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Regulatory characterisation of the nove gene, myocyte stress 1.

Abstract

Myocyte stress 1 (msl) is a striated muscle actin binding protein required for muscle
specific activity of the myocardin related transcription factor (MRTF)/serum response
factor (SRF) transcriptional pathway. Previous work in our group demostrated that
cardiac ms] is transiently up-regulated after pressure overload suggesting a possible role
in the initial signalling of the hypertrophic response. Subsequent studies have supported
this and demonstrated that ms/ plays an important role in cardiac development and
physiology. To date, little is known about the molecular mechanisms that govern striated
muscle specific expression of ms/. In order to delineate ms/ regulation and function, a
strategy of comparative in silico analysis coupled with experimental characterisation
was used. In silico analysis identified four genomic intervals of potential regulatory
function designated PP, UP1, UP2 and UP3. Using in vitro and in vivo appraoches,
important cardiac regulatory roles for these domains were defined. The PP domain
represents the basal promoter and is required for all regulatory contexts. This domain
serves to intergrate context specific regulatory signals from the distal UP2 and UP3
domains. Within the heart the cardiac transcription factor GATA4, and the calcineurin
singalling pathway confer cardiac regulatory function on the PP, UP2 and UP3 domains.
Within skeletal muscle, MyoD binding sites within the PP and UP1 domain were
identified, which mediate temporal induction of ms/ during myogenesis. Both cardiac
and skeletal regulatory processes were dependent on epigenetic phenomena with histone
acetylation being a major determinant for ms/ expression. Collectively, these findings
demonstrate that ms/ transcriptional regulation is mediated by the complex interplay of
context specific regulatory domains and binding factors. Therefore through msi,
important striated muscle gene regulatory networks (GRNs) (GATA4, Mef2 and MyoD
GRNs) can integrate with SRF, thus exquisitely controlling biological processes in
muscle. It is proposed that dysregulation of ms/ expression may result in pathological
phenotypes. Therefore, the insights obtained here may allow for the therapeutic
manipulation of ms/ expression in pathological settings and potentially lead to effective
paliatation of such phenotypes.
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Chapter 1

Introduction

1.1 General Introduction

“ the heart of creatures is the foundation of life, the prince of all, the sun of their
microcosm, from where vigour and strength does flow.

- William Harvey, De Motu Cordis, 1628

The heart is arguably the most widely studied organ in physiology and medicine and it
was in the influential De Motu Cordis (On the Motion of the Heart) by William Harvey
that the basic principles of cardiac development and function were delineated. Since
Harvey’s time, physiologists have further documented the workings of the heart in
intricate detail, however, it is only over the last ten to fifteen years that a transition
towards a better understanding of cardiac function (and dysfunction) at the molecular
and genetic level has taken place (Olson, 2004). This transition has and will continue to
provide deep mechanistic insights into heart development and acquired adult disease
and has subsequently fuelled new opportunities for therapeutic palliation and prevention

of cardiac disease.

1.2 Cardiovascular Disease

1.2.1 Epidemiology

Despite this massive progress in our present understanding of cardiac function,
cardiovascular disease (CVD) remains the number one cause of death in the developed
world. Diseases of the heart and circulatory system are currently the main causes of
death in the United Kingdom (UK). In 2002 CVD was responsible for 238,000 UK
deaths, with more than one in three people (39%) dying as a result of CVD (Peterson et
al 2004). The primary forms of CVD are coronary heart disease (CHD) and stroke with
CHD representing half of all deaths from CVD . Premature death, which is defined in



the UK as death before the age of 75, is also caused primarily by CVD with 67,000
cases recorded in 2002 (BHF Annual Statistics, 2006).

1.3 Heart Failure and Left Ventricular Hypertrophy

1.3.1 Heart Failure

Heart failure, defined as the inability of the heart to pump sufficient blood to meet the
body’s metabolic demands, is the most common endpoint of CVD. It represents a
clinical syndrome characterised by shortness of breath and fatigue at rest or with
exertion owing to structural and functional abnormalities of the heart resulting in
dyspnoea and/or oedema. Heart failure is divided into two broad categories: systolic
heart failure (impaired ventricular contraction) and diastolic heart failure (impaired
ventricular relaxation). It is typically induced by a number of common disease stimuli
including myocardial infarction or ischemia as a consequence of CHD, long standing
hypertension, myocarditis due to an infectious agent, stenosis and valvular
insufficiency; congenital malformations, familial and hypertrophic dilated
cardiomyopathies, and diabetic cardiomyopathy (Klein & Gheorghiade, 2003; Lips et
al, 2003).

1.3.2 Left ventricular hypertrophy

At the cellular level of the cardiomyocyte, the disease stimuli described in section 1.3.1
primarily induce a phase of ventricular hypertrophy, specifically within the left ventricle
(LVH), in which individual myocytes grow, thereby increasing cardiac pump function
and decreasing wall stress. This phase is classically referred to as ‘compensated
hypertrophy’ (Haider et al, 1998; Rothermel et al, 2005). However, in the long term
there is a maladaptive transition from this ‘compensated’ state to a ‘decompensated’
phenotype which predisposes individuals to heart failure, arrhythmia and sudden cardiac

death (Rothermel et al, 2005).

1.3.3 Physiological hypertrophy



Not all hypertrophy of the heart is bad ‘per se’. In broad terms there are two types of
cardiac hypertrophy, physiological and pathological which are summarised in Figure.l
below (Olson & Schneider, 2003). Physiological hypertrophy of the heart occurs within
three contexts: during normal post-natal development of the myocardium (also known
as eutrophy) which is the period in which the neo-natal myocyte has withdrawn from
the cell cycle, during female pregnancy and finally in response to excessive physical
exercise (Chien & Olson, 2002). During post-natal development, the human heart grows
through hypertrophy in proportion to the size of the body. Typically the left ventricle
has a mass in grams which is three to four times the body mass in kilograms. Therefore
as a young child grows you see a 10-fold increase in the left-ventricular mass with this

physiological hypertrophy both essential and beneficial (Lorell & Carabello, 2000).

During pregnancy the increased cardiac demand (increase stroke volume and cardiac
output) placed upon the mother by the embryo leads to the mother developing a
compensatory increase in left ventricular mass. This, however, regresses during the post
partum period (Lorell & Carabello, 2000). Elite trained athletes who specialise in sports
such as weight lifting and wrestling display a specific concentric (1.3.4) hypertrophic
response while those who specialise in long distance running or cycling display
eccentric hypertophy (1.3.4) (Lorell & Carabello, 2000). Again this hypertophy is in

response to increased demand on cardiac output.

1.3.4  Classification of pathological LVH

The most proximal initiating stimuli for pathological LVH can be classified into stretch-
sensitive/biomechanical mechanisms, or neurohumoral mechanisms that are associated
with the release of numerous peptide growth factors, chemokines, cytokines and

hormones.
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The primary factor which mediates the activation of these diverse stimuli is an increase
in hemodynamic load imposed upon the cardiomyocytes of the left ventricle. Within the
‘in vivo’ whole heart context, cardiomyocytes enter hypertrophy to compensate and
accommodate this extra cardiac workload. As a consequence of the ventricular
cardiomyocytes withdrawing from the cell cycle in the peri-natal period the only
plausible mechanism by which the heart can increase cardiac output is through
promoting myocyte hypertrophy (increase in cell size) rather than increasing cell

number (hyperplasia).

The increase in haemodynamic load which induces the LVH phenotype can either take
the form of pressure overload or volume overload, with each form inducing a specific
characteristic change in myocyte morphology (Gerdes, 1992). Pressure overload leads
to a relative thickening of the ventricular wall with the myocytes laying down
sarcomeres in a favourably parallel orientation thereby increasing overall myocyte cross
sectional area. On the contrary to this, volume overload stimulates a relative thickening
of all the myocytes with sarcomeres being organised in both a parallel and series
orientation. These two types of remodelling events are typically referred to as

concentric and eccentric remodelling respectively (Gerdes, 1992).

1.3.5 Molecular basis of LVH

The major cellular hallmark of LVH is an increase in cardiomyocyte size and mass
which is accompanied by increased protein synthesis and a re-organisation of the
sarcomere and associated contractile apparatus. These changes in cellular phenotype are
coupled to a complex process of transcriptional re-programming. This genetic re-
programming is ultimately responsible for the gene expression changes that underpin
the development of LVH and also the subsequent progression from a compensated to a
de-compensated phenotype, with the endpoint being congestive heart failure (Lips et al,

2003).

Gene expression changes include increased levels of paracrine/autocrine mediators such

as transforming growth factor-beta (TGF-B), connective tissue growth factor (CTGF),



angiotensin II (Angll) and endotholin 1 (ET-1). In addition one observes transcriptional
re-induction of fetal isoforms of contractile proteins [cardiac muscle alpha actin and
myosin light chain 2 ventricular (mlc2v)) (Chien et al, 1991; Sugden & Clerk, 1998a),
re-expression of stress markers including atrial natriuretic factor (ANF) and B-type
natriuretic peptide (BNP) that are only otherwise expressed in fetal development and
changes in expression of key regulatory proteins that modulate intracellular ion
homeostasis. Specific changes include the down regulation of sarcoplasmic reticulum
calcium ATPase (SERCA2a) and para-sympathetic and sympathetic receptors. In
addition you observe the variable up-regulation of the Na?*/Ca’" exchanger and down-
regulation of Kv4.3 which causes a pro-longed action potential and therefore
subsequent reduction in the transient of outward current (Io) denisty (Lorell &
Carabello, 2000). In summary, the hypertrophic response, which is induced by either an
acute or chronic insult to the heart, is characterised by substantial changes in myocyte
size, fetal gene expression, sarcomeric re-organisation and altered Ca®* handling with
the combined effect of these changes ultimately resulting in contractile dysfunction and

heart failure (summarised in Figures 2 and 3).

1.4  Signalling pathways in cardiac myocytes

The initiating stimuli which stimulate cardiomyocyte hypertrophy converge on a finite
array of intracellular signal transduction pathways which subsequently propagate the
signal and modulate gene expression and the growth response. These intracellular
signalling pathways function through two principal mechanisms: (1) Protein kinase
cascades in which the signal is transmitted across the cytoplasm, resulting in the trans-
activation dependent phosphorylation of nuclear localised transcription factors (Clerk et
al, 2007); (2) Phosphorylation and dephosphorylation of cytoplasmic transcription
factors which then trans-locate to the nucleus where they can modulate downstream
gene activation. The main signalling pathways implicated in cardiomyocyte
hypertrophy are described below (Figure 4) with the G protein coupled receptors
(GPCRs), small G-proteins, mitogen activated protein kinases (MAPKs), PI3K, PKB,
glycogen synthase kinase-3 and calcinuerin being considered the most important

proteins.
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1.4.1 G protein-coupled receptors

The three main functional classes of G protein-coupled receptors (GPCRs) are coupled
to their cognate class of G proteins within the cardiac myocyte. The G proteins consist
of individual Ga and Gy subunits which are classified into subfamilies according to
the composition of their alpha subunits, for example Gas, Gai and Gag. The G protein
subfamilies couple to specific agonist sensitive receptors: alpha-adrenergic, endothelin
and angiotensin II receptors couple to Goaq/Gall and have been extensively
investigated and implicated in cardiomyocyte signal transduction and hypertrophy
(reviewed by (Molkentin & Dorn, 2001)). Conditional cardiac specific knockdown of
Gaqg/Gall is able to blunt the hypertrophic response in an adult animal model of
pressure overload induced LVH (Frey et al, 2004). Coupled to this, constitutive cardiac
specific over-expression of a dominant negative Goq protein in adult mice was able to
blunt pressure overload hypertrophy suggesting both Gag/Gall are important mediators
of the hypertrophic response. Other receptors include the Gas coupled beta-adrenergic
receptors which control heart rate and cardiac contractility in response to epinephrine
and norepinephrine stimulation. Conversely, the neurotransmitter acetylcholine binds

cholinergic receptors which are coupled to Gai.

10



1.4.2 Small G proteins

Small G proteins provide a critical link between cell membrane receptors and various
intracellular signalling pathways. The small G proteins comprise of five subfamilies
(Ras, Rho, ADP ribosylation factors, Rab and Ran) with each family containing
multiple members. These proteins play a regulatory role in modulating sarcomeric and
cytoskletal organisation, with the Ras and Rho subfamililes specifically implicated with
these processes in the hypertrophic phenotype (Clerk & Sugden, 2000). Constitutively
active Ras causes a significant increase in cardiac mass when over-expressed within the
myocardium of adult mice with a similar phenotype mirrored in neonatal rat ventricular
myocytes. The Rho family, which includes RhoA, Rac and cdc42 subfamilies, has been
well characterised with respect to a hypertrophic regulatory role. Increased Rac activity
in vitro and in vivo has been demonstrated to promote morphological changes
associated with myocyte hypertrophy and corresponding changes in gene expression,
specifically the hypertrophic markers ANF and (Clerk & Sugden, 2000; Frey et al,
2004).

Rho itself regulates numerous cytoskeletal-dependent cell functions including focal
adhesion formation, myosin-based contractility, f-actin bundling and monomeric g-actin
polymerisation (Yanazume et al, 2002). Within the heart Rho can stimulate the
expression of the hypertrophic marker ANF and also induce myofibrillar organisation
(Yanazume et al, 2002). This is as a consequence of its activation of numerous
downstream protein kinases with the Rho-associated kinase (ROCK) the best
characterised in the hypertrophic context (Yanazume et al, 2002). Arguably the most
important downstream effecter of RhoA signalling during cardiac hypertrophy is serum
response factor (SRF). SRF is a nuclear transcription factor implicated as having a
major role in cardiac hypertrophy (Hill et al, 1995). Although the precise mechanisms
are not clear Rho appears to directly activate SRF trans-activity through a mechanism
dependent on changes in actin treadmilling and abundance of various actin forms (Hill
et al, 1995). In summary, the small G proteins, and specifically Rho, Rac and Ras all
appear to play a role in cardiac hypertrophy.
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1.4.3 Mitogen-activated protein kinases

The mitogen-activated protein kinase’s (MAPKs) are well established transducers of
growth and stress responses in many cell types and in particular are important
modulators of the cardiac hypertrophic response (Sugden & Clerk, 1998). The MAP
kinases are highly regulated protein kinases that require dual phosphorylation of their T
(E/P/G)Y motif in the kinase domain to become catalytically active. On the basis of
sequence homology they are classified into three major MAP kinase subfamililes, the
extracellular regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs) and p38
MAPKs with each of these families having a clearly defined activation cascade
mediated by specific upstream MAP kinase kinase kinases (MAPK-KKs) and MAP
kinase kinases (MAPK-Ks) (Figure 5). Classical hypertrophic agonists such as
phenylephrine and endothelin-1 potently activate the ERKs (Sugden & Clerk, 1998),
whereas the stress activated kinases (JNKs and p38) are activated more potently by
common cardiac stresses including ischemia or cytotoxic agents (Sugden & Clerk,
1998). Interestingly, over-expression of MAPK phosphatase 1 (MKP-1), which inhibits
all three major branches of MAPK signalling, is able to block agonist-induced
hypertrophy in vitro in addition to pressure-overload stimulated hypertrophy in vivo
(Clerk et al, 2007). These findings demonstrate a clear dependence on the MAPK

signalling pathways in the development of cardiomyocyte hypertrophy.
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Figure 5. Summary of the mitogen-activated protein kinase (MAPK) cascades (Clerk A et

al, 2007)
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1.4.3.1 Extracellular regulated kinases

There are five ERK proteins identified to date designated ERKs 1-5. ERK1 and -2 (also
known as p44 and p42) are the best characterised members of the family and are
directly regulated by the MAPK kinases (MAPKKSs), MEK1 and MEK2 (also known as
MKKT1 and MKK2 respectively). These are activated by multiple upstream MAPKKKSs
which transduce stress signals directly or are coupled to regulatory effectors including

the small G proteins (Ras, Rac, Rho, cdc42).

Work by Sugden and co-workers (Clerk et al, 2007) have demonstrated that ERKs 1/2
are acutely activated in a transient manner by numerous stimuli, including ET-1 and
phenylephrine, in isolated cardiomyocye preparations. They also reported that antisense
mediated depletion of ERK1/2 or pharmacological inhibition of MEK1/2 attenuated the
agonist stimulated hypertrophic response. Others have taken this further and shown that
transgenic over-expression of MEK1, which specifically activates ERK1/2, drives the
cardiac hypertrophy process (Clerk et al, 2007). GATA4 is a critical regulator of cardiac
specific gene expression both during development and within the post natal
myocardium. Beuno and Molkentin (2002)(Bueno & Molkentin, 2002) have shown that
the phosporylation and activation of the cardiac enriched transcription factor GATA4 is
an ERK1/2 dependent process, thus further supporting a critical role for ERK1/2 in
cardiac hypertrophy. In addition to GATA4, ERK1/2 can also phosphorylate and
activate the ternary complex factors Elk1 and SAP1la, which collaborate with SRF to
regulate immediate early cardiac specific gene expression, an essential component on
the hypertrophic response (Sugden & Clerk, 1998). The MEKS5/ERKS MAPK module is
also an important contributor to hypertrophy. However, this module appears to mediate
signals that result in an eccentric hypertrophy which is observed in volume overload-

associated hypertrophy in vivo (Sugden & Clerk, 1998).

1.4.3.2 c-Jun N-terminal kinases

The JNKs, which (along with p38 MAPKSs) are also commonly known as the stress-

activated protein kinases (SAPKs) that mediate cellular responses to pathological
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stresses and cytotoxic agents (Sugden & Clerk, 1998). The JNK class of MAPKSs are
directly phosphorylated by either MKK7 or MKK4, which in turn are regulated by
MEKKI1 and MEKK?2 phosphorylation. Various upstream protein kinases including the
small G proteins (Ras) phosphorylate the MEKK1/2 components (Clerk et al, 2007;
Molkentin & Dorn, 2001; Sugden & Clerk, 1998b). In isolated cardiomyocytes, agonist
stimulation by Angll, PE and ET-1 in addition to mechanical stretching all stimulate a
rapid phosphorylation of JNK (Clerk et al, 2007; Molkentin & Dorn, 2001; Sugden &
Clerk, 1998b). This activation is associated with the phosphorylation of the downstream
transcription factors such as c-Jun, ATF-2, MEF2 and NFAT, all of which are implicated
in myocardial growth. To support an important role for JNK, over-expression of the
JNK upstream activators MEK1 or MEK?7, induce gene expression changes coupled to
morphological features of the hypertrophic response (Bogoyevitch et al, 1996a;
Bogoyevitch et al, 1996b; Bogoyevitch & Sugden, 1996). Conversely, a dominant
negative MKK4 mutant attenuates the ET-1 and pressure overload-induced hypertrophic
response. In addition further evidence stems from in vivo studies utilising gene-targeted
mice with disruption of the endogenous MKKI1 gene, which display decreased JNK
activity and hypertrophic sensitivity (Bogoyevitch et al, 1996a)

Although historically considered to function as a positive regulator of hypertrophy,
numerous in vivo studies suggest the contrary and implicate the JNK pathway in
negative regulation of cardiac hypertrophy. For example, it was demonstrated that over-
expressing MEKK1 in vitro attenuated sarcomeric organisation, suggesting of a
negative anti-hypertrophic effect. More significantly, cardiac specific over-expression of
an MKK7-JNKI1 fusion protein attenuated the hypertrophic response induced by an

activated calcineurin transgene(Liang & Molkentin, 2003).

1.4.3.3 p38 mitogen-activated protein kinases

The p38 MAPK proteins contain four separate isoforms, specifically p38a, B, gamma
and J. p38a and P are abundantly expressed in the heart and numerous studies have
implicated them in hypertrophic signalling and growth, although the direct role played

in these processes is not definitively understood (Molkentin & Dorn, 2001). The most
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important activators of these p38 isoforms are MKK3 and MKK6 which have been
shown to be sufficient to induce hypertrophy with associated increases in marker gene
expression in vitro, specifically ANF. In addition, direct pharmacologic inhibition of
p38 MAPK activity with SB203580 and SB202190 is also able to repress characteristic
aspects of agonist-stimulated hypertrophy in vitro (Zechner et al, 1997). To further
support this, adeno-viral over-expression of a dominant-negative p38f isoform blunted
the growth response of neonatal myocytes which was coupled to reduced BNP promoter
activity (Liang & Gardner, 1999; Liang et al, 2000; Wang et al, 1998). More significant
evidence comes from the findings that over-expression of activated MKK3 or MKK6
also drive the development of hypertrophy in vitro which is associated with up-
regulation in hypertrophy associated stress transcripts (Nemoto et al, 1998; Wang et al,
1998; Zechner et al, 1997). These initial findings strongly supported a role for the p38
MAPKSs in the signalling cascades that lead to the development of cardiac hypertophy,

at least in isolated cardiomyocyte cultures.

However, like the other stress activated protein kinase family of JNK proteins, recent
studies which have utilised genetically modified mice have indicated that the p38
signalling pathway does not function as a forward regulator of the hypertrophic
response in vivo. For example, transgenic cardiac specific over-expression of activated
MKK3 or MKK6 does not induce the hypertrophic response within individual myocytes
(Liao et al, 2001). It was interesting that these transgenic mice actually develop rapid
heart failure associated with reduced cardiac performance, increased fibrosis and
thinned ventricular walls (Liao et al, 2001). This suggests that the myocardium is not
able to undergo correct developmental hypertrophy, thereby transiting into a more
compromised and dilated state. Further evidence comes from a study in which
transgenic mice over-expressing a dominant negative p38 kinase displayed a nearly
identical hypertrophic response compared to wild type controls. This suggests that in
this setting the inhibition of p38 does not antagonise adaptive myocardial growth.
Collectively, these results (from various gain-of-function genetically modified mice)
indicate that p38 (and JNK) do not induce hypertrophy within the context of the adult
heart. They may however have more important roles in cardiomyocyte apoptosis and the

promotion of dilated cardiomyopathy.
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1.4.4 Phospoinositide 3-Kinase/Protein kinase B/Glycogen synthase kinase-3

Phosphoinositide 3-kinases (PI3Ks) have been implicated in cell growth, proliferation
and survival in many different cell types (Cantley, 2002). Within the context of the
mammalian heart, over-expression of constitutively active PI3K leads to increase in
myocardial mass while dominant negative PI3K causes myocardial atrophy. It is
interesting that within these dominant negative mice, cardiac function at resting
conditions was not compromised, even though the hearts were smaller. However, when
these mice were subjected to a cardiac hypertrophy inducing stimulus, specifically

pressure overload, cardiac function was compromised (Matsui et al, 2002).

Arguably the most important target of PI3K within the heart is the serine/threonine
kinase, protein kinase B (PKB), also known as Akt. Interestingly, cardiac specific over-
expression of Akt leads to the development of cardiac hypertrophy in transgenic mice
without adverse effects on systolic function, suggestive of a more physiological form of

hypertrophy (Matsui et al, 2002; Condorelli et al, 2002).

Akt related effects are primarily mediated by two specific downstream targets, the
glycogen synthase kinase (GSK-3) and the mammalian target of rapamycin (mTOR).
mTOR is involved in enhancing protein synthesis, through the p70S6 kinase and
4EBP1/elF4E, which is a classical hallmark of hypertrophy. PKB also phosphorylates
GSK-3beta which results in inhibition of its kinase activity. GSK-3beta was among the
first negative regulators of cardiac hypertrophy to be identified and was found to be able
to block normal and pathological cardiac hypertrophy (Walsh, 2006). This kinase is
essentially ‘on’ in the cell until it is turned ‘off” by these hypertrophy promoting stimuli
and PKB activity, thereby causing the release of its substrates from constitutive
inhibition. One family of GSK-3beta inhibited substrates include specific transcription
factors with well documented roles in cardiac growth (Haq et al, 2000; Michael et al,
2004; Morisco et al, 2000). These targets which include c-Myc, GATA4 and beta-
catenin, may be particularly important in the reprogramming of gene expression that

characterises both adaptive and maladaptive cardiac hypertrophy (Pikkarainen et al,
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2004; Xiao et al, 2001). Arguably the most important transcription factor substrates for
GSK-3beta are the NFAT family of factors. These factors are phosphorylated by
GSK-3beta at amino-terminal residues which are dephosphorylated by calcineurin
(Figure 6). This GSK-3beta dependent phosphorylation therefore inhibits calcineurin
driven nuclear translocation of the NFATSs, thereby restricting NFAT dependent target
gene activation and cardiac hypertrophy. Solid evidence for this proposed mechanism
comes from work utilising transgenic mice where concomitant GSK-3beta
overexpression attenuated hypertrophy of calcineurin-transgenic mice (Antos et al,
2002). In summary PI3K/PKB signalling contributes to the development of cardiac
hypertrophy through the phosphorylation and subsequent inhibition of GSK-3beta.
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1.4.5 Calcineurin

Intense research has focused on the calcium-dependent signalling pathways implicated
in cardiac hypertrophy (Olson, 2004). One calcium-dependent pathway that has
received considerable attention encompasses the calcium/calmodulin-activated protein
phosphatase, calcineurin (PP2B). Calcineurin is a serine/threonine-specific protein
phosphatase that is exquisitely sensitive to sustained elevations in intracellular calcium.
Calcium dependent activation facilitates binding to its primary downstream effector, the
transcription factor NFAT (nuclear factor of activated T cells). In an unstimulated
context NFAT transcription factors are typically hyperphosphorylated and therefore
sequestered in the cytoplasm. However, upon stimulation, these factors rapidly
translocate to the nucleus via a mechanism dependent on calcineurin-mediated

dephosphorylation (Molkentin, 2004)(Figure 7).

Cardiac specific activation of NFAT or its upstream activator calcineurin is sufficient to
induce a robust hypertrophic response in transgenic mice models (Molkentin, 2004).
Conversely, inhibition of these components through gene targeting has convincingly
demonstrated that this pathway is necessary for the full cardiac hypertrophic response in
numerous rodent animal models (Bueno et al, 2002a; Bueno et al, 2002b). It is
important to note that functionally significant cross-talk exists between the calcineurin
signalling pathways with members of the MAPK family of signalling kinases. For
example, mice expressing an activated calcineurin transgene displayed enhanced JNK
and ERK activation. In addition, isoproterenol induced ERK activation was also
dependent on calcineurin activity in isolated cardiomyocytes (Molkentin, 2004). It is of
interest that recent data suggests that the NFAT/calcineurin module, unlike other
pathways (for example PI3K/PKB/GSK-3beta), may be uniquely activated in
pathological forms of hypertrophy, and during normal physiological hypertrophic
phenotypes (Wilkins & Molkentin, 2004).
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1.5  Transcription factors in cardiac hypertrophy

The signalling pathways described above ultimately control cardiac hypertrophy
through their regulatory modulation of cardiac gene transcription. Transcription of a
particular gene is governed by the complex interplay of multiple transcription factors
and associated co-factors which bind to specific DNA elements within the proximal 5’
promoter elements and associated distal cis regulatory elements. The promoter, and
associated distal regulatory elements, are therefore a key point for signalling pathway
integration whether this is as a consequence of direct phosphorylation/
dephosphorylation of transcription factors downstream of protein kinase/phosphatase
signalling pathways, or a result of altered concentrations of transcription factors in the
nucleus. Throughout the last decade a finite number of transcription factors have been
identified which are implicated in cardiac hypertrophy and particularly important for the
direct transcriptional ‘transduction’ of the signalling pathways discussed above (Oka et
al, 2007). It is of interest to note that the majority of the factors characterised also have
functionally important roles in cardiac development. This paradigm therefore suggests
that adult heart hypertrophy is regulated through the re-employment of developmental
transcription factors. The current understanding of these hypertrophy driving
transcription factors, focusing on those with defined roles in cardiac development,

differentiation and maturation, will be discussed below.

