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Abstract
Epithelial to Mesenchymal Transition (EMT) and its reversal, via Mesenchymal to Epithelial Transition
(MET), describes the highly coordinated cycle of epithelial plasticity by which normal tissues are
remodelled and repositioned during development. Previous studies have characterised the role of EMT
regulators in epithelial plasticity observed during branching morphogenesis in the mammary gland. For
example, a microarray analysis of gene expression in terminal end buds identified elevated levels of
EMT regulators, Snail and Twist, in the mammary gland. Additionally, a transgenic mouse model
overexpressing a regulator of EMT, Mta3, resulted in hypo-proliferation in the mammary gland,
showing a link between EMT regulators and mammary gland development. In a similar pattern to Mta3,
mice deficient in Roma (Zfp157), a newly characterised Krüppel-associated box zinc finger protein,
exhibited hyperproliferation in mammary epithelial cells (MECs) during early pregnancy.
Roma/Zfp157 (Regulator Of Mammary Alveologenesis), has been shown by the Watson laboratory to
be a critical regulator of alveolar lineage commitment in the mammary gland, with its depletion also
resulting in accelerated alveologenesis during pregnancy coupled with DNA damage and cell cycle
dysregulation. Whilst these developmental phenotypes have been described, a complete molecular
characterisation of Roma and its interacting partners is yet to be achieved.
This body of work aimed to expand our current understanding of Roma’s role in the mammary gland
by elucidating its interactome. To this end, Roma’s binding partners were investigated by Rapid
Immunoprecipitation of Endogenous proteins by mass spectrometry (RIME), a novel approach for
identifying proteins in transcription factor complexes. Further in silico analysis of RIME data, coupled
with co-immunoprecipitation experiments, helped refine several putative binding partners of Roma,
identifying Roma’s binding to Mta3, a regulator of the cell cycle with a role in EMT.
This thesis also shows that Roma overexpression led to the downregulation of key EMT regulators,
Snail and Twist, in EpH4s MECs, which is interesting given previous studies have shown Mta3
represses Snail expression in transgenic-overexpression mouse models. Moreover, a Roma-knockout
mouse model was probed to investigate the loss of Roma on EMT factors in the mammary gland, which
concurrently showed elevated levels of Snail and Twist, and the downregulation of Slug and Zeb1
during early pregnancy. Additionally, a novel optical-clearing and confocal imaging technique (CUBIC
R1a) was used to clear the mammary gland and visualise the extensive disorganisation of MECs in the
Roma-knockout mice during lactation. This finding may suggest a potential role for Roma in epithelial
plasticity through EMT regulators and architectural organisation in the mammary gland.
Finally, this thesis has undertaken important steps towards identifying the human orthologue of Roma,
using several in silico approaches. In particular, online microarray databases, phylogenetics, BLAST
sequence alignments of conserved domains and breast cancer signatures were analysed and crossreferenced, generating a list of candidates for the human orthologue of Roma.
Overall, the findings of this thesis suggest that Roma may regulate mammary gland development
through manipulation of key EMT factors via Mta3. Further characterisation of this protein will provide
important information on mechanisms driving extensive tissue remodelling in the mammary gland,
which is strictly regulated due to implications for both normal and malignant development.
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Chapter 1

Introduction

Mammary gland development is dictated by an orchestra of signalling pathways and hormonal
cues. Under the influence of several regulatory signalling pathways, the adult mammary
epithelium undergoes cycles of expansive proliferation followed by coordinated cell death and
regression. In part, the plasticity of this tissue is governed by regulators of Epithelial to
Mesenchymal Transition (EMT), as epithelial cells adopt a more motile mesenchymal
phenotype to allow for branching within the gland. Breast cancer has previously been shown
to hijack EMT processes and other mammary regulation pathways to drive malignant
progression. It is thus imperative to gain a better understanding of the processes that regulate
normal mammary gland development in order to aid our understanding of breast cancer
initiation and progression.
This introduction will provide an overview of mammary gland development, followed by a
discussion of a novel Krüppel-associated box zinc finger protein (Roma/Zfp157), which has
been shown to regulate mammary gland development. It will also provide an overview of EMT
in normal development and conclude with a discussion of the Krüppel-associated box zinc
finger protein (KRAB-ZFP) family.
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1.1 Murine Mammary Gland Development
1.1.1 Embryonic mammary gland development
The mammary gland is a unique tissue, in that most of its development occurs postnatally.
Mammary development is first apparent between mouse Embryonic day 10.5 (E10.5) and
continues until E18.5 (Hens & Wysolmerski, 2005; Sakakura T, 1987; Veltmaat, Mailleux,
Thiery, & Bellusci, 2003). Early investigations into the development of the mammary gland
identified that development of the gland begins with the formation of two bilateral ridges,
called the mammary (or milk) lines, from a single-layer of ectoderm (Figure 1.1). These ridges
are orientated in an anterior-posterior fashion and elongate between the forelimb bud and the
hindlimb bud, to mark the axis of the mammary placodes (Hens & Wysolmerski, 2005;
Propper, 1978; Robinson, 2007).
By E11.5, the mammary gland placodes manifest as multi-layered ectoderm and manifests as
5 pairs of symmetrical bulb-like structures at E12 to E13.5 (Sakakura T, 1987; C. J. Watson &
Khaled, 2008). Placode development is asynchronous; the third pair are the first to resolve,
followed by the fourth pair, then the first and fifth pairs arise together, finally followed by the
second pair (Balinsky, 1950). After which, at day E14, the thickened placodes sink into the
lower dermis (Figure 1.1). During the reabsorption of the placodes, the surrounding
mesenchyme condenses to form the mammary mesenchyme. It is during this period that the
Androgen receptor in males is activated and degrades the mammary buds, commencing at
E15.5 (Sakakura T, 1987).
Next, the mammary fat pad precursor differentiates from the mammary mesenchyme at
E14.5/15.5. After which, this fat pad precursor is penetrated by a sprout, formed from the
mammary bud (Sakakura T, 1987). At E16.5, the sprout forms a lumen (Hogg, Harrison, &
Tickle, 1983). The next step in development is the nipple formation, which occurs once
epidermal cells overlay the bud (Figure 1.1). Finally, at E18.5, the sprout proliferates and
elongates into the fat pad forming branches that give rise to the rudimentary ductal tree
(Sakakura T, 1987). Postnatally, the fat-pad is estimated to have developed 10-15 ductal
branches and further growth is largely isometric.
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E10.5

E11.5

E12.5

E13.5/14.5

Mammary
line

Placode

Bud

Bud

E15.5/16.5

E18.5

Primary sprout

Placode

Nipple
Epithelium
Primary sprout
Mammary epithelium

Fat pad

Mesenchyme

Figure 1.1 Schematic overview of embryonic mammary gland development in the mouse. This image
illustrates a cross-section of the developing buds in the mammary gland during embryogenesis.
Development begins at E10.5 with the formation of the bilateral ridge/mammary lines. The mammary
placode develops by E11.5 as the mesenchyme condenses. The placode continues to develop from
the dermis and forms a bud. By E15.5, the primary sprout proliferates through the mesenhcyme into
the dermis, towards the fat pad. By the final stage of embryonic development, E18.5, the sprout
invades the fat pad and proliefrates to generate a rudimentary ductal tree.
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1.1.2 Puberty
Upon birth, the rudimentary gland structure commences growth isometrically. However,
during puberty the gland switches to an allometric programme of growth dictated by hormones
and growth factors. As the mammary gland undergoes puberty, club-like structures called
Terminal End Buds (TEBs), form at the tips of ducts and grow into the fat pad (Figure 1.2)
(Williams & Daniel, 1983). Proliferation in TEBs is primarily localised to the cap cells, which
form the exterior surface of the TEB, whilst body cells underlie this layer. Cap cells give rise
to more body cells as the gland develops and their progeny give rise to the myoepithelial cells
that form the outer layer of the bi-layered epithelium (Figure 1.2). The body cells in turn give
rise to luminal cells, which are encased by the myoepithelial cells to form a ductal bilayer
(Williams & Daniel, 1983). This ductal expansion is coupled with bifurcation of the TEBs,
and lateral secondary branching. Side-branches are orientated within the stromal extracellular
matrix (ECM) and can occupy up to 60% of the fat pad. The pubertal gland can then undergo
continuous cycles of proliferation, side branching and cell death with each oestrous cycle.

(a)
Lymph node
Fat pad
Duct

TEB

TEB

(b)

Body cells
Luminal cells

Lumen

Cap cells

Myoepithelial cells

Figure 1.2 Pubertal development and structure of the Terminal End Buds (TEBs) in the mammary gland.
(a) TEBs form at the tips of ducts and extend into the fat pad. The TEBs cease invasion of the fat pad
and disappear upon reaching the extremities of the fat pad. (b) TEBs consist of an outer layer of cap
cells on their leading edge. These cap cells are underlain by multi-layered body cells. As the cap cells
proliferate, they generate more body cells along with more myoepithelial/basal cells. The body cells
then go on to give rise to luminal cells and also create a lumen by undergoing cell death.
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Regulation of the pubertal mammary gland
The onset of allometric growth in the murine pubertal gland is directed by Estrogen Receptor
alpha (ERα) signalling. This was shown using mouse models in which ERα is ablated, which
resulted in ductal morphogenesis failure. Conversely expressing ERα inhibitors locally resulted
in stunted growth (Silberstein, Van Horn, Shyamala, & Daniel, 1994). Working in synergy
with ERα, Growth Hormone (GH) has also been suggested to be essential for ductal
morphogenesis, possibly through GH regulation of IGF1 activity in the stroma.
As expected in tissue patterning, a system of negative regulation is required to direct ductal
growth and spatial orientation in the mammary gland. For example, during puberty, ductal
outgrowth is limited to restricted to approximately 60% occupation of the gland. One pathway
implicated in this regulation is Transforming growth factor β (TGF-β). Early studies using
implanted TGF-β slow-release pellets showed its ability to inhibit growth locally (Silberstein
& Daniel, 1987). Further studies strengthened this hypothesis, for example, one study
employed a dominant-negative form of TGF-β1 in the stroma and demonstrated
hyperbranching in the gland resulting from the loss of functional TGF-β1 (Joseph, Gorska,
Sohn, Moses, & Serra, 1999). Wnt5a has been proposed as an effector of TGF-β, as knockout
mouse models for Wnt5a displayed a similar loss-of-function phenotype in the gland as TGFβ loss. The Wnt5a loss-of-function phenotype included accelerated ductal outgrowth and
increased lateral branching whereas the overexpression system displayed stunted growth in the
gland (Roarty & Serra, 2007).

1.1.3 Pregnancy and Lactation
At the onset of pregnancy, the mammary gland undergoes a dramatic growth and expansion in
preparation for lactation. Pregnancy hormones, progesterone and prolactin, trigger a surge of
growth in the form of secondary and tertiary branching. This is coupled with lobuloalveolar
development: formation of lobules of alveoli at the tips of ducts and branches, which have the
capacity to produce milk. By late-pregnancy, lobuloalveologenesis has generated a fat pad that
is filled with epithelium and adipocytes that are largely devoid of lipids (Zwick et al., 2018).
This process of expansion is tightly regulated and is largely directed by hormonal cues.

6

Introduction

Pregnancy: hormonal cues dictate development
Pregnancy in the gland is mostly directed by two hormones: progesterone and prolactin.
Progesterone Receptor (PR) functions to regulate lobuloalveologenesis by paracrine signalling
(C. Brisken et al., 1998), its expression is restricted to a subset of luminal cells by
CCAAT/Enhancer Binding Protein Beta (C/EBPβ) (Seagroves, Lydon, Hovey, Vonderhaar, &
Rosen, 2000). In mouse models ablated of progesterone, glands failed to undergo
alveologenesis, emphasizing that the hormone is essential during this developmental timepoint
(Lydon et al., 1995).
Progesterone brings about two waves of changes in the gland; the first wave encompasses a
cyclin D1-driven proliferation of PR-positive cells. The second wave is a more dramatic
proliferation of PR-negative cells, orchestrated by Rank Ligand (RankL) signalling (Beleut et
al., 2010). RankL knock out models were created to investigate this further and resulted in a
failure of alveologenesis. This observation was synonymous with the phenotype observed in
progesterone loss, and was rescued by overexpressing RankL (J E Fata et al., 2000; Mukherjee
et al., 2010). In fact, one study shows overexpressing RankL in virginal glands resulted in
premature alveologenesis (Fernandez-Valdivia et al., 2009), suggesting RankL is involved in
regulating alveologenesis. Progesterone has also been shown to colocalises with Wnt4 and
induces its expression in luminal cells. Wnt4 is an important regulator of mammary gland
development and its expression has been shown to be involved in ductal side-branching during
early pregnancy (Cathrin Brisken et al., 2000).
The other major hormone in pregnancy is Prolactin (PRL) and has also been associated with
lobuloalveolar regulation. Prolactin is a small polypeptide that binds the prolactin receptor,
which in turn dimerises and autophosphorylates and activates the Jak/Stat pathway. Upon
autophophorylation of Jak, Stat5 translocates to the nucleus, where it activates expression of
milk proteins. Prolactin-null epithelium grafted into pre-cleared fat pads of wild-type mice
showed failed lobuloalveologenesis during pregnancy (Cathrin Brisken et al., 1999), with
tertiary branching but diminished alveolar development, and thus defective milk production
(Ormandy et al., 1997). The Jak/Stat pathway was positioned as a downstream effector of
prolactin after studies showed the loss of either Jak2 or Stat5, resulted in mammary glands that
resemble a prolactin ablated mouse mammary gland (Cui et al., 2004; Han, Watling, Rogers,
& Stark, 1997; K.-U. Wagner et al., 2004). Jak2 loss differs from Stat5 loss in that mouse
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knockout models of Jak2 show an additional defect in side-branching (K.-U. Wagner et al.,
2004), suggesting additional downstream targets. The role of Stat5 is critical for maintenance
of lobuloalveologenesis, as demonstrated by the reduction in proliferation coupled with cell
death in the Stat5-knockout gland (Cui et al., 2004). A downstream effector of the Jak2/Stat5
pathway is RankL, previously described as a progesterone effector. It has therefore been
suggested that RankL is a mediator between prolactin and progesterone signalling (Srivastava
et al., 2003).
An unexpected discovery demonstrated the involvement of Th2 cytokines in alveologenesis.
The Th2 cytokines IL-4 and IL-13 activate Stat6, which in turn activates Gata3 in a feedback
loop (described below). Mice that were ablated for Stat6 or both IL-4 and IL-13 exhibited
delayed alveologenesis with reduced proliferation of the epithelial cells particularly at 5dG,
resulting in reduced ductal side-branching and formation of alveolar buds. This phenotype was
partially recovered by 15dG (Khaled et al., 2007). It was proposed that the reduced proliferation
could be due to the reduced expression of Cyclin B1 and Cyclin B2 and diminished Akt
phosphorylation (Khaled et al., 2007). Stat6 regulates differentiation of Th2 cells through its
activation of IL-4 and IL-13, which in turn activate Gata3. Whilst Stat6 ablated glands
displayed reduced lobuloalveolar structures, there was no detrimental effect on lactation. The
lack of a lactation phenotype could be due to unperturbed expression of Gata3, in Stat6
knockout glands, which may compensate for the reduced levels of pStat5.
Gata3 is a key regulator of mammary gland morphogenesis
Gata3 is a zinc finger transcription factor that is expressed in multiple organs and was first
discovered as a regulator of immune cells. In particular, Gata3 was found to be vital for T-cell
development, the nervous system, foetal liver haematopoiesis and the hair follicle. In the
mammary gland, Gata3 is expressed in luminal cells and is a key regulator of differentiation
and morphogenesis in the mammary gland (Asselin-Labat et al., 2007; Kouros-Mehr, Slorach,
Sternlicht, & Werb, 2006; Christine J Watson & Khaled, 2008).
Gata3 homozygous knockout is embryonically lethal (E11-12), with defects observed in the
nervous system and liver haematopoiesis (Pandolfi et al., 1995). Conditional deletion of Gata3
in the mammary gland during development resulted in defective TEB structures in puberty,
failure of ductal invasion into the fat pad and diminished branching (Asselin-Labat et al., 2007;
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Kouros-Mehr et al., 2006). An investigation of Gata3 during puberty identified it as the most
highly upregulated gene in a microarray on cells from ducts and TEBs, but notably absent in
myoepithelial cells (Kouros-Mehr et al., 2006).
Additionally, the conditional depletion of Gata3 was shown to result in a diminishing
population of cells that express luminal markers such as ERα, β-casein, whey acidic protein
(WAP) and E-cadherin. Subsequently, this results in a disorganised epithelium, leading to the
destruction of ductal architecture coupled with massive cell death (Asselin-Labat et al., 2007;
Kouros-Mehr et al., 2006). The loss of the luminal markers in differentiated cells indicate that
Gata3 may be required for maintaining differentiated luminal cells, although the mechanism
underlying this is yet to be determined (Asselin-Labat et al., 2007; Kouros-Mehr et al., 2006).
In pregnancy, the conditional loss of Gata3 using a WAP-promoter driven Cre in mammary
epithelial cells, abolished lactogenesis by hindering lobuloalveolar development resulting in
massive cell death, a phenotype also observed upon the loss of the luminal marker E-cadherin
(Boussadia, Kutsch, Hierholzer, Delmas, & Kemler, 2002; K. U. Wagner et al., 1997). In this
model, the levels of milk proteins such as WAP and β-casein were significantly reduced, and
levels of pSTAT5 were difficult to detect (Asselin-Labat et al., 2007; Kouros-Mehr et al.,
2006).
Gata3 also bind the promoters of the cytokines: interleukins (ILs) IL-4, IL-5 and IL-13. In
doing so, Gata3 mediates a positive feedback loop, in which IL signalling through Stat6
promotes Gata3 activation. By autoactivating its own expression, Gata3 can go on to promote
alveologenesis and differentiation as previously described (M. Zhou & Ouyang, 2003).
In summary, Gata3 is critical for normal mammary gland development at distinct stages.
Interestingly, Gata3 overexpression was sufficient to promote lactogenesis in the absence of
lactogenic hormonal cues. This could be due to its transcriptional activation of ERα, which
colocalises with Gata3 in luminal cells (Carroll et al., 2005). Gata3 activation of ERα results
in the secretion of paracrine signals, such as amphiregulin signalling, to promote differentiation
(Carroll et al., 2005).
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Figure 1.3 Overview of Mammary Gland Development in Mice. The pre-pubertal mammary epithelium
consists of a few ducts that continue to grow until puberty. At around 3 weeks of age the mouse
undergoes puberty, with the appearance of TEBs and a noticeable growth spurt defined by ductal
elongation. At maturity (8+ weeks), progesterone aids tertiary branching within the gland during oestrus
cycles. During pregnancy, prolactin (PRL) induces alveologenesis in conjunction with progesterone.
PRL regulates development of lobuloalveolar structures, which produce milk during lactation. Milk
production ceases upon weaning of pups, and milk stasis then triggers involution. During involution the
gland is remodelled back to a pre-pregnancy state. Image adapted from (Christine J. Watson, Oliver, &
Khaled, 2011).
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Zfp157/Roma is a novel regulator of mammary gland development
A microarray analysis of Stat6 replete and deficient mammary tissue at 5d gestation identified
a novel gene as the most highly upregulated in the absence of Stat6. This gene, Zfp157 or Roma
(Regulator of Mammary Alveologenesis), is a previously undescribed KRAB-domain zinc
finger protein (C. H. Oliver, Khaled, Frend, Nichols, & Watson, 2012) and is discussed further
below.
Characteristic of members of the KRAB-ZFP family (Urrutia, 2003a), Roma has a KRAB-A
and KRAB-B box and contains eleven C2H2 zinc fingers (depicted in Figure 1.4). Roma is
encoded by five exons, the first exon encodes the transcriptional start site, the next two exons
encode for KRAB-A and KRAB-B domains, followed by an exon encoding a structural domain
and the final exon encodes all eleven zinc fingers (C. H. Oliver et al., 2012).

KRAB A

C-terminal
KRAB B

C H
2 2
C H
2 2
C H
2 2
C H
2 2
C H
2 2
C H
2 2
C H
2 2
C H
2 2
C H
2 2
C H
2 2
C H
2 2

N-terminal

Consensus peptide sequences:
KRAB-A: VTF-DVAV-FS-EEW-LD-QR-LYR-VMLENY-LASL
KRAB-B: G-KPDLI-LEQG-EPW
C H zinc finger: N-X-C-X(2-4)-C-X(3)-N-X(5)-N-X(2)-H-X(3-4)-H
2 2

Figure 1.4 Structure of Roma/Zfp157. Roma is a KRAB-ZFP with a KRAB-A and KRAB-B domain in
its N-terminus and 11 zinc fingers in its C-terminus. The consensus peptides sequences for the domains
are listed below but vary between different KRAB-ZFs. The letter N denotes a hydrophobic amino acid
and X is an amino acid.
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1.1.4 The role of Roma in mammary gland development
In order to better understand the role of Roma, a mouse model was created that allowed the
simultaneous investigation of Roma expression and depletion. Roma-deficient transgenic mice
were created using a gene-trap strategy which knocked-in a LacZ reporter cassette downstream
of KRAB-B in the Roma locus in ES cells. This created a functional knockout of Roma
(hereinafter called Romalz/lz). It is important to note that using a genetic ‘knock-in’ strategy
may lead to phenotypes that do not represent a full Roma knockout. For example, there may
be a risk of generating short peptides or truncated proteins which could lead to a dominant
negative form of the protein, with unpredictable functional consequences.
Despite this, X-gal staining (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) was used to
monitor the expression of Roma-LacZ (Carrie H. Oliver, Nichols, & Watson, 2013). X-gal
identified Roma-LacZ expression throughout mouse embryogenesis, adult tissue and in mouse
ES cells in culture (Carrie H. Oliver et al., 2013). Roma was found to be expressed throughout
the embryo but by day E7.5, expression was restricted to the epiblast (Carrie H. Oliver et al.,
2013). Later in embryogenesis, Roma expression was detected in the mouse brain, neural tubes
and the mammary placodes. By adult development, Roma was observed in the thymus, spleen,
intestines, and the stem cell-rich sebaceous glands of hair follicles, all highly proliferative
tissues (Carrie H. Oliver et al., 2013). In the mammary gland, Roma was observed in the basal
epithelial compartment.
Further investigation into Roma expression was carried out by mRNA analysis of whole
mammary gland extracts throughout development. It was noted that the onset of pregnancy
coincided with an increase in Roma expression (C. H. Oliver et al., 2012). By lactation
however, Roma expression dropped to levels observed in the virgin gland followed by a
significant increase in expression throughout involution (C. H. Oliver et al., 2012). The pattern
of expression of Roma throughout mammary gland development indicates it is required at
different developmental stages. 5- and 8-week old Romalz/lz virgin mice exhibited
hyperproliferation in the mammary gland, as observed by TEB outgrowth into the fat pad
further than heterozygous Romalz/+ glands (Oliver et al., 2012). Considering Roma is localised
to basal cells, it was hypothesized Roma may have a role in maintaining stem and progenitor
populations. It was reasoned that pregnancy requires proliferation of the stem and progenitor
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populations to give rise to lobuloalveolar structures with each pregnancy (C. H. Oliver et al.,
2012). The loss of Roma in 5- and 8-week old virgin mice resulted in hyperproliferation, as
observed by the TEB outgrowth further into the fat pad compared to heterozygous Romaknockout glands (Figure 1.5). Despite the accelerated growth, the gland is morphologically
normal (C. H. Oliver et al., 2012). At 5-day Gestation (5dG), Romalz/lz mammary glands
exhibited accelerated alveologenesis, observed as an increase in ductal branching and alveolar
structures (Figure 1.5). The increased proliferation was characterised by an increase in
proliferation marker Ki67+ and a decrease in ERα+ in mammary epithelial cells (MECs)
(Oliver et al., 2012). Comparing Romalz/lz to Romalz/+ mammary glands also uncovered a
significant reduction in the number of cells expressing Gata3+. This coincides with an
approximately 6-fold decrease of pStat5+ cells expressing. Taken together, this data suggested
Roma is involved in lineage commitment during gestation in the mouse mammary gland.
Further work looked into other developmental time-points in the mammary gland, and at
lactation the Romalz/lz mammary gland was unaffected, with pups adequately nursed. However,
the most striking phenotype of Roma is its ability to rescue lactation failure in Gata3-deficinent
mammary glands. Given that Romalz/lz diminishes Gata3 populations in the mammary gland, it
was hypothesized that Gata3 could be redundant for alveologenesis in Romalz/lz mice (C. H.
Oliver et al., 2012). Conditional deletion of Gata3 in late pregnancy was previously discussed
as resulting in lactation failure coupled with massive cell death (section 1.1.3.). However, in
Roma-Gata3 double knock out mice (hereinafter called Gata3fl/fl;Romalz/lz;BLG-Cre), Roma
loss rescues lactational failure previously described in Gata3 deficient mice (Figure 1.6)
(Asselin-Labat et al., 2007; Kouros-Mehr et al., 2006), confirmed by nursing pups and presence
of milk proteins by western blotting (Figure 1.6) (C. H. Oliver et al., 2012). However, despite
rescuing lactation, Gata3fl/fl;Romalz/lz;BLG-Cre epithelial cells displayed abnormal, elongated
cells with nuclei displaced from their basal localisation to the apical cell surface (C. H. Oliver
et al., 2012).
This body of work further supports the notion that alveologenesis in the mammary gland is
regulated by several compensatory cell populations. This in part accounts for the variety of
signalling pathways involved in regulating mammary gland alveologenesis. An example is
observed in Romalz/lz in mice, in which the alveologenesis phenotypes are recovered over time,
as the mammary gland skews towards a pStat5 cell population, allowing alveologenesis to
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proceed. Overall, these findings further uncover the plasticity of the developing mammary
gland.

Roma
Homozygous

Roma

Roma

Roma
Homozygous

Roma

Roma

5dG

Roma
Heterozygous

15dG

10dG

8-Week Virgin

Roma
Heterozygous

Figure 1.5 Loss of Roma in mouse mammary glands results in accelerated alveologenesis.
Ablation of Roma resulted in accelerated alveologenesis. Representative whole-mounts of
Roma heterozygous knockout (Roma Heterozygous) and Roma homozygous knockout (Roma
Homozygous) at different timepoints: 8-week virgin, 5dG (5-day gestation), 10dG and 15dG.
Adapted from (C. H. Oliver et al., 2012)
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Figure 1.6 Roma rescues lactation failure in Gata3 knockout mammary glands.
Representative whole-mount H&E sections from 10-day lactation (10dL) controls
(gata3fl/fl) and Roma, Gata3 double-knockouts (Zfp157lacZ/lacZ; gata3fl/fl;BLG-Cre).
Roma-Gata3 double-knockout show some areas of alveoli development and small areas
of gland regression. The western blot shows protein analysis of controls, Gata3 knockout
(KO) alone and double knockout (KO) mammary gland extracts. Actin showed loading
control.
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1.1.5 Molecular characterisation of Roma
Recent work looked into the molecular changes associated with the loss of Roma in the
mammary gland. Romalz/lz mice resulted in hyperproliferation and precocious alveologenesis,
suggesting Roma may affect proliferation. This was apparent as more EdU (5-ethynyl-2′deoxyuridine) positive MECs were observed, an indication of S-phase activity, following
injection of EdU into mice. In fact, in 10-day lactation (10dL) Romalz/lz mammary glands,
MECs displayed a significantly higher percentage of cells positive for EdU compared to
Gata3fl/fl mice (strain-matched control, hereinafter called wild-type). This was unexpected as
terminally differentiated cells do not usually proliferate (T. L. F. Ho, Guilbaud, Blow, Sale, &
Watson, 2016). Further corroboration of aberrant proliferation was provided by the observation
that 10dL Romalz/lz MECs expressed proliferation markers PCNA (Proliferating Cell Nuclear
Antigen) and Ki67. This observation was also seen in other proliferative tissues in the Romalz/lz
mouse, such as the thymus, spleen and intestine. The consequence of this continued DNA
replication, coupled with failed cytokinesis, was an increase in DNA damage markers and
genomic instability in these cells (T. L. F. Ho et al., 2016).
In addition to this, Roma was found to transcriptionally upregulate p21Cip1 in MECs (T. L. F.
Ho et al., 2016). p21Cip1has previously been shown to be necessary for differentiation in several
cell types, such as skeletal muscles and keratinocytes and has also been implicated in S-phase
regulation (Guo, Wang, Andrés, Smith, & Walsh, 1995; Missero, Di Cunto, Kiyokawa, Koff,
& Dotto, 1996). The loss of p21Cip1 has been shown to promote appendage regeneration in
mice, through promoting S-phase entry (Bedelbaeva et al., 2010). It is thus hypothesized that
Roma may be required to maintain quiescence via maintaining p21Cip1 levels in MECs during
lactation. This phenotype is supported by the observation of Roma in basal cells, which have
been described to proliferate less than the luminal layer (Zeps, Bentel, Papadimitriou, &
Dawkins, 1999).
Further cell cycle analysis showed Roma had an effect on the G2/M phase of the cell cycle (T.
L. F. Ho et al., 2016). Romalz/lz Mouse Embryonic Fibroblasts (MEFs) resulted in dysregulation
of several G2/M regulators such as Wee1(a negative regulator of mitosis). This was in part
expected, as p21Cip1 has been cited as an enforcer of the G2/M checkpoint. The consequence of
this dysregulation are MEFs that fail to undergo correct cytokinesis. In these cells, the levels
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of sister chromatid separation and abscission regulators Securin, Aurora A and Plk1 are
elevated, which along with karyotype analysis, indicated that faulty cell cycle progression lead
to chromosome mis-segregation and instability (T. L. F. Ho et al., 2016).
Overall, this characterisation of Roma at the molecular level uncovered a novel role for this
KRAB-ZFP in cell cycle regulation. In summary, the loss of Roma resulted in
hyperproliferation and faulty cell division, which led to increased chromosomal instability and
aneuploidy. Conversely, in Roma overexpression analyses, the KRAB-ZFP excess led to a cell
cycle arrest. This phenotypic analysis provided vital clues to the pathways regulated by Roma.
However, complete characterisation of Roma interacting partners is required.

1.2 Epithelial to Mesenchymal Transition (EMT) in normal development

17

1.2 Epithelial to Mesenchymal Transition (EMT) in normal
development
1.2.1 Defining Epithelial to Mesenchymal Transition (EMT)
Over the course of evolution, organisms developed more complexity, diversifying in cell
organisation and specialisation. One of the earliest divergences in multicellular organisms is
the distinction between epithelial and mesenchymal cells: a defining characteristic of
metazoans (Micalizzi et al., 2010; C. Nielsen, 1991). Epithelial cells function in part to
maintain cell-to-cell adhesion, thereby enabling the organism to achieve multicellular integrity,
whilst additionally providing an essential barrier to external environments (Shook & Keller,
2003). On the other hand, mesenchymal cells are less compacted, allowing for the development
of more complex structures. Mesenchymal cells are motile and invasive, often functioning to
support epithelial cell structure by laying down and maintaining an extracellular matrix (ECM)
(Hay, 2005).
Epithelial cells and mesenchymal cells are the building blocks of normal development and
physiology, they are required for trilaminar patterning and mammalian organogenesis. Despite
their defined roles, these two cell phenotypes can be highly dynamic in certain environmental
conditions. The interchange between these two cellular phenotypes has been coined by the term
Epithelial to Mesenchymal Transition (EMT) (Shook and Keller, 2003). This phenotypic
transition refers to the conversion of integrated sheets of epithelial cells, with apical-basal
polarity into a phenotype with less cohesion, individual motility and no apical-basal polarity.
This interchange permits flexibility required for development especially in morphogenic
embryogenesis and other dynamic cellular remodelling (observed during wound-healing and
tissue regeneration) (Choi & Diehl, 2009; Shook & Keller, 2003).
During development, EMT consists of a series of highly coordinated events that mark the
transition from an epithelial state to a mesenchymal one. EMT is defined by an initial loss in
apical-basal polarity, caused by the loss of tight junctions (Townsend, Wrana, Davis, &
Barnett, 2008). This is followed by the loss of adherens and gap junctional proteins and the
degradation of the basement membrane as the cells begin to disassemble (Hector Peinado,
Portillo, & Cano, 2004). Cell-to-cell surface adhesion molecules such as E-cadherin (an
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epithelial-epithelial cell connecter) and integrins (which connect epithelial cells to the
underlying basement membrane) are replaced with N-cadherin and a/b/g/integrins. This
permits a more transient adhesion state that allow for the transition into a mesenchymal state
(Figure 1.7) (Hector Peinado et al., 2004).
In addition to dissolving the adhesion between cells, the cytoskeleton is also rearranged. Actin
cytoskeleton is replaced by stress fibres and the cytokeratin intermediate filaments are replaced
with vimentin. Collectively, these rearrangements facilitate the transition of a cell from a
cuboid to a more spindle morphology (Hector Peinado et al., 2004). The final step in this
transition is the acquired motility of a cell, which permits the cell to invade into the ECM and
move to its final destination (determined by external cues). Upon arriving at its destined
location, the cell may undergo mesenchymal to epithelial transition (MET), reversing the
process and reforming cell-cell interactions (Chaffer, Thompson, & Williams, 2007).

