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Abstract

ROLE AND REGULATION OF TBX2 AND TBX3

Johannes Schmidt, Christ Church College, D.Phil. Clinical Medicine, Trinity
Term 2015

The T-box family of transcription factors plays a crucial role during embryonic
development, especially in heart and limb formation. In the adult organism, two
members of the family, TBX2 and TBX3, have been found to be overexpressed
in several types of cancer associating them with tumour biology. However, little
is known about their regulatory targets and subsequent function aside from their
well-described role during development, that would give indications of their over-
all contribution to tumourigenesis. Here, an agnostic, genome-wide approach is
chosen to reveal novel TBX2 and TBX3 regulated target genes in a human melan-
oma cell line, shedding further light on their regulatory activity. Furthermore, the
regulation of the two T-box factors themselves by growth regulating pathways,
dysregulated in cancer, is assessed. Both T-box factors are proposed to be in-
volved in cancer homoeostasis, a process balancing nutrient supply and demand
within the cancer cell to facilitate long-term proliferation without depletion of
nutrients. Moreover, TBX2 and TBX3 are demonstrated to be regulated by the
PI3K pathway mediated by PAX3, and that this regulation is implicated in the

bypass of oncogene induced senescence.
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CHAPTER 1. INTRODUCTION

1.1 Cancer

In an ever ageing society cancer is becoming a growing burden to health care today
with expenditure of £5.8 billion in the UK alone in 2014 (NHS Networks). It is
estimated, that in the UK half of the population born after 1960 will be diagnosed
with some type of cancer during their lifetime, with still rising incidence rates.
Improvements in health care and better treatment options led to at least 10 years
survival of half of the diagnosed patients, denoting a doubling in survival rates
over the last 40 years (Cancer Research UK, Cancer Stats). However, cancer is
still responsible for more than 25% of all deaths in the UK, and an estimated
8.2 million people died from cancer worldwide in 2012 (Cancer Research UK), a
number projected to rise to 13.1 million by 2030 (Ferlay et al., 2010).

The causes of cancer are multifaceted. There are more than 200 different
types known today, but the underlying principle is the same, an uncontrolled
growth of somatic cells. Despite the advancements of almost half a century of
oncology research, still today the most common treatment for cancer is surgery,
where feasible, combined with chemo- and/or radiotherapy. This crude approach
can result in severe side effects and impairment of the patient’s quality of life.
With surgery, benign tissue encompassing the tumour is collaterally removed to
ensure elimination of the entire tumour and avoid regrowth due to residual tumour
cells at the site. Both, chemo- and radiotherapy, non-specifically target dividing
cells irrespective of whether the dividing cell is benign or malignant. The rationale
being that malignant, cancerous cells show a higher division rate compared to their
benign counterparts and consequently will be more sensitive, while benign cells will

also die but can be replenished by physiological stem cells. Thus, all three most
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commonly applied treatment options considerably affect healthy tissue, a main
reason for the observed side effects.

For more targeted and tailored therapies, an in-depth understanding of mo-
lecular cancer biology is necessary to dissect the molecular differences between a

benign somatic cell and a malignant cancer cell.

1.1.1 Hallmarks of cancer

The transformation from a well-controlled somatic cell to a dysregulated cancerous
cell is a multi-step process. It takes several mutations accumulated in a cell’s DNA
over time, to eventually end with a molecular set-up manifested in an uncontrolled,
cancerous phenotype (Knudson, 1971, 1996; Tomlinson et al., 2001). In general,
two different classes of genes have been described in the context of cancer, onco-
genes and tumour suppressor genes (Hanahan and Weinberg, 2000). Oncogenes
are genes with the potential to cause cancer when activated (Croce, 2008), whereas
tumour suppressor genes protect a cell from cancer, causing tumour growth upon
inactivation (Sherr, 2004). Consequently, many activating mutations in oncogenes
and loss-of-function mutations in tumour suppressor genes are found in tumours
(Sherr, 2004; Croce, 2008; Hanahan and Weinberg, 2000, 2011).

In their epochal review, Hanahan and Weinberg described in 2000 and its
revised second edition in 2011 six key traits, so-called hallmarks, of cancerous
cells governing the transformation from normal cells to cancer: 1) self-sufficiency
in growth signals, 2) insensitivity to anti-growth signals, 3) evading apoptosis,
4) limitless replicative potential, 5) sustained angiogenesis, and 6) tissue invasion

and metastasis (Figure 1.1) (Hanahan and Weinberg, 2000, 2011). The first two
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hallmarks maintain cancer cells in a proliferative state through modulation of the
signalling environment, whereas hallmarks three to five support the survival of
dysregulated cells by stifling intrinsic safety mechanisms designed to prevent un-
controlled hyperproliferation and supplying enough nutrients and oxygen. Finally,

the sixth hallmark promotes the spread of the tumour to other parts of the body.

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 1.1: The hallmarks of cancer. The six hallmarks of cancer
as originally proposed by Hanahan and Weinberg in 2000.
Reprinted from Hanahan and Weinberg (2011), Copyright 2011, with permission from

FElsevier.

Sustained proliferative signalling

Cancer cells can be rendered self-sufficient in growth signals by either a manipu-
lated growth factor (GF) environment or independence from GF stimulation. For
the GF environment, two determinants are important, the stimulus (i.e. GFs)
and the sensing (i.e. receptors), both of which can be influenced in cancer. Glio-
blastoma cells, for instance, produce platelet-derived growth factor (PDGF), thus

generating a positive feedback loop for growth (Lokker et al., 2002). Moreover,

4
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an increased number of GF receptors on the cellular surface can cause cancer cells
to propagate despite the low, ambient growth signal, insufficient to induce pro-
liferation in somatic cells (Korc et al., 1992; Farley et al., 2000; Haugsten et al.,
2010). Furthermore, the abundance of receptors in the cellular membrane can
trigger ligand-independent signalling. This phenomenon is for instance observed
in breast, stomach and brain cancer overexpressing the human epidermal growth
factor receptor 2 (Her2/neu) (Slamon et al., 1987).

The second possibility of growth signal autonomy besides manipulation of the
GF environment is via intracellular signal processing. In somatic cells, growth
signals registered by receptors on the cellular surface are transferred via several
cytoplasmic mediators to their respective intracellular effectors. An activating
mutation in one of these intracellular mediators, rendering it constitutively act-
ive, provides the cell with a constant mitogenic signal regardless of the surround-
ing GF environment. Two prominent examples are the mitogen-activated protein
kinase (MAPK) pathway, with many known activating mutations in the Ras sub-
family (Bos, 1989; Pylayeva-Gupta et al., 2011) and the Raf kinases (Holderfield
et al., 2014), and the phosphatidylinositol-3-kinase (PI3K) pathway, with frequent
mutations in PI3K and protein kinase B (PKB, also known as AKT) (Liu et al.,
2009).

A further mechanism leading to uncontrolled growth of cells is insensitivity
to anti-growth signals. In healthy tissue, homeostasis is maintained by a tightly
knit regulatory network of proliferative and anti-proliferative signals linked to the
cell cycle. During growth phase (Gp), cells proliferate, temporarily quiesce (Go)
or enter a permanent, post-mitotic state dependent on the cellular environment

(Bertoli et al., 2013). The anti-growth signals for quiescence and post-mitotic
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arrest are thereby mainly enacted by the retinoblastoma protein (RB) through
sequestering members of the E2F transcription factor (TF) family, thus inhibiting
the progress from Gi- into S-phase (Weinberg, 1995). Hence, disruption of the RB
pathway renders cells insensitive to signals blocking the G; — S transition, resulting
in uncontrolled cell cycle progression, a phenomenon frequently observed in cancer

(Ho and Dowdy, 2002; Sherr and McCormick, 2002).

Restriction of intrinsic safety mechanisms

The rapid proliferation of cancer cells and the substantial dysregulation of their
cellular signalling networks, blocking or severely impairing intrinsic safety mechan-
isms, leads to significant intracellular stress. Replicative stress, due to continuous
replication of DNA without sufficient time and activity of proofreading agents,
increases the mutation rate and DNA damage within cancer cells (Loeb, 2001).
Stress of the endoplasmic reticulum (ER), due to the high load of protein syn-
thesis, in turn, enhances the occurrence of misfolded proteins (Clarke et al., 2014).
In somatic cells, the apoptotic machinery senses these stress signals and induces
programmed cell death once they surpass a threshold (Adams and Cory, 2007).
In cancer cells however, dysregulated signalling pathways provide a way to evade
apoptosis and sustain high levels of cellular stress (Hanahan and Weinberg, 2000;
Fernald and Kurokawa, 2013).

Probably the most prominent sensor for intracellular stress is the tumour sup-
pressor TP53, the so-called guardian of the genome (Lane, 1992). As a key regulat-
ory TF, it controls the expression of a multitude of factors involved among others
in DNA repair, cell cycle control and apoptosis, thus playing a crucial role in cellu-

lar stress response. In human cancer, TP53 is one of the most frequently mutated
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or inactivated genes, interfering with the stress response pathways (Hollstein et al.,
1991; Olivier et al., 2010).

A second safety mechanisms to protect somatic cells from harmful uncontrolled
growth is an irreversible growth arrest, termed senescence. This signalling network
has also been shown to be dysregulated in cancer cells, a topic discussed in more

detail below (Section 1.3).

Sufficient nutrient supply

In addition to avoiding the intrinsic safety mechanisms, tumours can only rise with
enough nutrients and oxygen available to support their growth. Once grown to a
size of 1-2 mm?, the diffusion limit for oxygen and nutrients is reached and new
blood vessels are necessary for a sufficient supply (Hillen and Griffioen, 2007). An
enhanced vascularisation of tumour tissue has already been described 100 years ago
(Goldmann, 1907), but only in the last 40 years the underlying molecular mech-
anisms have become more evident. The process of neovascularisation is regulated
by a balance of pro- and anti-angiogenic signals and several distinct mechanisms
have been identified; a) sprouting angiogenesis, the formation of vessels from pre-
existing vasculature, b) intussusceptive angiogenesis, the splitting of pre-existing
vessels into two new, separate vessels, and c¢) the recruitment of endothelial pro-
genitor cells (EPC) to form blood vessels (Carmeliet and Jain, 2000; Hillen and
Griffioen, 2007).

Sprouting angiogenesis is a tightly controlled process mainly governed by the
fibroblast growth factor (FGF) family and the vascular endothelial cell growth
factor (VEGF) family. Both are involved in all major steps of angiogenesis, fa-

cilitating the activation of endothelial cells, their migration and proliferation, and
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at the same time, increasing the expression of ECM degrading enzymes, such as
matrix metalloproteinases and plasminogen activators (Hillen and Griffioen, 2007).
Both families of GF have been shown to be produced and secreted by cancer cells,
thus enabling vascularisation of tumours (Hillen and Griffioen, 2007; Holmes et al.,
2007).

During intussusceptive angiogenesis, a transvascular tissue pillar is formed in-
side the lumen of an existing vessel, splitting the vessel into two through continuous
growth in diameter (Burri et al., 2004). The exact mechanism is not yet fully un-
derstood, but alterations in blood flow dynamics and elevated shear stress on the
endothelial cells have been shown to stimulate the process (Hillen and Griffioen,
2007).

The recruitment of EPCs to form blood vessels is promoted by endocrine sig-
nals, generated among others during tumour growth. Upon stimulation by an-
giogenic factors such as placental growth factor (PLGF) or VEGF, EPCs are re-
leased from the bone marrow and subsequently recruited and integrated at the site
of neovascularisation in tumours (Hillen and Griffioen, 2007). The contribution of
EPCs to overall tumour vessel growth is still debated in the field, but nevertheless
a factor worth considering.

Another, very intriguing phenomenon related to tumour vascularisation is vas-
culogenic mimicry (VM), first demonstrated in uveal melanoma (Maniotis et al.,
1999). It describes the formation of de novo vascular networks by dedifferen-
tiated tumour cells, enhancing the perfusion of rapidly growing tumours. The
vasculogenic-like networks are lined with tumour cells, co-expressing endothelial,
embryonic/stem cell, and tumour markers, highlighting the remarkable plasticity

of tumour cells (Seftor et al., 2012). Moreover, resulting channels and tubular
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structures have been shown to be morphological similar to endothelial-lined vas-
culature, and rich in ECM proteins, such as laminin, collagens and proteoglycans
(Hillen and Griffioen, 2007). Detected plasma and red blood cells within these
networks indicate a functionally equivalent perfusion pathway to endothelial-lined
vasculature for rapidly growing tumours (Seftor et al., 2012). In recent studies,
induction of VM has been attributed to a hypoxic microenvironment, emphas-
ising the importance of the tumour microenvironment as a contributing factor to

tumourigenesis (van der Schaft et al., 2005; Mihic-Probst et al., 2012).

Metastasis formation

The probably most severe aspect of cancer from a patient’s survival point of view
is the formation of metastases, with a significantly worse prognosis for patients
with already metastasising tumours (Steeg, 2006). In order to disseminate and
form metastases, tumour cells undergo a sequence of discrete steps, the so-called
invasion-metastatic cascade (Fidler, 2003). First, tumour cells invade the local tis-
sue to enter the nearby blood and lymphatic vessels. Once in the vessels, the cells
circulate through the lymphatic and hematogenous systems until they escape from
the lumen of the vessel into the parenchyma of the secondary site. Subsequently,
the engrafted tumour cells form small nodules, so called micrometastases, which fi-
nally grow into secondary, macroscopic tumours (Figure 1.2) (Talmadge and Fidler,
2010).

An early developmental programme, called the epithelial-mesenchymal transi-
tion (EMT), is suggested to be re-activated in cancer cells facilitating invasion and
metastasis. The same TFs orchestrating EMT and migratory functions during

embryonic development, such as SNAIL, SLUG, or TWIST, are also expressed
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Figure 1.2: The invasion-metastatic cascade. Dissemination of a
tumour and metastases formation is a stepwise process. After establish-
ment of the primary tumour (a,b), tumour cells invade the local tissue
to enter the nearby blood and lymphatic vessels (¢,d). Once in the ves-
sels, the cells circulate through the lymphatic and hematogenous systems
until escaping from the lumen of the vessel into the parenchyma of the
secondary site (e) to form micrometastases, that eventually grow into
macroscopic tumours (f).
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Cancer,
Fidler (2003), Copyright 2003.

in several malignant tumour types in various combinations (Larue and Bellacosa,

2005). As a consequence, loss of adherens junctions, expression of matrix-degrad-

ing enzymes, and increased motility, among others, can be observed. One of the

well-known targets of these TF's is E-cadherin, a key cell-to-cell adhesion molecule,
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repressed by the above mentioned TF's, leading to a more invasive, metastasis prone
phenotype (Peinado et al., 2004). However, it is not clearly understood which con-

ditions and triggers lead to the phenotype of invasive growth and metastasis.

1.1.2 Enabling characteristics

In addition to the described functional characteristics of cancer cells, arisen over
time in a multi-step process, two enabling characteristics, facilitating the emer-
gence of tumours, have been outlined: genomic instability and tumour-promoting
inflammation (Figure 1.3) (Hanahan and Weinberg, 2011).

Genomic instability generates random mutations including chromosome re-
arrangements in the cell’s genome, which as a matter of stochastic probability
produce the rare mutations enabling hallmark capabilities. These mutations can
confer a selective advantage and consequently result in clonal outgrowth of a sub-
population of cells (Nowak et al., 2002; Aguilera and Garcia-Muse, 2013). Hence,
there are several protective genome maintenance systems in somatic cells limiting
the mutation rate during cell replication (Ciccia and Elledge, 2010). However, in
cancer cells members of the DNA maintenance machinery, responsible for detect-
ing and repairing DNA damage or counteracting mutagenic agents, were found
to be mutated (Negrini et al., 2010; Aguilera and Garcia-Muse, 2013). As a con-
sequence, genomic stability is decreased and the likelihood of a cancer supporting
mutation to occur raised.

Tumours have long been recognised as being infiltrated by cells of the immune
system, a phenomenon compared to wound healing, which was thought to be an

anti-tumoural response by the immune system (Dvorak, 1986). Yet, in recent
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years the paradoxical nature of this immune activation has become clear. The
inflammatory response can also supply tumour-supportive molecules to the tumour
microenvironment, hence, enabling the above discussed hallmarks of cancer. In
some cases, this can occur already at the earliest stages of neoplastic progression,
facilitating the development of an incipient cancer nodule into a fully developed

tumour (de Visser et al., 2006).

Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Figure 1.3: Emerging Hallmarks and Enabling Characteristics.
Recent research findings suggest two additional emerging hallmarks, in-
volved in cancer pathogenesis, a modified cellular metabolism to support
neoplastic proliferation and the capacity to avoid immune destruction.
Additionally, two enabling characteristics of incipient cancer cells facilit-
ate the acquisition of hallmark capabilities, genomic instability and in-
flammation.

Reprinted from Hanahan and Weinberg (2011), Copyright 2011, with permission from
Elsevier.

12



CHAPTER 1. INTRODUCTION

1.1.3 Emerging hallmarks

Advances in the understanding of cancer biology have led to the addition of two
emerging hallmarks in the second edition of the review of hallmarks of cancer:
dysregulated cellular energetics and avoidance of immune destruction (Figure 1.3)
(Hanahan and Weinberg, 2011).

To fuel the high level of proliferation, adjustments to the energy metabolism
have been detected in cancer cells (Dang, 2012). Under normoxic conditions, so-
matic cells process glucose to pyruvate via glycolysis, which is then further oxidised
to carbon dioxide in the mitochondria. In anaerobic conditions, energy produc-
tion is limited to glycolysis as mitochondrial oxidisation requires high amounts
of oxygen. In contrast, Warburg et al. described already in 1926 the propensity
of tumours to limit energy production to glycolysis even under normoxic condi-
tions, a phenomenon termed aerobic glycolysis or the Warburg-Effect (Warburg
et al., 1926). Since oxidative phosphorylation is ~18-fold more efficient than glyco-
lysis alone, the significantly lower adenosine triphosphate (ATP) production from
glycolysis can be compensated in cancer cells by a higher glucose consumption,
facilitated by up-regulation of glucose transporters (Gillies et al., 2008).

A functional explanation for the glycolytic switch remains elusive. One hypo-
thesis suggests a higher supply of intermediary products of the glycolytic pathway
due to enhanced glycolysis to the cell, fuelling downstream biosynthetic pathways,
such as nucleoside or amino acid production. This, in turn, provides necessary
building blocks for the biosynthesis of macromolecules and organelles to foster cell
growth and division (Vander Heiden et al., 2009). Interestingly, aerobic glycolysis

has also been noted in fast dividing embryonic tissues, indicating a potentially
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developmental programme for rapid cell proliferation re-activated by cancer cells
(Vander Heiden et al., 2009).

The second emerging hallmark is immune evasion. The prevailing theory of
immune surveillance proposes a permanent monitoring of cells and tissue by the
immune system, recognising and eliminating all dysregulated, abnormal cells. Ac-
cordingly, the majority of early cancer cells and nascent tumours are thought to
be identified and cleared (Finn, 2012). As a consequence, emerging tumours must
have avoided recognition by the immune system and subsequent eradication in
order to develop.

The production and secretion of immunosuppresive molecules, such as trans-
forming growth factor beta (TGF-B) or interleukin-10 (IL-10), can result in immune
evasion of cancer cells (Igney and Krammer, 2002). Alternatively, neoplastic cells
recruit immunosuppresive cells, such as T, cells, via the cytotoxic T-lymphocyte
associated antigen 4 (CTLA-4), to dampen the immune response (Mocellin and
Nitti, 2013). Furthermore, in order to limit the cytotoxic effects of T-cells, cancer
cells express members of the programmed death-ligand (PD-L) family on their cell
surface, inducing a self-tolerance response via binding to programmed cell death
protein 1 (PD-1) receptors (Quezada and Peggs, 2013). Both molecules, CTLA-4

and PD-1, are hence potent mediators of immune evasion.

1.1.4 Tumour heterogeneity

Originally, a tumour was considered a mass of identical cells, having acquired
the potential of unlimited proliferation. Over time, however, research elucidated

tumours as very heterogeneous structures, resembling an organ in terms of com-
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plexity and variety (Hanahan and Weinberg, 2011). There are two types of tu-
mour heterogeneity, between different tumours (inter-tumoural heterogeneity), and
within a single tumour (intra-tumoural heterogeneity) (Marusyk and Polyak, 2010;

Burrell et al., 2013).

Inter- and intra-tumoural heterogeneity

There is increasing evidence in many different cancer types for inter-tumoural
heterogeneity, describing distinct morphological and phenotypic profiles of tumours
from the same location (Marusyk and Polyak, 2010). As a consequence, a breast
cancer, for instance, might be pathologically more related to a tumour of a different
location, than another breast cancer. Strikingly, inter-tumoural heterogeneity is
not only observed between different, independent tumours of the same location, but
also between primary tumours and their respective metastases (Yancovitz et al.,
2012).

Additionally, heterogeneity is also found within a single tumour, so called
intra-tumoural heterogeneity, provoking the idea of a tumour as an organ, al-
though structurally and functionally abnormal (Figure 1.4) (Hanahan and Wein-
berg, 2011). Just like organs, tumours contain multiple cell types, interact with
the surrounding tissue and develop using processes resembling developing organs
(Egeblad et al., 2010). There are two different types of intra-tumoural heterogen-
eity, cellular heterogeneity, manifested in the presence of distinct cell types forming
the tumour, and genetic heterogeneity, a diverging genetic make-up of cells of the

same type.
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Figure 1.4: Tumour heterogeneity. Tumours are very heterogen-
eous structures, resembling an organ in terms of complexity and variety.
Several distinct cell types contribute to the tumour mass with individual
functions. This intra-tumoural heterogeneity has important implications
for the understanding of cancer biology and subsequent treatment.

Reprinted from Hanahan and Weinberg (2011), Copyright 2011, with permission from

Flsevier.

Cellular and genetic heterogeneity

The main contributor of tumours are cancer cells, harbouring one or several of
the above mentioned hallmarks. Further cell types comprising the tumour are
endothelial cells, forming tumour associated vasculature and lymphatic vessels, as
well as pericytes, supporting the tumour endothelium, cancer associated fibroblasts
and cells of the immune system (Hanahan and Weinberg, 2011). Moreover, an
increasing body of work suggests another cell type to be present in tumours, cancer
stem cells (CSC), initially described in hematopoietic neoplasias (Bonnet and Dick,
1997; Reya et al., 2001). CSCs are functionally defined by the ability to seed
new tumours, giving rise to all individual cancer cell types within the tumour,
and sharing a number of properties and markers with normal stem cells (Magee

et al., 2012; Visvader and Lindeman, 2012). As these cells, nevertheless, still bear

16



CHAPTER 1. INTRODUCTION

mutations in key signalling pathways, the term stem cell-like cancer cells might be
more accurate (Hoek and Goding, 2010).

The existence of CSC is heavily debated, on the one hand, due to their relative
scarcity, with reported frequencies as low as 0.2 CSC in 10° cells (Bonnet and Dick,
1997), on the other hand, due to the lack of understanding of their origin. Two
plausible hypotheses have been, emergence through a de-differentiation mechanism
after establishment of the tumour or through oncogenic transformation of normal
tissue stem cells (Hanahan and Weinberg, 2011).

Nevertheless, the concept of CSC holds important implications for understand-
ing cancer biology particularly in respect to the plasticity of tumours. As men-
tioned above, cancer cells are very versatile and capable of adapting to changing
external influences of the microenvironment, an attribute that gave rise to the
idea of phenotype-switching. According to this model, cancer cells switch back-
and-forth between phenotypes, e.g. CSC, invasive, or proliferating cell depending
on microenvironmental conditions (Hoek and Goding, 2010). This could poten-
tially explain the low abundance of CSCs, as there might only be a very small
niche with the right microenvironment within a tumour for them to exist, but it
could also explain the lack of understanding of their origin, as there might not be
the one origin for these cells.

Finally, genetic heterogeneity, the second type of heterogeneity found within a
tumour, describes the multi-clonal nature of tumours. Despite originating from the
same cell initially, genetic instability and selective pressure by the tumour envir-
onment leads to clonal expansion of several, genetically different cell populations,

forming a heterogeneous tumour of the same cell type (Burrell et al., 2013).
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1.2 Melanoma

Melanoma is a sub-type of cancer originating from melanocytes, specialised pig-
ment producing cells predominantly found in the skin. Furthermore, melanoma
can also emerge in any part of the body containing melanocytes, such as the
choroid layer of the eye (Tsao et al., 2012). Although melanoma accounts for only
4% of all dermatological cancers, it is responsible for 75-80% of skin cancer related
deaths (Jerant et al., 2000; Miller and Mihm, 2006). Accordingly, melanoma is
among the most aggressive cancers, metastasising already at a very early stage of
primary tumour development. As a consequence, if diagnosed early, 5-year sur-
vival rates in the UK for malignant melanoma are above 90%, but plummet as low
as b% for patients with metastasising melanoma (Cancer Research UK, Melanoma

statistics).

1.2.1 Melanoma epidemiology

Melanoma is particularly common among Caucasians in Oceania, North America,
Europe, Southern Africa and Latin America (Ferlay et al., 2010), a pattern re-
flecting elevated exposure to ultraviolet radiation (UVR) in conjunction with low
skin pigmentation. The individual’s risk for developing melanoma depends on in-
trinsic and environmental factors. Intrinsic factors are genetic predispositions and
a family history of melanoma, accounting for 10% of all melanoma cases (Hayward,
2003). Two susceptibility genes with high penetrance have been identified, CDK/
and CDKN2A (Zuo et al., 1996; Soufir et al., 1998).

A point mutation in codon 24 of CDK/ prevents inactivation of cyclin-depend-

ent kinase 4 (CDK4), the protein product of CDK/, by pl6, a cyclin-dependent
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kinase inhibitor (CKI), unable to bind the mutant (Zuo et al., 1996). The binding
to cyclin D, however, is not affected by the mutation, thus the cyclin-depend-
ent kinase complex is still able to phosphorylate RB, releasing as a consequence
the E2F protein family, which results in cell cycle progression (Zuo et al., 1996;
Hayward, 2003). CDKN2A, however, is a tumour suppressor gene with inherited
inactivating germline mutations, encoding for the cell cycle regulator p16 involved
in the control of the G; to S cell cycle transition, inhibiting CDK4 among others.
Therefore, mutations in these genes confer an enhanced proliferative potential, a
hallmark of cancer (Hayward, 2003).

Certainly, the most important environmental risk factor for developing melan-
oma is UVR (Bennett, 2008). Both, DNA and RNA contain strongly absorbing
chromophores for UVR, resulting in a photochemical reaction upon UVR expos-
ure causing mainly C—T base mutations (Tran et al., 2008). Furthermore, UVR
can induce base linkage of neighbouring bases, disrupting the replication and tran-
scription of DNA. Strikingly, a high proportion of TP53 mutations in melanoma
are C—T transitions, and NRAS mutations, another frequently mutated oncogene
in melanoma, has been linked to T-T linkage lesions, underpinning the role of
UVR in melanoma formation (Tran et al., 2008). In a whole genome sequencing
study of 25 metastatic melanomas, a remarkable 10-fold difference in mutation
rate was found dependent on the level of previous UVR exposure. Moreover, the
majority of observed mutations were C—T and G—A transitions, consistent with

UVR-induced photochemical reactions (Berger et al., 2012).
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1.2.2 Melanoma pathophysiology

Melanoma can develop from normal melanocytes in five steps as described in the
Clark-model (Figure 1.5). The first step is a hyperproliferation of structurally
normal melanocytes forming a benign nevus due to overexpression or constitutive
activation of a pro-proliferation pathway. Subsequently, there is aberrant growth
leading to a dysplastic nevus with a higher proliferative activity than a benign
nevus (Urso et al., 1992). The radial-growth phase is the third step in which
cells start proliferating intraepidermally and show morphologically atypical signs.
During the fourth step, cells invade vertically into the dermis followed by the last

step, the formation of metastases (Clark et al., 1984; Miller and Mihm, 2006).

Benign Dysplastic Radial-Growth Vertical-Growth Metastatic
Nevus | Nevus Phase | Phase Melanoma

Basement
membrane

Dermis

8

Metastasis to lung, liver,
or brain

Benign Fremalignant Decreased di

Biologic Limited growth Lesions may regress | Unlimited hyperplasia Crosses basement membrane = Dissociates from primary
Events Random atypia Cannot grow in soft agar Grows in soft agar tumor
Clonal proliferation Forms tumor Grows at distant sites

Figure 1.5: The Clark-model of melanoma development. see text
for details.

Reproduced with permission from Miller and Mihm (2006), Copyright Massachusetts
Medical Society.

For a nevus to form, melanocytes need to hyperproliferate by sustaining a pro-
liferative signalling, a hallmark of cancer as described above. In the majority of

malignant melanoma, an activating mutation in the MAPK pathway, a growth re-
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lated pathway stimulated under normal conditions by external GFs (Figure 1.6),
confers that capability. Mutations in NRAS, a kinase of the RAS kinase fam-
ily in the MAPK pathway, were identified first as candidates driving melanocyte
transformation, occurring in 20% of all melanoma cases (Albino et al., 1984; Fe-
dorenko et al., 2015). In the majority of melanoma tumours (66%), however, the
kinase BRAF, downstream of RAS, is mutated. Several activating mutations are
described, but the V600E mutation is with 80% by far the most abundant (Davies
et al., 2002; Wellbrock et al., 2004b). The finding, that oncogenic BRAFY600F
induces proliferation in cultured melanocytes, by constitutively activating mi-
togen-activated protein kinase kinase (MEK) and extracellular-signal-regulated
kinase (ERK) signalling, confirms the significance of this mutation (Wellbrock
et al., 2004a). Moreover, mutant BRAF promotes benign melanocytic hyperplasia
in mouse models, which progress to malignant melanoma dependent on BRAF ex-
pression level and secondary mutations, i. a. in PTEN or CDKN2A (Goel et al.,
2009; Dankort et al., 2009). In addition, BRAF driven melanomas have been
shown to be addicted to MEK signalling (Solit et al., 2006), further supporting
the importance of the MAPK signalling pathway in melanoma.

As mentioned earlier, activation of BRAF is not sufficient for the develop-
ment of melanoma in mouse models, but only leads to the formation of benign
hyperplasia. This phenomenon can be explained by the induction of senescence,
following activation of an oncogene, such as BRAF or NRAS (Serrano et al., 1997;
Michaloglou et al., 2005). Senescence is an irreversible growth arrest discussed
in more detail later. Indeed, human benign nevi have been shown to harbour
oncogenic mutations, such as BRAF or PTEN, without progressing to melanoma

(Pollock et al., 2003; Tsao et al., 2003). Necessary secondary mutations and le-
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sions deployed by tumours and melanoma in particular to by-pass or overcome the

senescence barrier will be discussed in section 1.3.

1.2.3 Treatment

If diagnosed early, surgery can be cur-
ative in melanoma, later-stage, meta-
static melanoma, however, is highly
refractive to conventional treatment,
such as radio-, chemo-, or immunother-
apy (Bhatia et al., 2009). Hence, with
increasing understanding of melanoma
cancer biology more specific, targeted
treatment options became available in
recent years.

BRAFY60F is an ideal target for
therapy due to its high prevalence and
restriction to the cancerous state. Ac-
cordingly, two selective BRAFY600F jp-
hibitors, vemurafenib and dabrafenib,
strongly binding the constitutively act-

ive mutant but not the wild-type inact-

ive or active form, have been developed
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Figure 1.6: Mitogen-activated pro-
tein kinase (MAPK) signalling
pathway. MAPK signalling cascade
signals via phosphorylation events from
RAS protein kinase family upstream of
the RAF protein kinase family with
its three members A-RAF, B-RAF and
C-RAF, via MEK to ERK, inducing its
nuclear localisation and consequent ac-
tivation of downstream targets. (adapted
from Wellbrock et al., 2004b)

in recent years (Tsai et al., 2008; Bollag et al., 2010; Menzies et al., 2012; Rheault

et al., 2013). Both inhibitors showed remarkable results in clinical trials, result-
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ing in complete or partial tumour regression in the majority of patients and an
estimated median progression-free survival among all patients of up to 16 months.
Accordingly, both drugs received approval from the authorities for the treatment
of melanoma patients (Flaherty et al., 2010; Sosman et al., 2012; Menzies et al.,
2012). Yet, after initial regression of the tumour, most of the patients suffer from a
relapse and regrowth of partially even more aggressive tumours. Strikingly, recur-
ring tumour nodules reappear at exactly the same locations as the primary lesions,
indicating resistance to therapy by a few cancer cells within the original tumours
subsequently spurring the regrowth of a resistant tumour (Wagle et al., 2011).
Several resistance mechanisms have been reported to date, aberrant activation
of growth signals upstream of BRAF, such as receptor tyrosine kinases or activ-
ation of NRAS (Nazarian et al., 2010), flexible switching between RAF isoforms

FV60FE  how-

(Villanueva et al., 2010), expression of a truncated variant of BRA
ing enhanced dimerisation to stimulate ERK signalling, or activation of MAPK
signalling by ECM-mediated activation of SRC kinases (Poulikakos et al., 2011;
Hirata et al., 2015). These findings highlight the importance of the above men-
tioned intra-tumoural heterogeneity for a successful therapy.