1.5.1 GATA binding protein 4

Within vertebrates six GATA family transcription factors have been identified and they
can be separated into two subclasses based on their expression profiles. GATA-4, -5 and
-6 are expressed in various endoderm and mesoderm derived tissues including the heart,
liver, gonads and gut (Molkentin, 2000), while GATA-1. -2 and -3 are primarily
restricted to the hematopoietic lineages. All the GATA family members bind the
nucleotide sequence element (A/T)GATA(A/G) through a highly conserved dual zinc
finger DNA binding domain. They also contain a potent transactivation domain in
addition to other domains that also contribute to transcriptional activation through

specific interactions with transcriptional co-factors (Molkentin, 2000). Although
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GATA-5 and -6 have been implicated in cardiac context specific gene expression,
GATAA4 has been extensively studied, with numerous studies indicating this factor as an
essential regulator of cardiac development and differentiation, as well as an important
regulator of cardiomyocyte survival and hypertrophic growth (Molkentin, 2000;
Pikkarainen et al, 2004).

In one of the first studies exploring a role for GATA4 within cardiac specific
development, tetraploid embryo complementation was employed utilising Gata4-/-
embryonic stem cells. The subsequent embryo displayed hypoplastic ventricles and a
complete loss of the proepicardium which resulted in lethality (Watt et al, 2004). Using
Cre-LoxP-based technology, GATA4 was specifically knocked out in the embryonic
heart (using a Nkx2.5-Cre knock-in allele), with these embryos again displaying
hypoplastic ventricles and embryonic lethality (Oka et al, 2006; Pu et al, 2004). In
humans, recent association studies have demonstrated that a heterozygous mutation in
GATA4 is strongly associated with congenital abnormalities in cardiac septation,
thereby exemplifying the developmental importance of GATA4 (Garg et al, 2003).
Collectively these studies in genetically manipulated rodent models supplemented with
the findings in human cohorts with congenital cardiac abnormalities underscore the
importance of GATA4 in regulating developmental and differentiated gene expression in

the heart.

GATA4 is also expressed in the adult heart where it functions as a key transcriptional
regulator of many well characterised cardiac genes including f-myosin heavy chain (-
MHC), atrial natriuretic factor (ANF), b-type natriuretic peptide (BNP) and sodium for
calcium exchanger (NCX) (Molkentin, 2000; Pikkarainen et al, 2004). A direct role for
GATA4 in mediating differentiated cardiac gene expression is supported by the
observation that anti-sense GATA4 mRNA expression was able to inhibit the basal
expression of many cardiac-restricted genes in isolated cardiomyocyte cultures. In
addition to basal cardiac specific expression, GATA4 also mediates inducible gene
expression in response to many of the classical hypertrophic stimuli including
endothelin-1, phenylephrine, pressure overload and isoproterenol (Hasegawa et al,

1997; Herzig et al, 1997; Liang et al, 2001; Morimoto et al, 2000). A direct regulatory
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role in cardiac hypertrophy is also inferred from work where adenoviral driven over
expression of GATA4 in NRVMs is sufficient to induce cardiomyocyte hypertrophy
(Liang et al, 2001). Conversely and more significantly, expression of anti-sense mRNA
or dominant negative GATA4 was able to completely block the GATA4-directed
transcriptional responses and features of cardiomyocyte hypertrophy induced by

endothelin-1 and phenylephrine in vitro (Charron et al, 2001; Liang et al, 2001).

Recent work has demonstrated GATA4’s necessity in mediating cardiac hypertrophy in
vivo. Using conditionally targeted GATA4-1oxP allele in conjunction with two different
heart-specific Cre-expressing transgenic lines, mice were generated that had reduced
GATA4 specifically within the cardiomyocytes (70% and 95% reduction). These mice
were viable into young adulthood but interestingly as these mice aged they developed
cardiac dilation and heart failure, which the authors suggest is a product of increased
apoptosis (Oka et al, 2006). This is not surprising with others demonstrating that
germline heterozygous targeted GATA4 mice showed greater cardiac apoptosis
following doxorubicin treatment. More relevant to cardiac hypertrophy, mice with
cardiac specific conditional GATA4 deletion exhibited attenuated myocardial growth
following prolonged pressure overload or following exercise stimulation (Oka et al,
2006). It was, however, of particular interest that this loss of Gata4 did not affect post-
natal growth of the heart (developmental hypertrophy) therefore suggestive that GATA4
function in the adult heart is specific to the regulation of maladaptive and adaptive

growth.

The mechanisms through which the classical hypertrophic agonists stimulate GATA4
driven cardiac hypertrophy are also beginning to be unravelled. For example, a number
of these stimuli have been shown the enhance GATA4 transcriptional activity through
phosphorylation: pressure overload, angiotensin II, endothelin-1, phorbol esters and
isoproterenol induced specific phosphorylation of GATA4. This event resulted in
increased DNA binding and/or transactivation potential of GATA4 (Hasegawa et al,
1997; Hautala et al, 2001; Kerkela et al, 2002; Kitta et al, 2001; Liang et al, 2001;
Morimoto et al, 2000; Morisco et al, 2001). These phosphorylation events are mediated

by the MAPK signalling pathways. Stimulation of isolated myocytes or the whole heart
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with appropriate hypertrophic agonists results in phosphorylation of GATA4 at serine
105, with phosphorylation at this residue potently enhancing DNA binding activity and
transcriptional activity of GATA4. This is via the direct activation of ERK1/2 and p38
MAPK (Charron et al, 2001; Liang et al, 2001). Due to the fact that both these MAPK
receive signal inputs from diverse upstream signalling pathways suggests that serine
105 in GATA4 serves a role as a key convergence point in regulating the cardiac

hypertrophic response.

In addition to positive post-translation regulation, GATA4 is also negatively regulated
by GSK-3beta-mediated phosphorylation. This event is able to reduce both basal and
stimulus-induced nuclear localisation of GATA4 thereby suppressing its transcriptional
activity. In summary, it is clear that GATA4 is a key transcriptional regulatory of basal
and stress inducible cardiac specific gene expression. GATA4 also serves as a key
transcriptional convergence point in the adult heart where multiple stress-dependent
signalling pathways modulates its function as a mechanism of controlling the cardiac

hypertrophic response.

1.5.2 Myocyte enhancement factor 2

Myocyte enhancement factor 2 (MEF2) was first characterised as a muscle enriched
DNA binding activity from differentiated skeletal myotubes (Gossett et al, 1989). This
muscle enriched DNA binding activity is encoded for and consists of homo- and
heterodimers of four separate transcripts designated Mef2-A, -B, -C and -D (Black &
Olson, 1998; Molkentin & Olson, 1996). Dimers of these MEF2 proteins bind to the
consensus MEF2 motif, CTA(A/T)4sTAG, which is present in the proximal and distal
regulatory domains of most skeletal and cardiac muscle structural genes characterised to
date (Black & Olson, 1998; Molkentin & Olson, 1996). The MEF2 family are also
distantly related with another key muscle regulatory factor, serum response factor
(SRF), with both of these containing the MADS-box (MCM1, Agamouse and Deficiens,
SRF) domain. The MEF2 factors are generally ubiquitously expressed in the adult

vertebrate organism, however specific regulatory functions for these factors have been
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demonstrated in specific tissue and organ types, including neuronal cells and striated

muscle.

Similar to GATA4, the MEF2 transcription factor family are essential regulators of
cardiac development, including morphogenesis, differentiation and maturation. For
example, murine targeted deletion of MEF2C led to an early embryonic lethal
phenotype which was associated with a down-regulation of cardiac specific genes,
which presumably caused the absence of the right ventricle and a cardiac looping defect
(Bi et al, 1999; Han et al, 1997). On the other hand, loss of MEF2A led to severe
disorganisation of the myofibres which resulted in right ventricular dilation. Although
MEF2A and -C murine mutants presented a clear cardiovascular phenotype, final
characterisation of MEF2 family function in cardiac development may be impossible
given that all four MEF2 family members are expressed in the developing heart and
would therefore all have to be inactivated simultaneously. However, in order to
overcome these limitations associated with functional redundancy, transgenic mice have
been generated that express a MEF2-dominant negative protein, specifically in the
heart. Not surprisingly, these mice displayed an early postnatal lethality that was
associated with ventricular wall thinning, hypoplasia of cardiomyocytes and chamber
dilation (Kolodziejczyk et al, 1999). This finding, together with the MEF2 specific
knock out findings supports an important role for MEF2 family proteins in the proper

differentiation and postnatal development of the heart.

MEF2 family proteins have also emerged as central regulators of cardiomyocyte
hypertrophy in the adult heart. A number of lines of evidence have emerged supporting
this hypothesis. Firstly, MEF2 DNA-binding activity is increased by a number of
classical hypertrophic stimuli including pressure and volume-overload in vivo
(Molkentin & Markham, 1993; Nadruz et al, 2005), and myocyte stretching in vitro
(Nadruz et al, 2005; Shyu et al, 2005). The second and most compelling evidence comes
from studies demonstrating that cardiac specific mild over-expression of MEF2A or
MEF2C is sufficient to induce ventricular dilation and contractile dysfunction. More
significantly, these mice displayed greater hypertrophic growth following pressure

overload (Xu et al, 2006). However one should note the myocytes from these transgenic
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mice showed a relative increase in length, as opposed to an increase in cross-sectional
area, suggesting that MEF2 over-expression did not drive a classic hypertrophic

phenotype per se.

Supplementary to these direct lines of evidence, numerous other indirect findings have
further implicated MEF2 as a central regulator of adult heart disease and potentially the
pathological hypertrophic response. As will be further discussed in Section 1.7.2.1,
histone de-acetylase (HDACs) enzymes, specifically the Class II HDAC family, are
important regulators of gene expression that function in co-ordination with MEF2
family factors in the regulation of muscle specific gene expression (Lu et al, 2000;
Miska et al, 1999; Sparrow et al, 1999; Wang et al, 1999; Xu et al, 2006). The calcium/
calmodulin-dependent protein kinases (CaMK) is able to module the interaction of
MEF2 with the Class II HDACs. Hypertrophy initiated calcium-dependent pathways
result in CaMK activation, which subsequently leads to direct phosphorylation of class
IT HDAC:s, thereby stimulating their nuclear extrusion and permitting MEF2 factors to
activate muscle and hypertrophy associated gene expression (Lu et al, 2000; McKinsey
et al, 2000). Through the use of an exquisite MEF2-dependent murine reporter
transgene, it was demonstrated that these factors are the primary mediators of both class
II HDAC and CaMK-dependent cardiac hypertrophy. More specifically this reporter
demonstrated that MEF2 directly responded to activated CaMK and calcineurin in the

heart. Of note, these pathways are strongly implicated in cardiomyocyte hypertrophy.

In addition to being downstream of CaMK and calcineurin, MEF2 factors are also
directly activated by cardiac hypertrophy signalling effectors including big-MAPK-1
(BMK-1/ERKS5)(Kato et al, 1997). ERKS, which is downstream of and activated by
MEKS (Kato et al, 1997; Marinissen et al, 1999), directly phosphorylates MEF2 factors
therefore increasing there activity. In support of this, activated MEKS transgenic mice
showed a phenotype reminiscent of MEf2 transgenic models, which included
ventricular dilation, reduced contractile function and activation of the hypertrophic gene
expression programme. In summary these findings suggest that MEF2 family proteins

are likely to function as important and central regulators of adult cardiac disease
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responses. This is especially true for dilated cardiomyopathy and to some extent adult

hypertrophy.

1.5.3 Nuclear factor of activated T cells

The nuclear factor of activated T cells (NFATs) factors and their upstream signalling
regulator, calcineurin, have been implicated as critical transducers of the cardiac
hypertrophic response. As described previously, stimulus-dependent elevations in
intracellular calcium activates calcineurin, which subsequently binds cytoplasmic
NFAT and de-phosphorylates the N-terminal regulatory domains. This exposes the
NFAT nuclear localisation signal thereby stimulating its nuclear translocation where in
collaboration with other nuclear factors, including GATA4, it trans-activates
downstream gene expression, thereby stimulating the hypertrophic response (Wilkins &
Molkentin, 2004). Upon nuclear trans-location the four calcineurin-modulated family
members, which are NFATc1-, -2, -3 and -4, bind an ambiguous consensus sequence (G/
A)GAAA either alone or in association with AP-1 and GATA4 (Hogan et al, 2003;
Wilkins & Molkentin, 2004). It is important to note that the N-terminal regulatory
domain is enriched with multiple phosphorylation sensitive serine and threonine
residues. These residues are sensitive to negative-acting phosphorylation by a diverse
group of signalling kinases, resulting in cytoplasmic sequestering and thus inhibited
NFAT activity. One can therefore describe NFAT as a factor similar to GATA4 as these
factors both function as signalling convergence points whereby multiple hypertrophic

signalling pathways integrate to modulate the appropriate transcriptional output.

NFAT factors are important regulators in cardiac development (Schulz & Yutzey, 2004).
Indeed, cardiac restricted over expression of a dominant negative NFAT mutant was
sufficient to result in thinned atria and significant down-regulation of cardiac structural
genes (Schubert et al, 2003), thus suggesting that NFAT factors are particularly
important in myocyte maturation. In agreement with this deduction, NFATs have also
been demonstrated to be very important modulators of myocyte growth in the adult
heart. In support of this, cardiac-specific increases in calcineurin activity and the over-

expression of a constitutively nuclear NFAT factor, both induced substantial cardiac
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hypertrophy that quickly developed into heart failure (Molkentin et al, 1998). After this
initial seminal study, numerous follow on studies exemplified the centrality of the
calcineurin/NFAT module as a necessary mediator of pathological cardiac hypertrophy
(Wilkins & Molkentin, 2004). To further explore the specificity of this master
hypertrophic signalling module, Molkentin’s group generated transgenic murine lines
containing an NFAT-dependent luciferase reporter. This reporter demonstrated specific
myocardial activation by activated calcineurin, and was conversely repressed by the
calcineurin inhibitor cyclosporine (Wilkins et al, 2004). In addition, these reporter mice
also allowed the dynamics of calcineurin activation to be explored and it was shown
that the calcineurin/NFAT pathway was constitutively upregulated throughout a time
course of pressure overload induced hypertrophy (Wilkins et al, 2004). This was also
true in the failing mouse heart model following myocardial infarction (Wilkins et al,

2004).

Many groups have also utilised inhibitory dominant-negative and gene targeting
technologies to further probe the necessity and sufficiency of NFATs as central
hypertrophic mediators. For example, NFATc3 knock out mice displayed significant and
constitutive reduction in calcineurin-induced cardiac hypertrophy. These mice also
displayed a compromised response to mount the appropriate hypertrophic compensated
state following aortic banding or angiotensin II infusion (Wilkins et al, 2002). This
suggested that NFATc3 was a critical intermediate in calcineurin-induced hypertrophy
of the adult heart. These results, and specifically this hypothesis was supported by
studies examining the effects of GSK-3beta on myocyte hypertrophy (Antos et al, 2002;
Haq et al, 2000; Sanbe et al, 2003). GSK-3beta has been shown to directly
phoshporylate the N-terminal regulatory domain of NFAT factors, thereby antagonising
the effect of calcineurin and thus inhibiting nuclear accumulation. It is of interest that
p38 MAPK and JNK MAPK activity also regulates cardiac hypertrophy, in part through
an NFAT-dependent mechanism (Braz et al, 2003; Liang et al, 2003).

1.5.4 Smads
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The Smad family of transcription factors are primarily associated with the transduction
of transforming growth factor-B (TGF-B) super-family member signals. These ligands
induce assembly of associated receptors on the plasma membrane which results in direct
phosphorylation and activation of Smad proteins residing within the cytoplasm,
therefore inducing their nuclear translocation and accumulation (Shin et al, 2002; ten
Dijke & Hill, 2004). The Smads themselves comprise of three distinct subfamilies
which have different structures and associated function: (1) Receptor-Smads, including
Smad-1, -2, -3, -5 and -8, (2) Co-factor-Smad, includes Smad4, which then associates
with the receptor-Smads to activate downstream genes, and (3) Inhibitory-Smads (I-
Smad), includes Smad-6 and -7. These Smads serve to inhibit the trans-activating

potential of the receptor and cofactor Smads (Shin et al, 2002; ten Dijke & Hill, 2004).

The Smads have been shown to be important regulatory factors in cardiac development,
specifically modulating endocardial cushion formation, valve morphogenesis and
cardiac lineage determination inducers, with is thought to be as a consequence of their
role in inducing the expression of Nkx2-5 (section 1.5.6)(Schultheiss et al, 1997). For
example, gene targeted Smad6 mice displayed severe cardiac abnormalities associated
with myocardial differentiation and morphogenesis. Within the adult heart, Smad
factors are critically involved in multiple aspects of cardiac pathophysiology, including
the regulation of cardiac hypertrophy, the transition to heart failure and fibrosis (Araujo-
Jorge et al, 2002; Cucoranu et al, 2005; Dixon et al, 2000; Hao et al, 1999; Hao et al,
2000; Wang et al, 2002). The exact nature of the roles that the Smad factors play in
these phenotypes is somewhat ambiguous. For example, gene targeted Smad4 mice
developed basal hypertrophy that progressed rapidly to heart failure therefore
suggestive that Smad activation serves a basal anti-hypertrophic regulatory function in
the adult heart (Wang et al, 2005). However, although these results suggest a negative
role, TGF-p itself is thought to be a pro-hypertrophic cytokine within the myocardium.
It has been demonstrated the reduction of TGF-B1 in the mouse attenuates hypertrophic
sensitivity to angiontensin II (Schultz Jel et al, 2002). Conversely, TGF-B over-
expression via transgenesis induced cardiac hypertrophy however one caveat being that
this effect could not be directly coupled with Smad activation, and therefore may likely

to occur in a Smad independent manner (Rosenkranz et al, 2002). Although the exact
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nature of Smad factor function in cardiac hypertrophy remains to be defined, it is clear
that on the whole they play important regulatory functions in cardiac pathophysiological

phenotypes.

1.5.5 Nkx2-5

Nkx2-5 (Csx) is a unique homeobox transcription factor which recognises the consensus
sequences 5S’TNAAGTG-3’ and 5’-TTAATT-3". Nkx2-5 is one of the first and arguably
most important transcription factors implicated in the modulation of cardiac gene
expression and heart development (Komuro & Izumo, 1993; Lints et al, 1993), with
gain and loss-of function strategies implicating it with cardiac lineage commitment and
subsequent heart tube looping and morphogenesis (Kasahara et al, 1998; Komuro &
Izumo, 1993; Lints et al, 1993; Stanley et al, 2002). In addition, compelling evidence
from humans demonstrates that patients with mutations in Nkx2-5 have congenital
abnormalities typically characterised by aberrant ventricular septation and cardiac

conduction abnormalities (Schott et al, 1998).

Although Nkx2-5 is well defined as being a central modulator during embryonic cardiac
development, its regulatory role in the post natal heart is unclear. However, studies exist
which implicate Nkx2-5 in the development of cardiac hypertrophy. For example
animal studies have demonstrated that Nkx2-5 expression is upregulated in response to
classical hypertrophic stimuli including aortic banding, phenyephrine and isoproterenol
infusion (Saadane et al, 1999; Thompson et al, 1998). Nkx2-5 can also potentially
function as a modulator of the cardiac hypertrophic response through its known ability
to interact with other cardiac restricted factors including SRF (Chen & Schwartz, 1996)
and GATA4 (Durocher et al, 1997; Lee et al, 1998; Shiojima et al, 1999; Takimoto et al,
2000). It is of interest that recent work also demonstrates that Nkx2-5 directly interacts
with the newly identified calmodulin binding transactivator (CAMTA), which itself is
capable to activate hypertrophic gene expression (ANF upregulation) and hypertrophy
(Song et al, 2006). In summary, the current literature demonstrates that Nkx2-5 is a
particularly important modulator of cardiac-specific gene expression and potentially

plays an important co-operative role in the adult cardiac hypertrophic response.
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1.5.6 Hand Family

Handl and Hand2 which are also known as eHAND and dHAND respectively are
classical helix-loop-helix transcription factors and therefore recognise and bind the E-
Box DNA response element (5’-CANNTG-3"). Both of these factors have important
regulatory functions during cardiac development and specifically in the regulation of
ventricular specific gene expression, with Hand1 regulating gene expression within the
left ventricle and Hand2 within the right (Firulli, 2003; Riley et al, 2000; Srivastava,
1999; Srivastava et al, 1997). Although no circumstantial evidence currently exists,
early work has demonstrated that Hand2 is up-regulated in a rat model of pressure
overload induced cardiac hypertrophy. However, others have reported the down-
regulation of both Handl and -2 in a mouse model of phenylephrine-induced
hypertrophy (Srivastava, 1999; Srivastava et al, 1997). Therefore, although the exact
nature and mechanisms of Hand action are somewhat confusing to date, one can accept
that changes in cardiac specific Hand activity may play a role in adult heart disease
responses although direct functional evidence is needed to support and further delineate

this possibility.

1.5.7 Kruppel like factor family

The Kruppel like factor family of transcription factors (KLFs) are archetypal C2H2 zinc
finger transcription factors which posses two cysteine and two histidine residues which
coordinate zinc within each finger to form a conserved DNA-binding structure. This
structure recognises the GC-rich consensus sequence CACCC (Kaczynski et al, 2003).
There are currently 17 characterised KIf family members in mammals designated
KIf1-17 (Suske et al, 2005; van Vliet et al, 2006). Many of the currently identified Klf’s
are expressed in the heart although the specific myocardial cell types they are expressed
in are still unclear (Atkins & Jain, 2007; Feinberg et al, 2004). As of now, only KIf13
and -15 have been shown to play an important role in cardiac myocytes (Fisch et al,
2007; Uchida et al, 2000). KIf15, which is highly expressed in the myocytes of the adult
heart, appears to play a negative regulatory role in cardiac hypertrophy since it is down-

regulated in hypertrophy. In addition, overexpressing KIf15 is sufficient to repress the
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changes in gene expression and associated morphological changes induced by
hypertrophic stimuli (Fisch et al, 2007). However, it is of interest that in a recent study
by Cullingford and colleagues (Cullingford et al, 2008), using a micro-array based
strategy, they demonstrated the differential expression of numerous other Klfs in
response to the potent hypertrophic agonist, endothelin-1. This finding implies that
other members of the KIf family may also have important regulatory roles in the

response of cardiomyocytes to hypertrophy inducing extracellular stimuli.

1.5.8 Serum response factor

Serum response factor (SRF) was originally characterised as a transcription factor
which conferred serum sensitivity on the immediate early gene c-fos (Norman et al,
1988). As the founding member of MADs box domain family of proteins which
includes MEF2 (Shore & Sharrocks, 1995). The MADs domain itself serves as a DNA
binding domain through which SRF binds to the consensus sequence, CC(AT)sGG,
which is commonly referred to as the serum response element or CArG box. This motif
is found in the proximal and distal regulatory domains of numerous cardiac, skeletal and
smooth muscle specific genes in addition to the classical immediate early genes in

which it was first characterised (Miano, 2003; Shore & Sharrocks, 1995).

During vertebrate embryogenesis SRF transcript is primarily detected within the striated
and smooth muscle lineages with more ubiquitous expression throughout the whole
embryo at later developmental stages (Belaguli et al, 1997; Croissant et al, 1996). Early
work attempting to characterise the developmental role of SRF in muscle was hindered
by early lethality. In these models, SRF deficiency resulted in impaired gastrulation and
lethality occurring before formation of the mesoderm and therefore muscle lineages
(Arsenian et al, 1998). However, in subsequent studies cardiac specific conditional
SRF-gene targeted mice were utilised, and results from these studies demonstrated that
SRF was required for correct cardiac development via its obligatory role as a master
regulator of cardiac specific gene expression involved in sarcomerogenesis. With

respect to skeletal muscle, SRF deficiency was associated with severe tissue hypoplasia,
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again supportive for a crucial role for SRF for regulating striated muscle-specific gene

expression during development.

SRF has also been implicated as an important regulatory modulator of the cardiac
hypertrophic response. For example, hearts over-expressing a mutant SRF protein
displayed severe chamber dilation, wall thinning and lethality suggestive of an
important role in the development of hypertrophy (Zhang et al, 2001a; Zhang et al,
2001b). Conversely, and in support of this hypothesis, cardiac-specific over-expression
of SRF was sufficient to induce robust patho-physiological hypertrophy (Zhang et al,
2001a; Zhang et al, 2001b). At the level of the individual cardiomyocyte, SRF
perturbation is sufficient to induce disorganisation of the contractile apparatus
associated dysregulated stress fibre formation and attenuated expression of sarcomeric
genes (Balza & Misra, 2006; Parlakian et al, 2005). In addition to the down-regulation
of sarcomeric gene expression, mico-array analysis of SRF null myocytes also
demonstrates down-regulation of important cardiac transcription factors involved in
cardiac differentiation and hypertrophy (Balza & Misra, 2006). It therefore appears, and
has been suggested, that SRF expression is obligatory for the maintenance of the basal
“trophic” state of the heart, and also in the induction of heart growth (hypertrophy) in

response to stimulation.

On its own, SRF is a poor transcriptional activator as it does not contain a
transactivation domain. Therefore SRF dependent gene activation is dependent on co-
operation with other transcription factors and co-factors. For example, SRF can interact
with GATA4, Nkx2-5 and the Smads-1 and -3 to synergistically activate downstream
muscle specific expression (Belaguli et al, 2000; Callis et al, 2005; Chen & Schwartz,
1996; Oh et al, 2004; Qiu et al, 2003; Sepulveda et al, 1998; Sepulveda et al, 2002). In
addition, SRF can also be regulated by the homeodomain only protein, Hop. Hop binds
to DNA-associated SRF and mediates the direct recruitment of HDACs which therefore
results in transcriptional inhibition of SRF target genes (Chen et al, 2002). To conclude,
SRF is a central regulatory factor of cardiac gene expression during development and
pathological hypertrophy. More specifically, it appears to serve as a platform for

integrating the independent activity of numerous co-factors which allows an exquisitely
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fine tuned transcriptional response to occur, which subsequently mediates adult

hypertrophic growth of the heart.

