represses CSC formation whilst
knockdown of DUSP4 and DUSP6 enhances CSC formation. Collectively, these results suggest
that while loss of DUSP1, DUSP4 or DUSP6 expression alone is insufficient to drive downstream
changes in EMT gene expression, it is capable of promoting or repressing the formation of breast
CSCs (Section 3.6). These data are consistent with that reported by others who showed that
knockdown of DUSP1 reduces the survival of HER2+/CD44+/CD24- breast CSCs and sensitise
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them to irradiation suggesting a role for DUSP1 in HER2+/CD44+/CD24- breast CSC survival
and the radiotherapy-resistant phenotype (Candas et al., 2014). Moreover, DUSP4
overexpression reduces the CD44+/CD24- compartment in basal-like breast cancer cells in vitro
and the formation of tumours in vivo (Balko et al., 2013). Overall these data indicate that DUSP1
is a promoter of breast CSCs, while DUSP4 and DUSP6 are repressors of breast CSCs which is
largely consistent with observations made on the involvement of these family members in cancer
progression (discussed in Section 1.8.2). These findings demonstrate that CSC regulation is a
dynamic balance between positive and negative signals and involves the interplay between
opposing signalling kinases and phosphatases.

The specific mechanisms by which DUSPs mediate their actions during EMT and in CSCs remain
elusive. However, it is speculated that it may be either partly or entirely due to the inactivation of
MAPKs. Specifically, DUSP family members selectively dephosphorylate threonine/serine and
tyrosine residues of the MAPKs; JNK, p38, and ERK1/2 with variable affinity (Camps et al.,
2000). JNK and p38 are stress-activated protein kinases that mediate pro-apoptotic signalling
pathways (Dhanasekaran and Reddy, 2008, Cai et al., 2006). Activation of both JNK and p53 has
been linked with the progression of EMT and furthermore, JNK signalling is thought to be an
important mediator of CSCs (Kolosova et al., 2011, Lin et al., 2016, Wang et al., 2010, Sahu et
al., 2015, Chen, 2012). Given that data presented here indicates that DUSP1 promotes the
formation of CSCs (Section 3.6), it is likely that DUSP1 does not mediate its effects by
dephosphorylating and subsequently inhibiting JNK and p38. Instead, it is hypothesised that
DUSP1 promotes CSC formation via direct tethering to the chromatin template (discussed in
Section 7.4.1). Additionally, DUSP4 and DUSP6 have high affinity for ERK1/2 MAPKs, which
are well-characterised participants in cancer cell proliferation, metastasis and EMT (Hoshino et
al., 1999, Ward et al., 2001, Xie et al., 2004, Camps et al., 2000). Therefore, DUSP4 and DUSP6-
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mediated dephosphorylation of ERK1/2 may reduce their activity consequently contributing to
the repression of CSCs. This is supported by findings that loss of DUSP4 activates MAPK
signalling thereby promoting a stem-like phenotype in breast cancer cells (Balko et al., 2013).
Future studies should establish the mechanisms by which DUSPs regulate breast CSCs and how
they alter cellular phenotype, particularly via interactions between DUSPs and MAPKs and the
effects of chromatin-anchored DUSP1 and DUSP4 in breast CSCs.

The contribution of LSD1 to breast CSC regulation
CSCs are endowed with features that facilitate enhance resistance to standard chemotherapy,
ionizing radiation and hormone therapies (O'Brien et al., 2011, Al-Ejeh et al., 2011, Diehn and
Clarke, 2006, Ogawa et al., 2013, Vidal et al., 2014). They are consequently key players in cancer
recurrence and overall disease burden. Publicly available data displayed in Section 4.12 of this
thesis demonstrate the relationship between LSD1 expression, treatment resistance and tumour
recurrence in breast cancer. Specifically, LSD1 expression is elevated in invasive ductal
carcinoma (IDC) compared with pre-invasive ductal carcinoma in situ (DCIS) (GSE21422).
These findings are echoed in previous reports indicating that LSD1 is elevated in breast IDC
relative to DCIS (Serce et al., 2012). Interestingly, LSD1 was also upregulated in recurrent breast
cancer and moreover, was higher in the primary carcinoma than the secondary carcinoma
(GSE4913). LSD1 expression is also correlated with TNM stage and lymph node metastasis in
breast cancer (Feng et al., 2016). Collectively suggesting that LSD1 upregulation is an early
tumour promoting event and additionally, may be involved in promoting metastasis from the
primary tumour site and tumour recurrence. Thus, these results are consistent with LSD1
promoting EMT and implicate LSD1 in breast CSC regulation.
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Activation of EMT by the coordinated action of PKC and TGF-β signalling pathways induces the
formation of breast CSCs. Here it was shown that upon siRNA-mediated knockdown of LSD1
the formation of breast CSCs in MCF-7 cells is abrogated (Section 4.8). In accordance with these
findings, a study analysing the interaction between LSD1 the deubiquitinase, ubiquitin specific
peptidase 28 (USP28; described further in Section 7.5.1) provides a plausible mechanistic insight
into how LSD1 functions in breast CSCs. The expression of LSD1 or USP28 causes an increase
in MCF-7 cells displaying a CD44high/CD24low phenotype and furthermore, the interaction
between USP28 and LSD1 controls the differentiation and self-renewal of breast CSCs (Wu et
al., 2013). However, it is important to note that the reduction of CD44high/CD24low CSCs was
observed in MCF-7 cells in the absence of any EMT-inducing agent. Our laboratory and others
have previously found that untreated MCF-7 cells do not contain a CD44high/CD24low population
of cells (Sheridan et al., 2006, Zafar et al., 2014). Thus, the data presented in this thesis more
accurately demonstrate the involvement of LSD1 in CSC regulation. Further analysis of the
contribution of LSD1 to breast CSC regulation in this thesis revealed that inducible LSD1sensitive genes have significantly biased expression towards those expressed higher in CSCs than
non-CSCs (NCSCs) whilst repressed LSD1-sensitive genes are expressed higher in NCSCs than
CSCs (Section 5.7). Studies performed in an in vivo model of human MLL-AF9 leukaemia
indicated that LSD1 is required to maintain the oncogenic potential of leukaemia stem cells
(LSCs). Specifically, inhibition of LSD1 selectively targets LSCs while sparing normal
hematopoietic stem and progenitor cells (Harris et al., 2012). Furthermore, LSD1 catalytic
activity is essential for regulating the proliferation of pluripotent CSCs while having little effect
on the non-pluripotent stem cell counterparts (Wang et al., 2011). Collectively, these data strongly
suggest that LSD1 targets and promotes inducible gene expression programs that drive the
acquisition of a CSC phenotype.
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The role of chromatin-associated enzymes in EMT