Another target for treatment in the MAPK pathway is MEK, downstream of

FV600E myutation have been shown

BRAF, as malignant melanoma with a BRA
to be addicted to MEK signalling (Solit et al., 2006). Indeed, the MEK inhibitor
trametinib shows efficacy in the clinic and is approved by the authorities for single-
agent use in melanoma (Flaherty et al., 2012a), but yet again shows progression of
the disease after an initial regression of the tumour. Consequently, to account for

the intra-tumoural heterogeneity, combination therapies have been devised. One

very promising approach is to combine BRAF with MEK inhibitors in a cocktail
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at full monotherapy doses, showing an increased median progression-free survival
and enhanced response rate of patients compared to monotherapy (Flaherty et al.,
2012b).

In addition to small molecule inhibitors, there is also an immunotherapy ap-
proach for melanoma treatment available. The monoclonal antibody ipilimumab
targets the protein receptor CTLA-4, a receptor sensing inhibitory signals during
priming of cytotoxic T-cells (CTL). By suppressing the inhibitory stimulus, ipilim-
umab facilitates successful priming of CTLs, enabling recognition and cytotoxic
destruction of the cancer cells (Ribas, 2012). Another target for immunotherapy is
the PD-1 receptor on T-cells, inhibiting a cytotoxic response when bound to PD-L
expressed on melanoma cells. The monoclonal antibody nivolumab interrupts this
inhibitory signal and promotes antitumour immunity by facilitating T-cell activ-
ation (Topalian et al., 2012; Ribas, 2012; Johnson et al., 2015). Both antibodies
showed durable response rates in metastatic melanoma during clinical trials and
have been approved by the authorities. Due to their remarkable success, a com-
bination treatment with both monoclonal antibodies is currently examined in a
phase 1 clinical trial (Johnson et al., 2015; Weber et al., 2015).

Concluding, a single agent curative treatment for melanoma has not yet been
found and, considering the numerous described resistance mechanisms, is unlikely
to ever be found. The complexity and heterogeneity within tumours represent such
a high selective advantage, that, from an evolutionary point of view, the selective
pressure of a single agent will presumably be not enough to stop tumour growth.
Furthermore, as melanoma derives from somatic cells, it is increasingly difficult to
find unique tumour targets, allowing a specific strike to cancer cells only, excluding

somatic cells. Most likely, a successful treatment strategy will comprise several
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different targets in a staged regimen to eliminate a tumour. A unique tumour
signature amenable for treatment will then be defined by the combination of a
handful of broader characteristics, potentially distinct to each presented tumour.
To enable such treatment options, a precise assessment of the molecular make-up of

the individual cancer and a subsequent stratification of patients will be paramount.

1.3 Cellular senescence

Cellular senescence has been defined as an irreversible arrest of proliferation, activ-
ated upon cellular stress (Lanigan et al., 2011). It was first described in the context
of normal diploid fibroblasts, which cease to divide after a given amount of cell
divisions in culture, referred to as replicative senescence (Hayflick, 1965). Later, in
the context of cancer biology, it was discovered that cells undergo senescence upon
activation of an oncogene without reaching the replicative limit (Serrano et al.,
1997). Recently, senescence was also discovered during embryonic development,
suggesting a conserved role in human physiology (Mutioz-Espin et al., 2013; Storer
et al., 2013). To reflect the recent findings, the definition of cellular senescence
was refined as a response to stress that disables cell proliferation and orchestrates

an inflammatory process that eliminates damaged cells (Serrano, 2015).

1.3.1 Replicative senescence

In 1965 Hayflick demonstrated a limited number of cell divisions of human diploid
fibroblasts in vitro (Hayflick, 1965). These results were repeated in many cell
types of different animal species and some studies have also passaged cells in vivo,

suggesting senescence to be a principle mechanism in the animal kingdom. The
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number of divisions completed by normal cells varies and depends on species,
age, cell type and genetic background, totalling up to 60-80 doublings (Campisi,
1997). Once cells have undergone replicative senescence, cell growth is arrested
in G; and transition into S-phase cannot be stimulated. Cells are still responsive
to mitogens, remain alive and metabolically active, however, a deficiency of key
positive growth regulators, such as the E2F family of proteins and phosphorylated
Rb, prevents proliferation (Beltrami et al., 2011; Rodier and Campisi, 2011). In
addition, two cell cycle inhibitors, p21 and p16, are overexpressed, firmly stalling
cell cycle progression (Campisi, 1997).

The cause for this growth arrest was attributed to telomere attrition (Harley
et al., 1990). Telomeres comprise the end of each linear chromosome, consisting of
long TTAGGG repeats, and protect, in conjunction with their binding proteins,
the chromosome from fusion and translocation (Blasco, 2005). During DNA rep-
lication, the telomere is shortened at the 3’ end, due to the unidirectionality of
DNA polymerase. Telomerase, an enzyme adding telomeric repeats to the end of
the chromosome, can counteract that shortening, but is not expressed in somatic
cells (O’Sullivan and Karlseder, 2010). Consequently, the length of telomeric DNA
decreases as a function of serial passages (Harley et al., 1990). Critically short te-
lomere regions cause genome instability and activate the DNA damage response,

inducing replicative senescence (O’Sullivan and Karlseder, 2010).

1.3.2 Oncogene induced senescence (OIS)

After the initial discovery of cellular senescence, phenotypically similar growth

arrests have been described, occurring in response to cellular stresses, such as
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Figure 1.7: Trigger and pathways leading to senescence. (A) Pre-
senescent cells enter a senescent phenotype upon several different signals.
(B) OIS is executed through the TP53 and RB pathway. (adapted from
Zhang and Yang, 2011)

(A) Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecu-
lar Cell Biology, Campisi and d’Adda di Fagagna (2007), Copyright 2007.

DNA damage, oxidative stress or oncogene expression (Lanigan et al., 2011). In
the context of cancer, senescence due to oncogene expression, termed oncogene
induced senescence (OIS), is of particular importance as a major barrier to tumour
growth (Courtois-Cox et al., 2008; Collado and Serrano, 2010).

OIS, unlike replicative senescence, is independent of telomere attrition, as over-
expression of the telomerase reverse transcriptase hTERT cannot rescue the pheno-
type (Wei et al., 1999). An accumulation of DNA damage has hence been proposed
as trigger for OIS, with two possible origins, reactive oxygen species (ROS) and
replicative stress (Figure 1.7 A). Elevated levels of ROS have been detected in
many different cancer types (Liou and Storz, 2010) and their DNA-damaging ef-
fects are widely known. Moreover, ROS have been shown to be able to trigger
cellular senescence themselves (Chen et al., 1998; Frippiat et al., 2000). Further-

more, the continuous proliferation of tumours causes significant replicative stress,
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resulting in accumulation of DNA damage, the internal repair machinery cannot
cope with. Consistently, senescent cells have been shown to stall in S-phase, ex-
hibit an elevated number of replicons and reveal defects in DNA replication fork
progression (Di Micco et al., 2006). All upstream signals eventually funnel into
the same two effector pathways, executing the senescence programme, the TP53
and RB pathways (Figure 1.7 B) (Ben-Porath and Weinberg, 2005; Courtois-Cox
et al., 2008; Kuilman et al., 2010).

TP53 executes its pro-senescence potential via activating p21, a CKI, which in-
activates cyclin-CDK complexes to inhibit cell cycle progression through the G;/S
checkpoint (Lanigan et al., 2011). TP53 itself is regulated by an autoregulatory
feedback loop via mouse double minute 2 homolog (MDM2), an E3 Ubiquitin-
ligase recognising the N-terminus of TP53 and marking it for degradation (Zhang
and Yang, 2011). Upstream of that regulatory loop is the p144%¥ protein (p194%F
in mice) inhibiting MDM2; thus preventing degradation of TP53 (Lanigan et al.,
2011).

RB exerts its anti-proliferative activity by binding and thus inactivating the
E2F family of transcription factors while hypophosphorylated (Buchkovich et al.,
1989; Burke et al., 2010; Lanigan et al., 2011). Upon phosphorylation by cyclin-
CDK complexes, the E2F transcription factors are released, orchestrating the pro-
gression through the cell cycle (Lanigan et al., 2011). The CDKs phosphorylating
RB are themselves regulated by CKIs, notably p16/V%? (Zhang and Yang, 2011).
Interestingly, p21, the executor downstream of TP53, acts also as a CKI linking
the TP53 pathway with RB (Lanigan et al., 2011).

Strikingly, the two prominent upstream regulators p144%F and p16/VK4e are

both encoded by the same alternatively spliced gene locus, the CDKN2A or
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INK4A-ARF locus (Lanigan et al., 2011). Consequently, this genomic arrange-
ment implies a simultaneous disruption of the RB and TP53 pathway, the two
crucial pathways in cellular senescence, by mutating or silencing a single locus.
In addition to the already described cell cycle arrest, senescent cells display
a number of characteristics, defining the senescent state. In general, senescence
is accompanied by morphological changes, cells tend to become flat, large and
multinucleated. Additionally, cells may display huge vacuoles due to ER stress
caused by the unfolded protein response (UPR) (Kuilman et al., 2010). The most
widely used biomarker for senescence is senescence associated 3-galactosidase activ-
ity (Dimri et al., 1995; Debacq-Chainiaux et al., 2009), reflecting an increase in
lysosomal content of senescent cells (Kurz et al., 2000). Furthermore, senescent
cells undergo a profound transcriptomic change, leading to the secretion of many
factors, among others cytokines and chemokines, a phenomenon termed the senes-
cence-associated secretory phenotype (SASP) (Campisi, 2005; Coppe et al., 2008;
Rodier et al., 2009). Interestingly, the resulting pro-inflammatory environment
shows a pro-oncogenic effect on the neighbouring cells, enhancing proliferation,
migration and invasion (Krtolica et al., 2001; Yang et al., 2006). The two secreted
factors IL-6 and IL-8 have been demonstrated to play a crucial role in the estab-
lishment and maintenance of the senescent arrest (Acosta et al., 2008; Kuilman
et al., 2008; Acosta et al., 2013). In summary, there is evidence for two opposing
effects of senescence, tumour suppression on the one hand, limiting the expansion
of pre-cancerous cells, and an oncogenic effect on the other hand, promoting cancer

progression through the SASP (Munoz-Espin and Serrano, 2014).

29



CHAPTER 1. INTRODUCTION

1.3.3 Senescence in development

In 2013, two independent groups discovered the existence of senescent cells during
embryonic development (Munoz-Espin et al., 2013; Storer et al., 2013). These
findings uncover a new role for cellular senescence in remodelling and patterning
of the embryo, suggesting an evolutionary origin of senescence. The occurrence
of senescent cells during development happens in distinct patterns and at clearly
defined stages, as observed in mouse, chick and human embryos. Storer et al.
demonstrated their findings in the developing limb and the neural tube, while
Munoz-Espin et al. focused on the mesonephros and the endolymphatic sac of the
inner ear. Still, both groups concluded a senescent phenotype governed by p21,
as it is compromised in p21 deficient mice, but independent of DNA damage and
other pathophysiological senescence mediators (Munoz-Espin et al., 2013; Storer
et al., 2013). Yet, the developmental defects in senescence inhibited embryos were
minor, indeed, development of the mesonephros was only delayed by one day as
compared to a normal embryo (Munoz-Espin et al., 2013). Interestingly, both
groups indicated a connection between the senescence and apoptosis pathways,
presumably accounting for the mild phenotype due to compensatory mechanisms.
Furthermore, an efficient clearance of senescent cells by macrophages has been
identified as vital for development of the studied structures (Mufnioz-Espin et al.,
2013; Storer et al., 2013).

Given the recently presented evidence, it is tempting to speculate, that senes-
cence is a developmental three step process of firstly, growth arrest, secondly, clear-
ance of arrested cells, and thirdly regeneration of the damaged tissue (Figure 1.8).

This sequence would give the organism a way to eliminate superfluous cells in a
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Figure 1.8: Unified model of senescence. Senescence can be de-
scribed as a three step process, consisting of growth arrest, clearance
of arrested cells, and regeneration of the damaged tissue. Clearance is
thereby executed by the immune system recruited by the SASP. Impair-
ment of this sequence leads to an insufficient clearance of senescent cells
and incomplete regeneration of the tissue. The resulting fibrotic scar with
senescent cells, inflammatory cells and fibrotic tissue can ultimately cause
pathological complications.

Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular
Cell Biology, Munoz-Espin and Serrano (2014), Copyright 2014.

timed fashion as opposed to apoptosis, a mechanism for immediate cell elimination.
Hence, remodelling and patterning during embryonic development would rely on
an intricate interplay between both senescence and apoptosis (Munoz-Espin and
Serrano, 2014). The time delay, introduced by the growth arrest during senes-
cence, would allow the surrounding tissue to react to the insult, either to replenish
the niche, replace it with a different type of cell or build a new barrier to the
emerging gap. Clearance is subsequently executed by the immune system. This
two step process could be flexibly timed, with clearance not necessarily following
growth arrest immediately. This would give a rationale for cells to enter senescence
upon stress, rather than apoptosis. Senescence would represent a stress checkpoint

before the cells are lost, with the possibility to adapt to the changes, potentially
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explaining reversion of senescence under certain circumstances.

Ultimately, this hypothesis would lead to the conclusion that pathological,
senescent cells in vivo, as for instance found in melanocytic nevi, are indeed mis-
regulated cells, that underwent the first step of the senescent programme, growth
arrest, but failed to accomplish the second, immune clearance, and never reached
the third, tissue regeneration. Thus, the originally beneficial aspect of growth ar-
rest via senescence, an immediate addressing of cellular stress with the possibility
of alleviation, is turned into a detrimental long-term effect via SASP and other
mechanisms, as discussed above, due to the evasion of immune clearance (Mufioz-
Espin and Serrano, 2014). The exact mechanism of evasion of immune clearance,

however, remains elusive to date.

1.4 T-box factors

T-box factors comprise an evolutionary ancient family of transcription factors
serving various roles during embryonic development (Figure 1.9 A) (Bollag et al.,
1994; Sebé-Pedréds et al., 2013). T-box gene expression has been reported to be
highly specific, and active during the entire developmental cycle, from the oocyte to
the adult, acting through multiple downstream target genes (Naiche et al., 2005;
Papaioannou, 2014). Most family members are transcriptional activators (e.g.
TBR1 (Wang et al., 2004), TBX19 (Maira et al., 2003)), TBX2 and TBX3, how-
ever, function mainly as transcriptional repressors (Carreira et al., 1998; Lingbeek
et al., 2002; Paxton et al., 2002). Furthermore, TBX2 and TBX3 were reported to
be abnormally expressed in various cancer types, among others melanoma, breast,

liver and lung cancer, suggesting a specific role for these two T-box factors in
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Figure 1.9: T-box factor family. The T-box factor family is an ancient
family of transcription factors. (A) The phylogenetic tree shows distinct
sub-groups within the family, involved in different fundamental processes
during embryogenesis. (B) The T-box binding domain is evolutionary
conserved throughout the family. Residues involved in DNA binding are
shaded in light purple, those involved in binding the second monomer
in magenta, point mutations associated with pathologies are marked in
green. (C) Crystal structure of TBX3 monomer binding a T-half site,
demonstrating to contact DNA only at two bases, once in the major,

once in the minor groove.

(A) Reproduced with permission from Development, Papaioannou (2014), (B) and (C)
Reprinted from Coll et al. (2002), Copyright 2002, with permission from Elsevier.

On a molecular level, all members of the family share a common N-terminal

DNA-binding motif, called the T-box domain, spanning 180-200 amino acids (Fig-
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ure 1.9 B). It recognises the T-box binding element (TBE) and binds to the con-
sensus T-half site 5~ AGGTGTGAAA-3" mainly as a monomer, even though ho-
modimers have also been described to exist (Kispert and Herrmann, 1993; Miiller
and Herrmann, 1997; Papapetrou et al., 1997). Interestingly, T-box factors have
been shown to make base-specific contact with DNA only at two bases, once in the
major, once in the minor groove, conferring little gene selectivity on its own (Fig-
ure 1.9 C) (Coll et al., 2002). Hence, T-box factors are suggested to achieve spe-
cificity in conjunction with interaction partners, allowing for context dependent
regulation, in line with its above described widespread activity. The C-terminus,
in contrast, has been shown to regulate transcription and presumably orchestrates

interactions with other TFs (Wilson and Conlon, 2002).

1.4.1 T-box factors in development

During embryogenesis, T-box factors contribute to a plethora of different develop-
mental programmes, such as craniofacial development (TBX1, TBX10, TBX15,
TBX22), development of the brain (TBR1, EOMES), heart (EOMES, TBXI,
TBX2, TBX3, TBX5, TBX18 and TBX20), limb (TBX4, TBX5), mammary
gland (TBX2, TBX3), pituitary gland (TBX3, TBX19), thymus (TBX1), liver
(TBX3), lung (TBX2, TBX4, TBX5), pigmentation (TBX15) and the immune
system (TBX21) (Papaioannou, 2014). Already at the pre-implantation stage,
TBX3 is expressed in the inner cell mass involved in pluripotency and later con-
tributes to yolk sac development (Davenport et al., 2003), whereas EOMES drives
differentiation and proliferation of the trophectoderm (Russ et al., 2000). At a

later stage T-box factors crucially contribute to lineage specification and embryo
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patterning of the vertebrate gastrula, with an heavily interwoven and overlapping
web of signalling interactions with each other (Naiche et al., 2005; Papaioannou,
2014). Members of the T-box family have been described to be involved in the
development of all three germ layers, mesoderm, ectoderm and endoderm, orches-
trating such important biological processes as proliferation, cell survival, migration
and EMT (Suzuki et al., 2004; Papaioannou, 2014).

At later stages in development T-box factors participate in the specification
and maintenance of cell identity in the respective organs, e.g. T-box factors
are crucially involved in heart and limb formation (Naiche et al., 2005). During
heart formation, T-box factors coordinate the initial specification of the cardiac
mesoderm, the regionalisation of the primitive heart tube into chamber and non-
chamber myocardium, the formation of the valves and septa that separate the
chambers, the recruitment of second heart field cells to the outflow tract, and
formation of the cardiac conduction system (Cai et al., 2005; Stennard and Har-
vey, 2005; Papaioannou, 2014). Also during limb development several members of
the T-box factor family are expressed (T, EOMES, TBX2, TBX3, TBX4, TBX5,
TBX1, TBX15 and TBX18), with TBX2 and TBX3 being involved in digit form-
ation (King et al., 2006), and TBX5 and TBX4 playing a critical roles in forelimb
and hindlimb bud initiation, respectively (Duboc and Logan, 2011).

Given the central role of T-box factors during development, it is not surprising
that TBX2 and TBX3 knock-outs are embryonic lethal due to heart malformation
(Davenport et al., 2003; Harrelson et al., 2004). Furthermore, there are several
human disorders known, resulting from mutations in various T-box factors. A
TBX1 haploinsufficiency for instance results in DiGeorge Syndrome, a congenital

heart defect and facial dysmorphism, mutations in TBX3 causes ulnar-mammary
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syndrome, and mutations in TBX5 causes Holt-Oram Syndrome, leading to cardiac

and skeletal congenital abnormalities (Packham and Brook, 2003).

1.4.2 T-box factors in cancer

T-box factors have been discovered and their function mainly described in the
context of embryogenesis, however, their role in the adult organism, in particular
in tumours, is only being recently appreciated. The key biological processes they
are involved in during development, such as differentiation, proliferation, tissue
integrity and EMT, are also relevant with respect to cancer and metastasis. Es-
pecially TBX2 and TBX3 have been found upregulated in breast cancer (Rowley
et al., 2004; Douglas and Papaioannou, 2013) and melanoma (Vance et al., 2005;
Jonsson et al., 2007; Johansson et al., 2007), indicating a potential role during
tumourigenesis. Indeed, overexpression of both factors has been reported to pro-
mote bypass of senescence by suppression of p144%F and p21 expression (Jacobs
et al., 2000; Carlson et al., 2001; Prince et al., 2004; Vance et al., 2005; Peres et al.,
2010). Furthermore, TBX2 was shown to functionally interact with RB where RB
determines the functional specificity of TBX2 (Vance et al., 2010). In addition,
TBX3, and potentially TBX2, downregulate the expression of E-cadherin, a cell-
cell adhesion glycoprotein, resulting in a higher motility of these cells within their
local niche (Rodriguez et al., 2008). Eventually, this leads to an invasive pheno-
type in melanoma. Concluding, there is a growing evidence for pro-tumourigenic
activity of TBX2 and TBX3 via interference with the senescence pathway.
However, little is known so far about the regulation of TBX2 and TBX3 protein

levels and expression as well as their exact mechanism of action during tumouri-
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genesis. Furthermore, targets of TBX2 and TBX3 activity, both on DNA and

protein level remain elusive.

1.5 Aim of the project

Senescence is a major barrier to tumour progression in melanoma. TBX2 and
TBX3, members of the developmentally important T-box factor family, are over-
expressed in melanoma and have been implicated in senescence bypass, thus pro-
moting melanoma development. So far, their integration into the wider melanoma
signalling landscape, i.e. upstream regulator and downstream effectors, and mech-
anism of action is unclear.

The aim of this project, therefore, is to understand the involvement of TBX2
and TBX3 in melanoma, specifically their roles in bypassing senescence. The

following three main questions will be addressed:

1. Which genes are regulated by TBX2 and TBX3?

2. What signalling pathways regulate TBX2 and TBX3 and which co-factors

are involved?

3. Which transcription factors regulate TBX2 and TBX3?
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2.1 Materials

Chemicals and reagents were purchased from Sigma-Aldrich unless stated other-

wise. PI3K inhibitor GDC0941 was purchased from Selleckchem, AKT inhibitor

MK-2206 was from Selleckchem and the proteasome inhibitor MG-132 was pur-

chased from Calbiochem (Merck Millipore).

Throughout the study, autoclaved double-distilled 18 M) water was used for

DNA and RNA solutions. Double-distilled 15 M) water was used to prepare all

buffers and solutions.

2.1.1 Plasmids

The following plasmids were used throughout this study.

Table 2.1: List of plasmids used in this study

Construct

Source and note

p3XFLAG-CMV-14

p3XFLAG-CMV-14-Tbx2fl

p3XFLAG-CMV-14-Thx3(+20aa)fl

p3XFLAG-CMV-14-Tbx3(-20aa)fl

pcDNA3

3XFLAG expression vector, available in

the laboratory
3XFLAG expression vector for Tbhx2,

available in the laboratory

3xFLAG expression vector for Thx3(+),

available in the laboratory

3xFLAG expression vector for Tbx3(-),

available in the laboratory

mammlian expression vector, available in

the laboratory

Continued on next page
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Table 2.1 — Continued from previous page

Construct

Source and note

pcDNA3-FoxOla

pcDNA3-FoxO3a

pCMV-SV5-Pax3

pGL3-basic

pGL3-basic-Thx2promoter

pGL3-basic-Thx3promoter

pPB-hCMV1-cHApA-MCS-3xFLAG

pPB-hCMV1-cHApA-Tbx2-3xFLAG

pPB-hCMV1-cHApA-Tbx3(+)-3xFLAG

pPB-hCMV1-cHApA-Thx3(-)-3xFLAG

pCD NLBH* lenti

pMDG-VSV-G

mammalian expression vector for FoxOl,

available in the laboratory

mammalian expression vector for FoxO3,

available in the laboratory

mammalian expression vector for Pax3,

available in the laboratory

Firefly luciferase expression construct lack-
ing any promoter region; Promega, avail-

able in the laboratory
human 7Tbz2 promoter up to -1604 bp,

available in the laboratory

-968 to +168 bp of human Tbz3 promoter,

available in the laboratory

piggyBAC construct with 3xFLAG-tag,

prepared by the candidate
piggyBAC construct with Thx2-3xFLAG,

prepared by the candidate
piggyBAC  construct with Tbx3(+)-

3xXFLAG, prepared by the candidate
piggyBAC  construct with  Thx3(-)-

3xXFLAG, prepared by the candidate

available in the laboratory

available in the laboratory

Continued on next page
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Table 2.1 — Continued from previous page

Construct

Source and note

pTRIP-GFP-shCtrl

pTRIP-GFP-shPax3-3UTR

pTRIP-GFP-shPax3-CDS

pTRIP-puro-shCtrl

pTRIP-puro-shPax3-3UTR

pTRIP-puro-shPax3-CDS

lentiviral construct for shCtrl, co-
expressing GFP, generous gift by M.
Hrdinka (Gyrd-Hansen Lab, Ludwig

Institute for Cancer Research, Oxford)

lentiviral construct for shPax3 targeting 3’
UTR, co-expressing GFP, prepared by the

candidate

lentiviral construct for shPax3 targeting
CDS, co-expressing GFP, prepared by the

candidate

lentiviral construct for shCtrl, puromycin
selection cassette, prepared by the candid-

ate

lentiviral construct for shPax3 targeting 3’
UTR, puromycin selection cassette, pre-

pared by the candidate

lentiviral construct for shPax3 targeting
coding sequence, puromycin selection cas-

sette, prepared by the candidate
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2.1.2 Antibodies

The following primary antibodies were used for both Western Blot and immuno-

cytochemical stainings in this study.

Table 2.2: List of primary antibodies and their dilutions used

in this study

Target Source Species Dilution
Western Blot  IF

o 53BP1 Cell Signaling rabbit n/a 1:200
o Actin (AC-40) Sigma Aldrich mouse 1:5000 n/a
o BRN-2/POU3F2 Cell Signaling rabbit 1:1000 n/a
o CDK1 Santa Cruz mouse 1:500 1:100
o CDK2 Santa Cruz goat 1:500 1:200
o Cyclin B1 (V152) Cell Signaling mouse 1:500 1:100
o Cyclin E Santa Cruz mouse 1:500 1:50
a E2F-1 Cell Signaling rabbit 1:600 n/a
o E-Cadherin clone 36 BD Bioscience mouse 1:1000 n/a
o ERK2 (C-14) Santa Cruz rabbit 1:5000 n/a
o EZH2 clone BD43 Millipore mouse 1:500 n/a
o« FLAG® M2 Sigma Aldrich mouse 1:2000 1:500
« FLAC® Sigma Aldrich rabbit 1:1000 n/a
o FOXO1A [EP927Y] Abcam rabbit 1:1000 1:300
o GFP Abcam rabbit 1:1000 n/a
o FOXO3a (75D8) Cell Signaling rabbit 1:1000 1:300

Continued on next page
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Table 2.2 — Continued from previous page

Target Source Species Dilution
Western Blot  IF
o H2A.X, phospho (Ser139) Millipore mouse 1:1000 1:250
o HA clone 7 Sigma Aldrich mouse 1:1000 n/a
o HP1a Millipore mouse 1:500 1:100
o MITF in house mouse 1:1000 n/a
o MYC 9E10 Sigma Aldrich mouse 1:500 n/a
o pl6 (F-12) Santa Cruz mouse 1:300 n/a
o p21 (M-19) Santa Cruz rabbit 1:500 n/a
o p27 (C-19) Santa Cruz goat 1:500 n/a
o p53 (DO-1) Santa Cruz mouse 1:500 n/a
o PAX3 DSHB Iowa mouse 1:1000 n/a
o Pericentrin Abcam rabbit n/a 1:500
o PTEN clone A2B1 Pharmingen mouse 1:500 1:100
o S6 Ribosomal Protein (5G10) Cell Signaling rabbit 1:2000 n/a
o S6 Ribosomal Protein,
phospho (Ser235/236) Cell Signaling rabbit 1:2000 n/a
o TBX2 NAs32 in house mouse 1:1000 1:250
o TBX3 (A-20) Santa Cruz goat 1:500 1:50
o TBX3 Life Technologies  rabbit 1:500 1:50
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The following secondary antibodies were used in this study.

Table 2.3: List of secondary antibodies and their dilutions used

in this study

Target Source Conjugation Species Dilution
o goat Santa Cruz HRP donkey 1:3000
o mouse BioRad HRP goat 1:10,000
o rabbit BioRad HRP goat 1:10,000
o goat Life Technologies Alexa-488/564/647  donkey 1:1000
o mouse Life Technologies Alexa-488/546/647  donkey 1:1000
o rabbit Life Technologies Alexa-488/546/647  donkey 1:1000

2.1.3 Oligodeoxynucleotides

The following oligodeoxynucleotides were used for ChIP analyses and bought from

IDT, Integrated DNA Technologies.

Table 2.4: List of oligodeoxynucleotides used for ChIP analysis

in this study

Sequence

Comment

5-CAGGAGAGTCTCTTGAACCC-3
5-TTTGTAGAGAGACAAGTCGG-3’
5-CAATACAGGGAGACACAGCG-3’
5-GGTGGCTCACTAAGACCTGG-3’

5-GATCCCAGGTCTTAGTGAGC-3’

800 bp), fwd

human E-cadherin promoter

human FE-cadherin promoter (-505 bp), rev

human E-cadherin promoter

human FE-cadherin promoter (-249 bp), rev

(- )

(- )

(-566 bp), fwd

(- )
human E-cadherin promoter (-273 bp), fwd

Continued on next page
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Table 2.4 — Continued from previous page

Sequence Comment

5-TGGAGTCTGAACTGACTTCC-3" human E-cadherin promoter (4+55 bp), rev

5-ATCTTCGAGGGAAGGAGAG-3"  human FE-cadherin coding region, fwd

5-TCACCCCCTCAAGACCTAG-3’ human FE-cadherin coding region, rev

The following oligodeoxynucleotides were used for gene expression studies and

bought from IDT, Integrated DNA Technologies.

Table 2.5: List of oligodeoxynucleotides used for gene expression

analysis in this study

Sequence

Comment

5-CTGACAAGCACGGCTTCA-3’
5-GTTGGCTCGCACTATGTGG-3’
5-AAAAATAGACAACAACCCTTTTGC-3
5-TGCAGGGTGAGCTGTTTTC-3’
5-CCGACTTGGAGAGGAAGGA-3’
5-CATCTGATTGGGGTGCTGA-3’
5-AGAAAATCTGGCACCACACC-3’
5-GGGGTGTTGAAGGTCTCAAA-3’
5-TGCTGTCTCCATGTTTGATGTATCT-3’
5-TCTCTGCTCCCCACCTCTAAGT-3’

5-TGCACCACCAACTGCTTAGC-3

human TBX2, fwd

human TBX2, rev

human TBX3, fwd

human TBX3, rev

human PAX3, fwd

human PAX3, rev

human Actin, fwd”

human Actin, rev"

human Beta-2-microglobulin, fwd”
human Beta-2-microglobulin, rev"
human Glyceraldehyde 3-phosphate

dehydrogenase, fwd”

* housekeeping gene

Continued on next page
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Table 2.5 — Continued from previous page

Sequence

Comment

5-GGCATGGACTGTGGTCATGAG-3’

5-TGACACTGGCAAAACAATGCA-3’

5-GGTCCTTTTCACCAGCAAGCT-3’

5-CCCCAGCTGTATTTCCAAAATGTC-3

5’-GCAGCCTTAATCCTCTGGTTGT-3’

5-ACTACACACCGACTATCTCACG-3’

5-TCGAACACTGAAGGTTGGCA-3’

5-TTCTGGGATTGTACCGCAGC-3’
5-CAAACCGCTTGGGATTATATTCGG-3’
5-GTTCTTCGACATTGCCGTCG-3’
5-AAATTTTCTGCTGTCTTTGGGACC-3’
5-TCTGGGTATCGGAAAGCAAGCC-3’
5-GTGCACTTCCTCAGGCATCTTG-3’

5-CGCATGCCAGGGAAGACTAC-3’

5’-GAGTGACCTTCCCAGTGCCAA-3’

human Glyceraldehyde 3-phosphate

dehydrogenase, rev"

human Hypoxanthine-guanine phos-

phoribosyltransferase, fwd”

human Hypoxanthine-guanine phos-

phoribosyltransferase, rev’

human Phosphoglycerate kinase 1,

*

fwd
human Phosphoglycerate kinase 1,

*
rev
human Proteasome subunit beta

type-2, fwd”

human Proteasome subunit beta

type-2, rev’
human TATA-binding protein. fwd”
human TATA-binding protein, rev’
human Cyclophilin A, fwd”

human Cyclophilin A, rev”

human Heat shock protein 90, fwd”
human Heat shock protein 90, rev"
human Succinate

dehydrogenase

complex, subunit A, fwd”

human Succinate dehydrogenase

. *
complex, subunit A, rev

* housekeeping gene
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The following antisense oligonucleotides were used for transient knock-downs

of endogenous genes and were bought from Qiagen.