1.5.9 Myocardin family of SRF co-factors

In addition to the independently acting cardiac transcription factors described above,
SRF is also regulated by an extra-ordinarily powerful family of co-factors, termed the
myocardin family of SRF transcriptional co-activators. Myocardin was the founding
member of this family and was discovered in a bioinformatics screen for novel cardiac
restricted transcripts (Wang et al, 2001). Subsequent functional characterisation
demonstrated that myocardin could stimulate the transcription of CArG-dependent
enhancers in a DNA-binding independent manner. It was shown that this occurred
through the formation of a stable ternary complex with SRF on specific CArG-boxes. In
support of this, SRF-null cells displayed abolished myocardin-dependent transcriptional
activity (Wang et al, 2002b). It was of great excitement at the time that myocardin
expression was largely confined to the cardiovascular system, specifically within the
cardiac myocytes of the heart and also smooth muscle cells, where myocardin appears

to have a particularly important regulatory role (Miano, 2003).

Soon after the initial identification of myocardin, Olson’s group proceeded to
characterise the related homologous proteins designated the myocardin related
transcription factors (MRTFs). These include myocardin related transcription factor-A
(MRTF-A, also known as BSAC, MKL-1 and MAL), and myocardin related
transcription factor-B (MRTF-B, also known as MKL-2) (Mercher et al, 2002; Wang et
al, 2002b). Contrary to myocardin, these related factors appear to be expressed
ubiquitously in a broad range of embryonic and adult tissues (Mercher et al, 2002;
Wang et al, 2002b). At the structural level, all members of the myocardin family share
homology in multiple functional domains (see the figure 8). The N-terminal region of
the family members contains a triplicate of RPEL motifs which are important in the
interaction of family members with actin (Miralles et al, 2003). The interaction of these
co-factors with SRF is mediated by a short peptide sequence which is composed of a

glutamine-rich and basic region (Wang et al, 2001; Wang et al, 2002b). In addition to
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binding directly to SRF, the myocardin related family members also homo and hetero-
dimerise with each other, and this is mediated by a coiled-coiled leucine zipper type
motif. The C-terminal regions are the least conserved regions at the amino-acid level
and these represent the transactivation domains (TADs), with truncation of these

domains rendering the resultant proteins as dominant-negative mutants.

The mechanisms through which these TADs function are not fully understood, however
studies with myocardin have begun to identify potential modes of action (Cao et al,
2005). It has been demonstrated that myocardin modulates SRF target genes through the
targeted recruitment of chromatin remodelling enzymes. Context and stimulus
dependent association with the histone acetyltransferase p300 enhances SRF trans-
activity while interaction with class I HDACs represses (Cao et al, 2005). It is also of
interest that although the mechanisms is not known, myocardin is also able to increase
the binding of SRF to non-consensus CArG boxes, with this having functional
implications for SRF transcriptional activity in smooth and cardiac muscle cells

(Hendrix et al, 2005).

Given the central role SRF plays in cardiac specific gene expression during cardiac
development and hypertrophy, it is not surprising to find that the myocardin family of
co-factors are also important in these processes. For example, dominant negative
myocardin (which will inhibit all myocardin related cofactors) can prevent cardiac gene
expression in Xenopus embryos while conversely forced over-expression of wild type
myocardin is sufficient to induce cardiac hypertrophy (Wang et al, 2001). In mammals,
mice lacking myocardin do not show an overt cardiac phenotype, however this is likely
as a result of compensation from the other MRTF family members. Some of these
members do however have a specific regulatory function in the heart, specifically within
the smooth muscle derived tissues. MRTF-B for example appears to be critical for the

correct patterning of the branchial arch arteries and outflow tract (Oh et al, 2005).

Myocardin, and presumably other MRTFs (through their ability to dimerise with
myocardin) have also been implicated in pathological growth of the heart in response to

classical hypertrophy inducing stimuli. Functional evidence for this comes from studies
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in which overexpression of myocardin in isolated myocytes is sufficient to induce the
expression of cardiac fetal genes that are associated with the hypertrophic response
(Wang et al, 2001; Wang et al, 2002b). Within this model, myocardin also stimulated de
novo assembly of the sarcomere and subsequent hypertrophy (Xing et al, 2006). On the
other hand, a dominant-negative myocardin mutant was able to block agonist induced
hypertrophy (Xing et al, 2006). It is also interesting that GSK-3beta, which is a well
characterised negative regulator of myocardial growth, phosphorylates myocardin and
inhibits its transcriptional activity, again providing evidence to implicate myocardin as

an important modulator of pathological cardiac growth (Badorff et al, 2005).

1.5.10 Role of the myocardin family in Rho signalling

Rho signalling and associated changes in actin dynamics, both of which are key
regulators of the hypertrophic response, appear to act through the MRTF/SRF signalling
pathway. Early work had demonstrated that signalling by the Rho family of small
GTPases could stimulate SRF activity via an actin polymerisation dependent pathway,
which was itself independent of MAPK activation and the classical ternery complex
SRF co-factors (TCFs)(Sotiropoulos et al, 1999). The exact mechanism for the actin-
sensitivity imposed on SRF has been proposed to be due to the sequestration of the
MRTFs in the cytoplasm by direct binding to monomeric G-actin via the N-terminal
RPEL motifs (Miralles et al, 2003). Therefore, actin polymerisation in response to Rho
signalling stimulates the translocation of the MRTFs to the nucleus where they can

synergise with SRF to trans-activate downstream gene expression.

Although initially suggested as the mechanism, until recently, significant areas of
ambiguity remained regarding the exact nature of the actin-sensitivity of MRTF nuclear
localisation. Firstly, mutants of RhoA have been characterised that are able to stimulate
SRF activity independent of stress fibre formation (Sahai et al, 1998). This suggested
that among the many downstream pathways regulated by RhoA, there may be an
alternative modulator of SRF activity. Secondly, the definitive mechanisms that
modulated the nuclear import of the MRTFs were not precisely defined. Finally, and

arguably the most important, the muscle specific regulatory nature of these MRTF/SRF
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pathways was completely unknown. It was clear that this MRTF/SRF pathway was
important in muscle biology, however the MRTFs and SRF are ubiquitously expressed
raising the important question of how muscle specificity of this pathway is modulated.
To this end, the identification of myocyte stress 1 (ms/) by our group in 2002 has began

to answer some of these important questions (Mahadeva et al, 2002).

1.6  Myocyte stress 1

1.6.1 Initial identification and functional characterisation

Previous work in our group had developed a novel molecular indexing approach
(Mahadeva et al, 1998) that was utilised for the identification of novel transcripts that
are differentially expresses during the early stages of pressure-overload induced LVH
(in a rat model where the aorta is banded and constricted thereby inducing pressure
overload). Using this approach, Mahadeva and colleagues (1998) identified an array of
genes that were differentially expressed, in particular, acutely up-regulated post-aortic
banding in a pressure-overload rat model for LVH. Classically it is these acutely
induced “immediate early” genes that are responsible for the transduction and
subsequent propagation of transcriptional signals that ultimately culminate in the
development of LVH. One of these differentially expressed acutely induced cDNA
fragments was subsequently characterised and designated ms/ (Mahadeva et al, 2002).
Northern blot analysis demonstrated that ms/ (which has a full length transcript size of
1.3 kb) was acutely up-regulated in the left ventricle within one hour following aortic
banding, with mRNA abundance returning basal levels by four hours. This acute
transient induction occurred well before any detectable change in left ventricular
structure and mass. This finding, coupled to its acute transient expression profile, led us
to hypothesise that ms/ represents an immediate early gene and could potentially be

involved in the initial signalling of the cardiac hypertrophic response.

The rat msl gene locus is on chromosome 7 with the gene itself having a simple
genomic organisation consisting of two exons and a single intron. The translated

product is a 375-amino acid protein with a molecular weight of 42 kilo daltons.
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Interestingly bioinformatic based BLAST searches revealed that the full length protein
showed no significant homology to any known protein associated functional protein
domains. Tissue distribution analysis of the transcript measured by semi-quantitative
PCR demonstrated that ms/ was a striated muscle restricted transcript, with high levels
in the heart and skeletal muscle, but at barely detectable levels in the adrenals, brain,
kidney, liver and testis. It was also of interest that within the left ventricle, msl
displayed a developmental specific expression profile: early expression was observed in
the embryonic ventricle with significant up-regulation in post-natal expression through
to adulthood. This implies developmental and maturation specific regulation of ms/

within the myocardium.

Using a subtractive differential cDNA cloning screen to identify novel genes expressed
in the mouse heart tube at embryonic day 8.25 (E8.25) but not in other regions of the
embryo, Eric Olson’s group identified STARS (striated muscle activator of Rho
signalling)(Arai et al, 2002), the mouse homologue of ms/ (note: on genome databases
both ms/ and STARS are collectively annotated as ABRA, actin-binding Rho activator
protein). The nature of this name came from this initial study in which the authors
demonstrated that STARS was a sarcomeric actin binding protein which could stimulate
SRF dependent transcription, via an undefined pathway that involved RhoA signalling.
Subsequently, Olson’s group published a study in which the molecular nature of this
mechanism was identified and characterised (Kuwahara et al, 2005). STARS appeared
to activate SRF-dependent transcription by inducing the nuclear localisation of MRTF-
A and -B. Although not well understood this mechanism is through the attenuation of
monomeric G-actin based sequestration of the MRTFs within the cytoplasm. STARS
may either compete with the actin binding RPEL motifs within the MRTFs (thereby
blocking actin/MRTF interactions) or alternatively drive the MRTFs into the nucleus
indirectly by stabilising the F-actin and therefore decreasing the cytoplasmic F:G actin

ratio.

Recent work, again emanating from the Olson laboratory, demonstrated that members of
the actin-binding LIM domain-containing (ABLIM) protein family interact with MS1/
STARS, associate with actin and potentiate STARS dependent SRF-transcriptional
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activity (Barrientos et al, 2007). Two novel ABLIM proteins, ABLIM-2 and -3 were
identified using a yeast-two-hybrid screen as muscle specific interaction partners of
MSI1/STARS, in addition to the previously identified ABLIM-1. The authors also
demonstrated that knockdown of these ABLIMs attenuated STARS dependent SRF
signalling thereby further supporting an important role for these proteins in the

modulation of actin-dependent SRF activity via MS1/STARS.
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Figure 9. MS1/STARS interacts with ABLIM proteins to stimulate MRTF nuclear

translocation and subsequent SRF trans-activation. (Barrientos et al, 2007)
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1.6.2 Roles of msl in striated muscle development and disease

The immediate early expression profile exhibited by ms/ post pressure overload led our
group to hypothesise that ms/ may play an important role in the early signalling that
leads to the development of cardiac hypertrophy. Subsequent work in our group (Andrea
L Keokemoer, PhD Thesis, 2008) has taken this early hypothesise further and
demonstrated that ms/ can promote an increase in cell surface area of H9¢c2 myoblasts
in addition to protecting against apoptosis. Ms/ thus appears to be able to promote
hypertrophy and confer cardioprotection in vitro, with these phenotypes associated with
the up-regulation of cardioprotective and hypertrophy associated MRTF-SRF target
genes. These findings were not surprising considering the well established role SRF

signalling has in these processes.

In support of our in vitro findings, Kuwahara and colleagues have recently published an
important piece of work implicating ms/ in cardiac dysfunction in both in vitro and in
vivo models (Kuwahara et al, 2007). They demonstrated that STARS was up-regulated
in two independent mouse models of cardiac hypertrophy as well as being substantially
induced in failing human hearts. It was also shown that known SRF target fetal genes
were up-regulated following ms/ transgenic over-expression in vivo. However,
somewhat surprisingly, increased STARS expression did not induce cardiac hypertrophy
in vivo, but when these transgenic mice were subjected to pressure overload or crossed
with calcineurin transgenic mice, there was an exaggerated deterioration in cardiac
function. These findings expand our in vitro findings in an in vivo model and clearly
implicate dysregulation of ms/ in cardiac dysfunction and potentially the progression to

heart failure (Kuwahara et al, 2007).

Additional work from our group has also implicated ms/ as a central component of
striated muscle developmental pathways including differentiation and maturation.
Knocking down the zebrafish ms/ homologue (zmsl) caused a robust decrease in
cardiac contractility, an enlarged atrium and curvature and shortening of the longitudinal

axis as a consequence of poor skeletal myogenesis. These findings were not surprising
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considering the plethora of reports implicating the MRTF/SRF axis in these processes,

which in muscle is under the direct control of ms1.

1.7  Regulation of msl1

Despite the important role for ms1 in the regulation of the MRTF/SRF signalling axis
and by association, its fundamental role in striated muscle development and disease
(section 1.6.2), very little is known about its regulation. Historically gene function has
been thought to reside in the protein encoded by the gene, and in this respect MSI
protein function is fairly well understood although many questions still remain
unanswered. However, most genes require a network of other genes to exert their
biological function, and therefore one can state that gene regulation itself is an intrinsic
component of gene function. Therefore, in order to fully understand the function of ms1/,
and therefore understand the nature of its role in striated muscle development and
disease, one must fully understand the regulatory processes governing both its
expression and activity. Gene expression, and subsequent regulation of the gene
product’s activity can be regulated at multiple levels; transcriptional control, post-
transcriptional regulation, translational control and finally post-translational
modifications. As the first step in the regulation of gene expression, transcriptional
control is arguably the most important regulatory step with most cellular defects
products of a defect in transcriptional control. Therefore it is important, that as the first
step in the regulatory analysis of any gene (in this thesis, ms/), one must fully elucidate

the transcriptional mechanisms governing its context specific expression.

1.7.2  Transcription

Transcription is an essential process, which is required for abstract genetic information
(in the form of linear nucleotide base sequence) to become a physical reality (in the
form of a biologically functional protein). Transcription impinges upon all biological
processes including growth, development and maturation. The transcription of DNA is
carried out by the RNA polymerases, with eukaryotes having 3 RNA polymerases,

which share the task of transcribing the nuclear genes. RNA polymerase II (pol II)
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transcribes the majority of genes and this process requires the presence of a basal
promoter. The basal promoter is composed of the core promoter, which contains the
TATA box, the transcriptional start site (TSS) and the upstream regulatory elements,
which are responsible for the context specific regulation of the gene (Roeder, 2005).
The basal promoter interacts with distal regulatory elements to mediate the
transcriptional output. Transcriptional regulatory mechanisms currently fall into three

recognised categories;

1) Transcriptional regulation in cis, mediated by proximal and distal cis regulatory
elements.

1) Regulation in frans, mediated by transcriptional factors binding to cis regulatory
elements, RNA interference and microRNA’s.

ii1) Regulation on the basis of the modification state of the DNA (eg CpG methylation)

and how it is packaged (eg histone acetylation and methylation).

With respect to striated muscle transcription, histone modifications and their

modulatory effects on chromatin have a central role in transcriptional control.

1.7.2.1 Chromatin regulation

Chromatin describes the packaging of DNA in eukaryotic cells where nucleosomes are
generated in adjacent arrays which consist of 146 bp of DNA wrapped around an
octamer of four core histone proteins (H2A/H2B dimers and H3/H4 tetramer). These
assemblies are then compacted into a more complex higher order structure which serves
to limit DNA access to regulatory proteins including transcription factors, thereby
allowing the modulation of gene expression (Jenuwein & Allis, 2001). Regions of
chromatin that are actively transcribed are loosely associated with histones in a relaxed
array which this process of relaxation under the direct regulatory control of histone

protein tail post-translational modifications (de Ruijter et al, 2003).
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Of all these post-translational modifications, the best characterised is histone acetylation
which is carried out by the histone acetyl transferases (HATs) (de Ruijter et al, 2003;
Jenuwein & Allis, 2001). The best characterised HATs with respect to cardiac specific
gene modulation are p300 and CREB binding protein (CBP) that interact with multiple
cardiac-restricted transcription factors (Backs & Olson, 2006; Yanazume et al, 2003). In
contrast, the histone de-acetylases (HDACs) remove histone acetyl moieties thereby
promoting chromatin condensation and transcriptional repression (Figure 10 A).
HDACs are classified into three subclasses, Class I, -II and -III, although Class-I
(HDACs -1, -2, -3 and -8) and -II (HDACs-4, -5, -6, -7, -9, -10) are the most
extensively characterised in mammalian cells. Targeting of both HATs and HDACSs is
achieved through indirect tethering to DNA regulatory elements by DNA sequence

specific transcription factors and associated co-factors.

Chromatin remodelling events mediated by the HDACs have been strongly implicated
in the development of cardiac hypertrophy. For example, many Class Il HDACs serve to
integrate various pro-hypertrophic signalling pathways through phosphorylation.
Specifically, PKC, PKD and CaMK have all been identified as genuine Class I HDAC
kinases that are activated by pro-hypertrophic signals (Zhang et al, 2002). Subsequent
phosphorylation results in nuclear export of the Class II HDACs which abrogates

HDAC dependent repression at target promoters.

In vivo, calcineurin and pressure overload induced cardiac hypertrophy are strongly
associated with enhanced Class Il HDAC phosphorylation, specifically HDAC-5 and -9
(Zhang et al, 2002). In support of an important regulatory role, constitutive over-
expression of a nuclear retained form of these HDACs inhibited agonist-stimulated
growth in vitro (Zhang et al, 2002). In addition, gene-targeted HDAC-5 and HDAC-9
mice develop spontaneous cardiac hypertrophy with age and enhanced hypertrophy in
response to appropriate stimuli (Zhang et al, 2002). Class II HDACs are recruited to
regulatory genes that modulate cardiac hypertrophy through physical interactions with
cardiac restricted transcription factors such as MEF2 (Lu et al, 2000; Miska et al, 1999;
Sparrow et al, 1999). Unlike class II HDACs, Class I HDACs appear to act in the

opposite manner and positively modulate hypertrophic gene expression (Figure 10 B).
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For example, inhibiting Class I HDAC activity through chemical perturbation
significantly attenuates the hypertrophy response to prolonged pressure overload

stimulation (Kee et al, 2006).
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Figure 10. Regulatory vroles of histone de-acetylases (HDACs) and histone
acetyltransferases (HATS) in cardiac specific gene expression. (A) Schematic illustrating
the actions of HATs and HDACSs on chromatin. (B) Class Il HDACs repress hypertrophy
while Class I HDACs appear to be prohypertrophic through their independent regulatory

actions on anti- and pro-hypertrophic genes (Olson, 2005).
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1.8 Aims

Understanding the mechanisms governing context specific transcriptional and
epigenetic modulation of ms/ is important because it will; 1) Give us a greater insight
into ms/ function, remember regulation is intrinsic to function; 2) Illuminate our current
understanding of the composition of the general transcriptional regulatory mechanisms/
networks active in such contexts in which ms/ is differentially expressed (striated
muscle development, differentiation, maturation); 3) allow the identification of potential
pathways and regulatory points for therapeutic intervention and manipulation. This is of
particular importance given the evidence implicating ms/ dysregulation with cardiac
hypertrophy and cardio-myopathy; 4) Allow us to start building accurate gene

regulatory networks furthering our understanding of these processes at a systems level.
Therefore, for the purpose of this study we propose the following specific aims;

1. To execute a thorough computational analysis of the ms/ genomic locus and
landscape generating an array of potential cis regulatory domains and motifs for

experimental characterisation.

2. Experimentally interrogate in silico defined CRMs, TFBS and cognate binding

factors which confer robust striated muscle specific gene expression.

2.1 Cardiac specific characterisation

2.2 Skeletal muscle specific characterisation

3. Interrogate the mechanisms governing the context specific induction in ms/

expression

3.1 Developmental induction within the heart and skeletal muscle.

3.2 Post natal induction in response to cardiac stress.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Plasmids and reagents for molecular biology

All general chemicals and reagents were of analytical grade and purchased from Sigma-
Aldrich. All solutions used for RNA extraction were prepared using sterile DEPC
treated water purchased from Invitrogen. The pGL3-Basic luciferase vectors, pGEM-T
Easy vector, Steady-Glo™ Luciferase Assay System (Dual Luciferase) were purchased
from Promega (Table 1). ABI Prism BigDye™ terminator ready reaction mix and
general real-time components (optical seals, 96 well plates) provided by Applied
Biosystems. Jet Pei transfection reagent was obtained from QBiogene. The
QuickChange™ site-directed mutagenesis kit was obtained from Stratagene. The
QIAquick gel extraction kit and plasmid Mini/Midi Prep kits were purchased from
Qiagen. Over-expression plasmids were obtained from various sources as described in
Table 2. The Superscript II RT-PCR kit, T4 DNA ligase, RNase-free DNase, synthesised
olignucleotides and deoxynucleotide (dNTPs) were purchased from Invitrogen.
Restriction enzymes and buffers were obtained from New England Biolabs. The EMSA
reagents and buffers were all components of the DIG Gel Shift Kit from Roche. All
antibodies used in chromatin immunoprecipitation assays were provided by Abcam.

Other reagents not outlined here were from suppliers indicated throughout this chapter.

2.1.2 Reagents for Cell Culture

H9c2 cardiac myoblasts, C2C12 skeletal myoblasts, NIH 3T3 and Cos-7 fibroblasts
were all purchased from European Collection of Cell Cultures (ECACC, EU). Cell
culture media, L-glutamine, penicillin/streptomycin, fetal bovine serum and fetal horse
serum were all purchased from Gibco. Cells were grown in sterile 6-well plates, 6mm

and 10mm petri dishes, 25cm? and 75cm? flasks (Nunc).
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2.2 DNA Manipulation
2.2.1 High Fidelity Polymerase Chain Reaction (PCR)

The Rattus norvegicus (rat) msl genomic locus was located from GenBank
(NC _005106) and used to design primers (using Primer 3 software) that would span and
amplify the 5’-flanking region and the in silico defined (see Chapter 3) putative cis
regulatory modules (PCRMs, UP2 and UP3). The primers were tailed with restriction
sites for Sacl (forward primers) and Hind III (reverse primers)(Table 3), thereby
allowing for directional cloning into the luciferase reporter vectors, pGL3-Basic and -
Promoter (Table 2)(Figure.1).

Figure.1; A diagram outlining the cloning strategy (and vectors used) for the

generation or promoter reporter luciferase constructs.

High Fidelity - — —

’ . )

e Amp.jﬂcat-on N Sacl/Hindlll Digest \

° (Table.1) “sticky” end Ligation ) \
™ ol > =]

TA-Cloned Cloned

Rat DNA pGEMT-Easy \ / pGL3-Based S

(WKY strain) o
pGEM-T Easy/ Fragment pGL3-Based/ Fragment

(Table.2) (Table.2)

A\ 4

100ng of rat (WKY strain) genomic DNA was amplified using the Roche Expand High
Fidelity PCR system and the appropriate primer pair combinations (Table 3). In addition
to the template (WKY rat genomic DNA) and primers (500nM each primer)(Table 3),
the reaction contained 0.2mM dNTP’s, Roche Expand Polymerase buffer and 5 units of
Taqg Expand high fidelity polymerase. The reaction was typically made up to a final
concentration of 50ul with milli-Q H20. Two drops of oil were used to seal each
reaction volume and the tubes were then placed in a Techne Techgene thermal cycler.
Samples were subjected to 35 cycles of amplification (45 seconds at 94°C, 45 seconds
at 59°C and 90 seconds at 72°C), with a final terminal extension step performed at 72°C
for 5 minutes. The amplified PCR products were electrophorsed alongside appropriate
DNA ladder (100bp and 1kbp ladder, New England Biolabs) on a 2% (w/v) agarose gel
(section 2.2.3).
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Table 1

Cloning and reporter vectors.

Vector Source
pPGEM®-T Easy Promega
pGL3-Basic Promega
pGL3-Promoter Promega
pTL-TK Promega

ANF-pGL3-638

Junichi Sadoshima, New Jersey Medical School, USA

NFAT-RE-pGL3

Jeffery Molkentin, Cincinnati Childrens Hospital
Medical Center, USA

Table 2 Protein over-expression vectors used and their source.
Protein Vector Source
No protein PcDNA 3.1(+) Invitrogen
p300 pCMV[p Toru Kita, Kyoto Univeristy, Japan
Ap300 pCMV[p Toru Kita, Kyoto Univeristy, Japan
HDAC4 pCGN Stuart L Schreiber, Harvard University, USA
HDACS pCGN Stuart L Schreiber, Harvard University, USA
GATA-4 pCF Mona Nemer, IRCM, Canada
AGATA-4 pCF Mona Nemer, IRCM, Canada
MEF2-A pCGN Mona Nemer, IRCM, Canada
ACalcineurin [pcDL Jeffery Molkentin, Cincinnati Childrens

Hospital Medical Center, USA

MEF2-D pcDNA 3.1(+) Eric Olson, Southwestern University, USA
MyoD pEMSV Anthony Imbalzano, UMASS, USA
Myogenin pEMSV Anthony Imbalzano, UMASS, USA
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Table 3 Sequences of oligonucleotides used for the generation of ms1 promoter and

cis regulatory domain luciferase reporter constructs.

Oligonucleotide Sense/ Sequence (5°-3°)
Name Antisense
MS1/-1585 Sense TATTCAATGCTTAGTCCTGC
MS1/-1381 Sense CAACTGATTGATGAGCTTGTC
MS1/-1148 Sense GAGATATATGGGAGGTTGTAG
MS1/-365 Sense TTACAGAGGTTTAAGTGAGAGC
MS1/-300 Sense CGGAGCTCATGATTCAATCTAGTACTTTCC
MS1/-127 Sense CGGAGCTCAGAACACCGTCAGAGCCATAG
MS1/+60-HindIII [Antisense gCAAGCTTCAGGCTACCTGT TTCTTCTC
MS1/-16702 Sense CGCTCGAGGCCCCCACGAGTTAAAGCTCA
MS1/-16432 Antisense TGGGCTGTGTGGGTTAGGAGA
MS1/-9498 Sense TTGCTATGGGTGGGGAAGTGG
MS1/-8608 Antisense GGCTCGAGGGGAAGGTTGGTCAGGAAAA
GG
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2.2.2 Standard PCR

Standard PCR was used to amplify DNA fragments for diagnostic or semi-quantitative
analysis (for example, diagnostic PCR of recombinant plasmids during cloning process,
semi-quantitative amplification of chromatin immunoprecipitation derived DNA
samples). PCR reactions were set up using 100-500ng DNA sample, 1X Abgene buffer,
1.5mM MgClz, 0.2mM dNTP, 500nM forward primer, 500nM reverse primer and 1.25
Units of Abgene 7ag polymerase, in a final volume of 50ul. Primers used are listed in
Table 3 and 10. The thermocycling parameters were 1 cycle for 94°C; 25-30 cycles 94°
C for 45 seconds, 59°C for 45 seconds; 72°C for 45 seconds; and a final extension step

of 72°C for 5 minutes.