Novel chromatin-tethered roles for DUSPs
Dynamic modifications to a cell’s transcriptional profile are orchestrated by distinct enzymes that
withhold the ability to directly tether to the chromatin template. Results presented in this thesis
demonstrate that the nuclear DUSPs, DUSP1 and DUSP4, spatially co-exist with distinct posttranslational modifications (PTMs) upon EMT. Specifically, DUSP1 co-localises with the active
promoter marks, H3K4me3 and H3K9me1, while DUSP4 co-localises with the enhancer
markers, H3K27ac and H3K4me1 in mesenchymal-like cells (Barski et al., 2007, Zentner et al.,
2011) (Section 3.8). Furthermore, ChIP analyses revealed that DUSP1 and DUSP4 are capable
of binding to the promoter regions of the key inducible EMT and CSC genes, FN1, CD44 and
IL6 (Section 3.9). However, siRNA-mediated knockdown of DUSP1 and DUSP4 does not affect
the expression of these genes (Section 3.6). Each of these genes has previously been identified in
our laboratory as being dependent on the expression of PKC-θ (Zafar et al., 2014). One possible
role for DUSP1 and DUSP4 at PKC--dependent gene promoters is that they mark or tag PKC-responsive genes and maintain dephosphorylated histones at such loci in the epithelial state.
Given that DUSP1 and DUSP4 are globally induced in response to PKC signals and exist in
proximity to active proximal and distal enhancer marks in the mesenchymal state, it is envisaged
that DUSPs may also play a role in active transcription complexes and locally dephosphorylate
chromatin proteins at these loci. Moreover, given that DUSP1 and DUSP4 have defined roles in
the promotion or repression of breast CSC formation (Section 3.6), the actions of these
transcriptional complexes may have exclusive functions in CSC subsets compared with NCSCs.
Future ChIP-seq and sequential ChIP studies will ultimately be required to unravel the global
contribution of DUSP1 and DUSP4 to breast EMT and CSCs.
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As discussed previously in Section 7.2.2, DUSP4 co-localises with p300 and regulates the
phosphorylation dynamics between the active serine-1834 and repressive serine-89 residues of
p300. ChIP co-IP performed in this study revealed that DUSP4 co-exists on the chromatin
template with p300-s1834p (Section 3.10.1). Based these findings, it is proposed that
chromatinised DUSP4 dephosphorylates p300 at serine-89, which maintains a favourable
chromatin environment for p300-s1834p to mediate acetylation of H3K27 in the mesenchymal
state. This work, therefore, establishes a novel role for this phosphatase in chromatin regulatory
biology and again highlights the interplay between signalling networks and epigenetic regulation.

The influence of LSD1 binding to breast cancer EMT
Gene focused ChIP-PCR data presented in this thesis revealed increased LSD1 binding on the
PLAUR promoter in MDA-MB-231 cells, however, LSD1 binding decreased on the CD44
promoter upon acquisition of a mesenchymal phenotype (Section 6.2). Genome-wide
transcriptome analyses identified both PLAUR and CD44 as inducible LSD1-sensitive genes
(Section 5.5.1). Given that these genes have different LSD1 enrichment profiles but are both
LSD1-sensitive, it is plausible that LSD1 mediates gene induction by both catalysing the
demethylation of H3K9, and by dissociating from DNA thereby permitting methylation of H3K4,
both of which would subsequently result in active transcription. This also highlights that some of
the actions of LSD1 are directly mediated by LSD1 binding (direct targets) whilst some are
mediated indirectly by LSD1 (indirect targets). Functional annotation of indirect LSD1 target
gene clusters implicates this cohort of genes in a diverse range of biological functions while direct
LSD1 target genes are focused towards the regulation of transcription largely from RNA
Polymerase II (Pol II) promoters (Section 6.6). However, it remains to be determined how LSD1
is recruited to such target genes and furthermore, how it can function as both a transcriptional
activator and repressor under the same biological conditions. During pituitary organogenesis,
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LSD1 acts both in gene activation and repression programs as part of distinct co-activator and corepressor complexes. It was found that at target genes, promoter-bound ZEB1 recruits LSD1 as
part of a co-repressor complex to facilitate gene repression and in the absence of ZEB1, LSD1
promotes transcription (Wang et al., 2007). As ZEB1 is a key EMT-TF that can both activate and
repress transcription in a contextual manner, it is plausible that a similar mechanism is at play
here whereby promoter-bound ZEB1 acts a molecular hook for recruiting LSD1 to subsequently
facilitate transcriptional activation or repression.

Genome-wide ChIP-seq analysis performed in mouse embryonic stem cells (ESCs) have
identified that LSD1 occupies the enhancer and core promoter regions of large proportion of
actively transcribed genes (Whyte et al., 2012, Nair et al., 2012). Results presented in this thesis
demonstrate that LSD1 predominantly binds to non-coding regions in epithelial cells and upon
EMT induction, LSD1 shifts to occupying a larger proportion of regions annotated as promoters
(Section 6.4). This was also accompanied by an increase in LSD1 bound to enhancer regions,
albeit at much lower levels than that reported by others (Whyte et al., 2012). Therefore, LSD1 is
likely to target distinct regions of the genome dependent on the transcriptional and subsequent
functional output required by specific subsets of cells. It was also determined that LSD1 occupied
a larger number of promoter and enhancer regions containing CCCTC-binding factor (CTCF)binding sites upon EMT (Section 6.4). CTCF is a major regulator of higher order chromatin
architecture wherein it facilitates chromatin looping and long range interactions (Holwerda and
de Laat, 2013). Binding at CTCF sites in the genome of MCF-7 cells is linked with decreased
nucleosome occupancy and increased chromatin accessibility (Taberlay et al., 2014).
Independently, LSD1 is involved in regulating the organisation of higher-order chromatin
structure in Schizosaccharomyces pombe and Drosophila melanogaster. In S. pombe, the LSD1
homolog, spLsd1 demethylates H3K9me2 preventing the spread of heterochromatin (Lan et al.,
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2007). In Drosophila, the LSD1 homolog, SU(VAR)3-3 demethylates mono- and di-methylated
H3K4 at heterochromatin-euchromatin boundaries subsequently blocking heterochromatin
spread (Rudolph et al., 2007, Chosed and Dent, 2007). Thus, it is speculated that LSD1 may in
part regulate gene expression by maintaining boundaries between heterochromatin and
euchromatin in epithelial and mesenchymal-like cells. Future FAIRE-seq or ATAC-seq
experiments would help delineate the involvement of LSD1 in regulating chromatin accessibility
to further unravel how it may promote gene expression during EMT and in specific subsets of
cells such as CSC.

The differentiation of NCSCs into CSCs requires extensive reprogramming from plastic
signalling networks and enzymes within the tumour niche (Auffinger et al., 2014, Lee et al.,
2016). Therefore, the development of clinically effective drugs that target CSCs requires the
identification of proteins that selectively function to promote their formation and maintain the
CSC pool (discussed further in Section 7.8.2). Data presented in this thesis demonstrate that
LSD1 both induces the formation of breast CSCs and targets inducible genes for transcription in
this subset of cells (described in Section 7.3.2). Examination of global LSD1 binding sites reveal
that in response to inflammatory signal-mediated EMT, LSD1 exerts preference for CSCs by
selectively tethering closer to genes induced in CSCs relative to NCSCs (Section 6.8.1). Genes
directly targeted by LSD1 that are expressed higher in CSCs than NCSCs were examined for
enrichment of distinct pathways using the KEGG pathway database (shown in Section 6.8.2).
This analysis identified the MAPK pathway as the only signalling pathway significantly enriched
within the LSD1-sensitive CSC gene cohort (data not shown). MAPK signalling is implicated in
the acquisition of radiotherapy resistance in multiple types of cancer including cancers of the
breast, cervix, and endometrium as well as in melanoma (Candas et al., 2014, Xie et al., 2014,
Marampon et al., 2014, Jung and Park, 2015). Such data suggests that upon selectively targeting
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CSC subsets, LSD1 endows them with properties that facilitate treatment resistance. Further
analysis of LSD1 binding in this thesis determined that few of the genes expressed higher in CSCs
than NCSCs have LSD1 binding within 10 kb of their TSS in MCF-7 cells, indicating that LSD1
binding occurs after EMT has been initiated (Section 7.3.1). Therefore, this indicates that these
cells are not primed by LSD1 for induction hence, the specific mechanism behind the selective
recruitment and subsequent targeting of LSD1 remains elusive.