Table 2.6: List of antisense oligonucleotides used for transient

knock-down in this study

Sequence

Target

51(GUUCCACAACUCGCGCUGG)d(TT)-3’

5-1(CAGCUCACCCUGCAGUCCA)d(TT)-3'
5 1(CCACAUCCGCCACAAGAUC)d(TT)-3’
5-1(CCAGGCAUCUCAUAACAAA)A(TT)-3’
5-1(CCAGAUGCCUAUACAAACA)d(TT)-3’
5 1(GGAGGUAUGAGUCAGUAUA)d(TT)-3’
5 1(AGGACAAUAAGUCGAGUUA)A(TT)-3’

)
9

5-1(CGAAUCAGCUGACGACAGU)d(TT)-3
5-1(GUACUCAACUAGUGCAAAC)A(TT)-3
5-1(CAGUAAAGAGGUACGAAAA)d(TT)-3’

5 1(UGCAUUAACUUGCGGUAUU)(TT)-3’

human TBX2

human TBX3

human PAX3

human FOX0O1 SMARTpool
human FOXO1 SMARTpool
human FOXO1 SMARTpool
human FOX0O1 SMARTpool
human FOX03 SMARTpool
human FOX03 SMARTpool
human FOX03 SMARTpool

human FOX03 SMARTpool
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The following short hairpin sequences were used for lentiviral knock- of endo-

genous genes.

Table 2.7: List of short hairpin sequences used for knock-down
in this study

Sequence Target

5-GAAAGCGAGAAGAAGGCCAAA-3 human PAX3 fwd, coding region
5-TTTGGCCTTCTTCTCGCTTTC-3> human PAXS3 rev, coding region
5-GTAACGACATGGAACTGAAAG-3> human PAX3 fwd, 3> UTR

5-CTTTCAGTTCCATGTCGTTAC-3>  human PAXS3 rev, 3’ UTR

2.2 Bacterial Methods

2.2.1 Cultivation of bacteria

To obtain clonal colonies, bacteria were streaked on agar plates, comprised of
Luria-Bertani broth (LB; 1% w/v bactotryptone, 0.5% w/v yeast extract, 1% w/v
NaCl, pH 7.5) containing 1.5% agar, supplemented with appropriate antibiot-
ics (ampicillin [100 pg/ml] or kanamycin [30 pg/ml]), and poured into Petri dishes
(Sterilin). Plates were stored at 4°C after solidification, and air dried and warmed
to 37°C before use. Incubation overnight at 37°C allowed for colony formation.

For liquid bacterial cultures LB supplemented with appropriate antibiotics was
inoculated with a single colony and incubated (225 rpm, 37°C, over night with
shaking).

The specialised components of all media were purchased from Difco Laborat-
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ories Ltd., and media were autoclaved prior use.

2.2.2 Transformation of competent bacteria

For transformation of competent bacteria, one aliquot of 25 pl was thawed on ice,
plasmid DNA added at no more than 10% v/v and the mix incubated (on ice,
30 minutes). Uptake of DNA was facilitated by subjecting the bacterial mix to
heat shock (42°C, 30 seconds). After recovery (on ice, 2 minutes), 100 ul S.0.C.
medium (2% w/v tryptone, 0.5% w/v yeast extract, 10 mM NaCl, 2.5 mM KCI,
10 mM MgCl,, 10 mM MgSO,, 20 mM glucose; Invitrogen) was added and the
bacterial mixture was incubated (700 rpm shaking, 37°C, 1 hour) before plating

on LB-agar plates supplemented with the appropriate selection antibiotic.

2.3 Mammalian Cell Methods

2.3.1 Cultivation of mammalian cell lines

All human melanoma cell lines used in this study (Table 2.8) were available from
long-term laboratory stocks and were grown in a monolayer at 37°C and humidi-
fied air containing 10% CO,, using Roswell Park Memorial Institute Medium-1640
(RPMI; Life Technologies) supplemented with 10% foetal bovine serum (FBS;
Sigma Aldrich).

501mel cells stably expressing 3x FLAG-tagged Tbx2, Thx3(+) and Thx3(-) (sec-
tion 2.3.4) were maintained as for parental 501mel cells, but with a further supple-
ment of Geneticin® (600 pg/ml; Life Technologies). When plated for experiments,

selection was removed to avoid potential side-effects.
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Table 2.8: Human melanoma cell lines used in this study and their
respective mutational status, where known

Cell line Metastasis BRAF NRAS PTEN p53
501mel V600E WT WT C27TTW
SKmel28 lung/liver V600E WT T167A L145R
IGR37 V600E

IGR39 V600E

Phoenix-Ampho cells, a cell line derived from the human embryonic kidney
cell line 293T containing the SV40 Large T-antigen, were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Lonza) supplemented with 10% FBS.

Cells were regularly passaged when 80-90% confluent. To passage cells, medium
was aspirated, cells washed once with PBS and subsequently detached from the cell
culture dish with 0.25% Trypsin-EDTA (Life Technologies). Upon dissociation of
the cells, Trypsin was inactivated with two volumes of complete medium, and the
collected cells pelleted (800 g, 4 minutes). The cell pellet was resuspended in an
appropriate volume of complete medium, allowing either passage or experimental
use.

All described handling steps were performed under sterile conditions in a sterile
laminar flow cabinet with sterile media and consumables certified for tissue cul-
ture. Cell lines were routinely checked for mycoplasma infection using MycoAlert™

mycoplasma detection kit (Lonza) according to manufacturer’s protocol.
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2.3.2 Cryoconservation of mammalian cell lines

For storage of cell lines, 2.5 x 10° cells were detached from the cell culture dish,
centrifuged (800 g, 4 minutes) and resuspended in freezing medium (complete
medium supplemented with 10% DMSO). Cells were then transferred into an isop-
ropanol freezing container and immediately stored at -80°C to allow gradient cool-
ing. After at least 8 hours, cells were transferred to liquid nitrogen for long-term

storage.

2.3.3 Transient expression of proteins of interest

For transient expression of proteins of interest, human melanoma cells were trans-
fected with plasmid DNA containing the respective coding sequences under the
control of an appropriate promoter. Cells were plated at 50-70% confluency and
allowed to attach to the cell culture dish. Then, FuGENE® 6 Transfection Re-
agent (Promega), a blend of lipids, used at the manufacturer’s recommended ratio
of 3 1l FuGENE® 6 : 1 pg DNA was mixed with Opti-MEM® (Life Technologies)
and incubated (RT, 5 minutes) to allow micelle formation. Plasmid DNA was
subsequently added, followed by incubation of the mix (RT, 15 minutes) before
drop-wise addition to the cells. Expression of protein of interest was allowed for

up to 72 hours prior analysis.

2.3.4 Inducible stable expression of proteins of interest

For a stable expression of proteins of interest, the respective DNA sequence under
the control of an appropriate promoter needs to be integrated into the cell lines’

genome. To achieve this, two different approaches were used, a passive and an
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active. For the passive approach, an expression vector of the protein of interest
containing an antibiotic resistance cassette was transfected into human melanoma
cells using FuGENE® 6 Transfection Reagent (Promega) as described above. After
48 h of incubation, the appropriate antibiotic was added to the culture medium
for 7-10 days to select for cells with randomly integrated expression vector. To
obtain a population with homogeneous transgene expression, monoclonal cell lines
were subcloned.

Active integration of the DNA sequence of the protein of interest was achieved
using the piggyBAC transposase (PB). For this purpose, the desired sequence of
the protein of interest including its promoter was flanked with terminal repeats
recognised by PB transposase and co-transfected into human melanoma cells to-
gether with an expression vector for the PB transposase at a ratio of 10:1 using
FuGENE® 6 Transfection Reagent (Promega) as described above. Upon expres-
sion of the PB, it randomly integrates the DNA sequence of the protein of interest
from the provided plasmid into the cell’s genome at TTAA sites allowing a stable,
long-term expression.

In addition, in this study the protein of interest is driven by the minimal, re-
verse tetracycline transactivator (rtTA) controlled promoter hCMV*-1 only tran-
scriptionally active when bound upstream by a rtTA /tetracycline complex. This
facilitates an inducible expression of the protein of interest upon administration
of doxycycline (dox), a tetracycline analogue. The rtTA sequence is also integ-
rated into the cell’s genome via PB-mediated integration and bears a neomycin
resistance cassette to allow selection for successful integration. Again, to obtain
a population with homogeneous transgene expression, monoclonal cell lines were

subcloned.
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2.3.5 Transient knock-down of endogenous proteins of in-

terest

For a transient knock-down of endogenous proteins of interest, human melan-
oma cells were transfected with short interfering RNA (siRNA) targeting spe-
cific mRNA sequences of the respective protein (Table 2.6 for exact sequences).
First, siRNA (to a final concentration of 0.4 pM) and Lipofectamine® RNAiMAX
Transfection Reagent (2% v/v) were separately diluted in Opti-MEM® and incub-
ated (RT, 5 minutes). After mixing the two solutions and further incubation (RT,
15 minutes), the mixture was added to the empty cell culture dish followed by
adding the passaged and appropriately diluted cells. This method allows a reverse
transfection by settling of the cells onto the micelles enhancing transfection effi-
ciency. Cells were incubated for 48-72 h prior harvest. AllStars Negative Control

siRNA (Qiagen) was used as negative control.

2.3.6 Lentivirus production

To produce lentiviral particles Phoenix cells were plated on tissue culture dishes
previously coated with polylysine (0.1 mg/ml, 15 minutes in incubator) to a con-
fluency of 60-70%. The next day, cells were triple transfected with the plasmid
containing the sequence of interest flanked by long terminal repeats (LTR) for
lentiviral recognition, pCD NLBH* plasmid, providing necessary lentiviral struc-
tural and enzymatic proteins, and pMDG-VSV-G, providing an envelope pro-
tein conveying broad tropism to the virus; transfection was carried out using
Lipofectamine® 2000 (Life Technologies). The following day, transfection me-

dium was discarded and fresh complete DMEM was added twice for 24 hours each.
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After each 24 hours, medium was collected, filtered (¢45 pm) and stored (4°C).
The two collected batches of medium were pooled and centrifuged (70,000 g,
2 hours, 4°C) to concentrate the virus particles. The virus pellet was resuspended
in HBSS [+CaCl,, +MgCl,] (Life Technologies) and polybrene was added (final
concentration 1 pg/ml).

The virus particle were either directly used for infection of human melanoma

cells or stored until use (-80°C).

2.3.7 Lentiviral infection

For integration of a DNA sequence of interest human melanoma cells were infected
with lentiviral particles containing the respective sequence. Culture medium was
aspirated from cells and virus at the respective titre was administered in a thin film
and allowed to incubate (RT, 5 minutes). Subsequently, fresh complete medium
was added and cells were grown over night. The next day, medium was changed
for appropriate selection medium to select for successful integration of the DNA

sequence of interest for 48-72 hours.

2.4 Nucleic Acid Methods

2.4.1 Isolation of nucleic acid
Plasmid DN A

To isolate plasmid DNA, liquid bacterial cultures of E.coli carrying the plasmid of
interest were harvested (small scale: 2 ml culture at 15,000 g, 1 minute, 4°C; large

scale: 150 ml culture at 6000 g, 10 minutes, 4°C) and DNA was isolated using a
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QIAprep Spin Miniprep Kit (Qiagen) for small-scale and a QIAGEN Plasmid Maxi
Kit (Qiagen) for large-scale purification according to the manufacturer’s protocol.
Small-scale purifications were eluted in water, the DNA pellet from large-scale

purification was suspended in water.

mRNA

For isolation of mRNA from human melanoma cells, respective cells were grown
until 90% confluency, harvested using 0.25% Trypsin-EDTA (Life Technologies),
lysed in RLT buffer containing -mercaptoethanol (1% v/v), and homogenised
using a syringe (19G). Purification was then performed using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s manual and RNA was eluted with

an appropriate volume nuclease free water.

2.4.2 Quantification of nucleic acids

Nucleic acids were quantified with a NanoDrop 2000 (Thermo Scientific). Accord-
ing to the Beer-Lambert law the concentration ¢ (ug/ml) of a sample with the
absorbance at 260 nm of Ay and an extinction coefficient € ([ug/mi]~' em™)

measured at a path length [ (¢cm) can be calculated as:

A260
C =

el

For double stranded DNA ¢ = 0.02 (ug/ml)~* em™!, for single stranded RNA
e = 0.025 (ug/ml)~ em™'. The absorbance ratio at 260 nm and 280 nm was
used to assess sample purity; pure DNA shows Aggy : Aggg = 1.8 and pure RNA

A260 : A280 = 2.
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2.4.3 Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify specific DNA regions from
plasmids for downstream cloning purposes or screening. For high accuracy amp-
lification, necessary for cloning, Phusion High-Fidelity DNA Polymerase (2 U,
Thermo), a proof-reading polymerase, was used in a 50 pl reaction with 100 ng
DNA template, 0.4 uM of each oligonucleotide primer and 0.5 pM deoxyribose
nucleoside triphosphates (ANTPs) in the supplied buffer. The enzymatic reaction
was carried out in a T100 Thermal Cycler (BioRad) by denaturing the DNA tem-
plate (94°C, 3 minutes); followed by 30 cycles of denaturation (94°C, 30 seconds),
annealing (melting temperature, 45 seconds), and elongation (72°C, 1-2 minutes de-
pending on amplicon); and concluded with a final elongation step (72°C, 5 minutes).
For downstream applications, the PCR product was purified using the QIAquick
PCR Purification Kit (Qiagen) according to the manufacturer’s manual and eluted
with water.

For screening purposes illustra PuReTaq Ready-To-Go PCR Beads (GE Life
Science) or MyTaq™ Red Mix (Bioline) was used according to manufacturer’s
recommendations. The enzymatic reaction was carried out in a T100 Thermal
Cycler (BioRad) by denaturing the DNA template (94°C, 1 minute); followed
by 30 cycles of denaturation (94°C, 20 seconds), annealing (melting temperature,
45 seconds), and elongation (72°C, 45 seconds); and concluded with a final elonga-
tion step (72°C, 3 minutes). The resulting fragments were analysed by agarose gel

electrophoresis.
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2.4.4 Cleavage of double-stranded DNA by restriction en-

donucleases

For cloning of fragments, or screening for successful ligations, enzymatic digest
using restriction endonucleases was used. The enzymatic reaction was carried out
in the manufacturer’s recommended buffer system (assigned temperature, 1 hour).
Restriction digests were analysed by agarose gel electrophoresis.

All restriction endonucleases were purchased from New England BiolLabs Inc.

2.4.5 Ligation

To ligate previously digested DNA fragments the receiving backbone vector was
treated with Calf Intestinal Alkaline Phosphatase (20 U, 37°C, 30 minutes; New
England BiolLabs) to remove 5-phosphate groups to prevent re-ligation of the
vector unless non-complementary ends were used for cloning. Ligation itself was
carried out using T4 DNA ligase (400 U; New England BioLabs) in 1x reaction
buffer (RT, 30 minutes) with a 3- to 5-fold excess of insert. For a better yield,
ligation was carried out over night (4°C). 2 pl of the reaction was transformed
into competent bacteria and resulting colonies were screened for incorporation
of the insert via restriction digest or PCR. Successful integration at the desired

orientation was confirmed by DNA sequencing.

2.4.6 Agarose gel electrophoresis

To separate double-stranded DNA fragments according to size agarose gel electro-
phoresis was performed. Agarose (1% w/v, Appleton) was dissolved in 1x TBE

buffer (Life Technologies) and heated until homogenised. After addition of the
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nucleic acid dye peqGREEN (1:20,000 Peglab), the mixture was poured into a
gel tray with a comb forming wells of the desired size and allowed to polymer-
ise. DNA samples were blended with loading dye (New England BioLabs) and
electrophoresis was carried out at 120 V. DNA fragments were subsequently visu-
alised under ultraviolet (UV) light (A = 400 nm) using a BioDoc-It® Imaging
System (UVP).

Respective DNA fragments were excised and purified from gels using QIAquick

Gel Extraction Kit (Qiagen) according to the manufacturer’s manual.

2.4.7 Quantitative polymerase chain reaction (qPCR)

In order to determine the abundance of a specific mRNA in a cell population, re-
verse transcription followed by qPCR was performed. First, 1 pg extracted whole
cell mMRNA (Section 2.4.1) was reverse transcribed using the QuantiTect Reverse
Transcription Kit (Qiagen) according to the manufacturer’s protocol. The result-
ing cDNA is then amenable to PCR amplification using target specific primers,
ideally spanning intron boundaries to avoid amplification from contaminating ge-
nomic DNA (Table 2.5 for exact sequences). qPCR reaction was performed in
technical triplicates in 15 pl total volume, containing 1x GoTaq® qPCR Master
Mix (Promega), forward and reverse primer (each 0.67 pM), and an appropriate
amount of cDNA as template.

PCR reaction was carried out in a Corbett Rotor-Gene 6000 (Qiagen) and after
a first denaturation (95°C, 10 minutes), 55 cycles of denaturation (96°C, 5 seconds),
annealing (61°C, 10 seconds), and elongation (72°C, 5 seconds) followed. At the

end, melting curves for the primers used were created by gradually increasing the
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temperature (72°C to 96°C in steps of 1°C, every 5 seconds). Only reactions having
passed an empirically determined threshold and exhibiting a faithful amplification
rather than primer dimerisation as judged by the melting curve, were subsequently
analysed.

The comparative Ct method according to Livak and Schmittgen was applied
for analysis of the raw data, expressing the amount of mRNA of the protein of

interest relative to a housekeeping gene:

Amount of target = 272ACT

_AACT = _(AOT[sample} - AOT[reference})

with ACT(sampie) being the threshold value of the gene of interest, and ACT( e ference]
the threshold value of the reference housekeeping gene.

This method heavily depends on stable transcription levels of the housekeep-
ing gene regardless of the treatment applied. Hence, to determine an appropriate
housekeeping gene for each treatment used in this study, 10 potential housekeeping
genes (Table 2.5) were screened, ranked according to their consistency in transcrip-
tion levels and the most stable gene chosen as housekeeping gene for that particular

treatment (RefFinder, http://www.leonxie.com /referencegene.php).

2.4.8 Gene expression arrays

For the analysis of transcribed mRNA species, 500 ng mRNA was hybridised to a
HumanHT-12 v4 Expression BeadChip (Illumina) and scanned on an IScan (Illu-

mina). Array processing and initial analysis to extract average probe intensities
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were conducted by Dilair Baban (High Throughput Genomics, The Wellcome Trust
Centre for Human Genetics, University of Oxford). See section 2.7.1 for details of

subsequent analysis.

2.4.9 DNA-Sequencing

For sequencing of plasmid DNA the external service of Source BioScience was used.

2.5 Protein Methods

2.5.1 Cell Extracts
Whole cell extract

To analyse whole cell proteomes, whole cell extracts were prepared. Cells were
washed in PBS, detached from the cell culture dish with 0.25% Trypsin-EDTA (Life
Technologies) and pelleted by centrifugation (4000 g, 2 minutes, 4°C). The resulting
cell pellet was directly lysed in 2x SDS-PAGE loading buffer (78 mM Tris [pH 6.8],
4% SDS, 20% glycerol, dash of bromophenol blue, supplemented with 1.43 M B-
mercaptoethanol). Extracts were boiled (95°C, 10 minutes) to allow denaturation

of all proteins and stored until use (-20°C).

Nuclear cell extract

To distinguish between nuclear and cytoplasmic proteins, nuclear extracts were
prepared. Cells were harvested as before and the resulting pellet was resuspended
in nuclear isolation buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl,, 10 mM KClI,
0.5 mM DTT, 1x protease inhibitor cocktail (PIC; Roche), 10 mM sodium butyr-
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ate), and incubated (on ice, 10 minutes). NP-40 was added (0.2%, RT, 5 minutes)
to dissolve the cellular membrane, leaving the nuclear membrane intact. Successful
nuclear exposure was monitored under the microscope. Nuclei were pelleted by
centrifugation (600 g, 4°C, 5 minutes) and lysed in nuclear extraction buffer (20 mM
HEPES [pH 7.9], 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT,
25% glycerol, 1x PIC, 10 mM sodium butyrate; on ice, 10 minutes). Insoluble
matter was pelleted by centrifugation (10,000 g, 10 minutes), the supernatant
transferred to a new tube and blended with 2x SDS-PAGE loading buffer. After

boiling (95°C, 10 minutes), nuclear cell extracts were stored until use (-20°C).

2.5.2 Determination of Protein Concentration

To determine the concentration of a protein solution, the Bradford Assay was
used. Dilution series of protein standards of known concentration and of the
protein solution of interest were prepared, mixed with Quick Start™ Bradford
1x Dye Reagent (BioRad) and incubated to allow the protein-dye complex to
form (RT, 5 minutes). Then, absorbance at 595 nm wavelength of each sample
was measured with a 6300 Spectrophotometer (Jenway) and a standard curve was
compiled plotting the absorbance of the standards against their concentration.
Subsequently, concentrations of the protein solution of interest could be calculated
by means of this standard curve.

For a reliable result, all sample values had to be within the linear range of the

standard curve.
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2.5.3 Immunoprecipitation

To isolate specific proteins of interest and its interaction partner out of a whole
cell lysate, immunoprecipitation was performed. Cells were harvested as de-
scribed before and the cell pellet resupended in lysis buffer (50 mM Tris [pH 8.0,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1x PIC (Roche)) for lysis (on ice,
10 minutes). The cell lysate was cleared by centrifugation (13,000 g, 10 minutes)
and 10% of the supernatant stored as input fraction. The remaining cleared lysate
was incubated with Anti-FLAG® M2 affinity gel (Sigma), previously equilibrated
in lysis buffer to remove storage buffer, to allow binding of the protein of in-
terest (4°C, 2 hours). Beads were washed in PBS twice and boiled directly in
2x SDS-PAGE loading buffer. Alternatively, to avoid interference of the light and
heavy chain of the applied antibody, bound protein was eluted off the beads using
3xFLAG® peptide (150 pg/ml, 4°C, 30 minutes with mild shaking). Beads were
subsequently pelleted by centrifugation (1500 g, 1 minute) and the supernatant,
containing the eluted protein of interest, was blended with 2x SDS-PAGE loading
buffer and boiled (95°C, 10 minutes).

2.5.4 SDS-polyacrylamide gel electrophoresis

To resolve previously prepared protein extracts (Section 2.5.1) SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed. Gels consisted of two parts, a
lower resolving gel overlain by a stacking gel with a comb forming appropriately
sized wells for applying sample.

Resolving gel was prepared using an appropriate amount of acrylamide in

resolving gel buffer (375 mM Tris, 0.1% SDS (v/v), adjusted to pH 8.9), and poly-
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merised using 0.1% ammonium persulfate (APS) and Tetramethylethylenediam-
ine (TEMED). Until the resolving gel was polymerised it was overlaid with isopro-
panol to form a level gel border and avoid oxidation. For the preparation of resolv-
ing gels 30% stock acrylamide (37.5:1 acrylamide:bis-acrylamide; Severn Biotech)
was used, unless resolving phosphorylated species of a protein when 45% stock
acrylamide (200:1 acrylamide:bis-acrylamide; Severn Biotech) was used.

The stacking gel comprised 5% acrylamide (30%, 37.5:1 acrylamide:bis-acryl-
amide; Severn Biotech) in stacking gel buffer (122 mM Tris, 0.1% SDS (v/v),
adjusted to pH 6.8), and polymerised with 0.1% APS and TEMED. The mixture
was poured on top of the resolving gel after removing the isopropanol.

Gels were run at 170 V in running buffer (52 mM Tris, 53 mM glycine,

0.1% SDS) until sufficient resolution of the protein extracts.

2.5.5 Coomassie staining

To directly visualise resolved proteins, SDS-PAGE gels were stained with Coo-
massie Brilliant Blue R250, a stain forming a protein-dye complex resulting in a
blue colour. For the staining, proteins were fixed to the acrylamide matrix by
submerging the gel in fixing solution (10% glacial acetic acid [Fisher|, 20% eth-
anol [Fisher]; RT, 10 minutes). Fixing solution was subsequently replaced by
Coomassie staining solution (0.1% Coomassie Brilliant Blue R250 (w/v), 10% gla-
cial acetic acid, 40% methanol, filtered to remove particulates), boiled (20 seconds),
and rocked (RT, 10 minutes). To remove excess stain, the gel was rinsed twice in
water and destained in destaining solution (10% glacial acetic acid, 40% methanol;

4°C, over night) with occasional change of destaining solution. Stained gels were
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then either photographed using a ChemiDoc™ MP System (BioRad) or dried on
Whatman™ paper (Fisher Scientific) using a Gel Dryer (80°C, 2 hours; Aurogene

Life Science).

2.5.6 Western blot

To detect specific proteins of interest out of a whole cell extract western blot
was performed. After separating proteins according to size with SDS-PAGE, they
were electro-transferred (100 mA per membrane, 1 hour, 24 V max) in trans-
fer buffer (31 mM Tris, 192 mM glycine, 20% methanol) to methanol-soaked
polyvinylidene difluoride (PVDF; GE Healthcare) membranes using a Owl™ HEP-1
Semidry Electroblotting System (Thermo Scientific). Subsequently, the mem-
branes were blocked in blocking solution (5% nonfat milk in PBS supplemented
with 0.1% Tween-20 (PBS-T), 1 hour), and incubated with primary antibody di-
luted as indicated (Table 2.2) in blocking solution (4°C, over night). Following
three washes in PBS-T, membranes were incubated with appropriate horseradish
peroxidase-conjugated secondary antibody (RT, 1 hour; Table 2.3), washed again
three times and visualised with enhanced chemiluminescence detection reagent
(Amersham). Blots were developed using Super RX X-ray films (Fujifilm) with an
SRX-101A developer (Konica Minolta).

2.5.7 Chromatin immunoprecipitation (ChIP)

In order to determine the binding of a protein of interest to a specific DNA region,
chromatin immunoprecipitation (ChIP) was performed. Cells were grown to 80%

confluence, washed in cold PBS, and fixed with cold fixation solution (0.4% form-
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aldehyde in PBS; 10 minutes, rocking), to cross-link primary amino groups of pro-
teins with neighbouring nitrogen atoms in protein or DNA via a —CH,— linkage.
To quench fixation, glycine was added (final concentration of 0.2 M; 10 minutes,
rocking) and washed with cold PBS. Cross-linked cells were subsequently scraped
off the plate in presence of PBS, and pelleted (1500 g, 5 minutes). Cells were re-
suspended in ChIP lysis buffer (50 mM Tris [pH 8.0], 10 mM EDTA, 1% SDS, 1x
PIC, 0.5 mM phenylmethylsulfonyl fluoride (PMSF)), lysed (on ice, 10 minutes)
and sonicated in a Covaris S220 (140 W Peak Incident Power, 5% Duty Cycle,
200 Cycles per Burst; 4°C, 16 minutes) with the water bath being continuously de-
gassed. For confirmation of sufficient fragmentation of chromatin (approximately
300 bp fragments), cross-linking was reversed for an aliquot of chromatin (see be-
low), and the chromatin concentration measured. This aliquot was retained as the
input fraction.

80 pg chromatin was subsequently diluted 8 times in ChIP dilution buffer
(16.7 mM Tris [pH 8.0], 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton
X-100) and Dynabeads® Protein G (0.9 ng; Life Technologies), previously equi-
librated in ChIP dilution buffer, were added for pre-clearing the chromatin (4°C,
2 hours, rotating). Beads were separated using a DynaMag™-2 Magnet (Life Tech-
nologies) and the supernatant incubated with primary antibody (5 pg, 4°C, over
night, rotating). Antibody-bound material was captured with Dynabeads® Pro-
tein G (1.5 pg; 4°C, 1 hour, rotating) and the beads washed twice (4°C, 10 minutes)
in each of the following buffers: low salt buffer (20 mM Tris [pH 8.0], 150 mM NaCl,
2 mM EDTA, 0.1% SDS, 1% Triton X-100), high salt buffer (20 mM Tris [pH 8.0],
500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), lithium chloride buf-
fer (0.25 M LiCl, 10 mM Tris [pH 8.0/, 1 mM EDTA, 1% NP-40, 1% sodium
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deoxycholate), and TE buffer (10 mM Tris [pH 8.0, 1 mM EDTA). Beads were
subsequently separated using a DynaMag™-2 Magnet and bound protein-DNA
complexes eluted twice (RT, 15 minutes each) in elution buffer (100 mM NaHCO,,
1% SDS).

Cross-links were reversed chemically (300 pM NaCl, 10 pg RNase A; 65°C, over
night) followed by enzymatic peptide digestion with Proteinase K (20 pg in 40 mM
Tris [pH 8.0], 10 mM EDTA; 42°C, 1 hour; Thermo Scientific). Finally, DNA was
extracted through equal volumes of phenol-chloroform, with an additional puri-
fication step in chloroform (Fisher Scientific), and precipitated (0.1 volumes 3 M
sodium acetate, 2 volumes 100% ethanol; -20°C, over night) before centrifuga-
tion (16,000 g, 30 minutes). The pellet was washed in 70% ethanol, dried and
resuspended in an appropriate amount of water.

Assessment of the protein of interest’s binding to a specific DNA section was
done via PCR or qPCR. Both times, an appropriate amount of extracted DNA (see
above) as template together with specific oligonucleotide primer (0.6 pM) was
used (Table 2.4 for exact sequences).

For normal PCR, allowing for a qualitative assessment of DNA binding,
MyTaq™ Red Mix (Bioline) was used in a T100 Thermal Cycler (BioRad) by
denaturing the DNA template (94°C, 2 minutes), 30 cycles of denaturation (94°C,
20 seconds), annealing (60°C, 30 seconds), and elongation (72°C, 30 seconds), and a
final elongation step (72°C, 5 minutes). PCR products were separated via agarose
gel electrophoresis and amplification of the specific DNA product indicated binding
of the protein of interest to the respective DNA region.

For qPCR, allowing for a quantitative assessment, GoTaq® qPCR Master

Mix (Promega) with a Corbett Rotor-Gene 6000 (Qiagen) was used by denaturing
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the DNA template (95°C, 10 minutes), 55 cycles of denaturation (96°C, 5 seconds),
annealing (61°C, 10 seconds), and elongation (72°C, 5 seconds). At the end, melting
curves for the primers used were created by raising the temperature from 72°C to
96°C in steps of 1°C every 5 seconds. Only reactions having passed an empirically
determined threshold and exhibiting a faithful amplification rather than primer
dimerisation as judged by the melting curve, were subsequently analysed. For
quantitation, a dilution series of input DNA was prepared for each target ampl-
icon an ChIP condition and the fold enrichment of each target in the ChIP product

relative to the amount of DNA present in the input control was calculated.

ChIP-Sequencing

For an agnostic, genome-wide assessment of the DNA binding of a protein of
interest, ChIP-Sequencing (ChIP-Seq) was performed. DNA of 10 parallel ChIP
experiments were pooled to a final volume of 50 pl, and samples were subjected to
50 bp, single-end sequencing using an Illumina HiSeq 2500. Library preparation
and sequencing was carried out by Angie Green (High Throughput Genomics, The
Wellcome Trust Centre for Human Genetics, University of Oxford). For details of

the bioinformatic processing and analyses see section 2.7.2.

2.6 Cell Biology Methods

2.6.1 Brightfield Imaging

To assess cell morphology and (3-galactosidase staining, brightfield images were ob-

tained by photography at 10x magnification with a Nikon microscope and Meta-

67



CHAPTER 2. MATERIALS AND METHODS

morph software.

2.6.2 Senescence-associated [3-galactosidase assay

To detect senescent cells on the basis of their enhanced lysosomal 3-galactosidase
activity, a >-galactosidase assay was performed as published by (Debacg-Chainiaux
et al., 2009). In brief, after two washes in PBS cells were fixed in fixation solu-
tion (2% formaldehyde (v/v), 0.2% glutaraldehyde (v/v) in PBS; RT, 5 minutes),
washed again twice with PBS and immersed in staining solution (40 mM citric
acid/Na phosphate buffer, 5 mM K, [Fe(CN)g4] - 3H,0, 5 mM K;[Fe(CN)g], 150 mM
NaCl, 2 mM MgCl,, 1 mg/ml X-gal in distilled water). Cells were incubated until

a blue staining was visible (37°C, ambient CO,).

2.6.3 Scratch-wound healing assay

To assess the motility of human melanoma cells, scratch-wound healing assays
were used. First, cells were grown to 100% confluency. After treating the cells as
desired, three vertical scratches were introduced using a P200 pipette tip. Closing
of the introduced wound was monitored on a time-lapse microscope taking a bright-
field image at 10x magnification (every 15 minutes, 48 hours). For each condition
at least three different areas of the wound were monitored. ImageJ with custom
macros from Mark Shipman (Ludwig Institute for Cancer Research, University of

Oxford) was used to analyse the resulting data.

68



CHAPTER 2. MATERIALS AND METHODS

2.6.4 Immunocytochemical staining of human melanoma

cells

To assess intracellular abundance and localisation of specific proteins of interest,
immunocytochemical staining was performed. Human melanoma cells were grown
to 80% confluence on glass cover slips (VWR), washed twice in PBS and fixed in
formaldehyde (4% in PBS; RT, 5 minutes). After two further washes in PBS, cells
were blocked and permeabilised in blocking solution (5% BSA in PBS containing
0.1% Triton X-100; RT, 20 minutes) and subsequently incubated with primary an-
tibody, diluted as indicated (Table 2.2) in blocking solution (RT, 20 minutes). Cells
were washed again twice in PBS, before incubated with appropriate Alexa Fluor-
conjugated secondary antibodies (Invitrogen), diluted as indicated (Table 2.3) in
blocking solution (20 minutes, RT). To counterstain cell nuclei, DAPT (0.5 pg/ml;
Invitrogen) was added at this step. Coverslips were finally washed three times
in PBS and mounted on Polysine™ microscopy slides (VWR) with a drop of
Mowiol mounting medium (10% Mowiol (w/v) [Calbiochem], 25% glycerol, 0.1 M
Tris [pH 8.5]) or dried by successive washes in increasing percentage of ethanol (70%,
90%, 100%) and a final wash in xylene before mounting with a drop of DePeX
mounting medium (VWR). Slides were imaged on a LSM710 confocal micro-

scope (Zeiss) with appropriate magnification using ZEN software.