1.2.2 Overview of EMT in Early Development
The earliest EMT process is observed in gastrulation, during which the primary mesenchyme
and the three germ layers are generated. The process is initiated when the basement membrane
underlying the epiblast is broken-down (Nakaya, Sukowati, Wu, & Sheng, 2008). Signals
generated from the Spemann-Mangold organiser (an area of the embryo essential for axis
formation) instruct the cells in the primitive streak to trigger EMT and determine cell fate
(Heisenberg & Solnica-Krezel, 2008). For example, Fibroblast Growth Factor (FGF) signals
to cells in the primitive streak to upregulate a zinc finger protein called Snail, and in turn, Snail
represses E-cadherin and initiates the deconstruction of cell junctions (Ciruna & Rossant,
2001). In conjunction with other EMT signals, the cells in the primitive streak ingress and can
then undergo MET, giving rise to endoderm, or continue in their current state to give rise to
the mesoderm.
Another example of early developmental EMT is the development of the neuroectodermal
ridge. During neurulation, cells in the vicinity of the juxtaposed neurectoderm and embryonic
ectoderm undergo EMT, producing a collective of migratory neural crest cells (Tucker, 2004).
These cells undergo delamination and migrate within the embryo, eventually giving rise to
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specialised tissues such as the cervical and facial structures, peripheral neurons and cells
comprising the adrenal medulla (Cheung et al., 2005). This EMT event is directed by the
upregulation of Snail and its subsequent downregulation of E-cadherin. In this scenario, Snail
is under the influence of several signalling pathways in the embryo including the Wnt, FGF,
Nodal and Bone Morphogenic Protein (BMP) signalling pathways (Sakai & Wakamatsu,
2005). EMT is also responsible for the development of other organs, such as the cardiac heart
valves (Mercado-Pimentel & Runyan, 2007), skeletal muscles (Birchmeier & Brohmann,
2000) and the palate (Nawshad, LaGamba, & Hay, 2004).

1.2.3 EMT versus Epithelial Plasticity in Development
In addition to EMT in development, another process occurs that resembles EMT, called
epithelial plasticity. Like EMT, epithelial plasticity reshapes the epithelium to allow for a more
invasive and motile phenotype and is often observed in branching morphogenesis. Organs that
undergo branching morphogenesis during development include the kidneys, salivary glands,
lungs and the mammary gland (Andrew & Ewald, 2010).
Branching morphogenesis is a tightly regulated process in which an epithelial branch bifurcates
to produce a complex ductal tree. This process is driven by a group of cells at the tip of the
branch, which respond to external cues such as FGF signalling (Andrew & Ewald, 2010).
Epithelial plasticity exhibits a partial EMT signature, in that the cells at the tip of the branch
transiently adopt mesenchymal features such as loss of apical-basal polarity, loss of basement
membrane and expression of certain mesenchyme markers (Andrew & Ewald, 2010). This
transient state indicates a plasticity in these cells during development, suggesting a less binary
spectrum in which cells can exist between epithelial and mesenchymal states.
Epithelial plasticity is often observed in wound healing where collective migration of a layer
of epithelial cells at the junctions of the wound results in patching of the injury. This occurrence
is not a complete EMT as the layer of cells are still adhered to each other during their migration,
however, the leading edge of the layer presents some mesenchymal features such as cell
protrusions, migration and skewed apical-basal orientation (Rørth, 2009).
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Observation of these partial EMTs or epithelial plasticity during development is indicative of
a continuum from compacted epithelial cells to a singular spindly mesenchymal cell that has
achieved a full EMT (Micalizzi et al., 2010). The advantage of epithelial plasticity comes in
the form of a varying, dynamic cell response to developmental or wound-healing cues,
dependent on organ, gene expression and microenvironment. However, there remains much
debate in the field as to the existence of EMT or epithelial plasticity during postnatal
development.

1.2.4 Epithelial Plasticity in Mammary Gland Development
As described in Chapter 1.1, mammary gland development can be loosely categorised into an
embryonic phase of rudimentary development, a pubertal phase of ductal branching and a
pregnancy phase consisting of lobuloalveologenesis. Formation of the rudimentary ductal tree
during puberty is regulated by multiple signalling pathways, some of which are established
regulators of epithelial plasticity and EMT, including epidermal growth factors (EGF),
Hepatocyte Growth Factor/Scatter Factor (HGF/SF) and matrix metalloproteinases (MMPs)
(Jimmie E Fata, Werb, & Bissell, 2003).
The mammary gland is distinct from other branching organs in that ductal elongation is
achieved by proliferation in the TEBs, rather than cap cell protrusions (Friedl & Gilmour,
2009). Whilst the cap cells do not display a typical invasive signature, such as cell protrusions
and loss of cell-cell adhesion, they do present with some signs of epithelial plasticity. This is
apparent in the loss of apical-basal polarity, which in turn disorganises β-catenin connection to
the basolateral structures and dislocates the atypical protein kinase C-ζ to the apical
compartment (Ewald, Brenot, Duong, Chan, & Werb, 2008). In addition, the TEBs release
MMP3 and other extracellular proteases that lead to a reduction in the basement membrane in
mammary organoid models (Jimmie E Fata et al., 2003).
TEBs can also activate an EMT-like response through activation of the Msx2/Cripto-1 pathway
(Wechselberger et al., 2001). They also present a different integrin signature compared to
quiescent mammary epithelium, which is a further indicator of plasticity. Integrins are essential
for the function of mouse TEBs in ductal branching, as demonstrated using mouse models of
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Integrin-α2, Integrin-α3 and Integrin-β1 deficiency, whereby branching was significantly
reduced (Jimmie E Fata et al., 2003).
Epithelial plasticity in the TEBs was further confirmed using organotypic cultures of mammary
epithelial cells supplemented with EGF or HGF. In these cultures, the mammary epithelial cells
exhibited signs of branching, activating vimentin, which is classically used as a marker of
EMT. These cells also secreted MMP3, a further indication of their ability to undergo EMT
(Nelson, VanDuijn, Inman, Fletcher, & Bissell, 2006). At a gene expression level, the plasticity
of developmental mammary branching has been examined by microarray, identifying a
significant upregulation of EMT regulators Snail and Twist, compared to mature ducts
(Kouros-Mehr & Werb, 2006). Importantly, the aforementioned studies suggest that cells of
the TEB exhibit signatures of epithelial plasticity whilst not undergoing a complete EMT.
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1.2.5 Overview of Gene Expression Alterations in EMT
The hallmark of EMT is the ability of a cell to downregulate epithelial-determining genes and
cell adhesion complexes (Huang, Guilford, & Thiery, 2012). Cells also re-programme other
genes to trigger EMT, including genes which regulate cytoskeleton rearrangement and ECM
interaction (schematic overview in Figure 1.7a). The genetic signature (upregulation and
downregulation of specific genes) of an EMT event varies according to cell type and level of
EMT required (Huang et al., 2012).
Dysregulation of cell adhesion
The most highly characterised gene expression alteration in EMT is the downregulation of Ecadherin, which leads to the dysregulation of adherens junctions. It has previously been
demonstrated that the downregulation of E-cadherin is compensated by an increase in
expression of N-Cadherin (a mesenchymal marker) in a process called cadherin-switching
(Wheelock, Shintani, Maeda, Fukumoto, & Johnson, 2008). The switching between these two
Cadherins results in epithelial cells losing their cell-cell interaction and forming new
homophylic interactions with adjacent mesenchymal cells. N-cadherin associations are weaker
than homophylic E-cadherin associations, but permit cell motility and invasion (Theveneau &
Mayor, 2012). N-cadherin anchors to the cytoskeleton via α-catenin, β-catenin and p120
catenin (Brieher & Yap, 2013).
Cytoskeletal rearrangements
Cytokeratins are an important component of the cytoskeleton, which regulate organelle
membrane-bound-proteins and trafficking. During EMT, cytokeratin expression is
downregulated and replaced by vimentin (Huang et al., 2012). Whilst both have similar
functions, they differ in the proteins they translocate to the membrane. Cytokeratins, but not
vimentin, is required to target E-cadherin to the membrane in epithelial cells (Toivola, Tao,
Habtezion, Liao, & Omary, 2005). Whereas vimentin has been linked to motor proteins, and
this association has been hypothesized to facilitate cell migration and invasion (Mendez,
Kojima, & Goldman, 2010).
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ECM remodelling
One of the hallmarks of EMT is remodelling the ECM. Integrins mediate signals between the
ECM and cells, through their association with Integrin-Linked Kinase (ILK) and Parvin
(Yilmaz & Christofori, 2009). As epithelial cells transition into mesenchymal cells, they no
longer require the ECM and so many of these epithelial integrins are downregulated. For
example, upon triggering EMT, epithelial cells repress the expression of α6β4 integrins through
epigenetic silencing (X. Yang, Pursell, Lu, Chang, & Mercurio, 2009), breaking down adhesion
in cells.
Cell motility is further facilitated by the upregulation of MMP2 and MMP9, which degrade the
ECM allowing for migration (Nisticò, Bissell, & Radisky, 2012). MMPs also trigger a cascade
that results in the cleavage of E-cadherin from the extracellular membrane, ultimately leading
to less adhesion. MMP3 upregulation during EMT also activates RAC1B that in turn elevates
levels of reactive oxygen species in the cell, which has been linked to an upregulation in Snail,
a master regulator of EMT (Radisky et al., 2005).

1.2.6 Master Regulators of EMT
Altered gene expression is necessary to change a cell from an epithelial morphology to a
mesenchymal phenotype. These changes are driven by master regulators of EMT such as the
Snail, Twist and Zeb family of transcription factors (roles in EMT are summarised in
Table 1.1 and are schematically depicted in Figure 1.7). These master regulators compensate
for each other in certain cell types in addition to regulating expression of each other (Héctor
Peinado, Olmeda, & Cano, 2007). Overall, these regulators function to repress epithelial genes
and activate mesenchymal genes.

24

Introduction

EMT

Downregulated

Upregulated during

Regulatory

Regulator

during EMT

EMT

pathways

References
(Julien et al., 2007; Kim et
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cadherin, collagen,
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Notch, PI3K–

cytokeratins,

MMP9, TWIST,

AKT, NF-κB,

desmoplakin and

ID1,

EGF,

plakophilin

ID2, ZEB1, ZEB2

FGF

al., 2007; Héctor Peinado
et al., 2007; Sahlgren,
Gustafsson, Jin,
Poellinger, & Lendahl,
2008; S. P. Wang et al.,
2009; Wu et al., 2009; Xu,
Lamouille, & Derynck,
2009; Yook et al., 2006)
(Hong et al., 2011; Hector

E-cadherin, claudins,
occludin,

Fibronectin, N-

desmoplakin and

cadherin, α5 integrin

TWIST1

Peinado et al., 2004; Xu et
MAPK

al., 2009; M.-H. Yang et
al., 2008; M. H. Yang et

plakoglobin

al., 2010)
(Nishimura et al., 2006;
Hector Peinado et al.,

ZEB1 and

E-cadherin, ZO1,

ZEB2

Crumbs3 and
plakophilin

TGFβ–SMAD3,
N-cadherin, MMPs

WNT–β-catenin,
RAS–MAPK

2004; Antonio A. Postigo,
2003; Sánchez-Tilló et al.,
2010; Shirakihara, Saitoh,
& Miyazono, 2007; J.
Wang et al., 2007; Xu et
al., 2009)

Table 1.1 Overview of genes regulated by EMT master regulators. Master regulators and the genes they
upregulate or downregulate during EMT are listed. The table also mentions the pathways that control
the EMT regulators.
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Snail family of proteins
The snail family of repressors are the most highly investigated family of EMT regulators. The
family consists of three members: Snai1 (Snail), Snai2 (Slug) and the less characterised Snai3
(Smuc). These transcription factors are composed of conserved zinc-finger domains in the their
C-terminus that recognise and bind to the enhancer-box sequence (5’-CACCTG-3’) (Nieto,
2002). The N-terminus of Snail and Slug is responsible for regulation of its transcriptional
activity, through a SNAG sub-domain (Nieto, 2002). This sub-domain binds several corepressors such as the chromatin remodelling factors histone deacetylases HDAC1 and HDAC2
through the Sin3a proteins (H. Peinado, Ballestar, Esteller, & Cano, 2004). Snail also carries a
serine-proline rich domain whereas Slug contains a central Slug domain with an
uncharacterised function. Snail proteins differ from Slug in that the former also has an Nuclear
Export Signal (NES) (Domínguez et al., 2003) and a destruction box (B. P. Zhou et al., 2004),
in the centre of the protein.
Snail has been shown to be necessary during mesoderm development, gastrulation and neural
crest development along with other aforementioned EMT-dependent developmental processes
(Nieto, 2002). On the other hand, Slug is expressed predominantly during mesoderm formation
and during migration of neural crest cells (Barrallo-Gimeno & Nieto, 2005). Both these
proteins have also been implicated in left-right asymmetry determination in mice (Murray &
Gridley, 2006). A recent study has shown that Snail is expressed in 14% of basal cells in singlecell analysis in the normal mammary gland, whereas Slug was expressed in 70% of basal cells
(Sikandar et al., 2017).

bHLH family of proteins
Homodimeric and heterodimeric basic Helix-Loop-Helix (bHLH) transcription factor proteins
include E12, E47, Inhibitor of Differentiation (ID), Twist1 and Twist2. Twist1-null mice die
at E11.5, with defects in the embryo observed in neural tube formation, limb buds and the head
mesenchyme/somites (Chen & Behringer, 1995). Twist proteins have also been shown to
transcriptionally repress p21CIP1 (in a p53-independent manner) and p16Ink4a (Ansieau et al.,
2008), which results in cells avoiding Ras-oncogene-induced senescence. During EMT, Twist
has been implicated in repression of E-cadherin (as a bHLH transcription factors bind E-box
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promoters) and activation of mesenchymal markers such as N-cadherin and Fibronectin (J.
Yang et al., 2004).

ZEB family of proteins
The ZEB protein family consists of two proteins: Zeb1 and Zeb2 (Sip1). These transcription
factors contain two clusters of zinc fingers at both termini and a homeodomain in the centre.
Both these proteins carry a CTBP-binding domain (Remacle et al., 1999), but Zeb2 also carries
an additional Smad-binding domain (Antonio A. Postigo, Depp, Taylor, & Kroll, 2003). Zeb
proteins achieve high-affinity binding to bipartite E-boxes (5’-CACCT-3’ and 5’CACCTG3’), through binding to both of their zinc-finger domains. This bipartite E-box combination is
commonly found in the E-cadherin promoter (Comijn et al., 2001; Remacle et al., 1999).
Zeb regulators are found in the central nervous system, skeletal muscles, the heart and
haematopoietic cells during development. It has been suggested that both Zeb1 and Zeb2 are
able to compensate for each other, as a loss of one or the other is partially compensated by the
other – indicating a common role for both transcription factors (A A Postigo & Dean, 2000).
Of interest, the Zeb2 knockout mouse model is embryonically lethal, with defects associated
with neural crest migration abnormalities, which Zeb1 was unable to rescue (Van de Putte et
al., 2003). Another distinction between Zeb1 and Zeb2 is observed in their expression in
lymphocytes. Zeb1 was highly expressed in the thymus during development of T-lymphocytes,
whereas Zeb2 is expressed in splenic B cells (A A Postigo & Dean, 2000).
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Figure 1.7 Overview of EMT in the context of EMT master regulators. (a) EMT exhibits a spectrum of
change, epithelial cells (green) undergo collective migration and have established tight junctions and
normal apical-basal polarity. As cells undergo EMT, they begin to lose their apical-basal polarity and
weaken their tight junctions. As cells adopt a more mesenchymal morphology (red) they exhibit individual
migration as they are no longer bound by tight junctions and exhibit a front-back polarity (b) Epithelial
cells (green) undergo several morphological changes; epithelial cells are held together by TJ-tight
junctions, AJ- adherens junctions and DS- desmosomes. Under the influence of Snail and Slug, epithelial
cells begin to lose their apical junctions resulting in less compacted cells. Zeb1/2 and Twist are activated,
and cells become less adherent and are attached by only a few junctions (yellow). As cells progress through
the previously mentioned changes, they adopt a motile, mesenchymal morphology (red).
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1.2.7 Master Regulators of EMT in Mammary Gland Development
An organotypic model was utilised to characterise gene expression changes that occur in
mammary mesenchymal cells undergoing branching morphogenesis (K. Lee, Gjorevski,
Boghaert, Radisky, & Nelson, 2011). In this work, MECs were embedded in Matrigel and
ductal branching observed

upon growth factor stimulation. Upon investigating mRNA

expression levels, the study uncovered a significant increase in the expression of E-box-binding
transcription factors. Snail expression was significantly increased upon growth hormone
induction along with Slug and Twist, at sites of branching (K. Lee et al., 2011). Conversely,
depletion of Snail and Slug, but not Twist, resulted in failed branching initiation, but did not
affect overall cell proliferation (K. Lee et al., 2011).
Further to this finding, overexpression of Snail and Slug was sufficient to stimulate branching
in culture, independent of external stimulation. This observation was consistent with a decrease
in E-cadherin expression although it is still present in these cells, as its total loss results in
abolished branching (K. Lee et al., 2011).
Slug has also been characterised as a regulator of epithelial cell dynamics in the mammary
gland (Idoux-Gillet et al., 2018), through its regulation of another Cadherin: P-cadherin. In
Slug knockout mice, the mammary gland displayed hyperbranching, a phenotype also observed
in P-cadherin knockout mammary glands (Idoux-Gillet et al., 2018; Radice et al., 1997). Both
Slug and P-cadherin are strictly localised to basal cells (Bach et al., 2017; Idoux-Gillet et al.,
2018). Unlike its assumed repressive capacity, Slug has been found to bind to the E-box in the
P-cadherin promoter and activate its expression (Idoux-Gillet et al., 2018). In fact, it has been
suggested that P-cadherin mediates the function of Slug during EMT in these cells; the loss of
Slug can be rescued by P-cadherin (Idoux-Gillet et al., 2018). P-cadherin promoted clonal
mammosphere growth, basal epithelial cell differentiation, cell dissociation and migration in
the absence of Slug (Idoux-Gillet et al., 2018; Nassour et al., 2012). Similarly, P-cadherin was
required for ductal morphogenesis during mammary gland development, suggesting it could
be responsible in part for the epithelial plasticity observed during mammary gland
morphogenesis (described in 1.2.4).
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Similar to the Slug and P-cadherin phenotype, the overexpression of Metastasis Tumour
Antigen 3 (Mta3), under the control of MMTV long terminal repeat in transgenic mice,
resulted in defective branching in the mammary gland in virgins and early pregnancy (Zhang,
Singh, Talukder, & Kumar, 2006).
Interestingly, MTA3 is an Estrogen-responsive component of the Nucleosome Remodelling
and Deacetylase complex (NuRD) that has been show to repress the activity of Snail (Fujita et
al., 2003). A Chromatin ImmunoPrecipitation (ChIP) experiment showed the NuRD complex,
composed of MTA3 and other components was directly associated with the Snail promoter in
ERa-positive T47D human breast cancer cells (Mishra et al., 2004). RNAi depletion of MTA3
resulted in elevated Snail levels and a concomitant decrease in E-cadherin expression,
implicating MTA3 as a regulator of the activity of a master regulator of EMT – Snail.
Mta3 also functions to regulate differentiation in the mammary epithelial cells. Mta3
overexpression resulted in less neutral lipid droplets, a sign of differentiation in response to
lactogenic hormones (Zhang et al., 2006). This was further confirmed in the Mta3
overexpressing-transgenic mice, which had reduced phosphorylated Stat5a and defective
structural development in the mammary gland. Further to this, there was less transcription of
milk proteins such as Whey Acidic Protein (WAP) and β-casein, suggesting defective lactation
(Zhang et al., 2006).
MTA3 has also been found to form a complex with GATA3 to repress ZEB2 (a repressor of Ecadherin) and thus supress metastasis in breast cancer cells (Si et al., 2015). This study
proposed a reciprocal feedback loop: once ZEB2 is bound to MTA1 (an MTA-family member)
it is able to supress the activity of MTA3-GATA3. The MTA3-GATA3 complex is also able
to repress N-cadherin and fibronectin directly, as demonstrated by ChIP (Si et al., 2015). Taken
together, these data suggest that MTA3 may be able to govern epithelial plasticity in the
mammary gland through its regulation of EMT regulators.
Given the role of Roma/Zfp157 in mammary gland development and its potential role in
regulating cell adhesion and EMT, via its association with Gata3, it is important to identify the
binding partners of this putative transcriptional repressor in mammary gland. Roma is a
member of a large family of KRAB-domain zinc finger proteins and their characteristics are
discussed below.
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1.3 Krüppel-associated box zinc finger proteins (KRAB-ZFP)
Generally, cellular differentiation is largely controlled by transcription factors, the section
above (0) explored how certain transcription factors are able to control mammary gland
development through EMT. Whilst many key regulators of the mammary gland have been
described, there remains a plethora of uncharacterised factors that regulate the development of
this complex organ, including Roma/Zfp157. This section will explore KRAB-ZFPs and their
contribution to development.

1.3.1 Evolution and structure
KRAB-ZFP genes first evolved around 420 million years ago and are found in all tetrapods
(Emerson & Thomas, 2009). It has been hypothesized that the KRAB-ZFP group of genes were
amplified throughout evolution as a result of adaptive expansion and contraction events (Mark
Shannon, Kim, Ashworth, Branscomb, & Stubbs, 1998). Thoughout mammalian evolution,
waves of retrotransposons have modififed and reshaped genomes through transposoable
element (TE) insertions (Cordaux & Batzer, 2009; Kazazian, 2004).
An important bioinformatic study looking into the evolution of KRAB-ZFPs, across vertebrate
species, found that the number of tandem zinc fingers was correlated with the number of long
terminal repeat (LTR) retroelements, suggesting KRAB-ZFPs may have co-evolved with TEs
(Thomas & Schneider, 2011). This suggestion implicates TEs as drivers of the mass
diversification and expansion of the KRAB-ZFP family. This model has been called the ‘arms
race’ model and it hypothesizes that expansive mutations in TE, along with germline invasions
of retroviruses, are the main drivers of diversification in the KRAB-ZFP family. A major
prediciton of the arms race model suggests that KRAB-ZFPs have a rapid turn over as their
target TEs are lost through genetic drift. This predicition was in part validated by the
observation of an accumulation of tandem ZFP pseudogenes in vertbrate genomes (Imbeault,
Helleboid, & Trono, 2017). However, the arms race model is not the only mechanism driving
evolution of the KRAB-ZFP family, as KRAB-ZFPs have also been generated by
translocations, segemental duplications (within local chromosomal clusters) and recombination
between zinc finger arrays (Kauzlaric et al., 2017). Nonetheless, many evolutionary and
molecular factors resulted in the expansion of the KRAB-ZFP gene pool, which can often adopt
new DNA-binding activities (Kauzlaric et al., 2017; Nowick, Hamilton, Zhang, & Stubbs,

1.3 Krüppel-associated box zinc finger proteins (KRAB-ZFP)

31

2010). To date, the KRAB-ZFP family constitue the largest family of transcription factors
encoded in mammals and account for around 30% of all zinc finger proteins in rodents and
humans (Bellefroid, Poncelet, Lecocq, Revelant, & Martial, 1991; Looman, Åbrink, Mark, &
Hellman, 2002).
Canonical KRAB-ZFPs are characterised by the presence of a protein-binding KRAB-box
domain and a DNA-binding tandem-array of C2H2 zinc fingers. Curiously, the KRAB domain
only evolved in tetrapods, indicating that emergence of this domain may be critical for
development in higher vertebrates (Looman et al., 2002). The KRAB domain is usually
confined to the N-terminus and is encoded by two separate exons: a KRAB-A exon and a
KRAB-B exon. Alternative splicing has been reported to generate subfamiles from these exons;
these subfamilies are characterised by the presence of a KRAB-A+B box or a KRAB-A box
only (Mark, Abrink, & Hellman, 1999). A study looking into the evolution and anbundance of
these subfamilies identified KRAB-A+B box as the most prevalent among the KRAB-ZFP
families (Figure 1.2) (Looman et al., 2002). The KRAB-A box has been characterised as a
strong transcriptional repressor, wheras the KRAB-B box enhances this repression through an
unknown mechanism (Peng et al., 2000).
On the other hand, the zinc fingers of KRAB-ZFPs are encoded by one exon that is widely
conserved, from unicellular eukaryotes to higher mammals. Localised to the C-terminal of
KRAB-ZFPs, the zinc finger domain harbours a tandem-repeat motif composed of a CX24CX12HX2-6H

motif, in which the “X” represents an amino acid, separated by a linker that is

seven residues long (Figure 1.2) (Luchi, 2001).
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1.3.2 KRAB-ZFPs function as transcriptional regulators
In general, transcriptional repressors are thought to achieve gene silencing through three
mechanisms: 1) by inhibiting components of transcriptional initiation complexes; 2) repression
of transcriptional activators; or 3) configurational remodelling of chromatin into
heterochromatin (Lupo et al., 2013). A major example of transcriptional repressors are the
KRAB-ZFPs, the KRAB domain being a strong transcriptional repression domain.
Transcriptional regulation is a complex process that requires the cooperation of transcription
factors and cofactors in order to modify chromatin configurations and control transcription.
Many key functions of KRAB-ZFPs depend on the binding of its co-factor KAP1 (reviewed in
Schmitges et al., 2016). KAP1 (KRAB Associated Protein 1 also known as TRIM28: Tripartite
Motif Containing 28) binds to KRAB-ZFP in rodents and humans, and functions as a scaffold
protein for a range of complexes involved in gene repression. For example, KAP1 has been
shown to bind to the KRAB-A box and recruit the NuRD complex (D. C. Schultz, Friedman,
& Rauscher, 2001), the silencing complex histone methyltransferase SET Domain Bifurcated1,
SETDB1 (David C. Schultz, Ayyanathan, Negorev, Maul, & Rauscher, 2002), DNA
deacetylases (Quenneville et al., 2012) and Heterochromatin Protein 1 (HP1) (A. L. Nielsen et
al., 1999). Compacting chromatin creates inaccessible heterochromatin, effectively silencing
gene transcription (Figure 1.4).
KAP1 is a member of the RING-finger B-box coiled coil family (RBCC) that binds to the
KRAB-A box through its RBCC motif. KAP1 also carries a Plant Homeodomain (PHD) and a
bromodomain, both of which mediate epigenetic silencing (Figure 1.4). KAP1 forms a scaffold
on chromatin and recruits histone deacetylases (such as the NuRD complex) and SETDB1 via
its PHD and bromodomains. In its recruitment of these factors, histones are methylated at lysine
sites (Histone H3 trimethyl Lys9) triggering heterochromatin formation and thus gene
repression (Friedman et al., 1996; Lachner, O’Carroll, Rea, Mechtler, & Jenuwein, 2001;
Moosmann, Georgiev, Thiesen, Hagmann, & Schaffner, 1997).
KAP1 recruits HP1 through a Heterochromatin Protein 1 Binding Domain (HP1BD). HP1
triggers the spread of heterochromatin by recruiting histone methyltransferases (Figure 1.5). In
doing so, HP1 facilitates gene silencing by KRAB-ZFPs that span tens of kilobases. In fact,
one study demonstrated KAP1 mediates KRAB-ZFP induction of de novo CpG methylation
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during early mouse embryogenesis, by recruiting DNA methyltransferases (Wiznerowicz et al.,
2007). Correspondingly, many of the pathways KRAB-ZFPs have been implicated in have
been in negative regulation.

Methylation
SETDB1
PHD

HP1
Bromo-

domain domain

CpG Methylation

KAP1

NuRD
HDAC

CHD1

KRAB-ZFP

Nucleation of Heterochromatin

Spread of Heterochromatin

Figure 1.8 Schematic representation of KRAB-ZFPs heterochromatin nucleation leading to
transcriptional repression. KRAB-ZFPs bind to DNA and recruit KAP1. In turn, KAP1 recruits several
protein complexes, such as the NuRD complex, HP1 and SETDB1, which mediate DNA methylation
and histone deacetylation. KAP1 also mediates de novo CpG island methylation. Recruitment of HP1
through KAP1 then leads to the spreading of heterochromatin through histone methylation.

1.3.3 Involvement of KRAB-ZFPs in disease
Despite identifying around 800 different KRAB-ZFPs in humans and mice, the majority of
these proteins remain uncharacterised. Their abundance and redundancy have made elucidating
their functions challenging. Despite this, many KRAB-ZFPs have been implicated in important
processes ranging from embryogenesis and cell proliferation to differentiation, cell cycle
regulation and neoplastic transformation (Urrutia, 2003a).
In development, Zfp57 has been shown to be a master regulator of genomic imprinting. Loss
of maternal or zygotic function of Zfp57 resulted in strongly penetrant embryonic lethality (Li
et al., 2008). In the oocyte, loss of Zfp57 lead to an establishment failure in genomic imprinting
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(Li et al., 2008). Zfp57 selectively binds to imprinting control regions in the DNA of embryonic
stem cells via its two C2H2 zinc fingers. Zfp57 is able to maintain histone H3K9me3
methylation status through its recruitment of Kap1, thus protecting against imprinting erasure
during waves of DNA demethylation usually occurring in the genome of early mouse embryos
(Y. Liu, Toh, Sasaki, Zhang, & Cheng, 2012; Quenneville et al., 2011; Strogantsev et al., 2015).
KRAB-ZFP have also been implicated in disease, ZNF545 for example is a human KRABZFP that exhibits tumour-suppressor characteristics (Cheng et al., 2012). ZNF545 is
methylated in several primary tumours and in multiple transformed cell lines. Further
characterisation of this KRAB-ZFP identified a novel role for the transcription factor in
blocking cancer cell proliferation through inhibition of RNA polymerase I and thus inhibition
of ribosome biogenesis (S. Wang et al., 2013).
In the breast, ZNF350/ZBRK1 (Zinc Finger And BRCA1-Interacting protein with a KRAB
Domain 1) has also been implicated as a possible tumour suppressor (Garcia et al., 2004).
ZBRK1 regulates the cell cycle through its interaction with its co-repressors BRCA1 (Breast
Cancer 1) and KAP1 (Y. K. Lee, Thomas, Yang, & Ann, 2007; Yun & Lee, 2003). The ZBRKBRCA1 complex is able to mediate the repression of BRCA1 targets such as Gadd45, whereas
the ZBRK1-KAP1 complex has been shown to repress the cell cycle regulator p21Cip1 (Y. K.
Lee et al., 2007). In relation to ZBRK1 in tumour progression, one study suggested ZBRK1 is
able to block tumour angiogenesis via its interaction with BRCA1. ZBRK-BRCA1 has been
demonstrated to recruit CtIP to repress activity of the tumour angiogenesis gene ANG1 (Furuta
et al., 2006). ZBRK1 has also displayed tumour suppressor activities by repressing the EMTpromoting MMP9 gene in cervical cancer cells (Lin et al., 2010).
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1.4 Aim of this study
The mammary gland is an unusual organ in that most of its development occurs after birth. It
also provides an interesting model to study many pathways involved in proliferation and cell
death as the organ has the capacity to undergo several rounds of tightly-regulated proliferation
followed by coordinated cell death and tissue remodelling. In characterising the processes that
occur throughout these development stages, the field can further its understanding of
pathologies that hijack these pathways, such as tumorigenesis in the breast.
Whilst Roma deficiency did not lead to tumour formation in aged mice, it provides an important
insight into the factors that control cell proliferation in the mammary gland. Roma was shown
to affect cell proliferation and differentiation in MECs and has been shown to influence cell
populations in the gland. By understanding the molecular mechanisms which underlie Roma’s
regulation of the mammary gland, Roma can provide important insights into the processes that
have been shown to drive tumorigenesis.
The aim of this study was to refine our current understanding of the role of Roma in the
mammary gland. To achieve this, it is imperative to establish its interactome. This project aims
to utilize novel technologies, such as Rapid immunoprecipitation mass spectrometry of
endogenous protein (RIME), to identify Roma’s direct binding partners and thus elucidate its
direct regulatory function. Given that Roma is involved in mammary gland lineage
determination and proliferation, another aim was to investigate the role of Roma in regulating
plasticity of the gland. This will be investigated using the Romalz/lz and Gata3fl/fl;Romalz/lz;BLGCre;tdTom double-knockout mouse models. Finally, a number of approaches were utilised in
an attempt to identify the human orthologue of Roma.

Chapter 2

Materials and Methods

2.1. Animals
2.1.1

Animal Husbandry

Roma knockout mice were previously generated and are described by C. Oliver (Oliver et al.,
2012a). In brief, embryonic stem cells were modified by knocking-in a LacZ reporter cassette
into the Zfp157/Roma locus (XC356 cell line, BayGenomics, CA.). These modified cells were
then introduced into C57BL/6 mice by morula injections and offspring mated to produce
homozygotes.
For the following genotypes of mice, Gata3fl/fl;TdT+ (serving as strain-matched controls),
Romalz/lz; Gata3fl/fl;TdT+ and Romalz/lz;Gata3fl/fl;BLG-Cre;TdT+, 6-8-week-old mice were
mated and plug-checked to confirm mating. The pregnancy timepoints were confirmed by postmortem dissections and staging of the embryos. Husbandry and experimental work were
conducted according to local ethical committee and UK Home Office regulations and were
carried out under the licence of C.J Watson.