The interplay between chromatinised PKC-θ and LSD1
Members of the PKC protein family phosphorylate a number of atypical substrates including
canonical histone proteins (Kang et al., 2012). For example, in response to treatment with the
phorbol ester, 12-O-tetradecanoylphorbol-13-acetate (TPA), PKC-ε and PKC-β catalyse the
phosphorylation of H3S10 leading to induction of the low density lipoprotein receptor gene,
LDLR (Huang et al., 2004). Additionally, PKC-δ phosphorylates H3T45 in vitro and in vivo
thereby initiating DNA fragmentation which subsequently facilitates apoptosis (Hurd et al.,
2009). Our laboratory has previously shown that in T cells, PKC-θ forms an active transcription
complex containing 14-3-3ζ, MSK-1, Pol II and LSD1 which is essential for driving the
transcription of inducible immunological response genes (Sutcliffe et al., 2011). In accordance
with these findings, examination of PKC-θ and LSD1 binding sites in Section 6.9 of this thesis
revealed that upon induction of EMT, PKC-θ and LSD1 highly co-localise at the promoter regions
of inducible LSD1-sensitive genes. Furthermore, their co-binding appears to target H3K4me3high promoters suggesting a role in promoting gene expression (Section 6.9.3). Indeed, genes
bound by both PKC-θ and LSD1 are enriched in clusters functionally related to transcriptional
regulation (Section 6.9.4). Notably, LSD1 binding was absent from regions flanking the TSS of
inducible LSD1-sensitive genes prior to EMT while there was a moderate enrichment of PKC-θ.
Thus, it is hypothesised that PKC-θ binding precedes LSD1 binding to the promoter regions of
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LSD1-sensitive genes where it primes them for induction upon tethering of LSD1 during EMT.
This is supported by the observation that PKC-βI is capable of modulating the activity of LSD1
by phosphorylating H3T6 at AR-dependent gene promoters subsequently preventing LSD1mediated demethylation of H3K4 and activating transcription (Metzger et al., 2010).

The enrichment of TFBS on LSD1-sensitive genes
The analysis of TFBS in select cohorts of genes can be utilised to identify important drivers of
transcriptional changes that occur in response to extracellular stimuli. In this thesis, examination
of the promoter regions of direct and indirect LSD1 targeted genes revealed the enrichment of
motifs targeted by distinct TF families within each cohort. Interestingly, 90% of the TFBS
identified at the promoter regions of direct LSD1 target genes are significantly enriched relative
to indirect LSD1 target genes (Section 6.7). Three TFs directly targeted by LSD1, EGR1, KLF6
and KLF10 each bind to motifs enriched in these analyses, and intriguingly, each of these TFs are
implicated in the negative regulation of EMT (discussed in Section 6.10). However, data
presented in this thesis strongly indicate that LSD1 promotes the progression of breast cancer
EMT, therefore, it is hypothesised that these LSD1-sensitive TFs are not tethering to the promoter
regions of target genes to repress transcription. Given that LSD1 is bound to each of these
transcripts, it is plausible that it acts as a physical barrier preventing the binding of these TFs and
subsequent transcriptional repression. In addition to the direct LSD1 target genes, several TFBS
were significantly enriched in the promoter regions of indirect LSD1 target genes, including those
targeted by SOX2 (V$SORY) and NANOG (V$HOXF) (Section 6.7). SRY (sex determining
region Y)-box 2 (SOX2) and Nanog homeobox (NANOG) are both key TFs involved regulating
self-renewal and pluripotency in ESCs (Fong et al., 2008, Mitsui et al., 2003, Chambers et al.,
2003). SOX2 expression is linked with tumour formation and the regulation of CSC self-renewal
(Boumahdi et al., 2014, Weina and Utikal, 2014). Similarly, NANOG is upregulated in cells
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displaying a CSC-like phenotype and regulates several EMT-associated features including cell
motility and drug resistance (Jeter et al., 2011, Wang et al., 2013). However, the implications of
such pluripotent TFs in the regulation of LSD1-sensitive genes in response to inflammatorysignal mediated EMT remains unknown. Given that LSD1 does not directly regulate the
transcription of SOX2 and NANOG and that their binding motifs are enriched in the promoter
regions of indirect LSD1 target genes, it is possible that LSD1 expression may post-translationally
regulate their activity. Further investigation is required to determine whether such a scenario
exists and to what extent SOX2 and NANOG are involved in regulated indirect LSD1 target genes
during EMT.

Post-translation modifications regulate LSD1 activity

The implications of PKC-mediated phosphorylation of LSD1
The genome of all cells is static, however, this is circumvented by the proteome which can be
covalently modified thus exponentially increasing cellular functional diversity and subsequent
biological output. This process does not favour specific classes of enzymes and recently it has
become increasingly apparent that PTMs to epigenetic enzymes play a key role in regulating their
cellular responses. For example, USP28 directly interacts with and deubiquitinates LSD1
subsequently protecting it from proteasomal degradation and facilitating LSD1-mediated
promotion of CSC-associated characteristics in breast cancer cells (Wu et al., 2013). By
incubating overlapping LSD1 peptide constructs with active recombinant PKC-θ in an arraybased in vitro kinase assay, LSD1 was found to be phosphorylated by PKC-θ at serine-111
(Section 4.9.2). This phosphorylated form of LSD1, LSD1-s111p, is enriched following EMT
and is dependent on the catalytic activity of PKC-θ (Section 4.9.3). Overexpression studies
strongly suggest that this phosphorylation event endows LSD1 with its ability to promote EMT
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in breast cancer (Section 4.11). Furthermore, LSD1-s111p is enriched in chemotherapy resistant
breast cancer cells that display the CSC marker, ALDH1A, suggesting that this phosphorylated
form of LSD1 may promote CSC-associated traits (Section 4.13). Notably, serine-111 lies within
the unstructured region of LSD1 directly adjacent to an essential nuclear localisation signal (NLS)
(Forneris et al., 2005, Jin et al., 2014). It is therefore speculated that phosphorylation of LSD1 at
serine-111 may contribute to its entry into the nucleus where it promotes the progression of EMT.

Several recent studies have now shown that LSD1 can also be phosphorylated by PKC-α at serine112 in mice (analogous to serine-111 in humans) (Nam et al., 2014, Lim et al., 2017). Upon
phosphorylation, LSD1-s112p forms a complex with the bHLH TFs, CLOCK and BMAL1,
which is subsequently recruited to E-box motifs at target gene promoters where it facilitates
transcriptional activation (Nam et al., 2014, Feng et al., 2016). In accordance with findings
presented in this thesis, LSD1-s112p potentiates EMT and enables metastasis in breast cancer
(Feng et al., 2016). Interestingly, PKC-α-mediated phosphorylation of LSD1 occurs in a circadian
rhythm-dependent manner and promotes the expression of genes involved in regulating the
circadian rhythm (Nam et al., 2014). Circadian rhythms play a fundamental role in regulating
metabolic, physiological and behavioural responses in all mammalian cells. Dysregulation of the
circadian clock can be pathogenic in cancer where it contributes to tumourigenesis, endows cells
with enhanced proliferative capacity and has been linked with EMT progression (Savvidis and
Koutsilieris, 2012, Sukumaran et al., 2010, Mao et al., 2012). Consistent with these findings,
functional annotation of induced LSD1-sensitive genes in this thesis identified a cluster of genes
annotated to circadian regulation of gene expression (Section 5.5.2). This functional cluster was
not identified in the direct LSD1 target genes, however, it was represented in the indirect LSD1
target genes and analysis of PKC-θ and LSD1 co-bound target genes revealed enrichment of the
regulation of circadian rhythm (Sections 6.6 and 6.9.4). Collectively, these results indicate that

310

LSD1 promotes the expression of genes involved in regulating the circadian rhythm and that
PKC-θ enhances this induction. Furthermore, preliminary data from RNA-seq performed in our
laboratory from MDA-MB-231 in vivo mouse xenografts following treatment with nab-paclitaxel
or phenelzine, revealed dysregulation of the circadian rhythm pathway. Specifically, a subset of
genes including those encoding for the circadian clock proteins CRY2, PER1, PER2 and PER3
significantly increased following chemotherapy but this induction was reduced following LSD1
inhibition (unpublished data not shown). These data further suggest that LSD1 induces the
expression of genes involved in the circadian rhythm and therefore likely contributes to its
dysregulation and cancer progression.