2.6.5 Flow cytometry

For determining the cell cycle profile of a human melanoma cell population, flow
cytometry after propidium iodide (PI) staining was used. Cells were grown and

treated as indicated before harvest with 0.25% Trypsin-EDTA (Life Technologies)
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and centrifugation (4000 g, 2 minutes). Following ethanol fixation (70% in PBS;
on ice, 1 hour), cells were again pelleted (4000 g, 2 minutes), and resuspended
in 250 ul PI solution (50 pg/ml PI, 0.1 mg/ml RNase A, 0.05% Triton X-100
in PBS) and incubated to allow DNA to stain (37°C, 40 minutes). After adding
750 ul PBS and another centrifugation step (4000 g, 2 minutes), stained cells were
resuspended in staining solution (5% FBS, 2 mM EDTA, 0.01% NaN, in PBS)
and PI fluorescence was measured using a BD FACSCanto™ (BD Bioscience). Cell

cycle profiles were derived by plotting PI fluorescence intensities of 10,000 cells.

2.6.6 Luciferase reporter assay

For the analysis of a protein’s ability to activate or suppress transcription of a
specific target protein, luciferase reporter assays were performed. A luciferase
reporter, containing the coding region for firefly (Photinus pyralis) luciferase under
the control of the promoter of the target protein, was transfected into human
melanoma cells together with an expression vector of the protein of interest in
a 24-well format. 48 hours after transfection, cells were lysed in 50 pl Passive
Lysis Buffer (Promega; RT, 10 minutes, with rocking). 25 pl of the lysate was
mixed with 50 pl Luciferase Assay Reagent and luminescence was measured using

a GloMax® Multi-detection System (Promega) with 0.5 seconds integration time.
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2.7 Bioinformatics

2.7.1 Microarrays

Average probe intensities for each probe on the Illumina chip were analysed in
R (version 3.1.1), a software environment for statistical computing and graph-
ics (www.r-project.org), with the use of the limma package (version 3.22.1) (Ritchie
et al., 2015) provided by Bioconductor, a tool collection for bioinformatic ana-
lyses (www.bioconductor.org). After initial quality control assessing hybridisation
efficiency for each chip based on on-chip controls, background correction and either
variance stabilisation and normalisation, or quantile normalisation were performed
for all samples. Principal component analysis of the resulting data set was sub-
sequently computed within R and used to assess grouping of the samples.
Subsequently, differentially expressed genes were identified by fitting a lin-
ear model to the pre-processed data sets and comparing the doxycycline induced
samples of interest to either the same cell line without doxycycline induction or the
equally treated 3x FLAG-only negative control. Only genes, individually detected
as differentially expressed after both normalisation methods (variance stabilisation
and normalisation, and quantile normalisation) and against both backgrounds, the
same monoclonal cell line uninduced and the negative control line induced, at a p-
value < 0.05, were considered for subsequent analyses. Venn diagrams, heatmaps

and resulting gene lists of regulated target genes were generated within R.
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2.7.2 ChIP-Sequencing

In order to obtain biologically meaningful and robust information of single-end
sequencing reads after ChIP, reads were first subjected to a quality control step,
before aligning them to the human genome and finally calling significant peaks for
downstream analyses.

For quality control, low quality bases at the 5" and 3’ end were trimmed ac-
cording to their quality scores using Sickle (version 1.2) (Joshi and Fass, 2011)
and FastQC (version 0.10.1), a quality control tool for high throughput sequence
data (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), provided an
overall assessment of quality of reads. Subsequently, high quality reads were
aligned to the human genome build hgl9 (GRCh37, February 2009) using
Bowtie2 (version 2.1.0) in end-to-end mode (Langmead and Salzberg, 2012). Gen-
ome coverage of the aligned reads was then calculated with Bedtools (version
2.17.0) (Quinlan and Hall, 2010) and the resulting bedGraph files were uploaded
to the University of California at Santa Cruz (UCSC) Genome Browser for visu-
alisation.

Significant peaks above background were finally detected with MACS2 (version
2.0.10) (Zhang et al., 2008). Two different samples were used as a control for
normalisation, a chromatin input sample collected before IP and a negative ChIP
control sample produced with the established stable 3xFLAG-only 501mel cell
line. Only peaks significantly enriched above both backgrounds were considered
for further downstream analyses.

Annotation of peaks to nearby genes was performed using the annotatePeak

program of the Hypergeometric Optimization of Motif Enrichment suite (HOMER,
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version 4.7). For de novo prediction of enriched motifs in the identified peaks, the
sequences 50 bp around the peak summit were extracted and analysed with the
findMotifsGenome/annotatePeak program of the HOMER suite. The same was
done for the analysis of co-enrichment of known motifs next to identified peaks
with sequences 200 bp around the peak summit.

To predict potential directly regulated targets, the DNA binding information
from the ChIP-Seq experiment was integrated with the expression information
derived from the microarray data (Section 2.7.1) using Binding and Expression
Target Analysis (BETA) (Liu et al., 2011; Wang et al., 2013), a software package
from the Cistrome Project (www.cistrome.org). Each gene with an annotated peak
gets a binding potential, dependent on the peak’s distance to the transcriptional
start site (TSS), and its differential expression assigned. After ranking both factors
within the entire data set, the rank product of the two is used to identify potential

direct targets.

2.7.3 Gene ontology and pathway analysis

To identify enriched annotation terms of genomic regions from ChIP-Seq exper-
iments the Genomic Regions Enrichment of Annotations Tool (GREAT) with
the "two nearest genes’ definition for gene regulatory domains was used (McLean
et al., 2010). Gene ontology (GO) and Kyoto encyclopaedia of genes and gen-
omes (KEGG) pathway analysis was conducted for proteins differentially expressed
in the microarray study using the Database for Annotation, Visualization and In-
tegrated Discovery (DAVID) against a whole-genome background using default

settings (Huang et al., 2009a,b).
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CHAPTER 3. ROLE OF TBX2 AND TBX3

3.1 Introduction

Elevated protein levels of TBX2 and TBX3 have been reported for several cancer
types, i. a. in melanoma (Vance et al., 2005). In recent years, growing evidence
arose for an involvement of these two proteins in tumourigenesis, linking the ob-
served overexpression to oncogenic potential. However, the exact consequences of
the increased protein levels and the underlying mechanism as to how these T-box

transcription factors contribute to tumourigenesis remains elusive.

4ARF ( 9ARF

pl in mice), p21, and E-cadherin,

Individual targets, such as pl
all repressed by T-box factors (Jacobs et al., 2000; Prince et al., 2004; Rodriguez
et al., 2008), have been identified, but no broader understanding of the regulat-
ory activity of TBX2 and TBX3 in oncogenesis has been obtained to date. As
transcription factors, TBX2 and TBX3 mainly exert their function via binding
regulatory elements of target genes in the genome, thereby activating or repress-
ing their transcription. To obtain an agnostic, genome-wide view of DNA binding
of TBX2 and TBX3, ChIP-Seq analysis was performed. In addition to identifying
potentially regulated genes, the resulting genome-wide information of DNA bind-
ing sites enables the analysis of DNA binding motifs in a cellular context, allowing
their correlation to the consensus T-half site determined in in vitro binding assays.
Moreover, co-enriched binding motifs of other, known TF's in the vicinity of T-box
binding sites can elucidate potential interaction partners, binding cooperatively to
the respective sites. This information taken together can give further insights into
T-box factor regulation.

To supplement the DNA binding information obtained via ChIP-Seq, expres-

sion analysis upon overexpression of TBX2 and TBX3 using human microarrays
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was conducted to identify TBX2- and TBX3-dependent differentially expressed
genes. This gives an additional layer of information for physiological targets of
TBX2 and TBX3 regulation as it also expands the information obtained from the
ChIP-Seq experiment to indirect targets. Furthermore, by intersecting the two
genome-wide data sets, ChIP-Seq and microarray, potential directly regulated tar-
gets of TBX2 and/or TBX3, exhibiting both, binding of TBX2 and/or TBX3 in
their promoter or enhancer region and a differential transcription, can be iden-
tified. This comprehensive, agnostic approach will help to elucidate the role of

TBX2 and TBX3 in the context of melanoma tumourigenesis.

3.2 Generation of human melanoma cell lines ex-
pressing epitope-tagged TBX2 and TBX3

Due to the lack of reliable and high-grade antibodies against TBX2 and TBXS3,
transgenic human melanoma cell lines, stably expressing epitope-tagged TBX2 and
TBX3, respectively, were established. For the generation of the stable cell lines
used throughout this study, the human non-invasive melanoma cell line 501mel
was chosen as it is well described and widely used in the laboratory. Additional
genome-wide data sets have been generated with this cell line by other member of
the laboratory, allowing comparison and integration of the different data sets due
to the same genetic background. Furthermore, 501mel cells are amenable to easy

genetic manipulations and simple to maintain.
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3.2.1 Stable human melanoma cell lines expressing in vivo

biotinylated TBX2 and TBX3

Biotin is a widely used epitope tag in biochemistry. Due to its small size (244 Da)
it is unlikely to interfere with the tagged protein’s biological activity and the high
affinity to streptavidin allows a specific identification of the tagged protein. Here,
the biotin holoenzyme synthetase BirA of Fscherichia coli was deployed specifically
biotinylating an acceptor peptide of 15 amino acids called Avitag (Schatz, 1993;
Beckett et al., 1999).

First, a stable cell line constitutively expressing BirA was established, sub-
sequently infected with a lentivirus integrating the cDNA of TBX2 or TBX3 re-
spectively with an N-terminal Avitag under the control of the constitutively active
EF1la promoter into the cell’s genome. A transferred antibiotic resistance allowed
for selection of clones with a successful integration of the respective T-box con-
struct. Thereafter, single colonies were picked to establish monoclonal cell lines for
both, TBX2- and TBX3-biotin expressing cell lines. In addition, a negative control
cell line was generated, using a lentivirus integrating only the Avitag sequence.

For the analysis of successful expression of biotinylated protein, whole cell ex-
tracts of the monoclonal cell lines were assessed using Western Blot (WB). Three
different clones for both cell lines were analysed and one clone each overexpressed
the respective T-box factor with no biotinylated protein detected in the negative
control cell line (Figure 3.1 A). However, TBX2 seemed not to be biotinylated,
despite the overexpression of the protein as detected with a TBX2-specific anti-
body (Figure 3.1 A). Furthermore, subsequent analysis of sub-cellular localisation

of the protein with immunocytochemical staining (ICC) revealed a predominantly
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TBX3
Streptavidin [

Figure 3.1: Stable human melanoma cell line expressing in vivo
biotinylated TBX2 and TBXS3.

(A) Whole cell protein extracts of three clones for both stable cell lines
expressing in vivo biotinylated TBX2 and TBX3, respectively, were ana-
lysed using WB with the indicated antibodies and streptavidin-HRP con-
jugate. ERK was used as a loading control. (B) The sub-cellular loc-
alisation of in vivo biotinylated TBX2 and TBX3 in the stable cell line

(clone 1 each) was analysed using ICC with a streptavidin-fluorophore
conjugate.

TBX2-biotin TBX3-biotin

cytoplasmic signal of biotinylated protein (Figure 3.1 B), not expected for TFs
like TBX2 and TBX3, shown to reside in the nucleus (Prince et al., 2004; Vance
et al., 2005; Li et al., 2013). Interestingly, the cell line expressing TBX2 showed a
biotin signal in ICC, which was not detected earlier in the WB analysis.

The cytoplasmic signal of the protein could have two possible explanations.
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Either, the biotinylated protein is unable to enter the nucleus, or biotinylated
protein gets exported from the nucleus. Taken together, the generated cell lines
could not be used for the devised ChIP-Seq analysis, for which a reliable biotin-

tagging and nuclear localisation would have been paramount.

3.2.2 Stable human melanoma cell lines constitutively ex-

pressing polypeptide-tagged TBX2 and TBX3

To obtain a more robust tagging and avoid the localisation issues encountered with
the in vivo biotin-tagging system, recombinant polypeptide tags directly attached
to the T-box factor sequence were assessed. Two different tags, the 3SxFLAG tag
and the human influenza hemagglutinin (HA) tag, were deployed (Field et al., 1988;
Einhauer and Jungbauer, 2001). In addition, a nuclear localisation signal (NLS)
was used in conjunction with the HA-tag to drive the expressed protein into the
nucleus (Kalderon et al., 1984; Dingwall et al., 1988).

In humans, TBX2 occurs only in one isoform, whereas two isoforms are de-
scribed in the literature for TBX3. TBX3(+) differs from TBX3(-) in the DNA
binding domain with an extra 20 amino acids present in the (+) form produced by
alternative splicing. Both isoforms of TBX3 are evolutionary conserved and have
been described to be functional equivalent (Hoogaars et al., 2008). For this study,
stable cell lines were established for both isoforms separately.

To generate stable cell lines, 501 human melanoma cells were transfected with
a plasmid containing the respective T-box factor’s cDNA with the C-terminal epi-
tope tag driven by the constitutively active CMV promoter. Successful integration

of the plasmid was selected for via the conferred antibiotic resistance. In addition,
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Figure 3.2: Stable human melanoma cell line expressing epitope-
tagged TBX2 and TBX3. (A) Whole cell protein extracts of cell lines
expressing HA-tagged T-box factors with or without NLS were analysed
using WB with an antibody against the HA epitope. ERK was used as
a loading control. (B) Whole cell protein extracts of cell lines expressing
FLAG-tagged T-box factors were analysed using WB with an antibody
against the FLAG epitope. ERK was used as a loading control. (C-E) The
sub-cellular localisation of FLAG-tagged TBX2 and TBX3 in the stable
cell lines was analysed using ICC with an antibody against the FLAG
epitope.

NLS, nuclear localisation signal
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a negative cell line was produced using the empty plasmid with only the epitope
tag present.

After 10 days of selection, the transgene expression was evaluated by analysing
whole cell protein extracts via WB. The stable cell lines expressing HA-tagged
T-box factors showed a variable and slightly erratic expression level for both vari-
ants, with and without NLS (Figure 3.2 A). The cell lines expressing FLAG-tagged
T-box factors, however, produced a reliable expression, with the expression level of
TBX2-FLAG lower than both TBX3-FLAG isoforms (Figure 3.2 B). Consequently,
the FLAG-tagged cell lines were characterised further.

Analysis of the sub-cellular localisation of the 3xFLAG-tagged proteins was
achieved using ICC with an oFLAG antibody. All three cell lines exhibit a nuc-
lear signal for the expressed transgene with a proportion of the expressed protein
residing in the cytoplasm (Figure 3.2 C-E).

These 3xFLAG-tagged cell lines were then used to prepare samples for ChIP-
Seq (Section 2.5.7). Alignment of the resulting reads to the human genome pro-
duced no significant binding peaks, indicating some technical problems with the
stable cell lines. Subsequent analysis of the transgene expression over time of cul-
turing revealed declining transgene expression levels with increasing passages (data
not shown). Hence, during characterisation and preparation of ChIP-Seq samples,
transgene expression levels presumably decreased in the stable cell lines, so that
no successful DNA-binding of tagged T-box factors could be detected, explaining

the failed ChIP-Seq experiment.
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3.2.3 Inducible stable human melanoma cell lines express-

ing 3XFLAG-tagged TBX2 and TBX3

Subsequently, to avoid the previously encountered problems with loosing the con-
stitutive overexpression of epitope-tagged T-box factors, inducible transgenic hu-
man melanoma cell lines were generated, expressing TBX2 and TBX3 respectively,
with a C-terminal 3xFLAG-tag upon induction shortly before sample generation.
For the generation of the cell lines, a tetracycline-controlled transcriptional activa-
tion (tet-on) system combined with the piggyBAC (PB) transposase mediated ge-
nomic integration was deployed. The tet-on system allows an inducible expression
of TBX2-FLAG and TBX3-FLAG, respectively, upon administration of doxycyc-
line (dox), a tetracycline derivative. The cDNAs for TBX2 and both isoforms of
TBX3 including the 3xFLAG peptide were cloned under the control of the min-
imal promoter hCMV*-1 with an up-stream tetracycline response element (TRE),
not transcriptionally active by itself. Administered dox binds the constitutively
expressed reverse tetracycline transactivator (rtTA) enabling its binding to the
TRE, subsequently activating the expression of TBX2 and TBX3 (Figure 3.3 A).

The PB transposase system was used to efficiently integrate the coding se-
quences of TBX2 and TBX3 with their minimal promoter into the genomic DNA.
The above described sequences were inserted between inverted terminal repeat
sequences (ITRs), recognised by the PB transposase. Upon recognition, the PB
transposase excises the sequence from the plasmid and mediates efficient integra-
tion into genomic DNA at TTAA sites (Figure 3.3 B).

To establish the stable cell lines, the piggyBAC constructs of TBX2 and TBX3,

as described above, were transfected into 501mel cells together with rtTA under
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Figure 3.3: The piggyBAC-tet-on system used in this study.
(A) Tet-on system. The GOI is under the control of a minimal promoter,
transcriptionally inactive by itself. Dox binds to rtTA, and the complex
then binds the TRE, driving expression of the GOIL. (B) piggyBAC medi-
ated integration. I'TRs flanking the SOI are recognised by PB transposase,
excised, together with the SOI, and integrated at accessible TTAA sites
in the genome. (C) Combined piggyBAC-tet-on system. The piggyBAC
constructs for TBX2 and TBX3, respectively, were transfected together
with the rtTA construct, also flanked by ITRs, and PB transposase to
execute integration into the genomic DNA.

dox, doxycycline; GOI, gene of interest; ITR, inverted terminal repeat
sequence; Neo, neomycin resistance cassette; PB, piggyBAC transposase;
rtTA, reverse tetracycline transactivator; SOI, sequence of interest; TRE,
tetracycline response element
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the control of the constitutively active CAG promoter and a neomycin resistance
cassette, also flanked by ITRs enabling PB transposase-mediated integration, and
a plasmid constitutively expressing the PB transposase (Figure 3.3 C). In addi-
tion to the constructs of the T-box factors, the empty vector, containing only the
ITR-flanked minimal promoter and the C-terminal 3xFLAG-tag, was transfec-
ted together with the other two components of the system to generate a negative
control cell line. Polyclonal cell lines with successfully integrated sequences were
derived via neomycin selection, the resistance being conferred via the rtTA con-
struct. Due to highly heterogeneous expression levels in the polyclonal population,
monoclonal cell lines were subsequently established for all four cell lines from their

respective polyclonal pool.

Characterisation of monoclonal cell lines

To characterise the monoclonal cell lines, transgene expression upon dox induction
was analysed by WB and sub-cellular localisation was assessed using ICC.

All three cell lines express the respective 3XxFLAG-tagged T-box factor upon
dox administration, confirmed to be the respective T-box factor with a protein
specific antibody (Figure 3.4 A). The expression level of TBX3(+)-FLAG, how-
ever, is lower than for the other isoform TBX3(-)-FLAG, but shows similar levels
to TBX2-FLAG. In all three cell lines, the transgene expression level after dox
induction was significantly higher than endogenous T-box factor protein levels.
Endogenous proteins could be detected in the FLAG only control cell line after
longer exposure (data not shown). Upon longer exposure, background expression
of the transgenes without dox addition, indicating a leakiness of the minimal pro-

moter, can be detected. However, protein levels are significantly increased upon
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induction with dox above the observed background levels, ERK levels were used
as loading control.

Furthermore, to assess the dynamic range and titratability of the inducible
system and determine the optimal dox concentration for reliable transgene ex-
pression, a dox dose curve was performed and protein levels analysed with WB.
Very weak protein expression was already detected with 10 ng/ml dox with a
strong signal at 100 ng/ml already after 4h, indicating a responsive, dox depend-
ent transgene expression (Figure 3.4 B). The cell line for TBX3(4)-FLAG showed
a lower expression level and less responsiveness than the other two cell lines. Fur-
ther experiments were performed with 100 ng/ml dox and up to 24h incubation
time to allow sufficient time for transgene expression and subsequent activity of
the protein.

In addition, all monoclonal cell lines show an exclusive, pan-nuclear expression
pattern in ICC as expected for a TF (Figure 3.4 C-F). To assess the proportion
of transgene-expressing cells in the monoclonal population, positively stained cells
for FLAG over the total number of cells stained by DAPI were counted in three
different fields of view (300-400 cells total). Each clone showed 90% and more of

the cells stained positive for the 3xFLAG transgene.
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Figure 3.4: Characterisation of the stable 501mel cell lines. Le-
gend continues at the bottom of the next page.
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3.3 DNA binding analysis of TBX2 and TBX3

The monoclonal cell lines expressing the epitope tagged T-box factors upon induc-
tion enabled the genome-wide analysis of their DNA binding via ChIP-Seq using an
antibody against the 3xFLAG epitope. Samples were generated as described (Sec-
tion 2.5.7) and subjected to single-end sequencing. The negative control cell line
was included to control for possible systemic effects of dox administration and
input samples for all cell lines, taken just before the immunoprecipitation step of
the ChIP experiment, were sequenced as further negative control to account for

potential sonication bias due to tertiary or quaternary DNA structures.

3.3.1 Overview

For the analysis of the raw reads obtained from the sequencing facility, a bioin-
formatic pipeline was devised (Figure 3.5). First, the sequenced DNA reads were
trimmed for low quality bases using Sickle (Joshi and Fass, 2011) to avoid in-

accurate alignment of the reads to the human genome. The subsequent quality

Figure 3.2: Characterisation of the stable 501mel cell lines.
(A) Whole cell protein extracts of the four stable, monoclonal cell lines
treated with or without dox (500 ng/ml) for 24 h were analysed using
WB with the indicated antibodies. ERK was used as a loading con-
trol. (B) WB of whole cell protein extracts of the three inducible, trans-
gene expressing cell lines after administration of different dox concentra-
tions (0 ng/ml, 1 ng/ml, 5 ng/ml, 10 ng/ml, 50 ng/ml, 100 ng/ml) for
4 h and 8 h using a FLAG-tag antibody. ERK was used as a loading
control. (C-F) The four stable, monoclonal cell lines FLAG (C), TBX2-
FLAG (D), TBX3(+)-FLAG (E) and TBX3(-)-FLAG (F) were treated
with dox (100 ng/ml) for 24 h and stained using ICC with a FLAG-tag
antibody.
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Figure 3.5: ChIP-Seq analysis pipeline. Schematic depiction of the
bioinformatic pipeline used for ChIP-Seq analysis.

assessment with FastQC provided an overview of the successful trimming and the
resulting high quality of DNA reads. Following, the processed DNA reads were
aligned to the human genome with Bowtie2 (Langmead and Salzberg, 2012) in
end-to-end mode forcing the algorithm to take every single base of the read into

account. For visualisation, the genome coverage of the aligned reads was calcu-
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lated using Bedtools (Quinlan and Hall, 2010) and viewed in either the UCSC gen-
ome browser or the Integrative Genomics Viewer (IGV) from the Broad Institute.
Subsequent peak calling using MACS2 (Zhang et al., 2008) returned 4710 peaks
genome-wide for TBX2-FLAG when using the input control as background and
6165 peaks compared to the peaks of the negative 3XFLAG cell line. The plus
isoform of TBX3-FLAG showed 58 and 639 peaks, respectively, for the minus iso-
form 4407 and 3269 peaks, respectively, were called (Table 3.1). In similar DNA
binding studies for brachyury, another member of the T-box factor family, 6420
reproducible peaks were found using a human chordoma cell line (Nelson et al.,
2012) and 3,160 high-confidence peaks in a mouse ES-cell derived primitive streak
model (Lolas et al., 2014), showing comparable figures to the number of peaks
found here.

To consolidate the two sets of peaks obtained from the two different negative
control backgrounds and identify high-confidence peaks, common peak regions,
present in both lists, were determined for each TF. Intersection using Bedtools
(Quinlan and Hall, 2010) resulted in 3797 common peaks for TBX2-FLAG, 39
for TBX3(+)-FLAG and 2782 for TBX3(-)-FLAG and subsequent analyses were
performed only with these common peaks. As several peaks can be annotated
to the same gene, the number of genes featuring peaks is lower than the overall
number of common peaks (Table 3.1).

The peak height, representing the number of individual DNA reads aligned to
the summit position of the peak, was calculated for each peak using the 'pileup’
function of MACS2. The majority of peaks have a height between 20-60, as shown
by plotting the peak height distribution of all peaks with bins of 20 reads increment.

This distribution remains roughly the same independent of the background sample
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used for peak calling, suggesting no strong bias in the samples (Figure 3.6 A). Sub-
sequently, all peaks were assigned to the closest gene in the genome, respectively,
according to the distance to the transcription start site (TSS) and the genomic
annotation of the region occupied by the center of the peak was determined using
HOMER. The global view revealed the majority of peaks to reside in the promoter
regions of genes, followed by intronic and intergenic regions (Figure 3.6 B). The
TBX3(+)-FLAG isoform features the biggest proportion of peaks in the promoter
region, however, unlike TBX2-FLAG and TBX3(-)-FLAG, only a small fraction of
the peaks are located in introns, with a much higher proportion of peaks in inter-
genic regions (Figure 3.6 B). Yet, there are much fewer peaks with TBX3(+)-FLAG
in total potentially skewing the assessment.

To analyse the spatial pattern of binding within the promoter region, the dis-
tance of the peak’s summit to the TSS of the corresponding assigned gene was
plotted. By far the majority of peaks for both T-box factors occupy the region
close to the TSS, suggesting a direct regulatory influence on the transcription of

the target genes. Only very few peaks bind more than 1 kb up- or downstream of

Table 3.1: Number of peaks in each ChIP-Seq data set

cell line # peaks # common # unique
peaks genes

vs. Input vs. Flag-ChIP

3xFLAG only 30 n/a n/a n/a
TBX2-FLAG 4710 6165 3797 3386
TBX3(+)-FLAG 58 639 39 37

TBX3(-)-FLAG 4407 3269 2782 2534
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Figure 3.6: Global overview of ChIP-Seq results for the different
cell lines. (A) Frequency distribution for each data set of the peaks called
in comparison to the peaks of the control FLAG only cell line binned in
20 read increments according to their peak height. (B) Pie charts of each
peak’s annotation to the respective genomic regions for each data set
using the HOMER suite. (C) Frequency distribution for each data set of
the peak’s distance to the TSS binned in 20 bp increments.

the TSS (Figure 3.6 C).
The global view of the data shows reliable, good quality reads for all three

monoclonal cell lines. The number of raw reads after sequencing, subsequently
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aligned to the genome, are similar and during quality control of the raw data,
no striking differences were determined. However, the number of DNA-binding
peaks identified in the sample generated with the TBX3(+)-FLAG cell line was
significantly lower than with the TBX3(-)-FLAG cell line. Presumably, this dif-
ference can be accounted for by the lower expression levels of TBX3(+)-FLAG
in the monoclonal cell line compared to TBX3(-)-FLAG (Figure 3.4 A). Hence,
further in-depth analyses for TBX3 are based on the data generated with the
TBX3(-)-FLAG monoclonal cell line due to the lack of statistical power with the

low number of peaks observed with the TBX3(+)-FLAG cell line.

3.3.2 Potentially regulated genes

To further structure the list of potential target genes and extract biological mean-
ing by predicting functions of cis-regulatory regions, enriched cellular pathways
were assessed by calculating overrepresented gene annotation terms associated with
TBX2-FLAG and TBX3(-)-FLAG binding peaks with the Genomic Regions En-
richment of Annotations Tool (GREAT). The pathway clustering is based on the
Molecular Signatures Database (MSigDB) Pathway of the Broad Institute.

The most significantly enriched annotation terms associated with TBX2-FLAG
binding can be subdivided into three main functions, transcriptional regulation,
cell cycle regulation, and growth regulation (Figure 3.7 A). Genes with TBX2-
FLAG binding in the regulatory region related to transcriptional regulation include
histones, such as H2AFX and H2AFZ of the Histone 2A family, and H3F3A of the
Histone 3A family. Furthermore, TBX2 was found to bind the promoter of KAT2B,

coding for the K(lysine) acetyltransferase 2B (KAT2B) (Figure 3.7 B), also known
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Figure 3.7: Potential target genes and pathways for TBX2-
FLAG.

(A) Enriched annotation terms associated with TBX2-FLAG peaks as
calculated by GREAT, three main groups can be distinguished, tran-
scription (orange), cell cycle regulation (green), and growth regulatory
pathways (purple). (B) List of selected targets, potentially regulated by
TBX2-FLAG.
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as p300/CBP-associated factor (PCAF). PCAF associates with the p300/CBP
complex suggesting a direct role in transcriptional regulation via histone acetyla-
tion (Wallberg et al., 2002). The ChIP-Seq results further suggest a binding of
TBX2-FLAG in the promoter of genes involved in transcription initiation. For
example, TAF/, coding for a subunit of the transcription initiation factor TFIID,
and GTF2E2, coding for a subunit for the general transcription factor I1E, show
both a clear peak in their promoter. Interestingly, some genes coding for elong-
ation factors, responsible for maintaining transcription after initiation, are also
potentially regulated by TBX2-FLAG. There is, for instance, a distinct peak for
TBX2-FLAG in the promoter of ELL, coding for the eleven-nineteen Lys-rich leuk-
aemia (ELL) protein, a component of the super elongation complex (SEC) required
to increase the catalytic rate of RNA polymerase II transcription and to stabilise
the pre-initiation complex and early elongation (Luo et al., 2012). Taken together,
the results indicate a role for TBX2-FLAG in regulating transcription at several
levels and stages.

In addition to transcription, annotation terms for cell cycle regulation are
also enriched when analysing the regions bound by TBX2-FLAG. ANAPC10,
ANAPC11, and ANAPC13, three subunits of the anaphase-promoting com-
plex (APC), all feature a TBX2-FLAG binding peak in their promoter region.
APC is a cell cycle regulatory complex, triggering the meta-to-anaphase trans-
ition (Vodermaier, 2004). Furthermore, TBX2-FLAG seems to bind the promoter
region of CDC25A and CDC25B, two subunits of CDC25, another cell cycle regu-
latory complex forcing an irreversible entry into mitosis (Malumbres and Barbacid,
2005). Besides, a binding peak for TBX2-FLAG can also be found in the promoter

of CDK}, a cyclin-dependent kinase involved in G; phase progression (Vermeulen
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et al., 2003), indicating different points of regulatory intervention of TBX2-FLAG.
In addition, TBX2-FLAG binding peaks can also be found in several members of
the E2F family and Rb, adding another pathway to the potential targets affecting
cell cycle regulation.

Growth regulation is the third predicted function emerging from the enriched
annotation terms analysis for TBX2-FLAG binding peaks. Three prominent path-
ways have been identified in that context, the PI3K pathway, the PKB/Akt path-
way, and the mTOR pathway, all connected with each other via direct regulation
or feedback loops. PI3K is one of the main effector pathways of RAS and upstream
receptor tyrosine kinases (RTK), regulating cell growth, cell cycle entry, cell sur-
vival, cytoskeleton reorganization, and metabolism (Castellano and Downward,
2011). PI3K signals through PKB/Akt, which in turn among others regulates
mTOR complex 1 (mTORCI) to exert its function. Furthermore, mTOR com-
plex 2 (mTORC2) regulates PKB/Ak¢t signalling (Fruman and Rommel, 2014).

Peaks of TBX2-FLAG binding can be found in all three signalling pathways.
A peak in the promoter region of PIK3R1, coding for the phosphatidylinositol 3-
kinase regulatory subunit 1 (alpha) (PIK3R1), the 85 kDa regulatory subunit of
PI3K, indicates a direct potential regulatory influence of TBX2-FLAG on PI3K.
Furthermore, RICTOR, a gene coding for rapamycin-insensitive companion of
mammalian target of rapamycin (RICTOR), features a clear peak for TBX2-FLAG
binding just upstream of the T'SS. RICTOR is the scaffold protein in the mTORC2
enabling the binding of the substrate (Mendoza et al., 2011). The mTORC2 has
been shown to activate PKB/Akt, a kinase deregulated in cancer, through phos-
phorylation. Further potentially regulated genes appearing in context with mTOR
signalling are AMPK, TSC1, TSC2 and RHEB, feeding into mTORCI.
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Figure 3.8: Example ChIP-Seq peaks. Exemplary binding peaks of

TBX2-FLAG and TBX3(-)-FLAG in the promoter region of FOX03 (A)
and KRAS (B).
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Moreover, FOX0O1 and FOXOS3 exhibit TBX2-FLAG binding in their pro-
moter (Figure 3.8 A). The genes code for Forkhead box protein O1 (FoxO1) and
O3 (FoxO3), respectively, two downstream effectors of the PI3K pathway, inac-
tivated by phosphorylation of PKB/Akt (Brunet et al., 1999). Of note, KRAS
also seems to be bound by TBX2-FLAG in the promoter region (Figure 3.8 B),
interacting high up in the hierarchy of the pathway. In addition, GSK3B, the
gene for glycogen synthase kinase 3 beta (GSK3@), an enzyme involved in energy
metabolism and also an effector pathway of PI3K, seems to be regulated as well.