2.1.2
I.

Genotyping

DNA Isolation from ear biopsies

Ear notches from mice were incubated with 100 µl Chelex solution at 50°C for 45 minutes.
Samples were then boiled at 95°C for 30 minutes to heat-inactivate the proteinase K. The resin
was spun down at 13,000 rpm to allow for DNA collection from the supernatant.
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Chelex Solution
Chelex-100

Molecular

Biology 0.5g

Grade Resin (Bio-Rad, 142-1253)
Tween-20 (20%)

25 µL

Proteinase K

25 µL

(20 mg/mL)
Distilled H2O (dH2O)

4.95 mL

Table 2.1 - Components of Chelex solution for mice tissue DNA extraction

II.

Genotyping by Polymerase Chain Reaction (PCR)
Mouse genotypes were screened by PCR (20 µL reactions) using the reactions listed below:
Roma and Gata3 BLG-Cre Tdt
10X Coral load Buffer

2 µL

2 µL

2 µL

10 µM Primer mix

2 µl

0.8 µl

1 µl

2.5 µM dNTPs

2 µl

0.8 µl

0.5 µl

1 µL

1 µl

1 µl

0.2 µl

0.1 µl

0.1 µl

12.8 µL

15.3 µl

15.4 µl

(Qiagen, 201205)

(Qiagen, 201205)
DNA
(Chelex-extraction)
5 U/µL Taq
(Qiagen, 201205)
Ultra-pure water
(Sigma, W4502)
Table 2.2 - PCR component master-mixes for Roma mice genotyping

2.1 Animals

39

PCR products were run on a 1.5-2% agarose gel supplemented with 0.001% Ethidium Bromide
(Sigma, E1510) along with a DNA size marker (GeneRuler DNA Ladder Mix, Fermentas,
SM0312). Gels were visualised using a UV transilluminator (Gel-Doc XR system, Bio-Rad).
The following table outlines the protocol and primers used to genotype mice:
Gene

Primer sequence

Conditions

Roma Intron3-sense

GCCCCGTGATAAGTGTCATT

95°C - 5 min.

Roma WT-Anti-sense

TGTCAGAGTGCCCAATCCTA

(95°C - 30 sec.,
58°C - 30 sec.,

Roma KO-Anti-sense

CCACAACGGGGTTCTTCTGTT

72°C - 1 min.) x35
72°C - 2 min.

Gata3 p8-sense

TCAGGGCACTAAGGGTTGTTAACTT

p11-Anti-sense

GAATTCCATCCATFAGACACACAA

95°C - 5 min.

(95°C - 30 sec.,
Gata3 p13-sense

CAGTCTCTGGTATTGATCTGCTTCTT

p16-Anti-sense

GTGCAGCAGAGCAGGAAACTCTCAC

57°C - 20 sec.,
72°C – 25 sec.) x35
72°C - 1min.

BLG-sense

TCGTGCTTCTGAGCTCTGCAG

BLG-Anti-sense

GCTTCTGGGGTCTACCAGGAA

95°C - 5 min.

(95°C - 30 sec.,
WAP-sense

CCTCCTCAGCATAGACA

WAP-Anti-sense

GGTGATCAGTCACTTGCCTGA

55°C – 1 min.,
72°C - 2 min.) x30
72°C - 8 min.

Tdt-WT-sense

AAGGGAGCTGCAGTGGAGTA

94°C - 3 min.
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Tdt-WT-Anti-sense

CCGAAAATCTGTGGGAAGTC
(95°C - 20 sec.,

Tdt-positive-sense

GGCATTAAAGCAGCGTATCC

Tdt-positive-Anti-

CTGTTCCTGTACGGCATGG

61°C - 30 sec.,
72°C - 30 sec.) x30

sense
72°C - 2 min.
Table 2.3 - PCR protocols and primer sequences for genotyping Roma mice

2.1.3

Mammary Gland Tissue Harvest

Animals were sacrificed by dislocation of the neck. Both upper and abdominal glands(without
the lymph nodes) were dissected and stored in relevant fixative for histology. Sections of upper
and abdominal glands were also snap-frozen in liquid nitrogen for RNA and protein extraction.

2.2. Histology
2.2.1

Paraffin-Embedded Tissue Sectioning

Mammary glands were fixed overnight in 4% formaldehyde (Fisher Scientific, F79P-4) in
Phosphate-Buffered Saline (PBS) at room temperature. Tissues were then stored in 70%
ethanol (Sigma, 32221) at -20°C ready for embedding in paraffin wax. Sections were cut by H.
Skelton in the Department of Pathology, University of Cambridge.

2.2.2

Immunostaining Paraffin sections

Paraffin-embedded sections were de-paraffinised by a series of 3 5-minute washes in xylene
(Sigma, 534056). Slides were rehydrated for 5 minutes each in an ethanol series (100%, 90%,
70%, 50%, 30% dilutions), this was followed by washes in dH2O and PBS. Slide sections were
permeabilised in 0.5% triton PBS for 5 minutes followed by another 5 minutes wash in PBS.
Antigen retrieval was performed by boiling slides under pressure in 10 mM tri-sodium citrate
buffer (pH 6.0) for 8 minutes followed by a 5minute PBS. Slides were then dried, and the tissue
sections were circled with a hydrophobic PAP pen (Vector Laboratories, H-4000).
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Next, sections were incubated in blocking buffer (5% Normal Goat Serum, NGS) in a humid
chamber for 1 hour at room temperature. Sections were then probed with primary antibody
overnight at 4 °C. Slides were washed 3 times for 5 minutes in PBS and probed with relevant
secondary antibody for 1 hour at room temperature in a humid chamber. BisbensimideHoechest 33342 (Sigma, B2261) was added to the slides for 10 minutes before 3 5-minutes in
PBS. Slides were then mounted with 1:1 PBS:Glycerol solution and sealed in coverslips.
Slides were visualized on a Leica SP8 confocal fluorescence microscope (Cambridge
Advanced Imaging Centre (CAIC), PDN, University Of Cambridge). Analysis of images was
conducted on ImageJ software (http://rsb.info.nih.gov/ij/).
All the following antibodies were diluted in blocking buffer consisting of 10% NGS in 0.05%
PBST.
Epitope

Conjugate Species Dilution Supplier

Cat. #

E-cadherin

Rabbit

200

Cell Signaling Technologies 3195

P-cadherin

Rat

100

Invitrogen

N-cadherin

Rabbit

100

Cell Signaling Technologies 13116

ZO-1

Rat

100

Millipore

MABT11

Slug

Rabbit

100

Cell Signaling Technology

9585

Flag

Rabbit

100

Sigma

F7425

Tubulin

Rat

200

Abcam

6160

13-2000Z

Mouse

Alexa-647

Goat

500

Invitrogen

A11001

Rabbit

Alexa-647

Goat

500

Invitrogen

A11008

Table 2.4 - Antibodies used for immunostaining

2.2.3

Frozen Tissue Sections

Mammary glands were dissected, spread on squares of aluminium foil and then dipped slowly
in liquid nitrogen to freeze. Ensuring glands do not thaw, glands were cut into 5-6 µm sections
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at -20°C by H. Skelton in the Department of Pathology, University of Cambridge and then
allowed to dry at room temperature for an hour. Slides were fixed in Acetone (Honeywell,
32201) for 20 minutes at -20°C before allowing the acetone to evaporate for 20 minutes at
room temperature.

2.2.4

Immunostaining Frozen Sections

Acetone-fixed sections were encircled in a hydrophobic ring using a PAP pen and allowed to
dry for 5 minutes. Slides were then washed in 0.05% Triton-X PBS with gentle agitation for
10 minutes. Sections were then blocked in 5% NGS for an hour before primary and secondary
antibody incubation as described in Section 2.2.2.

2.2.5

Optical Clearing of Mammary Glands

Mammary glands were dissected and immediately spread on Tera-Pak cardboard before
immersion in 10% neutral buffered formalin (NBF, HT501128, Sigma Aldrich) for 9 hours at
room temperature. Fixed glands were then briefly washed in PBS.

I.

CUBIC-based clearing and Immunostaining

CUBIC-based optical clearing of mammary glands were performed as previously described
(Lloyd-Lewis et al., 2016). In brief, fixed glands were immersed in R1a (see Table 2.5 below)
at 37°C with agitation for 3 days (changing solution daily). Glands were then washed in PBS
over the course of the day before blocking in 10% NGS with 0.5% Triton-X.
This was followed by a 4-day incubation in primary antibody at 4°C with agitation. Following
primary antibody incubation, glands were washed 3 times in PBS over the course of the day.
Glands were then incubated in the relevant secondary antibodies for 2 days at 4°C with
agitation. This was followed by a PBS wash, then a DAPI (D-sorbitol and 4′,6-diamidino-2phenylindole, 10µM) incubation for an hour and another PBS wash for 3 hours.
After antibody probing, the glands were immersed in R2 solution (Table 2.6) at 37°C for 24
hours before imaging by confocal (Leica SP8) microscopy and analysis with FIJI-ImageJ
imaging software.
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Ingredient

Sigma # R1a %w/v for 500ml R1a

Urea

U5378

10

50g

N,N,N’,N’-tetrakis 122262

5

25g

Triton X

BP151

10

50g

5M NaCl

-

1:200

2.5mL

dH20

-

-

Up to 500mL

Table 2.5 Components and reagents used to make CUBIC-R1a solution

Ingredient

Sigma # Original vol. For 18g

Sucrose

-

50% w/v

8

Urea

U5378

25% w/v

4

Triethanolamine 90279

10% w/v

1.6

TritonX 100

BP151

0.1% w/v

180uL of 10%

dH20

-

-

To 18g

Table 2.6 - Components and reagents used to make CUBIC-R2 solution
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SeeDB-based clearing and Immunostaining

SeeDB-based optical clearing of the mammary gland was performed as previously described
(Lloyd-Lewis et al., 2016). In brief, fixed glands were blocked overnight in 10% NGS with 1%
Triton-X at 4°C overnight. Glands were then incubated in primary antibodies for 4 days at 4°C
with agitation. Following 3 0.1% PBS-Triton-X washes over the course of the day, glands were
incubated in secondary antibodies for 2 days at 4°C with agitation. This was followed by a PBS
wash, then a DAPI (D-sorbitol and 4′,6-diamidino-2-phenylindole, 10µM) incubation for an
hour and another PBS wash for 3 hours.
Next, glands were taken through a sequential fructose dilution series for 12h each (w/v: 20%,
40%, 60%, 80%, 100% and SeeDB: 115%). 0.5% a- thioglycerol was added to each fructose
dilution before incubation. For the 100% and SeeDB dilution, glands were incubated for 24
hours each. Cleared mammary glands were imaged using confocal (Leica SP8) microscopy and
analysed with FIJI-ImageJ imaging software.

III.

Optimisation of 3D-optical clearing in mouse mammary glands

Two clearing methods were optimised for mammary gland use by the Watson laboratory:
CUBIC (Clear Unobstructed Brain Imaging Cocktail, (Susaki et al., 2014)) and SeeDB (See
Deep Brain, (Ke, Fujimoto, & Imai, 2013)). Both clearing protocols were compared to
investigate antibody penetration, clearing capacity and imaging resolution in the mammary
gland. CUBIC is a urea-based clearing solution that uses a cocktail of amino-alcohols and
detergents to achieve tissue clearing, whereas SeeDB is a water-based clearing reagent that
uses a gradient of fructose solutions to achieve a homogenous tissue RI.
To investigate suitability of clearing protocols, mouse mammary glands were harvested and
fixed in PFA overnight at 4°C. Mammary glands were then washed and taken through their
respective protocols (Chapter 2.2.5 and schematic overview in Figure 2.1a). In the CUBIC
protocol, mammary glands were cut into two to three portions and incubated in R1A clearing
solution for 4 days at 37°C, with constant agitation. Following clearing, mammary gland
sections were blocked in 10% Normal Goat Serum (NGS) overnight and then incubated in
primary antibody for 4 days. Following washing and secondary antibody incubations, glands
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were immersed in R2 solution overnight and imaged by confocal microscopy within a week of
processing (Figure 2.1a).
The SeeDB protocol differs in that the glands are immunostained and then cleared. Following
fixation, tissues were blocked in 10% NGS overnight and incubated in primary antibody for 4
days. Next, tissues were washed over the course of the day and incubated in secondary antibody
for 2 days. Following staining, tissues were then taken through a serial dilution of fructose
(weight-per-volume, w/v), starting from 20% fructose incubation during the day and building
up to 80%, switching concentrations during the day and overnight. After 80% fructose
incubation, tissues were immersed in a fructose solution of 100% (w/v), overnight. Finally,
mammary gland tissues, appearing optically clearer, were incubated in SeeDB solution (110%
w/v fructose) for one day at 37°C with agitation. These tissues were also imaged using confocal
microscopy within a week of processing. Figure 2.1a outlines the protocols timeline which
spans over two weeks.
Upon comparing the clarity of the tissue in Figure 2.1b, it became apparent that CUBIC
decolourises vasculature by removing the heme chromophore, as described in their protocol
developed by (Lloyd-Lewis et al., 2016), resulting in a more optically clear tissue. SeeDB on
the other hand, manages to obtain optical clarity but to a lesser extent, preserving blood vessels
as seen in Figure 2.1b.
To test if these clearing protocols are compatible with antibodies of interest, confocal imaging
was carried out on tissues stained with DAPI and Keratin-8 (K8) as a marker of luminal cells
(Figure 2.1c). It was observed that CUBIC provided better resolution than SeeDB. In tissues
from the 3 independent mouse repeats, DAPI nuclear staining and K8 appeared more diffused
in the SeeDB samples compared to CUBIC samples, with higher background noise observed
in SeeDB-processed tissues (Figure2.1c).
Antibodies for P-cadherin, Slug and Mta3 were also tested in these tissues, unfortunately, none
of these antibodies worked in mammary gland tissues cleared by CUBIC nor SeeDB (data not
shown). However, CUBIC clearing was preferred over SeeDB, for clarification capacity and
ease of protocol, and was therefore employed to clear 10dL mammary glands.
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(a)

(b)

(c)

Figure 2.1 Optimisation of CUBIC and SeeDB 3D optical clearing in mammary glands. (a)
Both protocols and timelines are outlined and compared: CUBIC (red) is compared to SeeDB
(blue). (b) Cleared mammary glands were compared for clarity capacity by bright field
microscopy using an inverted microscope n=3 mice. (c) Confocal imaging was used to assess
imaging resolution of both techniques (Top (red): CUBIC, Bottom (blue): SeeDB) using a
DAPI (blue) DNA marker and K8 (green) luminal cell marker. Scale bars represent 100 µm
and provide a size reference.
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2.3. Cloning & Gibson Assembly
2.3.1

Cloning of Roma-3xFlag into a PiggyBac Transposon Vector

To generate Roma-3xFlag overexpression vector, a Roma-Flag vector was digested and ligated
into a PiggyBac Transposon construct. Both constructs were digested with BglII (NEB,
R0144S) and NotI-HF (NEB, R3189S) for an hour at 37°C. Digested constructs were separated
on a 1% agarose gel and the correct sized fragments were excised and purified using a
QIAquick gel extraction kit (Qiagen, 28704).
Fragments with complementary ends were directionally-ligated overnight at 16°C using T4
DNA ligase (NEB, M0202S).

2.3.2

Generating Roma-3XFlag truncations by Gibson Assembly

Using Gibson Assembly (Gibson et al., 2009), regions of up to 15 base-pair overlapping
primers (Table 2.7) were designed to selectively amplify required domains of the Roma-Flag
vector, using a Q5 high-fidelity polymerase (Table 2.8. NEB, M0491). For the Gibson
Assembly reaction, 1:4 (equimolar DNA fragments to 1.33x Gibson Assembly mix (Table 2.9)
respectively), were incubated at 50°C for an hour.
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Domains

Primer sequence (5’-3’)

Conditions

Sense

CGCCTGGAAGATCTATGGGCCTGGTGTCCT

98°C – 30 sec.

Anti-sense

CCGGATGTTCACGCTGCTGGGTTCTGGCTCT

(98°C - 10 sec.,

isolated
KRAB

- Fragment 1

3XFlag

Fragment 2
Sense

CTGGTGCTGG

CCAGCACCAGAGAGCCAGAACCCAGCAG
CGTGAACATCCGG

72°C - 30 sec.) x30

72°C - 10 min.

Anti-sense
CAGGGCGGCCGCTCAGAGCTTG

Zinc-

Sense

98°C – 30 sec.

CGGCG

Fingers 3XFlag

CGCCTGGAAGATCTATGGGCCTGCCTTGGAGCAT

Anti-sense

(98°C - 10 sec.,
CAGGGCGGCCGCTCAGAGCTTG

72°C - 45 sec.) x30

72°C - 10 min.
Table 2.7 - PCR protocols and primer sequences for Gibson Assembly amplification
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25 µl

FINAL

REACTION

CONCENTRATION

5 µl

1X

10 mM dNTPs

0.5 µl

200 µM

10 µM Forward Primer

1.25 µl

0.5 µM

10 µM Reverse Primer

1.25 µl

0.5 µM

Template DNA

1 µl

< 1,000 ng

5X Q5
Reaction Buffer

Q5

High-Fidelity

DNA 0.25 µl

0.02 U/µl

Polymerase
5X Q5 High GC Enhancer

5 µl

Nuclease-Free Water

to 25 µl

1X

Table 2.8 - Q5 high-fidelity PCR reaction components
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5x Isothermal buffer (for Gibson

1.33x Gibson Assembly Mix

Assembly mix)
COMPONENT

Volume (µL)

1 M Tris-Hcl (pH 7.5)

3 mL

1 M MgCl2

300 µL

100mM dNTPs

240 µL

1M DTT

300 µL

PEG-8000

1.5 g

NAD

300 µL

Nuclease-free water

Up to 6 mL

COMPONENT

Volume (µL)

Taq ligase (40u/ul)

50

5x isothermal buffer

100

T5 exonuclease (1u/ul)

2

Phusion

polymerase 6.25

(2u/ul)
Nuclease-free water

216.75

Table 2.9 - List of components of 5x Isothermal mix and 1.33x Gibson Assembly Mix

2.3.3

Transformation of competent cells

DH5a competent cells (ThermoFischer, 18265017) were transformed with ligated constructs
the manufactures recommended protocol and spread onto Luria Broth (LB) agar plates with
ampicillin selection. Plates were incubated overnight at 37°C and colonies picked for starter
cultures in LB broth with ampicillin. A QIAprep miniprep kit (Qiagen, 27106) was used to
isolate amplified plasmids (following manufacturers). To confirm successful cloning, plasmid
DNA was digested with respective restriction enzymes and analysed on a 1% agarose gel to
confirm insert size.

2.3.4

Sanger Sequencing of Clones

To confirm correct sequence of cloned inserts, plasmids were sequenced using Sanger
Sequencing on an ABI 3130XL analyser at the DNA Sequencing Facility, Department of
Biochemistry (University Of Cambridge).

2.4 Cell Culture
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2.4. Cell Culture
2.4.1

Transfection of EpH4 mouse mammary epithelial cells

Mouse mammary epithelial cells (EpH4 cells) were cultured in DMEM (Life Technologies,
41965-039) and 10% FBS (Life Technologies, 10500-056) at 37°C in 5% Co2. To create a pBRoma-3xFlag overexpressing EpH4 cell line, cells were co-transfected with pB-Roma-Flag
and pBase (transient transposase) using Lipofectamine® 2000 Transfection Reagent
(ThermoFisher 11668027) as per manufactures recommended protocol. pB-Roma-3xFlag cells
were then enriched by 10 µg/mL puromycin (ThermoFisher, A1113803) antibiotic selection.
pB-Roma-3xFlag EpH4 cells were passaged in 2 µg/mL puromycin in DMEM and 10% FBS
tetracycline-free (Clontech, 631106).

2.4.2

Immunofluorescence on Eph4 cells

pB-Roma-3xFlag EpH4 cells were seeded at similar densities on a 9mm glass cover slip (VWR,
631-0169) and incubated in 6-well cell culture plates (Nunc, 140675). Roma-3xFlag expression
was induced using doxycycline (Sigma, D9891) to a final concentration of 1 µg/mL. Following
appropriate doxycycline-induction time-course, cells were washed 3 times with 1x PBS and
then fixed for 10 minutes in 4% ice-cold PFA (Sigma, 158127). Cells were then washed 3 more
times in 1x PBS for 5 minutes. Cells were then permeabilised for 10 minutes in 0.05% TritonX PBS before blocking in 10% BSA (Sigma, A9647). Cells were incubated in primary and
secondary antibodies as outlined in section 2.2.2. Cells were mounted on glass slides (VWR,
SuperFrost Plus, 631-0108) by inverting (cell-side down) and sealed before confocal
microscopy.
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2.4.3

FACS

EpH4 cells were trypsinised to collect 1 million cells and then pelleted by centrifugation (200
g for 5 minutes). The pellets were resuspended in 200 µl of PBS then fixed in 2 mL of ice-cold
70% ethanol (added drop-wise with agitation to avoid cell clumping). Cells were then pelleted
before resuspending in 400 µl of PBS with 50 µl of 1 mg/ml RNase (Sigma, R4875) and 40 µl
of 0.5 mg/ml propidium iodide (Sigma, 81845). Cells were then incubated at 37°C for 45
minutes before being filtered (Sysmex, 04-0042-2316) and analysed by flow cytometry using
Summit 4.3 software (DakoCytomation).

2.5. RNA Extraction and PCR
2.5.1
I.

RNA extraction

EpH4 cells

EpH4 cells seeded in a 6-well cell culture plate were washed 3 times in ice-cold 1x PBS before
adding 1 mL of TRIzol reagent (ThermoFisher, 15596026) per well. After a 2-minute
incubation, cells were lysed by pipetting and then transferred to an Eppendorf microcentrifuge
tube (Eppendorf, 0030120086) to homogenise for 5 minutes on ice. 0.2 mL of chloroform
(Sigma, 288306) was added to each tube and inverted vigorously to mix then incubated and
room temperature for 3 minutes. Eppendorf tubes were then centrifuged at 12,000 g for 15
minutes at 4°C. The upper aqueous phase was removed and added to 0.5 mL of ice-cold
isopropanol (Sigma, 190764) to precipitate RNA overnight at -20°C. RNA was pelleted at
12,000 g for 15 minutes at 4°C. The supernatant was then removed, and the RNA pellet was
washed with 1 mL of ice-cold 75% ethanol. The samples were then vortexed then centrifuged
at maximum speed for 5 minutes at 4°C. The wash was discarded, and the RNA pellets were
air-dried at room temperature for 10 minutes then resuspended in RNase-free water and
incubated at 55°C for 15 minutes. RNA was quantified by a nanodrop ND-100 (Nanodrop
Technologies) and was immediately used for cDNA synthesis or stored at -80°C.

2.5 RNA Extraction and PCR
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Mouse Tissue

Mammary tissue that was snap-frozen in liquid nitrogen was ground with a cooled pestle and
mortar on dry ice. 40 mg of powdered tissue was dissolved in 1 ml TRIzol reagent and then
incubated for 3 minutes with 200 µl of chloroform at room temperature. The mixture was
centrifuged at 12,000 g for 15 minutes at 4°C. Next, 0.5 mL of ice-cold Isopropanol was added
to the upper aqueous phase and precipitated overnight at -20°C. RNA was then extracted as
outlined in section 2.5.1i above.

2.5.2

cDNA synthesis

10 µL of ultra-pure water (Sigma, W4502) containing 1 µg of RNA was used to make cDNA
following the protocol tabulated below:
Mixture

Conditions

1 µl Random Primers
(Invitrogen, 58875)
1 µl 10 mM dNTPs

65°C - 5 minutes

(Invitrogen, 550083)
4 µl First Strand Buffer
(Invitrogen, Y02321)
2 µl 0.1 M DTT
(Invitrogen, Y00147)

25°C - 2 minutes

1 µl RNasin
(Promega, N211A)
1 µl SuperScript II reverse transcriptase

25°C - 10 minutes

(Invitrogen, 18064-022)

42°C - 50 minutes
70°C - 15 minutes

Table 2.10 - components and reaction conditions for cDNA synthesis
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2.5.3

Reverse

Transcription

Quantitative

Polymerase

Chain

Reaction (RT-qPCR)
Levels of mRNA expression was measured relative to levels of Ctbp1, Prdx1 and Phf7 (Van
De Moosdijk et al., 2016). Each reaction was run in triplicates.
Gene

PRIMER SEQUENCE

Roma sense

GGAACTTCCCCGAGGTACAAA

Anti-sense

GACATTCCTTCCATTCGTATGGT

P21 sense

ACCTGATGATACCCAACTAC

Anti-sense

CTGTGGCACCTTTTATTCCTG

Cdh3 sense

AGAAGGGTTTGGATTTTGAG

Anti-sense

TTGACATCTTTCACATGGAC

Prdx1 sense

AATGCAAAAATTGGGTATCCTGC

Anti-sense

CGTGGGACACACAAAAGTAAAGT

Phf7 sense

TGTTTGCCTTCTATGCCTTCAA

Anti-sense

GGCAGTCTGCTAGACAGGATAAG

Ctbp1 sense

GTGCCCTGATGTACCATACCA

Anti-sense

GCCAATTCGGACGATGATTCTA

Cdh1 sense

CAGTTCCGAGGTCTACACCTT

Anti-sense

TGAATCGGGAGTCTTCCGAAAA

Cdh2 sense

AGCGCAGTCTTACCGAAGG

Anti-sense

TCGCTGCTTTCATACTGAACTTT

Zeb1 sense

ACCGCCGTCATTTATCCTGAG

Anti-sense

ACCGCCGTCATTTATCCTGAG

Zeb2 sense

CCACGCAGTGAGCATCGAA

Anti-sense

CAGGTGGCAGGTCATTTTCTT

Twist1 sense

GGACAAGCTGAGCAAGATTCA

Anti-sense

CGGAGAAGGCGTAGCTGAG

2.5 RNA Extraction and PCR
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Snail sense

CACACGCTGCCTTGTGTCT

Anti-sense

GGTCAGCAAAAGCACGGTT

Slug sense

TGGTCAAGAAACATTTCAACGCC

Anti-sense

GGTGAGGATCTCTGGTTTTGGTA

Mta3 sense

GCTCAGAGATGTGTGATTCGGAG

Anti-sense

GCTCAGAGATGTGTGATTCGGAG

Mta2 sense

TGTACCGGGTGGGAGATTAC

Anti-sense

CCTTCGCCGGAAAAGACAG

Flag sense

ATCGACGTGCACAACGC

Anti-sense

GATGTCGTGATCCTTATAATCGC

Cycin A sense AAGACTCGACGGGTTGCTC
Anti-sense

TGAAGGCAGGCTGTTTACTGA

Cdt1 sense

GGAACAGCACAAGGTCTTCCT

Anti-sense

CCACATTGAAGCGCGGATG

Brca1 sense

AAAACAGATGCGGAGTTTGTG

Anti-sense

TAGACCGGACCACCCATGAA

Pcna sense

CACGTCTCCTTGGTACAGCTT

Anti-sense

TGGACATGCTGGTGAGGTTC
Table 2.11 - primers used RT-aPCR
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Reagent

Volume (µl) PCR conditions

cDNA

2

95°C – 5 min

2x SYBR green master mix 10

(95°C – 30 sec

(Sigma, S4438)

56°C – 30 sec

10 uM Sense primer

0.4

72°C – 30 sec) x35

10 uM Anti-sense primer

0.4

72°C – 2 min

Ultra-pure water

7.2

Table 2.12 - components and conditions for RT-qPCR

2.6. Protein Extraction and Detection
2.6.1
I.

Protein Extraction and quantification

EpH4 cells

Cells were washed twice in ice-cold 1xPBS and harvested in Radioimmunoprecipitation
(RIPA) buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EGTA, 1% NP40, 1% Glycerol)
containing protease inhibitor (Roche, 11836153001), 1 µM sodium vanadate (Sigma, 450243)
and 50 mM sodium fluoride (Sigma, 201154) using a cell scraper. Harvested cells were lysed
in RIPA for 45 minutes followed by pelleting of cell debris at 12,000 g for 10 minutes.
Protein supernatant concentrations were quantified using a BiCinchoninic Acid (BCA) protein
concentration assay (Pierce, 23225) following manufactures protocol. Absorbance at 562 nm
was measured using a Synergy™ HT Multi-Detection Microplate Reader (Bio-TEK). Protein
samples were made up to 40-50 mg with RIPA buffer and SDS loading buffer (25 mM Tris,
pH 8.3, 192 mM glycine, 0.1% SDS) then boiled at 95°C for 5 minutes.

2.6 Protein Extraction and Detection
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Mouse Tissue

200 µl of RIPA buffer (with inhibitors mentioned in 2.6.1i) was added to 50 mg of ground
mammary gland tissue, on ice. The samples were mixed thoroughly then filtered through a 21G
syringe. Samples were allowed to lyse on ice for 30 minutes before centrifuging at 12,000 g
for 10 minutes at 4°C. Protein from the supernatant was quantified and prepared as mentioned
in 2.6.1i.

2.6.2

Western Blot protein analysis

Proteins were run on SDS-Page gels (table 2.13) with SDS running buffer (25 mM Tris, pH
8.3, 192 mM glycine, 0.1% SDS). A PageRuler Plus prestained Protein Ladder (Thermo
Scientific, 26619) was also run with the samples as for size reference. The separated proteins
were then transferred onto methanol-activated PVDF membranes (Millipore-Immobilon,
IPVH00010) in transfer buffer (consisting of 0.5M Tris, pH 8.3, glycine, 10% SDS and
methanol) with a 400 mA current for an hour at room temperature. Next, the PVDF membranes
were incubated in blocking buffer (BSA with 1X TBS-0.1% Tween20 (TBST)) for an hour at
room temperature with constant agitation. Membranes were then probed with primary
antibodies diluted in blocking buffer overnight at 4°C. This was followed with for 3 x 5 minutes
in TBST. Membranes were then probed with horse radish peroxidase (HRP) conjugated
secondary antibodies (diluted in blocking buffer) for an hour at room temperature. This was
followed with for 3 x 5 minutes in TBST. Proteins were detected using ECL detection agent
(GE Healthcare, RPN2106) following manufacturers protocol. Chemiluminescence was
detected using medical-grade x-ray film (Konica Minolta, A9KN).
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Components for

Stacking gel Resolving gel

2x SDS-Page gels

(5 mL, 4%)

(10 mL, 10%)

H2O

3 mL

4 mL

30% Acrylamide

650 µL

3.3 mL

1.25 mL

-

-

2.5 mL

100 µL

200 µL

(BioRad, 161-0154)
0.5M pH 6.8 Tris
(Sigma, T1503)
1.5M pH 8.8 Tris
(Sigma, T1503)
10% SDS
(Sigma, L3771)
Ammonium Persulfate 50 µL

100 µL

(Sigma, 237086)
TEMED

12.5 µL

10 µL

(BioRad, 161-0801)

Table 2.13 - components of SDS-Page gels used for western blotting
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Conjugate Species Dilution Supplier

Cat. no.

Apc7

Mouse

1000

Santa Cruz

365649

β-Actin

Rabbit

5000

Abcam

ab8227

β-catenin

Rabbit

1000

Cell Signaling Technology 9562

Snail

Rabbit

1000

Cell Signaling Technology 9585

Slug

Rabbit

1000

Cell Signaling Technology 9585

Twist1

Mouse

1000

Santa Cruz

81417

P53

Mouse

1000

Santa Cruz

47698

P-cadherin

Rat

1000

Invitrogen

13-2000Z

E-cadherin

Rabbit

1000

Cell Signaling Technology 3195

N-cadherin

Rabbit

1000

Cell Signaling Technology 4061

Zeb2

Mouse

1000

Santa Cruz

271984

Mta2

Mouse

1000

Santa Cruz

55566

Mta3

Rabbit

1000

Abcam

ab87275

Flag M2

Mouse

1000

Sigma

F1804

Flag M2

Rabbit

1000

Sigma

F7425

Gata3

Rabbit

1000

Santa Cruz

9009

GAPDH

Rabbit

5000

Cell Signaling Technology 2118

Mta1

Mouse

1000

Santa Cruz

17773

Rabbit

HRP

Goat

1000

DAKO

P0449

Mouse

HRP

Goat

1000

DAKO

P0447

Mouse

1000

Santa Cruz

365145

Rabbit

1000

DAKO

P0450

Securin

Rabbit

1000

Santa Cruz

22772

Smc3

Mouse

1000

Santa Cruz

376352

Tubulin

Rat

10000

Abcam

6160

ZO-1

Rat

1000

Millipore

MABT11

Kif4
Rat

HRP

Table 2.14 - antibodies used for western blotting
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2.6.3

PVDF membrane stripping

PVDF membranes were stripped of antibody binding to allow for re-probing. Membranes
were incubated in mild stripping buffer (15g glycine, 1g SDS and 10 mL Tween20 adjusted
to pH 2.2 and made up to 1L with ultrapure water) for 10 minutes with agitation. This was
repeated with fresh stripping buffer before incubating in 1x PBS for 10 minutes twice. The
final two washes were done in TBST. The membranes were then ready for blocking and
antibody probing as described in 2.6.2.