An array of PTMs decorate LSD1
Several studies have recently identified novel PTMs to LSD1 that alter its functional activity.
Recent work demonstrated that the histone methyltransferase, G9a, catalyses the di-methylation
of LSD1 at lysine-114. Following this methylation event, chromodomain-helicase-DNA-binding
protein 1 (CHD1) and LSD1-s114me2 are recruited to AR-target genes where they subsequently
facilitate transcriptional activation of such genes (Metzger et al., 2016). Another histone
methyltransferase, SUV39H2, tri-methylates LSD1 at lysine-322 leading to LSD1 protein
stabilisation by preventing degradation via polyubiquitination. Tri-methylation of LSD1 lysine322 is also important for binding affinity to CoREST and subsequently regulates the transcription
of LSD1 target genes (Piao et al., 2015). Additionally, the histone acetyltransferase, MOF,
mediates the acetylation of LSD1 at lysine residues 432, 433 and 436 in epithelial cells, but not
in mesenchymal cells, thereby displacing LSD1-chromatin interactions. Dissociation of LSD1
leads to an increase in H3K4me2 and subsequent activation of CDH1 expression thus suppressing
EMT and cell invasiveness (Luo et al., 2016). Notably, the phosphorylation of serine-112 does
not affect the acetylation status of these residues (Feng et al., 2016). It is hypothesised that a
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reduction in MOF levels precedes EMT, followed by phosphorylation of LSD1 at serine-111 by
PKC-θ thus facilitating EMT by allowing LSD1 translocation to the nucleus, chromatin docking
and subsequent demethylation of target genes. However, this and the influence of the other LSD1
PTMs on the regulation of breast cancer EMT remains unknown. Interestingly, serine-114 lies
within the NLS region of LSD1, which suggests that it may modulate the nuclear translocation of
LSD1 (Jin et al., 2014). Future experiments should examine whether such a scenario occurs and
PTMs to LSD1 hinder its ability to translocate into the nucleus. Additionally, future experiments
should examine whether different signalling cascades influence PTMs to LSD1 and subsequently
alter complexes it associates with as well as its functional output in a cell-type dependent manner.

In an attempt to understand the implications of these PTMs to LSD1 activity during EMT, eight
additional LSD1 plasmids were constructed and cloned into the p-Tracer-CMV mammalian
expression vector (details in Fig. 7.1). MCF-7 and MDA-MB-231 cells were then transfected
with vector only (VO), LSD1-WT, LSD1-Mut (Fig. 2.1) and each additional plasmid shown in
Fig. 7.1 for 48 hours. Following transfection, a WST-1 assay, qRT-PCR and flow cytometry were
performed to assess changes in cell proliferation, as well as the expression of key EMT and CSC
genes and the presence of CSCs, respectively. However, the results from these experiments were
largely inconclusive as each of these assays either detected no change or changes exhibited high
variability (data not shown). The percentage of GFP-positive cells was subsequently analysed by
flow cytometry to examine the transfection efficiency in MDA-MB-231 cells. This analysis
revealed that approximately 42% of VO-transfected cells were GFP-positive, however, the
percentage of GFP-positive cells in each of the other transfected samples ranged from 5-14%
(data not shown). Therefore, the absence of detectable functional changes is likely due to
insufficient transfection efficiency. While the conditions under which the transfections were
performed had been previously optimised and produced acceptable transfection rates, further
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Figure 7.1 Design of additional of LSD1 mutant plasmids
Schematic of LSD1 constructs containing functional mutations. (A) Serine-111 to glutamic acid
to mimic a phosphorylated state. (B) Lysine-432, 433, and 436 to alanine to prevent acetylation.
(C) Lysine-432, 433, and 436 to mimic an acetylated state. (D) Lysine-114 to alanine to prevent
methylation. (E) Lysine-332 to alanine to prevent methylation. (F) Lysine-114 to glutamine to
mimic a methylated state. (G) Serine-111 to alanine and lysine-114 to glutamine to prevent
phosphorylation and mimic a methylated state, respectively. (H) Serine-111 to glutamic acid and
lysine-114 to glutamine to mimic a phosphorylated and methylated state, respectively. NLS =
nuclear localisation signal; SWIRM = Swi3p, Rsc8p and Moira; AOL = amine-oxidase like; FAD
= flavin adenine dinucleotide; grey = unstructured N-terminal region; black = NLS; yellow =
SWIRM domain; red = SWIRM-AOL domain connector; blue = AOL domain; green = Tower
domain insertion.
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work is required to re-optimise the transfection conditions in both MCF-7 and MDA-MB-231
cells with these new constructs. Subsequent experiments performed with re-optimised conditions
will help to unravel the involvement of each LSD1 PTM to the progression of breast cancer EMT.

The interplay between epigenetic enzymes, cancer and the immune system

Somatic mutations in a tumour can result in dysregulation of an inflammatory response and
induce a pro-tumour environment (Grivennikov et al., 2010). Recent studies have suggested that
tumour-associated stroma also builds a supportive microenvironment for tumour cell
proliferation, invasion, dissemination and immune evasion (Landskron et al., 2014). Tumour
stroma is comprised of a heterogeneous collection of cells, amongst this M1 macrophages, NK
cells, CD4+ T helper (Th) 1 and CD8+ T lymphocytes promote a tumouricidal response leading
to cell degradation (Law et al., 2017). Conversely, cancer-associated fibroblasts (CAFs), M2
tumour-associated macrophages (TAMs), myeloid-derived suppressor cells, CD4+ Th 2 cells,
CD4+ T regulatory cells promote tumourigenesis through paracrine mechanisms and in particular
through the secretion of cytokines and growth factors (Disis, 2010). Importantly, recent studies
have begun to unravel the contribution of the epigenetic network in immune evasion and
modulation of the tumour microenvironment.

Data presented in this thesis demonstrate that LSD1 is involved in regulating an innate immune
response. Functional annotation of induced LSD1-sensitive genes revealed the most highly
enriched gene cluster was related to an innate immune response (Section 5.5.1). These findings
are consistent with that of others who have implicated LSD1 in the regulation of the immune
system in cancer. Analysis of LSD1 heterozygous and homozygous knockout colorectal cancer
cells by microarray transcriptome profiling revealed significant enrichment in the expression of
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genes related to an immune response (Jin et al., 2013). The involvement of LSD1 in the regulation
of innate immunity was validated in Section 5.9 in this thesis by utilising an in vivo mouse model
of human breast cancer. Specifically, inhibition of LSD1 in vivo leads to downregulation of the
Toll-like receptor genes, TLR4 and TLR7, which are involved in activation of the innate immune
system (Medzhitov, 2001). Additionally, in vivo LSD1 inhibition repressed the expression of
several pro-inflammatory cytokines including TNF, ILB1, IL1B and IL23A as well as the
chemokines CCL2 and CCL5. Collectively these data indicate that the LSD1 promotes an innate
immune infiltration at the primary tumour site.

Interestingly, several of the cytokines that were modulated in response to LSD1 inhibition are
released by macrophages, including TNFα, IL-1, IL-12 and IL-23 (Arango Duque and
Descoteaux, 2014). Moreover, the LSD1-sensitive chemokines, CCL2 and CCL5 are implicated
in the recruitment of TAMs (Deshmane et al., 2009, Ding et al., 2016, Keophiphath et al., 2010).
Data recently published by our laboratory strongly suggests that LSD1 modulates the innate
immune response by regulating a macrophage infiltration to the primary tumour site (Boulding et
al., 2018). Notably, LSD1 promotes the infiltration of tumouricidal M1 macrophages whilst
repressing tumour-promoting M2 macrophages (Sica and Mantovani, 2012, Boulding et al.,
2018). Work by others suggests that LSD1 regulates monocyte-to-macrophage differentiation
after treatment with the phorbol ester, TPA, in THP-1 monocyte-like cells. During such
differentiation, chromatin-tethered LSD1 is displaced from the promoters of target genes leading
to an increase in H3K4 methylation and subsequent gene activation (Yang et al., 2013). It is
plausible that a similar mechanism is in play here that subsequently facilitates the accumulation
of M1 macrophages. There is also increasing evidence that M2 macrophages, which resemble
TAMs, play an essential role in modulating the tumour microenvironment and promoting EMT
via TGF-β signalling (Fan et al., 2014, Techasen et al., 2012, Shen et al., 2013). These findings
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collectively demonstrate the multi-layered interplay between the signalling networks governing
EMT progression, the tumour microenvironment and the epigenetic enzymes that both modulate
EMT and this cancer microenvironment.