2.2.3 Agarose gel electrophoresis

1X loading buffer [40% (v/v) glycerol, 60% (v/v) TE Buffer (Tris Ethylene diamine
tetra-acetic acid (EDTA), 10 mM Tris-HCL, 1mM EDTA, pH 8.0] and 1X bromophenol
blue were added to the DNA samples of interest. Samples were then pulse-spun in a
centrifuge (Eppendorf Minifuge, 20 seconds, 12,000 rpm) and loaded onto the
appropriate percentage agarose gel in 1X Tris-Acetate EDTA (TAE) buffer (400mM
Tris-HCL, 20mM glacial acetic acid, 0.1mM EDTA, pH8.0) and run alongside an
appropriate sized marker (Promega, 100bp and 1kbp). The gel contained ethidium
bromide added at a concentration of 0.035pg/ml. The gel was typically electrophoresed
in 1X TAE buffer for 1 hour at 80 V. The gel and associated migrated bands were then

visualised on ultraviolet light using a Syngene gel documentation and imaging system.
2.2.4 DNA extraction and purification from agarose gel

The required electrophoresed DNA fragments were extracted (through the use of a
scalpel) from the agarose gel and purified using the QIAquick gel extraction kit

(Qiagen), as described in the suppliers handbook (Qiagen). Purified DNA was typically
quantified and stored at -20°C.
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2.2.4.1 DNA determination

DNA concentration was determined using the NanoDrop™ (ND-1000, Thermo-
Scientific) spectrophotometer, with absorbance measured at wavelengths of 260nm and
280nm. The DNA purity was determined by the ratio of the absorbance at 260nm/
280nm.

2.2.5 Ligation of isolated DNA into vector

The appropriate amount of insert DNA was placed into the ligation reaction with 100ng
of the vector (pGEM-T Easy, pGL3-Based, Table.1). Typically the appropriate amount
of insert is calculated so that there was a 3:1 insert to vector ratio; (vector, ng x insert
sixe, kb)+(size of vector, kb x insert:vector ration)= ng of insert. The reaction also
contained 3U of T4 DNA Ligase (Invitrogen), 1X TD DNA ligase buffer and H20, to
make final volume 10ul. A control reaction is also established where the insert DNA
fragment is omitted, thereby allowing one to determine the presence of re-circularised

vector plasmid. Both reactions were incubated overnight at 4°C.

2.2.6 Transformation of bacteria with plasmid DNA

Typically 5ul of the ligation reaction was added to 100ul DHS5a chemically competent
cells (Invitrogen), mixed gently and incubated on ice (or at 4°C) for 30 minutes. Heat
shock treatment at 37°C for 45 seconds was executed using pre-calibrated water bath.
The reaction was then allowed to recover on ice for 2 minutes prior to the addition of
400ul pre-warmed SOC, a high nutrient broth media. The reaction was then incubated
for exactly 1 hour at 37°C in a rotating incubator (at 225 rpm). Following this 1 hour
incubation step, half of the reaction volume was extracted and spread onto a Luria broth
(LB) agar plates containing Ampicillin (100pg/ml) for transformed cell selection.
Where blue/white selection of transformants was necessary (pGEM-T Easy sub-
cloning), 40ul X-Gal (20mg/ml) was added to the LB agar plates. Plates were inverted

and incubated for 16 hours at 37°C.
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Subsequently, single isolated transformant colonies were picked and grown in 10ml of
LB ( containing the appropriate selection antibody) for 16 hours in a rotating incubator
(at 225 rpm) at 37°C. Using the QIAprep Spin Miniprep kit (Qiagen) according the
manufacturers instructions, plasmid DNA for diagnostic analysis (diagnostic digest) was
extracted from 6ml of the 16 hour growth culture. For positive clones, their remaining
4ml of culture was used to make a 20%(v/v) glycerol stock for long-term storage at -80°
C and the rest was used to establish a secondary culture (approximately 10-15ml) to
extract plasmid DNA for the purpose of further cloning, sequencing or transfection. The
plasmid DNA was extracted using the Qiagen-tip20 Plasmid Mini Kit, following the

manufacturer’s instructions.

2.2.7 Restriction Enzyme Digest

Plasmid DNA was digested using 10U of the required restriction endonuclease
(Invitrogen) in a final volume of 20ul, which also contained 1X appropriate restriction
endonuclease buffer (Invitrogen). The digests were incubated for 2 hours at 37°C
therefore ensuring complete digestion. Double digests were set up in compatible buffers

where appropriate.

2.2.8 Site Directed Mutagenesis

Site-directed mutagenesis (SDM) was performed using the Quickchange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s instructions. Primers were
designed using the Stratagene online SDM primer design software to introduce single or
multiple changes at desired sites. The PCR reaction contained 50ng dsDNA template,
125ng sense oligonucleotide (Table D), 125ng antisense oligonucleotide (table 4), 1X
reaction buffer, 1pul ANTP (10mM) and 0.05U Pfu DNA polymerase in a final volume of
50ul. PCR was carried out for 1 cycle at 95°C for 30 seconds, followed by 16 cycles, at
95°C for 30 seconds, 55°C for 1 minute and 68°C for 12 minutes. Following PCR, the
reaction was incubated for 2 minutes at 4°. PCR products were then digested with 10 U
Dpnl restriction endonuclease for 1 hour at 37°C. This Dpnl treated DNA (1ul) was

then used to transform XL-1 Blue Supercompetent cells (Stratagene).
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2.2.10 DNA Sequencing

Cloned recombinant plasmids, over-expression plasmids, and mutant plasmids (Table 5)
were sequenced using the ABI Prism BigDye™ Terminator Ready Reaction Mix (ABI)
and sequencing primers shown in Table 5. A PCR reaction mixture containing 8ul of the
BigDye Terminator Ready Reaction Mix, 1ug of plasmid DNA and 5 pmoles of
sequencing primer (Table 5) was prepared in a final volume of 20ul. Reactions were
amplified (Techne Techgene thermal cycler) using thermocycling parameters that
consisted of an initial 96°C for 3 minutes, followed by 25 cycles of 96°C for 10
seconds, 50°C for 5 seconds and 60°C for 4 minutes. Therafter, PCR products were
precipitated by mixing with 50ul of 95% (v/v) ethanol and 2ul sodium acetate (pHS.0)
and incubated at room temperature for 15 minutes. Precipitated DNA pellet (pelleted by
centrifugation, 20,000 g for 20 minutes) was then washed with 250ul 70% (v/v) ethanol.
DNA was re-pelleted after washing by a further centrifugation for 5 minutes at 20000 g,
and air dried on the bench at room temperature for approximately 10 minutes.
Sequencing of purified DNA was then performed using the 3730x] DNA Sequence
analyser (Applied Biosystems). The data was analysed using Chromas (University of

Leicester, UK) and Sequencher DNA analysing sequence software.
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Table 4 Sequences of oligonucleotides used in site-directed mutagenesis to create

MS1 promoter mutant constructs. Mutated or introduced nucleotides are in bold.

Oligonucleotide Sense/ Sequence (5’-3°)
Name Antisense

ATATA-Fw Sense CACCCTTTCACACCCTGCTTCTGTTTAAATCCCAGGC
AACTC

ATATA-Rv Antisense  |GAGTTGCCTGGGATTTAAACAGAAGCAGGGTGTGAA
AGGGTG

AE1-Fw Sense CACTGAACAGGTGCTGTTTCTCTGTCGTTAAGACTTA
TCCTTTCAGTTCTCTTAAAA

AE1-Rv Antisense  [TTTTAAGAGAACTGAAAGGATAAGTCTTAACGACAG
AGAAACAGCACCTGTTCAGTG

AE2-Fw Sense CTTTCCACCCTGGCGCGGGGAGAAGAAAGGAG

AE2-Rv [Antisense  |CTCCTTTCTTCTCCCCGCGCCAGGGTGGAAAG

AE3-Fw Sense CAAGGAAAACATAAAGCTAAGCGCGGGATTCAATCT
IAGTACTTC

AE3-Rv Antisense  |GAAGTACTAGATTGAATCCCGCGCTTAGCTTTATGTT
TTCCTTG

Table 5 Sequencing primers
Oligonucleotide Sense/ Sequence (5°-3°)
Name Antisense

RVprimer3 Sense CTAGCAAAATAGGCTGTCCC

GLprimer2 Antisense CTTTATGTTTTTGGCGTCTTCCA

M 13 Sense GTTTTCCCAGTCACGAC
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2.3 Cell Culture

2.3.1 Maintenance of cell lines

All of the cell lines (H9c2, C2C12, NIH 3T3 and Cos-7, see section 2.1.2) were
routinely cultured as monolayers in Dulbecco’s modified Eagles medium (DMEM)
containing glutamax-1, which was supplemented with 100 units/ml streptomycin, 100
units/ml penicillin and 10% (v/v) foetal bovine serum (for C2C12 see section 2.3.3.2),
in a humidified atmosphere at 37°C composed of 5% CO,. H9¢2 and C2C12 cells were
typically passaged upon reaching 70-80% confluence thereby ensuring the preservation
of myoblast cellular phenotype. NIH-3T3 and Cos-7 cells were passaged upon reaching
confluence. To passage, cells were washed once with pre-warmed PBS and incubated
with a trypsin-EDTA solution (0.2% trypsin, ImM EDTA) for 2-4 minutes. The flasks
were then gently agitated to disrupt cell adhesion, before re-suspending at a 1:5 dilution

in fresh pre-warmed media.

2.3.2  Storage of cells

For long term storage, cells were frozen in liquid nitrogen, while for short term, cells
were stored at -80°C. To store, cells were washed once with pre-warmed PBS and
incubated with a trypsin-EDTA solution (0.2% trypsin, ImM EDTA) for 2-4 minutes.
The flasks were then gently agitated to disrupt cell adhesion. Before re-suspending in 1
ml cell culture media, an equal amount of cell culture media for storage was prepared
was mixed with 20%(v/v) DMSO. Cell’s re-suspended in this DMSO containing culture
media were then aliquoted and frozen slowly at -80°C by placing in an iso-propanol
containing insulated box. 24 hours later these cell aliquots were transferred to a liquid

nitrogen cell bank for long-term storage.

2.3.3 Cardiogenic and myogenic differentiation of cell lines

2.3.3.1 H9c2 cardiogenic differentiation
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H9c2 were grown as a stock of cells in T-75 culture flasks (section 2.3.1). Before
reaching confluency cells were passaged at a lower density in petri dishes and cultured
for a further day with standard media (10% FBS) under standard conditions. On the
second day, cells were cultured in DMEM supplemented with 1% FBS with the culture
media being changed every two days. Stimulation with retinoic acid analogues was used
to initiate the cardiac differentiation programme (Menard et al, 1999). Stimulation with
all-trans-retinoic-acid (ATRA from Sigma) was daily. ATRA was diluted in DMSO to
make a 1mM stock solution which was stored at -20°C. Aliquots were only used once
and diluted extemporaneously in 1% FCS culture media. All steps involving the
preparation of ATRA and ATRA-containing solutions were carried out in the dark due to

the light sensitivity of ATRA.

2.3.3.2 C2C12 myogenic differentiation

C2C12 mouse skeletal myoblasts were cultured in DMEM supplemented with 20%
FBS, 2mM glutamine, streptomycin and penicllin (each at 100 units/ml). Once the
myoblasts reach confluence, myogenic differentiation is achieved by the addition of
differentiation media which contains 2% horse serum instead of 20% FBS. The
confluent myoblasts were then left to differentiate into myotubes for up to 4 days with

the media was changed every other day.

2.3.4 Trichostatin A treatment of H9c2 cells

For both trichostatin A (TSA) and doxorubicin treatment approximately 40,000 H9c2
cells were plated into each well of a six-well plate. 24 hours later these wells were
approximately 60% confluent and ready for drug stimulation. Cells were incubated with
100nM or 300nM TSA (sigma) for 48 hours prior to RNA extraction. TSA was
dissolved in ethanol to make a ImM working stock which was diluted

extemporaneously in 10% FBS DMEM prior to each stimulation.
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2.3.5 Simulated sub-lethal ischemia/reperfusion

Sub-lethal ischemia/reperfusion was simulated using an ischemic buffer system (Punn
et al, 2000). 100,000 H9c2 cells were seeded into individual 6cm plates in 10%FBS
DMEM. Once 60-70% and 16 hours prior to ischemia, media was changed to 2% FBS
DMEM. In order to simulate sub-lethal ischemia the media was removed and replaced
with a modified Krebs buffer containing 4mM Hepes, 3.58mM KCI, 0.9mM CacCl2,
137mM NaCl, 0.49mM MgCl2, 2% (v/v) FBS containing specific compounds that
induce the ischemic stress (16mM KCI, 20mM sodium lactate, 10mM 2-deoxyglucose
and 1mM sodium dithionite). The ischemic buffer was adjusted to pH 6.5. The cells
were typically made ischemic for 1 hour. Reperfusion was induced by removing the
ischemic buffer, washing the cells in pre-warmed PBS and replenishing with 2% FBS
DMEM medium.

2.4  RNA manipulation

2.4.1 RNA isolation from cells and tissues

RNA was extracted from adult and embryonic rat tissues using the RNeasy Maxi kit
(Qiagen) by following the manufacturer’s protocol. Total RNA was isolated from cell
lines using the RNeasy Mini kit (Qiagen) according to the manufacturer’s protocol.
Briefly, media was removed and cells were washed twice in pre-warmed PBS. 350ul of
RNeasy RLT lysis buffer is then added to the cells. Lysate was collected and RNA

extraction was executed as described in the RNeasy Mini kit handbook (Qiagen).

2.4.1.1 RNA determination

RNA concentration was determined using the NanoDrop™ (ND-1000, Thermo-
Scientific) spectrophotometer, with absorbance measured at wavelengths of 260nm and

280nm. The RNA purity was determined by the ratio of the absorbance at 260nm/
280nm.
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2.4.2 Deoxyribonuclease (DNasel) treatment of RNA

lug of total RNA was incubated with DNasel (Sigma) according the manufacturer’s
instructions (on column digestion). The DNasel treated RNA was then reverse

transcribed as described in section 2.4.3.

2.4.3 c¢DNA synthesis

1 pg of DNasel treated total RNA was incubated with 0.5ug oligo dT, and 0.5mM
dNTP mix for 10 minutes at 70°C in a Perkin Elmer Cetus DNA thermal cycler. The
reaction was then placed on ice for 2 minutes and briefly centrifuged to remove
condensation. This reaction was then supplemented with 1X First strand buffer
(Invitrogen), 10mM DTT and 200 U Superscript II reverse transcriptase (RT) enzyme
(Invitrogen) giving a total reaction volume of 20ul. Control reactions (minus RT) were
also established that contained equal volume of H20 instead of Superscript II RT
enzyme. The reactions were then incubated in the thermal cycler at 42°C , for 55
minutes; 70°C for 10 minutes and then finally back on ice for recovery. The subsequent
cDNA was typically diluted 1:5 with DEPC treated H20, with 1ul used for down-stream
PCR amplification.

2.4.4 Semi-quantitative RT-PCR

A typical reaction would contain 1ul template cDNA (1:5 dilution from RT reaction),
500nM forward primer, 500nM reverse primer, 1X Abgene buffer, 1.5 mM MgClz, 2mM
dNTP mix and 1.25 U Abgene Taq polymerase. Mili-Q H20 is used to make up the final
reaction volume to 20ul. Typically a “no template” control was also included where H>0
is used instead of cDNA template. The primer sequences of the genes analysed by SQ-
PCR and the optimised cycle number for there linear amplification can be found in
Table 6. Ribosomal protein L32 (RPL32) was used as the internal control. The
thermocycling parameters were 1 cycle for 94°C; (see Table 6 for the number of cycles)
of 94°C for 45 seconds, 59°C for 45 seconds; 72°C for 45 seconds; and a final extension

step of 72°C for 5 minutes.
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Samples were then electrophoresed as described in section 2.2.3. Gel images were
obtained and documented directly onto a PC and the relative mRNA abundance was
determined by band quantification (using tools from the Syngene software) and

corrected for RPL32, serving as the internal control.
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Table 6 Sequences of oligonucleotides used for semi-quantitative PCR and

optimised cycle number for each gene.

Oligonucleotide| Sense/ Sequence (5’-3°) Cycle
Name Antisense Number
MS1-Fw Sense GTGACAGCATAGACACAGAGGAC 28
MS1-Rv Antisense [CACTGCTGCCACCTGCCTT 28
GATA4-Fw Sense CTGCGGCCTCTACATGAAGC 29
GATA4-Rv Antisense [CTGAATGTCTGGGACATGGA 29
MEF2C-Fw Sense AGATAGTGTCATGTTGCAGGTTCA 26
MEF2C-Rv Antisense [CTCATGGCTTAGGGATGTGCTTTC 26
SRF-Fw Sense GCATTCACAGTCACCAACCTGC 26
SRF-Rv Antisense [TCATTCACTCTTGGTGCTGTGGG 26
RPL32-Fw Sense GTGAAGCCCAAGATCGTC 19
RPL32-Rv Antisense [GAACACAAAACAGGCACAC 19
a-1-CLTCC-Fw |Sense GGAGAGTTTTCCAAAGAGAGG 26
0-1-CLTCC-Rv |Antisense (GATCACCAGCCAGTAGAAGAC 26
Perl-Fw Sense AGTACGCGCTGGCCTGTGTCAA 25
Perl-Rv Antisense |[GGCGCTTCATAACCGGAGTGG 25
MyoD-Fw Sense CGGCGGCAGAATGGCTACGACACC 24
MyoD-Rv Antisense [CACTGCATTCTAGTTGTGGTTTGT 24
a-1-SLTCC-Fw |Sense CGCGAGGTCATGGACGTGGAG 26
0-1-SLTCC-Rv |Antisense [GATCACCAGCCAGTAGAAGAC 26
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2.4.4.1 Statistical analysis

Statistical analysis was carried using a one-way analysis of variance (ANOVA).

Typically, a P value <0.05 was considered to be statistically significant.

2.4.5 Real-time quantitative RT-PCR using TagMan® gene expression assays

Multiple reactions were typically set up as a master mix and a typical 20ul reaction

would contain:

Iul  Template cDNA

Il 20X Pre-formulated assay mix (Applied Biosystems) which
itself contains 0.9mM forward and reverse primers coupled to 250nM
FAM™.-dye labelled TagMan® MGB probe.

10ul  2X TagMan® Universal PCR master mix (Applied Biosystems)

d H20 to a final volume of 20pl.

For TagMan® gene expression analysis TATA-binding protein (TBP) was used as
reference gene to normalise mRNA abundance between different samples. The
amplification reaction was executed in a ABI Prism® 7900HT sequence detection
system. The cycling conditions were 50°C for 2 minutes (holding step), 95°C for 10
minutes (holding step) and then 40 cycles of 95°C for 15 seconds (denaturation) and 60°
C for 1 minute (annealing and extension step). The data was automatically sorted and
analysed using the comparative AACr method (Livak & Schmittgen, 2001). This
method allows the quantitative determination of fold induction of gene of interest

between different samples using the following formula;

Fold induction = 2-2ACT

ACT = mean CT(gene of interest) _ mean CT(reference gene)

A ACT = ACT(calibrator) . ACT(unknown)

65



The calibrator sample, which is typically represented by the non-treated or basal control
sample allows for corrections to be made for inter-assay variation. It is important to note
that the above formula is based on the assumption that the efficiency of the PCR
reaction for both the reference internal control gene, and the gene of interest is identical

with a doubling of product being achieved with every cycle.

2.4.6 Real-time quantitative RT-PCR using SYBR® Green and analysed using the
Pfaffl method

Relative mRNA abundance was determined through the use of the Pfaffl method for
relative mRNA quantification (Pfaffl, 2001). Multiple reactions were typically set up as

a master mix and a typical 25pl reaction would contain:

lul  Template cDNA

0.5ul  10uM Forward primer

0.5ul  10uM Reverse Primer

12.5ul 2X Power SYBR® Green PCR Master Mix (Applied Biosytems)

d H20 to a final volume of 25pl.

For SYBR® Green Pfaffl based gene expression analysis RPL32 was used as reference
gene to normalise mRNA abundance between different samples. The amplification
reaction was executed in an ABI Prism® 7900HT sequence detection system. The
cycling conditions were 95°C for 45 seconds, 62°C for 45 seconds, 72°C for 45 seconds
and a final step at 95°C for 15 seconds and 60°C for 1 minute. The primer sequences for
the genes of interest are available in Table 6. A series of cDNA dilutions were generated
thereby allowing the generation of a standard curve for the reference gene and gene of
interest by plotting the log of input cDNA versus Cr. The standard curve allows the
efficiency (E) of amplification of each primer set to be calculated according to the

equation:
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E=1 O[-l/slope]

Contrary to the relative AACt method, the amplification efficiency of the reference gene
and target gene do not have to be equal. This is because their actual efficiencies are
incorporated into the analysis formula, thereby increasing the accuracy of the final
relative fold induction value’s. The relative expression is therefore determined as

follows:

1.  Mean Ct values are extrapolated for calibrator samples (typically non treated
control) and samples for the reference gene and gene of interest.

2. Gene of interest AC, = mean gene of interest.Ct (calibrator) - mean gene of
interest.Cr (sample).

3. Reference gene AC, = mean reference gene.Cr (calibrator) - mean reference
gene.Cr (sample).

4.  The values for efficiency for each genes PCR amplification is then raised to the
power of the respective ACp, and the gene of interest:reference gene ration is

determined using the forumla:

Ratio (fold change) = Efficiency (gene of interest) ACP (gene of interest)

Efficiency (reference gene) ACP (reference gene)
It is important to note that this formula makes the assumption that while the efficiencies
of the reference and gene of interest may be different, the efficiency of amplification for
each sample within a PCR reaction is the same.

2.4.7 Statistical analysis

Statistical analysis was carried using a one-way analysis of variance (ANOVA).

Typically, a P value <0.05 was considered to be statistically significant.
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Table 7 TagMan® FAM™ labelled probes used for quantitative real-time PCR

Probe Target Gene Species Assay_ID
Myocyte stress 1 (ABRA) Rat Rn00598518 ml
Apoptotic repressor with CARD domain Rat Rn01431482 ¢l
(nol3)
TATA binding protein (TBP) Rat MmO01277045 ml
Table 8 Sequences of oligonucleotides used for quantitative real-time PCR

Oligonucleotide Sense/ Sequence (5°-3°)
Name Antisense

MS1-Fw Sense GTGACAGCATAGACACAGAGGAC
MS1-Rv Antisense CACTGCTGCCACCTGCCTT
JunB-Fw Sense ATCAGACACAGGCGCATCTC
JunB-Rv Antisense TCTTGTGCAGGTCGTCCAG
Fra I-Fw Sense CAGGCGGAGACCGACAAGTT
Fra [-Rv Antisense TGCAGTGCTTCCGGTTCAA
EF1-o-Fw Sense AGCTTCTCTGACTACCCTCCACTT
EF1-a-Rv Antisense GACCGTTCTTCCACCACTGATT
RPL32-Fw Sense GTGAAGCCCAAGATCGTC
RPL32-Rv Antisense GAACACAAAACAGGCACAC
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2.5 Transient transfection analysis

2.5.1 Transient transfection of cell lines

Approximately 40,000 H9¢2/C2C12 cells/well or 30,000 NIH3T3/COS-7 cells/well of a
6 well plate were seeded and incubated for 24 hours prior to transfection. Transfections
were carried out using the cationic lipid transfection reagent JetPei (QBiogene),
according to the manufacturer’s instructions. Cells were co-transfected with 0.5ug of
promoter-reporter luciferase construct (Table 1 and Table 9) and with equal-molar
amounts of the desired over-expression plasmid (Table 2). Total amount of DNA
transfected was always kept constant (1.5ug maximum amount transfected) using an
empty vector, typically pcDNA3.1. To normalise for transfection efficiency, the pRL-
TK (promega) expression plasmid containing Renilla luciferase (20ng per well) was co-
transfected. Firefly and Renilla luciferase activities were measured 48 hours post-
transfection using the Dual-Glo™ luciferase assay system (Promega) as described in

section 2.5.2.

All transfections within each experiment were performed in triplicate, with each
experiment typically performed on a minimum of at least three separate occasions. Data
from transfections is expressed as means + standard error of mean (S.E.M) relative to
promoter construct specified, and differences between samples were detected using a
one-way ANOVA, with P<0.05 considered to be statistically significant. For non-
luciferase reporter transfections, 6 well plates were seeded as before and transfected
with a maximum of 1.5ug over-expression plasmid. 48 hours post transfection total

RNA was isolated from cell as described in section 2.4.1.

2.5.2 Luciferase reporter gene assay

Firefly and Renilla luciferase activities were measured 48 hours post transfection using
the Dual-Glo™ luciferase assay system (Promega) and a Luminat LB9507 luminometer
(Berthold Technologies). The assay was executed as described in the users’ handbook

(Dual-luciferase assay handbook, Promega). Briefly, cells in the 6 well plates were
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lysed using the luciferase cell lysis buffer (CLB, Promega). The first luminescence from
the firefly luciferase (representing promoter reporter activity) was measured by adding
100ul of LARII substrate into 40ul of cell lysate in a fresh luminometer tube. The
second luminescence for Renilla luciferase (representing the internal control activity)
was quantified by the addition of 50ul of Stop and Glo substrate to quench the first
reaction and simultaneously initiate Renilla lucifersase reaction. Data was then
extrapolated as relative luciferase activity, the ratio of the first luminescence over the

second Renilla luminescence.
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Table 9 msl promoter reporter luciferase constructs including wild type and

mutant promoter constructs.

Promoter Reporter Insert Size
(bp)
-1585/+60-Luc 1645
-1381/+60-Luc 1441
-1148/+60-Luc 1208
-365/+60-Luc 425
-300/+60-Luc 360
-127/4+60-Luc 187
-16702/-16432 -Luc 270
-9498/-8608-Luc 890
-1585/+60-ATATA-Luc 1645
-1585/+60-AE1-Luc 1645
-1585/+60-AE1-AE2-Luc 1645
-1585/+60-AE1-AE2-AE3-Luc 1645
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2.6  Electromobility shift assay (EMSA)

2.6.1 Preparation of whole cell protein extracts.

CelLytic™-M cell lysis extraction reagent (Sigma) was used to extract whole cell
protein extracts from H9c2 and C2C12 myoblasts, following the manufacturer’s
instructions. In order to inhibit endogenous protease activity, 1 X complete mini protease

inhibitor cocktail (Roche) was added to the reagent.