2.6.4

Co-Immunoprecipitation

Cells were harvested and pelleted by centrifuging at 200 g for 2 minutes at 4°C. The cell pellet
was then resuspended in 1 mL of RIPA buffer (with protease inhibitor cocktail). 40 µl of antiFlag M2 Affinity gel (Sigma, A2220) was pipetted in an Eppendorf and washed (by gentle
inversion) three times in 500 µl of 1X TBST then centrifuged at 1,000 g for 2 minutes. Next,
the resin mixture was washed in 500 µl of 0.1 M glycine HCl (pH 3.5) and then centrifuged at
1,000 g for 2 minutes. The resin was washed three times as previously mentioned replacing the
500 µl of 1X TBS with each wash. The resin was then resuspended in 40 µl of RIPA buffer
(with protease inhibitor cocktail) ready for incubation with 2 mg of protein overnight at 4°C
with constant rotation. The resin was spun down and the pellet was then washed three times
with 1X TBST at 4 °C. Next the resin was resuspended in 50 µl of loading buffer. This was
boiled at 95°C for 5 minutes and stored at -20 °C.
Anti-Mta3 immunoprecipitation was performed using Dynabeads® Protein G (Thermofisher,
10004D) following manufacturers recommended protocol. 50 µl of Dynabeads were washed
three times with 5 mg/mL BSA-PBS by placing on a magnetic rack (to collect the paramagnetic
beads and allow for removal of supernatant between wash steps). The beads were then
resuspended in 10 µg of anti-Mt3 antibody in BSA-PBS and allowed to incubate with rotation
overnight at 4°C. The beads were then washed three times with 1 mL of BSA-PBS on the
magnetic rack, inverting the samples gently with each wash. Protein lysate was collected as
described above and added to the tubes of Dynabeads-Anti-Mta3. This was incubated overnight
at 4°C with rotation. The beads were then washed in RIPA 3 times with gentle inversion, on
the magnetic rack. The Dynabeads were then boiled in 50µl of loading buffer at 95°C for 5
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minutes and then centrifuged 12,000 g for 2 minutes. Samples were stored at -20°C or analysed
by western blot (section 2.6.2.).

2.6.5
I.

RIME

Cell lysis and Immunoprecipitation

RIME was carried out as previously described (Hisham et al., 2016). In brief, 1% formaldehyde
was diluted in DMEM media and heated to 37°C to make cross-linking media. Eph4 cells were
seeded in 6 x 15cm dishes to yield roughly 60 million cells per condition. 15 mL of crosslinking media was added to each 15cm dish of cells and cross-linked for 8 minutes at room
temperature. Cross-linking was quenched in a 1:10 ratio of 1M Glycine (Sigma, G8898) then
the solution was discarded, and the cells were washed twice in 10 mL of ice-cold PBS. Cells
were then harvested by scraping in RIPA with the protease inhibitors cocktail detailed in 2.6.1i.
The pellet was resuspended in 500 µl of RIPA buffer with inhibitors and 10mL of Lysis Buffer
1 (Table 2.15) and incubated at 4°C with rotation for 10 minutes. This was centrifuged at 2,000
g for 5 minutes at 4°C and the supernatant discarded. The pellet was then resuspended in 10
mL of Lysis Buffer 2 (Table 2.15) and allowed to wash with rotation for 5 minutes at 4°C. The
cells were pelleted at 2,000 g for 5 minutes and the pellet was resuspended in 300µL of Lysis
Buffer 3 (Table 2.15).
This solution was vortexed at 4°C for 30 seconds on, 30 seconds off for 30 minutes. 30µL of
10% Triton-X was added to the sonicated lysate and centrifuged at 2,000 g for 10 minutes at
4°C. This was added to immunoprecipitation beads prepared as described in 2.6.3. Mouse IgG
control beads were prepared in a similar manner as the Anti-Mta3 beads. The beads-sonicated
lysate mix was incubated overnight at 4°C.
The beads were then washed 10 times in RIPA buffer, using a magnetic rack when relevant.
The beads where then washed in 100mM Ammonium Hydrogen Carbonate (AMBIC, Sigma,
A6141) and then transferred to a new tube. The supernatant was removed, and the beads were
snap frozen and stored at -20°C.
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Materials and Methods

Mass Spectrometry analysis

The beads were eluted for Mass Spectrometry analysis by digesting with 100ng of Trypsin in
10 µL of 100mM AMBIC overnight at 37°C. The supernatant was then removed and added to
formic acid to a final concentration of 5%. The digested peptides were diluted 1:10 in
0.1%formic acid-2% acetonitrile in water and 5 µl aliquots were analysed by nanoLC-MS/MS.
This protocol was carried out in collaboration with C. D’Santos and J. Carroll (Cancer Research
UK Cambridge Institute, University of Cambridge).
Mass spectrometry was carried out by C. D’Santos on a LTQ Velos-Orbitrap MS (Thermo)
coupled to an Ultimate RSLCnano-LC system (Dionex) with a Acclaim PepMap 100 coloumn
(Dionex). A flow-rate of 350 nL/min in a solvent gradient of 5% B to 50% in 120 minutes was
used. Raw MS data files were processed with Proeome Discoverer v1.3 (Thermo). Hits were
probed against the SwissProt database using MASCOT search engines. The False-Discovery
rate was set at less than 1%.

Chapter 3

Identification of Roma binding partners

using Rapid Immunoprecipitation Mass
spectrometry of Endogenous proteins (RIME) in
EpH4 mammary epithelial cells
3.1 Introduction
KRAB-ZFPs constitute the largest family of transcriptional regulators in higher vertebrates.
Composed of N-terminal KRAB domains and an array of C-terminal ZFs, KRAB-ZFPs have
roles in multiple cellular processes from proliferation and differentiation to cell death and
tumourigenesis (Urrutia, 2003a). Of interest, the KRAB-ZFP Zfp157/Roma was recently
identified (Oliver et al., 2012) and is expressed in multiple tissues during development (Carrie
H. Oliver et al., 2013), including the mammary gland. Roma has been implicated in multiple
processes during mammary gland development, including lineage commitment, cell cycle
regulation and the DNA damage response (T. L. F. Ho et al., 2016; C. H. Oliver et al., 2012).
Whilst perturbation of Roma expression using both in vitro and in vivo systems has been
investigated, the mechanism underlying the previously described phenotypes (Chapter 1.1.4/5)
is yet to be definitively elucidated. Interrogation at both the RNA and protein level (using
microarrays and classic IP-Mass Spectrometry respectively) to determine how Roma may exert
its function, provided insights into Roma target genes and binding partners, but were not
conclusive.
Considering many transcription factor complexes form transient interactions, and are thus not
detected by conventional interaction assays, it is likely that many important Roma binding
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partners may have been missed. Therefore, an alternative approach was required to investigate
the function of Roma and its binding partners.
Rapid Immunoprecipitation Mass Spectrometry of Endogenous proteins (hereinafter called
RIME, Mohammed et al., 2016) is a novel, robust protocol that preserves protein-protein
interactions formed in transcription factor complexes. RIME is able to achieve this through
formaldehyde cross-linking of intact cells, which preserves interactions between proteinproteins and protein-DNA. Cells are lysed, and the nuclear fraction is enriched to select for
transcription factor proteins only. Proteins of interest are then immunoprecipitated along with
other proteins bound to it in the transcription factor complex and identified by mass
spectrometry. This protocol enabled a more sensitive protein interaction readout, by addressing
the issue of transient protein-protein interactions, thus enabling a more complete analysis of
Roma binding-protein interactions.
The aim of the experiments described in this chapter was to identify the direct binding partners
of Roma in mouse mammary epithelial cells and thus begin to mechanistically dissect the
functional role(s) of Roma using the EpH4 mouse mammary epithelial cell line.

3.2 Results
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3.2 Results
3.2.1 Roma is highly expressed in the G2/M phase of the cell cycle
Previous work showed that the ablation of Roma in mouse embryonic fibroblasts resulted in
faulty cell division and genomic instability at the G2/M checkpoint (T. L. F. Ho et al., 2016).
Roma overexpression on the other hand lead to an increase in p21Cip1, which in turn resulted in
endoreduplication and S-phase collapse. These findings suggest that Roma has a different role
in different phases of the cell cycle. p21Cip1 is an important cell cycle regulator and Romamediated upregulation of p21Cip1 may account for this cell cycle phenotype. In fact, depletion
of p21Cip1 in a Roma overexpression model partly rescued endoreduplication, although this
resulted in more cells becoming arrested in G1 (T. L. F. Ho et al., 2016). p21Cip1 does not
mediate all the functions of Roma, thus, in order to further understand the mechanisms that
underlie the various Roma deficiency phenotypes, further characterisation of Roma was
required.
Unfortunately, there are no commercially available antibodies specific to Roma, and attempts
to generate antibodies were unsuccessful, most likely due to cross-reactivity of antibodies to
other members of the KRAB-ZFP family. Forgoing antibody-based characterisation, initial
experiments utilised RT-qPCR to investigate the expression of Roma throughout the cell cycle
to monitor if it had a differential expression pattern. In order to sort cells that were in different
phases of the cell cycle, mouse mammary epithelial cells (EpH4) were cultured to subconfluence and stained with a DNA marker (Hoechst 33342). Next, flow cytometry was used
to sort cells into their respective phases of the cell cycle according to their DNA content, with
cells post S-phase having double the DNA content. RNA was extracted from the sorted EpH4
cells and transcribed into cDNA, and relative levels of Roma mRNA expression was then
measured by RT-qPCR.
Roma was observed to be highly expressed in the G2/M phase of the cell cycle compared to
Cyclin A, a cell cycle regulator that is expressed in the S/G2 phase of the cell cycle (Figure 3.1,
Henglein et al., 1994). This result correlated with previously published work showing that
Roma loss affected expression levels of key G2/M regulators such as Wee1 (negative regulator
of Mitosis) (T. L. F. Ho et al., 2016). To further understand how Roma might regulate the cell
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cycle, an epitope-tagged overexpression construct was required to enable proteomic
characterisation of Roma’s direct binding partners, in the absence of a specific antibody to
Roma.

Figure 3.1 Roma is highly expressed in the G2/M phases of cell cycle in EpH4 cells. EpH4 cells were
stained with a DNA marker (HO33342) and sorted into their respective cell cycle phase by DNA
content. RNA was extracted from sorted EpH4 cells and reverse-transcribed into cDNA for qPCR
analysis. Two primers spanning exon-exon regions of Roma were used to measure relative mRNA
expression of Roma (Table 2.11). Cyclin A was used as a reference for cell cycle phase and is expressed
highest in S/G2/M but remains relatively high in G2/M. mRNA expression was normalised to Ctbp1,
Prdx1 and Phf7 housekeeping genes. Error bars show S.E.M, plotting the mean value of 3 experimental
repeats.
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3.2.2 Generating a doxycycline -inducible Roma-Flag construct using
Gibson Assembly
To facilitate the detection and proteomic characterisation of Roma, a Flag epitope-tag was
favoured for both its advantages as an epitope and the availability of established experimental
tools. Flag-tags are hydrophilic epitope tags that are likely to be located on the surface of a
fusion protein, enabling better antibody accessibility and thus establishing the epitope as a
popular tag for protein purification (Hopp et al., 1988).
Another consideration was the plasmid in which Roma was to be expressed. Roma constitutive
overexpression resulted in S-phase collapse coupled with cell death (T. L. F. Ho et al., 2016),
and so for this reason it was important to use an inducible system to control the expression of
Roma. To this end, a PiggyBac transposable-element vector was used. By transfecting cells
with the piggyBac vector (pB) and a transposase (pBase), a cassette carrying the gene of
interest, under a doxycycline-induced promoter, can be inserted into the genome – effectively
creating a doxycycline -inducible stable cell line overexpressing the gene of interest.
Roma was cloned into a pB vector using Gibson Assembly (schematic overview in Figure 3.2),
a relatively better alternative to traditional restriction-enzyme cloning (Gibson et al., 2009).
Gibson Assembly allows for the seamless assembly of several linear DNA fragments with
overlapping regions of homology. For example, a DNA fragment, flanked on either end by
regions of homology with a vector insertion site, can be incubated in an enzymatic mix that
incorporates the DNA fragment into the vector. The enzymatic mix is composed of an
exonuclease that digests back the 5’-end of each fragment, which creates long overhangs that
recognises and anneals to a region of homology (i.e. DNA overlap with vector). A polymerase
in the mix then fills in the nucleotide gaps while a DNA ligase seals the nicks either end of the
annealed fragments (Figure 3.2).
Using this approach, Roma was fused to a triple Flag sequence at the C-terminus, by amplifying
the regions of interest using PCR. Regions overlapping a linearised doxycycline -inducible
PiggyBac vector were also incorporated into the primer design to allow the insertion of the
Roma-Flag cassette into the pB vector. The mix was incubated in a single isothermal reaction
(50°C for 1 hour) and the recombinant vector was transformed into competent cells and
resulting colonies were screened for Roma-Flag by sanger sequencing.
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Following confirmation of correct recombination by Sanger sequencing, the recombinant
vector was transiently transfected into EpH4 cells and the doxycycline -inducible Roma-Flag
cassette was transposed into EpH4 genome, creating a stable EpH4 cell line named Roma-Flag
(pB-Roma-3xFlag). A time-course of Roma overexpression was carried out over 48 hours
using doxycycline -induction, and expression of Roma was analysed by western blotting, with
Roma levels to be highest after a 24 hour doxycycline-induction (Figure 3.3). This timepoint
was used in further experiment to maximise protein enrichment and detection, unless otherwise
stated.
Once the Roma-Flag EpH4 cell line was generated, and detection of Flag-tagged Roma using
western blotting was optimised, the next step was to investigate the interaction of Roma with
other proteins in order to better understand how Roma functions. To this end, a novel approach
designed to identify a protein’s interactome, called RIME, was employed using the
doxycycline-inducible Roma-Flag EpH4 cells.

3.2 Results
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Fully assembled pBRoma-Flag vector
Figure 3.2 Roma-Flag was seamlessly cloned into piggyBac (pB) vector by Gibson Assembly. Roma-Flag
was amplified by PCR with primers that carry overhangs homologous to region of insertion on the pB
vector. Roma-Flag was then mixed with the pB vector in equimolar quantities and incubated with the Gibson
Assembly mix for 1 hour. The Gibson assembly mix consists of an exonuclease, a DNA polymerase, DNA
ligase and deoxynucleoside triphosphate (dNTPs). During incubation in the Gibson Assembly mix, the
exonuclease chews back the 5’ end of the DNA to permit polymerase attachment and activity. DNA
polymerases can then fill in the gaps with dNTPs as the complimentary strands anneal. Finally, the DNA
ligase then covalently joins DNA of adjacent segments, removing nicks in the DNA. The result is the
incorporation of Roma-Flag into the pB vector without the use of restriction enzymes.

3’
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Figure 3.3 Roma-Flag expression is highest after 24h doxycycline-induction in EpH4 cells. Roma-Flag
EpH4 cells were supplemented with doxycycline over a 48-hour time course to induce expression of
Roma. Total proteins were extracted from these cells and Empty Vector EpH4 controls. Samples were
immunoblotted for anti-Flag to detect Roma-Flag expression and anti-GAPDH as a loading control.
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3.2.3 Rapid immunoprecipitation mass spectrometry of endogenous
proteins (RIME) identified numerous Roma binding candidates in EpH4
cells
RIME is a novel approach for robust identification of chromatin and transcription factor
complexes, using mass spectrometry (Mohammed et al., 2016). It can yield important
information about the interactome of a protein of interest, which can shed light on its function
and regulation, providing insights into its biological relevance. RIME was employed in this
instance for its sensitive detection of low-abundance and transient interactions, achieved
through formaldehyde cross-linking (Mohammed et al., 2016).
Upon confirmation of induction and expression of Roma (Figure 3.3), RIME was performed on
Roma-Flag Eph4 cells and is overviewed in a schematic in Figure 3.4. Firstly, cells were crosslinked with formaldehyde to preserve stable, transient and weak interactions between proteins.
This was followed by a series of specific washes that enrich the nuclear fraction, containing all
the transcription factor complexes. Once the nuclear fraction was extracted, Roma and the
bound nuclear proteins were enriched by immunoprecipitation magnetic beads expressing Flag
antibodies. Bound complexes were then eluted from the beads and processed for Liquid
Chromatography Mass Spectrometry (LC-MS/MS) for identification as described in Method
section 2.6.5.
The RIME procedure was carried out on Roma-Flag Eph4 cells three times, along with isotypecontrols, to ensure reproducibility of results. The experimental procedure was validated by the
identification of Roma peptides in the eluted sample; Roma was identified by four unique
peptides that span regions in its N- and C-terminals (Figure 3.5a). Towards the N-terminal of
the protein, three peptides identified Roma: LEHGFQPWSIGDTSVWR, EMIEAEMK and
VQLELPR. In the C-terminal of the protein, Roma was identified by the following peptide:
LSTINHSSVHMMDFLELR.
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Figure 3.4 Overview of Rapid Immunoprecipitation Mass spectrometry of Endogenous protein (RIME)
on Roma-Flag EpH4 cells. Approximately 8 million cells were cross-linked with formaldehyde and
nuclei were then harvested and washed. The sonicated lysate was incubated with Flag-bound beads
followed by immunoprecipitation and on-bead digestions of bound proteins. Digested peptides were
analysed using LC-MS/MS in collaboration with C. D’Santos and J. Carroll (CRUK-CRI, University
of Cambridge).
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In addition to the Roma-Flag EpH4 cells, a Flag-Empty Vector (hereinafter called Empty
Vector) EpH4 cell line was also analysed by RIME using Flag-beads. This identified nonspecific protein interactions associated with Flag. To control for non-specific binding to the
mouse immunoglobulin (of the Flag antibody), an IgG only control was used on Roma-Flag
EpH4 cells. Using these two controls proved essential for filtering out noise (non-specific
background binding), as both isotype controls bound many proteins that eluted with the target
(Figure 3.5b). Potential Roma binding partners, from the 3 independent repeats, were collated
and compared for reproducible interactions, and are analysed in Figure 3.5b.
Of all the bound proteins identified, 22.6% were unique to Roma, indicating the majority of
eluted proteins may be an artefact of the protocol. Of note, 35.5% of all proteins eluted were
in common to the Roma-Flag and Empty Vector conditions, suggesting the Flag epitope is
“sticky”. These proteins were not considered for further analysis as their specificity to Roma
cannot be determined.
The mouse IgG isotype control bound 22.4% of all identified proteins; this considerable
percentage could be due to the fact that the mouse IgG recognises many proteins from the
same-species EpH4 mouse cell line. In order to proceed with refinement of bona fide
interactions, all eluted proteins were categorized and cross-referenced to remove non-specific
binding. Upon filtering out control-bound proteins, in silico analysis was conducted on the
putative 795 Roma-specific interactions.
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Figure 3.5 Proteins identified by RIME in EpH4 cells expressing Roma-Flag or Empty Vector-Flag (Empty
Vector). (a) 4 unique peptides spanning the length of Roma were identified by LC-MS/MS and are mapped to the
Roma peptide sequence. (b) Identified proteins from 3 repeats of RIME were sorted according to the condition in
which they were identified. An IgG-specific (orange) and Empty Vector (green) condition were used to control
for non-specific protein binding. 3 repeats of RIME identified 795 proteins unique to Roma-Flag by LC-MS/MS.
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3.2.4 Refining putative interactors of Roma by in silico pathway and
ontology analysis
Analysis in Figure 3.5b showed that 795 proteins were bound uniquely to Roma and not to the
IgG or Empty Vector controls. However, it is unlikely that all of these interactors are direct or
indeed relevant and could result from cross-linking of adjacent complexes.
In order to determine which of the putative candidates are likely to be direct and reproducible
binding partners, the protein interactions were objectively filtered and sorted. The criteria for
this are outlined in Figure 3.6, in which interactions with no protein ID, and thus no information
for in silico analysis, were filtered out. With 770 putative interactors identified, more selection
conditions were applied: proteins bound to Roma that were reproducible in at least two repeats
were carried through for further analysis. This step was introduced to relax the selection criteria
allowing for the preservation of more putative interactors for experimental validation. Despite
this selection condition, 505 proteins were removed (almost two-thirds of proteins Roma
pulled-down) ultimately refining the candidate Roma-interactor search (Figure 3.6).
The final step in the multi-step processing of interactors relied on a metric common to mass
spectrometry analysis: MASCOT scoring (Koenig et al., 2008; Perkins, Pappin, Creasy, &
Cottrell, 1999). Regarding mass spectrometry data analysis, there is a general lack of consensus
in the field, whereby protein hits can be sorted by either arbitrary MASCOT scores or by
pathway relevance. MASCOT is a software employed to identify proteins from an input peptide
sequence. The score is probabilistic, attempting to calculate the chance that the match between
experimental data, and a reference peptide sequence database, is non-specific. The match with
the lowest probability of being a chance occurrence scores the highest. As a control, MASCOT
also calculates the False Discovery Rate by probing a peptide sequence against a scramble
database of non-specific peptide sequences.
Proteins with a MASCOT score lower than Roma (3.19) were filtered out on the rationale that
one can be confident Roma is in the sample, so proteins scoring similar or higher were more
likely to be genuine according to MASCOT analysis. This step removed half of the proteins in
the list allowing for a manageable number of putative interactions (129 proteins) to analyse
and annotate using curated databases (Figure 3.6).
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Figure 3.6 Methodology for filtering mass Roma interactors produced 129 putative candidates for Roma
binding. 795 interactors were refined to 129 putative interactions. This was achieved by imposing
several objective selection steps. The 129 interactions are then taken through several pathway and
processes databases to elucidate their biological profiles and functions.
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When presented with large proteomic datasets, it is common practice in bioinformatics to
annotate these genes or proteins with their ontologies to gain a better understanding of their
processes and functions. The largest open-source consortium for gene product annotation is
Gene Ontology (GO) (Ashburner et al., 2000). The GO project aims to provide a description
of genes and their products covering three sections: Cellular component, Molecular function
and Biological process. To help process relevant interactions, the putative interactors list was
run through the “molecular function” database.
GO enrichment analysis catalogued the 129 interactions into several biological processes
(Figure 3.7), but these annotations were too broad and therefore non-informative. For example,
the majority of proteins were annotated with “Cellular Process” and/or “Negative regulation of
Biological process”, and thus did not provide specific enough information to help filter relevant
pathways. Therefore, the Kyoto Encyclopaedia of Genes and Genomes (KEGG) enrichment
pathway analysis was used to provide more insight for the filtered dataset (Figure 3.7). The
KEGG pathway is similar to the GO database in its annotation of gene products, but also
includes information about diseases, drugs and biological pathways (Kanehisa & Goto, 2000).
Interestingly, both the GO and KEGG analysis highlighted proteins involved in “Regulation of
Actin Cytoskeleton” pathway, suggesting Roma may bind proteins involved in regulating the
actin cytoskeleton. Moreover, the KEGG pathway mapped several proteins (eluted with Roma)
to the focal adhesion pathway, Rap1 signalling pathway and tight junction pathways (8, 7 and
5 proteins respectively). In a related pathway, the adherens junction pathway accounted for 5
proteins eluted with Roma. Another 7 of the proteins eluted with Roma were associated with
pathways such as the Leukocyte trans-endothelial migration pathway and the Epstein-Barr
virus infection pathway. All of these suggest a role for many of Roma’s putative interactors in
regulating cell adhesion and architecture.
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Figure 3.7 Gene Ontology Biological Processes (a) and KEGG enrichment pathway analysis (b) of
putative interactors identify several pathways from RIME. 129 protein IDs were converted to their
respective gene IDs and ran through the GO and KEGG pathway analysis to annotate groups of proteins
with their respective processes. Sizes of squares indicate proportion of proteins identified in that process
in (a).
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In order to determine which of these Roma interactions, in the several identified pathways,
were bona fide, a protein-protein interaction database called STRING was employed to further
probe the putative interactors list (Szklarczyk et al., 2015). The STRING database predicts
protein interactions based on multiple sources ranging from published experimental data to
computational prediction models. To increase the accuracy of potential protein interaction
predictions, the highest confidence interval (0.9) was applied (Szklarczyk et al., 2015).
STRING analysis identified several possible protein networks from the list of Roma interactors
(Figure 3.8), namely networks involved in cell cycle, actin cytoskeleton and spliceosome
regulation. Despite highlighting these active pathways in the putative interactors, many
proteins were not predicted to interact with others in the list or function in a characterised
regulatory network. These unmapped proteins were not linked to any specific pathway and so
not much information can be gathered from them, and for that reason these proteins were
removed from further analysis.
Roma has been previously discussed as a critical regulator of cell cycle progression (Chapter
1.1.5) (T. L. F. Ho et al., 2016). It was thus interesting to note that the string pathway
highlighted seven proteins eluted with Roma that are involved in cell cycle regulation. Mta2,
Mta3, Kif22, Smc3, Incenp, Xpo1 And Pds5b (Figure 3.8) are all proteins that function in the
cell cycle regulation network. Considering the well-established role for Roma in the cell cycle,
the proteins involved in this pathway were probed to examine if Roma does indeed function
through interaction with one of these factors.
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Figure 3.8 STRING analysis displaying spliceosome (yellow), actin cytoskeleton (blue) and cell cycle (red)
networks mapping putative Roma binding partners from RIME. Analysis was set to the highest confidence
interval (0.9). Colour of lines linking different nodes represent source of information as denoted in the key
below the image.
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3.2.5 Roma binds to Metastasis-Associated protein 3 (Mta3) in EpH4 cells
Considering RIME identified many potential binding partners of Roma, in silico analysis was
essential for relating these components and their associated pathways to known phenotypes of
Roma. This in silico line of investigation provided a more reliable shortlist of potential Roma
binding candidates. Previous studies established a role for Roma in cell cycle regulation (T. L.
F. Ho et al., 2016). Therefore, the cell cycle network from STRING analysis (Figure 3.8) was
probed by co-immunoprecipitation with Roma-Flag to establish bona fide interactions.
Co-immunoprecipitation (Co-IP) experiments were performed on Roma-Flag and Empty
Vector EpH4 cells, without prior cross-linking, to confirm Roma’s binding partners.
Formaldehyde cross-linking was abandoned in these validation experiments to discount
potential pull-down of whole complexes, rather than direct interactions. Roma-Flag proved
difficult to detect by Western Blotting, with protein detection previously only achieved by
loading higher protein concentrations (60 µg, Figure 3.3). Thus, the input samples in the CoIPs do not show a band for Roma-Flag, as only 10% of the input protein sample was loaded to
preserve samples. Upon enrichment by immunoprecipitation, a band for Roma was observed
by immunoblotting with anti-Flag. This low level of expression, despite induction, could
suggest that Roma overexpression may be toxic to cells and the protein is therefore
subsequently degraded.
Nonetheless, the eluted proteins were probed for the cell cycle proteins Smc3 and Apc7;
however, Roma was not found to directly bind to both these proteins by Co-IP (Figure 3.9).
Whilst the input confirms the presence of both these proteins in the cell lysate, Smc3 and Apc7
were only eluted in the Empty Vector control, suggesting non-specific binding of these proteins
to the Flag-tag rather than to Roma.
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Roma binding to p53 was also investigated (despite being removed from pathway analysis),
because the relevance of the protein to previously observed phenotypes of Romalz/lz warranted
its further investigation (T. L. F. Ho et al., 2016). p53 was eluted from the Empty Vector control
but was not found to bind Roma directly, as in RIME. Kif22, a protein essential for cell
division, was also probed for in the Co-IP, but was found to be bound to the mouse IgG control,
suggesting non-specific binding of the protein to the mouse IgG (Figure 3.9).
Mta2 was highlighted in the STRING analysis along with Mta3 as part of the cell cycle
regulation network. Interestingly, the other member of the MTA family, MTA1, was found in
two repeats of RIME but was disqualified from further analysis due to its presence in controls.
For the Co-IP, all the MTA family of regulators were probed for specific interaction with
Roma.
As predicted from the RIME results, MTA1 was found to be weakly associated with RomaFlag but also observed in the Flag Empty Vector control (Figure 3.9). On the other hand, Mta2
was observed to be bound to Roma, although confirmed by a faint band, suggesting potential
direct interaction with Roma.
The more interesting protein from the MTA family is Mta3, in addition to cell cycle control, it
has a prominent role in mammary gland development with phenotypes resembling Romalz/lz
phenotypes in the gland (discussed in Chapter 1.2.7). All three repeats of RIME identified
Roma binding to Mta3 in RIME, and this interaction was not detected in any of the
aforementioned controls. To investigate if Roma does indeed bind Mta3 directly, the Roma
Co-IP was immunoblotted with anti-Mta3 antibody to confirm pull-down of Mta3 with Roma
(Figure 3.10).
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Figure 3.9 Immunoblotting of Co-immunoprecipitation (Co-IP) of Roma-Flag in EpH4 cells
confirm binding to Mta2, but not in other factors investigated. Red arrows show protein of
interest at their correct molecular weight (MW in kDa). Cells were not cross-linked with
formaldehyde prior to Co-IP and eluted samples were confirmed to have pulled-down Roma.
Next, Roma-Flag EpH4 Co-IP was immunoblotted with respective antibodies to validate
interactions predicted by RIME. Similar control conditions to RIME were used: a mouse IgG
and Empty Vector Flag (Empty Vector) control. The input sample represents the complete cell
lysate used for Co-IP and confirms the expression of the protein of interest in EpH4 cells.
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Mta3 was found to be abundant in EpH4 cells as observed by the saturated band in the input
sample (accounting for 10% of the lysate) but was also observed in the IgG and vector control
(Figure 3.10). This is a curious result as Mta3 was not picked up by mass spectrometry of crosslinked RIME IgG and Empty Vector controls. This result could be due to the abundance of the
protein in the sample and the loss of specificity that results from forgoing protein cross-linking.
In Roma-Flag EpH4 cells, Mta3 pull-down could not be confirmed as the size of Mta3 is similar
to antibody heavy chain (±50kDa), which is denatured and eluted with the sample.
So, to investigate if this interaction is indeed bona fide, a reverse Co-IP was conducted (Figure
3.10). In this experiment, the same EpH4 cells overexpressing Roma-Flag were lysed and
incubated with beads conjugated to anti-Mta3 antibodies. This would pull down Mta3 from the
sample and any proteins bound to it and was confirmed by a protein band in the input sample
at around 60 kDa. However, in this experiment, a rabbit IgG control was used to match the host
species of the Mta3 antibody, and the rabbit heavy chain of the antibody was also eluted from
the sample and is of similar size to Mta3 (±50kDa). And so Mta3 pull-down from the Mta3Co-IP beads could not be confirmed further than the observation of the protein in the samples
(input lane) (Figure 3.10).
Nonetheless, when the Mta3 Co-IP was immunoblotted with anti-Flag, a band around 68 kDa
was observed, confirming Mta3 is able to pull down Roma-Flag in a reverse
immunoprecipitation (Figure 3.10). The observation that Roma is able to pull-down Mta3 and
Mta3 pull-down Roma, by Co-IPs on un-crosslinked cells, strengthens the results observed in
RIME.
Considering that both Roma and Mta3 operate in similar pathways, this finding is interesting
and encouraged further phenotypic investigation.
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Figure 3.10 Roma binds to Mta3 in EpH4 cells. Cells were not cross-linked with formaldehyde
prior to Co-IP. Red arrows show protein of interest at their molecular weight (MW in kDa).
Eluted samples were immunoblotted to confirm Roma-Flag pull-down along with Mta3.
Similar control conditions to RIME were used: a mouse IgG for Flag, rabbit IgG for Mta3 and
a Flag Empty Vector control. The input sample represents the complete cell lysate used for CoIP and confirms the expression of the protein of interest in EpH4 cells. The IP for FLAG
immunoblotted with anti-FLAG is from Figure 3.9.
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3.3 Discussion
In vitro characterisation of Roma has been hindered in the past, due to a lack of Roma-specific
antibodies. This inability to generate a specific antibody could be due to the nature of Roma as
a KRAB-ZFP, as all KRAB-ZFPs share some sequence homology in the KRAB and zinc finger
domains. Thus, due to their structural similarity, it is extremely difficult to produce antibodies
to individual members of this group. Previous investigations into the role of Roma employed
an epitope-tagged overexpression system to enable protein detection (T. L. F. Ho et al., 2016;
C. H. Oliver et al., 2012), and so this system was created and used in this chapter. The main
aim of this chapter was to explore the protein-protein interactions of Roma in MECs in vitro.
However, it is important to note that this body of work was performed in a system in which
Roma is overexpressed, and so this must be taken into consideration when interpreting results.
One novel technology that can overcome the issue of antibody specificity utilises CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats) technology to ‘knock-in’ an
epitope tag to the endogenous locus of a gene (Hisano et al., 2015). This allows for the
molecular investigation of Roma’s endogenous protein expression by using an antibody to the
fused-epitope. This technology was used to generate an EpH4 cell line that endogenously
expressed HA-tagged Roma, but this endeavour was unsuccessful (Appendix A). The protocol
relied on transiently transfecting a CRISPR-Cas9 construct along with a single-guide RNA
(sgRNA), to direct Cas9 nuclease cleavage to the C-terminus of Roma (Ran et al., 2013). Once
the double-stranded break was created in the C-terminus of Roma, a donor plasmid (also
transiently transfected) would drive repair of the double-stranded break through a templatemediated repair pathway, called Homology-Dependent Repair (HDR DNA damage repair).
The donor plasmid carries a template for HDR repair, in this case the donor plasmid was
generated using Gibson Assembly (Figure 3.2) and carried a HA-epitope tag and a Neomycin
antibiotic selection marker, separated by a P2A sequence and flanked by regions homologous
to the cut site. HDR template-dependent DNA repair would then insert the epitope tag and
selection marker (selecting for cells with the fusion tag).
Unfortunately, EpH4 cells are extremely difficult to transfect transiently, hence the preference
of viral vectors as an efficient mechanism to transduce the EpH4 epithelial cells in the lab.
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Viral transduction is not an option for this protocol as it carries the issue of stably expressing
a Cas9 nuclease, which has been shown to non-specifically cleave DNA, generating random
mutations (Cho et al., 2014). In addition to this issue, the rate of HDR driven repair in CRISPR,
and thus epitope-tagging of endogenous genes, has already been shown to be as low as <0.1–
4% repair (Roberts et al., 2017), despite overexpression of a donor-template plasmid. However,
CRISPR-Cas9 technologies are constantly advancing as demand for the technology increases.
For example, a doxycycline -inducible Cas9 has been recently made available (Mohan Babu,
unpublished, Addgene plasmid # 83481), and could alleviate the issue of a constitutively active
Cas9, if viral transduction was required for EpH4 cells. An endogenously epitope-tagged Roma
can also be introduced into mice, allowing for the physiological investigation of Roma in
mammary glands.
In the absence of an alternative, a doxycycline-inducible pB-Roma-3xFlag overexpression
construct was created using Gibson Assembly. Gibson Assembly enabled the seamless joining
of Roma-Flag into the doxycycline-responsive PiggyBac vector in a single isothermal reaction.
This convenient method has the advantage of avoiding restriction digests which introduce
restriction site scars (Gibson, 2011). It was important to use an inducible overexpression
construct, such as the piggyBac transposable element vector, as Roma overexpression has been
shown to halt cell cycle progression (T. L. F. Ho et al., 2016). Tagging Roma with a common
epitope tag, Flag, has the advantage of a well-established antibody (Flag M2, Sigma) that
facilitated investigations into its interactions in EpH4 cells.
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RIME
Previous attempts at identifying Roma binding partners, by immunoprecipitation (IP) and Mass
Spectrometry, have produced inconsistent and variable results. This could be due to the lowaffinity interactions often observed in transcription factor complexes. Proteins in these dynamic
complexes often bind with rapid “on/off” rates. FRAP assays investigating nuclear receptor
transcription factors, such as oestrogen receptors and glucocorticoid receptors, suggest
interactions by these proteins last approximately seconds at target sites (McNally, Müller,
Walker, Wolford, & Hager, 2000; Voss et al., 2011). Therefore, the current study utilised RIME
to address the need to capture low-affinity, transient interactions by cross-linking cells with
formaldehyde. A prime example of RIME’s ability to capture transient interactions is observed
in a study in which GREB1 was identified as the most enriched Estrogen Receptor interactor
in primary Estrogen-positive breast cancer xenografts, potentially identifying a clinical
biomarker for breast cancer (Mohammed et al., 2013).
A key advantage of using RIME is the formaldehyde cross-linking, which due to the solubility
of formaldehyde, is able to permeate sub-cellular compartments. The most important advantage
of formaldehyde cross-linking is the ability to rapidly fix amino acids only within a close
proximity (±2Å), thus preserving many transient or weak interactions potentially missed
without fixation. The obvious limitation of formaldehyde treatment is the non-specific crosslinking of abundant proteins within a cell. This is in part alleviated by the cell’s architecture,
but in order to distinguish artefacts and non-specific interactions, three replicates were
performed in conjunction with appropriate controls. This enabled the removal of proteins
bound to IgG and Flag-Empty Vector samples in EpH4 cells. It was striking to note that 77.4%
of total eluted proteins in RIME were due to non-specific protein binding (highlighted in the
IgG and Empty Vector control bins, Figure 3.5). For example, the Flag-tag is particularly sticky
as 68.3% of all eluted proteins in RIME were pulled-down by the Empty Vector control. This
raises the question of using an-epitope-tagged system, and the loss of information that occurs
from discounting hits that occur in both conditions. This could be circumvented by repeating
the RIME experiment using other common epitopes such as -MYC and -HA tags. Whilst an
overexpression system may not be biologically ideal, many robust protein interaction studies
have relied on overexpressed tagged proteins. These studies have yielded many biologically
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relevant results and should not be overlooked. Many examples of this exist in yeast (Babu,
Krogan, Awrey, Emili, & Greenblatt, 2009; Gavin et al., 2002; Y. Ho et al., 2002; Krogan et
al., 2006), Drosophila (Guruharsha et al., 2011; Rhee et al., 2014) and mammalian cells (Ewing
et al., 2007; Huttlin et al., 2015; Ogawa, Ishiguro, Gaubatz, Livingston, & Nakatani, 2002; Tsai
& Carstens, 2007).
RIME was validated by detecting eluted peptides from RIME that match the Roma peptide
sequence (UniProt ID #Q6PCM4). In general, the larger the peptide coverage of a protein, the
more confidence there is that it is present in the sample. In this RIME experiment, only 4 short
peptides of Roma were detected by mass spectrometry, which was surprisingly low. This in
part was expected as achieving a high level of Roma overexpression has been difficult, as
observed in the Co-IP experiments in Figure 3.9 (a band confirming Roma-Flag was only
observed upon enrichment by IP). This may not fully account for this particular case,
considering around 60 million cells overexpressing Roma were used per repeat. Instead, the
low coverage of the Roma sequence detected by mass spectrometry could be due to a
consequence of formaldehyde fixation: amino acids in side-chains are often modified
(Sutherland, Toews, & Kast, 2008).
Despite using a concentration of formaldehyde, that is recommended for proteins with lysine
residues in their side chains such as Roma (personal communication with Mohammed et al.,
2016), some lysine residue modification may have occurred. Modified lysine residues affect
tryptic digestion of peptides, rendering them undetectable by mass spectrometry, which may
explain the suboptimal peptide coverage of Roma. Optimisation of formaldehyde
concentrations and duration of fixation could be carried out to obtain better peptide coverage
of Roma in future experiments.
Another consideration for the low detection of Roma peptides in the RIME sample could be
the omission of the reduction and alkylating step (during peptide preparation for mass
spectrometry). This step was discarded in turn for higher peptide-spectrum-matches (PSM)
(Mohammed et al., 2016). By omitting this step, the authors claim that less immunoglobulins
are digested from the magnetic beads and are then brought down into the sample, thus
increasing the quality of signal (i.e. the number of identified peptides). This carries the
disadvantage of missing cysteine-carrying peptides, which could further affect peptide
coverage of Roma (Mohammed et al., 2016). Another consideration is the cross-linking of cells