Overall model for inflammatory signal-mediated breast cancer EMT

An overall model based on the data presented in this thesis and the current literature surrounding
the progression of EMT is presented in Fig. 7.2. In response to inflammatory signals from the
stromal microenvironment at the primary tumour site, downstream signalling cascades are
activated that result in the induction of several classes of enzymes. These enzymes include the
protein phosphatases, DUSP1, DUSP4 and DUSP6 as well as the histone demethylase, LSD1,
which are each dependent upon the expression of the signalling kinase, PKC-θ, for their transient
induction. Modulations to DUSP expression result in DUSP1 and DUSP4 globally tethering to
the chromatin template where they co-exist with distinct enhancer and active histone PTMs while
a global increase in LSD1 levels coincides with a shift in LSD1 binding to promoter regions.
Subsequently, LSD1 initiates the expression of hallmark EMT proteins and the activation of
transcriptional networks that promote EMT. PKC-θ co-localises with LSD1 in mesenchymal cells
where it catalyses the phosphorylation of LSD1 at serine-111 subsequently regulating its activity
and ability to facilitate EMT. PKC-θ further promotes LSD1 activity by co-tethering to
H3K4me3-high promoters of inducible LSD1-sensitive genes and in concord with LSD1,
regulates downstream transcription programs during EMT.
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Figure 7.2 Overall model for inflammatory signal-mediated EMT
Inflammatory signals such as TNF, IL-1, IL-12, IL23, CCL2 and CCL5 from the tumour
microenvironment activate downstream signalling cascades that subsequently activate the PKC
family member, PKC-θ. PKC-θ regulates the induction of DUSP6 which colocalises in the
cytoplasm as well as DUSP1, DUSP4 and LSD1 which colocalise in the nucleus. Induced DUSP1
and DUSP4 directly tether to the chromatin template at promoter and enhancer regions,
respectively. Induced LSD1 is subsequently phosphorylation by PKC-θ at serine-111. LSD1
globally tethers to the chromatin template at promoter regions where it activates transcriptional
programs that promote the progression of EMT. PKC-θ complexes with LSD1 at such gene
promoters where it aids in the induction of LSD1-target genes.
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EMT induces the formation of highly plastic CSCs that are responsive to both positive and
negative signals acting upon them simultaneously. These signals include those from induced
DUSP1 and LSD1, which promote the formation of CSCs, and from induced DUSP4 and DUSP6,
which act to prevent the formation of CSCs. LSD1 mediates its action in a targeted manner by
selectively inducing gene expression programs in CSCs and gene repression programs in NCSCs.
Due to the chemoresistant nature of such CSCs, LSD1 is overrepresented in chemotherapyresistant cells. LSD1 promotes other aspects of tumour progression by increasing M2
macrophages and repressing a M1 macrophage immune infiltrate at the primary tumour site.
Collectively, these results highlight the multi-layered crosstalk that occurs between nuclear
kinases, phosphatases and histone demethylases in the epigenomic context of EMT. It is the
interplay between these intricate signalling networks that undoubtedly contributes to the
progression of cancer.

Epigenetic therapy is emerging as an effective treatment for cancer

Epi-drugs in the treatment of cancer
Global changes in the epigenetic landscape are a hallmark of cancer. The reversible nature of
epigenetic aberrations and our increased understanding of their contribution to cancer biology
have led to the emergence of the promising field of epigenetic therapy. Inhibitors of histonemodifying enzymes have recently shown promise as cancer therapeutics, with several epi-drugs
now approved by the Food and Drug Administration (FDA) for clinical use (Nebbioso et al.,
2012). Given the key role that EMT plays in several stages of cancer progression, determining
the molecular mechanisms underpinning EMT, and in particular, distinct mesenchymal
phenotypes and CSCs will be critical for the development of novel anti-cancer therapeutic
strategies.
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Two main classes of epigenetic drugs are currently being used in clinical cancer trials that also
have FDA approval: HDAC inhibitors (HDACIs) and DNMT inhibitors (DNMTIs). HDACIs
display anti-cancer activity by inhibiting angiogenesis leading to cell-cycle arrest (Finzer et al.,
2001, Qian et al., 2004, Kwon et al., 2002). Additionally, they are anti-proliferative and have the
ability to selectively target cancer cells (Carew et al., 2008). Importantly, clinical studies show
that HDACIs are generally well tolerated and thus may have a safety profile suitable for
widespread clinical use (Kanwal and Gupta, 2010). Currently there are four HDACIs approved
by the FDA that are being utilised in blood cancer treatments: vorinostat (suberanilohydroxamic
acid; SAHA), belinostat, panbinostat and romidepsin (publicly available FDA information).
DNMTIs predominantly function by interfering with DNA synthesis and inducing DNA damage
(Yang et al., 2010b, Qin et al., 2009). However, DNMTIs are restricted by their relative toxicity
and also their transient nature due to poor chemical stability and thus must be administered at low
dosages (Gnyszka et al., 2013). There are currently two DNMTIs approved by the FDA that are
being utilised to treat cancers of the blood: azacitidine and decitabine (publicly available FDA
information).

Epigenetic targeting of EMT and CSCs
Several epigenetic inhibitors are effective repressors of EMT, predominantly by upregulating Ecadherin. Treatment with the DNMT inhibitor 5-aza-2′-deoxycytidine (5-Aza-dC) blocks CDH1
hypermethylation, restores E-cadherin expression and initiates morphological MET in numerous
cancer types (Yoshiura et al., 1995, Corn et al., 2000). 5-Aza-dC treatment also increased the
expression of E-cadherin and cell metastases in an in vivo xenograft model of breast cancer (Nam
et al., 2004). Similarly, treatment with the HDACI butyrate induces E-cadherin upregulation in
colon and hepatocellular cancer cells, while the HDACIs vorinostat and trichostatin A (TSA)
stimulate E-cadherin expression in endometrial carcinoma cells (Barshishat et al., 2000, Takai et
320

al., 2004, Masuda et al., 2000). Furthermore, the HDACI entinostat causes MET by reversing Ecadherin repression in breast cancer cells (Shah et al., 2014). However, it is important to note that
HDACIs induce EMT in colon, prostate and endometrial adenocarcinomas, as well as head and
neck squamous cell carcinoma cells (Kong et al., 2012, Giudice et al., 2013, Uchida et al., 2012,
Ji et al., 2015). These findings highlight the need to understand the molecular mechanisms
underpinning their targeted inhibition. Intriguingly, a receptor tyrosine kinase small-molecule
inhibitor, sorafenib, inhibits TGF-β-induced EMT by epigenetically regulating EMT-associated
genes. Specifically, sorafenib reverses the histones modified during TGF-β-induced EMT (Zhang
et al., 2013). Additionally, the benefits of using epigenetic inhibitors in combination with
immunotherapy has been demonstrated; specifically, the DNMTI decitabine was used to enhance
NY-ESO-1 vaccine-induced immunity in patients with relapsed epithelial ovarian cancer
(Benmaamar, 2014).