2.6.2 Protein quantification

Protein was quantified using the Bio-Rad Protein Assay (Bio-Rad) kit as instructed by
the manufacturer. This is based on the Bradford assay. Briefly, bovine serum albumin
(BSA) was used to establish the following standard protein concentrations, 0.2ug/ul,
0.4pg/ul, 0.6pug/ul, 0.8ug/ul and 1.0pg/pl in a final volume of 20ul. To this 1ml of
diluted Bio-Rad dye (diluted 1:5) was added prior to absorbency determination at

295nm on a nano drop spectrophotometer.

2.6.3 Preparation of double stranded probes for use in EMSA

The sequences of complimentary sense and anti-sense oligonucleotides used as labelled
probes or unlabelled competitors in EMSA’s are listed in Table 10. The dehydrated
(Iyopholised) sense/antisense oligonucleotides were re-suspended in TEN buffer (50mM
Tris-HCL pHS8.0, 150mM NaCl, 5SmM EDTA) to a final concentration of 300ng/ul. For
annealing, equal amounts of complimentary sense and anti-sense were incubated for 10
minutes at 95°C, to disrupt any secondary coiling of the oligonucleotides that may
impede annealing, and then allowed to anneal by slow cooling at 15-25°C. Prior to the
digoxigenin (DIG) end-labelling reaction the annealed oligonucleotides were further
diluted with TEN buffer to a final concentration of 25ng/ul. Labelling reactions
contained 25ng/ul annealed probe, 1X labelling buffer (roche), SmM CoClz, 0.05mM
DIG-ddUTP and 2.5 U terminal transferase (Roche). Reaction was mixed briefly by
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pulse spin centrifugation, incubated at 37°C for 15 minutes and terminated on ice with

the addition of 0.02M EDTA (pH 8).

The efficiency of the labelling reaction was determined by comparison of a spotted
dilution serious of labelling reaction with one of a labelled control-oligonucleotide
(Roche) in a direct detection assay (described in section 2.6.4). The dilution series was
Ong/ul, 0.004ng/pl, 0.04ng/pl, 0.4ng/pl, and 4ng/pl. These dilutions were directly
spotted onto Hybond+ nylon membrane and visualised by chemuliminescent detection

and autoradiography (section 2.6.4).

2.6.4 EMSA

DIG-labelled probes (25ng/ul) were incubated with 5-10ug of total whole cell protein
extract for 15 minutes at 15-25°C in a reaction containing 1X binding buffer (Roche),
lug poly [d(I-C)], 0.1ug poly L-lysine and either double distilled H20 or 200 X molar
excess of the appropriate competitor probe. 1X loading dye (Roche) was added to the
reactions, and protein-DNA complexes were resolved by electrophoresis on a 5% non-
denaturing polyacrylamide gel (5% acrylamide, 0.06% bis-acrylamide, 40mM TrisHCL,
90mM boric acid, 2.5mM EDTA, 0.04% TEMED, 0.1% APS) in TBE buffer (40mM
TrisHCL, 90mM boric acid, 2.5mM EDTA) at 150V for 1-2 hours at 4°C.

Following electrophoresis, migrated DNA-protein complexes were transferred, via
contact blotting, to a positively charged nylon membrane (Hybond+,Amersham
Biosciences). Thereafter the membrane was placed on Whatmann 3MM paper pre-
soaked with 2X SCC buffer (Roche) and cross-linked at 120mJ for two minutes in a
Stratalinker (Stratgene). Following cross-linking , DIG-labelled oligonucleotides were
visualised by incubation with alkaline phosphatase-labelled F(ab)2 anti-DIG Ab,
followed by chemiluminescnce reaction with 100pg/ml CPSD substrate (Roche) and
auto-radiographic visualisation, following the manufacturers instructions for the direct

detection assay (Roche).
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Table 10 Sequences of double-stranded oligonucleotides used in EMSAs

Oligonucleotide Sense/ Sequence (5°-3°)
Name Antisense
M S1-TATA-Fw Sense CCTGCTTCTATTTAAATCCCAGG
MS1-TATA-Rv Antisense [CCTGGGATTTAAATAGAAGCAGG
TATA-Consensus-Fw Sense GCAGAGCATATAAAATGAGGT
TATA-Consensus-Rv Antisense JACCTCATTTTATATGCTCTGC
IMS1-GATA/-99-Fw Sense IATAGCACCACATCTTGGCAAGA
MS1-GATA/-99-Rv Antisense [TCTTGCCAAGATGTGGTGCTAT
IMS1-GATA/-78-Fw Sense IATGCCTTGCATAGTTTCCACCGT
M S1-GATA/-78-Rv Antisense ACGGTGGAAACTATGCAAGGCAT
MS1-GATA/-16600-Fw |Sense ATCTCTTCTAGACAGGAAGCTGTTTACTGTCTCT
TCTAAAGTGTG
MS1-GATA/-16600-Rv |Antisense |[CACACTTTAGAAGAGACAGTAAACAGCTTCCT
GTCTAGAAGAGAT

GATA4-Consensus-Fw [Sense TAGCTTCCCATATCGTTTCTC
GATA4-Consensus-Rv  |Antisense [CAGAAACGATATGGGAAGCTA
IMS1-EBX-1556/-1550- |Sense TTCTCTGTCCACATGACTTATCCT
Fw
IMS1-EBX-1556/-1550- |[Antisense JAGGATAAGTCATGTGGACAGAGAA
Rv
M S1-EBX-253/-247-Fw [Sense IACCCTGGCACTTGGAGAAGAA
MS1-EBX-253/-247-Rv |Antisense [TTCTTCTCCAAGTGCCAGGGT
M S1-EBX-221/-215-Fw [Sense IAGCTAAGCACATGATTCAATC
MS1-EBX-221/-215-Rv [Antisense [GATTGAATCATGTGCTTAGCT
MyoD-Consensus-Fw Sense CCCTTGGAACATCTGTCGATGCTG
MyoD-Consensus-RV Antisense [CAGCATCGACAGATGTTCCAAGGG
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2.7  Chromatin immunoprecipitation (ChIP)

2.7.1 ChIP assay

H9c2 myoblasts (4 X 10° per sample, 60mm dishes) were fixed in formaldehyde at a
final concentration of 1% for 10-12 minutes at 15-25°C. Glycine (pH 2.5, 125mM final
concentration) was then added to terminate the cross-linking. After 10 minutes, cells
were washed with ice-cold PBS and scraped into 1 ml of PBS supplemented with
protease and phosphotase inhibitors (0.2 mM leupeptin, 2uM myocrocystin, 0.3nM
PMSF, 5 mM DTT and 10uM E64) and pelleted by centrifugation at 3,000 x g for 5
minutes (in the cold room, at 4°C). The supernatants were then removed and the pellets
were lysed for 15 minutes in 500ul of buffer L1 (50mM Tris-HCL, pH 8.0, 10%
glycerol, 0.1% NP40, 2mM EDTA). The resulting nuclei were pelleted by
centrifugation at 3,000 x g for 5 minutes and re-suspended in 200ul L2 buffer (SmM
EDTA, 1% SDS, pH 8.0, 50mM Tris-HCL). Samples were then sheared by sonication
(4 x 30 seconds at amplitude 30). Lysates were centrifuged at 4,000 x g for 5 minutes
(in the cold room, at 4°C) and the supernatants were transferred to a fresh pre-cooled

Eppendorf tube for the immunoprecipitation step.

At this point, a sample (typically 35ul) was retained to determine inputs. The samples
for immunoprecipitation were then diluted 1:10 in RIPA buffer (50mM Tris-HCL, pH
8.0, 0.5% NP40, 0.2 M NacCl, 0.5 mM EDTA). Extracts were precleared with 20ul of a
50% (v/v) suspension of protein G-agarose suspension in RIPA buffer for 15 minutes.
Immunoprecipitations were executed for 16 hours by incubation with gentle mixing by
rotation (in the cold room overnight at 4°C) with 4ug of antibody of interest [IgG
(sigma), anti-acetylated H4 (Abcam) and anti-dimethyl H3K4 (Abcam)] or without
antibody (negative control). Immune complexes (DNA-protein-antibody) were isolated
with 100ul of a 50% (v/v) suspension of protein G-agarose (Sigma) suspension in RIPA
buffer containing 1pg/ml sonicated salmon sperm DNA, by incubation with gentle

mixing by rotation at 4°C (cold room) for 2 hours.
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Protein G-Sepharose was recovered by centrifugation at 1,000 x g for 3 minutes and
washed for 3 minutes with gentle mixing by rotation in 1 ml high salt buffer (20mM
Tris, pH 8.0, 500mM NaCl, 2mM EDTA, 1% (v/v) NP40, 0.1% (w/v) SDS). Protein G-
Sepharose was then recovered by centrifugation at 1,000 x g for 3 minutes and washed
for 3 minutes with gentle mixing by rotation in 1 ml low salt buffer (1X Tris-HCL,
EDTA, TE). Finally, the immune complexes were extracted in 250ul elution buffer (IX
TE, 1% (w/v) SDS), heated for 10 minutes at 65°C and then vortex agitated and
centrifuged for 1 minute at 200 x g. Supernatants were then transferred to fresh
Eppendorfs. The input samples (made up to 500ul in TE) and the immunoprecipitated
extracts (500ul) had their cross-links reversed by incubation at 65°C for 10 hours with
0.2M NaCl. Input and IP samples were then mixed vigorously with 500ul
phenol:chloroform and left on ice for 5 minutes. A centrifugation step of 15,300 x g for
10 minutes (at 4°C) was then used to separate the aqueous and organic phases. The
upper aqueous phase was transferred to an Eppendorf and incubated with 500ul
isopropanol for 3 hours at -80°C. DNA was finally pelleted by centrifugation at 15,300
x g for 10 minutes, precipitated by the addition of 70% (v/v) ethanol and pelleted by
centrifugation (15,300 xg, 10 minutes). The DNA pellets were then air dried for 10
minutes and re-suspended in 100ul of HPLC H2O for the input and 50ul of HPLC H20

for the other samples.

Typically 5ul of each input sample was separated on a 1% agarose gel (see section
2.2.3) to check DNA fragment sizes. For ChIP quantitative analysis, 2ul of sample was
used for quantitative real time PCR. Products were quantified using SYBR green

incorporation, with primers used from Table 10.
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Table 11 Sequences of oligonucleotides used for ChIP PCR analysis
Oligonucleotide Sense/ Sequence (5°-3°)
Name Antisense
NPPA-PP-Fw Sense GGTTGGCTTCCTGGCTGACT
INPPA-PP-Rv I Antisense CACCCCCACCCTAGATGTC
INPPA-RE1-Fw Sense TTTGGCTCCTTTCTGTCACC
INPPA-RE1-Rv Antisense  [CACACACACACACACACG
MS1-PP-Fw Sense CGGAGCTCAGAACACCGTCAGAGCCATAGC
M S1-PP-Rv lAntisense CCAAGCTTCAGGCTACCTGTTTCTTCTC
MS1-FLK-Fw Sense GAGGGGTAAATATAATCACGATACA
M S1-FLK-Rv lAntisense AGGAAACTACAAGAAATTAAAATGC
MS1-UP3-Fw Sense CTCACCAAAAGAATAAAGAACTAGC
MS1-UP3-Rv Antisense  [TAGAAGAGACAGATAACAGCTTCCT
NCX1/-132-Fw Sense GTGTTGGATGAAGCGGAGAG
INCX1/-22-Rv lAntisense AACATGGTTTGCATAGCTGCA
MS1/-127-Fw Sense CGGAGCTCAGAACACCGTCAGAGCCATAGC
MS1/+60-Rv Antisense  |CCAAGCTTCAGGCTACCTGTTTCTTCTC
MS1/-300-Fw Sense CGGAGCTCATGATTCAATCTAGTACTTTCC
MS1/-127-Rv Antisense  |CGGAGCTCAGAACACCGTCAGAGCCATAGC
MS1/-16702-Fw Sense CGCTCGAGGCCCCCACGAGTTAAAGCTCA
IMS1/-16432-Rv I Antisense TGGGCTGTGTGGGTTAGGAGA
MS1/-420-Fw Sense TTACAGAGGTTTAAGTGAGAGC
MS1/-227-Rv Antisense  |CGGAGCTCAGAACACCGTCAGAGCCATAGC
MS1/E1/-1526-Fw _ |Sense CACATTTTTATCTGGTCTAATACACTG
MS1/E1/-1482-Rv _ |Antisense  IATTTTTAATAGAACTGAAAAGAGAAGTCA
MS1/E2/-281-Fw Sense TAAGGTCAAGGAAAACATAAAGCTA
MS1/E2/-190-Rv Antisense  JACGGATATGTTCCCTCCTCTCTC
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2.8 Comparative DNA sequence analysis

Comparative sequence analysis of human and rat was performed using web-based

software available at the national centre for biotechnology information DCODE website

(ECR browser, http://www.dcode.org/) and the Lawrence Berkley laboratory genome

website (VISTA, http://genome.lbl.gov/vista/index.shtml). Orthologous sequences from

Homo sapiens, Macaca mulatta, Mus musculus, Rattus norvegicus, Canis familiaris,

Monodelphis domesticca, Gallus gallus, Xenopus laevis and Fugu rubripes were

obtained from the ENSEMBL (http://www.ensembl.org)genome data-base and aligned
using CLUSTAL W available for the european bioinformatic institute website (http://
www.ebi.ac.uk). For pattern matching transcription factor binding site analysis,

Matlnspector (available from Genomatix at http://www.genomatix.de/products/

Matlnspector/) was used, utilising its own position weight matrix library of transcription

factor binding sites.
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Chapter 3

Bioinformatic analysis of the msl promoter and associated regulatory

domains

3.1 Introduction

The primary aim of the thesis presented here is to characterise the regulatory
mechanisms governing context specific expression of myocyte stress 1 (ms/). As the
initial step of gene expression, transcription is the major point of regulatory control, and
therefore understanding the mechanisms governing transcriptional control of ms/ will
potentially give a major insight into its context specific regulation as a whole. The
transcription of DNA is carried out by the RNA polymerases, with RNA polymerase I
(pol II) transcribing the majority of nuclear genes (Levine & Tjian, 2003). The
mechanism through which pol II drives the transcription of genes requires the presence
of a basal promoter (Levine & Tjian, 2003). This region contains the core promoter,
which comprises the TATA box (although a significant proportion of gene promoters are
TATA-less), the transcription start site (TSS) and specific upstream promoter elements,

which contribute to the context specific regulation of the gene.

Basal pol II transcription via core promoter elements in isolation is extremely
inefficient. Significant levels of transcription of a pol II template requires the
intervention of stimulatory transcription factors (TFs) that bind at specific DNA
transcription factor binding sites (TFBS), which are distinct from the TATA box and
initiator regions where the basal factors assemble. Many classes of transcriptional
regulators, including DNA-binding transcription factors, coactivators, co-repressors and
proteins that alter epigenetic modifications of DNA and nucleosomal histones, integrate
and combine to influence the function of the minimal promoters thereby increasing pol
IT mediated transcription (Fickett & Hatzigeorgiou, 1997; Fischle et al, 2003; Levine &
Tjian, 2003). These DNA regions encompassing the functional TFBS are collectively

known as cis-regulatory modules (CRMs) and it is these regions that confer the unique
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context specific expression patterns upon the individual gene (Levine & Tjian, 2003).
The CRMs, which include enhancers, silencers and insulators, can be located in the 5°,

3’ and intronic regulatory regions scattered over distances of ~100kb in mammalian

genomes (Adams et al, 2000; Aparicio et al, 2002; Holt et al, 2002; Lander et al, 2001)
(Figure 3.1). This represents a massive genomic ‘search space’ which has rendered the

classical experimental characterisation of CRMs almost impossible.

Ms1 with its unique developmental, cell specific and stress responsive transcriptional
profile is likely to require the action of multiple CRMs. In order to achieve the
regulatory characterisation outlined in Chapter 1 we will need to identify such CRMs
and functionally correlate their activity with the endogenous expression profile.
However the massive genomic ‘search space’ represents a major hurdle for the effective
experimental characterisation and functional annotation of the CRMs and thus

regulatory hardwiring governing ms/ transcriptional regulation.

The key functional components of all CRMs are the TFBS themselves and therefore
being able to predict potentially functional TFBS is an important first step in promoter
analysis and hence regulatory characterisation. Over the past 20 years many
computational approaches have been developed to identify putative functional TFBS,
thereby allowing the prediction of functional CRMs and minimising the ‘search space’
for subsequent experimental characterisation (Ureta-Vidal et al, 2003; Wasserman &
Sandelin, 2004). The myriad approaches to the computational prediction of functional
TFBS are primarily based on two sequence identification models, pattern matching and
pattern detection (Ureta-Vidal et al, 2003; Wasserman & Sandelin, 2004). Pattern
matching utilises prior knowledge of all experimentally characterised DNA binding
sites for any given transcription factor (TF). Originally the known binding sites for a
given TF were represented as a consensus sequence, which is essentially a description
of the most common nucleotides in each position of the TFBS. Although these
consensus sequences were convenient they potentially excluded a significant subset of a
binding site repertoire because of the omission of important functionally variable

nucleotides within the TFBS (Roulet et al, 1998; Ureta-Vidal et al, 2003; Wasserman &
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Sandelin, 2004). These variable nucleotides could be captured through the use of
IUPAC strings (an alphabet of characters other than ATCG), which provides a
framework in which one can convey alternative choices at each variable position (for
example Y= C or T)(Appendix 1). However, although they convey more information
than the classical consensus sequence, IUPAC strings do not provide quantitative

information as to the relative frequencies of the alternative nucleotides they code for.

This information content can be more accurately modelled and ultimately quantified
through the utilisation of position weight matrices (PWMs) (Roulet et al, 1998; Stormo
et al, 1982) or position-specific scoring matrices (PSSMs). Both of these matrices are
capable of incorporating pattern variability by recording the frequencies of nucleotides
at each site or alternatively by assigning penalties to nucleotides that should not appear
within a TFBS. These matrix-based pattern-matching techniques represent an
improvement over consensus and [IUPAC mapping in sensitivity (i.e they have a lower
false-negative rate). However, even when using PWMs the false positive rate is
extremely high, and subsequently specificity is typically measured in terms of rate of
predictions: this rate varies for each TF binding model. When using the most standard
model parameters TFBS have specificities of 1/500 to 1/5000bp. For example a
published model for the binding of MyoD predicts one binding site in approximately
every 500bp (Ureta-Vidal et al, 2003). If one then applies this model to the human
genome, we would predict 105 MyoD TFBS, of which only 10° are likely to be
functional (see above). This three orders of magnitude difference between true and false
predictions is intolerable resulting in what Wesserman and colleagues choose to term
the “Futility theorem”. This theory states that in essence all predicted TFBSs using

pattern-matching models alone have no functional role (Wasserman & Sandelin, 2004).

The advent of complete genome sequences from multiple species over the last decade
has led to the development of biologically motivated approaches that can overcome this
1000-fold excess in false predictions, with these new approaches encompassed within
the field of comparative regulatory genomics. Comparative regulatory genomics
describes the comparison of orthologous genomic sequences from multiple species in

order to identify putative functional CRMs. This comparative process, also commonly
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referred to as “phylogenetic footprinting”, is based on the premise that some function of
regulatory elements will be conserved between species, and this functional conservation

will be reflected in similar nucleotide sequences (Lenhard et al, 2003).

The computational process of phylogenetic footprinting consists of three principle
components: defining suitable orthologous genomic sequences for comparison, aligning
these orthologous sequences and finally visualising or identifying segments of
significant conservation within these sequences. Defining suitable sequences for
comparison is based on the assumption that the two sequences being aligned are derived
from a common ancestor, and that the time since their divergence has enabled a
significant accumulation of mutations within both genomes and that selection has
occurred (Lenhard et al, 2003; Ureta-Vidal et al, 2003). It is crucial however that the
genomes compared still maintain sufficient sequence similarity so that the homologous
regions can be easily identified. Sequence comparisons between human and rodent,
specifically mouse, which diverged ~90 million years ago (Mya), have been empirically
shown to be suitable for identification of functional CRMs in many cases (Bagheri-Fam

et al, 2001).

Once the appropriate orthologous sequences have been isolated, they must be aligned to
identify segments of sequence similarity. There are two broadly used algorithms for
such alignments: one strategy is represented by local alignments, which identify all of
the possible high-quality alignments between the two sequences, regardless of order or
orientation, alternatively global alignments generate a single alignment that is optimised
across the entire length of both sequences (Ureta-Vidal et al, 2003; Wasserman &
Sandelin, 2004). The choice to use global alignments introduces the assumption that
important functional sequences have remained co-linear over evolution in the
orthologous sequences analysed, which is clearly not always the case. It is difficult to
determine which strategy is the most efficient and this is partly due to the lack of a bona
fide ancestral sequence in which to use as the reference sequence. However one
comparison of both strategies, which used test sequences derived from computationally

simulated evolution from the same ‘ancestral sequence’, demonstrated that both
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methods had similar accuracy with respect to sensitivity of conserved sequence

identification (Ureta-Vidal et al, 2003; Wasserman & Sandelin, 2004).

Through combining PWM based pattern matching algorithms and phylogenetic
footprinting it is possible to further enrich for functional CRMs thereby reducing the
genomic ‘search space’ for experimental characterisation. rVISTA represents a recently
developed tool that integrates clustering of predicted TFBS through pattern matching
with the analysis of inter-species sequence conservation to maximise the identification
of putative functional CRMs (Loots et al, 2002). It has been empirically demonstrated
that in the analysis of an experimentally characterised mouse-human data-set, rVISTA
was able to eliminate >95% of the approximate 58,000 predicted binding sites within
the human sequence, with 88% of the experimentally verified binding sites enriched as
positive regulatory candidates (Loots et al, 2002). Therefore, using the current array of
computational tools and databases it is now possible to identify, with confidence,
putative functional CRMs. This approach massively reduces the genomic ‘search space’
for experimental analysis by generating a focused set of experimental targets. In
addition, through integrating context specific binding site information derived from the
literature, it is also possible to gain a putative insight into the functional role of
identified CRMs. This kind of integrated analysis allows one, based on primary
nucleotide sequence alone, to predict the context in which putative regulatory CRMs are
functional (caveat being that the data is inferable from the existing literature).
Regulation is intrinsic to function, thus such an analysis could (when stringent enough)

allow functional annotation of unknown genes.

In light of the tools discussed here, a thorough unbiased computational regulatory
analysis of the ms1 genomic interval was carried out. The premise for this analysis was
for the identification of putative functional CRM targets for focused experimental
characterisation in subsequent analysis described in this thesis. We have also
interrogated the current available literature for context specific regulatory information
that we will integrate with our computational analysis. This integration would
potentially allow the regulatory context of any putative CRMs identified to be predicted

based purely on genomic sequence. This has the potential to give us a further insight
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into the biological function of ms/, further expanding our current understanding of its

biological roles.
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Figure 3.1. Components of transcriptional regulation. Transcription factors (represented
by coloured shapes) bind to specific DNA sites (transcription factor binding sites, TFBS)
that are proximal (proximal promoter elements) or distal (upstream and downstream
enhancer and repressor modules) to the transcription start site. Co-ordinated and context

specific binding at these cis regulatory modules (CRMs) mediates context specific

transcriptional output.
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3.2  Results

3.2.1 Comparative sequence analysis of the rat msl genomic interval.

As a first step in identifying the putative location of functional CRMs acting on the ms/
TSS (as defined within both the ENSEMBL and GenBank databases) we analysed a
60kbp genomic interval on rat chromosome 7 (7q31) encompassing the whole of the
msl gene and associated 5’ and 3’ flanking sequence. This 60kb interval also includes

the 3’ region of the Oxr/ genomic sequence.

We aligned and compared this 60kbp rat interval with the corresponding orthologous
genomic /loci from a number of other species in multiple mammalian and non-
mammalian lineages. The choice of species, and therefore the orthologous loci utilised
here, is of critical importance for the identification of functional CRMs. Comparing
closely related species, for example mouse and rat (Figure 3.2.A, species diverged 41
mya), will highlight genomic sequences where divergence is most readily tolerated, by
highlighting differences rather than similarities between the two species. Conversely
when one compares distantly related species, for example rat and chicken (Figure 3.2.A,
species diverged 310 mya), sequences under positive selection (genomic sequences
constrained during evolutionary selection) are more easily identified (Ureta-Vidal et al,

2003).

In order to gain a comprehensive insight into the conservation status of the ms/ 60kbp
genomic locus we compared the rat sequence with the orthologous /oci from multiple
species spanning a large evolutionary history (phylogenetic relationships representing
approximately 450 million years of evolutionary time), including both mammalian and
non-mammalian, lineages (Fig.3.2.A). The appropriate orthologous sequences were
aligned using the MULAN alignment engine and visualisation tool available via the
ECR browser (as described in the methods). MULAN utilises a widely employed
technique (also used by the VISTA and Pipmaker engines) to graphically display
sequence conservation profiles in reference to the base DNA sequence (our base

sequence being the Rattus nervegicus, 7q31 60kbp msl genomic interval) that is linear
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along the horizontal axis (Figure.3.2.B) while the vertical axis displays percent identity
with respect to the chosen secondary sequence (Figure.3.2.A, multiple-species).
Regions of significant non-coding conservation are graphically displayed as red peaks
with exonic and untranslated coding sequences depicted by blue and yellow peaks
respectively. Local aligners (like MULAN) enrich for all high-quality alignments
between the orthologous loci, regardless of orientation or order and are therefore suited

for identification of CNS between distantly related species.

In the MULAN analysis we utilised a CNS evolutionary threshold for the enrichment of
sequences conserved to a level of 70% over a 100bp sliding window between
orthologous intervals. Using this threshold our analysis demonstrates that within our
60kbp interval the primary area of non-coding conservation (red peaks) lies within the

20kbp 5’ flanking region upstream of the ms/ TSS.

3.2.2 Identification of putative cis regulatory modules (PCRMs) within the 5’

conserved flanking sequence.

The preliminary comparative analysis of the large ms/ genomic interval has
demonstrated that the 5° flanking sequence directly upstream of the rat ms/ TSS is
highly enriched with CNS which we designate as putative cis regulatory modules
(PCRM). In order to further interrogate this region we executed a focused multi-species
MULAN conservation analysis utilising previously described evolutionary thresholds.
This focused analysis identifies four PCRM that are conserved in multiple vertebrate
lineages, specifically rat, mouse, human, macaque and dog. These four PCRM,
designated PP, UP1, UP2 and UP3, can be identified in the MULAN analysis when
utilising both the rat (Figure.3.3.A) and human (Figure.3.3.B) genomic intervals as the
base sequence for comparison. Based on the phylogenetic relationships between these
species we can assume that these four PCRM were present in the last common ancestor
over 100 million years ago (mya) and have been subsequently maintained under

positive evolutionary selection.
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The level of constraint varies among the four PCRMs identified suggesting these
differences may relate to the functional importance of each PCRM, with those highly
conserved likely to be of most functional importance. Thus, it was not too surprising
that the PP domain, which encompass the proximal 400bp directly upstream of the ms/
TSS, is highly conserved within multiple mammalian and non-mammalian species
including the frog and chicken (Figure.3.3.A and .B). The UP1 and UP2 appear to be
specific to the human, rodent and canine lineages with no orthologous sequences
identified in the opposum, which shared a last common ancestor with these lineages 180
mya. These domains can therefore be classified as species specific PCRM. This finding
may have relevance to the functional roles of these respective domains. The only PCRM
conserved within the rodent and opossum lineages is the UP3 domain, which has

therefore been maintained in the 180 million years since these species diverged.