90

Identification of Roma binding partners using Rapid Immunoprecipitation Mass
spectrometry of Endogenous proteins (RIME) in EpH4 mammary epithelial cells

in RIME, which could also mask epitope-recognition, reducing the affinity of enrichment and
subsequent peptide identification. To overcome this issue, polyclonal antibodies could be
employed as they have the ability to recognise multiple epitopes on the protein, which are
unlikely to be all masked simultaneously.

Refinement of putative Roma interactors
After discounting all non-specific protein interactions identified in the control samples, the list
of putative Roma interactors was still extensive (795 proteins). It was therefore necessary to
refine the protein interaction list, to allow for a manageable list of putative interactors, for
confirmation by Co-IP and western blot. The correct and concise processing and analysing of
proteomics data is a complex process, which is a topic of heavy debate in the proteomics field
(Baldwin, 2004; Kearney & Thibault, 2003; Listgarten & Emili, 2005; Noble & MacCoss,
2012). The methodology used for analysing putative interactors of Roma is basic and generic.
It was reasoned that limited resources would restrict investigation of previously
uncharacterised proteins, so to this end 25 uncharacterised proteins, thus without annotation,
were removed from further analysis. The risk of removing these proteins is of course omitting
bona fide interactors of Roma, itself a previously uncharacterised protein.
Nonetheless, characterised proteins that were reproducibly bound to Roma, were carried
through to analysis; proteins only appearing in a single experiment were disregarded as
potential technical artefacts. This removed a significant number of putative interactors; 505
proteins interactions were not reproducible in at least 2 repeats of RIME. One explanation for
the differences in binding partners of Roma (between repeats) could be because of the
sensitivity of technical handling or it could be biological: temporal stoichiometry at time of
formaldehyde cross-linking may capture different protein complexes at different times.
To help refine the list of putative interactors further, in silico database analysis was carried out
to annotate the interactors. GO was used first to provide insights into gene ontologies associated
with the putative Roma interactors, but this did not prove to be informative for this RIME
experiment. GO analysis could be more useful for providing initial annotations of larger highthroughput datasets that have no presumptions about the bait proteins functions or processes.
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Next, the KEGG pathway was mined keeping in mind the known functions of Roma (Chapter
1.1.4/5). Most putative interactors of Roma, mapped by KEGG analysis, belonged to the focal
adhesion pathway. This is interesting as the GO pathway also identified that a group of Roma
interactors were involved in actin cytoskeleton regulation. Similarly, other pathways involved
in cell adhesion, cell-cell junction formation and cell polarity, such as Rap1 signalling pathway,
Epstein-Barr virus infection and adherens junction were identified in the KEGG pathway
analysis, suggesting multiple Roma interactors from RIME have a role in regulating general
epithelial cell structure. This information was taken into consideration when mining the
STRING interaction pathway.
The STRING interaction pathway (Szklarczyk et al., 2015) highlighted proteins that are related
to each other from the list of putative Roma interactors. STRING analysis shows relationships
between proteins identified either through direct interaction, or through a shared pathway. In
doing so, STRING analysis provided vital information about how the individual proteins are
related and if they are functioning in a network that may involve Roma. Upon mapping the list
of proteins, three regulatory pathways were highlighted: the actin cytoskeleton network, the
spliceosome and cell cycle regulators.
It is often presumed that the components belonging to the cytoskeleton and/or spliceosome are
contaminants and possible artefacts of cross-linking (Mohammed et al., 2016). However, it
must be noted that these proteins were only eluted specifically with Roma. This could mean
that they specifically interact with Roma or that Roma-Flag is a physical entity that is more
likely to non-specifically interact with neighbouring proteins (relative to the other controls
which are smaller entities with less physical projection from the beads). However, limited time
and resources dictated a focus on the cell cycle pathway – a pathway in which Roma has a clear
role (T. L. F. Ho et al., 2016).

Experimental validation of Roma interactors
RIME enabled a more sensitive approach to capturing transient or weakly associated
interactions with Roma. Roma was expected to bind Kap1 as it expressed a KRAB domain (as
a KRAB-ZFP), however, Kap1 was not identified in the filtered list of interactors nor the prefiltered list of unique Roma interactors. Upon investigating the mass spectrometry data, Kap1
was identified in RIME as an interactor of Roma, however it was discounted from further
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analysis as it was found to be bound to both isotype controls. This is unsurprising as it has
previously been reported in the literature that Kap1 (or Trim28) has a higher propensity to be
a contaminant, or bind non-specifically to IgG controls (Mellacheruvu et al., 2013).
In an effort to refine mass spectrometry data, a database was created called CRAPome, which
contained information on common contaminants from affinity-purification and mass
spectrometry (Mellacheruvu et al., 2013). The CRAPome (now merged with REPRINT
(Resource for Evaluation of Protein Interaction Networks: reprint-apms.org)) is a repository of
collated negative controls submitted by different laboratories. Negative controls are largely
bait-independent and can therefore provide invaluable information about proteins that are nonspecifically bound to different immunoglobulins in different cell lines. This database is yet to
be expanded to mice but has information about contaminants in humans and yeast to date. In
human samples KAP1/TRIM28 was bound to IgG controls in a striking 43% of all human cell
lines on the database. KAP1/TRIM28 is highly conserved in species, and it could therefore be
inferred from this observation that the mouse Kap1/Trim28 may also be a high level
contaminant and that would explain its observation in RIME controls.
Additionally, Roma has been previously described to bind to Mcm2, Mcm3, and DNA
Topoisomerase I (Top1) by classic Co-IP and western blot experiments (T. L. F. Ho et al.,
2016). This was then related to its role in regulating replication and controlling fork velocities
in EpH4 cells. RIME however did not pick up these interactions as being unique to Roma.
Mcm2 was found in one RIME experiment to be bound to the Empty Vector control and then
to the IgG controls of another experimental repeat. However, Mcm3 appeared to bind the IgG
control of one experiment, but was found to be bound to Roma (only in one RIME experiment).
Top1 was also identified in two out of three IgG RIME experiments but was not bound to
Roma. Upon cross-referencing with the CRAPome, MCM2 was found in 23% of 411 IgG
samples in human cell lines, MCM3 was found in approximately 30% of all samples and TOP1
bound in 27% of human IgG samples. This highlighted the utility of RIME is in preserving and
identifying genuine transient and/or weak interactions, filtering out contaminants often carried
through by classic affinity purification experiments.
RIME did however pick up several putative Roma binding proteins with other roles in
controlling cell cycle regulation. The lack of antibody specificity and availability for some cell
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cycle factors made investigation of certain proteins difficult, nonetheless, the components of
the cell cycle pathway were probed using available resources.
In this chapter, Roma was shown to be highly expressed in the G2/M phase of the cell cycle
(Fig 3.1), a phase in which cells are checked for DNA damage before proceeding through
mitosis and cytokinesis (Alberts et al., 2002). Therefore, the loss of a protein required at this
phase, as modelled in Romalz/lz MEFs, could affect regulation of this phase and result in cell
division failure (T. L. F. Ho et al., 2016). Furthermore, the identification of the cell cycle
pathway from STRING analysis, is therefore interesting, particularly considering some of the
putative interactors are involved in cell division. Proteins such as Smc3 and Kif22, sister
chromatin cohesion proteins are involved in mitotic telophase/cytokinesis and their interaction
with Roma could account for the cytokinesis failure observed in Romalz/lz MEFs (Miki, Setou,
Kaneshiro, & Hirokawa, 2001; Schmiesing et al., 1998; Zhu et al., 2005).
Along with the cell cycle regulators Smc3 and Kif22, Mta2 and Mta3 were also identified as
potential Roma binding partners. The Mta family of cell cycle regulators are of particular
interest as these proteins have roles in the cell cycle, mammary gland development and breast
cancer progression (Singh & Kumar, 2007; Zhang et al., 2006). The Mta family of proteins
constitute a subunit of the Mi-2/nucleosome remodelling and deacetylase complex (hereinafter
called NuRD) (Fujita et al., 2003). The NuRD complex is commonly associated with KRABZFPs and is involved in altering chromatin structure to regulate gene expression. It is also
implicated in the response to DNA damage, affecting cell cycle checkpoints (Smeenk et al.,
2010). Mta3 in particular has been shown to regulate G2/M progression in mouse granulosa
cells which is interesting given Roma is highly expressed in this phase of the cell cycle and is
also a regulator of its events (Kwintkiewicz et al., 2012). Mta3 depletion led to an accumulation
of cells arrested in G2/M in mouse granulosa cells and in a similar fashion, Romalz/lz MECs
also resulted in DNA damage activation and arrest at the G2/M checkpoint (T. L. F. Ho et al.,
2016). These observations make a case for the potential cooperative role between Roma with
Mta3 in this pathway.
Another point of interest linking Roma phenotypes with Mta3 is observed in vivo, in which a
Mta3 overexpression mouse models resulted in drastic hypo-branching in the mammary gland
during early gestation (Zhang et al., 2006). This is interesting considering that the Romalz/lz
mammary glands resulted in hyper-proliferation during early gestation (C. H. Oliver et al.,
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2012). The respective loss-of-function and overexpression effects of Roma and Mta3 in the
mammary gland are complimentary, further relating the function of both proteins in a similar
pathway.
Considering Mta3 and Roma physically interact and have similar phenotypes, it was imperative
to further investigate the known roles of Mta3 with aims of shedding light on potential roles of
Roma. Mta3 has been shown to affect Epithelial-To-Mesenchymal (EMT) regulators, for
example Mta3 represses Snail which is a known regulator of the cell adhesion molecule Ecadherin (Fujita et al., 2003). In addition, aberrant expression of SNAIL in breast cancer cells
resulted in the loss of E-cadherin expression, leading to changes in epithelial architecture and
invasiveness, a common indicator of EMT (Fujita et al., 2003). The link between Mta3, Snail
and E-Cadherin is even more notable considering several pathways highlighted in the
annotation analysis involved cell adhesion.
Taken together, the findings of this chapter raise the question: Does Roma, through its
interaction with Mta3, have an effect on the EMT pathway? Furthermore, does this interaction
account for the Romalz/lz phenotype in the mammary gland? This is further explored in Chapter
4.
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Figure 3.11 Schematic overview of proposed model of interaction between Roma and Mta3.

Chapter 4

Roma regulates key EMT factors in

mouse mammary epithelial cells (EpH4) and the
developing mammary gland

4.1 Introduction
A Romalz/lz mouse model was previously created to investigate the role of Roma in mammary
gland development (C. H. Oliver et al., 2012). At 5-day gestation (5dG) the Romalz/lz mammary
gland displayed accelerated alveologenesis coupled with hyperproliferation (C. H. Oliver et al.,
2012). This phenotype is interesting in light of the discovery that Roma interacts with Mta3, as
shown in the previous chapter (3.2.4).
The role of Mta3 in the mammary gland was previously delineated using a transgenic mouse
model overexpressing Mta3 (Zhang et al., 2006). Overexpression of Mta3 in the mammary
gland resulted in hypobranching during early pregnancy, complimentary to the Roma-deficient
5dG mammary glands which resulted in increased alveologenesis (C. H. Oliver et al., 2012;
Zhang et al., 2006). These observations (also discussed in the previous Chapter 3.3) suggested
that there may be a relationship between Roma and Mta3, whereby Mta3 may potentially
function via the recruitment of Roma or vice versa that Roma may recruit Mta3 to specific
promoters (schematic of proposed model is depicted in Figure 3.11).
In addition to the regulation of mammary gland development, MTA3 has been observed to
control expression of a master regulator of EMT in cancer cells. This is interesting considering
several master regulators of EMT have been shown to be expressed in normal mammary gland
cells during development. In particular, MTA3 has been shown to have a direct role in the
transcriptional repression of Snail, a well characterised EMT regulator (Fujita et al., 2003).
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It was thus imperative to further investigate the link between Roma and Mta3 in the context of
EMT regulators and mammary gland development. This chapter will investigate the role of
Roma in this context, using two approaches: 1) an in vitro Roma overexpression system and 2)
an in vivo using a Romalz/lz mouse model.

4.2 Results
4.2.1 The effect of Roma overexpression on EMT in EpH4 cells
This section aims to investigate the consequence of Roma overexpression on master regulators
of EMT in EpH4 cells and understand if Roma is indeed regulating targets of Mta3, such as
Snail, in the previously described inducible Roma-Flag EpH4 system (employed in Chapter
3.1).

4.2.1.1

Roma overexpression does not affect expression of Mta3 in

EpH4 cells
In order to further characterise the relationship between Roma and Mta3, it was important to
elucidate the nature of their interaction. To determine if Roma regulates levels of Mta3, or if
Mta3 expression is independent of Roma, the effect of Roma overexpression on Mta3 was
monitored in EpH4 cells.
Roma overexpression was induced with doxycycline for 24 hours in EpH4 cells and RNA was
collected for RT-qPCR analysis. In these samples, mRNA expression of Roma was confirmed
first and was found to be 750-fold higher in Roma-Flag EpH4 cells compared to Empty Vector
EpH4 cells, relative to housekeeping genes (p<0.0001, Figure 4.1a). For the RT-qPCR
experiments in this chapter, a Student’s T-test was carried out to calculate the standard
deviation and the associated p-value. Additionally, 3 housekeeping genes were used as for
reference (Prdx1, Phf7 and Ctbp).
Next, the effect of Roma overexpression on Mta3 mRNA expression was analysed. Changes
in Mta3 mRNA expression was found to be non-significantly altered in response to Roma
upregulation (p-value = 0.11, Figure 4.1a), indicating that Roma does not transcriptionally
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regulate Mta3 expression. However, this analysis measures steady state mRNA levels and it is
possible that high levels of Roma expression could affect the stability of Mta3 mRNA although
this is unlikely.
To investigate if Roma post-transcriptionally affects Mta3 levels, a western blot was performed
to investigate protein levels (Figure 4.1b). Roma-Flag overexpression was induced over a 48hour time course in EpH4 cells and proteins were extracted and analysed by western blotting
with an anti-Mta3 antibody. Roma-Flag overexpression was found to have no effect on protein
levels of Mta3, indicating Mta3 is not regulated by Roma.
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Figure 4.1 Roma overexpression had no effect on relative gene expression of Mta3 in EpH4
cells (a) Relative mRNA expression was measured by RT-qPCR analysis in Empty Vector
EpH4 cells and Roma-Flag Eph4 cells (doxycycline-induced for 24h). Relative mRNA
expression was normalised to Prdx1, Ctbp1 and Phf7 in three independent repeats, n=3. Values
represent means ± SEM, ns refers to non-significant values (p>0.05) and (****) refers to
p<0.0001. (b) Western blot analysis of EpH4 cells overexpressing Roma-Flag over a 48-hour
time-course. Tubulin was used as a loading control and protein sizes are marked by their
molecular weight in kDa.
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4.2.1.2

Roma overexpression affects levels of key EMT regulators in

EpH4 cells
Once it was determined that Roma does not affect Mta3 expression, the next step was to
investigate if Roma has a role in mediating downstream targets of Mta3, possibly through its
interaction with Mta3 at specific promoters. MTA3 has been previously reported to be
associated with the SNAIL promoter in MCF7 breast cancer cells, resulting in the repression
of SNAIL (Fujita et al., 2003). To investigate if Roma is involved in Snail regulation, Snail
expression levels were investigated in Roma-Flag EpH4 cells, by RT-qPCR and western blot
(Figure 4.2).
Snail mRNA expression was slightly reduced in Roma-Flag EpH4 cells compared to Empty
Vector controls after 24-hour doxycycline-induction (0.76 fold-change, p-value = 0.04, Figure
4.2a). To investigate if this reduction in mRNA expression also resulted in protein level
downregulation, the protein levels of Snail was investigated in Roma-Flag EpH4 cells. Roma
overexpression was induced over a 48-hour time-course in EpH4 cells and proteins were then
extracted and immunoblotted using a Snail antibody. It was interesting to note that Snail protein
levels were slightly reduced by 24 hours of Roma overexpression, with a much more significant
reduction in protein levels being evident 48 hours of Roma overexpression (Figure 4.2b).
Whilst the transcriptional levels of Snail were only slightly reduced by Roma overexpression,
the western blot data suggests a longer induction of Roma may be required to observe a stronger
effect on Snail mRNA levels. This finding suggests Roma may have a role in regulating Snail
expression in EpH4 cells and encouraged further investigation of other EMT regulators that
function in concert with Snail.
Another member of the Snail family of proteins is Slug, which has been described as a basallyexpressed regulator of ductal branching in the mammary gland (Idoux-Gillet et al., 2018;
Nassour et al., 2012). Relative gene expression of Slug was significantly increased by a foldchange of 1.75 (p-value = 0.03) in response to Roma overexpression, compared to Empty
Vector controls in EpH4 cells (Figure 4.2a). This transcriptional upregulation correlated with
an increase in Slug protein levels (Figure 4.2b). By 48-hours of Roma overexpression, the
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protein levels of Slug increased further, suggesting that Slug upregulation is positively
correlated with Roma upregulation in EpH4 cells.
The mRNA and protein expression levels of the other master regulators of EMT, Twist and
Zeb1, were also investigated (Figure 4.2). Twist has been previously demonstrated to function
with Snail and Zeb1 to promote EMT in breast cancer cells, by binding to the E-box of the ECadherin promoter and repressing its expression (Vesuna, van Diest, Chen, & Raman, 2008).
Given the cooperation previously described between Snail, Twist and Zeb1, it was important
to investigate if Roma also had an effect on these proteins.
mRNA expression levels of Twist were upregulated in Roma-Flag EpH4 cells (Figure 4.2a).
Twist mRNA expression was upregulated by a factor of 1.25-fold (p-value = 0.001) compared
to Empty Vector controls. This elevated expression was not translated to the protein level
however, as Roma-Flag EpH4 cells abolished Twist protein over 48 hours, compared to Empty
Vector controls (Figure 4.2b). Next, Zeb1 mRNA expression was examined, in Roma-Flag
EpH4 cells. RT-qPCR analysis of Zeb1 unconvered an upregulation of 1.30-fold (Figure 4.2a),
in Roma-Flag EpH4 cells compared to Empty Vector controls (p-value = 0.015). At the protein
level, there was an upregulation of Zeb1 over 48 hours in Roma-Flag EpH4 cells (Figure 4.2b),
suggesting Roma overexpression positively correlates with Zeb1 expression in EpH4 cells.
Overall, these results suggest a novel role for Roma in regulating the expression of key master
regulators of EMT in EpH4 cells, potentially via its interaction with Mta3, although this would
need to be formally demonstrated by knockdown of Mta3 in Roma-Flag EpH4 cells.
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Figure 4.2 Roma overexpression affected expression of key EMT regulators in EpH4 cells. (a) Relative
mRNA expression was measured by RT-qPCR analysis in Empty Vector EpH4 cells and Roma-Flag
Eph4 cells (doxycycline-induced for 24h). Relative mRNA expression was normalised to Prdx1, Ctbp1
and Phf7 in three independent repeats, n=3. Values represent means ± SEM, (*) refers to (p<0.05). (b)
Western blot analysis of Roma-Flag EpH4 cells overexpressing Roma over a 48-hour doxycyclineinduced time-course. Tubulin and GAPDH were used a loading control where mentioned, and protein
sizes are marked by their molecular weight in kDa.
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Master regulators of EMT exert their function in part by controlling the expression of
Cadherins, through binding to the E-boxes in their promoter regions (Theveneau & Mayor,
2012; Wheelock et al., 2008). Therefore, the next step in investigating the role of Roma in
regulating EMT was to investigate if the previously described upregulation or downregulation
of EMT regulators affected expression of Cadherins in Roma-Flag EpH4 cells.
Snail, Slug, Twist and Zeb1 have all been previously associated with repression of E-cadherin
(Cano et al., 2000; Vesuna et al., 2008). To investigate if Roma overexpression also affected
E-cadherin gene expression in EpH4 cells, RT-qPCR was carried out on Roma-Flag EpH4
cells induced by doxycycline for 24 hours. There was no significant effect of Roma
overexpression on the relative fold-change of E-cadherin expression compared to Empty
Vector controls (Figure 4.3a). This result also corroborated observations on the protein level:
western blot analysis showed no change in protein levels of full-length E-Cadherin in RomaFlag EpH4 cells (Figure 4.3b).
In Figure 4.2a, protein levels of Twist were downregulated in Roma-Flag EpH4 cells. Twist
has been associated with the activation of N-cadherin in gastric cancer cells (Rosivatz et al.,
2002), so it was therefore interesting to see if the downregulation of Twist in EpH4 cells could
also affect its downstream target: N-Cadherin. Investigations at the transcriptional level
showed no significant effect of Roma overexpression on N-cadherin mRNA expression (Figure
4.3a). However, there was a significant downregulation of N-Cadherin protein levels in RomaFlag EpH4 cells induced with doxycycline over 48-hours, compared to Empty Vector control
(Figure 4.3b).
Additionally, Slug expression is upregulated at both the transcriptional and protein levels when
Roma is overexpressed (Figure 4.2). Slug has been shown to directly bind and activate Pcadherin at its promoter, therefore P-cadherin expression was investigated in Roma-Flag EpH4
cells. However, RT-qPCR analysis of P-cadherin expression in EpH4 cells did not detect
endogenous expression of the gene in both Empty Vector EpH4 controls nor in the Roma-Flag
EpH4 cells (data not shown). This may be because P-cadherin is not expressed in EpH4 cells,
as would be expected since EpH4 cells are of luminal origin (Fialka et al., 1996; Montesano,
Soriano, Fialka, & Orci, 1998). Unfortunately, commercially available antibodies for P-
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Cadherin are not suitable for immunoblotting, so the protein levels of P-cadherin, could not be
investigated by western blotting in EpH4 cells.
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Figure 4.3 Roma-Flag overexpression did not affect expression of the downstream target of EMT regulators,
E-Cadherin, but downregulated N-Cadherin expression in EpH4 cells. (a) Relative mRNA expression was
measured by RT-qPCR analysis in Empty Vector EpH4 cells (red) and Roma-Flag (blue) Eph4 cells
(doxycycline-induced for 24h). Relative mRNA expression was normalised to Prdx1, Ctbp1 and Phf7 in
three independent repeats, n=3. Values represent means ± SEM, ns refers to non-significant values (p>0.05)
(b) Western blot analysis of EpH4 cells overexpressing Roma-Flag over a 48-hour doxycycline-induced
time-course. GAPDH was used a loading control and protein sizes are marked by their molecular weight in
kDa.
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Roma-Flag overexpression affects polarity in EpH4 cells

The data presented in this chapter thus far demonstrate that Roma can affect the expression of
key EMT regulators at a transcriptional level and, in some cases, on a protein level. These EMT
regulators have been shown to promote mesenchymal features in certain cell lines (reviewed
by Nieto et al., 2016). It was thus interesting to examine the consequences of Roma
overexpression on cellular organisation and morphology.
Roma-Flag EpH4 cells were cultured on cover slips and induced with doxycycline for 24 hours
to prior to fixation in paraformaldehyde. Fixed cells were then washed and immunostained for
DAPI (a DNA marker), anti-Flag to observe Roma overexpression and anti-alpha-Tubulin, a
microtubule marker to monitor cytoskeletal organisation. Samples were then analysed by
confocal microscopy to assess effects of Roma overexpression.
Overexpression of Roma had no observable effects on EpH4 cell-cell adhesion or overall
epithelial cell shape, as assessed by immunofluorescence analysis. DAPI staining highlighted
DNA, which also co-stained positive for anti-Flag, showing Roma-Flag expression is largely
confined to the nucleus. This was expected for a KRAB-ZFP and as seen previously for a
different Roma overexpression construct (C. H. Oliver et al., 2012). However, further
examination of the Roma overexpressing cells uncovered noticeable mitotic errors in these
cells compared to the Empty Vector control. Mitotic errors are defined as errors in chromosome
alignment, spindle formation, chromosome segregation and cell abscission as assessed by
immunostaining of Roma-Flag EpH4 cells (Figure 4.4a). Mitotic error rates were quantified
and were calculated by measuring the number of cells exhibiting mitotic errors as a percentage
of total mitotic cells. Three independent experimental repeats were used to calculate the mitotic
errors resulting in the quantification of 2,553 mitotic cells in the Empty Vector EpH4 sample
and 3,067 mitotic cells in the Roma-Flag EpH4 sample. In the Empty Vector EpH4 cells, the
mitotic error rate was calculated to be 4.17% whereas Roma-Flag EpH4 cells had a
significantly higher rate of mitotic errors, recorded at 12.43% (p-value = 0.007) (Figure 4.4b).
This finding is interesting, as the observed mitotic errors, such as multi-spindle formation and
chromosome misalignment, have been associated with polarity dysregulation in epithelial cells,
a phenotype also associated with EMT progression (Chapter 1.2.5).
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Figure 4.4 Immunofluorescence analysis on Roma overexpression in EpH4 cells shows a significant
increase in mitotic errors compared to Empty Vector control (a) Immunofluorescence was carried out
on EpH4 cells overexpressing Roma-Flag or Empty Vector (doxycycline-induced for 24h). EpH4 cells
were fixed in 4% paraformaldehyde and stained with respective antibodies, n=3 repeats, images are
representative of mitotic errors observed in the Roma-Flag EpH4 cells. (b) Percentage of mitotic errors
were calculated as a percentage of the total mitotic index. n=3 experimental repeats: 2,553 mitotic
Empty Vector (blue) cells and 3,067 Roma-Flag (red) mitotic cells were counted. Values represent
means ± SEM, (**) represents (p<0.01).
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4.2.2 Roma loss affects several EMT master regulators in 5-day gestation
mammary glands
It was noteworthy to observe that Roma overexpression affected levels of key EMT regulators
in EpH4 cells. To investigate the robustness of this phenotype, it was important to understand
the effect of Romalz/lz in MECs. This section explores the consequence of Romalz/lz on EMT
regulators in MECs. In particular, this section looks at the effect of 5dG Romalz/lz on MECs, as
Romalz/lz resulted in accelerated alveologenesis and hyperproliferation at this developmental
stage (C. H. Oliver et al., 2012).