The GREAT analysis for TBX3(-)-FLAG binding regions returned fewer en-
riched annotation terms compared to TBX2-FLAG. Nevertheless, cell cycle regu-
lation and growth regulation also emerge as subsuming functions in the enriched
annotation terms (Figure 3.9 A), indicating a functional overlap with TBX2-FLAG
regulatory activity. However, annotation terms related to transcriptional regula-
tion are not enriched with TBX3(-)-FLAG, showing differences in the regulatory
potential of the two transcription factors.

Potentially regulated target genes of TBX3(-)-FLAG with enriched annotation
terms for cell cycle control contribute to the same regulatory complexes and path-
ways described above for potential TBX2-FLAG targets. The APC and CDC25
complexes are both potentially regulated by TBX3, indicated by peaks in the
promoter regions of their subunits ANAPC11 and CDC25B, respectively. Fur-
thermore, binding peaks for members of the E2F family can also be found with
TBX3(-)-FLAG. In addition, TBX3(-)-FLAG binds more prominently than TBX2-
FLAG in the promoter region of MDM2, coding for the E3 ubiquitin ligase of p53,
promoting the degradation of p53 (Momand et al., 1992; Oliner et al., 1992). This

is particularly interesting as p53 regulates, among others, the G;/S checkpoint
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Figure 3.9: Potential target genes and pathways for TBX3(-)-
FLAG. (A) Enriched annotation terms with TBX3(-)-FLAG as calcu-
lated by GREAT, cell cycle regulation (green), and growth regulatory
pathways (purple) are two emerging themes. (B) List of selected targets,
potentially regulated by TBX3(-)-FLAG.
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during cell cycle, an important step during cell cycle progression.

Possible targets for TBX3(-)-FLAG enriched for annotation terms in the con-
text of growth regulation are members of the same three pathways already identi-
fied with TBX2-FLAG, the PI3K pathway, the PKB/Akt pathway, and the mTOR
pathway. There are peaks of TBX3(-)-FLAG binding the promoter of genes related
to the PI3K pathway, such as KRAS (Figure 3.8 B), PIK3R1, GSK3B, FOXO1
and FOXO3 (Figure 3.8 A). Furthermore, the MAPK pathway with peaks in
MAPKI1, MAP3K1 and MAP3K5 and mTOR pathway with a peak in RICTOR
are also potential targets for TBX3 (Figure 3.9 B).

Assessing all genes potentially reg-
ulated by TBX2-FLAG and TBX3(-)-

FLAG through binding in the pro-
moter region, there is a signific-
ant overlap between the two gene
sets. Roughly 60% of TBX2-

FLAG regulated genes are shared

with TBX3(-)-FLAG, equalling al-

most 80% of TBX3(-)-FLAG regulated Figure 3.10: Peak overlap between
TBX2-FLAG and TBX3(-)-FLAG.
Venn diagram of potentially regulated

the close relatedness of TBX2-FLAG genes by TBX2-FLAG and TBX3(-)-
FLAG.
and TBX3(-)-FLAG within the T-box

genes (Figure 3.10). This underlines

factor family, binding a similar set of regulatory elements. Hence, the signific-
ant overlap in predicted functions of cis-regulatory regions of TBX2-FLAG and
TBX3(-)-FLAG, as seen above, is not surprising.

GREAT analysis of the uniquely regulated genes for TBX2-FLAG or TBX3(-)-
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FLAG, only featuring a binding peak for one of the two TF and not for the other,
resulted in no new predicted pathways or functions. Genes exclusively bound by
TBX2-FLAG in the promoter region were mainly related to growth regulation, in
line with previous findings, whereas no significant enrichment was found for genes
only bound by TBX3(-)-FLAG in the promoter region. Genes with an exclusive
binding of TBX2-FLAG in their promoter included for instance PRKABI and
PRKAB2, coding for the 5-AMP-activated protein kinase subunit beta-1 and 2,
two catalytic subunits of the 5-AMP-activated protein kinase (AMPK), implic-
ated in nutrient and cellular energy homoeostasis (Hardie et al., 2012). Another
example of exclusive TBX2-FLAG binding is TSCI, a gene coding for tuberous
sclerosis 1 (TSC1), forming a complex with TSC2 to regulate mTORC1 and mT-
ORC2 signalling (Huang et al., 2008).

An example for exclusive TBX3(-)-FLAG binding is the promoter region of
RYBP, a gene coding for the RING1 and YY1-binding protein (RYBP) involved
in mediating specificity of E2F proteins (Schlisio et al., 2002), and stabilising p53
via inhibition of its ubiquitination by MDM2 (Chen et al., 2009). PSEN2 is a
further gene only bound by TBX3(-)-FLAG in the promoter region, coding for
presenilin-2 (PSEN2). Presenilin is the catalytic subunit of the y-secretase com-
plex involved in Notch signalling via cleavage of membraneous Notch-1 releasing
the Notch intracellular domain (NICD), which translocates into the nucleus to ac-
tivate canonical Notch target genes (De Strooper et al., 1999; Okochi et al., 2002).
These examples illustrate distinct roles for the two T-box factors TBX2-FLAG
and TBX3(-)-FLAG with both being involved in the potential regulation of dif-
ferent target genes and hence exerting divergent functions. The overlap in target

genes suggests a common regulatory activity for some functions, potentially even
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complementing each other, but not for all functions.

Summarising, the presented data suggests a regulatory role for TBX2-FLAG in
transcriptional regulation and an involvement of both, TBX2-FLAG and TBX3(-)-
FLAG, in crucial cellular pathways related to cell cycle progression and prolif-
eration. Considering the largely repressive function reported for T-box factors,
a role for TBX2-FLAG in dampening overall transcription levels in cancer cells
could be hypothesised. This could allow cancer cells to maintain an equilibrium
of stresses by restraining excessive demand for nutrients and molecular building
blocks through suppressing transcriptional activity, given the highly pro-prolifer-
ative signature of cancer cells. Subsequently, this dampening of cell cycle and
growth pathways, as suggested by the ChIP-Seq data presented here, could ensure
maintainable levels of proliferation. One could hence hypothesise a role for T-box
factors in sustaining a growth-supporting equilibrium within cancer cells, just en-
during enough stress without crossing a critical threshold, causing severe cellular
damage. This would enable indefinite, elevated proliferation without cellular cata-
strophe as the cell is neither depleting the pool of nutrients due to exaggerated
demand, nor accumulating too much damage due to an unsustainable prolifera-
tion rate. The maintenance of this elevated, but sustainable equilibrium could be
termed cancer homoeostasis.

However, the here presented findings and hypotheses are based on DNA binding
alone and can only give an indication for potential regulatory roles of TBX2-FLAG
and TBX3(-)-FLAG, the functional consequences of this binding are still to be

determined.
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3.3.3 Enriched DNA binding motifs

The genome-wide availability of DNA sequences underlying TBX2-FLAG and
TBX3-FLAG binding sites allows the assessment of enriched sequence motifs within
the peak region and directly adjacent. The T-half site 5~ AGGTGTGAAA-3’ is
described as the canonical binding site for T-box factors (Naiche et al., 2005).
However, the crystal structure of the DNA-binding domain of TBX3 bound to
DNA identified only two direct contacts with DNA bases, conveying little binding
specificity on their own (Coll et al., 2002). This raises the question of how T-box
factors gain their target specificity. Thus, analysing enriched DNA motifs within
the binding peaks can verify the canonical motif and, in addition, identify fur-
ther potential sequence-specific aspects of DNA binding. Furthermore, enriched
binding motifs of known TFs with well-characterised binding motifs adjacent to
TBX2-FLAG and/or TBX3-FLAG binding peaks can elucidate potential inter-
action partners, that may act to increase DNA binding specificity for the T-box
factors.

For the identification of enriched motifs within the TBX2-FLAG and TBX3(-)-
FLAG binding peaks, the 50 bp DNA fragments surrounding the summit of each
peak, 25 bp either side, were extracted and analysed with the findMotifGenome
programme of the HOMER suite. For both T-box factors the most significantly
enriched DNA binding motif is indeed the T-half site with variation on the sev-
enth base, a G in the consensus sequence and with similar frequency for C, T,
and G in the position specific frequency matrices (PSFM) enriched in the data
set (Figure 3.11 A).

In this analysis only known TF binding motifs were used to search and only 15%
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of TBX2-FLAG peaks, and 10% of TBX3(-)-FLAG peaks contained the T-half site.
Interestingly, for TBX2-FLAG peaks the next most significantly enriched motifs
were similar to the T-half site, exhibiting a few modified bases. These motifs
are attributed to Eomesodermin, also known as TBR2, and TBET, also known
as TBX21, two TFs of the T-box family, indicating a similar binding pattern
within the entire T-box protein family. In the TBX3(-)-FLAG peaks, on the
other hand, the most significantly enriched motifs after the consensus T-half site
are binding motifs for ELK1 and ELK4, two members of the TCF subfamily of
the ETS TF family. Strikingly, for both proteins, ELK1 and ELK4, a TBX3
binding peak can be found in their promoter region, indicating a potential cross-
regulatory loop (Figure 3.11 B). The resemblance to the T-half site of the second
most significantly enriched motif for the TBX2-FLAG peaks is more apparent
when reading the complement sequence on the reverse strand.

While the above analysis identified enriched motifs based on a curated database
of known TF binding site, the same 50 bp DNA fragments around the peak sum-
mits were also used to determine enriched de novo motifs within the TBX2-FLAG
and TBX3(-)-FLAG binding peaks. For this analysis, overrepresented motifs relat-
ive to a random background control, derived from non-regulated promoter regions
matched for GC-content and fragment size, were calculated. The resulting motifs
were subsequently matched to resembling motifs of known TFs.

For both T-box factors slightly modified versions of the T-half site emerged
among the results, giving further confidence in the identified peaks being related to
T-box factor binding. Moreover, there is a subset of peaks for both, TBX2-FLAG
and TBX3(-)-FLAG, with an enriched DNA binding motif associated with E2F2,

a TF of the E2F family controlling the cell cycle in conjunction with RB (Fig-
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Figure 3.11: Enriched DNA binding motifs for TBX2-FLAG
and TBX3(-)-FLAG.

(A) PSFM of the most significantly enriched consensus DNA binding
motif for TBX2-FLAG and TBX3(-)-FLAG. (B) PSFM of subsequent
significantly enriched motifs found in TBX2-FLAG and TBX3(-)-FLAG
peaks. (C) PSFM of de novo binding motif prediction for both TBX2-
FLAG and TBX3(-)-FLAG binding peaks.

ure 3.11 C). Again, as with ELK1 and ELK4 above, the promoter region of E2F2
itself features distinct peaks for TBX2-FLAG and TBX3(-)-FLAG binding, poten-
tially indicating a feedback loop. As the binding motif of the entire E2F family is
very similar, these sites can be potentially bound by the other members of the E2F
family as well. Indeed, the identified enriched de novo motifs assigned to E2F2
also resemble the binding motifs of E2F1 and E2F3.

Furthermore, in the minor groove of DNA T and C bases offer similar chem-
ical interaction possibilities for DNA binding proteins via electron acceptors and
donors, so that recognition in the minor groove is not as base specific as in the ma-

jor groove and TFs with the same recognition site can bind both, T and C bases.
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Hence, the underlying binding motif might feature either base, further expanding
the spectrum of potential binding sites.

The presence of binding sites of other TFs at the summit of TBX2-FLAG and
TBX3(-)-FLAG peaks gives three possible scenarios. Either both TFs compete
for binding the respective regions and as the ChIP-Seq experiment represents an
average of a large population of cells, the T-box factors occupy enough sites within
the entire cell population to be detected in the analysis. A further possibility is the
binding of the two TFs adjacent to each other, one in the major groove, the other in
the minor groove, with or without interaction between the two. The last possibility
is an interaction between the two TFs with the interaction partner binding to the
DNA binding motif and the T-box factor executing its regulatory function without
immediate or with just partial DNA interaction. A definite explanation, however,
will require biochemical analysis of DNA binding of the factors identified in an in

vitro reconstituted system.

3.3.4 Co-enriched motifs of known TF

To further analyse possible interaction partners, potentially conferring more bind-
ing specificity to T-box factors, co-enrichment of known TF's in the close vicinity
of the 3xFLAG-tagged T-box factor binding sites were assessed. For that, a larger
DNA fragment of 200 bp around the summit of each peak, 100 bp either side, was
extracted and analysed with findMotifGenome of the HOMER  suite.

In addition to the already identified binding motifs, further enriched binding
sites for members of the ETS TF family were found, such as ETS1, FLI1, ETV1,
GABPA and ELF1 (Figure 3.12 A, B). The ETS family of TF have been described
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UsF2 RICACKTGSE 10 ETS1 ACAGGAAGTS 1ev

Figure 3.12: Co-enriched DNA binding motifs in close vicin-
ity to TBX2-FLAG and TBX3(-)-FLAG binding sites. Selected
PSFM of co-enriched binding motifs of known TFs in the 200 bp DNA
fragments surrounding the DNA binding peaks of TBX2-FLAG (A) or
TBX3(-)-FLAG (B). The number next to each PSFM indicates the re-
spective p-value.

as important regulators in both, early development and the adult organism, and
dysregulated expression has been linked to tumourigenesis (Oikawa and Yamada,
2003). Moreover, ETS-domain proteins are known to function in collaboration
with other TFs, promoting specificity of the individual members. Due to the
differing protein partners for each member they can act in an either repressive or
activating manner, indicating a context-dependent activity (Sharrocks, 2001).

Another enriched binding motif in the region around TBX2-FLAG and
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TBX3(-)-FLAG binding sites is of the microphthalmia-associated transcription
factor (MITF), the master regulator of the melanocyte lineage (Figure 3.12 A,
B). MITF has been linked to pro- and anti-proliferative activity, a contradiction
being resolved by the rheostat model, whereby MITF protein levels determine the
regulatory function (Carreira et al., 2006). Interestingly, TBX2 is upregulated by
MITF (Carreira et al., 2000) and is here suggested to be a potential interaction
partner for regulation of target genes. Furthermore, MITF binding motifs can also
be bound by the upstream stimulatory factor 1 (USF1) and 2 (USF2) (Galibert
et al., 2001). The USF proteins are cellular TFs involved in regulating stress and
immune responses, cell cycle and proliferation, and lipid and glucid metabolism.
In addition, USF1 has been implicated in the regulation of pigmentation upon
UV-radiation in melanocytes (Corre and Galibert, 2005). As these TFs are cap-
able of binding the same MITF binding site, they could also represent potential
interaction partner of TBX2 and TBX3.

Finally, there are also enriched binding motifs next to TBX2-FLAG and
TBX3(-)-FLAG binding peaks for member of the Kruppel-like factors (KLF), in
particular KLF1, KLF4, and KLF5 (Figure 3.11 A). The KLF family is a family of
zinc finger-containing TF, regulating multiple biological processes, such as prolif-
eration, growth, and survival. In order to exert the multitudinous functions, KLFs
recruit transcriptional regulatory proteins including transcriptional co-activators
and co-repressors.

Summarising, the analysis of co-enriched binding motifs in the vicinity of
TBX2-FLAG and TBX3(-)-FLAG binding region has identified interesting can-
didates, either interacting or recruiting T-box factors to their target sites. This

interaction could add binding specificity to T-box factor binding despite their own
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weak DNA interaction. Furthermore, context-dependent cooperation with differ-
ent TF could also potentially explain the described disparate regulatory function

of T-box factors of both, repression and activation.

3.4 (Gene expression analysis

To expand the assessment of the regulatory potential of TBX2 and TBX3 to the
RNA level and include potentially indirectly regulated targets, gene expression
analysis using microarrays was performed. For that purpose, the monoclonal cell
lines described above were deployed, inducibly expressing the 3xFLAG tagged
T-box factors. Whole cell RNA extracts were prepared after 6 h and 24 h dox treat-
ment in independent triplicates from the three monoclonal cell lines, TBX2-FLAG,
TBX3(+)-FLAG, and TBX3(-)-FLAG, and hybridised to an Illumina HumanHT-
12 v4 Expression BeadChip, covering the entire human transcriptome. In order to
account, for technical variation between microarray chips, each triplicate sample
was run on a different chip. In addition, whole cell RNA extracts from the same
monoclonal cell lines without dox induction were run, to identify target proteins,
potentially regulated by TBX2-FLAG and TBX3-FLAG, through differential ex-
pression analysis comparing the expression profiles of induced versus uninduced
cell lines. The 3xFLAG negative control cell line was also included with and
without dox treatment to account for potential dox effects as two recent publica-
tions have shown alterations of the metabolism and mitochondrial function upon

tetracycline administration (Ahler et al., 2013; Moullan et al., 2015).
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Raw intensity reads

Ia

-
-

Data
normalisation

RE R
1330

|

Figure 3.13: Microarray analysis pipeline. Schematic depiction of
the bioinformatic pipeline used for microarray analysis.

PCA, principal component analysis; VSN, variance and stabilisation nor-
malisation
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3.4.1 Overview

For the analysis of the raw intensity reads obtained from the High Throughput
Genomics facility a bioinformatic pipeline was established (Figure 3.13). First, for
quality assessment of the obtained data average probe intensities for each sample
were analysed (Figure 3.14 A). The internal positive control of biotin binding
showed a satisfactory hybridisation efficiency for the samples, only chip 1 exhibited
a slightly lower sample hybridisation. The average intensity signal was consistent
throughout all samples and the number of genes detected above background ranged
from 12,000 to 15,000, roughly half of the represented genes on the chip. This is
a normal value for these kind of experiments, indicating overall high quality data.

Thereafter, background correction and normalisation of the probe intensities
were performed with two different approaches, variance stabilisation and normal-
isation (VSN) and neqe. VSN is a native statistical function from the R language,
whereas neqc is a pre-defined function from the limma package. After background
correction, data was subjected to cluster analysis and principal component ana-
lysis (PCA) to identify possible outliers and major contributors to variance within
the sample set. The cluster analysis of all samples revealed a clear difference of
the samples derived from the 3XxFLAG negative control cell line, clustering all
to the left main branch, whereas all samples derived from the three sample cell
lines, expressing the 3xFLAG-tagged T-box factors, clustered in the right main
branch. No clear clustering within the sample cell lines on the right main branch
was observed (Figure 3.14 B). Subsequent PCA based on all samples identified a
strong technical batch-to-batch variation between the chips, which can occur even

under strict chip manufacture and experimental conditions, as the primary source
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Figure 3.14: Global overview of microarray results for the differ-
ent cell lines. (A) Overview of hybridisation statistics for all samples
on the different chips. (B) Cluster analysis of all individual samples.
(C-E) PCA of all individual samples coloured according to array chips (C),
cell line (D), and time of dox induction (E).
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for variance in the data set (PC1). Chip 1 is clearly different to chip 2 and 3,
but also between chip 2 and 3 a difference can be noticed (Figure 3.14 C). This
is an inherent, systemic issue that cannot be circumvented and could potentially
explain the lack of further clustering within the samples derived from the T-box
factor cell lines. Due to the strong contribution, this chip effect was accounted for
in the subsequent statistical analysis for differentially expressed genes.

The second most prominent contributor to variance (PC2) are the cell lines
(Figure 3.14 D) and to a lesser extent treatment with dox (Figure 3.14 E). The
3xFLAG negative control cell line is very distant from the other cell lines, as
already seen in the cluster analysis. This presumably reflects the earlier described
leakiness of the tet-on system, expressing the epitope tagged T-box factors at low
levels even without dox administration (Section 3.2.3). Again, this is a technical
limitation of the applied system, considered during analysis. In addition, a se-
gregating effect of dox treatment can be detected within the samples derived from
the T-box factor expressing cell lines (Figure 3.14 E, lower half). RNA samples
extracted after 24 h dox treatment differ significantly from the untreated samples,
indicating an effect of the induction of T-box factors on the overall expression pro-
files of the melanoma cell line, as the 3XxFLAG negative control samples remain
the same on the PC2 axis. Only a minor difference is detected for the samples
extracted after 6 h dox treatment, suggesting a longer time frame necessary for

the induced T-box factors to exert their function.
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Table 3.2: Number of differentially expressed genes

cell line vs. uninduced vs. Flag
limma VSN

3xFLAG only 0 0 n/a

TBX2-FLAG 4511 4124 6947

TBX3(+)-FLAG 227 158 4942

TBX3(-)-FLAG 3219 2853 6928

3.4.2 Differentially expressed genes

To identify potential targets regulated by TBX2-FLAG and TBX3-FLAG, differen-
tially expressed genes upon overexpression of the two T-box factors were detected.
This was achieved by comparing the normalised probe intensities of the dox treated
samples with the untreated samples of the same cell line and the samples of the
equally treated 3xFLAG negative control cell line after fitting a linear model to
the data set.

For normalisation and background correction before calculating differentially
expressed genes compared to the uninduced samples, two different statistical ap-
proaches were used, variance stabilisation normalisation (VSN) and the in-built
normalisation of the limma package (Section 2.7.1). Both algorithms resulted in a
similar number of identified differentially expressed genes, 4511 and 4124 genes, re-
spectively, for TBX2-FLAG overexpression, 227 and 158 for T-box(+)-FLAG, and
3219 and 2853, respectively, for TBX3(-)-FLAG overexpression. The comparison
with the samples derived from the 3xFLAG negative cell line resulted in many
more differentially expressed genes, 6947 for TBX2-FLAG, 4942 for TBX3(+)-
FLAG, and 6928 for TBX3(-)-FLAG overexpression (Table 3.2). Given the signi-
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A TBX2-FLAG B TBX3(+)-FLAG C  TBX3(-)-FLAG

Figure 3.15: Number of differentially expressed genes. Venn dia-
grams of differentially expressed genes determined with the three different
contrasts when overexpressing TBX2-FLAG (A), TBX3(+)-FLAG (B),
and TBX3(-)-FLAG (C).

ficant difference between the samples of the 3xFLAG and the T-box expressing
cell lines as determined in the PCA, this higher number of genes identified is not
surprising. One factor contributing to this difference might be the leakiness of
the tet-on system, as the stable cell lines expressing the 3xFLAG-tagged T-box
factors upon induction might have slightly adapted to elevated expression levels
of the T-box factors during preparation of the samples. As a consequence, the dif-
ference in protein levels upon induction is not as big as compared to the 3xFLAG
negative cell line, still expressing physiological levels of the T-box factors.

As the induction of T-box factor expression for 6 h did not result in many differ-
entially expressed genes (Figure 3.16 A), the analyses presented here concentrate
on the samples induced for 24 h, showing more promising results.

Only genes detected as differentially expressed in all three data sets, VSN and
limma normalised compared to the uninduced samples, and compared to the in-

duced 3xFLAG sample, were considered for the downstream assessment as high-
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confidence targets. This criteria was met by 2809 genes for TBX2-FLAG, 111
for TBX3(+)-FLAG, and 2041 for TBX3(-)-FLAG (Figure 3.15 A-C). With this
selection criterion potential bona fide target genes are excluded, detected in the
comparison with the 3xFLAG negative control sample, but not recognised via the
contrast with the uninduced cell line due to the leakiness in the system. However,
the stringent criterion still resulted in plenty of differentially expressed genes po-
tentially regulated by T-box factors, to justify this approach. At a later stage, a
more lenient criterion can be applied to determine further potentially regulated
genes, excluded this time.

When plotting all differentially expressed genes with an adjusted p-value < 0.05
and their respective expression difference in a heat map, the earlier observed
little effect of 6 h dox induction is corroborated, with only a few genes exhib-
iting a differential expression profile. Furthermore, within the samples derived
from the TBX3(+4)-FLAG cell line, a significantly lower number of differentially
expressed genes of high-confidence was identified for both, 6 h and 24 h induc-
tion (Table 3.2 and Figure 3.16 A). Already in the genome-wide DNA binding
analysis, the samples generated with this cell line produced fewer binding site
peaks (Section 3.3), suggesting a general concern with the monoclonal cell line.
Consequently, further analyses are focused on the data generated with the mono-
clonal cell lines expressing TBX2-FLAG and TBX3(-)-FLAG.

The heat map of all differentially expressed genes also indicates a predomin-
antly repressive function for both T-box factors, with only a few genes upregulated
upon overexpression of TBX2-FLAG and TBX3(-)-FLAG (Figure 3.16 A). This
finding is further substantiated using the function prediction analysis of the bind-

ing and expression target analysis (BETA) software package for the entire list of
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Figure 3.16: Global view of differentially expressed genes.

(A) Heat map of all differentially expressed genes with five distinct sets
of genes comparing TBX2-FLAG and TBX3(-)-FLAG expression profiles
after 24 h induction: (I) genes downregulated with both, (II) genes upreg-
ulated with TBX3(-)-FLAG but not with TBX2-FLAG, (I1I) genes upreg-
ulated with TBX2-FLAG but not with TBX3(-)-FLAG, (IV) genes down-
regulated with TBX2-FLAG but no change in TBX3(-)-FLAG, (V) and
genes upregulated with both. (B) Functional prediction for TBX2-FLAG
and TBX3(-)-FLAG overexpression.
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differentially expressed genes of the two T-box factors (Figure 3.16 B).
Comparing the differentially expressed genes of TBX2-FLAG and TBX3(-)-
FLAG in the clustered heat map, one can observe a block of genes downregulated
in both gene lists (I), a small set of genes being upregulated by TBX3(-)-FLAG
with no change upon TBX2-FLAG induction (II), a block of slightly upregulated
genes upon TBX2-FLAG induction and no change with TBX3(-)-FLAG (III), then
downregulated genes with TBX2-FLAG overexpression but not with TBX3(-)-
FLAG (IV), and a small set of genes upregulated by both (V) (Figure 3.16 A).

KEGG and GO analysis of differentially expressed genes

To categorise the differentially expressed genes and predict potential biological
roles, enriched Kyoto encyclopaedia of genes and genomes (KEGG) pathways and
gene ontology (GO) terms were determined for the entire list of differentially ex-
pressed genes and subsequently for up- and downregulated genes separately for
both, TBX2-FLAG and TBX3(-)-FLAG (Figure 3.17).

The most prominent pathways enriched in the KEGG analysis and hence po-
tentially regulated by T-box factors are related to metabolism. A whole plethora
of different metabolic pathways, for instance purine and pyrimidine, the building
bases for nucleotides, several amino acids, the building blocks for proteins, pyruvate
and fatty acid metabolism, providing energy to the cells, are enriched within the
differentially expressed genes identified upon TBX2-FLAG and TBX3(-)-FLAG
overexpression. Strikingly, analysis of the up- and downregulated genes separately
reveals a correlation between upregulated genes upon TBX2-FLAG and TBX3(-)-
FLAG overexpression and energy providing metabolic pathways, such as pyruvate

and fatty acid metabolism. Furthermore, the KEGG pathway ’lysosome’ is also
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Figure 3.17: Enriched KEGG pathways in differentially ex-
pressed genes. Selected enriched KEGG pathways for all differentially
expressed genes (left) and up- and downregulated genes separately (right)
for TBX2-FLAG (A) and TBX3(-)-FLAG overexpression (B). The num-
ber next to each column indicates the count of genes assigned to the
respective GO term.

enriched in the upregulated genes, enhancing degradation of waste products within
the cell and further provide needed building blocks for proliferation. This finding
supports the idea of a potential role for T-box factor in energy provision for fast

dividing cancer cells.
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Another enriched KEGG pathway found in this analysis is ’cell cycle’; in line
with the results of the ChIP-Seq analysis, where several significant peaks were
found in the promoter region of cell cycle related genes (Figure 3.7 and Figure 3.9).
For both 3xFLAG-tagged T-box factors it emerges as enriched in the downreg-
ulated genes, indicating a role in cell cycle repression. This is rather surprising,
given the pro-proliferative, cell cycle dysregulated nature of a cancer cell. However,
in terms of cancer homoeostasis, it might make sense under certain circumstance
to control the cell cycle, in order to maintain a long-term proliferative potential
and not end up in cellular catastrophe for example under conditions of nutrient
limitation, which would impose a dominant inhibitory effect on the cell cycle even
in cells bearing an activated pro-proliferative oncogene. T-box factors might hence
be involved in supporting the long-term proliferation of melanoma cells by limiting
the consumption of nutrients to a sustainable level via adaptive, negative cell cycle
regulation. This would allow the cell to circumvent cellular catastrophe by nutri-
ent depletion and accumulation of cellular damage due to unsustainable stresses
and maintain cancer homoeostasis.

A further interesting pathway, identified in this analysis, is the TGF-3 sig-
nalling pathway, described to regulate tumour progression by controlling GG; arrest
and thus enacting a tumour suppressor function during early phase of tumour
progression (Ikushima and Miyazono, 2010; Meulmeester and ten Dijke, 2011).
Downregulation by T-box factors would subsequently allow the cancer cell to re-
tain a proliferative potential, progressing through the cell cycle. This result is at
first sight contradictory to the above described negative cell cycle control, how-
ever, as this analysis is based on a population of cells, the described regulations do

not necessarily happen in the same cell. The contradiction could thus be recon-
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ciled with the already previously hypothesised modulating role of T-box factors,
enhancing or repressing cell cycle progression in a context-dependent manner.
The differentially expressed genes upon TBX2-FLAG and TBX3(-)-FLAG over-
expression have also been assessed for enriched GO terms. The enriched terms all
reflected the already described enriched KEGG terms, further corroborating the

findings, but no additional roles for T-box factors could be found.

Highly differentially expressed genes

For the identification of individual genes likely to be regulated by 3xFLAG-tagged
T-box factors, highly differentially expressed target genes showing at least 4-fold
up- or downregulation (|logF'C| > 2) upon TBX2-FLAG or TBX3(-)-FLAG in-
duction were selected. Plotting these genes together with the corresponding ex-
pression level upon overexpression of the other 3xFLAG-tagged T-box factor in a
heat map showed a considerable congruency between the two factors (Figure 3.19
and Figure 3.18).

Among the upregulated genes, the most differentially expressed gene for both
T-box factors is VGF nerve growth factor inducible (VGF). The gene has been
linked to energy homoeostasis, metabolism, and cell-cell interaction and is primar-
ily described in the context of neurobiology (Hahm et al., 1999). A more in-
teresting candidate, also upregulated upon overexpression of both, TBX2-FLAG
and TBX3(-)-FLAG, is transforming growth factor-g 2 (TGF-B2), an isoform of
the transforming growth factor B (TGF-B). TGF-$ has been demonstrated to be
upregulated in cancer cells, supporting the here presented findings (Elliott and
Blobe, 2005). Given its ascribed anti-proliferative activity by inducing a G; ar-

rest (Kletsas et al., 1995; Mukherjee et al., 2010), an upregulation is initially
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Figure 3.18: Highly upregulated genes upon TBX2-FLAG and
TBX3(-)-FLAG induction. Heat maps of upregulated genes with at
least 4-fold change upon TBX2-FLAG (A) and TBX3(-)-FLAG induc-
tion (B) with the expression level of the same gene upon induction of the
respective other T-box factor.

NA, not assigned

counterintuitive, however, in established tumours the TGF-B signalling pathway
is mostly mutated, thus blocking the anti-proliferative activity. The overexpressed
TGF-f, subsequently, acts on the tumour environment via paracrine signalling
and induces immunosuppression and angiogenesis (Blobe et al., 2000; Siegel and
Massague, 2003). Interestingly, TBX3 is a downstream target and mediator of the
TGF- pathway, that also regulates TBX2 (Li et al., 2013, 2014). In addition,
the data presented here suggests a further regulatory layer, by adding a positive
feedback loop for TGF-.

Another potentially regulated target of TBX2-FLAG and TBX3(-)-FLAG is

121



CHAPTER 3. ROLE OF TBX2 AND TBX3

A TBX2-FLAG logFC < -2

PDE4DIP
SNAI2.1
ROPN1B.1
CTLA4
SLC1A4
FAM84B
NA.1

TNS3
KRTAP19-6
E2F2
KRTAP19-1
ROPN1B

CTLA4 A
LOC728989
JADE2
ROPN1
UGT2B7
GFOD1

PDE4DIP.1
| ST6GALNAC2
| GEMIN2.1

' FAM65A
MYC.1

TGIF1

CHN2
FAM212A
FBXO32
EPHA5

IER3

SHISA?2
TGIF1.1
|SLC16A6
'RCANA
'KCNIP3
RNF125

z z
X x
N w

5
@

B TBX3(-)-FLAG logFC <-2

SNAI2.1
NA.1

PDE4DIP A5
CTLA4
ROPN1B
LOC728989
ROPN1B.1
SLC1A4
ROPN{
KRTAP19-6
NA

SNAI2
CTLA4.1
TNS3
JADE2
KRTAP19-1
PDE4DIP.1
FAM212A
FAMB4B
IL6R
TNFRSF19
IL6R.1
DLGAP1-AS2
APOLD1
TMEM204
CHN2
SHISA2
'PDE4DIP.2
'FABP?7
TNFRSF19.1
EBF3
EPHAS5

= ~
@ o
x =
> »
E g
e

c ®
®

Figure 3.19: Highly downregulated genes upon TBX2-FLAG
and TBX3(-)-FLAG induction. Heat maps of downregulated genes
with at least 4-fold change upon TBX2-FLAG (A) and TBX3(-)-FLAG
induction (B) with the expression level of the same gene upon induction
of the respective other 3x FLAG-tagged T-box factor.