CSCs are self-renewing, capable of extensive differentiation, and resistant to standard anti-cancer
treatments consequently giving rise to metastases and recurrent disease. Therefore, novel EMTbased epigenetic therapies should focus on targeting this important subpopulation of cells.
Moreover, as novel classes of chromatin-associated enzymes are discovered as key regulators of
CSCs and EMT, increasing numbers of small-molecule inhibitors with therapeutic potential are
becoming available, including PKC inhibitors. Several PKC inhibitors have emerged as novel
drugs with the potential to be used as therapeutic agents against EMT and CSCs. Gӧ6976, a PKCα inhibitor, abrogates upregulation of Snail and downregulation of claudins after hypoxia-induced
EMT in pancreatic cancer cells (Kyuno et al., 2013). Furthermore, some small-molecule PKC-δ
inhibitors inhibit proliferation of the CSC niche in breast, pancreatic, and prostate cancer in vitro
and in an in vivo breast cancer mouse xenograft model (Chen et al., 2014). Several other PKC
inhibitors, including Ro-31-8220 and BIM, reduce CSC-enriched subpopulations and tumour
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initiation (Tam et al., 2013). Similarly, aurothiomalate, a novel PKC-ι inhibitor, selectively
targets the stem cell niche of bronchioalveolar cells in an anti-proliferative manner, indicating its
potential in targeting CSCs (Regala et al., 2009).

Future directions and implications

Future experiments
Data presented in this thesis describe the function of select signalling and epigenetic enzymes in
the complex, interconnected biological matrix of EMT. Future studies should examine the
contribution of additional epigenetic enzymes and epigenetic regulatory mechanisms and their
interplay with the inflammatory signalling networks governing EMT progression. For example,
recent work has exemplified the importance of the histone variant, H2A.X, and its positioning
around the TSS in the regulation of epithelial and mesenchymal gene expression in response to
TGF-β-induced EMT (Domaschenz et al., 2017). It remains to be determined how histone
variants such as H2A.X as well as variants of H2B and H3 interplay with the inflammatory
signalling networks described in this thesis. High-throughput proteomic analyses of posttranslationally modified variants will be important in understanding how histone structure
facilitates EMT progression. Moreover, the involvement of chromatin remodelling complexes
such as SWI/SNF remains largely undefined (Farrants, 2008). Future studies must examine how
modulation to chromatin architecture by different ATPase remodellers with distinct chromatininteracting domains regulates epithelial cell plasticity.
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This study did not address the contribution of specific TFs to breast cancer EMT, including those
identified as being directly targeted by LSD1 (Section 6.7), as well as AP-1 TFs which are
undoubtedly influencing EMT transcriptional networks. Future siRNA and ChIP-seq experiments
will unravel the role of such TFs in the progression of EMT. Additionally, further investigations
should utilise high-throughput proteomics to establish which factors truly exist in the in vivo
context. Furthermore, while in vitro data suggests that an increase in these distinct enzymes
occurs in response to increased inflammatory signalling, further experiments will be required to
validate that this occurs at the primary tumour site. Such studies should examine the correlation
between key pro-inflammatory cytokines including IL-1β, IL-6, and TNF-α and LSD1 levels in
human biopsies.

Lastly, given that cancer is a highly heterogeneous disease, understanding the molecular wiring
of EMT progression in the whole tumour population as well as specific subsets of cells such as
CSCs is critical. Specifically, it remains to be addressed if the same regulatory networks described
in this thesis function in a conserved manner in other cancer types. This is particularly important
in poor prognosis cancers with limited therapeutic options such as pancreatic and ovarian cancer.
Such investigations will undoubtedly aid the development of new therapeutic strategies in many
cancers in which current therapeutic options are limited.

Implications
Recent data have exemplified the key role of epigenetic regulatory mechanisms in EMT, a critical
step in tumour metastasis and recurrent aggressive disease. There is currently an unmet need for
the development drugs that abrogate the EMT phenotype and target the CSC niche via the
oncogenes and tumour suppressors that regulate their formation and maintenance. DUSP1,
DUSP4, and DUSP6 have pleiotropic roles as both oncogenes and tumour suppressors in various
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cancers (Nunes-Xavier et al., 2011). Additionally, the development of potent, specific DUSP
inhibitors is necessary to advance therapeutic targeting in the clinical setting. Future drug
development to target these proteins must consider these variable effects.

LSD1 overexpression has been linked with the progression of multiple types of cancer including
AML, acute lymphoblastic leukaemia, T cell non-Hodgkin lymphoma and epithelial cancers in
the bladder, breasts, gallbladder, liver (hepatocellular), lungs (small cell and NSCLC), pancreas,
prostate, and neuroblastomas (Wada et al., 2015, Niebel et al., 2014, Hayami et al., 2011,
Kauffman et al., 2011, Lian et al., 2015, Zhao et al., 2013, Lv et al., 2012, Qin et al., 2014, Kahl
et al., 2006, Schulte et al., 2009). Given this, LSD1 holds great potential as an anti-cancer
therapeutic target and as such, LSD1 inhibitors currently present a promising option for epigenetic
adjuvant treatment for multiple cancers. However, the development of novel LSD1 inhibitors for
use as anti-cancer therapies must consider the complexities of the relationship between the
transcriptional levels and enzymatic activity of LSD1. Furthermore, consideration must be given
to LSD1’s structural activities compared with its enzymatic activities. A proliferation-based
screen performed in 165 cancer cell lines using a potent, selective and irreversible LSD1 inhibitor,
GSK2879552, revealed that AML and SCLC cell lines exhibit sensitivity to LSD1 catalytic
inhibition. Notably, this sensitivity was absent in bladder, brain, cervical, colon, ovarian,
pancreatic and prostate cancer cells lines (Mohammad et al., 2015). These findings highlight the
need to test multiple inhibitors that target different axis of LSD1 as inhibitors that is effective in
one cell-type may not be efficacious in another as the role of LSD1 likely differs in a cell-type
specific manner. The identification and subsequently selection of an effective inhibitor in multiple
cancer types will no doubt be possible only if each of the facets of LSD1 function are considered.
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Epigenetic therapies are prime candidates for adjuvant treatment with either chemotherapy or
immunotherapy. Current clinical trials in this space utilizing epigenetic drugs in combination
therapy are showing promise in treating metastatic cancers (Weintraub, 2016). Moreover, LSD1
inhibitors are currently being used in phase 1 and 2 trials in patients with acute myeloid leukaemia
(Przespolewski and Wang, 2016). LSD1 inhibitors selectively inhibit the proliferation of
pluripotent teratocarcinoma, embryonic carcinoma, seminoma, and ESCs while sparing nonpluripotent cells (Wang et al., 2011). Establishing whether the structural or enzymatic activities
of LSD1 are more important in regulating cell fate in the face of chemotherapy will potentially
facilitate the development of epigenetic therapies that specifically target these mechanisms. Other
potential therapeutic options include targeting the induction of LSD1 at the transcriptional level
or preventing the phosphorylation of LSD1 at serine-111. Thus, identifying the proteins directly
responsible for inducing the expression of LSD1 and understanding how LSD1 and LSD1-s111p
differentially regulate such processes is paramount in selecting and designing effective treatment
regimes. In light of these findings, a phase 1 clinical trial would be most efficacious by combining
a selective LSD1 inhibitor or PKC-θ inhibitor – to prevent serine-111 phosphorylation – with
standard of care for patients with metastatic breast cancer. Such combination therapeutic strategy
would likely improve patient survival by targeting the specific form of LSD1 modulating the
tumour microenvironment to impede not only tumour burden but recurrence resulting in a
favourable anti-tumour environment.
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Concluding remarks

The induction of EMT via the coordinated action of PKC and TGF-β signalling pathways
revealed that several distinct classes of enzymes are induced. The induction of several of these
enzymes including DUSP1, DUSP4, DUSP6 and LSD1 requires the expression of the dual
functioning signalling and epigenetic enzyme, PKC-θ, as well as networks of diverse TFs. The
use of an in vitro model to study DUSP family members revealed that they have distinct functions
during EMT and their involvement in the program is complex. DUSP1 and DUSP4 both unveiled
that they are also dual functioning signalling and epigenetic enzymes by directly tethering to the
chromatin template in mesenchymal-like cells. Furthermore, DUSP4 can modulate the balance
between PTMs on the epigenetic enzyme, p300, that subsequently regulate its histone
acetyltransferase activity.