4.2.2.1

Investigation of expression profiles of EMT regulators in the

mammary gland by single-cell RNA-sequencing
In order to appreciate the effect Roma may exert on EMT regulators (described in 4.2.1), it is
important to understand their respective expression patterns and their cell localisation in the
developing mammary gland. Unlike the EpH4 cell line, the mammary gland is a differentially
regulated, hierarchical epithelium with many of its regulators having cell-type specific roles
(reviewed in Watson and Khaled, 2008).
To investigate if Roma is indeed co-expressed with the master regulators of EMT, Snail, Slug,
Zeb1, Twist and Mta3, an online data repository was mined for information on single-cell RNAsequencing on cells isolated from the mammary gland at different developmental stages (Bach
et al., 2017). In this study, information deposited in this database was generated as follows:
mammary gland epithelial cells were isolated from two independent mice at four
developmental time-points: virgin, gestation, lactation and post-involution. Mammary
epithelial cells were then sorted based on expression of the cell-surface marker EpCAM which
is specific for epithelial cells. Next, cells were sorted into luminal and basal lineages, based on
expression of lineage specific keratins (denoted in Figure 4.5). The resulting cell-identity
clusters are delineated in a key in Figure 4.5 (taken from this manuscript).
Initially, Mta3 RNA expression was investigated and found to be ubiquitously expressed
throughout the mammary gland at different developmental stages and in all cell types but is
slightly higher in myoepithelial cells (Figure 4.5).
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Roma, on the other hand, is not highly expressed in the mammary gland but is present in both
luminal and basal cells. In particular, Roma RNA expression was found to be abundant in
myoepithelial/basal cells in nulliparous glands, during gestation and in post-involution
hormone-sensing luminal cells.
Master regulators of EMT: Snail, Twist, Zeb1 displayed a similar pattern of RNA expression
in the mammary gland to each other. Their RNA expression was recorded the highest in
myoepithelial cells, with some RNA expression noted during gestation (C13/14/15 cluster,
Figure 4.5). On the other hand, Slug RNA expression was found to be much higher in the
mammary gland compared to Snail, Zeb1 and Twist, and is largely confined to basal cells. The
highest level of Slug RNA expression is observed in basal cells during gestation, as previously
described (Nassour et al., 2012; Savagner et al., 1997). Overall, this investigation identified coexpression of Roma, as identified by single-cell RNA-sequencing, with these regulators in the
mammary gland.
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(a)

(b)

Figure 4.5 Single-cell RNA-Sequencing expression profiles of Roma and key EMT regulators in the developing
mammary gland. (a) A map delineating the identity of clusters in terms of mammary cell type and developmental
time points (b) Gene expression information about respective genes was extracted from the (Bach et al., 2017)
repository: https://marionilab.cruk.cam.ac.uk/mammaryGland/.
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4.2.2.2

Loss of Roma affects EMT regulators in 5-day gestation

mammary glands
The 5dG Romalz/lz mouse mammary gland resulted in accelerated alveologenesis and
hyperproliferation during early gestation, a phenotype also observed in Slug knockout
mammary glands during puberty (Idoux-Gillet et al., 2018). The similarities in phenotypes
poses the question – is the hyperproliferation observed in Romalz/lz associated with
dysregulation of EMT regulators? This section will utilise the Romalz/lz mouse model to
investigate if Roma has a similar effect on EMT regulators in vivo, as it does in cell culture.
To this end, three independent mice of the following genotypes: Romalz/lz and a genetic
background-matched control Gata3fl/fl (hereinafter called wild-type control), were mated and
plug-checked to confirm pregnancy. These genotypes were available and were utilised as the
Gata3-floxed mice are essentially wild-type in the absence of a Cre-recombinase transgene. At
5-days of pregnancy (5dG), mice were sacrificed, and abdominal mammary glands were
harvested. Half the lower abdominal mammary gland was used for RNA extraction and the
other half was used for western blot analysis.
RT-qPCR was carried out on 5dG Romalz/lz and wild-type mammary glands to monitor
expression of Mta3, Snail, Slug, Twist and Zeb1. Relative mRNA expression was normalised
to Prdx1, Phf7 and Ctbp, which are recently published housekeeping genes that have been
shown to be reliable in providing standardisation in mammary gland tissues (Van De Moosdijk
& Van Amerongen, 2016). Romalz/lz in the 5dG mammary gland had no significant effect on
the relative expression of Mta3 in three independent mouse mammary gland repeats (0.85 foldchange, p-value = 0.32), as observed in Roma-Flag EpH4 cells. Ablation of Roma expression
in Romalz/lz was confirmed by RT-qPCR, which showed no detectable mRNA expression of
Roma (Figure 4.6a).
In the Roma-Flag Eph4 cells, there was no significant transcriptional regulation observed of on
Snail expression after 24 hours doxycycline-induction of Roma-Flag, but there was a
significant upregulation at the protein level at 24- and 48-hours in Roma-Flag EpH4 cells. In
the Romalz/lz 5dG mammary gland, mRNA expression (relative to aforementioned
housekeeping genes) of Snail was significantly upregulated compared to wild-type (1.5 fold-
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change, p-value = 0.02, Figure 4.6a). This upregulation at the transcriptional level also
translated into an upregulation of protein levels in two out of three independent mouse repeats
(Figure 4.6b). In sample #2 of wild-type mice, the protein expression level of Snail was
comparable to Romalz/lz levels (Figure 4.6b), indicating the heterogeneity of mouse samples
and suggesting the need for more than 3 repeats for more confidence in interpreting protein
expression data.
As for the other Snail family member, Slug, the overexpression of Roma lead to a significant
upregulation of Slug at both the transcriptional and protein levels. In 5dG Romalz/lz mammary
glands, Slug mRNA expression is significantly lower than in wild-type mammary glands (0.5
fold-change, p-value = 0.04, Figure 4.6a), consistent with the Roma overexpression data in
EpH4 cells. Next, Slug protein levels was investigated by western blotting. In two out of three
wild-type samples, Slug expression was observed, however, in the Romalz/lz mammary glands,
Slug expression was abolished (Figure 4.6b). This result is consistent with the Roma
overexpression results in EpH4 cells (Figure 4.2b), indicating that Roma may have a role in
regulating Slug during early pregnancy in the mammary gland.
The transcriptional expression of Twist and Zeb1 in 5dG Romalz/lz was also investigated. RTqPCR analysis on 5dG mammary glands of wild-type and Romalz/lz mammary glands showed
no significant change in mRNA expression levels of Twist and Zeb1 in the 3 mouse repeats
(Figure 4.6a). Whilst Twist mRNA expression showed a fold-change change of 1.7 in Romalz/lz
samples compared to wild-type, this fold-change varied in the repeats, resulting in a nonsignificant p-value of 0.067. In the case of Zeb1, mRNA expression in Romalz/lz had no
significant effect on Zeb1 expression level (Figure 4.6a), suggesting Roma may not regulate
Zeb1 expression during early gestation in the mammary gland.
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Figure 4.6 Loss of Roma affects levels of key EMT regulators in 5dG mouse mammary glands. (a)
Relative mRNA expression was measured by RT-qPCR analysis in mammary gland extracts of
“RKO/Blue”, which refers to mammary glands extracted from the Romalz/lz mice and “WT/Red”, which
refers to a Gata3fl/fl strain, which is a genetic background-matched control. Relative mRNA expression
was normalised to Prdx1, Ctbp1 and Phf7 in three independent repeats, n=3. Values represent means ±
SEM, (ns) refers to non-significant samples (p<0.05), (*) refers to (p<0.05) and (****) refers to
p<0.0001. (b) Western blot analysis of WT and RKO mammary glands, each lane labelled 1-3 represents
a mammary gland sample from different mice (n=3). Tubulin was used as a loading control, and protein
sizes are marked by their molecular weight in kDa.
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Twist and Zeb1 levels were further examined by western blotting of Romalz/lz glands compared
to wild-type mammary glands (Figure 4.6b). In three independent mouse mammary gland
samples, Twist expression was protein levels were observed in all the wild-type samples. In
the Romalz/lz samples, Twist proteins levels were slightly upregulated in two samples (mouse
sample #1 and #2) but not in the third. Zeb1 expression was weakly observed in wild-type mice
#2 and #3 but not in mouse #1 while in the Romalz/lz mice, Zeb1 expression was not observed
in samples 2 and 3 (Figure 4.6b). The results of Zeb1 expression in Romalz/lz indicates that the
protein is be downregulated which would agree with the Roma-Flag Eph4 cell results.
However, the considerable mouse to mouse variation make interpretation of the results difficult
and additional tissue samples are required for more robust conclusions to be drawn.
To further characterise the role of Roma in regulating the EMT phenotype, the downstream
targets of these EMT regulators were investigated to examine if the observed dysregulation of
these proteins had downstream consequences. Relative mRNA expression levels were
investigated for all the E-box Cadherins: E-, N- and P-cadherin. RT-qPCR analysis of mRNA
expression in both wild-type and Romalz/lz mammary glands showed no significant effect on
relative mRNA expression levels of E-cadherin (0.8 fold-change in Romalz/lz) compared to
wild-type, (p—value = 0.8) (Figure 4.7a). However, further analysis of E-cadherin at the
protein level showed two out of three Romalz/lz mice had a protein band at 35 kDa, indicative
of E-cadherin cleavage (Figure 4.7b). This E-Cadherin cleavage product has been previously
described as a C-Terminal Fragment 1 (CTF1) and is frequently observed as a band at around
35 kDa. This is mediated by extracellular MMPs that cleave transmembrane regions of ECadherin (Lochter et al., 1997; Marambaud et al., 2002; Maretzky et al., 2005). This process
has been previously described as an important step in downregulating E-cadherin and
subsequent activation of EMT.
N-cadherin upregulation has also been described as essential for EMT progression (Maeda,
2005). Its relative gene expression levels were downregulated by a 0.6 fold-change (p-value =
0.03) in Romalz/lz compared to wild-type mammary glands (Figure 4.7a). This is interesting as
N-cadherin was non-significantly affected at the transcriptional level but was downregulated
at the protein level by the overexpression of Roma. However, western blot analysis of Ncadherin did not identify a difference in protein expression in wild-type 5dG mammary glands
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compared to Romalz/lz 5dG mammary glands (Figure 4.7b). This observation was consistent
across the three independent mouse samples across the genotypes.
mRNA expression of P-cadherin was also investigated in Romalz/lz5dG mammary glands.
Given that Slug has been shown to directly activate P-cadherin expression in mouse mammary
epithelial cell lines (CommaDβ) (Idoux-Gillet et al., 2018), it was interesting to examine if the
downregulation of Slug in the 5dG Romalz/lz gland corresponded to a downregulation in Pcadherin. To answer this question, a RT-qPCR was carried out on 5dG wild-type and Romalz/lz
mammary glands. P-cadherin was downregulated by a fold-change of 0.5 (p-value = 0.04) in
5dG Romalz/lz mammary glands compared to wild-type (Figure 4.7a). This pattern of
downregulation is similar to Slug and corroborates previously published work showing Slug is
essential for P-cadherin activation.
Overall, Romalz/lz in the 5dG mammary glands affected both gene expression and protein levels
of master regulators of EMT. This is interesting given several of these regulators have been
shown to be involved in mammary gland branching; these findings are further explored in the
Discussion of this chapter.
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Figure 4.7 Loss of Roma affects transcriptional expression of N-cadherin and P-cadherin and
results in E-Cadherin cleavage in 5dG mouse mammary glands. (a) Relative mRNA expression
was measured by RT-qPCR analysis in mammary gland extracts of “RKO/Blue” , which refers
to mammary glands extracted from the Romalz/lz 5dG mice and “WT/Red”, which refers to a
Gata3fl/fl strain, which is a genetic background-matched control. Relative mRNA expression
was normalised to Prdx1, Ctbp1 and Phf7 in three independent repeats, n=3. Values represent
means ± SEM, (ns) refers to non-significant samples (p<0.05), (*) refers to (p<0.05). (b)
Western blot analysis of WT and RKO mammary glands, each lane labelled #1-3 represents a
mammary gland sample from different mice (n=3). Tubulin was used as a loading control, and
protein sizes are marked by their molecular weight in kDa.
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4.2.2.3

Immunofluorescence on 5dG mammary gland frozen sections

show no effect of Roma loss on cell architecture
Given the effect of Roma on the protein levels of EMT regulators and E-cadherin, it was worth
investigating the effect of Romalz/lz on the cell architecture in the 5dG MECs. To this end,
mouse mammary glands from each genotype were snap-frozen and sectioned for
immunofluorescence analysis with E-cadherin, P-cadherin and ZO-1 antibodies to monitor the
effect of Roma loss on epithelial organisation and structure.
P-cadherin is localised to the myoepithelial layer of the mammary gland, whereas E-cadherin
is confined to the luminal cells (Daniel, Strickland, & Friedmann, 1995). Immunofluorescence
analysis showed that Romalz/lz had no observable effect on P-cadherin organisation or
localisation (Figure 4.8), despite its transcriptional downregulation (figure 4.6a). Similarly, Ecadherin distribution in the Romalz/lz was comparable to wild-type mammary glands, in respect
to organisation and localisation.
However, E-cadherin staining was also observed in the nucleus of Romalz/lz MECs but not in
the wild-type MECs (Figure 4.8 and Figure 4.9), which is interesting as the cleaved CTF1 has
been previously describe to undergo further cleavage and translocate to the nucleus (Ferber et
al., 2008). The pattern of ZO-1 distribution was unaffected in Romalz/lz at 5dG (Figure 4.9).
ZO-1, a tight-junction protein required for sealing apical cell borders (Fanning, Jameson,
Jesaitis, & Anderson, 1998), its restricted localisation to a narrow band at the cell border was
comparable in both genotypes as analysed by immunofluorescence and confocal microscopy.
Overall, this suggests that the dysregulation of EMT regulators at 5dG had no obvious
consequences on MECs epithelial integrity (C. H. Oliver et al., 2012).
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Figure 4.8 Immunofluorescence analysis shows Roma loss had no effect on P-Cadherin and E-Cadherin
organisation in 5dG mammary glands. Immunofluorescence was carried out on frozen 5dG mammary
gland sections fixed in 1:1 acetone to methanol. Tissue was stained with DAPI (blue), P-cadherin (red)
and E-cadherin (green) and imaged using confocal microscopy. n = 3 independent mice of each
genotype (representative images), scale bars are 50 µm and provide a size reference.
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Figure 4.9 Immunofluorescence analysis shows Roma loss had no effect on E-Cadherin and ZO-1
organisation in 5dG mammary glands. Immunofluorescence was carried out on frozen 5dG mammary
gland sections fixed in 1:1 acetone to methanol. Tissue was stained with DAPI (blue), ZO-1 (red) and
E-cadherin (green) and imaged using confocal microscopy. n = 3 independent mice of each genotype
(representative images), scale bars are 50 µm and provide a size reference.
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Figure 4.10 Magnification of immunofluorescence analysis shows Roma loss resulted in E-cadherin staining
observed in the nucleus of 5dG mammary glands. Tissue was stained with DAPI (blue) and E-cadherin
(green) and imaged using confocal microscopy. n = 3 independent mice of each genotype (representative
images, maximum projection), scale bars are 20 µm and provide a size reference.
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4.2.3 The effect of Roma loss on 10-day lactation (10dL) mammary glands
Previous work in the laboratory has shown that Romalz/lz alleviates the lactation failure
observed in conditional knockout of Gata3 (Gata3fl/fl;BLG-Cre)(C. H. Oliver et al., 2012).
Despite this rescue, mammary epithelial cells exhibited peculiar morphologies, appearing
elongated and detached, with displaced nuclei. To investigate this phenotype further, 10dL
mammary glands were analysed from wild-type mice, Romalz/lz and Roma/Gata3 doubleknockout mice (Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom).The tdTomato (tdTom) gene functions as
a reporter for Cre-mediated recombination.

4.2.3.1

Roma/Gata3 loss affects protein expression of Slug and Zeb1 in

the 10-day lactation mammary gland
3 mice from each genotype (wild-type, Romalz/lz and Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom) were
culled after 10 days of lactation (10dL) and abdominal mammary glands were harvested.
Proteins were extracted from ground mammary gland extracts and analysed by western blot.
Initially,

the

levels

of

Mta3

were

investigated

to

examine

in

Romalz/lz,

or

Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom, would affect its expression at 10dL. Mta3 protein
expression was unaffected in Romalz/lz and Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mammary
glands when compared to wild-type mammary glands (Figure 4.11). This was expected as Mta3
levels were unaffected in the 5dG in Romalz/lz mammary gland and in the EpH4 cells
overexpressing Roma.
Next, Snail levels were investigated in Romalz/lz and Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom
mammary glands at 10dL. However, protein levels of Snail were undetectable in the 10dL
mammary gland across all mouse genotypes. This observation confirms the single-cell RNAsequencing data in Figure 3.5, which shows an absence of Snail RNA expression in the
lactation MEC clusters. At 10dL, Slug protein expression seemed unaffected in Romalz/lz
mammary glands compared to wild-type mammary glands (Figure 4.11). However, the
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom samples showed ablated Slug expression in two out of
three mouse samples, indicating the loss of both Roma and Gata3 may have a role in regulating
Slug at 10dL in the mammary gland.
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Twist protein expression was also unaltered at 10dL in all three repeats of wild-type, Romalz/lz
and Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mammary glands (Figure 4.11). On the other hand,
Zeb1 protein expression was significantly diminished in Romalz/lz compared to wild-type
mammary glands at 10dL. Interestingly, this downregulation was further exacerbated in the
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mammary glands.
To investigate if Romalz/lz or Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom affected protein expression of
Cadherins at 10dL, a western blot was carried out on mammary glands of wild-type, Romalz/lz
and Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mice. Immunoblotting with anti-E-cadherin antibody
showed that Romalz/lz and Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom had no observable effect on ECadherin protein expression compared to wild-type samples (Figure 4.12). Interestingly,
immunoblotting with anti-N-cadherin antibody showed a substantial downregulation of the
protein in Romalz/lz samples, across all 3 mice, compared to wild-type mammary glands (Figure
4.12). N-cadherin protein expression was further downregulated in the Gata3fl/fl;Romalz/lz;BLGCre;tdTom, in which all 3 independent mouse samples showed ablated N-cadherin expression.
Overall, these results indicate Roma may have an alternative role in 10dL mammary glands, as
protein expression of its targets at 5dG, such as Slug and Twist, were largely unaffected at
10dL. However, at 10dL, protein expression of Zeb1 was downregulated in Romalz/lz samples,
along with N-Cadherin expression in the mammary gland. Unlike the Romalz/lz, the
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mammary glands showed a striking effect on Slug protein
expression, which was diminished in two out of three mouse tissue samples. The
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom also exacerbated downregulation of Zeb1 in the mammary
gland along with N-Cadherin, a response potentially associated with repression of EMT and
stabilisation of E-cadherin to rescue lactation (Boussadia et al., 2002; Maeda, 2005; C. H.
Oliver et al., 2012).
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Figure 4.11 Loss of Roma only affects expression of Zeb1 at 10dL, whereas the double
knockout samples (Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom) resulted in Zeb1 and Slug
downregulation at 10dL in mouse mammary glands. Western blot analysis of WT (Gata3fl/fl),
RKO (Gata3fl/fl;Romalz/lz) and double knockout (DKO, Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom)
mammary glands at 10dL was carried out, each band labelled 1-3 represents a mammary gland
sample from an independent mouse (n=3). Tubulin was used as a loading control, and protein
sizes are marked by their molecular weight in kDa.
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Figure 4.12 Loss of Roma and double knockout of (Roma/Gata3) result in N-Cadherin
downregulation at 10dL in mouse mammary glands. Western blot analysis of WT
(Gata3fl/fl), RKO (Gata3fl/fl;Romalz/lz) and DKO (Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom)
mammary glands at 10dL was carried out, each lane labelled 1-3 represents a mammary
gland sample from an independent mouse (n=3). Tubulin was used as a loading control,
and protein sizes are marked by their molecular weight in kDa.
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4.2.3.2

Investigation of epithelial architecture using 3D-optical

clearing of 10dL mouse mammary glands
In order to gain a full appreciation for the complex epithelial organisation and tissue
architecture of the lactating mammary gland, high-resolution 3D imaging is required. The
mammary gland is full of fat cells, which along with vascularised stroma, render the gland
optically opaque. Previous approaches to imaging this tissue have relied on 2D sections or
microdissection and enzymatic digestion (Rios et al., 2016; Wuidart et al., 2016), which in part
damages the integrity of the tissue.
However, recent advances in optical clearing and confocal microscopy in the mammary gland
(Reviewd in Lloyd-Lewis et al., 2016) have facilitated 3D imaging of this tissue. Optical
clearing permits deeper imaging of whole mammary glands by using clearing solutions which
match refractive indices (RI) of heterogeneous cellular compartments, limiting light scattering
and allowing for optical access (Tainaka, Kuno, Kubota, Murakami, & Ueda, 2016).
This section looks at using 3D optical clearing to investigate the effect of Romalz/lz and
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom on epithelial organisation in the 10dL mammary gland.

4.2.3.2.1

3D cleared mammary glands reveal E-cadherin organisation

disrupted in 10dL Roma and Gata3 double-knockout mammary glands
Conditional deletion of Gata3 in late pregnancy results in massive cell death in mammary
epithelial cells, ultimately resulting in lactation failure (Asselin-Labat et al., 2007; KourosMehr et al., 2006). Interestingly, the loss of Roma in these cells renders Gata3 dispensable for
alveologenesis and lactation (Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom) (C. H. Oliver et al., 2012).
Further examination of Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mammary glands by H&E,
revealed signs of mild epithelial dysplasia in ducts and alveoli (C. H. Oliver et al., 2012). To
investigate this phenotype further, advanced tissue-clearing and confocal microscopy were
employed to gain a better appreciation of the 3D organisation of the gland.
Mammary glands were harvested from 10dL wild-type, Romalz/lz and Gata3fl/fl;Romalz/lz;BLGCre;tdTom (n=3) and fixed overnight in PFA at 4°C. These tissues were then incubated in R1A
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clearing solution for 4 days followed by antibody incubations and finally R2 solution (as
described in Chapter 4.2.3.2.1). These tissues were then stained with the nuclear marker DAPI
and antibodies against E-cadherin, to investigate the organisation of the luminal compartment,
alpha-Smooth Muscle Actin (α-SMA) to mark basal cells. In the Gata3fl/fl;Romalz/lz;BLGCre;tdTom tissue, the tdTomato (tdTom) gene functions as a reporter for Cre-mediated
recombination and subsequent Gata3 knockout.
3D Confocal imaging on these cleared glands showed E-cadherin was localised to the luminal
compartment in the lactating mammary gland in all of wild-type, Romalz/lz and
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mammary glands (Figure 4.13). As expected, the basal cell
marker: α-SMA, highlighted the woven, basket-like basal cells which give the secretory
luminal epithelial cells direct contact with the basement membrane (Emerman & Vogl, 1986).
Overall, the 3D structure of the alveoli, as observed by E-Cadherin and α-SMA, appears
unaffected in each of the aforementioned mouse genotypes (Figure 4.13).
However, closer inspection on a 3D-cellular level revealed morphological changes in epithelial
cell structure in the Romalz/lz MECs (Figure 4.15) compared to wild-type MECs (Figure 4.16).
In the 10dL Romalz/lz mammary glands, E-cadherin staining highlighted abnormally elongated
cells, observed by confocal imaging (Figure 4.15, yellow arrows). These cells did not appear
detached, however E-cadherin staining showed some narrow and some larger MECs with the
luminal cell wall stretching into the lumen of the alveoli. Some of these cells displayed what
was thought to be displaced nuclei, however, 3D imaging of the whole alveolar structures (zplane) revealed that these nuclei were not displaced from their normal basal localisation, rather
the cell was a binucleate. These elongated MECs were previously uncharacterised in 10dL
Romalz/lz mammary glands and highlight the necessity of 3D whole-gland imaging in drawing
observations about tissue morphology.
Previous work showed Gata3fl/fl;Romalz/lz;BLG-Cre mammary glands resulted in mild
epithelial dysplasia by H&E on 2D sections (C. H. Oliver et al., 2012). In these sections, it was
reported that the nuclei were apically-displaced and epithelial cells varied in size. To
investigate

this

phenotype

more

thoroughly,

whole

mammary

glands

of

Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom genotype were cleared by CUBIC and stained for markers
of nuclei, luminal and basal cells (DAPI, E-cadherin and α-SMA respectively) for 3D confocal
imaging.
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In Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mammary epithelial cells, the mild dysplasia was more
drastic than previously described (C. H. Oliver et al., 2012). Gata3fl/fl;Romalz/lz;BLGCre;tdTom MECs, that are tdTom+, appeared to have lost their cuboidal shape and some appear
smaller with E-cadherin staining the full perimeter of the cell (Figure 4.17, yellow arrows).
Basal cells, observed by staining with α-SMA, seemed to be displaced from the basal
compartment and are observed overlapping the tdTom+ cells, as clarified by z-stack analysis
of the 3D gland (Figure 4.16, blue arrows). Further analysis of Gata3fl/fl;Romalz/lz;BLGCre;tdTom MECs does not highlight an overarching, consistent phenotype. Some
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom cells appear to be larger whilst others are elongated and
thin, as denoted by E-cadherin staining (Figure 4.16, yellow arrows). In some cells, the basal
marker, α-SMA was observed on the apical edge of E-cadherin luminal cells (Figure 4.16,
white arrows).
Furthermore, unlike the Romalz/lz and wild-type MECs, the binucleates appeared to be apicallydisplaced in Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom cells. Despite the ability of these Roma/Gata3
double-knockout mammary glands to lactate, they exhibit a significant amount of DNA damage
potentially caused by this epithelial disorganisation (T. L. F. Ho et al., 2016).
Overall, it is evident that Roma loss alone may affect polarity in these cells. However, it is the
combined loss of both Roma and Gata3 that results in a striking loss of epithelial cell integrity,
adhesion and polarity. This is in part expected, as both Roma and Gata3 regulate EMT genes
which have been described to affect downstream Cadherins (Brieher & Yap, 2013; Hector
Peinado et al., 2004). Further work needs to be carried out to characterise the role of both Roma
and Gata3 in regulating EMT genes in the developing mammary gland. This would also shed
light on development of breast cancers associated with Gata3 dysregulation.
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Figure 4.13 Confocal Imaging of optically-cleared 3D whole-mammary glands from wild-type (WT),
Roma-knockout (Romalz/lz) and Roma/Gata3 double knockout (Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom) mice
at 10dL. Mammary glands from 10dL mice of each genotype were harvested and cleared using the
CUBIC protocol. Cleared mammary glands were stained with 4′,6-diamidino-2-phenylindole (DAPI) and
immunostained with the basal cell marker: alpha-smooth muscle actin (⍺SMA) and the luminal cell
marker (E-cadherin), tdTomato (tdTom) is expressed in cells in which Cre recombinase has been
expressed and is a reporter for deletion of the floxed Gata3 allele. Images were obtained at using 20x
magnification lens and show maximum projection of z-stack. Scale bars: 100µM, images are
representative of n=3 mice per genotype.
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Figure 4.14 Confocal Imaging of optically-cleared 3D whole-mammary glands from wild-type (WT) mice
at 10dL. Mammary glands from 10-day Lactating (10dL) wild-type mice were harvested and cleared using
the CUBIC protocol. Cleared mammary glands were stained with nuclear marker: 4′,6-diamidino-2phenylindole (DAPI) and immunostained with the basal cell marker: alpha-smooth muscle actin (⍺SMA)
and the luminal cell marker (E-cadherin). tdTomato (tdTom) is expressed in cells in which Cre recombinase
has been expressed and is a reporter for deletion of the floxed Gata3 allele. Images obtained at using 40x
oil-immersion magnification lens and show maximum projection of a section of the z-stack, scale bars:
100µM, images are representative of n=3 mice.
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Aberrant basal ⍺SMA
Elongated Ecad+ luminal cells

Figure 4.15 Confocal Imaging of optically-cleared 3D whole-mammary glands from Roma-knockout
(RKO) mice at 10dL show aberrant basal cell localisation of elongated luminal cells. Mammary glands
(MG) from 10-day Lactating (10dL) mice of Romalz/lz (RKO) mice were harvested and cleared using the
CUBIC protocol. Cleared mammary glands were stained with nuclear marker: 4′,6-diamidino-2phenylindole (DAPI) and immunostained with the basal cell marker: alpha-smooth muscle actin
(⍺SMA) and the luminal cell marker (E-cadherin). tdTomato (tdTom) is expressed cells in which Cre
recombinase has been expressed and is a reporter for deletion of the floxed Gata3 allele. ARROWS:
White arrows show regions where aberrant ⍺SMA staining (basal cells) are observed and Yellow arrows
show luminal cells that are elongated and are identified by E-Cadherin staining. Images obtained at
using 40x oil-immersion magnification lens and show maximum projection of a section of the z-stack,
scale bars: 100µM, n=3 mice.
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Displaced nuclei
Aberrant basal ⍺SMA
Elongated Ecad+ luminal cells