The non-coding conservation status of the PCRMs (PP,UP1,UP2 and UP3) across
multiple distant species implies evolutionary importance and likely regulatory function
(CRM). Bona fide CRMs, including enhancer and repressor elements, can by definition
act in a distance and orientation independent manner (Levine & Tjian, 2003). We
therefore identified rat PCRMs using CLUSTALW alignment and spatially mapped the
orthologous loci in the rat, mouse and human genomes (Figure 3.3.C). Not surprisingly,
considering that rodents and human diverged only 91 mya, all PCRM share a common
orientation across the 5’ flanking interval although the spatial distribution varies. This is
exemplified by the UP2 and UP3 domains which are significantly more distal to the
TSS in the human locus compared to respective loci in the rodent lineages. This
suggests that the human locus has accumulated sequence within the 5’ flanking
sequence and the inter-CRM regions. None of this accumulated sequence has affected
the sequence within the UP2 and UP3 domains or their relative orientation and co-
linearity with respect to the TSS. It is also noteworthy that the spatial distribution of
UP1 with respect to the PP has been constrained in the human and rodent lineages
implicating the distance between these domains as an important parameter for

regulatory function.
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Global alignment engines identifies the optimum conservation across a whole interval
therefore orientation and geographical organisation of CNS/CRMS needs to be
orthologous. Thus based on the present spatial mapping (Figure 3.3.C), the msl 5’
flanking interval is intrinsically suited for a global alignment based comparative

analysis. The VISTA global alignment engine (http://genome.lbl.gov/vista/) was used to

perform a multi-species analysis of the 5’ flanking interval previously analysed using
MULAN. The rat genomic interval was compared to the orthologous loci in the mouse,
human, dog and chicken genomes (Figure 3.4). In agreement with the MULAN derived
domains, four PCRMS were present in the mouse, human and dog lineages, in the same
relative positions to the TSS. The PP domain is also conserved within the chicken

lineage.

3.2.3 Identification of conserved TFBS within annotated PCRMs utilising rVISTA

CRMs typically function through the specific recruitment of context specific
transcription factors, thus the TFBS themselves are the functional components of
CRMs. In order to probe the functionality of the four PCRMs identified here, we
executed a rVISTA based analysis to identify conserved TFBS within each PCRM.
rVISTA 2.0 operates a pair-wise alignment strategy to identify TFBS (rVISTA utilises
TRANSFAC database of TFBS) that are shared by the two input species and which are
also located in an area of high local sequence conservation (80% sequence identity over
a 20bp sliding window). Conserved and aligned binding sites are graphically
represented as vertical lines located at the appropriate genomic position with respect to

the base genome on the horizontal axis (Figure 3.5.A, -B, -C, -D, -E, -F, -G).

Using the ECR browser, pair-wise rVISTA 2.0 analysis of the rat 20kbp 5’ flanking
interval with human (Figure 3.5.A), dog (Figure 3.5.B), opossum (Figure 3.5.C),
chicken (Figure 3.5.D) and frog (Figure 3.5.E) sequences were performed. The interval
was submitted to TRANSFAC using default parameters (matrix similarity values of 0.75
and core similarity values of 0.7)(Fu & Weng, 2005; Knuppel et al, 1994). Figure 3.5
shows the rVISTA outputs in rat and human base sequence pair-wise alignments. The

regions of evolutionary conservation are depicted with the PCRMs represented by red
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peaks on the horizontal axis. The previously annotated PCRMs are highlighted with a
dotted red box. Predicted TFBS that are evolutionary conserved are depicted on the
vertical co-ordinate by coloured lines which map to their endogenous location (either in

rat Figure 3.5.A-E, or human Figure 3.5.F-G) on the horizontal axis.

The graphical output identifies a plethora of conserved TFBS enriched within each
PCRM. We speculated that common TFBS enriched within specific PCRMs in two or
more cross-species alignments are likely to represent functionally important TFBS.
Binding sites for important muscle specific transcription factors including MEF2, SRF,
NFAT and GATA4 were found to meet this criteria in that they were enriched in
multiple comparisons in the various PCRMs (summarised in Table 1). Multiple E-Box
elements were also enriched in the PP and UP1 domains. The TATA box is a critically
important motif required for transcriptional initiation (Roeder, 2005). Our output
identifies a conserved TATA motif located proximally to the TSS in the PP domain. This
TATA box, in conjunction with an adjacent Mef2 motif, represents the most conserved
binding site identified being conserved in all pair-wise alignments, including rat/chicken

(Figure 3.5.D) and rat/frog (Figure 3.5.E) alignments.

In support of the notion that bona fide TFBS will be enriched in multiple species pair-
wise alignments, human/opossum (Figure 3.5.F) and human/chicken (Figure 3.5.G)
30kbp 5’ flanking interval were also analysed. Common TFBS were again enriched in
both the UP3 (Figure 3.5.F) and PP (Figure 3.5.F-G) domains, including the TATA box
and Mef2 motifs within the PP and GATA motifs within the UP3 domain. rVISTA
derived findings are summarised in Table 1 specifying the TFBS that are enriched
within multiple species alignments. These motifs represent the most evolutionary
conserved TFBS within each PCRM and represent prime candidates for experimental

analysis.
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Figure 3.5. The rat (A-E) and human (F-G) msl 5’ conserved flanking intervals were
submitted to the rVISTA 2.0 sequence analysis software and searched for conserved
clusters of TFBS between specific species. The rat interval was compared with human (A),
dog (B), opossum (C), chicken (D) and frog (E). The human interval was compared to
opossum (F) and chicken (G). A vertical coloured line which corresponds to its specific

TFBS indicates the position of the conserved TFBS relative to the base sequence (rat or

human).
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Table.1 Summary of rVISTA derived TFBS.

Proximal Promoter UP1 UP2 UP3
TATA E-Box MEF2 E-Box
MEF2 NFAT SBE
E-Box GATA
Nkx2.5
SRE

3.2.4 Matlnspector based interrogation of the isolated rat PCRMs

The rVISTA analysis presented above enriches for TFBS using the pattern matching
based Match scoring scheme (Loots et al, 2002) for matrix matching utilising PWM
derived from the publicly available TRANSFAC 6.0 database, which currently contains
336 matrices (Fu & Weng, 2005; Knuppel et al, 1994). This represents only half of the
matrices available in the commercial TRANSFAC (release 8.4) and Matlnspector
libraries. It is therefore plausible that bona fide TFBS within our PCRM may have been
neglected in the rVISTA based pattern matching analysis, simply as a consequence of
the limited information content of the TRANSFAC 6.0 library. We have therefore
utilised an alternative pattern matching based TFBS search engine, Matlnspector
(Cartharius et al, 2005), to analyse the isolated PCRM domains. The current library
utilised by Matlnspector contains a total of 634 matrices, greatly expanding the search
scope compared to the rVISTA based TRANSFAC 6.0 library (rVISTA reference). At
the time of this analysis (January 2005) the MatInspector matrix library represented the
most comprehensive library available in terms of specificity and sensitivity for bona

fide TFBS.
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The rat PCRM domains, isolated from the Ensembl genome database, were delivered in
FASTA format into the Matlnspector search engine, using default parameters for core
and matrix similarity thresholds. The generated output file consists of a linear schematic
for visualisation and a linked table which contains detailed sequence information and
matrix core similarity values (Figure 3.6 and Appendix 2). On the linear schematic, each
TFBS is represented by a coloured semi-circle (Figure 3.6) with the linked colour being

represented in the associated table (Appendix 2).

The default analysis utilising all of the 634 matrices currently available generated 95,
26, 50 and 31 hits in the PP, UP1, UP2 and UP3 domains respectively (Figure 3.6). The
number of hits is proportional to the size of the domain, which is to be expected. The
linked table with colour coded TFBS information including location, matrix and core
similarity values is available (Appendix 2). Although this analysis by itself does not
generate a focused set of functional TFBS, it does (based on currently available
matrices) provide a detailed overview of all putative binding sites based on PWM
within the PCRM domains. This therefore provides us with a more complete set of

binding sites with which to manually investigate for potentially functional binding sites.

3.2.5 Manual filtering and integration of Matlnspector and rVISTA predicted TFBS

The futility theorem states that the majority of TFBS predicted using pattern matching
algorithms will represent false positive predictions and therefore we suspect that the
majority of our Matlnspector derived hits in the PP, UP1, UP2 and UP3 domains will be
biologically inactive (Wasserman & Sandelin, 2004). However, based on the
evolutionary constrained nature of these PCRM we can be confident that a small yet
significant proportion of matches will represent bona fide functional TFBS. In order to
enrich for potentially functional TFBS and filter out false positive matches we
formulated and executed a manual filtering process on all of the Matlnspector derived

hits.
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Figure 3.6. The rat PP, UP1, UP2 and UP3 PCRM sequences were obtained from the
ENSEMBL genome database and submitted to MatInspector TFBS identification

algorithm. Different colours denote different transcription factor families/binding sites

(See Appendix 2 for detailed annotation).
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The primary enrichment filter/parameter involves the exclusion of all MatInspector hits
with a matrix similarity score lower than 0.8. The matrix similarity score gives a
quantitative measure of how similar the test sequence is to the optimum PWM for that
motif in the Matlnspector library. Thus, the closer to “1”, the more conserved the test
sequence is. This score would reach “1” only if the test sequence corresponds to the
most conserved nucleotide at each position in the matrix. Any test sequences with
scores >0.8 (85% of total hits) were considered to be biologically more significant and
are then manually interrogated for phylogenetic conservation. This was executed
through visual analysis of CLUSTALW rodent/human sequence alignments of the
respective intervals (Figure 3.7). This filtering parameter allows us to use evolutionary
constraint as an enrichment tool for functional TFBS with bona-fide motifs inherently
more conserved. Single nucleotide conservation mismatches were tolerated at this step
if they did not reduce the overall matrix similarity score to <0.8. This filtering step
further reduced the number of Matlnspector derived hits by 30%. Thus, first and
secondary filtering processes excluded 45% of the initial Matlnspector derived hits.
However there still remained over 100 MatInspector hits within our PCRMs with the

majority of these likely representing false positive predictions.

The final filtering parameter was based on the integration and utilisation of biologically
relevant data regarding the context specific expression of msl. Msl transcription is
under tight regulatory control with robust striated muscle specificity, predominantly in
cardiac and skeletal muscle. It is therefore a sound assumption that context specific
regulatory factors of ms/ are likely to include factors implicitly involved in striated
muscle specific gene regulation. In order to construct a library of such factors we
performed a meta-analysis of all the published literature to extract information on TFBS
and cognate factors with characterised roles in striated muscle gene expression. The
following terms, ‘cardiac transcription factor’ and ‘skeletal transcription factor’ were
inputted into the Medline search engine with these ‘search strings’ generating 5507 and
5655 hits respectively. We then manually sorted the papers and extracted motif
information on any TFBS and cognate factor with a role in striated muscle
determination, differentiation, growth, proliferation, stress signalling and post-natal

homeostatic function. The results of this analysis were compiled into a detailed library
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(Tables 2 and 3) which annotates information on the TFBS, cognate factors able to
binding the site, muscle type with characterised function and references to the

publication in which data was extracted.

The remaining Matlnspector hits (approximately 100 hits) were examined for motifs
corresponding to those present in our striated muscle library. After this final filtration
step our original 200 Matlnspector hits was reduced to a total of 28 hits (86% of
original hits excluded), which we consider to be strong candidates as context specific
regulatory TFBS. The first observation from our three-tiered manual enrichment process
was that all of the rVISTA derived sites were also enriched in our 28 hits. This was of
significance because rVISTA is a well characterised automated engine that is capable of
significantly enriching for bona fide TFBS. Thus our manual analysis appears to have
the same level of stringency and specificity as rVISTA which leads us to suggest that
any additional motifs identified through our analysis may have functionality. Our
analysis identified a total of 10 new motifs located within all four PCRM. These motifs
included GATA, Mef2, Pbx and KLF motifs. We have schematically mapped all binding
sites that were enriched through our manual and rVISTA based enrichment processes in
a CLUSTALW alignment based schematic (Figure 3.7). TFBS are boxed in coloured
dotted lines with each colour linked to a specific TFBS.

Figure 3.7 A, D, E and F shows rat/mouse/human CLUSTALW alignments of the PP,
UPI1, UP2 and UP3 domains respectively with all the enriched motifs annotated. In
order to emphasise the ultra-conserved nature of the PP domain and specifically GATA,
Mef2 and TATA motifs within it, we have also executed rat/chicken and rat/frog
alignment with these ultra-conserved motifs annotated Figure 3.7 B and C). These
results have been schematised in a linear fashion allowing for easy visualisation (Figure
3.8). The motifs, potential cognate factors and genomic location with respect to the rat

ms1 TSS have also been summarised in Table 4.

In summary we have manually interrogated the PCRMs and systematically filtered the
Matlnspector derived hits using a biologically driven approach to enrich for striated

muscle specific transcription factors. This data set was then further integrated with our
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rVISTA derived predictions to generate a final predicted library of PCRMs and
encompassed TFBS (Figure 3.8).
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Figure 3.7. The rat, mouse, human, chicken and frog PP, UP1, UP2 and UP3 PCRM
sequences were obtained from the ENSEMBL genome database and aligned using the
CLUSTAL W alignment tool. rVISTA and MatInspector filtered TFBS were boxed in

different colour dashed lines corresponding to appropriate TFBS. Transcription start site
is depicted by an arrow. (A), (B) and (C) represent the PP domain. (D) UP1, (E) UP2 and
(F) UP3 domain.
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Table 2 Literature survey of transcription factors and cognate TFBS implicated in cardiac

specific gene expression.

Transcription Consensus TFBS | Muscle References
Factor (5-3) Type
GATA Family (AT)GATA(AG) Cardiac |(Molkentin, 2000; Peterkin
GATA4/5/6 et al., 2005; Peterkin et al.,
2007)
SRF CC(A/IT) GG Cardiac |(Niu et al., 2007)
MEF2 Family CTA(A/T)sTA Cardiac |(Black and Olson, 1998;
MEF2 A/B/C/D Karamboulas et al., 2006)
Nkx2.5 CAAGTG Cardiac |(Akazawa and Komuro,
2005; Harvey, 1996)
T-Box Family GTGNNA (IUPAC) Cardiac |(Hoogaars et al., 2007;
Thx1/2/3/5/18/20 Plageman and Yutzey,
2005)
KLF Family CACCC Cardiac
KLF5/13/15 (Haldar et al., 2007;
Lavallee et al., 2006; Nagai
et al., 2005; Nemer and
Hand Family CANNTG (IUPAC) Cardiac |Horb, 2007)
Hand1/2
(McFadden et al., 2005;
Hey Family CANNTG (IUPAC) Cardiac |Srivastava, 1999;
Hey1/2 Srivastava et al., 1995)
JMJ SW46STAWT (IUPAC) [Cardiac |(Fischer et al., 2005;
Rutenberg et al., 2006)
Mesp Family CANNTG (IUPAC) Cardiac
Mesp1/2 (Kim et al., 2003)
Msx Family CTAATTG Cardiac |(Satou et al., 2004)
Msx1/2
COUP-TFII CAGGTCACAGGTCA [Cardiac |(Chen et al., 2007)
GA
Irx Family (Lo and Frasch, 2001; Tian,
Irx1/3/4/5 AAAACACGTGTTAA [Cardiac [2003)
Pitx2 (Christoffels et al., 2000)
TAATCT Cardiac
Sox Family (Logan et al., 1998; Tessari
Sox 4/5/7/8/9/10/18 WWCAAWG (IUPAC) |Cardiac et al., 2008)
(Lincoln et al., 2006; Zhang
TEF-1 CATTCC Cardiac et al., 2005)
(Chen et al., 1994)
RXR RGKTZA (IUPAC) Cardiac
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Transcription Consensus TFBS Muscle References
Factor (5-3) Type
NFAT GGAAA Cardiac (Lambrechts and Carmeliet,
2004; Molkentin, 2004;
Schulz and Yutzey, 2004)
SMADs CAGA Cardiac  |(Shi et al., 2000)
NF-KB GGGRNNYYY Cardiac (Hall et al., 2006; Jones et
(IUPAC) al., 2005)
NRSF/REST NTYAGMRCCNNRGM|Cardiac  |(Kuwahara et al., 2003)
SAG
(IUPAC)
Hex ATTAA Cardiac  |(Foley and Mercola, 2005)
Foxc1/2 GTAAATAAA Cardiac  |(Seo and Kume, 2006)
FOXO Family GTAAACA Cardiac  |(Evans-Anderson et al.,
FOXO01/2/3 2008)
Islet 1 CTAATG Cardiac
(Laugwitz et al., 2008; Lin
et al., 2006)
YY1 CATNT (IUPAC) Cardiac
(Sucharov et al., 2003)
PPAR AGGTCANAGGTCA |[Cardiac
(IUPAC) (Smeets et al., 2007;
Teunissen et al., 2007)
STAT Family TTCYNRGAA (IUPAC)|Cardiac
STAT1/3 (Ananthakrishnan et al.,

2005; Fischer and Hilfiker-

Kleiner, 2007)
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Table 2. Literature survey of transcription factors and cognate TFBS implicated in

skeletal specific gene expression.

Transcription Consensus Muscle References
Factor TFBS Type
(5-3)
MyoD CANNTG (IUPAC) Skeletal |(Berkes and Tapscott, 2005;
Tapscott and Weintraub,
1991; Weintraub et al.,
MRF4 CANNTG (IUPAC) Skeletal  [1991)
(Hinterberger et al., 1991;
Myf5 CANNTG (IUPAC) Skeletal |Rhodes and Konieczny,
1989)
Myogenin CANNTG (IUPAC) Skeletal |(Ott et al., 1991)
MEF2 Family CTA(A/T)sTA Skeletal  |(Wright et al., 1989)
MEF2 A/B/C/D
{Naya, 1999}(Black and
SRF CC(A/T)eGG Skeletal  |Olson, 1998)
(Cen et al., 2004; Charvet
Pax3 GTCACACA Skeletal et al., 2006)
Id Family CANNTG (IUPAC) Skeletal  {Tajbakhsh, 1997 #80}
1d1/3
(Kemp et al., 1995)
Pbx TGATTGAT Skeletal
NF-KB GGGRNNYYY Skeletal |(Berkes et al., 2004)
(IUPAC)
NFAT GGAAA Skeletal  |(Kramer and Goodyear,
2007)
FOXO GTAAACA Skeletal
(Schulz and Yutzey, 2004)
SMADs CAGA Skeletal
(Furuyama et al., 2003)
PPAR AGGTCANAGGTCA [Skeletal
(IUPAC) (Kollias and McDermott,
2007)
T-Box Family GTGNNA (IUPAC) Skeletal
Tbx1/15 (Gilde and Van Bilsen,
2003; Grimaldi, 2005)
Barx2 TAATGRTT (IUPAC) [Skeletal
(Dastjerdi et al., 2007;
TEF-1 CATTCC Skeletal  [Singh et al., 2005)
RXR RGKTZA (IUPAC) Skeletal  |(Meech et al., 2003)
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Transcription Consensus TFBS Muscle References
Factor (5°-3) Type
Pitx3 TAATCT Skeletal  |(L'Honore et al., 2007)
SOX Family WWCAAWG (IUPAC) [Skeletal |(Hagiwara et al., 2007; Lee
Sox6/8/9/15 et al., 2004; Nie, 2006;

Schmidt et al., 2003)
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Figure 3.7. Linear schematic of our identified PCRM with filtered TFBS annotated using
coloured shapes. The relative location of each TFSB is annoted below.
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Table 4. Summary of filtered TFBS and their respective location within identified PCRM
relative to the transcription start site.

Motif Binding Factor(s) Loci (bp) CRM
PBE Pbx -4/+3 PP
MEF2 MEF2 A/B/C/D -33/-22 PP

-135/-124 PP
-1489/-1477 UP1
-8861/-8847 UP2
TATA TBP -30/-25 PP
GATA GATA 4/5/6 -32/-27 PP
-78/-71 PP
-99/-94 PP
-159/-153 PP
-196/-190 PP
-244/-238 PP
-1556/-1550 UP1
-16488/-16482 UP3
-16500/-16494 UP3
-16607/-16601 UP3
KLF KLF5/13/15 -41/-36 PP
-8786/-8778 UP2
-16518/-16513 UP3
-16532/-16524 UP3
NFAT NFAT c3/c4 -72/-68 PP
-8903/-8896 UP2
NKE Nkx2.5 -195/-188 PP
E-Box Hand 1/2, Hey 1/2, MyoD, -221/-215 PP
MRF4, Myf5, Myogenin, -253/-247 PP
(E-Proteins, CLK, BMAL) -1556/-1550 UP1
SRE SRF -305/-288 PP
SBE SMADs -16590/16583 UP3
-16800/-16595 UP3
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3.3 Discussion

Understanding the context specific regulatory mechanisms governing ms/ transcription
is of central importance to fully understand the functional role of ms/ in striated muscle
biology. Obtaining such a mechanistic understanding would also give an intriguing
insight into the general composition and function of the regulatory circuits that are
involved in these associated processes, specifically striated muscle specific gene
expression during differentiation, maturation and post-natal adaptation to stress. To
ultimately obtain such an understanding one needs to identify and characterise the full
regulatory hardwiring of the ms/ transcriptional unit, which comprises cis regulatory
modules (CRMs) and encompassed TFBS. Historically, experimental identification and
annotation of these CRMs would be almost impossible due to the limitless location of
such regulatory modules, the so called genomic ‘search space’ problem (Ureta-Vidal et
al, 2003; Wasserman & Sandelin, 2004). However, with the advent of whole-genome
sequencing projects coupled to the development of more refined TFBS identification
algorithms (and increase in TFBS matrix library content) computational annotation
methods have been developed which would allow for biologically driven in silico
prediction of CRMs ((Ureta-Vidal et al, 2003; Wasserman & Sandelin, 2004). Utilising
comparative genomics, which incorporates the filtering power of evolutionary selection,
it is now possible to identify, with confidence, potential CRMs therefore diminishing
the genomic ‘search space’ for experimental analysis which will vastly improve and
facilitate the experimental annotation of bona-fidle CRMs (Bagheri-Fam et al, 2001;
Loots et al, 2002).

In this chapter, the currently available set of computational tools were utilised to
execute an unbiased interrogation of the Rattus norvegicus ms1 genomic interval (7q31)
with the premise of identifying putative cis regulatory modules (PCRM’s) for focused
experimental characterisation in subsequent analysis. As the first step in our analysis,
the MULAN browser was used to compare a large ms/ encompassing genomic interval
from the rat with an array of orthologous loci derived from multiple phyla. The basis for
this large interval analysis was to gain a ‘geographical’ insight into the constrained

nature of the locus and identify regions of high conservation. We identified one major
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region under high evolutionary constraint, a 20kbp interval located in the 5’ flanking

sequence directly upstream of the ms/ TSS.

The majority of functionally annotated CRM’s are typically located within the 5’
flanking regions directly upstream of the TSS (Fickett & Hatzigeorgiou, 1997; Levine
& Tjian, 2003). We therefore suspected that our 20kbp 5’ flanking interval represented a
prime locus for functional CRMs acting on the ms/ transcriptional unit. Using both
global and local alignment strategies, four PCRM were identified designated PP, UP1,
UP2 and UP3. Within this interval the PP domain represents the most highly conserved
domain, maintained throughout evolution over the last 350 million years, to the point at
which rat and frog last shared a common ancestor. Due to this and its location directly
upstream of and encompassing the TSS we speculate this PP domain represents the
basal promoter. Numerous basal promoters share common evolutionary constraint and
genomic location (Xu et al, 2006). In contrast to the PP domain, the UP1, UP2 and UP3
domains demonstrate clear species specific enrichment within the lineages analysed.
The UPI and UP2 domains are common only to the rodent, human and canine lineages
which shared a last common ancestor approximately 92 mya. The UP3 domain can be
found within the opossum lineage which diverged from rodent 180 mya suggesting this
domain contributes to a functionally more ubiquitous aspect of ms/ genetic regulation.
Other studies have demonstrated that highly conserved CRMs (like UP3) tend to be
involved in developmental aspects of gene regulation (Wray, 2003; Wray et al, 2003).
Many developmental morphological processes are common during the embryonic
development of multiple diverse species and this explains to some extent the highly
conserved nature and enrichment of specific developmental CRMs within multiple

lineages (Wray, 2003; Wray et al, 2003).

Why are the UP1 and UP2 domains absent within the other lineages examined? This
may reflect the stringency of the parameters used in the comparative analysis and
therefore it is possible that these domains were simply not conserved to a high enough
level for them to be enriched. However, when utilising the global alignment strategy,
regions of low non- threshold conservation would be visually represented and we see no

low-conservation peaks corresponding to the UP1 and UP2 domains. We therefore
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suggest these domains may have arose during evolution after the rat/human/canine
common ancestor diverged from opossum approximately 180 mya. Evolutionary
adaptation at the gene regulatory level is mediated by co-utilisation of established CRM
by other genes (Wray, 2003; Wray et al, 2003). This occurs through genomic re-
arrangements and retro-transposition events which result in CRM dispersion within the
genome to alternative new loci and potentially within close proximity of other genes
(Wray, 2003; Wray et al, 2003). If such CRM transposition events are evolutionary
favourable, they will be positively selected and conversely negatively selected if
detrimental. It is also possible, although somewhat less likely, that the UP1 and UP2
domains were present in a last common ancestor before the opossum diverged but
simply not maintained within the opossum lineage branch while being conserved within

the rodent branch.

Although the UP1 and UP2 domains are not conserved within the opossum and earlier
lineages, it is still plausible that the regulatory contexts they mediate are conserved.
Many examples exist where different species have utilised the same set of TFBS for the
same regulatory output with such motifs residing within non-orthologous sequences.
This is particularly common when multiple common TFBS are utilised, for example E-
Box motifs (Ureta-Vidal et al, 2003; Wasserman & Sandelin, 2004). Evolution can thus
utilise non-orthologous sequences to mediate common transcriptional output of

orthologous genes within multiple species.