The induction of the histone demethylase, LSD1, and its activity are key events that mediate the
progression of breast cancer EMT. Specifically, LSD1 expression is essential for the expression
of key proteins that mark EMT. This process is dependent upon the post-translational
phosphorylation of LSD1 at serine-111 by PKC-θ. Upon induction of EMT, LSD1 predominantly
tethers to gene promoter regions where it facilitates a large proportion of the global changes in
gene expression that occur during this process of phenotypic switching. Genes induced during
EMT in an LSD1-sensitive manner are implicated in numerous EMT-related biological process
and signalling pathways. Furthermore, binding of PKC-θ to the chromatin template at LSD1sensitive gene loci precedes LSD1 binding to these regions and thereafter they cooperatively
promote the transcription of such genes. Genes that are directly targeted for induction by LSD1
are largely implicated in further modulating transcription downstream during EMT.
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The involvement of all three DUSPs as well as PKC-θ in the regulation of CSCs highlights that
there is a constant balancing act between positive and negative signals that control their plasticity.
Induced DUSP4 and DUSP6 are negative regulators and act to repress the formation of CSCs
whilst PKC-θ as well as induced LSD1 and DUSP1 have a positive influence by promoting the
formation of CSCs. LSD1 exerts this action in a targeted manner by selectively binding to the
chromatin template to target gene induction programs in CSCs whilst simultaneously targeting
repression programs in NCSCs.

The findings presented in this thesis demonstrates the complexity of the breast cancer EMT
program and highlight the interplay that occurs between multiple classes of enzymes with distinct
biological functions. The coordinated action of signalling networks modulates the functional
activity of dynamic epigenetic enzymes that subsequently dictate changes to the epigenome that
regulate transcriptional programs that govern the progression of EMT.
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Appendices

Appendix I
No.

1

Probe

Gene
Symbol

Gene Name

Matrix
metallopeptidase
9
16666509 IFI44
Interferon
induced protein
44
16743764 MMP13
Matrix
metallopeptidase
13
17070492 ATP6V0D2 ATPase H+
transporting V0
subunit d2
16975234 TMEM156 Transmembrane
protein 156

endopeptidase activity,
metalloendopeptidase activity, serinetype endopeptidase activity
cytoplasm

6

16977052 CXCL10

7

16861953 IFNL2

receptor binding, cytokine activity,
protein binding, chemokine activity,
heparin binding
receptor binding, cytokine activity

8

16800630 C15orf48

9

17012946 TNFAIP3

10

16707184 IFIT3

11

16666485 IFI44L

12

16707180 IFIT2

2

3

4

5

16914395 MMP9

GO Function

C-X-C motif
chemokine
ligand 10
Interferon
lambda 2

metalloendopeptidase activity, serinetype endopeptidase activity
protein binding, hydrogen-exporting
ATPase activity, phosphorylative
mechanism, calcium ion binding
integral component of membrane

Chromosome 15 cytochrome-c oxidase activity
open reading
frame 48
TNF alpha
protease binding, DNA binding,
induced protein 3 catalytic activity
Interferon
induced protein
with
tetratricopeptide
repeats 3
Interferon
induced protein
44 like
Interferon
induced protein
with
363

protein binding

GTP binding

RNA binding, protein binding

tetratricopeptide
repeats 2
13

16968765 HERC5

HECT and RLD
domain
containing E3
ubiquitin protein
ligase 5
Zinc finger
protein 165

RNA binding, ubiquitin-protein
transferase activity, protein binding

14

17005888 ZNF165

15

17079210 GEM

16

16704865 MSMB

17

16723614 CD44

CD44 molecule

protein binding, collagen binding,
hyaluronic acid binding

18

16764817 KRT81

Keratin 81

structural molecule activity, protein
binding

19

16989736 EGR1

Early growth
response 1

20

16819478 CCL22

21

16931766 KLHDC7B

C-C motif
chemokine
ligand 22
Kelch domain
containing 7B

transcription regulatory region
sequence-specific DNA binding, RNA
polymerase II regulatory region
sequence-specific DNA binding,
transcription factor activity, RNA
polymerase II core promoter proximal
region sequence-specific binding
cytokine activity, chemokine activity,
CCR chemokine receptor binding

22

16709128 DUSP5

Dual specificity
phosphatase 5

23

16794321 ADAM20

24

16841907 RASD1

ADAM
metallopeptidase
domain 20
Ras related
dexamethasone
induced 1

DNA binding, transcription factor
activity, sequence-specific DNA
binding, protein binding
magnesium ion binding, GTPase
activity, protein binding

GTP binding
protein
overexpressed in
skeletal muscle
Microseminopro- protein binding
tein beta

364

ubiquitin-protein transferase activity

phosphoprotein phosphatase activity,
protein tyrosine phosphatase activity,
protein binding
metalloendopeptidase activity, peptidase
activity, metal ion binding
GTPase activity, protein binding, GTP
binding

25

16743721 MMP1

Matrix
metallopeptidase
1
Nuclear receptor
subfamily 4
group A member
3
F-box protein 32

endopeptidase activity,
metalloendopeptidase activity, serinetype endopeptidase activity
transcription coactivator binding

26

17087517 NR4A3

27

17080788 FBXO32

28

16876764 RSAD2

Radical Sadenosyl
methionine
domain
containing 2
CD44 molecule

catalytic activity, protein binding,
protein self-association

29

16723653 CD44

30

16960567 GPR87

G proteincoupled receptor
87
Rho family
GTPase 1

G-protein coupled purinergic nucleotide
receptor activity

31

16764053 RND1

32

16771417 OASL

2'-5'oligoadenylate
synthetase like
Matrix
metallopeptidase
10
Retinoic acid
induced 14

DNA binding, RNA binding, doublestranded RNA binding

33

16743707 MMP10

34

16983848 RAI14

35

16873826 PLA2G4C

Phospholipase
A2 group IVC

lysophospholipase activity, phospholipid
binding, hydrolase activity

36

16986417 F2RL1

F2R like trypsin
receptor 1

G-protein alpha-subunit binding, signal
transducer activity, receptor activity

37

16821365 PLCG2

Phospholipase C
gamma 2

38

16852683 PMAIP1

Phorbol-12myristate-13acetate-induced
protein 1

phosphotyrosine binding,
phosphatidylinositol phospholipase C
activity, signal transducer activity
protein binding
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ubiquitin-protein transferase activity,
protein binding

protein binding, collagen binding,
hyaluronic acid binding

GTPase activity, receptor binding,
protein binding

metalloendopeptidase activity, serinetype endopeptidase activity, peptidase
activity
protein binding

39

17049676 SERPINE1

Serpin family E
member 1

40

16846864 MMD

41

16977058 CXCL11

42

17059567 STEAP4

Monocyte to
macrophage
differentiation
associated
C-X-C motif
chemokine
ligand 11
STEAP4
metalloreductase

43

16843511 CCL5

44

16873060 PLAUR

45

16716478 ANKRD1

46

16692577 FCGR1B

Fc fragment of
IgG receptor Ib

RNA polymerase II transcription factor
binding, RNA polymerase II
transcription coactivator activity, p53
binding
immunoglobulin receptor activity, IgG
binding

47

16681827 DHRS3

Dehydrogenase/
reductase 3

nucleotide binding, retinol
dehydrogenase activity

48

16904365 IFIH1

DNA binding, RNA binding

49

16705011 DKK1

50

16894127 CMPK2

Interferon
induced with
helicase C
domain 1
Dickkopf WNT
signaling
pathway
inhibitor 1
Cytidine/uridine
monophosphate
kinase 2

C-C motif
chemokine
ligand 5
Plasminogen
activator,
urokinase
receptor
Ankyrin repeat
domain 1
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protease binding, serine-type
endopeptidase inhibitor activity, receptor
binding
receptor activity

cytokine activity, protein binding,
chemokine activity
cupric reductase activity, oxidoreductase
activity, metal ion binding
phosphatidylinositol phospholipase C
activity, protein kinase activity, cytokine
activity
receptor activity, receptor binding,
protein binding

signal transducer activity, protein
binding, growth factor activity

kinase activity, ATP binding

Appendix I Top 50 induced LSD1-sensitive gene GO annotations
Table displays the top 50 induced LSD1-sensitive probes that correspond to protein-coding genes.
RNA genes and pseudogenes were excluded. All genes are ranked by fold change difference in
probe normalised microarray expression intensities between mock siRNA-treated and LSD1siRNA MCF-7/PMA+TGF-β cells. The Affymetrix probe ID, corresponding gene symbol, gene
name, and GO functions are shown for each probe.
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Appendix II
No.