Figure 4.16 Confocal Imaging of optically-cleared 3D whole-mammary glands from Roma/Gata3-double knockout
(Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom, DKO) mice at 10dL show displaced nuclei, aberrant basal cell localisation of
elongated luminal cells. Mammary glands (MG) from 10-day Lactating (10dL) Roma/Gata3-double knockout
(DKO) mice were harvested and cleared using the CUBIC protocol. Cleared mammary glands were stained with
nuclear marker: 4′,6-diamidino-2-phenylindole (DAPI) and immunostained with the basal cell marker: alphasmooth muscle actin (⍺SMA) and the luminal cell marker (E-cadherin). tdTOM is expressed in cells in which Cre
recombinase has been expressed and is a reporter for deletion of the floxed Gata3 allele. ARROWS: Blue arrows
show cells in which the nuclei are apically displaced. White arrows show regions where aberrant ⍺SMA staining
(basal cells) are observed and Yellow arrows show luminal cells that are elongated and are identified by E-Cadherin
staining. Images obtained at using 40x oil-immersion magnification lens and show maximum projection of a section
of the z-stack, scale bars: 100µM, n=3 mice.
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Figure 4.17 Further examples of aberrant epithelial organisation in 10dL double-knockout mammary glands
is observed by confocal Imaging of optically-cleared 3D whole-mammary glands. The first column of images
shows MECs from (Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom, DKO) with examples of smaller, collapsed doubleknockout cells, next to larger cells with larger nuclei (yellow arrows). The second column shows an example
of aberrant ⍺SMA staining (white arrows) and apically displaced nuclei (blue arrows). Cleared mammary
glands were stained with nuclear marker: 4′,6-diamidino-2-phenylindole (DAPI) and immunostained with
the basal cell marker: alpha-smooth muscle actin (⍺SMA) and the luminal cell marker (E-cadherin).
tdTomato (tdTom) is expressed in cells in which Cre recombinase has been expressed and is a reporter for
deletion of the floxed Gata3 allele. Images obtained at using 40x oil-immersion magnification lens and show
maximum projection of a section of the z-stack, scale bars: 50µM, n=3 mice.
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4.3 Discussion
During pregnancy, the mammary gland undergoes extensive proliferation to prepare for
lactation. There is a dramatic increase in secondary and tertiary ductal branching in the
mammary gland followed by alveolar development. This process requires careful regulatory
control. Roma has been previously shown to be involved in alveologenesis during early
pregnancy in the mammary gland (C. H. Oliver et al., 2012). Whole-mount analysis of 5dG
Romalz/lz mammary glands showed accelerated alveologenesis (increased alveolar density),
coupled with an increase in proliferation (denoted by an increase in Ki67 proliferation marker)
(C. H. Oliver et al., 2012). This suggested that Roma plays a role in the regulation of
proliferation during early alveologenesis.
The RIME experiments described in the previous chapter identified that Roma was bound to
Mta3 in mouse mammary epithelial cells. Mta3 has been shown to affect mammary gland
development, as transgenic mouse models overexpressing Mta3 showed reduced branching
during early pregnancy, coupled with reduced BrdU incorporation (proliferation marker)
(Zhang et al., 2006). This phenotype correlates with Roma loss during early pregnancy in
mouse mammary glands, suggesting these proteins may be involved in a similar regulatory
pathway (C. H. Oliver et al., 2012).
Further to this, Mta3 over-expressing transgenic mice have been previously shown to affect
differentiation in the mammary gland during lactation (Zhang et al., 2006). H&E staining of
Mta3 overexpressing transgenic mammary glands during lactation showed less alveolar
structures compared to wild-type mammary glands and reduced levels of pSTAT5a. pSTAT5a
has been associated with mammary epithelial cell survival and differentiation in vivo (X. Liu
et al., 1997). Interestingly, Roma loss at 10dL resulted in elevated levels of pSTAT5a
(unpublished work by T. Ho.). These complimentary phenotypes lend further support to the
interaction between Roma and Mta3 in mouse mammary epithelial cells (identified in the
Chapter 3), suggesting they may function together.
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To determine the nature of the relationship between Roma and Mta3 in mammary epithelial
cells, a doxycycline-inducible Roma overexpression vector was constructed which was used to
increase Roma expression, and protein detection, in vitro using EpH4 cells (Figure 3.2/3.3).
Roma levels had no effect on Mta3 transcription or protein expression, as observed using
Roma-Flag overexpression (in EpH4 cells) and in vivo with 5dG and 10dL Romalz/lz MECs in
the mammary gland. These observations suggest that Roma may function downstream of Mta3.
This in part is expected as Mta3 is a coregulator of the NuRD complex, which is involved in
transcriptional repression through histone deacetylation (D. C. Schultz et al., 2001). The NuRD
complex binds to KAP1 through the Kap1-PHD- and Kap1-bromo domains. The RIME
experiments described in the previous chapter identified Kap1 and other components of the
NuRD complex, however they also appeared in controls and were therefore not analysed
further. The nature of the interaction between Roma and Mta3 can thus be reasonably
hypothesized as follows: NuRD-Mta3 recruits the KRAB-ZFP (Roma), via Kap1, and this
complex carries out downstream regulation (Figure 3.11). To test this hypothesis, binding sites
in Roma and Mta3 could be mutated in future experiments, to determine whether they are
indeed direct sites of interaction between the proteins.
Downstream Regulation of Roma
Roma affects regulation of Snail in EpH4 cells and in 5dG mammary glands
Considering the current literature on the transcriptionally repressive nature of KRAB-ZFPs
(described in Introduction, Chapter 1.3), it is fitting to observe Roma binding to Mta3, a
component of the gene repression complex (NuRD) (Simpson, Uitto, Rodeck, & Mahoney,
2001). Investigation into the targets of Mta3 has therefore provided important information
about potential downstream targets of Roma. MTA3 has largely been studied in cancer cell
lines, due to its role in EMT, which limits our current knowledge of its role in normal mammary
development. For example, MTA3 has been previously shown to be a direct transcriptional
repressor of Snail in breast cancer cells (MCF7, (Fujita et al., 2003). Therefore, this chapter
investigated Snail as a potential downstream target of Roma, identifying that Roma
overexpression concurrently leads to the downregulation of Snail in EpH4 cells. In the mouse
mammary gland, the loss of Roma led to an increase in Snail gene transcription and protein
expression during early pregnancy, further confirming its role as a putative downstream target
of Roma and Mta3. From these observations, it can be hypothesized that Mta3 may achieve
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Snail repression in 5dG mammary glands via Roma. This could be confirmed in future studies
using chromatin immunoprecipitation experiments to determine whether NuRD-Mta3-Roma
binds directly to the Snail promoter to repress transcription in the mammary gland.
This hypothesis is strengthened by observations from 3D organotypic models which showed
that Snail inhibition significantly abrogated branching initiation, whereas ectopic expression
of Snail induced branching (K. Lee et al., 2011). Therefore, the upregulation of Snail, in
response to Roma loss, could account for the accelerated alveologenesis observed in the
mammary gland (C. H. Oliver et al., 2012). However, this data was generated from organotypic
culture models that may have a different microenvironment to that in vivo. Whilst Snail
knockout mice are embryonically lethal (Carver, Jiang, Lan, Oram, & Gridley, 2001),
conditional in vivo knockouts of Snail should be investigated to see if the phenotype is
consistent with Roma knockouts.
In the 5dG mammary gland, Snail was significantly transcriptionally upregulated in Romalz/lz
mammary glands compared to wild-type mammary glands; this also resulted in the apparent
downstream cleavage of its target E-Cadherin. Whilst it was reported that Snail
transcriptionally represses E-cadherin in many cancer cell lines (Nieto et al., 2016), this was
not observed in mouse mammary glands at 5dG. Instead, 2 out of 3 mouse samples showed
that the E-cadherin protein was apparently cleaved in response to Snail upregulation in Romalz/lz
MECs. E-cadherin cleavage from the transmembrane has been associated with adherens
junction destabilisation during EMT, which may be required for the accelerated alveologenesis
in Romalz/lz (Brieher & Yap, 2013; C. H. Oliver et al., 2012; Theveneau & Mayor, 2012;
Wheelock et al., 2008). Immunofluorescence analysis of 5dG mammary epithelial tissue did
not show aberrant E-cadherin localisation, however E-cadherin staining was frequently
observed in the nucleus of the Roma mammary glands compared to wild-type mammary
glands.
One study in MDCK cells may provide insights into the nuclear localisation of E-cadherin.
This study shows E-cadherin is cleaved by MMPs, creating the CTF1 fragment, which is
further cleaved by γ-secretase and then translocates to the nucleus with p120 catenin (Ferber et
al., 2008). This observation could in part explain the presence of E-cadherin staining in the
nucleus of 5dG Romalz/lz MECs, as evidenced by the CTF1 cleavage product also observed by
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western blotting in 5dG Romalz/lz mammary glands. This process is said to modulate the p120Kaiso-mediated signalling pathway – an essential regulator of cadherin stability and adhesion
during EMT (Anastasiadis & Reynolds, 2000; Davis, Ireton, & Reynolds, 2003). This finding
could be further clarified by running the proteins on a gel and extracting the fragment for mass
spectrometry analysis, to confirm this fragment is indeed the 35kDa cleavage product of Ecadherin.
Roma does not affect Twist regulation, or downstream target N-Cadherin in 5dG
mammary glands
As previously mentioned, much of the characterisations of EMT regulators have been carried
out in cancer cell lines, for example, Twist has been shown to activate N-Cadherin expression
in gastric cancer cells (Rosivatz et al., 2002). In prostate cancer cells, Twist directly binds to
the E-box of the human N-Cadherin gene to upregulate its expression (Alexander et al., 2006).
It was thus interesting to note that in EpH4 cells, Roma overexpression resulted in the
downregulation of Twist protein expression and in turn N-Cadherin protein expression was
downregulated, corroborating the studies done in cancer cells.
However, in vivo experiments showed that 5dG Romalz/lz had no effect on expression of Twist
nor N-Cadherin in mammary glands. A similar finding has also been described elsewhere;
Twist upregulation showed no correlation with N-Cadherin expression in NMuMG normal
mouse mammary cells (Maeda, 2005). This suggests that EMT regulators may act differently
in certain cell types, which is not unreasonable given that single-cell RNA-sequencing data
uncovered different expression patterns for the EMT regulators in different cell types at
different development stages (Figure 4.5). In the EpH4 cell line, Roma overexpression may be
downregulating Twist (along with Snail) to maintain E-cadherin expression and block the
transition of epithelial cells into more motile cells, a phenotype associated with N-cadherin
upregulation in EMT. Perhaps what we are observing is a partial EMT, supportive of epithelial
plasticity, but does not manifest as a full EMT. Unfortunately, the lack of literature on Twist
function in normal mammary gland development limits the interpretation of these results.
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Roma expression is transcriptionally correlated with Slug, and its downstream target Pcadherin in 5dG mammary glands
In contrast to many EMT regulators, Slug has been characterised in both normal mammary
gland development and cancer progression. In EpH4 cells, Slug is transcriptionally upregulated
in response to Roma upregulation, concurrently Slug was downregulated in 5dG Romalz/lz
mammary glands. Additionally, the downregulation of Slug resulted in the downregulation of
its downstream target, P-cadherin in 5dG Romalz/lz mammary glands. During puberty, the
knockout of P-cadherin or Slug both resulted in hyperbranching in the mammary gland
(Nassour et al., 2012), however, the hyperbranching in Romalz/lz was only observed during early
pregnancy (C. H. Oliver et al., 2012). Despite the positive correlation in expression between
Roma, Slug and P-cadherin this regulation may not be direct. This would explain the additional
discrepancy observed in lineage commitment of Romalz/lz mammary glands compared to Slug
knockout mammary glands (Nassour et al., 2012; C. H. Oliver et al., 2012). The loss of Roma
resulted in a reduction in Gata3+/ERa+/PR+ luminal cells at 5dG (C. H. Oliver et al., 2012).
This contrasts with the effects of Slug knockout mammary glands that show an increase in
Gata3+/ERa+ and luminal marker BMI1+ cells (Nassour et al., 2012). This suggests Roma
and Slug may not have a similar function despite the correlated expression, rather Slug may be
upregulated as a compensatory effect of Snail downregulation. It is well accepted that EMT
genes are known to be redundant and have been frequently reported to share similar functions
(Nieto et al., 2016). This could be explored further using ChIP experiments to determine the
exact location of Roma binding in the genome. However, as a KRAB-ZFP transcriptional
repressor, and through its interaction with Mta3-NuRD, Roma is more likely to function as a
transcriptional repressor itself and thus be functioning through Snail.
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The effect of the double-knockout (Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom) on EMT
Regulation in the 10dL mammary gland
Understanding the role Roma plays in mammary gland development (through its position
within the EMT regulatory pathway) is important in understanding how the mammary gland is
able to regulate important physiological processes, such as expansive cell proliferation.
Uncovering the regulation which underpins such processes is critical in understanding
malignant transformation of this tissue, in which these pathways become dysregulated. Roma’s
most striking role is its ability to rescue lactation failure in the Gata3fl/fl;BLG-Cre mammary
gland (C. H. Oliver et al., 2012). GATA3 is a frequently mutated gene in breast cancer, yet its
contribution to malignancy remains poorly understood (Asch-Kendrick & Cimino-Mathews,
2016; The Cancer Genome Atlas Network, 2012). A correlation between GATA3 and Ecadherin was established in breast cancer cells, in which GATA3 overexpression in MCF7 and
MDA-MB-231 cells resulted in the upregulation of E-cadherin at mRNA and protein levels (Si
et al., 2015; W. Yan, Cao, Arenas, Bentley, & Shao, 2010). In the case of the latter, GATA3
was found to directly bind GATA-like motifs located in the E-cadherin promoter region to
activate expression (W. Yan et al., 2010). Fittingly, it has been previously reported that Gata3
deficient mammary glands fail to lactate, resulting from cell death of the ablated cells (KourosMehr & Werb, 2006), a phenotype similar to E-cadherin deficient mammary glands. Whilst
this has not been shown in normal mammary gland development, the requirement of Gata3dependent activation of E-cadherin could account for the similar phenotypes observed in Ecadherin and Gata3 conditional knockouts in the mammary gland (Asselin-Labat et al., 2007;
Boussadia et al., 2002; Kouros-Mehr et al., 2006; C. H. Oliver et al., 2012).
Previous work by T. Ho (unpublished, 2016) showed that Roma overexpression had no direct
effect on mRNA nor protein expression of Gata3, despite its ability to rescue lactation failure
in vivo. This may suggest that Roma and Gata3 function in separate antagonistic pathways. It
may be the case that the interplay between Roma and other EMT regulators may contribute to
the redundancy of Roma-Gata3, as many of the EMT master regulators function through
regulating E-cadherin expression. This was investigated by comparison of 10dL wild-type,
Romalz/lz and double knockout (Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom) glands by western blot.
Snail levels were undetectable by western blotting 10dL mammary glands, which could be
expected as the single-cell RNA-sequencing data suggests it is not expressed during lactation
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in mammary glands (Figure 4.5, (Bach et al., 2017)). This can be in part expected as cells in
10dL are terminally differentiated and E-cadherin is required for alveolar structure integrity,
thus it is likely that its repressor is absent.
The observation that Roma loss alone had no effect on levels of Slug and Twist at 10dL differed
from findings at both 5dG in the mammary gland and overexpression studies in EpH4 cells.
However, the Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom samples showed ablated expression of Slug
in two mice and a notable reduction in the third mouse, and whilst this data shows a downward
trend, more repeats would be required to draw any solid interpretations. Since Slug has been
shown to downregulate expression of Gata3+/ERa+ cells, its downregulation in
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mice can potentially be a compensation for the loss of
Gata3, which in turn permits lactation.
Interestingly, Zeb1 was downregulated in Romalz/lz mice, and this was enhanced in
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom samples: Zeb1 expression was completely ablated in all
three mice samples. Zeb1 has been shown to be a potent repressor of E-cadherin (H. Peinado
et al., 2004; Héctor Peinado et al., 2007; Rosivatz et al., 2002), in fact, it has been suggested to
work downstream of Snail to mediate its repression of E-Cadherin (Wheelock et al., 2008). It
is fitting therefore that the loss of Roma results in the reduction of Zeb1 expression, as Roma
overexpression seemed to result in Zeb1 upregulation in EpH4 cells. Zeb1 downregulation
could be a compensatory response from the mammary epithelial cells, to maintain epithelial
integrity during rapid expansion in gestation. GATA3 has been shown to repress ZEB1 in
gastric cancer cells, and in doing so GATA3 maintains E-cadherin levels (Rosivatz et al.,
2002). Thus, the downregulation of Zeb1 through Roma loss, coupled with the loss of
regulation through Gata3-deficiency, could account for the stabilisation of E-cadherin
expression in the 10dL mammary gland. This E-cadherin stabilisation could in turn account for
the lactation rescue in the Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mice. The expression of Zeb1
in the 10dL mammary gland, in the absence of its activator Snail, further highlights the
existence of redundant regulation among EMT regulators.
In summary, the lactational rescue observed in the Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mice
(C. H. Oliver et al., 2012), could be explained by the antagonistic actions of these two players
in an EMT environment. The imbalance between Roma and Gata3, in Roma-deficient mice,

4.3 Discussion
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could also account for the epithelial disorganisation observed in the mammary epithelial cells
at 10dL. Romalz/lz MECs displayed elongated E-cadherin+ cells, which appear attached at their
base but extended into the lumen suggesting loss of apical adhesion. This observation was
previously observed in the Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom glands, but not in the Romalz/lz
mammary glands, and thus is of potential interest for future studies into EMT-like qualities of
mammary gland development. The epithelial disorganisation is much more enhanced in the
Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom compared to Romalz/lz mice; E-cadherin+ cells appeared to
have abnormal morphology reminiscent of cells undergoing EMT. Mammary epithelial cells
in the Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom displayed loss of adhesion and polarity at 10dL. Ecadherin+ cells in the 10dL Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom were longer, detached from
neighbouring cells and had displaced nuclei compared to wild-type MECs. The disorganisation
associated with adhesion could be due to the loss of both Gata3 and Roma, which have been
shown to regulate EMT genes. Removal of EMT regulation can in part rescue lactation through
loss of E-cadherin repression but could also lead to epithelial disorder.
However, it must be noted that Cadherin regulation is complicated, and more work needs to be
carried out to understand its regulators in normal development. For example, N-cadherin
expression

has

been

shown

to

be

downregulated

in

10dL

Romalz/lz

and

in

Gata3fl/fl;Romalz/lz;BLG-Cre;tdTom mammary glands. It is unclear from the literature the
relationship between EMT regulators and this E-box protein in normal mammary gland
development. A “cadherin switch” has been previously proposed (Maeda, 2005; Wheelock et
al., 2008), in which cells transiently upregulate N-cadherin and downregulate E-cadherin to
achieve motility and trigger EMT. It was suggested that N-cadherin and E-cadherin could
compete in the cell, so it was fitting to observe its downregulation in response to E-cadherin
stabilisation in the mammary gland. However, it is important to highlight that the majority of
literature on EMT regulators, and discussed here, was carried out in transformed cancer cell
lines. EMT regulators seem to function differently in different cell types and tissue
microenvironments, thus further characterisation of the discussed regulators needs to be carried
out in the normal mammary gland, itself a differentially regulated bi-layered epithelium.
Understanding the link between Roma, Gata3 and EMT is critical in understanding how Gata3
is able to contribute to development of breast cancer. A recent study highlighted an interesting
link between Roma and Gata3: both proteins have been shown to bind Mta3 and affect
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downstream targets. GATA3 was found to bind MTA3 in breast cancer cells and downregulate
EMT regulators such as ZEB2, and in doing so it supresses metastasis of breast cancer cells (Si
et al., 2015). Therefore, it could be extrapolated and hypothesized that Mta3 mediates the
relationship between Gata3 and Roma. In this hypothesized model, Roma-Mta3 would lead to
Zeb1 activation and E-cadherin repression, whereas Mta3-Gata3 would antagonise this
through ZEB2 repression. However, this would need extensive functional confirmation using
knockout models.
Overall, this body of work highlighted a previously unknown role for Roma in regulating key
EMT genes during mammary gland development. This association is linked with Gata3 in the
mammary gland and is important in understanding pathways which can be hijacked in
malignant transformation of the tissue.

Chapter 5

In Silico investigations into a putative

human orthologue of Roma

5.1 Introduction
Along with its apparent role in regulating EMT genes, Roma has previously been shown to be
involved in regulation of mammary gland development (T. L. F. Ho et al., 2016; C. H. Oliver
et al., 2012), and through this regulation has been suggested to be a potential tumour
suppressor. Therefore, the identification of the human orthologue of Roma could further our
understanding of pathways which lead to breast cancer, thereby potentially advancing breast
cancer treatment. The human orthologue of Roma has not been identified to date due to a
number of challenges that have hindered the search.
Primarily, these challenges arise from the rapid expansion and duplication of the KRAB-ZFP
family in recent history, making sequence alignment studies difficult and insufficient. The
KRAB-ZFP family tend to evolve more rapidly that other transcription factor families given
their wide-spread binding to transposable elements (TEs) (Thomas & Schneider, 2011). These
transposable elements drive evolution of human genomes by invading mammalian genomes
and reshaping them (Cordaux & Batzer, 2009; Kazazian, 2004). This co-evolution between
KRAB-ZFPs and TEs, proposed in the ‘arms race’ model, describes a dynamic competition
between the two which leads to the rapid diversification of KRAB-ZFPs in response to TE
expansion (Imbeault et al., 2017; H. Liu, Chang, Sun, Lu, & Stubbs, 2014). The ongoing
diversification of the KRAB-ZFP family members in turn results in KRAB-ZFPs that may
serve similar functions in different species (Thomas & Schneider, 2011). This additional layer
of complexity could mean that a different KRAB-ZFP(s) altogether may play a similar role to
Roma in human mammary glands, an issue that is further complicated by functional
redundancy amongst these proteins.
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Another limiting factor for functional investigations into KRAB-ZFP conservation across
species, has been the inability to completely characterise the large number of KRAB-ZFPs.
The sequencing of many species’ genomes in the post-annotation era has yielded a plethora of
information on gene evolution and conservation. This highlighted a divergence of genes
through species, suggesting an ongoing selection for transcription factors with different
regulatory abilities (Schmidt & Durrett, 2004). Thus, many rodent KRAB-ZFPs, which
diverged from humans ∼100 million years ago, have not been assigned a human orthologue.
In fact a study looking into KRAB-ZFP orthologues in humans (generally named ZNFs),
chimpanzees and mice found only 103, out of the 423 human KRAB-ZFPs investigated, to be
conserved in a 1:1 relationship (Huntley et al., 2006). This stresses the difficulties faced in
identifying direct, conserved orthologues in many species.
Many of the current approaches to finding orthologues are based on sequence alignment
studies, however, these orthologues may not necessarily be functionally equivalent
(Vaquerizas, Teichmann, & Luscombe, 2012). Small changes in zinc finger quaternary
structures can alter the DNA recognition specificity of proteins, assigning new functions to
KRAB-ZFPs through evolution (Krebs, Larkins, Khan, & Robins, 2005). Thus, alternatives to
sequence alignment analysis must be explored in the search for the human Roma.
Despite the challenges faced, there remains a compelling argument for identifying the human
orthologue of Roma. In an effort to identify candidates for the human Roma in silico, the
evolutionary history of Roma was bioinformatically traced to track the closest conserved
human orthologue. Additionally, an algorithm was written to mine publicly available
microarray repositories for ZNFs that exhibit similar behaviours to Roma. In doing so, several
candidates that may be functionally orthologous to Roma can be delineated.
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5.2 Results
5.2.1 ZNF717 is the closest phylogenetic human orthologue of Roma
One strategy for identifying putative human orthologues of Roma is by mapping its
evolutionary phylogenetic gene tree. The field of phylogenetics investigates the ancestral
relationship between individuals or groups of genes and provides a general overview of their
conservation and evolution. Using computational algorithms, a phylogenetic inference is made
based on several heritable factors including DNA sequence – the end result is a phylogenetic
tree, depicting hypothesized relationships between a group of similar genes across species.
To begin the search for putative human orthologues to Roma, the Ensembl GeneTree pipeline
was recruited (Vilella et al., 2009). This database tool is able to diagrammatically hypothesize
the ancestry of a gene family, orthologues are then inferred by cross-referencing the species
evolution tree with a gene-conservation tree. The output is a phylogenetic tree that enables
traceable duplication and speciation events.
GeneTree analysis of Roma orthologues produced a gene tree with nodules at branch points
that indicated duplication or speciation events (Figure 5.1). Red nodules at branch points
indicate duplication events, in which duplication of genetic material led to multiple copies of a
single gene. The blue nodules indicate speciation events, in which a new species generates a
version of a gene that differs from another species. These gene duplications lead to gene
paralogues, whereas speciation events result in gene orthologues.
Roma, Zfp157, is highlighted in red in the gene tree (Figure 5.1). The closest branch point to
Roma is a blue nodule, indicating that a speciation event occurred creating both the house
mouse (Mus musculus) and the Algerian mouse (Mus spretus) orthologue. Prior to this event,
several speciation events occurred that created the mouse and rat orthologues of Roma. Tracing
the lineage back further showed the ancestral gene for Roma had undergone several gene
duplication events (red nodules) and speciation events before giving rise to Roma (Figure 5.1).
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Duplication events can give rise to functionally divergent genes, which over more rounds of
duplications can give rise to genes with entirely different functions, thus exponentially
expanding the family. This makes the bioinformatic search for the human orthologue even
more difficult, as these events generated a large cluster of genes with similar sequences to
Roma, but with potentially varying functions.
However, tracing several branch points back in the evolution of Roma, the GeneTree from
Ensembl predicted ZNF717 to be the closest human relative of Roma (Figure 5.1). ZNF717
was also previously suggested to be a candidate for the human Roma gene, based on KRABdomain sequence alignment (63% sequence homology with Roma-KRAB) by our collaborator
Prof. Lisa Stubbs, University of Illinois (personal communication). This alignment BLASTsearched the KRAB domains of Roma against the human proteome to identify conserved
sequences. Other putative orthologues identified in this BLAST search were ZNF300 and
ZNF350/ZBRK1.
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ALIGNMENTS

Figure 5.1 Gene tree analysis of the evolutionary ancestry of Roma identified ZNF717 as the
closest human orthologue. GeneTree analysis was carried out on the Ensembl website, the
legend below describes elements in the image. Roma is highlighted in red text and speciation
nodes are indicated by blue nodes and duplication events are indicated by red nodes
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5.2.2 BLAST alignment of Roma is insufficient to identify human Roma
A BLAST search for the human orthologue of Roma was repeated in this thesis, in the
knowledge that the database is updated frequently with recently identified protein sequences.
Once repeated, the BLAST search for human orthologues of Roma-KRAB identified further
candidates: ZNF33A and ZNF33B which shared 50% and 86% sequence identity with the
Roma KRAB domains respectively. ZNF81 and ZNF334, also shared a sequence homology
with Roma-KRAB of 67% and 53% sequence identity respectively. These candidates, among
others tabulated below (Table 5.1), all share a common ancestor with Roma (Figure 5.2), and
while they are unlikely to all have similar DNA binding sequences as Roma, they may share
functional similarities.
Very little literature exists on the function of many KRAB-ZFPs, as is the case with many of
the identified candidates, such as ZNF717, ZNF37A and ZNF248. However, all of the human
orthologue candidates of Roma (Table 5.1) are expressed in the breast, and this was confirmed
using RNA-sequencing data from the GTEx database (https://www.gtexportal.org/). Further
characterisation identified TRIM28 (KAP1) binding to these KRAB-ZNFs (by STRING
analysis), which can be expected of KRAB-expressing proteins.
Of the candidates listed, ZNF33A has been studied the most and was first identified by
sequencing of a size-fractioned immature myeloid cell line cDNA library (Nomura et al.,
1994). ZNF33A, or ZZAPK, contains a N-terminal KRAB domain, followed by a 256-amino
acid linker region and 16 tandemly repeated zinc fingers in the C-terminal domain.
Interestingly, ZNF33A co-immunoprecipitation in human embryonic kidney (HEK293) cells
identified its interaction with ZAK, which arrests cells in the G2/M phase of the cell cycle by
phosphorylation of checkpoint kinase 2 (CHEK2) (J. J. Yang, 2003). ZNF33A binds to ZAK
directly, and counters the effect of ZAK on the G2/M cell cycle arrest. Overexpression of
ZNF33A resulted in increased entry of cells into S-phase, through upregulation of E2F and
Cyclin E (essential for G1/S transition and replication initiation) (J. J. Yang, 2003). This result
is interesting given the similarity of ZNF33A and Roma in regulating the cell cycle. Romalz/lz
also resulted in dysregulation of G2/M regulators in MECs and its overexpression led to an
increase in S-phase cells, leading to a collapse in S-phase in mouse mammary epithelial cells
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(T. L. F. Ho et al., 2016). Therefore, this candidate may represent a strong contender for further
functional studies.
The results of BLAST searching the KRAB domains led to interesting candidates, however as
mentioned before, these candidates were not screened for sequence-similarities in the zincfinger domain, and thus may not bind the same targets as Roma in the genome. Therefore, the
BLAST search was extended to search for conserved sequences between the full-length Roma
sequence and potential human orthologues (Table 5.1). Interestingly, the BLAST database
identified a list of human orthologue candidates that matched to the zinc-finger domains of
Roma only and several ZNFs that matched the full-length of the protein (Table 5.1). In
particular, the ZNFs that were highlighted in both the Roma-KRAB search, and then
independently in the full-length Roma search were: ZNF33B (85% total sequence homology),
ZNF33A (80% sequence homology), ZNF300 (78% sequence homology), ZNF717 (81%
sequence homology) and ZNF84 (75% sequence homology) (Table 5.1). These five candidates
are more likely to bind similar co-factors to Roma, through similarities in the KRAB domain,
and bind similar downstream promoters, through conserved zinc-finger domains.
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Candidate for
Human Roma

Coverage of Roma
KRAB-only domain

Coverage of fulllength Roma protein

ZNF33B

86%

85%

ZNF300

69%

78%

ZNF81

67%

NOT ALIGNED

ZNF717

63%

81%

ZNF84

53%

75%

ZNF334

53%

NOT ALIGNED

ZNF658

53%

NOT ALIGNED

ZNF550

51%

NOT ALIGNED

ZNF33A

50%

80%

ZNF350/ZBRK1

50%

NOT ALIGNED

ZNF37A

50%

NOT ALIGNED

ZNF157

50%

NOT ALIGNED

ZNF90

46%

NOT ALIGNED

ZNF248

46%

NOT ALIGNED

ZNF135

NOT ALIGNED

77%

ZNF850

NOT ALIGNED

75%

ZNF25

NOT ALIGNED

74%

ZNF12

NOT ALIGNED

72%

ZNF571

NOT ALIGNED

72%

ZNF14

NOT ALIGNED

65%

ZNF325

NOT ALIGNED

63%

ZNF420

NOT ALIGNED

63%

ZNF345

NOT ALIGNED

62%

ZNF568

NOT ALIGNED

46.8%

Table 5.1 A list of candidates for the human orthologue of Roma. Candidates for the human
orthologue of Roma were identified by BLAST alignment analysis using the KRAB-domain
of Roma only, and the full-length protein in search criteria. The percentages denoted the extent
of protein sequence conserved between Roma and the respective human orthologue. NOT
ALIGNED indicates proteins that were not identified to have significant sequence coverage
with Roma when BLAST-searched using the respective Roma sequence. This data was
generated using BLASTp alignment tool found at: https://blast.ncbi.nlm.nih.gov/Blast.cgi.
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(a)

Gene tree from candidates aligned to Roma-KRAB

(b) Gene tree from candidates aligned to full-length Roma

Figure 5.2 Evolutionary relationship of candidates for the human orthologue of Roma from
sequence alignment of Roma-KRAB and full-length Roma protein. A BLAST-peptide
sequence alignment search was carried out on (a) the KRAB domains of Roma only (RomaKRAB) and (b) the full-length peptide sequence of Roma (highlighted in yellow). Alignments
that are closely related to the respective Roma sequences are displayed using a gene tree
(Ensembl).
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5.2.3 Strategy for in silico microarray mining of Human Roma
The lack of information on some candidates from the alignment studies limits further in silico
interpretations. So, the next step in the search for the human Roma would be to conduct
functional experimentation to validate the candidates in Table 5.1. However, to gain more
confidence in the candidates, some deductions can be made about their regulation and
phenotypes, from publicly available microarray repositories, and refined based on similarities
to Roma. Roma was discovered as the most highly upregulated gene in a microarray analysis
of 5dG mammary gland tissue isolated from Stat6-ablated and strain-matched wild-type control
mice (Oliver et al., 2012). It was thus reasoned that the Roma functional orthologue should
exhibit similar regulation in human tissue. Therefore, a strategy was developed, and outlined
in Figure 5.3, that would refine the list of human candidates for Roma, by investigating their
regulation in response to STAT6-depletion. In brief, microarrays conducted on STAT6depleted, non-cancer, human cell lines were collated and ZNFs were sorted from the results.
Next ZNFs that were upregulated were selected and sorted for the presence of a KRAB domain.
Finally, a literature review was carried out to refine the candidates based on published
phenotypes.

ZNFs

Select highest
expressed in
Stat6 KO

Select ZNF
with KRAB
domains

Literature
review
Candidates for
functional studies

Figure 5.3 Overview of in Silico analysis of Human Roma candidates. The highest expressed ZNF
genes in response STAT6-depleted cell lines were selected and refined based on presence of KRAB
domain. Established functions of candidates were researched to gain more insights into their role and
potential similarity to Roma
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In order to streamline the in silico strategy outlined in Figure 5.3, a python script was generated
by myself to mine the large-scale datasets extracted from public microarray databases (Figure
5.4). The script was designed to input a list of genes transcriptionally affected by the loss of
STAT6, mined from Gene Expression Omnibus (GEO, Edgar, Domrachev and Lash, 2002).
The algorithm then removes any gene that is not a ZNF. Next the script sorted and selected for
ZNF genes which were upregulated by removing the ZNFs with a fold-change (LogFC) of 0
or below (i.e. downregulated). Upregulated ZNFs were then normalised to the level of STAT6
depletion by dividing the fold-change of the ZNF by the fold-change of STAT6-depletion. This
allowed for a more standardised comparisons between datasets, which differed in the level of
STAT6-depletion as a consequence of their respective gene knockdown strategy. More datasets
were inputted into the sorting algorithm to gain more significance (described in Table 5.1). To
select for the most likely candidates, the ZNFs fold-change values were plotted on a graph and
the ZNFs in the upper quartile, and thus the most upregulated across the cell lines, were
considered for a literature review investigating known functional relevance to the Roma knock
out phenotype.

Input
STAT6kd
microarray
data

select
"ZNF"
genes only

remove all
ZNFs with
LogFC
≤0.0

normalise
LogFC to
level of
STAT6kd

Repeat, add
normalised
logFc of ZNFs
common in >3
datasets

Output: plot
values on
curve and
take upper
quartile (most
upregulated)

Figure 5.4 Schematic overview of algorithm used for sorting microarray data for analysis of Human
Roma candidates. In brief, microarray data from STAT6 depleted samples (Table 5.2) was input into
the algorithm, which selected all ZNF genes. Genes which were downregulated in response to STAT6depletion were removed (logFC<0). Fold-change was normalised to level of STAT6-depletion and
repeated in different microarray samples.
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GEO
accession #

GSE27871

GSE86193

GSE18017

GSE50588

GSE17851

HUVEC

Keratinocytes

T cells

Lymphoblastoid

T cells

STAT6
Treatment

siRNA

siRNA

siRNA

siRNA

siRNA

STAT6
depletion
(logFC)

-1.5

-1.9

-1.0

-1.21

-0.95

Reference

(Hurley et al.,
2012)

(Klein et al.,
2017)

(Elo et al.,
2010)

(Klein et al.,
2017)

(Elo et al.,
2010)

Tissue/cell
line

Table 5.2 Table displaying details of STAT6 depleted GEO datasets used for in silico mining of
human Roma.

5 different datasets of STAT6 depletion experiments (Table 5.2) were analysed using the
sorting algorithm mentioned previously (Figure 5.4). These datasets were published on the
GEO public database, complete with references and quality controls.
Table 5.2 describes their GEO ID and details of each study used, including the level of STAT6
depletion in their respective cell line or tissue. Online datasets with STAT6 depletion in a
cancer background were not considered for this analysis, as they present an abnormal
background that is not developmentally reproducible.
Once these cell lines were confirmed to have indeed depleted STAT6 and have passed quality
control criteria (outlined in the GEO database), analysis was carried out on ZNFs that were
upregulated in response to the depletion. The analysis was then carried out on the
aforementioned datasets using the sorting algorithm (Figure 5.4), and the results are described
below.
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5.2.4 In Silico analysis of public microarray data identified 460 ZNF genes
upregulated in response to STAT6 knock-down
Out of the 723 genes affected by STAT6-depletion, 460 ZNF genes were found to be
upregulated (fold-change > 0). The degree of upregulation of ZNFs was analysed by mapping
their distribution on a histogram (Figure 5.5), from highest upregulation to lowest level of
upregulation. The 75th percentile on the histogram represents the 25% most upregulated genes
from the study, which included 116 ZNFs that had an upregulation of 0.76 fold-change and
above (Figure 5.5), in response to STAT6-depletion. The 90% percentile represents the top
10% upregulated ZNFs which include 48 ZNFs ranging in fold-change from 1.28 to 3.5. The
most upregulated ZNF gene upon depletion of STAT6, with a fold-change of 3.5, did not
however have a KRAB domain. A table was created to list the 75th percentile of human ZNFs
found to be the most upregulated in the five STAT6-depletion datasets (Table 5.3). ZNFs that
did not express a N-terminal KRAB domain, similar to Roma, were removed from analysis.
The final result was 66 human KRAB-ZFP that had a fold-change of >0.76 in response to
STAT6 depletion.
Of these KRAB-ZNFs, all except ZNF788 were recorded to have expression in breast tissue
(RNA-sequencing data from the GTEx database, Table 5.3). Interestingly, some of these ZNF
proteins were previously found to align with the mouse Roma sequence by BLAST (Table 5.1).
These proteins are highlighted in blue in Table 5.3 and are: ZNF658, ZNF135, ZNF33A,
ZNF25, ZNF420, ZNF334, ZNF568 and ZNF33B. These proteins share conserved protein
sequences with Roma and are upregulated in response to STAT6-depletion, making them strong
candidates for the Roma human orthologue. However, these proteins need to be validated
experimentally by, for example, functional complementation experiments.
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Percentile

Figure 5.5

Distribution analysis of upregulated human KRAB-ZNFs by histogram.