On the basis of PCRM mapped within our constrained 5° flanking interval and the
emerging paradigm for modularity in gene regulation (Firulli & Olson, 1997), the
following is proposed. The PP domain represents the proximal basal promoter. Typically
proximal promoters alone are not able to mediate all aspects of a genes context specific
regulation, for example transcriptional changes during development (Lien et al, 2002) or
in response to a stress stimulus (Xu et al, 2006). They are however required for all
regulatory contexts because they contain the core promoter and the site of pol II
recruitment and therefore transcriptional initiation. The proximal promoter therefore
serves to integrate context specific signals transduced by distal CRMs. The ANP

promoter is a classical example of how the proximal promoter interacts with distal CRM
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to mediate context specific regulatory transcription (Temsah & Nemer, 2005). It is
likely the UP2 and UP3 domains serve such a function and mediate context specific
transcriptional outputs. It was of interest that the UP1 domain, when spatially mapped
within human and rodent lineages, maintained distance with respect to the PP domain.
Therefore this domain does not fulfil the criteria of a classical enhancer/repressor in that
distance and orientation appear to be constrained. It will be of interest to examine

whether this UP1 constitutes the distal portion of the proximal promoter.

In order to identify PCRM specific TFBS and gain an insight into the potential context
specific regulatory role of each domain, rVISTA 2.0 was utilised. This analysis
identified an array of TFBS (Tablel) that were constitutively enriched within respective
domains in multiple species. The ultra-conserved PP domain contains a number of
TFBS bound by factors with well characterised roles in striated muscle gene expression
(Tables 2 and 3). These include multiple E-Box motifs, serum response element (SRE,
bound by SRF) and a Nkx element (NKE, bound by Nkx 2.5). In addition this domain
contained an ultra-conserved MEF2 motif (bound by Mef2 proteins) and a TATA box
like element, which has been shown to bind TATA-binding protein in vivo (Lomvardas
& Thanos, 2001; Soutoglou & Talianidis, 2002). The ultra-conserved nature of this
TATA box like motif (TATT) coupled to its optimal spacing from the msl TSS
(Lomvardas & Thanos, 2001; Soutoglou & Talianidis, 2002) leads us to speculate that
this motif represents the bona fide ms1 TATA box and thus the location of TBP binding,

Pol II recruitment and transcriptional initiation.

In addition to the PP domains, our rVISTA analysis also identified other striated muscle
associated TFBS within the distal PCRM including MEF2, NFAT, E-Box, SMAD and
GATA motifs. Considering the stringent striated muscle expression profile of ms/ and
the unbiased nature of the rVISTA analysis, it is encouraging that the majority of
rVISTA derived motifs represent binding sites associated with striated muscle specific
transcription factors (Tables 1 - 3). If we were to retrospectively predict ms/ expression
based solely on the TFBS identified through this rVISTA analysis, we would
undoubtedly suspect a muscle specific expression profile. The current data validates the

utility of rVISTA and suggests that if the appropriate whole genome sequences are
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available and the PWM databases are sufficiently informative (large information
content) and refined, it is possible to predict regulatory context based on sequence

alone.

Due to the inherent content limitation of the TRANSFAC PWM library utilised by
rVISTA we also executed a manual TFBS interrogation of all four PCRMs. This manual
filtering protocol combined Matlnspector based PWM pattern matching with
phylogenetic conservation and biologically relevant binding site information (our
striated muscle TFBS library, Table 2). This strategy identified 28 TFBS within all four
PCRMs filtering out 86% of the original hits. These hits included all rVISTA derived
motifs and additional motifs for GATA proteins, Mef2 proteins, KLF factors (Oka et al,
2007) and also a single Pbx binding motif (Pbx/Meis complex plays a crucial role in
early myogenic gene expression(Berkes et al, 2004; Maves et al, 2007). Due to the
enrichment of all our rVISTA derived motifs we suspect this manual protocol has the
same level of stringency and specificity as rVISTA. We therefore suggest that the
additional motifs identified here are likely to have the same potential for functionality as
the rVISTA derived hits, which have empirically been shown to represent prime

candidates for functional TFBS (Loots et al, 2002).

The rVISTA and Matlnspector filtered data-sets were combined to generate a final
library of PCRM and TFBS for functional experimental analysis. In addition to focusing
the experimental strategy, through a literature based interrogation of the putative TFBS
and the specific clusters they form, it is also possible to gain a functional insight into the
regulatory role of each PCRM. For example within the core promoter we have the ultra-
conserved TATA like box which we speculate constitutes the core promoter. In addition
we have six ultra-conserved Mef2 and GATA motifs within the proximal 200bp
upstream of the TSS, which can be bound by Mef2 and GATA factors respectively. It is
noteworthy that extensive studies of cardiac-specific gene regulatory networks implicate
Mef2 binding proteins (specifically Mef2D, Mef2C) and GATA factors (4/5/6) as key
transcriptional regulators within the heart (Bi et al, 1999; Black & Olson, 1998; Charron
et al, 2001; Hautala et al, 2001; Liang et al, 2001; Lu et al, 2000; Molkentin & Olson,
1996; Oka et al, 2006; Oka et al, 2007; Pikkarainen et al, 2004; Shore & Sharrocks,
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1995). GATA factors are Cys4 zinc finger transcription factors with GATA4/5/6 all
playing overlapping roles in the development and normal function of the heart. This is
through direct transcriptional regulation and not surprisingly many cardiac gene
proximal promoters (like the present ms/ PP domain) are enriched with multiple GATA
motifs which mediate developmental, basal and stress inducible cardiac specific
expression (Hautala et al, 2001; Kerkela et al, 2002; Morimoto et al, 2000; Morisco et
al, 2001). It will be intriguing to determine the role of these GATA factors in regulating
the ms/ promoter in such cardiac regulatory contexts. Examining the role of the ultra-
conserved -135bp Mef2 motif will also be of interest. Members of the Mef2 family of
MADS-box transcription factors are expressed at high levels in striated muscle and
Mef2C is critical for correct cardiac development and associated cardiac gene
expression (Han et al, 1997). Interestingly Mef2 factors and specifically Mef2C have
been shown to interact with GATA factors to induce cardiac transcription (Yanazume et
al, 2003)). The co-localisation of ultra-conserved Mef2 and GATA motifs raises the

possibility for such co-operation at the ms/ promoter.

Apart from their role in heart-specific gene regulation, Mef2 proteins are also expressed
in other tissues including skeletal muscle. Alone, Mef2 factors do not possess myogenic
activity but, in combination with E-Box binding bHLH transcription factors, the
myogenic regulatory factors (MRF), they drive and amplify the myogenic
differentiation program (Black & Olson, 1998; Brand-Saberi, 2005; Shore & Sharrocks,
1995). With numerous E-Box and Mef2 motifs within the UP1/PP encompassing the
proximal interval it would be intriguing to determine if these motifs are involved in

skeletal myogenic specific activity of the ms/ promoter.

A single serum response element (SRE -305/-288) is present in the distal portion of the
PP. This raises the intriguing possibility that SRF, the core component of the MSI-
MRTF-SRF transcriptional axis, regulates the ms/ promoter thereby generating a
positive feedback loop which supports a feedforward network motif. This may have
implications during striated muscle development and adaptation to stress because such
network motifs are central to the amplification and consolidation of the genetic

pathways activated in such contexts. SRF is also a primary driver of cardiac and skeletal
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muscle specific gene transcription and may contribute to ms/ expression in either or
both of these contexts (Arai et al, 2002; Balza & Misra, 2006; Miano, 2003;
Sotiropoulos et al, 1999). With respect to cardiac specific transcription the NKE
element (-195/-188) and KLF binding site (-41/-36) may represent motifs of
experimental interest. The NKE can be bound by Nkx2.5, a member of the NK
homeobox family that plays a critical role in cardiac development and specifically
cardiac gene transcription (Lints et al, 1993). In addition the KLF binding site can be
bound by numerous cardiac regulatory KLF factors including KLF 5, 15 and 13, all of
which have characterised regulatory function at cardiac specific promoters (Fisch et al,
2007; Suske et al, 2005). Both Nkx2.5 and KLF factors act in combinatorial manner
interacting with other cardiac restricted factors, for example GATA4, SRF and Mef2C
(see Chapter 1). The close proximity of these motifs with respect to the ultra-conserved
GATA and Mef2 sites in addition to the SRE suggests such combinatorial interactions

may also be active and functionally required at the ms/ promoter.

The significant enrichment of cardiac and skeletal specific TFBS within the proximal
promoter leads to the hypothesis that the PP domain (and potentially the UP1 domain)
represents the basal striated muscle specific proximal promoter. We suspect this region
is critical and necessary for all regulatory contexts in which ms/ is expressed, much like
the proximal promoter domains in the ANP, BNP and Ncx promoters. However distal
CRM are typically used for the integration and subsequent transduction of the
appropriate transcriptional output in response to the input signal (Firulli & Olson,
1997). Ms1 associated contexts include transcriptional changes in response to tempero-
spatial developmental signals or post-natal transcriptional induction in response to stress
stimuli. With this in mind it is of interest that the UP2 and UP3 distal PCRMs contain
specific clusters of enriched TFBS that have been implicated with and demonstrated to
mediate the context specific regulation of other genes in striated muscle regulatory
contexts. For example the UP2 domain contains NFAT and MEF2 motifs which have
been demonstrated to collaborate with each other and mediate -calcineurin
transcriptional signalling (Beals et al, 1997; Hogan et al, 2003; Molkentin et al, 1998).
In a skeletal muscle context this signalling axis is important for the up-regulation of

specific skeletal muscle transcripts associated with slow twitch muscle fibre (Schulz &
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Yutzey, 2004). Kuwahara and colleagues (2007) have recently demonstrated that the
msl proximal promoter is more active in the slow twitch muscle fibre in vivo
(Kuwahara et al, 2007). In addition, cardiac specific transcriptional up-regulation in
response to pressure overload or ischemia reperfusion injury (both contexts in which
msl is differentially expressed) is critically dependent on the calcineurin/NFAT Ca2*
dependent pathway. It will be of great interest to determine whether the UP2 PCRM
regulates ms1 expression in any of these regulatory contexts and whether it confers Ca*

dependent calcineurin signalling onto ms|.

The UP3 PCRM is the most evolutionary conserved distal PCRM and is of particular
interest due to its TFBS composition, which it shares similarity with the Nkx2.5 cardiac
developmental enhancer (Lien et al, 2002). This Nkx2.5 enhancer, which contains
tandem Smad binding elements in close proximity to multiple GATA binding motifs,
mediates early embryonic cardiac specific induction of Nkx2.5 (at E 7.5) through a
BMP signalling pathway. Kuwahara and colleagues (2007) have demonstrated that ms/
is embryonically expressed within the linear heart tube at E8.25. This raises the
possibility that the UP3 PCRM may represent a developmental cardiac specific
enhancer which mediates ms/ transcriptional induction in response to development

BMP/Smad signalling.

In conclusion, through comparing the TFBS composition of the current identifed PCRM
with well characterised CRM in the literature it is possible to predict what regulatory
roles they may confer on ms/. Clearly such an insight will allow us to generate

appropriate experimental models, both in vitro and in vivo, for subsequent analysis.
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Chapter 4

Functional and epigenetic analysis of conserved cardiac specific cis

regulatory domains in the ms/ gene.

4.1 Introduction

As outlined in Chapter 1, characterising the mechanisms governing context specific
expression profiles of ms/ will give a deeper insight into ms/ function, and the
transcriptional regulatory processes associated with such contexts, for example, cardiac
specific gene expression. The unique striated temporal-spatial transcriptional profile of
msl expression is likely to be under the control of a complex regulatory hardwiring
mechanism. In recent years a unifying paradigm for the temporal and spatial regulation
of cardiac specific gene expression has emerged (Firulli & Olson, 1997). It has been
demonstrated through the functional analysis of numerous cardiac specific genes
(Brown et al, 2004; Lien et al, 2002; Sepulveda et al, 1998; Xu et al, 2006) that
developmental and post natal context specific expression patterns are mediated by the
binding of cell/tissue specific and signal sensitive transcription factors acting in a
combinatorial manner at many distinct and independent cis regulatory modules (CRMs)
(Levine & Tjian, 2003). These modular circuits serve to integrate all the appropriate
signals with the proximal core promoter and subsequently modulate the transcriptional
output. The integration of these signals through the appropriate TFs and regulatory
domains is mediated, in a large part, through upstream intracellular signalling pathways
and epigenetic regulatory phenomena (Clerk et al, 2007). This epigenetic modification
of chromatin modulates transcription through creating the optimum environment for Pol
I binding and transcriptional initiation (Soutoglou & Talianidis, 2002). The best
characterised modifications associated with cardiac epigenetic regulation are histone

acetylation and de-acetylation (Backs & Olson, 2006; Wang et al, 1999).

Regulation of histone acetylation/deacetylation has been linked to cardiac development

and hypertrophy, contexts in which ms/ is differentially expressed. For example, the
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HAT activity of p300 and CREB-binding protein (CBP) is required for phenylephrine
induced cardiac hypertrophy (Yanazume et al, 2003). In support of this observation,
inhibition of HDAC activity potentiates the hypertrophic response in muscle cells (Iezzi
et al, 2004). Specifically it has been demonstrated that class Il HDACs (HDAC-4, -5,
-7 and -9) suppress cardiac specific gene expression in part by binding to and inhibiting
the activity of myocyte enhancer facter 2 (MEF2)(de Ruijter et al, 2003; Kee et al,
2006; Lu et al, 2000; Miska et al, 1999; Wang et al, 1999; Zhang et al, 2002). Contrary
to this, Class I HDACs (HDAC?2) have been found to promote cardiac hypertrophy in
vivo, presumably through specific transcriptional repression of anti-hypertrophic genes
(Kook et al, 2003; Kook et al, 2002). Despite the somewhat discrepant findings with
respect to the pro/anti-hypertrophic role of the various HDAC classes, it is clear histone
acetylation per se is a critical determinant of cardiac specific gene expression. Recent
studies have also demonstrated an important role for histone methylation and
demethylation in the regulation of cardiac specific gene expression (Bingham et al,
2007; Bingham et al, 2006). Acting through the repressor element-1 silencing
transcription factor (REST), Bingham and colleagues (2007) clearly demonstrated that
differential histone methylation is required for basal and stress inducible cardiac

expression of ANP and BNP.

The specific activity of TFs, co-factors and subsequent epigenetic regulatory processes
acting at multiple independent CRMs will contribute to the exquisite temporal-spatial
expression profile demonstrated by ms/. With this in mind it was encouraging that the
present bioinformatic analysis of the ms/ promoter and associated regulatory domains
(Chapter 3) uncovered an array of highly conserved putative cis regulatory modules
(PCRMs) which we speculated mediated context specific cardiac expression of ms].
The nature of these cardiac TFs which we predict may bind our identified domains leads
us to propose that an important component of ms/ transcriptional regulation will
involve epigenetic regulatory mechanisms. For example, the TFs GATA4, MEF2,
NFAT and SREF, all of which have predicted binding sites within our regulatory domains,
have been demonstrated to mediate cardiac specific expression through epigenetic

mechanisms (Oka et al, 2007).
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In order to gain a greater understanding of the cardiac specific mechanisms governing
msl expression, we have proceeded to isolate and functionally analyse our in silico
derived PCRMs (Chapter 3) for cardiogenic activity. Throughout the analysis we have
also investigated the epigenetic status of our identified domains as it was predicted that
epigenetic regulatory processes represent major determinants of ms/ cardiac specific
expression. The results derived from this present chapter will serve to illuminate our
understanding of the regulatory circuitry underpinning ms/ cardiac specific expression.
The epigenetic analysis also has the potential to give an insight into the composition of
potential factors binding within each domain and the mechanisms for context specific
expression, for example, developmental up-regulation and the transient post natal
induction in response to stress. Finally these data will also allow us to determine the
validity and accuracy of the current comparative in silico analysis with respect to
predicted cardiac specific CRMs, in addition to focusing our attention in subsequent

investigation for TFBS experimental analysis.
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4.2 Results

4.2.1 Quantitative analysis of cardiac specific expression of msl in vivo and in vitro.

During the initial identification and characterisation, ms/ expression was shown, using
semi-quantitative RT-PCR (Mahadeva et al, 2002), northern blot (Arai et al, 2002) and
whole embryo in situ hybridisation (Arai et al, 2002), to be restricted to striated muscle
with significant cardiac enrichment. However due to the qualitative nature of these
assays, transcript abundance of ms/ in the same set of tissues (Mahadeva et al, 2002)
was measured using a quantitative assay. Using total pooled RNA (n=5) isolated from
adult rat skeletal muscle (solous muscle), heart, adrenal gland, kidney, testis, brain and
liver (isolated by Harin Mahadeva), quantitative real time RT-PCR of ms/ and TBP

(internal control) using Tag Man® probes was performed as described in Chapter 2.

Relative ms/ mRNA was quantified using the comparative method (Livak &
Schmittgen, 2001) with expression in the heart normalised arbitrarily to one. Consistent
with the published work, ms/ expression is restricted to striated muscle with significant
expression in skeletal and cardiac muscle (Figure.4.1.A). Our quantitative analysis
indicated a 20-fold increase in relative abundance of ms/ in skeletal versus cardiac
muscle. To validate the striated muscle specificity of the RNA samples used, semi-
quantitative RT-PCR of GATA4, MEF2C, SRF and RPL32 (internal control) was
performed as described in Chapter 2 (Figure.4.1.B). GATA4, MEF2C and SRF all
represent cardio and myogenic transcription factors which are typically more abundant
in striated muscle. The high relative abundance of all three muscle transcription factors
within heart and skeletal muscle validates the striated muscle nature of the RNA

samples examined.
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Figure 4.1. Relative tissue, developmental and cell specific ms1 mRNA abundance. Total
RNA (5 separate preparations which were then pooled) was isolated from adult rat
skeletal muscle, cardiac muscle, adrenals, kidney, testis, brain, liver in addition E18 whole
hearts and 2 day neonate left ventricles and subjected to reverse transcription followed by
quantitative (A, C) and semi-quantitative (B) PCR with primers specific for MS1 (A),
GATA4 (B), Mef2C (B), SRF (B), TBP and RPL32. Relative expression in the adult heart
for ms1 was arbitrarily set at 1. Total RNA was also isolated from H9c2 myoblasts and
NIH3T3 and subject to quantitative real time RT-PCR (D). Expression level in H9c2
myoblasts was arbitrarily set at 1. Values are represented as means £SEM of at least three

independent RNA extractions.
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Msl expression during cardiac embryonic and post-natal development was also
measured. Using pooled RNA (n=5) isolated from the left ventricles of 18-day-old
embryos, 2-day-old neonates and 12-week-old adult Wistar rats (tissues isolated and
RNA extracted by Harin Mahadeva), quantitative real time RT-PCR was executed.
Relative msi expression in the embryonic ventricle was arbitrarily normalised to one.
This analysis indicated a clear maturation dependent increase in ms/ expression (Figure.
4.1.C) with a 1.5 and 4-fold increase in relative ms/ transcript abundance in the

neonatal and adult ventricles respectively.

To characterise the cardiac specific mechanisms governing this strict developmental and
cell restricted expression, we required an appropriate cardiac in vitro cell model and the
HO9c2 cell line was chosen. These cells, which are derived from the embryonic rat
ventricle, represent an immortalised cardiac myoblast cell line capable of proliferation
and differentiation. They express cardiac specific isoforms of L-type voltage operated
Ca?" channels and sarcolemmal ATPase splice variants characteristic of the normal heart
as well as displaying cardiac specific electrophyisological properties (Hammes et al,
1994; Sipido & Marban, 1991). More significant to the current study, these cells have
been effectively used for the characterisation of cardiac specific gene regulatory
mechanisms and epigenetic phenomena, the contexts in which we want to examine ms/

expression (Bingham et al, 2007; Bingham et al, 2006; Kaneda et al, 2005).

In order to confirm the utility of these cells for cardiac specific regulatory
characterisation, real time RT-PCR was performed on total RNA isolated from the H9c2
myoblasts and the non-cardiac NIH 3T3 fibroblast cell line. Ms/ expression in H9c2
was normalised to one and encouragingly, ms/ transcript was ten times more abundant
in H9¢2 than in the NIH 3T3 non-cardiac fibroblasts (Figure.1.D). This suggests
common cardiac specific mechanisms are driving ms/ restricted expression in vitro and
hence validates the use of these cells as an appropriate cardiogenic model for msl

experimental characterisation herein.
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4.2.2 Isolation and functional cardiac characterisation of proximal 5’-flanking

regulatory domains.

The bioinformatic comparative in silico analysis (Chapter 3) led us to speculate that the
proximal 5’-flanking interval, in particular the UP1 and PP domains, is a crucial
determinant for ms/ cardiac specific expression. This was, in part, as a result of the high
number of cardiac restricted TFBS enriched within these conserved domains. In order to
test this hypothesis in vitro, we proceeded to isolate and clone the proximal 1.6kbp 5°-
flanking region, encompassing the UPl and PP domains, directly upstream of
Luciferase in a promoter reporter vector system (pGL3-Basic). The premise behind this
assay and the detailed description of reporter construct generation are described in detail
in Chapter 2. Briefly, specific combinations of various forward and common reverse
primers (+60-Hind III)(Figure 4.2.A) were used to amplify 5’-flanking intervals for
subsequent cloning into the pGL3-Basic luciferase reporter plasmid. The forward
primers were specifically designed to encompass specific 5’-flanking intervals, thereby
allowing a series of truncated reporter constructs to be generated in which specific
hypothesised functional domains (UP1 and PP) and TFBS have been truncated (Figure
4.2.A). For example the -1381/+60 reporter does not contain the UP1 domain. In
addition the -300/+-60 and -127/+60 reporters truncate within the highly conserved PP
domain resulting in loss of specific TFBS. We have also generated -1148/+60 reporter to
give us an insight into the role of any non conserved functional domains located with
the inter-domain genomic region. The truncated reporters were restriction digested with
Sacl/Hind III and electrophoresed on an agarose gel for visualisation to confirm
integrity and validate size of the truncated promoter fragment insert (Fig 4.2.B). These
reporters were also sequenced as described in chapter 2 to ensure no sequence

aberrations were incorporated during the PCR amplification step.

The truncated reporters were transiently transfected into the cardiogenic H9¢2 and non
cardiogenic NIH 3T3 and COS-7 kidney cell lines, as described in the methods. In
agreement with the in vivo and in vitro cardiac restricted expression profile of the ms/
promoter, all the truncated reporter constructs were significantly more active in the

cardiogenic H9¢c2 with respect to the non-cardiogenic COS-7 and NIH 3T3 (Figure
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4.2.C). The relative luciferase activity of the -1585/+60 reporter was normalised to one.
The respective reporter is approximately 75% less active in the COS-7 and NIH 3T3,
which suggest that cardiac restricted factors activate the ms1 promoter through domains
and motifs within the proximal flanking interval, as predicted in silico. However
deletion of the -1585/+60 to -300/+60 reporter does not result in attenuated cardiac
specific reporter activity. This implies that all the cis information required for
cardiogenic activity in H9¢2, lies within the proximal 300bp upstream of the TSS. This
suggests the UP1 domain, in this context, is not of functional importance. However, in
support of our in silico derived hypothesis, truncating within the ultra conserved PP
domain, leads to attenuated cardiac specific reporter activity. Indeed the -127/+60
fragment is approximately 50% (p<0.05)(Figure 4.2.C) less active than the -300/+60
reporter, with this attenuation only observed in the H9¢2 and not the NIH 3T3 or COS-7
cells. This cardiac specific decrease in promoter activity is therefore likely caused by
the deletion of key cardiac TFBS located within the -300 to -127 genomic sequence

interval.

The PP domain, which encompass (and overlap) the TSS and therefore represents the
location of the core promoter, with the key component being the TATA box, or
alternative sites of TATA binding protein association (Roeder, 2005). Our in silico
analysis identified a putative TATA box (TATT) located 40bp upstream of the TSS
which represents optimal inter-spacing for bona fide TATA boxes (Smale & Kadonaga,
2003). In order to test this hypothesis we mutated this putative TATA box within the
-1585/+60 reporter using site directed mutagenesis exchanging the adenine at the
second position for a guanine, thereby abolishing the TATA box. This mutation resulted
in a dramatic 95% decrease in promoter activity in H9¢2 cells (Figure 4.3.A. black bar)
with similar dramatic decrease in activity in NIH 3T3 fibroblasts and COS-7 cells (Fig
4.3.A, checked and clear bars). This ubiquitous abolishment of reporter activity in all
cell types suggests this is not a cell specific effect and indicate this motif may represent

a genuine TATA box.

134



A

-1585  -1381 -1148 -365 -300 -127
Ii — — —>E H —
+60 Hind Il R
B
100bp 1000bp
LD A E F G LD

135



AyAnoe aseusjion| aAijeja.

mh..c

om..o

G20

= — g jeyi-

{ on1-09+/LT1-

oN7-09+/00¢€-

— (L P

= 2n1-09+/59¢-

oN7-09+/8¥1 1~

IN7-09+/T8EI -

— ) lui.