NA, not assigned
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growth arrest and DNA-damage-inducible protein 45 o (GADD45A), also upregu-
lated upon overexpression of the T-box factors. The GADDA45 family of proteins
act as stress sensors within the cell, mediating the cellular response to genotoxic
stress and regulating cell cycle arrest and DNA repair (Liebermann and Hoffman,
2002). This could be a pro-survival mechanism for cancer cells to avoid excessive
cellular stress and DNA damage, a constant risk due to their heavily dysregulated
signalling cascades.

The assessment of potential target genes highly downregulated upon TBX2-
FLAG and TBX3(-)-FLAG induction revealed three proteins emerging for both
T-box factors, snail family zinc finger 2 (SNAI2), cytotoxic T-lymphocyte-associ-
ated protein 4 (CTLA4), and interleukin 6 receptor (IL6R). SNAI2 is a transcrip-
tional repressor, that modulates basal transcription and is involved in EMT during
embryonic development (Peinado et al., 2004, 2007). CTLA4 is a protein receptor,
acting as an immune checkpoint on T-cells, exerting a immunosuppressive signal
(Walunas et al., 1994, 1996). In contrast, IL6R is the receptor for interleukin 6 (IL-
6), a pro-inflammatory cytokine, secreted by T-cells and macrophages (Heinrich
et al., 2003). This contradicting immunoregulation of T-box factors, immunos-
timulating on the one hand side via repressing CTLA4, and immunosuppresive
via repressing IL6R on the other hand, suggests an immunobalancing function of
T-box factors within cancer. Inflammation has been shown to be able to acceler-
ate tumour progression by inducing angiogenesis and stroma growth. An extensive
immune response, however, can elicit immunoclearance of the tumour by the ad-
aptive immune system (Coussens and Werb, 2002). Hence, an intricate balancing
of the immune response is necessary for a tumour to optimise growth conditions,

potentially regulated by T-box factors.
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In addition, TBX2-FLAG, more pronounced than TBX3(-)-FLAG, seems to
repress the TFs E2F2, MYC, and sprouty homolog 2 (Drosophila) (SPRY2). E2F2
is a member of the E2F protein family, a TF family whose activating member
E2F1, E2F2, and E2F3a orchestrate the G;/S cell cycle transition (Weinberg,
1995). Downregulation of members of the E2F family, consequently, stops cells
from progressing in the cell cycle. The TF MYC has been ascribed mainly activ-
ating transcriptional activity and has a potential to regulate as much as 15% of
the entire genome, indicating a function as widespread regulator of transcription
(Patel et al., 2004). Lower levels of MYC will result in less transcriptional activ-
ity in the cell. This is in line with the previous hypothesis of TBX2 dampening
transcriptional activity, based on its binding peaks showing enriched annotation
terms related to transcriptional regulation (Section 3.3.2). A further highly down-
regulated gene upon T-box factor overexpression is SPRY2, a negative feedback
regulator of receptor tyrosine kinases. The inhibitory activity antagonises growth
factor mediated pathways, such as the FGF, the epidermal growth factor (EGF),
and the hepatocyte growth factor (HGF) pathway (Lee et al., 2004). The repres-
sion of SPRY2, thus, enhances growth signalling in these pathways.

Summarising, the 3xFLAG-tagged T-box factors show a wide spectrum of po-
tentially regulated cellular functions, ranging from immunomodulation via TGF-,
CTLA4, and IL6R, over stress response via Gadd45A, cell cycle regulation via the
E2F family of TF, transcriptional activity via MYC, and finally growth regulatory
pathways via SPRY2. The role of T-box factors might hence be balancing the
impulse to proliferate uncontrolled with a very high demand on resources while
maintaining the high proliferative potential. This could aptly be integrated into

the earlier formulated hypothesis of cancer homoeostasis.
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3.5 Integration of DNA binding with gene ex-
pression information

The availability of genome-wide data for TBX2-FLAG and TBX3(-)-FLAG for
both, DNA binding and differential gene expression, enables an integrated analysis
to associate DNA binding in the promoter region of genes with a physiological
consequence in form of expression changes of the corresponding proteins. This
analysis could give further indications for potential direct targets of T-box factor
regulation. Both data sets have been produced with the same monoclonal cell
lines under identical culture conditions and using the same antibodies for sample
generation, allowing a direct correlation of the two.

For the analysis, the genomic region of previously identified differentially ex-
pressed genes 5 kb around the TSS was assessed for DNA binding by TBX2-FLAG
and TBX3(-)-FLAG and the corresponding logFC was then interrelated with this
DNA binding information using the binding and expression target analysis (BETA)
programme. Out of the 2809 differentially expressed genes for TBX2-FLAG, 694
also exhibit at least one binding peak in the genomic region around the TSS, of
which 105 genes are up- and 589 downregulated. For TBX3(-)-FLAG there are
454 out of 2041 differentially expressed genes with at least one peak, of which 85
are up-and 369 downregulated (Table 3.3).

The BETA analysis identified some genes already found in the previous indi-
vidual analyses, supporting these findings. Among the downregulated genes with
a 3XxFLAG-tagged T-box binding peak in the promoter region are, for instance,
E2F2 and E2F7, two member of the E2F TF family implicated in cell cycle pro-

gression (Attwooll et al., 2004), indicating a direct regulation by T-box factors.
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Also related to cell cycle is CDKN2A, determined as a potential direct target. Fur-
thermore, proteins involved in the MAPK pathway, such as MAPK6, MAP2K3,
and MAP2KG6, processing cellular growth signals (Cargnello and Roux, 2011) are
also presumably directly downregulated by T-box factors, as already suggested
earlier. Further, proteins processing growth signals within the PI3K/AKT path-
way are revealed by this analysis, either, such as PIK3R1 and FOXO0S3. Also the
role of T-box factors in transcriptional regulation is further supported, with MYC
being identified as potential direct target.

Among the already described upregulated genes with a DNA binding peak of
TBX2-FLAG and TBX3(-)-FLAG, GADD/5A, involved in cellular stress response
(Liebermann and Hoffman, 2002), and VGF, linked to energy homoeostasis and
metabolism (Hahm et al., 1999), were determined. These results reflect the path-
ways already described above in the individual assessment of DNA binding and
differential gene expression of 3xFLAG-tagged T-box factors, strengthening the
discovery of their supposed regulation by TBX2-FLAG and TBX3(-)-FLAG.

In addition, new candidate genes emerged with this integrated analysis, previ-
ously rejected possibly due to a less significant peak in the DNA binding assess-

ment or a lower logF'C in the gene expression analysis. However, genes identified

Table 3.3: Number of potential direct targets of TBX2-
FLAG and TBX3(-)-FLAG

cell line total # of upregulated downregulated

potential targets

TBX2-FLAG 694 105 589
TBX3(-)-FLAG 454 85 369
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Table 3.4: Selected potential direct targets of TBX2-
FLAG and TBX3(-)-FLAG regulation

TBX2-FLAG TBX3(-)-FLAG
upregulated downregulated upregulated downregulated
VGF CDKN2A VGF E2F2
GADD45A E2F2 GADD45A CDKN2A
EGR2 E2F7 EGR2 EEF2K
MAPK3 MCIR CASP9 SIAH2
TRIM63 RUNX3 HES4 MYC
ACP5 SIAH2 DUSP10 IL6R
HES4 MAPKG6 ILIRAP CASP3
ARL4A EEF2K ZNF696 RUNX3
BIK EZH2 MAP2K3
KDM1A IL6R PIK3R1
MAP2K3 CDK2AP1
MAP2K6

with this combined analysis have an increased significance compared to the indi-

vidual approaches due to their recognition in two independent experiments, thus

bypassing the set threshold.

One interesting newly discovered gene potentially directly repressed by both

3xFLAG-tagged T-box factors is enhancer of zeste homolog 2 (EZH2), the func-

tional enzymatic component of the polycomb repressive complex 2 (PRC2) (Morey

and Helin, 2010) As such, EZH2 participates in DNA methylation and, ultimately,

transcriptional repression via heterochromatin formation. Through its activity,

it can maintain among others epigenetic marks over generations of dividing cells

(Hansen et al., 2008). This very interesting, possibly directly regulated candidate
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can be added to the supposed regulatory function of T-box factors in transcrip-
tional regulation.

Another newly identified, possible target gene repressed by T-box factors is
the eukaryotic elongation factor-2 kinase (EEF2K), implicated in the regulation
of protein synthesis via phosphorylation of eukaryotic elongation factor 2 (EEF2)
(Ryazanov and Spirin, 1990). By repressing protein synthesis, a cancerous cell
can potentially balance nutrient supply and demand to maintain the pro-pro-
liferative signature. A similar function might be enacted by seven in absentia
homolog 2 (SIAH2), an E3 ubiquitin ligase whose activity is implicated in regu-
lating cellular response to hypoxia (Nakayama et al., 2009). This regulation poses
another layer of cellular stress maintenance, potentially counteracting GADD45
activity, shown to be upregulated by 3x FLAG-tagged T-box factor in this study,
and thus balancing cellular stress response.

A newly identified gene, upregulated upon 3xFLAG-tagged T-box factor over-
expression, is early growth response protein 2 (EGR2), a member of the EGR
family of zinc finger TF. EGR2 has been mainly described as a tumour suppressor,
via induction of TGF-8 and p53 (Krones-Herzig et al., 2005; Baron et al., 2005).
Furthermore, it has been identified as a modulator of the immune response by
transcriptional regulation of key cytokines and costimulatory molecules (Gémez-
Martin et al., 2010). This upregulation of EGR2 would also fit into the hypothesis
of cancer homoeostasis by titrating growth signals and modulating the immune

response.
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3.6 Validation of selected target genes identified
in the genome-wide analyses

In order to validate some of the identified targets from the genome-wide study,
independent whole cell protein extracts and RNA extractions were prepared with
and without dox induction and analysed via WB and qPCR. The protein levels of
EZH2 and EGR2, two targets determined to be repressed in the genome-wide ana-
lyses, decrease slightly upon induction of TBX2-FLAG and TBX3(-)-FLAG and
more prominently upon induction of TBX3(+4)-FLAG (Figure 3.20 A). Moreover,
RNA levels also decrease for EZH2 and E2F2 as shown by qPCR (Figure 3.20 B).
Unfortunately, no signal could be obtained in WB analysis with the antibody
against E2F2 and the specifically designed primer for qPCR analysis for EGR2
did not work, either.

Summarising, the observed differences in protein levels are not large, which
is in line with the results from the genome-wide analyses. Especially assuming
an overall modulating role for T-box factors in different cellular functions, rather
than a switch-like function, a moderate regulatory effect is perhaps advantageous.

Nevertheless, validation of further candidates is desirable.

129



CHAPTER 3. ROLE OF TBX2 AND TBX3

V]
A o 5 2 B
< & o
— — 1 1.5+
b X 0 m E2F2
o~ M M @ EzH2
x X g "
o0 o [aa] o 1.0
[ — £
=
dox - + - + - + 2
S 0.5
rLac
+ ot + ok G
,60 exbo oxbo ,60 oxbo Oxbo
@*y#‘\' e“y#\x
ok [ O T

Figure 3.20: Validation of target genes identified in the gen-
ome-wide analyses. (A) Whole cell protein extracts of the four stable,
monoclonal cell lines after 24 h treatment without or with dox were ana-
lysed with the indicated antibodies using WB. ERK was used as a loading
control. (B) mRNA levels of the indicated genes without dox and upon
induction of TBX2-FLAG and TBX3(-)-FLAG with dox were determ-
ined using qPCR. Data are represented as mean (n=3) with standard
deviation (SD).

3.7 Discussion

In this chapter an agnostic, genome-wide view on potential targets regulated by
the two T-box factors TBX2 and TBX3 was taken. Both, DNA binding analysis
using ChIP-Seq and expression analysis upon overexpression of the TFs using
microarrays, were integrated to obtain an extensive assessment of the role of the
two T-box factors in melanoma.

The identified targets potentially regulated by the T-box factors TBX2 and
TBX3 offered a broad spectrum of regulatory roles and could not be assigned to
a single class of cellular function. The three main clusters of regulatory activity

identified upon enrichment analysis were cell cycle regulation, growth regulation
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and transcriptional regulation. For all three categories, TBX2 and TBX3 predom-
inantly exert a repressive function, but activating influences could also be detected
for a subset of potential targets, demonstrating a very versatile regulatory activity.
To consolidate the different determined functions into one overarching role for the
two T-box factors, the concept of cancer homoeostasis was proposed.

Cancer homoeostasis describes the balancing of nutrient supply and demand
to keep the cell in a sustainable equilibrium for long-term proliferation. If de-
mand, especially in cancer cells due to their elevated proliferation, would not be
met by the supply, the cell would sooner or later run into cellular catastrophe due
to depletion of nutrients. This equilibrium is at an elevated level in cancer cells
compared to physiological cells, allowing enhanced proliferation. The binding of
both T-box factors in the promoter region of E2F proteins, for instance, allows
the cell to influence nutrient demand via cell cycle regulation, as a temporary re-
pression of cell cycle progression via downregulation of E2F proteins would require
less nutrients in the cell. In line, TBX2 and TBX3 have been determined to be
involved in transcriptional regulation, another way to regulate nutrient demand,
as transcription is one of the main consumers of nutrients in the cell. Hence, bal-
ancing the levels of transcription allows the cell to maintain the balance between
supply and demand, avoiding depletion of nutrients due to exaggerated demand,
not met by the supply. Furthermore, the identified upregulation of GADD45A, a
cellular stress sensor (Liebermann and Hoffman, 2002), allows the cell to closely
monitor stresses and adjust the nutrient equilibrium appropriately.

Taken together, this modulating role of nutrient demand might provide a po-
tential explanation for the multiple different functions identified for TBX2 and

TBX3 in the genome-wide approach, without one major effect. For the balancing
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of an equilibrium it is probably more important to be able to adjust several dif-
ferent levers in moderate ways, rather than having a big, switch-like impact on
one. Only if the equilibrium has severely lost balance, a big regulatory interven-
tion would be necessary to revert the cell to its sustainable equilibrium, which
would presumably show a bigger regulatory activity of the T-box factors. In this
study, however, the cells were analysed under normal culture conditions without
any induced stresses, resulting in only moderate changes of target gene expression.

This might also explain the weak changes observed in the WB and qPCR ana-
lysis when validating some of the previously identified target genes. The cells were
again analysed under normal culture conditions, with plenty of nutrients provided
in the cell culture medium. Consequently, there were sufficient nutrients available
to the cell leaving the T-box factors little to regulate as the equilibrium was easily
sustained. Furthermore, the hybridisation of isolated mRNA to a microarray chip
is presumably more sensitive than a WB, resulting in the detection of differential
expression of genes in the genome-wide microarray study, not immediately evident
in the WB analysis.

Strikingly, the stable, monoclonal cell line expressing TBX3(+) upon dox in-
duction showed the strongest differential expression of the potential target genes
EGR2 and EZH2 in WB analysis, even though the data sets for ChIP-Seq and
microarray analysis generated with this cell line produced the lowest number of
DNA binding peaks and differentially expressed genes. The expression levels of the
FLAG-tagged transgene was lower in this cell line as compared to the TBX2 and
TBX3(-) cell lines. Hence, one possible explanation might be, that the observed
leakage of the piggyBAC system affected the TBX3(+) cell line less than the other

two due to the lower expression level. Subsequently, the stable TBX3(+) cell line
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was less exposed to elevated T-box factor expression during the establishment of
the cell lines, and thus less adjusted to the elevated protein levels upon induction.

Another possibility for the relatively moderate changes in the genome-wide as-
sessment could be cell cycle regulation. TBX2 has been demonstrated to be tightly
regulated throughout the cell cycle (Bilican and Goding, 2006), which might imply
a strongly context-dependent function. Consequently, the genome-wide assessment
of potentially regulated targets by TBX2 and TBX3 using an asynchronous, stead-
ily growing cell population, might mask their specific roles, as the analysed cell
population represents an average over all the cell cycle states of each individual cell.
In a considerable proportion of the assessed cells, the ectopically expressed T-box
factors might thus reside in an inappropriate cell context, i.e. cell cycle state, to
conduct its actual function. This might explain the relatively low levels of change
observed in the genome-wide assessment, manifested in moderate peak heights for
the DNA binding of the two T-box factors in the ChIP-Seq analysis and modest
fold changes of differentially expressed genes in the microarray analysis. It could
hence proof useful for future work to use a homogeneous, synchronised cell popu-
lation and analyse the role and function of T-box factors at specific, well-defined
cell cycle states.

The exact reason for the moderate changes detected in this study might in
the end be a blend of the above offered explanations and future work will have
to address the mentioned possibilities to improve the signal. Nevertheless, this
chapter provides valuable insights into the regulatory activities of TBX2 and TBX3
and potential interaction partner, reassuringly confirming some already described
functions, and eliciting interesting, new candidates to follow up on in the future.

To integrate the regulatory function of the two T-box factors into the cellular
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signalling context, not only their potential regulated targets are of interest, but also

their regulation themselves. This question will be addressed in the next chapter.
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4.1 Introduction

In the previous chapter target genes potentially regulated by the T-box factors
TBX2 and TBX3 were identified to obtain a better understanding of their role
in tumourigenesis. Here, the regulation of TBX2 and TBX3 themselves will be
analysed to integrate their suggested role into the cellular regulatory networks.
The functions for TBX2 and TBX3 in the context of cancer described so far
give some indications for possible signalling pathways, they might be regulated
by. Specifically, their reported ability to promote the bypass of senescence via

4ARE and p21 expression (Jacobs et al., 2000; Carlson et al.,

suppression of pl
2001; Prince et al., 2004; Vance et al., 2005; Peres et al., 2010) was of interest.
In a recent publication, Vredeveld et al. demonstrated PTEN depletion and thus
constitutive activation of the PISK pathway to be sufficient to abrogate OIS in
melanocytes (Vredeveld et al., 2012). However, how PI3K can mediate senescence
bypass is not known.

PI3K signalling is an important cellular, growth regulating pathway, implicated
in cell cycle regulation and protein synthesis via various effectors highlighted below
(Vanhaesebroeck et al., 2012). Activation of PI3K plays a central role in tumour
cell biology and has been linked to several types of cancer (Fruman and Rommel,
2014). PI3K is located at the cellular membrane, activated by receptor tyrosine
kinases (RTK) on the cell surface upon GF binding. It catalyses the phosphoryla-
tion of phosphatidylinositol (4,5)-bisphosphate (PIP2) forming phosphatidylinos-
itol (3,4,5)-trisphosphate (PIP3), which serves as docking phospholipid recruiting
downstream effectors to the cellular membrane, such as the phosphoinositide-de-

pendent kinase-1 (PDK1) and the protein kinase PKB/AKT (Vivanco and Saw-
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Figure 4.1: Overview of the PI3SK pathway. Upon activation by
RTK, PI3K phosphorylates PIP2 to PIP3, which in turn recruits PDK1
to the cellular membrane to activate PKB/AKT to exert the down-
stream processes, such as protein synthesis and cellular proliferation via
mTORCI, or proliferation and cell cycle control via FoxO proteins. SGK
is a second downstream effector of PISK signalling, also activated by
PDK1, promoting cell survival via FoxO proteins. The dephosphoryation
of PIP3 to PIP2 is catalysed by PTEN, inhibiting as a consequence PI3K
signalling.

AKT, Protein kinase B; FoxOs, Forkhead box proteins; GF, Growth
factor; mTORC1, mTOR complex 1; mTORC2, mTOR complex 2;
PDK1, Phosphoinositide-dependent kinase-1; PI3K, Phosphatidylinos-
itol-3-kinase; PIP2, Phosphatidylinositol (4,5)-bisphosphate; PIP3, Phos-
phatidylinositol (3,4,5)-trisphosphate; PTEN, Phosphatase and tensin
homolog; RTK, Receptor tyrosine kinases; SGK, Serum/glucocorticoid-
regulated kinase
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yers, 2002). Upon recruitment, PDK1 phosphorylates PKB/AKT leading to its
partial activation, sufficient for regulating protein synthesis and cellular prolifer-
ation via mTORC1 (Hemmings and Restuccia, 2012). A second phosphorylation
by mTORC?2 fully activates PKB/AKT, subsequently exerting additional regulat-
ory functions, such as growth, proliferation, or survival via several downstream
effectors, i.a. mTOR and FoxO proteins (Hemmings and Restuccia, 2012). An-
other downstream effector of PI3K signalling are serum/glucocorticoid-regulated
kinases (SGK), a kinase subfamily of the serine/threonine-protein kinases. SGK
are also activated via PDK1 and promote cell survival in part by phosphorylating
and inactivating FoxO3a (Brunet et al., 2001) (Figure 4.1).

The PI3K growth stimulating pathway is repressed by PTEN, a hydrolase
catalysing the dephosphorylation of PIP3 to PIP2, thus suppressing the activation
of PKB/AKT (Liu et al., 2009). Furthermore, AKT can be dephosphorylated
by protein phosphatase 2 (PP2) (Ugi et al., 2004) and PH domain and leucine
rich repeat protein phosphatases (PHLPP) (Gao et al., 2005) to inactivate the
signalling cascade (Figure 4.1).

In melanoma, the PI3K pathway is often upregulated (Aziz et al., 2009), and
is able to promote tumourigenesis and metastatic growth in combination with the
RAS/RAF pathway (Dankort et al., 2009; Nogueira et al., 2010). The upregulation
could be linked to activating mutations in the gene encoding PI3K (Curtin et al.,
2006; Omholt et al., 2006; Shull et al., 2012), or loss-of-function mutations in
PTEN (Tsao et al., 1998; Shull et al., 2012).

Considering the described role of T-box factors in bypassing senescence (Jacobs
et al., 2000) and the bypass of OIS in melanocytes by activation of the PI3K

pathway (Vredeveld et al., 2012), we hypothesised TBX2 and TBX3 could be
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regulated by the PI3K pathway, executing the anti-senescence programme initiated

by the hyperactivation of PI3K.

4.2 PI3K regulation of TBX2 and TBX3

Throughout this chapter two different melanoma cell lines, 501mel and SKmel28,
available in the laboratory, were used to dissect the underlying signalling cas-
cades of TBX2 and TBX3 regulation. Both are derived from malignant melanoma
biopsies and harbour the common BRAFYF mutation. Furthermore, 501mel
cells are non-invasive, whereas SKmel28 have an invasive phenotype and form tu-
mours in nude mice (Fogh et al., 1977), allowing to study the regulation of the two
T-box factors in two different cellular contexts. Both cell lines are amenable to
genetic manipulations and have been widely studied by our laboratory and others.

To test the potential regulation of the T-box factors TBX2 and TBX3 by the
PI3K pathway as suggested above, the melanoma cell lines 501mel and SKmel28
were treated for 24 h with two different PI3K inhibitors, LY294002 (20 pM) and
GDC0941 (10 pM) (Vlahos et al., 1994; Folkes et al., 2008), and a PKB/AKT
inhibitor downstream of PI3K, triciribine (20 pM) (Yang et al., 2004). WB analysis
of the whole cell protein extracts, using ERK as a loading control, revealed a
downregulation of TBX2 and TBX3 in 501mel cells upon treatment with the PI3K
inhibitors. TBX2 expression was also downregulated in SKmel28 cells, though in
these cells TBX3 expression was at low levels. The inhibition with triciribine did
not affect TBX2 or TBX3 protein levels (Figure 4.2 A).

To check for successful inhibition of the pathway upon inhibitor treatment, ac-

tivation of ribosomal S6 kinase (S6K), an effector of the PI3K pathway downstream
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Figure 4.2: T-box factors are regulated by the PI3K pathway
in melanoma cell lines. (A) WB of whole cell protein extracts of
501mel and SKmel28 cells individually treated with the PI3K inhibitors
LY294002 (20 pM) and GDC0941 (10 pM), and triciribine (20 pM), a
PKB/AKT inhibitor, for 24 h. The phosphorylation status of S6K is
used as indicator for successful inhibition of the PI3K pathway and ERK
was used as loading control. (B) qPCR analysis of RNA levels for TBX2
and TBX3 upon treatment with 10 pnM GDC0941 in 501mel and SKmel28
cells. Data are represented as mean (n=3) with standard deviation (SD).

of PI3K and PKB/AKT (Hemmings and Restuccia, 2012), by phosphorylation
was analysed. In 501mel, administration of L.Y294002 and GDC0941 inhibited the

PI3K pathway as S6K is dephosphorylated upon treatment, in SKmel28 GDC0941
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treatment also leads to a total abolition of signalling via S6K, whereas 1Y294002
treatment only reduced the levels of phosphorylated S6K. Activation of S6K seems
not to be affected by the PKB/AKT inhibitor triciribine, most likely indicating an
inactivity of the inhibitor, presumably explaining the observed unchanged TBX2
and TBX3 protein levels upon treatment with this inhibitor (Figure 4.2 A).

The PI3K inhibitor GDC0941 clearly inhibits the PI3K pathway in both melan-
oma cell lines tested, whereas LY294002 seems to only partially inhibit PI3K in
SKmel28. Furthermore, GDC0941 is very specific and its class I PI3K specificity
is much higher than with L'Y294002 (Kong et al., 2010). LY294002, in contrast,
has been shown to not only inhibit PI3K, but also other unrelated targets, such
as BET bromodomains and adenosine receptor activation (Gharbi et al., 2007;
Dittmann et al., 2014; Searl and Silinsky, 2005). Consequently, to be able to
specifically dissect the T-box factor regulation by PISK and avoid unspecific side-
effects, GDC0941 was used for further experiments.

Next, to corroborate the regulation of T-box factors by the PISK pathway, RNA
levels for both genes were assessed upon PI3K inhibition. 501mel and SKmel28
cells were treated with 10 pM GDC0941 for 24 h and whole cell RNA was extracted
for qPCR analysis. The results show a clear reduction of RNA levels for both
factors upon PI3K inhibition in both melanoma cell lines, further substantiating
the previous results of a potential regulation of TBX2 and TBX3 by the PI3K
pathway (Figure 4.2 B).

To better understand the kinetic of TBX2 and TBX3 regulation upon GDC0941
treatment, a time course experiment was performed, treating 501mel cells with
10 pM GDC0941 for 4 h, 8 h, 12 h, and 24 h, respectively. Blotting of the whole

cell protein extracts showed a decrease in protein levels after 12 h, with a further
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reduction after 24 h. Interestingly, consistent with the downregulation of the two
T-box factors, PI3K inhibition upregulates the known T-box factor target p21,
demonstrated to be suppressed by TBX2 and TBX3 (Prince et al., 2004; Vance

et al., 2005) (Figure 4.3 A).
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Figure 4.3: Protein and RNA level of TBX2 and TBX3 decrease
in a time dependent manner upon PI3K inhibition. (A) WB ana-
lysis for TBX2 and TBX3 protein levels with whole cell protein extracts of
501mel cells treated with 10 pM GDC0941 in a time course (4 h, 8 h, 12 h,
24 h). ERK was used as loading control. (B) qPCR analysis of whole cell
RNA extracts for RNA levels of TBX2 and TBXS3 upon PI3K inhibition
with 10 pM GDC0941 in a time course (4 h, 8 h, 11 h, 16 h, 20 k, 24 h).
Data are represented as mean (n=3) with standard deviation (SD).
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To understand, whether the observed regulation occurs on transcriptional or
translational level, RNA levels of TBX2 and TBX3 were determined over time
upon PI3K inhibition. 501mel cells were treated for 4 h, 8 h, 11 h, 16 h, 20 h, and
24 h with 10 pM GDC0941 and whole cell RNA was extracted for PCR analysis.
RNA levels for both, TBX2 and TBX3, decrease in a time dependent manner
upon GDC0941 treatment. The RNA levels of TBX2 already decline after 4 h of
treatment, while RNA levels of TBX3 start decreasing after 8 h of treatment, with
both reaching a plateau after 11 h (Figure 4.3 B). Comparing the decline of the
RNA levels of both T-box factors with the protein levels, one can note a decline of
RNA levels already after 4-8 h of treatment, whereas reduction of protein levels are
observed from 8-12 h onwards. The results strongly suggest a positive regulation
of TBX2 and TBX3 mRNA expression by PI3K signalling.

The PI3K inhibitor GDC0941 used in this work has a reported 1Csy of 3 nM
for the PI3K subunit p110a (Folkes et al., 2008), thus, the used concentration of
10 uM in the here presented experiments seems high potential eliciting unspecific
inhibitory activity towards other kinases. However, the determination of ICsq is
based on in vitro biochemical assays using purified kinase in an artificial reaction
environment. When using the inhibitor in a cellular environment, the conditions
change and a higher concentration is necessary for a cellular effect. In line, Folkes
et al. report in the original publication, describing the inhibitor, a cell line depend-
ent proliferation ICsq of up to 1 pM (Folkes et al., 2008), shining a different light on
the here used concentration. Nevertheless, to further substantiate the here presen-
ted findings, future experiments should include lower inhibitor concentrations and
knock-down experiments of PISK to exclude potential off-target effects.

Summarising, the data presented so far implicates a regulation of the two T-box
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factors TBX2 and TBX3 by the PI3K signalling pathway. To further understand
the signalling cascade through which PI3K exerts this regulation, mediators up-

stream of the T-box factors and downstream of PI3K are to be identified.

4.3 PAXS3, a potential mediator of PI3K
signalling

Paired box 3 (PAX3) is a key regulator of the melanocyte lineage, widely expressed
in melanomas (Plummer et al., 2008). It is a member of the highly conserved fam-
ily of paired box TF, contributing to the regulation of such important cellular
functions as proliferation, migration, and resistance to apoptosis (Kubic et al.,
2008; Medic et al., 2011). Interestingly, PAX3 can repress PTEN in rhabdomy-
osarcoma cells to promote cell survival, linking it to the PI3K signalling pathway
(Kubic et al., 2008). Given its important regulatory role within the melanocyte
lineage and wide expression in melanoma, we asked whether PAX3 could regulate

the T-box factors TBX2 and TBX3.

4.3.1 PAXS3 regulates TBX2 and TBX3

To investigate the potential regulatory link between PAX3 and the T-box factors
TBX2 and TBX3, PAX3 was knocked down in 501mel and SKmel28 melanoma
cell lines using a lentiviral expression system for a short hairpin RNA (shRNA)
against PAX3, co-expressing green fluorescent protein (GFP). The cells were infec-
ted with serial dilutions of the lentivirus preparation allowing for a titre-dependent

knock-down of PAX3. Whole cell extracts were prepared 48 h post infection and
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Figure 4.4: T-box factors are regulated by PAX3. Legend contin-
ues at the bottom of the next page.
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protein levels analysed using WB. The assessment showed a titre dependent in-
creasing expression of GFP, indicating a successful infection of the cells with the
lentivirus, and a concurrent downregulation of PAX3, demonstrating a successful
knock-down. Furthermore, TBX2 protein levels were strongly reduced upon in-
creasing PAX3 downregulation in both cell lines, indicating a regulation of TBX2
by PAX3 (Figure 4.4 A). TBX3 protein levels, however, reduce to a much lesser
extent only with a strong PAX3 knock-down at high titres in 501mel. In SKmel28
cells the physiological protein levels of TBX3 are much lower than in 501mel cells
and seem to remain unchanged upon knock-down of PAX3 even at high titres, if
not slightly increased (Figure 4.4 A).

Figure 4.4: T-box factors are regulated by PAX3. (A) Whole
cell protein extracts of 501mel and SKmel28 were analysed using WB for
the indicated proteins 48 h post infection with different dilutions of a
shPAX3 lentivirus co-expressing GFP. ERK was used as loading control.
(B) 501mel cells were infected with indicated shRNA expressing lentivir-
uses for 48 h before analysis by ICC for indicated proteins. Arrows in-
dicate exemplary lentivirus infected cells. (C) 501mel and SKmel28 cells
were infected with a low titre of lentivirus expressing shPAX3 or non-tar-
geting shCtrl and GFP (10 — 20% of total cells were infected). GFP-ex-
pressing cells still expressing the indicated T-box factor at comparable
physiological levels to uninfected, neighbouring cells were counted. For
each condition, three independent fields of view were analysed and the
percentage of the total GFP-expressing cells are presented.