Upregulated KRAB-ZFPs were collated in bins depending on their relative fold-change
(logFC) in response to STAT6-depletion. Levels of upregulation were also analysed by
percentiles and are denoted in the table which lists the cut-off fold-change (logFC) for each
percentile.

155
Zinc Finger

logFC

N-terminal Domain

Expression in
Breast (GTEx)

ZNF192

3.37

KRAB, SCAN

YES

ZNF205

3.29

KRAB

YES

ZNF569

3.26

KRAB

YES

ZNF556

2.90

KRAB

YES

ZNF93

2.57

KRAB

YES

ZNF862

2.30

KRAB, HATC (C-terminal),
RNaseH-like

YES

ZNF268

2.10

KRAB

YES

ZNF446

2.10

KRAB, SCAN

YES

ZNF788

1.82

KRAB

-

ZNF616

1.77

KRAB

YES

ZNF136

1.75

KRAB

YES

ZNF658

1.72

KRAB

YES

ZNF500

1.67

KRAB, SCAN

YES

ZNF91

1.46

KRAB

YES

ZNF208

1.45

KRAB

YES

ZNF426

1.43

KRAB

YES

ZNF331

1.41

KRAB

YES

ZNF397

1.38

SCAN

YES

ZNF135

1.38

KRAB

YES

ZNF44

1.37

KRAB

YES

ZNF157

1.30

KRAB

YES

ZNF559

1.27

KRAB

YES

ZNF620

1.27

KRAB

YES

ZNF708

1.27

KRAB

YES

ZNF488

1.24

KRAB, SCAN

YES

ZNF33A

1.22

KRAB

YES

ZNF526

1.19

KRAB

YES

ZNF718

1.16

KRAB

YES

ZNF25

1.14

KRAB

YES

ZNF470

1.14

KRAB

YES

ZNF256

1.14

KRAB

YES

ZNF419

1.13

KRAB

YES

ZNF79

1.10

KRAB

YES

ZNF420

1.09

KRAB

YES

ZNF777

1.07

KRAB

YES

ZNF610

1.03

KRAB

YES
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ZNF440

1.00

KRAB

YES

ZNF589

0.97

KRAB

YES

ZNF527

0.97

KRAB

YES

ZNF546

0.93

KRAB

YES

ZNF167

0.92

KRAB, SCAN

YES

ZNF584

0.92

KRAB

YES

ZNF177

0.90

KRAB

YES

ZNF117

0.90

KRAB

YES

ZNF577

0.87

KRAB

YES

ZNF235

0.87

KRAB

YES

ZNF677

0.87

KRAB

YES

ZNF334

0.86

KRAB

YES

ZNF266

0.86

KRAB

YES

ZNF184

0.86

KRAB

YES

ZNF169

0.85

KRAB

YES

ZNF212

0.84

KRAB

YES

ZNF568

0.84

KRAB

YES

ZNF845

0.83

KRAB

YES

ZNF789

0.83

KRAB

YES

ZNF649

0.83

KRAB

YES

ZNF257

0.81

KRAB

YES

ZNF471

0.81

KRAB

YES

ZNF282

0.81

KRAB

YES

ZNF160

0.81

KRAB

YES

ZNF763

0.79

KRAB

YES

ZNF133

0.79

KRAB

YES

ZNF573

0.79

KRAB

YES

ZNF33B

0.78

KRAB

YES

ZNF461

0.77

KRAB

YES

ZNF398

0.76

KRAB

YES

Table 5.3 List of upper quartile of KRAB-ZNF candidates of human Roma that are upregulated in response
to STAT6-depletion in human cell lines. Microarray data from the GEO database is downloaded and sorted
to generate the data above (outlined in figure 5.3). Highlighted in blue are the ZNF proteins that share
sequence identity with Roma as shown in Table 5.1. Presence of a KRAB domain was confirmed by
ENSEMBL and expression in breast in derived from GTEx database (https://www.gtexportal.org/).
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5.2.5 Loss of either ZNF33A, ZNF25 or ZNF568 (candidates for human
Roma orthologue) is a poor prognostic marker for breast cancer
In the Romalz/lz mouse, Roma loss has been associated with chromosome instability, DNA
damage and replication stress, all of which are hallmarks of cancer (T. L. F. Ho et al., 2016),
although the mice did not develop tumours. The loss of both Roma and Gata3, a welldocumented tumour suppressor, exacerbated genomic instability and polyploidy in mammary
epithelial cells, suggesting both Roma and Gata3 may be required for tumourigenesis (T. L. F.
Ho et al., 2016). Thus, it was reasoned that the human orthologue of Roma may also exhibit
tumour-suppressor characteristics in breast cancer. To this end, the list of candidates, derived
from BLAST alignment and STAT6-dpeleted microarray queries, were analysed using KaplanMeier curves on breast cancer patients (http://kmplot.com/analysis/, (Györffy et al., 2010) to
identify which ZNF proteins may have tumour suppressor properties.
ZNF33A, ZNF33B, ZNF334, ZNF658, ZNF135, ZNF25, ZNF420 and ZNF568 were input
into the KMplot software and the genes were screened in up to 1764 breast cancer patient
samples ((from previous page) Figure 5.6). Of these proteins, ZNF33A, ZNF25 and ZNF568
appeared to have some tumour suppressor potential as their loss resulted in a reduced likelihood
of survival in breast cancer patients ((from previous page) Figure 5.6). The correlation of these 8
candidates’ gene expression with GATA3 expression, in breast cancer patients, was also
investigated using an in silico breast cancer gene correlation tool (bc-GenExMiner 3.0, Figure
5.7). Upon examination of the correlation map, none of these KRAB-ZNFs seemed to be
significantly correlated with GATA3 expression in samples from all breast cancer patients
(Figure 5.7a). When this analysis was repeated looking into patients with specific subtypes of
breast cancer (as classified by RMSPC): Luminal-A, Basal-like, HER2-E), one subtype did
display a different correlation between candidates and GATA3: Luminal B-type breast cancer
(Figure 5.7b). It was interesting to note that the candidates may not all be functionally
equivalent to each other, despite them being selected based on their similarities, as some
exhibited different correlation patterns to each other. ZNF33B, ZNF25 and ZNF658 seemed to
have a negative correlation with GATA3 expression in luminal B-type breast cancer patients.
This suggests that the candidate for Roma may also exhibit a similar trend. However, this can
only be confirmed by demonstrating functional equivalence of these KRAB-ZFPs to Roma.
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ZNF33A

ZNF33B

ZNF135

ZNF25

ZNF334

ZNF658

ZNF420

ZNF568
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(from previous page) Figure 5.6

Kaplan-Meier survival analysis showing relationship between

respective human orthologues of Roma and Risk Free Survival (RFS) in patients with breast cancer.
High expression (red) and low expression (black) of respective genes were assessed for the probability
of survival over time (months) in breast cancer patients. Patients were split by Median separation and
were assessed for RFS. Kaplan-Meier plots generated from: http://kmplot.com/analysis/

Gene correlation analysis in all
Breast Cancer Patients

Gene correlation analysis in
Luminal-B Breast Cancer Patients

Figure 5.7 No strong gene correlation between GATA3 and likely human orthologues of Roma in
breast cancer patients. Gene correlation in breast cancer patients was created to investigate linear
dependence between each gene. (a) Correlation maps in breast cancer patients encompass positive or
negative oestrogen receptor status and analysis with patients from the four molecular subtypes, as
determined by the RMSPC, and as determined by basal-like PAM50 subtyped and/or triple negative
breast cancer. (b) Correlation map for genes correlation in patients with Luminal B type breast cancer
as determined by RMSPC classification.
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CANDIDATE FOR

CONSERVED

LOGFC

PROTEIN

ROMA HUMAN

SEQUENCE

UPREGULATION IN

EXPRESSION IN

ORTHOLOGUE

HOMOLOGY

STAT6 DEPLETION

BREAST

ZNF33A

80%

1.22

Yes

ZNF33B

85%

0.78

Yes

ZNF334

53%

0.86

Yes

ZNF658

53%

1.72

Yes

ZNF135

77%

1.38

Yes

ZNF25

74%

1.14

Yes

ZNF420

63%

1.09

Yes

Table 5.4 Overview of likely candidates for the human orthologue for Roma.
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5.3 Discussion
The striking phenotype of Roma, previously described in the mouse mammary gland,
highlights its importance in development and alludes to the presence of an equally important
human counterpart. This chapter outlined various modern approaches, undertaken to
bioinformatically investigate potential human orthologues of Roma. In searching for human
or mouse orthologues, the most common bioinformatics approach involves reciprocated bestmatch BLAST alignments, with sequences sharing >80% homology generally regarded as
strong orthologue candidates (Krebs et al., 2005; M. Shannon, Hamilton, Gordon, Branscomb,
& Stubbs, 2003). Other methods rely on tracing the ancestry of a gene through phylogenetics,
a process now computationally streamlined by Ensembl GeneTrees (Vilella et al., 2009) and
recruited in this study. While the utility of these computations can be rationalised, functional
experiments are always required to validate candidates.
Sequence homology does not equate to functional homology, especially in the case of KRABZFPs, which often differ by the sequence of ZFs in tandem array or presence of either/both of
the KRAB-A or -B boxes (Urrutia, 2003a). A previous collaboration with Prof. Lisa Stubbs
used the KRAB sequence from Roma to identify orthologues based on alignment with human
KRAB domains. This led to the suggestion of three ZNF candidates for the human Roma:
ZNF717, ZNF300 and ZNF350. Whilst there is no published literature on ZNF717, both
ZNF300 and ZNF350/ZBRK1 have been studied to an extent. ZNF300 has been shown to be
a transcriptional repressor that regulates differentiation in megakaryocytes and erythrocytes in
leukaemia cell lines (F. J. Yan, Fan, Huang, & Zhang, 2017). Additionally, depletion of
ZNF300 resulted in downregulation of p21cip1 and p27kip1 resulting in hyperproliferation
coupled with faulty differentiation (Cai et al., 2014). This was particularly interesting given
that Roma expression is positively correlated with p21cip1 expression in mammary epithelial
cells (T. L. F. Ho et al., 2016).
The other candidate, ZNF350/ZBRK1, is a well-established tumour suppressor that interacts
with BRCA1 and TRIM28 (KAP1) to mediate EMT suppression in several cancer cell lines
such as breast, cervix and kidney (Addison et al., 2015; Lin et al., 2010; Plourde et al., 2013),
which is interesting given Roma regulates some EMT associated transcription factors in the
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mammary gland. Despite its well-characterised aforementioned role, ZBRK1 has also been
shown to act as a transcriptional activator of SCA2 by binding to its promoter and activating
transcription. Whilst these candidates share sequence identity with Roma, they are unlikely to
share DNA binding sites, and thus downstream targets of Roma, as only the KRAB sequences
were aligned. This chapter expanded the search for the orthologue by investigating
phylogenetics of Roma, repeating the BLAST alignment search using both the KRAB-only
domains of Roma and the full-length protein. Finally, orthologue candidates of the human
Roma were investigated for similarity in regulation to Roma, through in silico public
microarray database mining.
As a general first step, the evolutionary ancestry of Roma was investigated using phylogenetic
tree analysis. This identified ZNF717 as the closest human relative of Roma, which is
interesting given that it also displayed significant conservation with the Roma KRAB domain
(63% sequence alignment). Further analysis of sequence conservation identified that ZNF717
shared a larger percentage (81%) of conserved sequence homology with the full-length Roma
protein, suggesting it may also share common binding partners and DNA binding sequences
with Roma. Expanding the search for the human orthologue using both KRAB domains and
the full-length Roma uncovered several other candidates that had more similarities to the
KRAB domains of Roma only and some that showed similarities to the zinc finger domains
but had divergent KRAB-domain sequences. This finding highlighted the nature of the rapidly
evolving family of transcription factors.
The BLAST alignment also uncovered five noteworthy KRAB-ZNFs that showed similarities
to the KRAB domains of Roma and the full-length protein. These proteins were: ZNF33A,
ZNF33B, ZNF300, ZNF84 and ZNF717. ZNF717 was an expected given the results of the
phylogenetic analysis, but ZNF300 is particularly interesting not only due to its functional
similarities with Roma but also in the fact that it shares 78% sequence coverage with the fulllength Roma, suggesting it may also bind similar transcriptional targets. Both ZNF33A and
ZNF33B cluster together on chromosome 10 in the human, but only ZNF33A has been
characterised. ZNF33A, as described earlier in the results chapter, shares a common role with
Roma in regulating the G2/M phase of the cell cycle. Both proteins have been shown to also
be involved in proliferation during S-phase and thus present similarities expected in a
functional orthologue of Roma.
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The presence of numerous proteins that share common conserved sequences with Roma, or
certain domains of Roma, highlight the difficulties associated with alignment-based orthologue
searches. Analysis of regions of synteny between mouse and human chromosomes showed
Roma was absent in a conserved order of gene blocks (Ms. Emily Erickson, MPhil thesis
unpublished), further underlining the difficulties of the search for the orthologue and also
emphasizing that not all KRAB-ZFPs are conserved in a 1:1 relationship (Huntley et al., 2006).
In lieu of published literature on many of the human KRAB-ZNFs, many candidates identified
by conserved sequence alignment cannot be refined based on published phenotypes.
Considering Roma may not be conserved in a 1:1 sequence-relationship in humans, the
functionally-relevant orthologue of Roma was pursued. Roma was first identified as the most
upregulated gene in the loss of Stat6, so it was reasoned that a functional orthologue to Roma
would be regulated in a similar fashion. To this end public microarray databases were mined
for ZNFs that were upregulated in response to STAT6 depletion in human cell lines. Whilst the
functions of many KRAB-ZNFs have not been individually characterised, public microarray
data carry extensive, unbiased, information on many genes’ expression in response to specific
conditions. In this study, five STAT6-depleted datasets were available in non-cancer cell lines,
providing important information on many ZNFs that were differentially regulated in response
to the depletion. These STAT6-depletion was carried out in several cell lines, although none
were carried out in normal breast cell lines. Whilst Roma expression has been observed in
many proliferative tissues in the mouse embryo (Carrie H. Oliver et al., 2013) an important
caveat of this search is that these results are derived from different tissues, and KRAB-ZNFs
have been described to be tissue-specific (Urrutia, 2003a). The human Roma orthologue could
therefore have different roles in different tissues, independent of STAT6, and sorting for
upregulation in response to STAT6 depletion in different tissues could miss the human
orthologue of Roma.
Nonetheless, a code was generated to process the datasets from the five high-throughput
microarray experiments. To select for KRAB-ZNFs, upregulated genes with names beginning
with “ZNF” were selected. This presented an issue in that ZNF proteins do not all carry a
KRAB domain and so candidates were manually checked for the presence of KRAB domains
on the Ensembl database. Additionally, KRAB-ZNFs with other aliases may have been
eliminated during the algorithm sort of potential human candidates for Roma. Another issue
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faced was standardising the different datasets to allow for accurate comparisons between them.
The level of STAT6-depletion varied between the different datasets, which could affect the
level of up- or downregulation of each gene. This issue was alleviated in part by standardising
the level of ZNF upregulation fold-change with the level of depletion. ZNFs that were
upregulated in response to STAT6-depletion were then sorted for highest level of upregulation
and expression of a KRAB domain, generating a list of potential human orthologues to Roma.
It was interesting to note that of these proteins, 8 proteins (ZNF33A, ZNF33B, ZNF334,
ZNF658, ZNF135, ZNF25, ZNF420 and ZNF568) were also previously found to candidates
from the BLAST alignment study.
Roma has been suggested to have tumour suppressor properties (described in Chapter 1.3.5),
for example, karyotype analysis of Romalz/lz mammary epithelial cells showed significant
chromosomal instabilities, which is a hallmark of cancer. Thus, the human orthologue may also
function as a tumour suppressor. Further investigations into the aforementioned proteins
(ZNF33A, ZNF33B, ZNF334, ZNF658, ZNF135, ZNF25, ZNF420 and ZNF568, Table 5.4)
identified 3 candidates, whose downregulation had a negative correlation with survival in
breast cancer patients. A Kaplan-Meier curve showed patients that had lower expression of
ZNF33A, ZNF25 and ZNF568 had poorer survival outcomes compared to patients with higher
expression levels of these genes. Taken together, this result, along with the proteins relationship
between gene expression and STAT6 and conserved similarities with Roma, suggest these
proteins to be strong candidates for the human orthologue of Roma.
However, ZNF568 is an unlikely candidate, despite sharing sequence identify with Roma and
showing an upregulation in response to STAT6, as it has a validated mouse orthologue with an
embryonically lethal knockout phenotype (P. Yang et al., 2017). Unlike previously described
roles of Roma, ZNF568 represses a placental isoform of the master foetal growth hormone
insulin-like growth factor 2 (IGF2) (P. Yang et al., 2017). However, ZNF568 is one of the most
rapidly evolving genes from the human-chimpanzee separation event, with three alleles found
in humans (called H, C1 and C2). These alleles differ in amino acid substitution which could
affect zinc finger DNA-binding (in H, C1 and C2 alleles), truncate the KRAB domains (C1 and
C2 alleles) and a premature stop codon that results in the loss of two zinc fingers (H alleles).
Therefore, the ZNF568 human orthologues may have unique functions in the human and could
perhaps be functionally relevant to Roma. Taken together, these breast cancer signatures, along
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with the respective relationship to STAT6 and conserved sequence similarities with Roma,
suggest these proteins to be strong candidates for the human orthologue of Roma and should
be considered for further functional assays.
In summary, this chapter explored different in silico approaches to identifying the human
orthologue of Roma, producing strong candidates for further analysis. However, the bona fide
human orthologue can only be further refined by functional experimentation. Functional
studies could also highlight if several KRAB-ZNFs have a similar function to Roma in humans,
instead of a 1:1 protein conservation. One such example of functional studies would be to
overexpress candidate human orthologues to Roma, in Roma deficient cells, and to observe
their capacity for rescuing the previously described phenotypes (T. L. F. Ho et al., 2016; C. H.
Oliver et al., 2012). These functional complementation assays could also be supplemented by
Co-IP experiments to identify which ZNF(s) could be pulled down with the human MTA3
protein. Once the human orthologue(s) of Roma is confirmed, it would be interesting to
investigate its expression pattern in a cohort of breast cancer tissues and its relation to GATA3
expression in predicting survival outcomes.

Chapter 6

Discussion

The work in this thesis used advanced proteomic technologies to identify and provide evidence
to support a novel interaction between Roma and Mta3. In addition to this discovery, the role
of Roma in the context of its binding to Mta3, was further characterised using in vitro cell
culture techniques and an in vivo mouse knockout model (Romalz/lz). This uncovered a
previously undescribed role for Roma in regulating key EMT genes, in both mouse mammary
epithelial cells (EpH4 cells) and in mouse mammary glands. Finally, this thesis explored
important steps taken towards identifying the elusive human orthologue of Roma, generating a
list of candidates from the in silico analysis. This chapter will discuss the key findings of this
thesis, explore the results and caveats of the techniques and conclude with a consideration of
further experiments and future directions for Roma.
As a KRAB-ZFP, Roma proved to be an extremely difficult protein for molecular
characterisation for several reasons: Firstly, the conserved nature of the KRAB-ZFP family
hindered three attempts by the lab to generate a specific antibody to the protein. Secondly, and
as a consequence of the former, direct interactions of Roma could not be investigated by ChIP
or classic mass spectrometry, unless an epitope-overexpression system is employed (caveats of
an overexpression system outlined in Chapter 3). Finally, much of the current molecular
knowledge on Roma’s regulatory properties was generated from overexpression systems,
which do not reflect a physiological setting. One strategy to overcome this was to use CRISPR
to knock-in and epitope-tag into the endogenous gene locus (Appendix A), however this was
unsuccessful due to technical issues discussed in detail in Chapter 3.
In lieu of alternative options, a doxycycline-inducible Roma overexpression construct was
created for investigations into the binding partners of Roma. The key to delineating the
mechanism by which Roma regulates target gene expression, and by which it mediates the
observed phenotypes as opposed to indirect consequences, is in identifying the direct binding
partners of Roma. Previous work in the laboratory generated considerable information on
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possible interactors and downstream targets of Roma by microarray analysis of Romalz/lz
mammary glands (at two lactation time points), coupled with Immunoprecipitation and Mass
spectrometry analyses. However, these results provided only a partial explanation of the
function of Roma. Repeat experiments can produce varying results depending on the temporal
stoichiometry of a transcription factor protein and its abundance. One experimental approach
that can overcome this issue is Chromatin Immunoprecipitation (ChIP), which allows
investigation of transient protein-DNA binding. In ChIP protocols, cells are cross-linked with
formaldehyde, to preserve all transcription factor interactions, and then a transcription factor
of interest is immunoprecipitated from the sample. Proteins are then digested, purifying bound
DNA, which is then sequenced, identifying direct transcriptional targets of the transcription
factor of interest. Whilst this provides important information on downstream regulation, the
transcription factor complexes that form on the DNA, and regulate transcription factor activity,
are not investigated.
This issue of low abundance in transcription factor complexes (protein-protein) was alleviated
by the elegant conception of RIME – an idea borne out of the ChIP protocol (Mohammed et
al., 2016). Instead of digesting away cross-linked protein complexes, DNA is digested,
preserving the cross-linked protein complexes. Proteins in these complexes can then be
identified by mass spectrometry. A caveat of this sensitive approach is the preservation of many
non-specific interactions, which has consequences in the form of generating a plethora of nonspecific interactions, as discussed in Chapter 3. This was partly overcome by using isotype
controls and 3 independent repeats of RIME. However, the need for in silico analysis is
paramount, as 795 interactors were found to be unique to Roma after screening against controls.
Using RIME, Roma was found to bind to Mta3, a novel interaction which uncovered a
previously uncharacterised role for Roma.
Mta3 is a well-studied co-regulator of the NuRD complex: a histone remodelling complex that
modulates repression of target gene expression (Simpson et al., 2001). KRAB-ZFPs have been
suggested to function primarily as transcriptional repressors so this novel interaction with Mta3
suggests Roma is likely to mediate transcriptional repression through the NuRD complex
(Margolin et al., 1994). This hypothesis is strengthened by previous work which showed
KRAB-ZFPs recruit NuRD complexes via Kap1 (Urrutia, 2003b), in this case, the NuRD
complex is potentially recruited by Kap1-Roma through Mta3-NuRD. Whilst Co-IPs with
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Roma-Flag, and reverse-IPs with Mta3, have confirmed this interaction in un-cross-linked
cells, it could also be further verified by mutating putative binding sites in the proteins and
monitoring their ability to interact by Co-IPs. This novel interaction encouraged further
investigation into the downstream targets of Mta3, to investigate if Roma may mediate these
interactions. To date, Mta3 has not been shown to bind DNA directly (Kumar & Wang, 2016),
and it was therefore reasoned that Mta3 could recruit Roma to mediate its regulation of target
genes.
Much of current knowledge on Roma was derived from epithelial cells of the mammary gland.
For example, Roma loss during early pregnancy lead to accelerated alveologenesis and
hyperproliferation. It was thus important to understand the role of Mta3 in the mammary gland
to gain a perspective on potential cross-over roles for Mta3-Roma. However, only one study
investigated the role of Mta3 in the developing mammary gland (Zhang et al., 2006). In this
study, a transgenic approach was used to overexpress human MTA3 in mature mammary
glands of virgin mice (8-10 weeks), resulting in a significant reduction in secondary and tertiary
ductal branching, coupled with a halving in cell proliferation (BrdU incorporation) (Zhang et
al., 2006). This phenotype is interesting and similar to the ductal branching phenotype also
observed in Romalz/lz mammary glands (C. H. Oliver et al., 2012). In the former study, the
hypobranching observed was comparable to defective branching in the Wnt4 knockout mice
(Cathrin Brisken et al., 2000), which lead to the discovery that Mta3-NuRD repress the Wnt4
pathway in the developing mammary gland (Zhang et al., 2006). Whilst it falls out of the scope
of this thesis, it would be worthwhile to investigate if Roma may also be involved in regulation
of the Wnt4 pathway, as they both seem to exhibit similar branching defects during early
pregnancy.
However, it is important to keep in mind that much of the current knowledge on Mta3, and its
downstream targets, have been primarily established from cancer cell line models. For
example, the human MTA3 is downregulated in ERa-negative breast tumours and has been
shown to be a suppressor of EMT (Fujita et al., 2003). In this study, Fujita et al. established
that MTA3 interacts with the Snail promoter and represses its transcription in a HDACdependent (histone deacetylase) manner (Fujita et al., 2003). Concomitantly, Roma
overexpression resulted in the downregulation of Snail in EpH4 cells while Snail was
transcriptionally upregulated in 5dG Romalz/lz mammary glands. Roma had no effect on MTA3
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levels – suggesting Roma may mediate Mta3 repression of Snail in the mammary gland.
Furthermore, one study showed Snail was upregulated during branching morphogenesis in 3D
organotypic models of mammary epithelial cells (K. Lee et al., 2011). Snail was also associated
with branching morphogenesis in primary mammary epithelial organoids, but the direct
mechanism underlying this is yet to be elucidated. Therefore, it was interesting to note Snail
was also transcriptionally upregulated in Romalz/lz mammary glands, which could explain the
increase in branching observed in the Romalz/lz mammary glands.
Chapter 4 also showed that the loss of Roma correlated with Slug downregulation in the 5dG
mammary gland, and vice versa in the overexpression system. Snail and Slug belong to the
same family of proteins and have been frequently reported to work together in promoting EMT
(Nieto et al., 2016). However, in the mammary gland, this was not the case as Slug knockout
mice resulted in excessive ductal branching, opposite to the Snail phenotype but similar to
Roma loss. Slug deficiency was also shown to increase markers of the luminal lineage: Gata3
and ERa, which does not align with the phenotype of Roma loss, in which the Gata3 luminal
lineage is partially suppressed in the mammary gland. This observation could further suggest
that the upregulation of Slug could be a compensation mechanism for loss of Snail, as it does
not fully correlate with Roma phenotypes. However, this can only be fully addressed by
investigating the direct target genes of Roma.
Therefore, a critical experiment for furthering the identification of Roma targets is a ChIP-Seq
to identify Roma’s target binding sites in the genome. Whilst the RIME provided invaluable
information about Roma’s proteome, linking Roma to EMT gene regulation, it cannot account
for the direct transcriptional control mediated by Roma. It would be encouraging to see if Roma
does indeed bind to the Snail promoter and repress its transcription as this would clarify the
EMT gene responses, which are known to be redundant and intertwined. In the absence of an
antibody specific to Roma, a ChIP-Seq can be carried out on the Roma-Flag overexpression
system, or a more physiological result can be attained through the endogenous tagging of Roma
using the CRISPR knock-in technique. Identification of Roma gene targets will be useful for
the search for its human orthologue.
Identifying the human orthologue for Roma is important as it has been previously shown to
exhibit tumour suppressor characteristics in Romalz/lz MECs, resulting in extensive DNA
damage and chromosomal instability, all of which are hallmarks of cancer (T. L. F. Ho et al.,
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2016). These deleterious consequences were further exacerbated by the loss of both Roma and
Gata3, but the association between them remains to be fully understood. It has been suggested
that Roma and Gata3 function in an antagonistic feedback loop in mammary epithelial cells,
yet the mechanism underlying this relationship is not fully characterised (T. L. F. Ho et al.,
2016; C. H. Oliver et al., 2012).
Interestingly, a recent study may have shed light on this ambiguous relationship: GATA3 binds
to MTA3 in in breast cancer cells (Si et al., 2015). Therefore, it can be hypothesized that the
Roma-Gata3 relationship could be mediated via binding of MTA3 to Roma and Gata3. Further
work should explore this interaction in the normal mammary gland, potentially using RIME
with MTA3 or GATA3 as bait. In the context of tumorigenesis, the loss-of-function of GATA3
contributes to breast cancer, but its role during this is poorly understood. The aforementioned
study implicates both GATA3-MTA3 in breast cancer metastasis and sheds light on the
deleterious consequences of their dysregulation in promoting breast cancer progression
(Pandolfi et al., 1995; Si et al., 2015). Therefore, the relationship of Roma to both Mta3 and
Gata3, coupled with its potential role as a tumour suppressor, necessitates the identification of
the human counterpart to Roma. The human orthologue to Roma could shed light on important
regulatory mechanisms which underlie breast development and how its dysregulation can lead
to breast cancer progression. Multiple in silico approaches were undertaken in Chapter 5 in an
attempt to achieve this goal.
Several factors have significantly impeded the discovery of the human orthologue of Roma and
have been discussed in Chapter 5. In brief, the KRAB-ZFP family is rapidly evolving and
expanding, leading to the generation of many proteins with similar sequences, which thwarts
investigations into conserved sequence alignment for identifying candidate orthologues. The
difficulty of the task is exemplified by previous studies that show many orthologues are not
conserved in a 1:1 relationship, thus suggesting Roma may not have a single orthologue in the
human. Roma may have evolved several functional, tissue-specific orthologues in the human.
This could be feasible as Roma expression was found in many proliferative tissues in the mouse
embryo and adult (Carrie H. Oliver et al., 2013) and could have tissue specific functions.
Nonetheless, a repertoire of bioinformatic tools were used to mine for the human orthologue
using phylogenetic analysis, sequence alignment and microarray database analysis, resulting
in a list of candidates for the putative human Roma orthologue. In brief, this study identified
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five candidates that shared conserved sequence identity, and like Roma, were upregulated in
response to STAT6 depletion in human cell lines.
The results of this investigation set the stage for the next step in identifying the human Roma:
functional studies. Information from the ChIP-Seq of the murine Roma will be helpful for
validating the candidates for the Roma orthologue. The human orthologue(s) would be
expected to regulate the same tissue-specific target genes as Roma in human cell lines.
Candidates for the Roma orthologue could also be validated by functional complementation
experiments, in which the candidates would be expected to rescue the Roma loss of function
phenotypes – proving they are functionally orthologous to Roma.
In summary, this thesis identified a novel interaction for Roma with Mta3, and this uncovered
a previously uncharacterised role for Roma in regulating Snail and Slug in the mammary gland.
The association between Roma and Snail/Slug and has shed light on the potential mechanism
underlying hyperbranching in the 5dG Romalz/lz mammary gland. This study also undertook
important steps towards identifying the human orthologue of Roma, generating a list of likely
candidates for further functional investigation.
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Appendix Figure 1. sgRNA design for CRISPR knock in targeting exon 5 in the 3’ end of
Roma. (a) The sequence for the sgRNA that targets Exon 5 in Roma (red) followed by a
PAM sequence (blue). (b) confirmation of PCR amplification of sgRNA by gel
electrophoresis. Blue arrows show correct DNA band.
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Appendix Figure 2. Amplifying the Neomycin resistance cassette and homology arms for
the CRISPR knock-in plasmid. (a) the endogenous sequences upstream (blue) and
downstream (red) of the sgRNA cut site were amplified by PCR and analysed by gel
electrophoresis (b). The PAM sequence, required for the Cas9 cut, is highlighted in pink. A
neomycin cassette was also amplified from a pGL4.51-Neomycin vector by PCR and DNA
was analysed by gel electrophoresis (b). Blue arrows indicate DNA bands of correct size in
base pairs (bp)

A-3

Appendix Figure 3. Primers were used to create the 3XHA tag and the P2A sequence.
Schematic overview of DNA fragments assembled together by Gibson Assembly to generate
a 3XHA-tag and a P2A sequence.
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Appendix Figure 4. Donor plasmid for CRISPR knock-in. (a) gel electrophoresis analysis of three Donor
fragments assembled by Gibson Assembly (M) denotes the DNA size marker and blue arrow indicates
the 2,000 base pairs (bp) assembled Donor DNA fragment. This was excised from the gel and purified
for ligation into a bacterial plasmid. (b) schematic of the donor plasmid which shows an upstream
homology arm that is homologous in sequence to the region upstream the sgRNA cut site in Exon 5 of
Roma, a 3xHA epitope tag, a P2A sequence, a Neomycin resistance cassette (NeoR) and a downstream
homology arm that is homologous in sequence to the region downstream of the sgRNA cut site in the
endogenous Roma gene.

Full length doxycycline-inducible Roma and Roma-ZF truncation
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Tre-Tight

KRAB A box

C2H2 Zinc Fingers

KRAB B box

C2H2 Zinc Fingers

Tre-Tight

(Dox)

Empty
Vector

Roma
-FLAG

-

-

+

+

Roma-ZF
-FLAG

-

+
Anti-FLAG

Anti-GAPDH

Appendix Figure 5. Roma truncation expressing zinc fingers only was generated
using Gibson Assembly. Primers were designed to span the start site of Roma and
the zinc finger domains only; these fragments were then assembled using Gibson
assembly into a piggyBac transposable element vector. Protein expression was
confirmed in EpH4 cells, under 24h doxycycline induction, by western blot with antiFlag.
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