1

2

3

4

Probe

Gene
Symbol

Gene Name

TCR Gamma
Alternate
Reading Frame
Protein
17063366 ATP6V0A4 ATPase H+
Transporting V0
Subunit A4
16921724 NCAM2
Neural Cell
Adhesion
Molecule 2
17112498 POF1B
POF1B, Actin
Binding Protein

GO Function

17056817 TARP

5

16761726 PLBD1

6

16693976 MUC1

7

16687914 CYP2J2

8

16716507 PPP1R3C

9

16978417 SLC39A8

10

16988874 ADAMTS1
9

11

17101292 STS

12

16984365 GHR

Phospholipase B
Domain
Containing 1
Mucin 1, Cell
Surface
Associated
Cytochrome
P450 Family 2
Subfamily J
Member 2
Protein
Phosphatase 1
Regulatory
Subunit 3C
Solute Carrier
Family 39
Member 8
ADAM
Metallopeptidase
with
Thrombospondin
Type 1 Motif 19
Steroid Sulfatase

Growth
Hormone
Receptor

ATPase binding, hydrogen ion
transmembrane transporter activity

actin filament binding

lysophospholipase activity, hydrolase
activity
RNA polymerase II core promoter
proximal region sequence-specific DNA
binding, transcription cofactor activity,
p53 binding
monooxygenase activity, iron ion
binding

protein serine/threonine phosphatase
activity, protein phosphatase regulator
activity
metal ion transmembrane transporter
activity
metalloendopeptidase activity, zinc ion
binding, hydrolase activity

sulfuric ester hydrolase activity, metal
ion binding
cytokine receptor activity, growth
hormone receptor activity, protein
binding
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13

16990284 PCDHB8

Protocadherin
Beta 8

identical protein binding, metal ion
binding

14

16690036 FRRS1

Ferric Chelate
Reductase 1

ferric-chelate reductase activity,
oxidoreductase activity, metal ion
binding

15

17097046 C9orf152

16

17112426 HMGN5

17

16714581 SLC16A9

18

16920806 SYCP2

19

17096030 FBP1

Chromosome 9
Open Reading
Frame 152
High Mobility
Group
Nucleosome
Binding Domain
5
Solute Carrier
Family 16
Member 9
Synaptonemal
Complex Protein
2
FructoseBisphosphatase 1

20

16673748 FMO4

21

16998551 SLCO4C1

22

16688864 TTLL7

23

chromatin binding, RNA binding,
nucleosomal DNA binding

protein binding, monocarboxylic acid
transmembrane transporter activity
DNA binding, protein
heterodimerization activity
protein binding, phosphatase activity

Flavin
Containing
Monooxygenase
4
Solute Carrier
Organic Anion
Transporter
Family Member
4C1
Tubulin Tyrosine
Ligase Like 7

monooxygenase activity, flavin adenine
dinucleotide binding

16668111 KIAA1324

KIAA1324

RNA binding

24

16886656 KCNJ3

voltage-gated ion channel activity,
protein binding

25

16942958 EPHA3

Potassium
Voltage-Gated
Channel
Subfamily J
Member 3
EPH Receptor
A3
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sodium-independent organic anion
transmembrane transporter activity

ATP binding, ligase activity alpha and
beta-tubulin binding

protein tyrosine kinase activity, ephrin
receptor activity

26

16947850 GPR160

27

16709405 PLEKHS1

28

17015637 ELOVL2

29

16670739 MLLT11

30

16844312 TOP2A

31

16904780 SPC25

32

16909401 SLC16A14

33

17078870 MMP16

34

16779701 DACH1

35

17092208 ERMP1

36

16849274 ST6GALN
AC2

37

17114272 GPC4

38

16863074 BCAM

G ProteinCoupled
Receptor 160
Pleckstrin
Homology
Domain
Containing S1
ELOVL Fatty
Acid Elongase 2
MLLT11,
Transcription
Factor 7 Cofactor
DNA
Topoisomerase II
Alpha
SPC25, NDC80
Kinetochore
Complex
Component
ST6 NAcetylgalactosaminide Alpha2,6Sialyltransferase
2
Matrix
Metallopeptidase
16
Dachshund
Family
Transcription
Factor 1
Endoplasmic
Reticulum
Metallopeptidase
1
Solute Carrier
Family 16
Member 14
Glypican 4

Basal Cell
Adhesion
Molecule
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G-protein coupled receptor activity

protein binding

protein binding, transferase activity,
transferring acyl groups other than
amino-acyl groups, transferase activity
chromatin binding, RNA binding, DNA
topoisomerase activity

protein binding

monocarboxylic acid transmembrane
transporter activity

metalloendopeptidase activity, enzyme
activator activity
transcription factor activity, RNA
polymerase II core promoter sequencespecific binding involved in preinitiation
complex assembly
metallopeptidase activity, hydrolase
activity

transferase activity

coreceptor activity involved in Wnt
signaling pathway, planar cell polarity
pathway, heparan sulfate proteoglycan
binding
transmembrane signaling receptor
activity, laminin receptor activity,
protein binding

(Lutheran Blood
Group)
39

16722299 PDE3B

Phosphodiesterase 3B

phosphoric diester hydrolase activity,
protein binding

40

16992957 FGFR4

Fibroblast
Growth Factor
Receptor 4

41

17110289 MAOB

Monoamine
Oxidase B

nucleotide binding, transmembrane
receptor protein tyrosine kinase activity,
fibroblast growth factor-activated
receptor activity
primary amine oxidase activity, flavin
adenine dinucleotide binding

42

16800707 SEMA6D

Semaphorin 6D

semaphorin receptor binding

43

16705159 CDK1

nucleotide binding, chromatin binding,
protein serine/threonine kinase activity

44

16904827 LRP2

Cyclin
Dependent
Kinase 1
LDL Receptor
Related Protein 2

45

16697544 ASPM

protein binding, calmodulin binding

46

16747014 RAD51AP
1

47

16670710 BNIPL

Abnormal
Spindle
Microtubule
Assembly
RAD51
Associated
Protein 1
BCL2 Interacting
Protein Like

48

16692918 FAM63A

thiol-dependent ubiquitin-specific
protease activity, protein binding,
peptidase activity

49

16846157 PRR15L

MINDY Lysine
48
Deubiquitinase 1
Proline Rich 15
Like

50

16990288 PCDHB16

Protocadherin
Beta 16

calcium ion binding

372

ow-density lipoprotein receptor activity,
protein binding

DNA binding, RNA binding, protein
binding
identical protein binding

Appendix II Top 50 repressed LSD1-sensitive gene GO annotations
Table displays the top 50 repressed LSD1-sensitive probes that correspond to protein-coding
genes. RNA genes and pseudogenes were excluded. All genes are ranked by fold change
difference in probe normalised microarray expression intensities between mock siRNA-treated
and LSD1-siRNA MCF-7/PMA+TGF-β cells. The Affymetrix probe ID, corresponding gene
symbol, gene name, and GO functions are shown for each probe.

373