To further substantiate the finding of a potential TBX2 and TBX3 regulation
by PAX3, 501mel and SKmel28 cells were infected with a lentivirus expressing
shPAX3 and GFP, thus marking every infected, PAX3-deficient cell green. An
appropriate virus titre was chosen to only infect 10 — 20% of the total number of
cells providing internal controls of uninfected cells, still expressing physiological

levels of PAX3, in each field of view. Subsequently, 48 h post infection cells
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were stained for TBX2 and TBX3 protein levels using ICC with T-box factor
specific antibodies and GFP-positive cells were analysed for the respective protein
levels. Both T-box factors appear to be specifically downregulated in cells infected
with the lentivirus, indicating a PAX3-dependent regulation. Cells infected with
a lentivirus expressing a non-targeting control shRNA (shCtrl) and GFP show
unchanged protein levels of T-box factors, demonstrating a specific effect of the
PAX3 knock-down (Figure 4.4 B). This regulation is also observed in the melanoma
cell line SKmel28 (ICC images not shown). Potentially, this downregulation of the
T-box factors is linked to the cell cycle, a possibility further assessed in future
experiments.

To quantify the observed effect, GFP-expressing cells still expressing TBX2 or
TBX3 at comparable physiological levels to uninfected, neighbouring cells were
counted in three independent fields of view. In 501mel cells infected with the
shPAX3 expressing lentivirus, 29% of GFP-positive cells expressed TBX2 at com-
parable physiological levels to uninfected, neighbouring cells, while this was the
case for 92% of cells infected with the lentivirus expressing a non-targeting shCtrl.
17% of GFP-positive 501mel cells still expressed TBX3 at comparable physiolo-
gical levels after infection with the shPAX3 lentivirus, and 84% of the cells infected
with the shCtrl lentivirus. SKmel28 cells showed similar ratios, 11% with shPAX3
and 92% with shCtrl for TBX2, and 25% with shPAX3 and 88% with shCtrl for
TBX3 (Figure 4.4 C). These results corroborate the PAX3-specific regulation of

both T-box factors.
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4.3.2 PAXS3 is regulated by the PI3SK pathway

So far, TBX2 and TBX3 protein levels have been shown to be reduced upon
PI3K signalling inhibition and PAX3 has been identified as a possible activating
regulator of the two T-box factors. Hence, it was tested next, whether PAX3
itself is regulated by the PI3K pathway, serving as a potential mediator for PI3K
signalling to the T-box factors TBX2 and TBX3.

To test the PI3K regulation of PAX3, 501mel cells were treated for 24 h with
the two different PI3K inhibitors, LY294002 (20 pM) and GDC0941 (10 uM), and
the PKB/AKT inhibitor triciribine (20 pM), and the whole cell protein extracts
were analysed for PAX3 protein levels using WB. Indeed, PAX3 protein levels
are reduced upon PI3K inhibition with both inhibitors. The diminished levels
of S6 phosphorylation indicated a successful inhibition of PISK (Figure 4.5 A).
No changes of PAX3 protein levels were observed with the PKB/AKT inhibitor
triciribine, which most likely is inactive as discussed above. To substantiate the
potential regulation, RNA levels of PAX3 were assessed upon PI3K inhibition.
501mel cells were treated with GDC0941 for 24 h and whole cell RNA extracted
for gPCR analysis. Reduced RNA levels of PAX3 could be determined in these
samples, supporting the suggested regulation of PAX3 by the PISK pathway (Fig-
ure 4.5 B).

Subsequently, a time course of treatment with 10 pnM GDC0941 for 4 h, 8 h,
12 h, and 24 h was performed to determine the repressive kinetic of PI3K inhibi-
tion of PAX3 expression. WB analysis of the whole cell extracts showed decreasing
PAX3 protein levels after 8 h of treatment (Figure 4.5 C), earlier than the reduction

of T-box factors upon PI3K inhibition (Figure 4.3 A). This observation corrob-
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orates the potential regulatory link between PAX3 and the T-box factors TBX2
and TBX3, with PAX3 potentially activating TBX2 and TBX3 to mediate the

proliferative signal of the activated PI3K pathway (Section 4.3.1).
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Figure 4.5: PAX3 is regulated by the PI3K pathway.
(A) Whole cell protein extracts of 501mel cells individually treated with
LY294002 (20 pM), GDC0941 (10 pM), and triciribine (20 pM) for 24 h
were analysed by WB for PAX3 protein levels. ERK was used as loading
control. The experiment was performed at the same time as Figure 4.2,
hence the same loading control and S6K inhibitor controls are shown.
(B) qPCR analysis for RNA levels of PAX3 of whole cell RNA extracts
from 501mel cells upon treatment with 10 pM GDC0941 for 24 h. Data
are represented as mean (n=3) with standard deviation (SD). (C) WB
analysis for PAX3 protein levels with whole cell protein extracts of 501mel
cells treated with 10 pM GDC0941 in a time course (4 h, 8 h, 12 h, 24 h).
ERK was used as loading control. The experiment was performed at the
same time as Figure 4.3, hence the same loading control is shown.
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Additional data in the laboratory shows a potential direct regulation of TBX2
and TBX3 by PAX3. TBX2 and TBX3 gene expression was shown to be activated
by PAX3 in a luciferase reporter assay. Furthermore, in an electrophoretic mobility
shift assay (EMSA), potential PAX3 binding sites in the TBXS$ promoter were
identified, further supported by the demonstration of PAX3 binding in the TBX3
promoter by ChIP (H. Shaw, Goding Lab, Ludwig Institute for Cancer Research,
unpublished).

4.3.3 Knock-down of PAX3 induces a senescent phenotype

in melanoma cell lines

The hitherto presented data suggests a regulatory link between PI3K via PAX3
to TBX2 and TBX3. Next, the functional consequences of this regulatory cascade
and the potential link to the anti-senescence phenotype upon hyperactivation of
PI3K as described by Vredeveld et al. were investigated.

To determine the implications of the regulatory cascade, PAX3 was silenced,
thus interrupting the signalling cascade, and the cells were analysed for prolifera-
tion over time. 10° 501mel and SKmel28 cells were seeded in duplicate and infected
the next day with a lentivirus expressing a shRNA targeting PAX3 or a negat-
ive, non-targeting control sequence. Subsequently, cells were counted every day
for seven days with an automated cell counter. Plotting of the respective growth
curves normalised to the initial cell count at d1 showed reduced cell growth upon
PAX3 knock-down for both cell lines, 501mel and SKmel28, indicating a growth
stimulating role for PAX3 (Figure 4.6 A).

Furthermore, upon analysis of the PAX3 deficient cells under the microscope, a
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Figure 4.6: Knock-down of PAX3 impairs cell growth and in-
duces a senescence phenotype. (A) 10° cells of 501mel and SKmel28
were infected with a lentivirus expressing shPAX3 or shCtrl and number
of cells were counted every day. Data are represented as mean (n=2) with
standard deviation (SD) normalised to the cell count at day 1. (B) 501mel
and SKmel28 cells were infected with a lentivirus expressing shPAX3 or
shCtrl and stained for 3-galactosidase activity 72 h post infection. (C) -
gal positive 501mel and SKmel28 cells were counted 72 h after infection
with a lentivirus expressing the indicated shRNA. At least 150 cells were
counted for each condition and the percentage of total cells are reported.
Data are presented as mean (n=2) with standard deviation (SD).

change in cell morphology compared to the control cells was observed. Many cells
infected with the shPAX3 lentivirus became large and flat, and in addition, dis-

tinct vacuolisation occurred in the cytoplasm (Figure 4.6 B). These morphological
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transformations have been described in the context of senescent cells (Kuilman
et al., 2010), hence a B-galactosidase (3-gal) assay was performed to further sub-
stantiate the identification of a senescent phenotype. Seeded cells were infected
with the shPAX3 expressing lentivirus and fixed after 72 h to perform the $3-gal
staining. Indeed, the staining revealed an enhanced B-gal activity in PAX3 defi-
cient melanoma cells compared to the negative control cells, indicating the onset
of senescence upon PAX3 knock-down (Figure 4.6 B).

Subsequently, to quantify the effect, cells with enhanced B-gal staining were
counted for both, 501mel and SKmel28 cells, 72 h after infection with a lentivirus
expressing either shPAX3 or shCtrl. At least 150 cells were counted for each con-
dition in two biological replicates, and 5% of 501mel cells showed an enhanced
B-gal staining after infection with the shCtrl expressing lentivirus, whereas this
was the case for 36% of 501mel cells after infection with the shPAX3 lentivirus.
SKmel28 cells exhibited a generally higher level of -gal activity, with 26% of the
cells showing an enhanced staining upon infection with the shCtrl lentivirus, but
after infection with the shPAX3 lentivirus, this number increased to 61% (Fig-
ure 4.6 C). These results showed an considerably increased number of cells with
elevated (-gal activity upon PAX3 knock-down compared to the negative control,

suggesting the induction of senescence in PAX3-deficient cells.

4.3.4 TBX2 and TBX3 can rescue the senescent phenotype

induced by PAX3 deficiency

T-box factors, in particular TBX2, have been implicated in the bypass of senes-

cence (Jacobs et al., 2000; Carlson et al., 2001; Prince et al., 2004; Vance et al.,
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2005; Peres et al., 2010) and are here shown to be downregulated upon PAX3
knock-down. Furthermore, the knock-down of PAX3 leads to a senescent pheno-
type in melanoma cell lines. Taking this observations together, it was hypothesised,
that the observed senescent phenotype might be caused by the reduced levels of
T-box factors.

To test this, the genetically engineered stable 501mel cell lines, ectopically
overexpressing TBX2 and TBX3 respectively upon dox administration as described
earlier (Section 3.2.3), were deployed. PAX3 protein levels were reduced in these
cells via lentiviral shPAX3 knock-down to evoke the senescent phenotype and the
consecutive loss of endogenous TBX2 and TBX3 was compensated by the ectopic
expression of the two T-box factors via dox induction. If the downregulation of
TBX2 and TBX3 as a consequence of PAX3 knock-down is responsible for the
senescent phenotype as hypothesised, the ectopic overexpression in the engineered
cell line should rescue the phenotype. 72 h post infection, cells were fixed and
stained for [-gal activity. Indeed, much lower (-gal activity could be detected
in cells overexpressing TBX2 or TBX3 than in cells without dox administration,
indicating a rescue of the senescent phenotype (Figure 4.7 A). The effect was
specific for TBX2 and TBX3 as the negative control cell line, generated with the
empty Flag vector, demonstrated similar enhanced [-gal activity with and without
dox administration. In addition, infecting the cell lines with the scrambled shCtrl
lentivirus did not reproduce the enhanced -gal staining (Figure 4.7 A).

To quantify the effect, at least 150 cells were counted for all conditions in
biological duplicates 72 h post infection with the shPAX3 lentivirus. The 501mel
cell line inducibly expressing TBX2-FLAG showed 31% B-gal positive cells without

dox administration, whereas upon dox-induced TBX2-FLAG overexpression only
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5% stained positive. For the inducible TBX3(-)-FLAG cell line 33% of cells showed
an elevated [-gal staining without dox induction, and only 6% after dox-induced
TBX3(-)-FLAG overexpression (Figure 4.7 B). These results f the potential for
TBX2 and TBX3(-) to rescue the senescent phenotype induced upon PAX3 knock-
down. The negative cell line expressing the 3XxFLAG peptide only upon dox
administration showed 38% of cells with an enhanced -gal staining without dox,
and 36% with dox addition, indicating a specific effect by the two T-box factors
TBX2 and TBX3 (Figure 4.7 B).

Summarising, the presented data suggests a signalling cascade from PI3K via
PAX3 to T-box factors executing the bypass of senescence. The activation of PI3K
signalling increases PAX3 protein levels and activity, in turn activating the T-box
factors TBX2 and TBX3, triggering the bypass of senescence via its described
suppression of expression of p144%F and p21. This regulatory axis might provide
the elusive mechanism for the described bypass of senescence upon constitutive
PI3K activation via PTEN abrogation as published by Vredeveld et al. (2012).

Figure 4.7: Overexpression of TBX2 or TBX3 rescues the sen-
escent phenotype induced by PAX3 knock-down. (A) The stable
501mel cell lines inducibly expressing TBX2-FLAG and TBX3(-)-FLAG
upon dox administration, respectively, and the negative cell line express-
ing the 3XFLAG peptide only were infected with a lentivirus expressing
shPAX3 (upper panel) or shCtrl (lower panel). After infection, culture
medium was added without (upper row) or with dox (lower row) to induce
transgene expression. All cell lines were assessed for (3-gal activity 72 h
post infection. (B) -gal positive cells were counted 72 h after infection
with a lentivirus expressing shPAX3 without and with addition of dox
as indicated. At least 150 cells were counted for each condition and the

percentage of total cells are reported. Data are presented as mean (n=2)
with standard deviation (SD).
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4.4 SGK, a potential mediator of PI3K signalling

A signalling mediator in the PI3K pathway downstream of PI3K is SGK, a family
of protein kinases structurally related to PKB/AKT (Park et al., 1999). SGK,
like PKB/AKT, is activated through PIP3-dependent phosphorylation by PDK1
and subsequently translocates to the nucleus to propagate its functions, such as
glucose transport, glycogen synthesis, anti-apoptotic activity, and cell proliferation
(Kobayashi and Cohen, 1999; Brunet et al., 2001; Sakoda et al., 2003; Tessier and
Woodgett, 2006). The catalytic domain of SGK is 54% identical with PKB/AKT,
hence, they are likely to phosphorylate related substrates (Kobayashi et al., 1999;
Brunet et al., 2001). However, despite their similarity, SGK and PKB/AKT dis-
play unique features (Sakoda et al., 2003; Bruhn et al., 2010). For instance, SGK
protein expression unlike PKB/AKT is induced upon treatment of cells with ex-
tracellular stimuli, such as GF's (Firestone et al., 2003). Furthermore, SGK seems
not to be recruited to the plasma membrane prior to its activation due to its lack
of a pleckstrin homology domain (Sakoda et al., 2003). Finally, notwithstanding
the homology of the catalytic domain, substrate specificity of SGK seems to be dif-
ferent to PKB/AKT (Kobayashi et al., 1999; Kobayashi and Cohen, 1999; Sakoda
et al., 2003). These differences suggest complementary rather than redundant
functions of the two kinases.

Interestingly, SGK expression is induced by the ERK/MAP kinase signalling,
linking the PI3SK pathway to the MAPK pathway, which is often constitutively
activated in melanoma (Mizuno and Nishida, 2001). Furthermore, a suppression
of BRAF activity by SGK has been found, indicating a negative feedback loop to

the MAPK pathway and an intricate regulatory interplay between the two major
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proliferative pathways (Zhang et al., 2001).

To date, the role of PKB/AKT as the mediator of PI3K signalling has been ad-
dressed in a number of studies (Bellacosa et al., 2005; Manning and Cantley, 2007),
but the contribution of SGK to tumourigenesis is largely uncharacterised. Despite
its assumed overlap in regulated targets with PKB/AKT, the understanding of
the roles of SGK remains limited and physiological targets are largely unknown.
Considering its role in anti-apoptotic activity and cell proliferation, we next asked,
whether T-box factors might be affected by SGK regulation and potential down-

stream targets.

4.4.1 SGK affects TBX2 and TBX3 protein levels

To test whether SGK affects the protein levels of the T-box factors TBX2 and
TBX3, 501mel and SKmel28 melanoma cells were treated with 10 pM of the specific
SGK inhibitor GSK650394 (Sherk et al., 2008) and protein levels of TBX2 and
TBX3 were analysed in whole cell extracts using WB. The initial treatment for
24 h did not result in any change of protein levels (data not shown), but after
72 h of treatment decreased levels of TBX2 could be noted in both melanoma cell
lines. TBX3 levels stayed unchanged in 501mel cells and were not detected in the
samples generated with SKmel28 (Figure 4.8 A).

To better understand the time response of TBX2 protein levels upon SGK
inhibition, a time course was performed. 501mel cells were treated with 10 pnM
of GSK650394 and DMSO as negative control for 4 h, 8 h, 12 h, 24 h, 48 h, and
72 h and whole cell protein extracts were subsequently assessed for protein levels

of TBX2 and TBX3. After an initial increase of TBX2 protein levels after 8 h,
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Figure 4.8: SGK affects protein levels of T-box factors TBX2
and TBX3. (A) Whole cell protein extracts of 501mel and SKmel28
cells treated with 10 pM of the SGK inhibitor GSK650394 for 72 h were
analysed by WB for the indicated proteins. (B) WB analysis for the
indicated proteins with whole cell protein extracts of 501mel cells treated
with 10 pM GSK650394 in a time course. (C) 501mel cells were co-
transfected with the indicated amount of expression plasmid for TBX2 or
TBX3 and 100 ng of a luciferase reporter plasmid carrying the TBX2 or
TBX3 promoter, respectively. The luciferase activity was measured 48 h
post transfection. Data are represented as mean (n=3) with standard
deviation (SD) normalised to the reporter plasmid alone. (D) Whole cell
lysates of the transfected cells were analysed for transient expression of
the T-box factors after the luciferase assay. ERK was used as loading
control for all WBs.
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WB analysis showed reducing protein levels after 48 h further diminishing after
72 h, indicating a late onset regulation by SGK. TBX3 protein levels, however,
increase after 8 h and then remain mostly unchanged until 72 h of treatment with
GSK650394 (Figure 4.8 B).

Earlier experiments in the laboratory indicated a negative cross-regulation
between TBX2 and TBX3 (M. Rodriguez, Goding lab, unpublished), which might
explain the detected downregulation of TBX2 while TBX3 is upregulated. Hence,
a luciferase assay was performed with 501mel cells transfected with 100 ng of a luci-
ferase reporter plasmid featuring the TBX2 and TBXS3 promoters, respectively, to
drive luciferase expression. The cells were co-transfected with different amounts
of TBX2 or TBX3 expression plasmid (10 ng, 20 ng, 50 ng) and the luciferase
activity was measured 48 h post transfection with a luminometer. With increasing
amounts of transfected T-box factor expression vector the activity of both pro-
moters, TBX2 and TBXS3, was progressively repressed, further substantiating a
negative cross-regulation between TBX2 and TBX3 (Figure 4.8 C). WB of the
whole cell lysates used for the luciferase assay demonstrated successful transfec-
tion and increasing, transient expression of the T-box factors consistent with the
amount of transfected expression vector (Figure 4.8 D). To corroborate the find-
ing, a mutated reporter construct preventing T-box factor binding in the promoter
would have to be tested. Concluding, the inhibition of SGK with GSK650394 in
the melanoma cell lines 501mel and SKmel28 might increase TBX3 protein levels,

which in turn represses TBX2, leading to the determined downregulation of TBX2.
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4.4.2 Inhibition of SGK induces a G;/M arrest in

melanoma cells

Upon treatment of the melanoma cells with the SGK inhibitor GSK650394 for
72 h, quite drastic morphological changes were noted. To better understand the
development of this morphological phenotype better, a time-lapse experiment upon
SGK inhibition was performed. 501mel and SKmel28 cells were treated with 10 pM
GSK650394 or DMSO as negative control and bright field images were taken every
15 minutes for 3 days while still cultured under standard culture conditions (37°C,
10% CO,, humidified air). The resulting footage revealed an enormous inflation of
the cytoplasm over time, an increased size of the nucleus, and a more prominent
ER upon GSK650394 treatment (Figure 4.9 A, only data for 501mel shown).

A possible explanation for the observed phenotype in the time-lapse experiment
could be an impaired cell cycle upon SGK inhibition, with seemingly no cell cycle
progression. To test this and characterise the phenotype in more detail, the cell
cycle profiles of 501mel and SKmel28 cells were analysed upon SGK inhibition.
The cells were treated for 24 h, 48 h, and 72 h with 10 pM GSK650394 or DMSO
as a negative control, and the cell cycle profile was subsequently determined using
flow cytometry after propidium iodide (PI) staining of the cells’ DNA content.
Already after 24 h, an increased proportion of cells accumulated in the Go/M
phase of the cell cycle was noted, and after 72 h almost the entire cell population
was arrested in Go/M (Figure 4.9 B, only data for 501mel shown). These results
suggest an impaired cell cycle progression, with cells possibly incapable of exiting
mitosis.

The progress of the cell through the cell cycle is predominantly governed by two
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Figure 4.9: SGK inhibition causes marked changes in cell mor-
phology and cell-cycle arrest. (A) 501mel cells were treated with
10 pM GSK650394 or DMSO as a control and bright field images were
taken every 15 minutes for 3 days while still cultured under standard
culture conditions. Exemplary images taken throughout the time-lapse
are presented here. (B) Cell cycle profiles of 501mel cells treated for
24 h, 48 h, or 72 h with 10 pM GSK650394 or DMSO as a control were
determined using flow cytometry after PI staining.
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classes of regulatory proteins, cyclins and cyclin-dependent kinases (CDKs) (Nurse,
2000). CDKs are the executors of the tightly regulated cell cycle programme,
phosphorylating selected downstream proteins to induce progression through the
cell cycle. Their protein levels remain stable during the cell cycle and they only get
activated by cyclins, forming specific cyclin/CDK complexes for the respective cell
cycle stages (Vermeulen et al., 2003). The cyclin proteins are expressed periodically
throughout the cell cycle, with different cyclins required at different phases of the
cell cycle, facilitating the tight control throughout the cell cycle (Morgan, 1995).
The G; /S transition is governed by the cyclin E/CDK2 complex, whereas cyclin B
and CDK1 form the maturation-promoting factor (MPF) governing the Go/M
transition and driving the cell through mitosis (Malumbres and Barbacid, 2005,
2009).

To follow up on the observed cell cycle phenotype, potential impairments of
the cell cycle programme were assessed. For that, the protein levels of Cyclin Bl
and CDK1, implicated in the Gy /M transition and during mitosis, as well as Cyc-
lin E, CDK2, and E2F1, important cell cycle regulators for the G;/S transition,
were determined. Whole cell protein extracts of 501mel and SKmel28 cells were
analysed using WB after treatment with 10 pM GSK650394 for 72 h. The results
showed elevated cyclin Bl protein levels upon SGK inhibition and stable CDK1
protein levels (Figure 4.10 A). In contrast, the protein levels of E2F1 and cyclin E
were reduced upon SGK inhibition with CDK2 protein levels being constant (Fig-
ure 4.10 B).

The unchanged protein levels of CDK1 and CDK2 are in line with the literature,
where they have been described as stably expressed throughout the cell cycle

(Vermeulen et al., 2003). Furthermore, given the observed G,/M arrest of the
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Figure 4.10: Cell cycle specific proteins for G, /M phase are up-
regulated upon SGK inhibition. (A, B) Whole cell protein extracts of
501mel and SKmel28 cells either treated with 10 pM GSK650394, DMSO,
or untreated as a control for 72 h were analysed for protein levels of the
indicated proteins. ERK was used as loading control.

melanoma cells upon SGK inhibition as described above, the reduced protein levels
of E2F1 and cyclin E are not surprising, as these proteins are only upregulated
during the G; phase of the cell cycle, inducing the transition into S phase, and
then being rapidly degraded (Vermeulen et al., 2003; Malumbres and Barbacid,
2005). However, it demonstrates the cell cycle machinery not to be dysregulated
at the Gy /S check point of the cell cycle. The elevated cyclin B1 protein levels, yet,
corroborate an impaired cell cycle progression through the Go/M phase. Initially,
it confirms the majority of cells accumulated in the G phase, but, with elevated
cyclin B1 and stable CDK1 protein levels, one could assume the MPF to form and
guide the cell through mitosis, not leading to the observed cell cycle arrest in Gy /M.
For the proper exit of mitosis, the MPF needs to be inactivated, accomplished by
the degradation of cyclin B1 (Malumbres and Barbacid, 2005). Consequently,
two possible options could explain the described phenotype: either upon SGK

inhibition the binding of cyclin B1 to CDKI1 is disrupted, preventing the MPF to
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form; or the MPF is formed, but CDKI1 is inactive, and consequently incapable of
phosphorylating downstream targets to complete mitosis progression. The exact
reason for the described phenotype remains elusive and further work is necessary

to address the outstanding questions.

4.4.3 Inhibition of SGK evokes a senescence-like pheno-
type

The described cellular characteristics upon SGK inhibition could also suggest a
potential senescent phenotype. On the one hand, the morphological changes are
indicative for senescence and have been described to occur in senescent cells (Kuil-
man et al., 2010). On the other hand, senescence has been mainly associated
with a Gy cell cycle arrest (Serrano et al., 1997), rather than a Gy/M arrest as
observed here. Nevertheless, to test for a senescent phenotype, the two melan-
oma cell lines were assessed for enhanced (3-gal activity upon GSK650394 treat-
ment. First, 501mel and SKmel28 cells were treated with different concentrations
of GSK650394 (1 pM, 5 uM, 10 pM) for 72 h to analyse dose-dependent (3-gal
activity. Already with 1 pM of inhibitor, single cells show an enhanced $3-gal stain-
ing, becoming increasingly prevalent at higher concentrations. The intensity of the
staining also increases with the concentration, suggesting a strong dose-dependent
upregulation of 3-gal activity (Figure 4.11 A).

Subsequently, to analyse the time-dependent (-gal activity a time course of
treatment with 10 pM GSK650394 for 24 h, 48 h, and 72 h was performed. Indeed,
already after 24 h isolated flat cells with enhanced [3-gal activity were observed, and

after 48 h almost every cell showed elevated (3-gal activity, further fortified after
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Figure 4.11: SGK inhibition results in a senescent-like pheno-
type. (A) 501mel and SKmel28 cells were treated with increasing con-
centrations of GSK650394 (1 pM, 5 pM, 10 uM) and DMSO as a control
for 72 h and stained for B-gal activity. (B) 501mel and SKmel28 cells were
treated with 10 pM GSK650394 for different lengths of time (24 h, 48 h,
72 h) and DMSO as a control and stained for 3-gal activity.

72 h (Figure 4.11 B). This phenotype was not only observed in the two melanoma

cell lines, 501mel and SKmel28, but also in the breast cancer cell lines MCF-7
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and T-47D, in human embryonic kidney cells (HEK293), and in the human lung
embryonic fibroblast line CT-1 (data not shown), indicating a more widespread
phenomenon, not restricted to melanoma or cancer.

Next we asked, whether the observed phenotype upon SGK inhibition is de-
pendent on PI3K signalling. For that, 501mel cells were treated with 10 pM of
the SGK inhibitor GSK650394 alone or in combination with 10 pM of the PI3K
inhibitor GDC0941 and stained for -gal activity after 72 h of treatment. The cells
treated with GSK650394 alone showed the expected elevated (-gal staining and
morphological changes described above, whereas no enhanced (-gal activity and
no morphological changes were observed with the cells treated with the inhibitor
combination (Figure 4.12 A). Furthermore, the cell cycle profiles of 501mel cells
treated with either 10 pM of the SGK inhibitor GSK650394 alone or in combin-
ation with 10 pM of the PI3K inhibitor GDC0941 were determined after 72 h
treatment with flow cytometry. The cells treated with the combination showed a
considerable proportion of cells in the G; phase of the cell cycle, not observed with
GSK650394 treatment alone, indicating an at least partial reversion of the phen-
otype (Figure 4.12 B). These results suggest a PI3K dependency of the observed,
senescence-like phenotype upon SGK inhibition with GSK650394.

To further elaborate on the senescence-like phenotype, protein levels of key
executors of the senescence pathway were assessed. p16 and p21 are two cyclin-de-
pendent kinase inhibitors (CKI) inactivating CDKs via phosphorylation to inhibit
cell cycle progression (Vermeulen et al., 2003; Malumbres and Barbacid, 2005).
Both proteins are upregulated in senescent cells and are used as senescence mark-
ers (Collado and Serrano, 2010). p5h3, described as the guardian of the genome

(Lane, 1992), is a key stress sensor in cells, triggering a variety of antiprolifer-
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Figure 4.12: SGK inhibition results in a senescent-like pheno-
type. (A) 501mel cells were treated with 10 pM GSK650394 alone or
in combination with 10 pM GDC0941 for 72 h and subsequently stained
for 3-gal activity. Untreated 501mel cells were used as negative control.
(B) The cell cycle profile of 501mel cells treated with 10 pM GSK650394
alone or in combination with 10 tM GDC0941 was determined after 72 h
treatment using flow cytometry after PI staining. Untreated 501mel cells
were used as negative control.

ative programs through activation or repression of key effector genes (Zilfou and
Lowe, 2009). Increased activity of p53 has been demonstrated to, among oth-
ers, induce senescence mainly through activation by the DNA damage response
pathway (Rufini et al., 2013). Consequently, all three proteins are expected to be
upregulated in senescent cells.

501mel and SKmel28 were treated with 10 ptM GSK650394 for 72 h and the

whole cell protein extracts were analysed for pl16, p21, and p53 protein levels.
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Strikingly, neither p16, nor p21 were upregulated upon SGK inhibition, in contrary,
substantially reduced protein levels were detected, whereas protein levels for p53
remained unchanged (Figure 4.13 A). Moreover, PTEN levels also seem to decrease
upon treatment of 501mel and SKmel28 melanoma cells with 10 pM GK650394
for 72 h (Figure 4.13 B). Reduced levels of PTEN results in an activation of
the PI3K pathway, upstream of SGK, which could potentially be a compensatory
mechanism to counteract the inhibition of SGK. However, hyperactivation of the
PI3K pathway via abrogation of PTEN signalling has been associated with the

bypass of senescence (Vredeveld et al., 2012), rather than induction.
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Figure 4.13: Key mediators of senescence are downregulated
upon SGK inhibition. (A, B) Whole cell protein extracts of 501mel
and SKmel28 cells either treated with 10 ptM GSK650394 or DMSO as a
control for 72 h were analysed for protein levels of the indicated proteins.
ERK was used as loading control.

Taking these results into account, it is uncertain whether the cells indeed un-
dergo senescence upon GSK650394 treatment. The enhanced {3-gal activity ob-

served upon SGK inhibition and initially interpreted as indication for a senescence
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phenotype might ultimately not be related to senescence. Possibly, the accumu-
lation of -gal just represent generally elevated lysosomal activity due to cellular
stress. Revisiting the data, the phenotype could potentially derive from a cell cycle
failure in Go/M, disallowing the cell to progress through mitosis, subsequently
getting stuck in Go/M. At the same time, the hyperactivated PI3K pathway, due
to downregulation of PTEN, stimulates the cell to keep growing and progressing
through mitosis. This could thus explain the enormous increase of the cytoplasm
as the cells keep producing cellular macromolecules despite the cell cycle arrest. As
a consequence, the cell would experience severe ER stress, resulting in enhanced
lysosomal activity to cope with the stress, potentially explaining the observed
enhanced (-gal activity.

Furthermore, when using the alternate, supposedly also specific SGK inhibitor
EMDG638683 (Ackermann et al., 2011) at 10 pM, the described phenotype could not
be reproduced. As downstream targets of SGK are poorly described, it was difficult
to check for the inhibitory activity of EMD638683 in the used melanoma cell
lines. Additionally, the knock-down of SGK with target-specific siRNA, potentially
yielding further insights into the regulation, could not yet been achieved due to the
lack of an appropriate antibody for SGK. Hence, it was not possible to definitely
determine the contribution of the T-box factors TBX2 and TBX3 in the SGK
signalling branch of the PI3K pathway.

Concluding, more experiments are necessary to elucidate the underlying mech-
anism of this striking phenotype upon treatment with GSK650394 and dissect the

contribution of T-box factors.
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4.5 Discussion

In this chapter, the regulation of the T-box factors TBX2 and TBX3 was invest-
igated. A potential regulation of the T-box factors TBX2 and TBX3 by the PI3K
signalling pathway through PAX3 has been detected, a finding also reported by
two recent publications published during the work on this thesis, which showed
a regulation of PAX3 by the PI3K pathway and a direct regulation of TBX2 by
PAX3, both in the mouse melanoma cell line B16 (Bonvin et al., 2012; Liu et al.,
2013). This study demonstrates the regulation in two individual human melan-
oma cell lines, the invasive SKmel28 cell line and the non-invasive 501mel cell
line. Furthermore, the regulation of TBX3 was included in the analysis and the
PAX3 — TBX regulatory axis could be linked to a physiological phenotype, namely
senescence. Hence, these results expand the understanding of the regulation of the

T-box factors TBX2 and TBX3 beyond the published knowledge.

Common regulation of TBX2 and TBX3

As both T-box factors have been reported to serve distinct roles during melanoma
progression (Peres et al., 2010), it was of interest to see, whether differences in
their regulation could be observed. Throughout the study, TBX2 seemed to be
the more prominently regulated factor, as the results showed a much clearer re-
sponse to inhibitory intervention. TBX3, on the contrary, seemed to either not
respond as strongly or not as promptly. Partially, this could be explained with
technical restraints of the antibody against TBX3. Unfortunately, there is no fully
reliable antibody against TBX3 for WB or ICC analyses available to date, making

the analysis of TBX3 regulation and changes of protein levels challenging. Fur-

170



CHAPTER 4. REGULATION OF TBX2 AND TBX3

thermore, the SKmel28 melanoma cell line, one of the two cell lines deployed in
this study, seems to have low levels of TBX3, making it difficult to confirm findings
from 501mel cells for TBX3.

In addition, there is evidence of a cross-regulation between TBX2 and TBX3,
with both factors repressing each other’s transcription (Figure 4.8 C). Consequently,
a slight change in protein levels of one of the two factors, might already be suffi-
cient to cause the one factor to be repressed by the other disturbing the equilibrium
between the two factors and resulting in a cellular state of one upregulated and
one downregulated factor. This might mask or exaggerate possible additional ef-
fects and thus further complicate the interpretation of experiments, when trying
to dissect the role of the two TFs.

Despite the published distinct roles of TBX2 and TBX3, both factors were
individually capable to rescue the senescence phenotype induced via PAX3 knock-
down in this study (Figure 4.7), indicating an overlapping regulatory potential.
However, upon inhibition of SGK with the inhibitor GSK650394 a differential
regulation of TBX2 and TBX3 could be detected, with increasing TBX3 protein
levels and decreasing TBX2 protein levels, which could also be a consequence of
the negative cross-regulation of the two T-box factors. Consequently, one could
argue, that both TF's are regulated by the same pathway, but to a different extent.
The resulting balance amplified by the cross-regulation between the two factors
then exerts a specific regulatory outcome, with overlapping targets and effects,

potentially also complementing each other, with no complete overlap.
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Senescence upon PAX3 knock-down

In this chapter, a senescence phenotype was detected upon knock-down of PAX3 in
the two melanoma cell lines 501mel and SKmel28. However, not all cells infected
with the shPAX3 lentivirus showed the senescent morphology of flat and large cells,
and also only 37% of 501mel and 68% of SKmel28 cells exhibited an enhanced p-gal
staining. Moreover, the growth curve of 501mel and SKmel28 cells infected with
the shPAX3 expressing lentivirus is not flat, as one would expect for senescent
cells, but a certain level of proliferation was still detected. This suggests either an
inefficient infection or PAX3 knock-down with the lentivirus or a possible escape
of some cells from the senescent phenotype induced by PAX3-deficiency.

Indeed, when infecting 501mel cells with a lentivirus expressing shPAX3 and
in addition integrating a puromycin resistance cassette into the cell’s genome, a
subset of cells kept proliferating and a stable cell line could be propagated, after
initial cell death of uninfected cells. It would have been expected to not being
able to establish a proliferating cell line as only PAX3-deficient cells would sur-
vive the selection process and subsequently senesce. Presumably, cells undergoing
senescence induced by PAX3-deficiency were lost during early passaging of the
cells, and cells escaping the phenotype were selected for, subsequently forming a
proliferating cell line.

Interestingly, the stable cell line still showed reduced levels of PAX3 after up
to nine passages, indicating the shRNA still to be expressed in these cells. This
observation suggests an escape mechanism rather than inefficient infection with
the lentivirus or knock-down of PAX3. The sub-population of cells escaping the

senescence phenotype could consequently also explain the fact, that not all cells
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showed the senescence-associated morphological changes, the low proportion of [>-
gal positive cells and also the residual growth detected in the growth curve upon

PAX3 knock-down.

SGK inhibition

The PI3K pathway plays an important role in tumour cell biology. Downstream of
PI3K, the pathway is bifurcated, with PKB/AKT and SGK separately propagat-
ing the respective signals after activation by PDK1. Hence, to better understand
the regulation of T-box factors by that pathway, it is important to identify the re-
spective branch, responsible for the regulation, PKB/AKT, SGK, or possibly both.
Unfortunately, triciribine, the used PKB/AKT inhibitor in this study, appeared
to be inactive and hence did not result in any insights into the regulation. Future
work could include MK-2206, an alternate PKB/AKT inhibitor (Hirai et al., 2010),
to gain further insights into potentially differential regulations in the PKB/AKT
branch of the PI3K pathway.

However, upon treatment with the SGK inhibitor GSK650394, TBX2 protein
levels were diminished, indicating a possible regulatory axis, and the treated cells
showed a striking phenotype. Further analysis of the phenotype suggested a cell
cycle impairment with cells getting stuck in the Gy /M phase of the cell cycle. Pro-
tein levels for cyclin B1 were elevated in these cells and CDKI1 stably expressed,
indicating a functional MPF to guide the cell through G, /M. However, for the cell
to exit the mitotic programme, the MPF needs to be inactivated by ubiquitin-me-
diated degradation of cyclin B1, not observed upon SGK inhibition. Two possible
explanations were offered above for this phenomenon, either the MPF is not able

to form upon SGK inhibition or CDK1, as the catalytic subunit of the MPF, is not
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activated upon binding to cyclin B1. Both times, the mitotic programme would not
be properly initiated and cells remain in Go/M. To check for the two options, future
work would need to analyse the complex formation via co-immunoprecipitation to
determine whether the complex is disrupted. To assess the activity of CDK1, phos-
pho-specific antibodies for the activation and inactivation sites of CDK1 could be
used, indicating its phosphorylation and thus activation status (Coulonval et al.,
2011). Moreover, the cellular localisation of the two proteins could be determined
as a further indication of their activity. Only MPFs translocating into the nuc-
leus have been demonstrated to govern chromosome condensation and break-down
of the nuclear lamina to guide the cell through mitosis. Cytoplasmic complexes
target the golgi apparatus causing it to disassemble, but have no effect on DNA
condensation or the nuclear lamina (Draviam et al., 2001). Consequently, the loc-
alisation of the MPF could give further indication of potential impairments in the
Go/M phase of the cell cycle due to SGK inhibition.

Interestingly, PAX3 protein levels are also down upon SGK inhibition with
GSK650394, potentially linking the PAX3 regulation of T-box factors to SGK
signalling (data not shown). However, the morphological phenotype observed upon
PAX3 knock-down was not as marked as with GSK650394. Furthermore, the
timing of downregulation is also different. Whereas the protein levels for PAX3
and T-box factor are already markedly reduced after 24 h of PI3K inhibition,
no change is observed after the same time of SGK inhibition, but the onset of
phenotype is much later, after 72 h. It is difficult to tell, whether the observed
phenotype upon SGK inhibition is a consequence of the reduced protein levels of
TBX2 and presumably TBX3 or vice versa. This can be addressed in the future

by deploying the stable 501mel cell lines expressing TBX2 or TBX3 upon dox

174



CHAPTER 4. REGULATION OF TBX2 AND TBX3

induction established in this thesis (Section 3.2.3).

Aside from all these considerations, there is also the possibility of some un-
specific side-effects of the inhibitor GSK650394 causing the observed phenotype
rather than downstream effects. In the characterisation of the inhibitor, Aurora
kinases (AK) were identified as a potential unspecific target of GSK650394 with
a selectivity of less than 10-fold (Sherk et al., 2008). AK play a crucial role in
cellular division, governing the segregation of chromatids (Bolanos-Garcia, 2005)
and inhibition consequently results in the impairment of the cell cycle during Go.
The reported ICsq concentration for GSK650394 is 103 nM (Sherk et al., 2008),
100-fold less than what has been used in this study. However, the determination
of the ICgp-value was performed using an in vitro activity-based scintillation prox-
imity assay with purified enzyme and a synthetic biotinylated peptide substrate
(Sherk et al., 2008), not reflecting cellular conditions. Effective concentrations in
a cellular context to observe physiological effects can be significantly higher than
the in vitro ICyy concentration. Nevertheless, unspecific inhibition of AK due to
high concentration of GSK650394 could potentially explain the observed pheno-
type. Yet, no phenotype as described here for the GSK650394 inhibition has been
reported for AK inhibitors (Kollareddy et al., 2012; Xie et al., 2013), indicating at
least a contribution of SGKs in the phenotype.

For further analyses, a second supposedly specific SGK inhibitor, EMD638683,
was used and did not recapitulate the striking phenotype. This could be explained
with different specificities for SGK between the two inhibitors as SGK comprises
a family of 3 members functionally related but distinct (Tessier and Woodgett,
2006). So different specificities for individual members of the family could result

in different phenotypic outcomes. Furthermore, a specific knock-down of the indi-
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vidual members of the SGK family using siRNA or shRNA could help excluding
unspecific effects of the inhibitor. It could also provide further evidence for the
possible regulation of T-box factors by SGKs and elucidating the underlying causes
for the observed phenotype. Unfortunately, the knock-down using specific siRNAs

has to date been unsuccessful, thus future experiments could include a lentiviral

guided shRNA knock-down.
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The T-box factors TBX2 and TBX3 are members of an ancient family of TFs
implicated in embryonic development (Bollag et al., 1994; Sebé-Pedrés et al., 2013).
Unlike the majority of members of the T-box family, TBX2 and TBX3 predomin-
antly function as transcriptional repressors of their target genes (Carreira et al.,
1998; Lingbeek et al., 2002; Paxton et al., 2002). Moreover, TBX2 and TBX3
have been demonstrated to be abnormally expressed in several different cancer
types (Lu et al., 2010), but their repertoire of target genes remain elusive. In this
study, a comprehensive assessment of genes potentially regulated by the two T-box
factors via DNA-binding and gene expression analysis was performed, revealing an
entire set of novel TBX2 and TBX3 target genes. The multitude of potentially
regulated genes could be grouped into three main functions, cell cycle regulation,
growth regulation, and transcriptional regulation. Subsequently, cancer homoeo-
stasis was proposed as an overarching role for TBX2 and TBX3 during cancer
tumourigenesis, incorporating the variety of regulatory activities into one concept.

Furthermore, due to their overexpression in several cancer types, the regu-
lation of TBX2 and TBX3 themselves by growth-regulatory pathways, that are
dysregulated in cancer, was analysed. PI3K regulation of the two T-box factors
was established, mediated by PAX3, a member of the paired box family of TFs
involved in the cell survival and growth of the melanocytic lineage (Scholl et al.,
2001; He et al., 2005). This regulation was furthermore linked to the potential
of bypassing senescence, a role previously described for TBX2 and TBX3 (Jacobs
et al., 2000; Carlson et al., 2001; Prince et al., 2004; Vance et al., 2005; Peres et al.,
2010). PI3K regulation and subsequent bypass of senescence can be integrated into

the overarching role of TBX2 and TBX3 in cancer homoeostasis.
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5.1 The concept of cancer homoeostasis

For a cancer cell to support its indefinite proliferation, it needs to keep a balance
between nutrient supply and demand. Supply describes thereby the provision of
essential, basic building materials for all cellular processes. Examples are nutrients
like carbohydrates used to generate ATP, the main energy carrier of the cell, or
lipids to allow compartmentalisation of the cell. Further crucial building materials
are nucleotides, necessary for the synthesis of nucleic acids, and amino acids, the
building blocks of all proteins in the cell, the executor of cellular processes. Some
of the basic materials can be taken up from the extracellular space via diffusion,
membrane channels or endocytosis, others are produced internally from the pre-
viously absorbed building materials via intracellular, biochemical processes. This
allows the cell to tightly regulate the production and provision of necessary ma-
terials according to the cellular state.

Demand is then the other side of the equation, the consumptive need of a cell.
For the basic maintenance of the cellular functions, the cell consumes energy in
form of ATP. Lipids are used to build lipid layer membranes for the compart-
mentalisation of the cell, creating physical boundaries and spatial separation for
biological processes providing specific biochemical conditions, such as pH or ox-
idising environments. Moreover, they represent a major form of energy storage
being available and consumed during high metabolic activities. Furthermore, for
gene transcription and subsequent protein synthesis the cell expends nucleotides
and amino acids to generate mRNAs and proteins, allowing the cell to proliferate
and react to external cues via its intricate intracellular signalling network. Finally,

nucleotides are also used for DNA replication, necessary for successful cell division
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and thus proliferation, as the entire DNA needs to be duplicated before mitosis.
Consequently, a coordination of supply and demand is paramount for the function-
ing of the cellular processes, to ensure the availability of sufficient building blocks
for every active process without over- or underproduction.

In cancer cells, the demand of nutrients is markedly increased, in order to fuel
the proliferation driven by oncogene activation. The activation of an oncogene
or inactivation of a tumour suppressor gene increases the proliferative rate and
uncouples the cells from the regulatory control circuits (Hanahan and Weinberg,
2000). So what happens, when the equilibrium of nutrient supply and demand is
out of balance? In the case of a much higher supply than demand, either arising
from an elevated supply or a decreased demand without regulatory adjustments
in the respective other part, the cell would accumulate too many building blocks
without using them, resulting in a surplus and a very inefficient use of resources.

Much more detrimental, however, would be a significantly higher demand than
supply, emanating from either an increased demand or decreased supply. In that
case, many more building blocks would be consumed than the cell could provide,
leading to a shortage and eventual depletion of these building blocks within the
cell. In the case of an amino acid depletion, protein production would be im-
paired, as ribosomes would not be able to incorporate the respective necessary
amino acid as encoded by the mRNA (Murguia and Serrano, 2012). In case of a
nucleotide shortage, mRNA transcription would be affected due to lack of appro-
priate nucleotides, leading to transcriptional stress. Also DNA replication would
be harmed with the replication fork either stalling, consequently being at a higher
risk for S-phase-associated DNA damage (Labib and Hodgson, 2007), or incor-

porating wrong nucleotides leading to an increased mutation rate (Kunz, 1988;
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Meuth, 1989). Ultimately, if the imbalance in supply and demand of nutrients is
not resolved via cell cycle checkpoints, cells would undergo quiescence, apoptosis
or necrosis (Lieberthal et al., 1998; Sakagami et al., 1998; Martinet et al., 2005;
Fu et al., 2006; Kim and Forbes, 2008).

Interestingly, nucleotide depleted cancer cells have also been demonstrated to
undergo OIS due to the induction of DNA damage (Mannava et al., 2012; Aird
et al., 2013; Mannava et al., 2013). The DNA damage thereby presumably ori-
ginates from DNA damage sites preexistent to DNA replication causing the DNA
replication fork to stall or collapse. The preexistent lesions might be caused by
nucleotide misincorporation due to the lack of appropriate nucleotides and con-
sequent activation of the DNA mismatch repair machinery (Boucher et al., 2002;
Mannava et al., 2013). If the DNA repair machinery is overwhelmed by too many
misincorporated nucleotides, it would generate single and/or double strand breaks
in the DNA (O’Konek et al., 2009). In addition, the DNA mismatch repair system
uses de novo DNA synthesis for filling existing gaps (Jiricny, 2006), which also
requires nucleotides. Hence, the fidelity of the DNA repair would also be affected
by low levels of nucleotides.

Consequently, for a cancer cell to keep proliferating, it would have to avoid
the severe imbalance and keep a sustainable equilibrium of nutrient supply and
demand. This cellular function was termed cancer homoeostasis in this thesis,
to indicate the elevated, but still controlled, balance of supply and demand to
fuel the oncogene-driven proliferation of cancer cells, in contrast to physiological
homoeostasis (Figure 5.1). Cancer homoeostasis in the context of high demand
due to activated oncogenes can either be achieved by increasing the supply or

decreasing the demand. Indeed, cancer cells increase the supply of building ma-
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terials for instance through upregulation of nutrient importers (Flier et al., 1987;
Ying et al., 2012), or oncogene-induced macropinocytosis of amino acids (Com-
misso et al., 2013), or degradation of ECM to provide additional nutrients (White,
2013). Furthermore, at a macroscopic level, tumours induce vasculogenesis to es-
tablish additional blood vessels to provide more nutrients and essential building
blocks for the cancer cells (Carmeliet and Jain, 2000; Hillen and Griffioen, 2007).
Moreover, in the situation of nutrient and/or building block shortage, the cell
might undergo autophagy, a catabolic recycling pathway within the cell degrading
cytoplasmic constituents to make the metabolites bound in the macromolecules
available again for other cellular processes (Boya et al., 2013). This adaptive
response would allow a cancer cell to temporarily increase the supply of metabolites
to meet the demand and potentially resolve the shortage (Martinet et al., 2005).
However, increasing the supply might not always suffice to counteract the im-
minent imbalance in nutrient supply and demand. This might happen either be-
cause of physical limitations of the cell, already internalising and producing supply
at its limits without the capacity to increase any more, or limitations in the envir-
onment with insufficient nutrients and building blocks available to fuel the cell’s
demand. Hence, it might be necessary for a cancer cell to also reduce demand
to allow continuous proliferation and maintaining the balance. Even though this
might result in a slower proliferation rate due to the limiting regulation, it will
ensure the long-term proliferation of the tumour avoiding depletion of supplies and

subsequent cell death or senescence.
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5.2 The T-box factors TBX2 and TBX3 in
cancer homoeostasis

In this study, the T-box factors TBX2 and TBX3 have been suggested to contrib-
ute to cancer homoeostasis by regulating the balance of demand and supply down-
stream of the PISK pathway. Through DNA binding studies using ChIP-Seq ex-
periments strong binding was elucidated in major growth-related pathways, often
mutated during tumourigenesis, such as the MAPK pathway (Dhillon et al., 2007),
with peaks in the promoter region of KRAS and MAPK1, and the PI3K pathway
(Fruman and Rommel, 2014), with peaks in the promoter region of PIK3R1 and
RAPTOR (Figure 3.7 B and Figure 3.9 B). Considering the mainly repressive
function of TBX2 and TBX3 (Carreira et al., 1998; Lingbeek et al., 2002; Pax-
ton et al., 2002), also confirmed here with microarray analyses (Figure 3.16 B), a
repression of growth stimulating signals by TBX2 and TBX3 was inferred. This
would provide a mechanism by which cancer cells would be able to lower the de-
mand to sustain cancer homoeostasis. This idea is further supported by the iden-
tification of MY C repression upon TBX2 and TBX3 overexpression in microarray
analyses (Figure 3.19 B). MYC is a common transcriptional activator involved in
the regulation of approximately 15% of genes (Patel et al., 2004). Hence, repres-
sion of MYC by TBX2 and/or TBX3 would lead to reduced overall transcription
in the cell and consequently lower nutrient demand.

However, exaggerated suppression of growth stimuli, or transcription, and thus
reduction of demand would be disadvantageous to the cancer cell, as it would re-
strict the proliferative potential. Thus, a cancer cell would need to closely monitor

the balance to reduce demand just enough to ensure maximal proliferation within
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sustainable nutritional boundaries. In line with this hypothesis, one of the up-
regulated proteins upon overexpression of TBX2 and TBX3 as identified in the
microarray study is GADD45A (Figure 3.18 A), a member of the GADD45 pro-
teins, acting as an intracellular stress sensor reacting to genotoxic and physiological
stress within the cell (Liebermann and Hoffman, 2002). Upregulating GADD45A
via TBX2 and TBX3 would give the cancer cell the possibility to detect current
stress level to control the appropriate proliferative rate, i.e. nutrient demand.

Interestingly, the T-box factors TBX2 and TBX3 seem not only to control
cancer homoeostasis by reducing demand, but can also increase demand, indicating
a role as a two-sided modulator. The integrated analysis of DNA binding peaks of
TBX2 and TBX3 and differential expression upon overexpression of the two T-box
factors revealed a potential direct repression of EZH2 (Section 3.5), involved via
the PRC2 complex in transcriptional repression via heterochromatin formation
(Hansen et al., 2008). Thus, repression of EZH2 results in enhanced transcription
and consequently enhanced demand of nutrients by the cell. Considering the earlier
described decrease of transcription via repression of MYC, the T-box factors TBX2
and TBX3 seem to be able to regulate demand in both directions. This two-sided
regulation would allow a cancer cell to finely adjust the demand to the necessary
levels, in order to support maximal proliferation under the existing nutritional
circumstances.

The role for TBX2 and TBX3 as both, positive and negative modulator is fur-
ther corroborated by the results of the KEGG analysis of differentially expressed
genes from the microarray analysis upon overexpression of the two T-box factors
showing the regulation of several metabolic pathways for both, amino acids and

carbohydrates, in the cell (Figure 3.17). This indicates a further role for TBX2
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and TBX3 in the supply of the cells with nutrients. Strikingly, individual meta-
bolic pathways are enriched for both up- and down-regulated genes, hinting again
towards a two-sided regulatory role.

Furthermore, to add another regulatory layer, TBX2 and TBX3 are regulated
by cellular signalling cascades themselves. In this study, a regulation by the PI3K
pathway, an important, often dysregulated growth regulatory pathway in cancer
(Vanhaesebroeck et al., 2012), via PAX3 has been demonstrated. PAX3 plays an
crucial role in melanocyte specification from neural crest cells (Kubic et al., 2008),
but is also frequently found expressed in melanomas and naevi (Plummer et al.,
2008; Medic and Ziman, 2010). In the adult organism, PAX3 is essential for the
maintenance of the melanocyte stem cell niche in blocking terminal differentiation
of melanoblasts (Lang et al., 2005), and has been further implicated in melanocytic
proliferation and resistance to apoptosis (Borycki et al., 1999; Margue et al., 2000).
The induction of TBX2 and TBX3 expression by PAX3, as identified in this work,
and the proposed regulation of cancer homoeostasis by the two T-box factors could
hence provide a novel mechanism for the described functions of PAX3, especially
proliferation and resistance to apoptosis.

In addition, the novel finding of the induction of a senescent phenotype upon
knock-down of PAX3 in human melanoma cells (Figure 4.6) and its subsequent
rescue via overexpression of TBX2 or TBX3 respectively (Figure 4.7) provided
a physiological function for this signalling axis. Considering the above described
establishment of OIS in nutrient depleted cancer cells (Mannava et al., 2012; Aird
et al., 2013; Mannava et al., 2013), one could argue, that the modulating role of
TBX2 and TBX3 in cancer homoeostasis, triggered by PAX3 downstream of the

PI3K pathway, provides a possible mechanism for the observed bypass of OIS. By
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Figure 5.1: Illustration of the proposed model of cancer homoeo-
stasis. The two T-box factors TBX2 and TBX3 maintain the balance
between nutrient supply and demand through the positive and negative
regulation of factors involved in both processes, subsequently allowing
elevated proliferation of the cancer cell. The T-box factors are thereby
regulated themselves by PI3K signalling mediated via PAX3. The bold
typeface of nutrient demand signifies the markedly increased nutrient de-
mand of fast proliferating cancer cells.

enabling the melanoma cell to avoid nutrient depletion and maintain a sustain-
able nutrient equilibrium, despite the enhanced stress levels due to the oncogenic
insults, the activity of the two T-box factors TBX2 and TBX3 can circumvent
the onset of senescence. This newly established regulatory path, mechanistically
linking PI3K signalling with the bypass of senescence, might also constitute the
elusive mechanism of the described bypass of senescence upon activation of the
PI3K pathway via the abrogation of PTEN (Vredeveld et al., 2012).

The regulation of the activity of TBX2 and TBX3 by PI3K also conforms with
their proposed role in cancer homoeostasis. The PI3K pathway is an important

growth regulatory pathway and often mutated or dysregulated in cancer (Van-
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haesebroeck et al., 2012; Fruman and Rommel, 2014). In melanoma, the PI3K
pathway is often upregulated (Aziz et al., 2009), consequently also increasing the
levels of TBX2 and TBX3. Without the activity of TBX2 and TBX3, the con-
stitutively activated PI3SK would possibly exhibit an unsustainably high level of
nutrient demand, eventually driving the melanoma cells into OIS, due to deple-
tion of nutrients and subsequent DNA damage. However, the upregulation of
the two T-box factors allows the melanoma cells to establish an elevated equilib-
rium for long-term, sustainable growth. The linkage of the modulating function of
the T-box factors with the activating, pro-proliferative function of PI3K thereby
enables the establishment of an elevated equilibrium, still fostering sustainable
proliferation. The potential differential regulation through PKB/AKT on the one
hand and SGK on the other hand, would offer an additional lever to modulate the
equilibrium appropriately.

Interestingly, the hippo pathway, another cellular signalling pathway controlling
organ size via restraining cell proliferation and promoting apoptosis (Saucedo
and Edgar, 2007), has been implicated in PAX3 regulation. Yes-associated pro-
tein (YAP), a member of the hippo signalling pathway has been demonstrated to
directly regulate PAX3 during development in the neural crest and stimulate its
expression (Mo et al., 2014). Furthermore, YAP and transcriptional coactivator
with PDZ-binding motif (TAZ) act as synergistic coactivators of PAX3-dependent
transcription (Manderfield et al., 2014). This could suggest PAX3 as a nodal point
in the cellular signalling circuitry integrating signals of several proliferation-related
pathways to modulate their activity and enable cancer homoeostasis orchestrated
by the T-box factors TBX2 and TBXS3.

To further elaborate on the regulation of the two T-box factors themselves,
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a cross-regulation of TBX2 and TBX3, repressing each other’s expression, was
demonstrated in this study (Figure 4.8 C), further supported by unpublished data
in the laboratory. Both T-box factors show a considerable overlap in potentially
regulated target genes in the DNA binding analysis, but also exhibit a subset
of genes exclusively bound in the promoter region by only one of the TFs (Fig-
ure 3.10). Considering the detection of both proteins under normal culture condi-
tions with WB, one could speculate, that under normal, non-stress conditions the
protein levels of both T-box factors are balanced, repressing each other’s transcrip-
tion just that much to maintain a cellular equilibrium. As soon as the protein level
of one of the two factors increase above the balance threshold, however, repression
of the respective other T-box factor leads to the domination of the factor via this
positive feedback loop.

For instance, in this study an increase of the protein levels of TBX3 upon SGK
inhibition with the specific inhibitor GSK650394 in the two human melanoma cell
lines 501mel and SKmel28 has been demonstrated, followed by reduced protein
levels of TBX2 (Figure 4.8 B). Consequently, a context dependent target specificity
of the T-box factors would be an attractive possibility, with regulation of the target
genes common to the two T-box factors under equilibrium conditions, while both
factors are expressed, and a switch to regulation of the target genes exclusive to
only one factor upon its dominant expression condition. Further work, however,
is necessary to substantiate this hypothesis.

Besides, TBX2 has been demonstrated to be tightly regulated during the cell
cycle in transformed and non-transformed cell lines, with protein levels rising in
late S/Ga-phase, and a sudden drop at the onset of mitosis (Bilican and Goding,

2006). Thus, the majority of target gene regulation presumably happens during
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late S- and Go-phase, during DNA replication and preparation for cell division
when the protein levels of the T-box factors peak. During the remaining cell cycle,
TBX2 and TBX3 protein levels can still be detected, though at a lower level,
indicating a continuous basal level throughout the cell cycle. Consequently, the
regulatory functions of the two T-box factors could be potentially divided into two
groups, cell cycle dependent and independent functions.

For instance, TBX2 and TBX3 have been found in this study to repress mem-
bers of the E2F protein family (Section 3.5), important regulators of the G1/S
transition of the cell cycle, inducing the expression of proteins orchestrating the
transition into S phase of the cell cycle. This regulation could be an example for
a cell cycle dependent function of the two T-box factors, as during late S- and
Ga-phase, the peak of TBX2 and TBX3 activity, the E2F protein family, exerting
their function during the G1/S transition, is not needed and hence a repression by
the T-box factors would fit in the current understanding of the cell cycle.

It would hence be very interesting, to be able to assign the here identified novel
target genes to the two different groups, in order to obtain a deeper understanding
of the specific functions of TBX2 and TBX3. For that, future work would have to
comprise the analysis of cell cycle synchronised cells to dissect the regulated target
genes at the respective stage of the cell cycle. Presumably, the individual functions
involve different interaction partner, activating or repressing the regulatory activity
of the two T-box factors in a context-dependent manner. To elucidate potential
proteins interacting with TBX2 and TBX3, the stable, monoclonal melanoma cell
lines, expressing 3xFLAG-tagged upon dox induction established in this study
were sent to a collaboration partner for mass spectrometry analysis. The results

will provide further valuable insights into the role and regulation of the two T-box
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factors TBX2 and TBX3.

Integrating this cell cycle specific regulation of the two T-box factors with the
above identified role in modulating nutrient demand, one could speculate, that the
two T-box factors lower the nutrient consumption of the cell specifically during
the late S/Gg phase of the cell cycle, enabling the cell to get through mitosis.
At that stage, the DNA has been duplicated and the subsequent growth of the
cell during G, is limited by the T-box factors to avoid an imbalanced nutrient
equilibrium and subsequent stop at the Go/M DNA damage checkpoint. This
regulation would ensure an orderly preparation of and transition to mitosis.

An entirely different, but nevertheless noteworthy role for TBX2 and TBXS3,
identified in this study, is immune modulation (Section 3.4.2), important for the
long-term survival of a cancer cell. Dysregulated cancer cells can be recognised by
the immune system via tumour-associated antigens due to aberrant expression or
mutation-specific antigens derived from point mutations in normal genes during
tumourigenesis. Following the recognition, the immune system can trigger the
immune-mediated destruction of these cells (Woo et al., 2015). Therefore, to evade
immune clearance especially at an early stage of tumourigenesis, it is crucial for a
cancer cell to avert a full immune response. However, pro-inflammatory signals can
also support and enhance tumour growth by supplying additional nutrients and
growth stimulatory signals (Lu et al., 2006). Consequently, moderate inflammation
levels without full activation of an immune response, that would lead to clearance
of the cells, would provide a cancer cell with increased proliferative potential and
long-term survival.

The possible activation of TGF-3, inducing immuno suppression and angiogen-

esis (Blobe et al., 2000; Siegel and Massague, 2003), the suppression of CTLA4,
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activating T-cells (Parry et al., 2005), and the suppression of IL6R, repressing the
signalling of pro-inflammatory cytokines (Scheller et al., 2011), by the two T-box
factors indicate a possible mechanism, by which a cancer cell might be able to mod-
ulate the immune response. Interestingly, IL6 signalling has been shown to repress
PAX3 protein and mRNA levels (Kamaraju et al., 2002), suggesting a regulatory
feedback loop between PAX3, T-box factors and IL6. Furthermore, the activation
of TGF-$ signalling has been suggested to induce a high metastatic potential in
melanoma cells by driving the expression of inhibitory factors to Wnt-signalling
(Hoek et al., 2006).

As modulation of the immune response would be beneficial for the cancer cell
throughout the cell cycle, this function could conceivably be a candidate for cell
cycle independent regulation by the two T-box factors not restricted to a certain

cell cycle stage. However, further work is necessary to validate this assumption.

5.3 Implications

With the suggested concept of cancer homoeostasis the seemingly uncontrolled
growth of tumours is proposed to be controlled itself, adding a further layer of
regulation to cancer cell biology. This might open up a new avenue for a potential
cancer treatment by targeting the modulators of cancer homoeostasis. In this
study, the two T-box factors TBX2 and TBX3 have been proposed to perform that
role, but there are supposedly more modulators influencing cancer homoeostasis to
be identified. By inhibiting the activity of these modulators, cancer cells would no
longer be able to maintain the delicate balance of supply and demand, establish

a nutritional imbalance over time and be forced into cellular catastrophe. The
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consequence would be cell death via apoptosis or necrosis, respectively, or a cell
cycle arrest via senescence, reducing the tumour burden of the patient or at least
stop the proliferation.

One could even argue, that stimulating the already activated cancer cells even
further while inhibiting the modulating role of the T-box factors, could potentially
provide an additional avenue to push cancer cells out of the equilibrium, and in-
ducing apoptosis or senescence. Combining this regimen with a treatment limiting
the supply of tumours, for instance a anti-VEGF treatment to inhibit neovascu-
larisation, might prove even more efficient due to a much more severe impact on

the equilibrium of supply and demand.

5.4 Future perspectives

The presented data in this study were generated with a stable, monoclonal cell line
derived from the human melanoma cell line 501mel under standard culture condi-
tions. The thereby obtained results showed mainly medium peak heights in DNA
binding sites and moderate expression changes of regulated target genes. This
could presumably be explained with the nutrient rich cell culture medium used
for the maintenance of the cell lines, supplying the cells with plenty of building
materials. As a consequence, the activity of the two T-box factors in their pro-
posed role of maintaining cancer homoeostasis, the balancing of nutrient supply
and demand, was presumably not required much due to the high nutrient supply,
resulting in the observed moderate changes in gene expression following their in-
duction. Consequently, future work could analyse the identified target genes under

more tumour-like, stress-induced conditions, such as nutrient limitation, to obtain
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a more prominent regulation. One could even try and assess their role and func-
tion in recently developed 3D cancer models, even more resembling the prevailing
conditions within a tumour mass (Nyga et al., 2011; Tanner and Gottesman, 2015).

Furthermore, the analysed samples were generated from a non-synchronised
cell population, with only a subset of them being in late S/Gy-phase, when due
to the cell cycle regulation of the T-box factors most of the regulation would be
expected. Thus, the observed cell cycle dependent changes in the genome-wide
data sets originate only from a subset of cells, potentially explaining the moderate
changes observed in this study. The analysis of a purely late S/Gs cell population
in the future would presumably result in higher DNA binding peaks and bigger
gene expression changes. Moreover, assessing cell populations of the other specific
cell cycle stages, G; and G /early S-phase, would enable the categorisation of the
identified functions of the two T-box factors into the two hypothesised classes, cell
cycle dependent and independent regulation.

In addition, it would be very interesting to investigate the nutrient levels of
human melanoma cells upon induction or depletion of the T-box factors in a meta-
bolic study to further elaborate on their role in cancer homoeostasis. Especially the
levels of nucleotides would be very interesting to explore due to the link to the on-
set of senescence upon depletion, a role TBX2 and TBX3 have been demonstrated
to be involved in.

Finally, the determination of interacting proteins with TBX2 and TBX3 via
mass spectrometry is already underway. The analysis of the results and subsequent
integration with the genome-wide data of DNA binding and gene expression of the
two T-box factors in the future will further unravel and corroborate regulated

target genes and their role and function within the cellular signalling network.
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