INT7-09+/58S1-

136



'S0°0>d . Aq PajedIpul 31 SIUAIJJIP JUBIYIUSIS A[[2INSNEIS *JINIISU0I 13}310daa yoed 10j dedidrr ul suondsjsue.a) deaedas
JUDISLJIP 9.1Y) ISEI[ J¢ JO JAASTF UdW SB Passatdxd aae s)nsat Y[, °| JO an[eA Arejiqae paudisse s)se[qoAwr 7ogH Ul 13)10dax (9+/S8ST-d Y3
Jo K)IAI)OR IAIIE[AI YIIA POUIULIIIIP UIY) SeM Ul [[39 Yoed ul (g-¢1Od sA) sidjowoad pajeduna) 3y} Jo AJANIE AN Y I, dul[ [[99 Yded ul
S JON.1ISU0D J3)10dda PIjLIUNI) YY) 10 PIUTULIIIIP SEM duo[e g-£TOd 01 IANEBRI ANANIE 19)0W01J "AIAIIE ISBIIJIIN] A0J PIISIAIBY IIIM S[[9D
duanpjuod ¢, (8 APewrxordde je suonddysuea) 3sod sanoy gp *(a1eq YM) S[[99 L-S0D) pue (1Bq pa)op AdI3) jse[qoaqy €LEHIN ‘(1eq Ydoelq
PI[0S) SISB[qOAWI TIGH OJUI PIIdJsued) APUdIsuer) d.19m sadja0dax spowoad pajedunay gy, ‘g-€19d ‘O 09+/LZT- ‘A 09+/00€- ‘A 09+/S9€-
‘A 09+/8F1T- ¢D 09+/S8ST- ‘d 09+/I8€I- ¢V "UONLIISUI PUE UOHBIUILIO JIILIOI JO UONBULIJUOD 10§ SIsA.10Yd0.a)d9][d [93 3s0aese BIA pasiensia
Pue pIISAJIP UOHILIISAA IIIM SPINIISUOD ISLIYIIN] PILIIUID) (g) *SIINIISU0) Iserdyn| 19310daa t1djowoad jewnxoad jsw pajedunay jo

U0 RIdUIG ) J10J pasn suonedo] JouwLid 3y} Jo uonejudsaadaa snewdyds (v) 1djowoad jewrxoad [sw 3y) Jo A31Ande dG1dds [[9) “7'p 21n31

137



relative luciferase activity

1.25+

1.004

0.75+

0.50+

0.25+

TATT

TGTT
+ +
-+

Labeled Probe
Unlabeled self
Unlabeled consensus

138



Figure 4.3. Proximal ms1 TATA like sequence represents bona fide TATA box. (A) The
putative TATA box sequence was submitted to site directed mutagenesis and transiently
expressed in H9¢2 myoblasts (solid black bar), NIH 3T3 fibroblasts (dotted grey bar) and
Cos-7 cells (white bar) and assayed for luciferase activity. TATA mutation resulted in a
ubiquitous >95% reduction in luciferase activity with respect to the wild type P-1585/+-60
reporter. The results are expressed as mean £SEM of at least three different separate
transfections in triplicate for each reporter construct. (B) DIG-labelled oligonucleotide
probe for the MS1 TATA like sequence was incubated with whole cell protein extracts
made from H9c2 myoblasts. Competition experiments were performed using a 200-fold
excess of unlabelled self to test for specificity and a 200-fold excess of unlabelled TATA

consensus probe. Arrows indicate the resulting band shifts.
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To further characterise the biological importance of the proximal TATA box like
sequence, we executed an electrophoretic mobility shift assay (EMSA). Briefly, we
synthesised a specific oligonucleotide encoding the TATA box like sequence and
adjacent nucleotides present at the endogenous msl promoter. These complimentary
oligonucleotides were annealed and end labelled with digoxigen (DIG) to generate
double stranded labelled probe for subsequent EMSA analysis. This DIG-labelled probe
was then incubated with whole cell protein extracts from H9c2 myoblasts and a molar
excess (X200) of complimentary cold unlabelled probe or cold consensus TATA box. As
shown in Figure 4.3.B incubation of the ms1 TATA box probe with H9¢c2 whole cell
extract resulted in the appearance of a single DNA-protein band shift. Co-incubating
this reaction with a 200 fold molar excess of unlabelled complimentary probe ablated
the appearance of the shifted band, demonstrating the DNA-protein band shift is the
product of specific protein/DNA-sequence specific interaction, and not a non specific
protein interaction. This shifted band was also ablated through incubation with 200 fold
molar excess of unlabelled consensus TATA box probe. These findings are in agreement
with our mutagenesis analysis and it is concluded that this TATT sequence represents
the bona-fide ms1 TATA box, and therefore site of TBP binding and transcriptional

initiation.

4.2.3 Cardiac specific regulatory activity is associated with the distal regulatory
domains, UP2 and UP3.

In addition to the proximal interval encompassing the UP1 and PP domains, our in silico
analysis identified two distal domains of particular interest, UP2 and UP3. Both of these
distal loci were enriched with composite clusters of cardiac specific TFBS and this led
us to speculate that these domains contributed to the cardiac specific expression of msl.
Classically, distal CRMs, like UP2 and UP3 act as enhancer or repressor modules
mediating context specific activation or repression of the proximal promoter, which,

with respect to ms/ is likely the PP domain.

In order to test this hypothesis in vitro, we proceeded to isolate and clone the distal UP2

and UP3 domains directly upstream of the SV40 basal promoter in a luciferase based
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enhancer/repressor reporter system (pGL3-Promoter). Unfortunately, due to the inability
to amplify and clone promoter fragments larger than 10 kbp, it was not possible to test
the functionality of the UP2 and UP3 (located 8.7 and 16.4 kbp upstream of msl TSS
respectively) domains in their native genomic context, co-linear with the msl PP.
However, bona-fide enhancer/repressor regulatory modules can, by definition, have
common regulatory effects on any given ubiquitous proximal promoter. Thus, through
cloning these modules upstream of the SV40 basal promoter, we can probe and gain an
insight into the cardiac regulatory activity of these distal modules and determine

whether they mediate enhancing/repressing effects.

A detailed description of reporter construct generation is described in Chapter 2. Briefly,
specific forward and reverse primers designed to encompass the UP2 (-9498-
Xhol/-8608-HindIIl) and UP3 (-16702-Xhol/-16432-HindIII) (Figure 4.4.A) were used
to amplify the respective genomic intervals for subsequent cloning into the pGL3-
Promoter luciferase reporter plasmid. These enhancer/repressor reporter plasmids were
restriction digested with Xhol and HindIIl and electrophoresed on an agarose gel
(Figure 4.4.B) for visualisation to confirm integrity and validate size of the appropriate

insert.

These validated reporters, in addition to the SV40 only reporter, were transiently
transfected into the cardiogenic H9c2 (Figure 4.4.C) and non-cardiogenic NIH 3T3
(Figure 4.4.D) cell lines as described in Chapter 2. The relative luciferase activity of the
SV40 only reporter was normalised to one. Within the cardiogenic environment (Figure
4.4.C) the UP2 and UP3 domains mediate clear regulatory effects on the SV40 proximal
promoter. The UP2 module repressed the activity of the SV40 basal promoter by
approximately 40% (*p<0.05), suggesting in this cardiomyoblast context, UP2 has
repressive activity. Conversely the UP3 module, in this cardiac context, enhances basal

SV40 promoter activity by approximately 75% (**p<0.01).
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Figure 4.4. Cell specific activity of the ms1 distal domains UP2 and UP3. (A) Schematic
representation of the primer locations used for the generation of the distal domain
reporter luciferase constructs. (B) Generated luciferase constructs were restriction
digested and visualised via agarose gel electrophoresis for confirmation of correct
orientation and insertion. A; pGL3-P, B; -9498/-8608, C; -16702/-16432. The domain
reporters were transiently transfected into H9¢c2 myoblasts (C) and NIH3T3 fibroblast
(D). 48 hours post transfections at approximately 80% confluence cells were harvested for
luciferase activity. Domain reporter activity relative to SV40 basal promoter was
determined with SV40 activity arbitarily set at 1 in both cell lines. The results are
expressed as mean £SEM of at least three different separate transfections in triplicate for
each reporter construct. Statistically significant differences are indicated by *p<0.05,
*¥*p<0.01.
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These respective enhancing/repressive effects are not observed in the NIH 3T3 cells
(Figure 4.4.D) therefore clearly demonstrating cardiac specificity of these modules
which is likely mediated by cardiac specific TF binding and associated regulatory
processes. In conclusion these findings suggest that, at-least in H9¢2 based cardiogenic
environment, the UP2 and UP3 distal domains represent bona-fide repressor and

enhancer regulatory modules respectively.

4.2.4 Cardiogenic differentiation-dependent activation of msl expression: potential

role for the proximal promoter domain.

Previous work coupled to the current quantitative expression analysis (Figure 4.1.C) has
clearly demonstrated that ms/ expression is differentially regulated during cardiac
development and maturation with a robust induction during the neonatal to adult
transition. This represents a transition from a proliferating neonatal myoblast-like cell to
a terminally differentiated mature myocyte which is accompanied by hypertrophy and
myofibrillogenesis. In this respect the H9¢2 myoblast cells are intrinsically suited for
the study of this maturation specific transcriptional induction of ms/ and the regulatory
mechanisms governing this. As previously described H9c2 is a clonal myoblast cardiac
cell line derived from the embryonic rat heart (Kimes & Brandt, 1976). When confluent,
these myoblasts have the ability to trans-differentiate into a more mature cardiac muscle
phenotype, similar to the neonatal to adult transition (Menard et al, 1999). This retinoic
acid (RA) induced trans-differentiation is accompanied by the expression of cardiac
isoforms of L-type voltage-operated Ca’?" channels, Gai3, Gai3/0, myosin light chain

2V and sarcolemmal ATPase splice variants characteristic of the normal adult heart.

In order to evaluate the suitability of H9¢c2 as a model for maturation dependent cardiac
specific msl up-regulation, quantitative real time RT-PCR of ms/ and TBP (internal
control) using Taqg Man® probes was conducted using 1pug of total RNA isolated from
proliferating H9c2 myoblasts (maintained in growth media: GM.) and terminally

differentiating H9c2 myotubes (upon confluence maintained in cardiogenic
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differentiation media: CDM)(Figure 4.5.A) as described in Chapter 2. There was a
significant four fold (p<0.05) increase in ms/ transcript in differentiating H9c2
compared to proliferating H9c2 myoblasts, thus validating the use of H9c2 as an
appropriate cardiogenic differentiation model. To confirm the fidelity of this cardiogenic
differentiation, quantitative and semi-quantitative RT-PCR was also used to measure
Arc and aicardiac gene expression, respectively (Figure 4.5.B.C.D). Both of these
transcripts, which have been demonstrated to be transcriptionally induced during H9c2
RA-induced cardiac differentiation (Menard et al, 1999), were significantly (4.5-fold for
Arc and 3-fold; p<0.05) more abundant in the differentiated H9¢c2, thus validating the
current differentiation protocol. In conclusion this finding suggests that the H9¢c2 cell
line represents a good model for ms/ cardiogenic differentiation dependent up-
regulation. We suspect the mechanisms governing ms/ expression in this model may
correlate with the mechanisms mediating maturation dependent ms/ up-regulation in

vivo during the neonatal to adult transition.

In order to gain an insight into the potential regulatory role of our cardiac specific
regulatory domains in this process, we proceeded to test the effect of RA induced H9¢2
cardiogenic differentiation on the relative promoter and fragment activity of the isolated
promoter reporter constructs described previously (section 4.2.2 and 4.2.3). As a first
step we transiently transfected the -1585/+-60 and -365/+60 reporters encompassing the
UP1 and PP domains respectively into proliferating (white bar, Figure 4.6.A) and
differentiated H9c2 (black bar, Figure 4.6.A) cells. Using these two fragments allowed
us to probe whether the UP1 domain mediates a differentiation dependent regulatory
role not active in the non differentiated H9c2 cells and therefore not detected in the
early experiment (Figure 4.2). The relative luciferase activity of the -1585/+60 reporter
in non-differentiated H9c2 was normalised to one. In support of the proposed
hypothesis outlined in Chapter 3, both the -1585/+60 and -365/+60 reporters were
sensitive to the differentiation status of the cell with significant 25% (p<0.05) increase
in relative luciferase activity with both reporters observed in the differentiated H9c2.
This data also suggests that, at least in this model, the UP1 domain does not contribute
towards the differentiation dependent increase in relative promoter activity. It is likely

that this effect is mediated by the binding and activity of differentiation dependent
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cardiac transcription factors within the PP domain. Somewhat surprisingly however,
RA induced cardiac differentiation did not have any effect on the relative activity of the
UP2 and UP3 domains (Figure.6.B), with both domains maintaining their enhancing
and repressive effects on the SV40 basal promoter in the differentiated and non-
differentiated cells. In conclusion these findings suggest that the differentiation
dependent up-regulation in msl expression observed during H9c2 cardiogenic
differentiation is mediated, in part, by the PP regulatory domain. These findings do not
rule out roles for UP1, UP2 or UP3 in cardiac differentiation in vivo, or alternatively in

other cardiac regulatory contexts (e.g. stress).
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Figure 4.5. Quantitative real-time PCR analysis of ms1 gene expression during cardiogenic
differentiation in vitro. Total RNA was isolated from H9c2 myoblasts (in growth media,
GM) and myotubes (maintained in differentiation media upon confluence). The RNA was
subjected to reverse transcription followed by quantitative PCR with rat ms1 (A), Arc (B)
and TBP specific primers. Semi-quantitative PCR was executed using primers specific for
alpha 1 cardiac calcium channel and RPL32 (C, D). Densitometric analysis of agarose gel
(C) was quantified and relative expression plotted (D). Expression level of all transcripts
(msl1, Arc, alc) in growth media (GM) was arbitrarily set at 1. Values are represented as
means £SEM of at least three separate experiments. Differences in relative expression of

each transcrtipt in CDM versus GM are statistically significant, p<0.05.
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4.2.5 Epigenetic regulatory processes contribute to msl cardiac specific expression.

The data presented so far in this chapter clearly demonstrates that cardiac specific and
differentiation dependent msl expression is modulated, at least in part, by activating
and/or repressing the proximal flanking interval, specifically the PP domain, and the
distal UP2 and UP3 domains. Such cardiac specific enhancing and repressive regulatory
activity is typically associated with and coupled to specific epigenetic regulatory
phenomena. We therefore suspect epigenetic processes, specifically those with well
characterised cardiac specific functionality (specifically histone acetylation and

methylation), to represent major determinants of ms/ cardiac specific expression.

Histone acetylation/deacetylation represents the best characterised chromatin
modification modulating cardiac specific gene expression, primarily through the Class I,
Class 11 HDACs and the p300/CBP HAT. In order to investigate a role for histone
acetylation in ms1 transcription regulation, RT-PCR of ms/ and TBP (internal control)

using Tag Man® probes was conducted using lug of total RNA isolated from H9c2

treated with the general Class I and Class II HDAC inhibitor trichostatin A (TSA)
(Figure 4.7.A). Incubating H9¢2 myoblasts for 24 hours with both 100nM and 300nM
TSA resulted in a significant 3-fold increase in relative msl transcript abundance
compared to relative expression in the vehicle control (*p<0.05). As a positive control
we also demonstrated Arc and Perl TSA dependent transcriptional induction (Figure4 .
7.B.C.D), in agreement with published results (Kaneda et al, 2005). These findings
support the notion that active HDAC dependent repressive mechanisms are acting on
the msl transcriptional unit, presumably through identified CRMs. In order to gain a
greater insight into these potential acetylation dependent regulatory events, we
proceeded, using chromatin immunoprecipitation (ChIP), to analyse the endogenous
proximal ms1 promoter for histone acetylation. In addition to this proximal domain we
were also interested in the distal putative cardiac enhancer, UP3. In our reporter
luciferase assays (Figure 4.4) UP3 demonstrated ability to enhance transcriptional

activity of the SV40 basal promoter. Enhancer modules are typically associated with
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histone hyper-acetylation, thus one would expect increased relative acetylation at the

UP3 module in H9¢2 myoblasts, in vivo.

Using primers specifically designed to generate amplicons spanning the PP domain
(PP), non-conserved 5-flanking sequence (FLK) and the UP3 domain (Figure 4.8.A),
quantitative SYBR green based real time PCR was performed on formaldehyde-
crosslinked, sheared chromatin isolated from H9¢c2 myoblasts (by Dr Andrew Bingham,
Department of Cardiovascular Sciences, University of Leicester), which was
immunoprecipitated with anti-acetyl H4, anti-dimethyl H3K4 and IgG specific
antibodies. For detailed methods please refer to chapter 2. As shown in Figure 4.8.B, the
msl PP and UP3 domains display significant enrichment of AcH4 with respect to
acetylation at the non-specific FLK region (tailed bars, p<0.05). This specificity in
acetylation suggests that these domains represent active HO9c2 cardiac specific
regulatory domains. In this respect it is not surprising that the PP domain, the site of
cardiac specific transcriptional initiation, is significantly more acetylated than the distal
UP3 putative cardiac enhancer. As a positive control we also quantified AcH4
enrichment at the NPPA proximal promoter and RE-1 site (Figure.4.8.A), both of which
are regions that are hyperacetylated in H9c2 myoblasts. Encouragingly we detected
relative levels of H4 hyperacetylation at the NPPA PP and RE-1 comparable to those
previously published (Bingham et al, 2007). It was also of note that the NPPA and ms1

PP domains were equally acetylated.

In addition to histone acetylation, H3K4 methylation has recently been demonstrated to
represent a dynamic determinant of cardiac specific gene expression, specifically
modulating the expression of NPPA and BNP (Bingham et al, 2007). Interestingly, our
analysis (Figure 4.8.C) indicated that the ms1 PP is highly enriched with 2MeH3K4.
This mark is approximately 3-fold more enriched at the ms1 PP compared to both the
NPPA PP and RE-1 regions. We observed no significant enrichment at the non-specific
FLK or UP3 domains: this lack of UP3 2MeH3K4 is interesting. Indeed the UP3 has
significant acetylation with no dimethylation (Figure 4.8.D), with this having

importance with respect to the functional role of the UP3 domain (see discussion).
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In our reporter luciferase assays (Figure 4.4) UP2 demonstrated ability to repress
transcriptional activity of the SV40 basal promoter. Cardiac specific repressive
mechanisms are typically associated with HDAC recruitment and subsequent hypo-
acetylation. We therefore suspect that UP2 is repressing msl transcription through a
HDAC dependent mechanism, which is supported by the TSA de-repression data. In
addition the UP2 and the PP domains are enriched with MEF2 TFBS. MEF2 has been
shown to mediate context specific cardiac specific gene repression via the specific
recruitment of Class II HDAC to target regulatory regions. In order to test this
possibility we transiently co-transfected the -1585/+60 and -9498-Xhol/-8608-HindIII
reporters into H9c2 with the Class II HDACs 4/5. This HDAC reporter co-transfection
strategy has been successfully utilised in other studies (Han et al, 2006). HDACs 4 and
5 in combination were able to significantly repress (*p<0.05) the relative luciferase
activity of the proximal interval (-1585/+60) and the UP2 domain (-9498-Xhol/-8608-
HindIIl) (Figure 4.8.E). Somewhat surprisingly however neither the wild type p300 nor
the dominant negative p300 acetyltransferase had any significant effect on the relative
fragment activity. These findings do however support direct targeting of HDAC
repressive complexes, specifically Class I HDACs, at the ms1 regulatory domains in
vitro. We suspect the observed UP2 mediated cardiac specific repression is likely to be
mediated through direct HDAC targeting, de-acetylation activity and subsequent
repression. It is also likely that the observed TSA driven de-repression is a consequence

of ms1-CRM targeted HDAC inhibition.
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Figure 4.7. Quantitative real-time PCR analysis of ms1 gene expression post Trichostatin
A (TSA) treatment in vitro. Total RNA was isolated from H9c2 myoblasts treated with
100nM and 300nM TSA and appropriate vehicle control. The RNA was subjected to
reverse transcription followed by quantitative PCR with rat ms1 (A), Arc (B) and TBP
specific primers. Semi-quantitative PCR was executed using primers specific for Perl and
RPL32 (C, D). Densitometric analysis of agarose gel (C) was quantified and relative
expression plotted (D). Expression levels of all transcripts (msl, Arc, Perl) in untreated
cells (-VEH) was arbitrarily set at 1. Values are represented as means =SEM of at least

three separate experiments. Statistically significant differences are indicated by *p<0.05.

153



relative enrichment

relative enrichment

NPPA I:::);IIII..IIIII..II""I

—> —> <«
PP REI

UP3 FLK PP

140+
1304
1204
1104
1004

NPPAPP NPPARE1 MS1PP MS1FLK MS1UP3

275+
2MeH3K4

2504 f 1

2254

2004 1
175+
1504
1254
1004

754

0- L L
NPPAPP NPPARE1 MS1PP MS1FLK MS1UP3

154



relative enrichment

1.50+

1.254

1.004

0.754

0.504

relative promoter activity

0.254

AcH4 2MeH3K4

-1585/+60-LUC

UP2-SV40-LUC

155



Figure 4.8. Chromatin immunoprecipitation (ChIP) assay performed on H9c2 myoblasts
to evaluate in vivo histone acetylation and methylation within the msl promoter and
associated domains. (A) Schematic map of amplified DNA fragments and primer locations
encompassing the ms1 and ANP regulatory domains. ms1 PCRM are highlighted by block
red circles with the TSS position illustrated by an arrow. Proteins were cross-linked to the
DNA (in H9¢c2 myoblasts) with formaldehdye, DNA was sheared by sonication, and Ab’s
directed against 1gG, AcH4 (B, D) or 2MeH3K4 (C, D) were added to immunoprecipitate
protein-DNA complexes. Quantitative real-time PCR was performed on isolated DNA
using primers designate in (A). Amplification products were quantified and normalised to
the input of each sample. Relative enrichment is displayed as fold enrichment over IgG
enrichment at any given domain. (D) Relative enrichment of AcH4 and 2MeH3K4 at the
UP3 domain normalised to IgG enrichment. The results are expressed as mean relative
enrichment £SEM of at least three different ChIPs. Statistically significant differences in
relative fold enrichment are indicated by tailed bars, p<0.05. (E) Vectors (+;0.3pg, +
+0.6pg) expressing wild type and dominant negative p300, HDAC4 and HDACS were co-
transfected in combination with the msl promoter reporter construct (P-1585/+60) and
UP2 reporter into H9¢c2 myoblasts. Luciferase activity in cells transfected with pcDNA and
reporter was arbitrarily set at 1-fold activation. The results are expressed as mean =SEM
of at least three different separate transfections in triplicate for each reporter construct.

Statistically significant differences are indicated by *p<0.05.
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4.2.6 The UP2 distal domain as a potential calcineurin sensitive stress dependent

regulatory enhancer.

The data presented so far in this chapter demonstrates that the UP2 PCRM represents a
cardiac specific regulatory domain that represses transcription in a basal cardiac state, in
addition to not playing an obvious regulatory role during differentiation dependent gene
expression. This repressive characteristic also appears to be mediated to some extent by
Class I HDACs. This family of HDACs are well known (Chapter 1) to specifically
interact with Mef2 family proteins at cardiac CRMs to form Mef2/HDAC repressive
complexes. However, under a specific regulatory context, for example post natal
adaptation to stress, Mef2 in collaboration with other factors (including the NFATs) is
able to toggle between HDAC/HAT association thereby modulating target gene

expression.

As highlighted in Chapter 3, our UP2 PCRM is enriched with conserved Mef2 and
NFAT motifs (Figure 4.9.A), and we speculated based on this composition that the UP2
domain may represent a calcineurin dependent stress responsive regulatory module.
Based on this, and data presented here, we proceeded to test the calcinuerin sensitivity
of this UP2 module. In order to test this possibility we transiently co-transfected -9498-
Xhol/-8608-HindIII reporter into H9¢2 and NIH 3T3 fibroblasts with Mef2 and a
constitutively active calcineurin protein form (Figure 4.9.B), as described in Chapter 2.
Mef2 alone was sufficient to repress the activity of the UP2 domain in a dose dependent
fashion only in the H9c2 myoblasts while constitutively active calcineurin
transactivated the UP2 domain in dose dependent fashion. Interestingly, at the highest
amount transfected plasmid DNA (1.0pg) active calcineurin was also able to
significantly activate the UP2 domain in the NIH3T3 fibroblasts. In support of the
NFAT/Mef2 interaction driving HDAC/HAT toggling, active calcineurin in combination
with Mef2 was able to activate UP2 with the negative effect mediated by Mef2 alone
completely abolished. In addition, as a positive control to validate the efficacy of the
constitutively active calcineurin expression vector used here, the 6XNFAT reporter was
also tested for calcineurin sensitivity (Figure 4.9.C). In agreement with published

findings, we demonstrate that this reporter is activated by the constitutively active
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calcineurin in both H9¢2 and NIH 3T3 fibroblasts. However the over-expression of
these factors was not sufficient to up-regulate endogenous ms/ expression (Figure

4.9D).

In order to determine whether the endogenous regulatory hardwiring of ms/ (i.e the
UP2 domain) is sensitive to calcineurin signalling, ms/ transcript abundance in two
models (in vitro and in vivo) in which the calcineurin pathway is activated was
measured. The first model is simulated ischemia-reperfusion, with the calcinuerin
pathway shown to be activated during reperfusion following sublethal ischemia
(Molkentin & Dorn, 2001; Molkentin et al, 1998; Wilkins et al, 2004). Ms1 expression
was measured during a time course of simulated ischemia/reperfusion using a model
established by Punn et al (Punn et al, 2000). Quantitative real time RT-PCR of ms/ and
TBP (internal control) (Figure 4.10.B) using Taq Man® probes was conducted using

lpg of total RNA isolated from H9c2 exposed to simulated ischemia reperfusion as
schematised in Figure 4.10.A. A large transient induction in msl mRNA (p<0.05) was
observed after 1 hour of reperfusion (which followed after one hour of ischemia) with
transcript abundance returning to basal levels within two hours. This result suggests that
the endogenous regulatory hardwiring is sensitive to stress signals during the
reperfusion period, with the calcineurin pathway representing a possible mechanism for
action. To confirm the validity of this protocol, quantitative SYBR green based RT-PCR
was performed using primers specific to the immediate early genes Jun B and Fra I
(positive control genes). Both of these genes been previously shown to display an acute
transient transcriptional profile during reperfusion post ischemia in vitro. Encouragingly
this profile of expression is also observed in the current in vitro model (Figure 4.10.C

and -D).

As an in vivo model for calcineurin activation we utilised RNA extracted from adult
SHR and WKY rat hearts. The SHR rat is a spontaneously hypertensive rat which as an
adult displays a robust cardiac hypertrophic phenotype (Clemitson et al, 2007) which is

associated with increased calcineurin activity (Molkentin et al, 1998; Wilkins et al,
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2004). Quantitative RT-PCR indicated a significant increase in msl expression in adult

SHR heart compared to WKY controls (p<0.05).

In conclusion these data demonstrate that ms/ expression is sensitive to cellular
contexts in which the calcineurin signalling pathway is active, and it is proposed that
some of this sensitivity is conferred by the distal UP2 calcineurin sensitive regulatory

module.
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Figure 4.9. The UP2 domain confers calcineurin sensitivity. (A) Schematic representation
of the UP2 domain with enriched TFBS as characterised in Chapter 3. Vectors (+;0.3pg, +
+0.6pg) expressing constitutively active calcineurin and Mef2 were co-transfected in
combination with the ms1 UP2 domain reporter (B) and 6XNFAT (C) reporter into H9¢c2
myoblasts and NIH 3T3 fibroblasts. Luciferase activity in cells transfected with pcDNA
and reporter was arbitrarily set at 1-fold activation. The results are expressed as mean
+SEM of at least three different separate transfections in triplicate for each reporter
construct. Statistically significant differences are indicated by tailed bars, p<0.05. (D)
Subconfluent H9¢2 myoblasts were transiently transfected with the same combination of
expression vectors as before (+;0.5ng, ++1.0ng). 48 hours post transfection total RNA was
isolated, reverse transcribed and expression levels of TBP and ms1 were determined by
real time PCR.
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4.3 Discussion

Previous work by our group and others (Arai et al, 2002; Kuwahara et al, 2005;
Kuwabhara et al, 2007; Mahadeva et al, 2002) has clearly demonstrated a unique cardiac
restricted temporal-spatial expression profile of ms/ during embryogenesis and post-
natal adaptation to stress. Characterising the transcriptional mechanisms governing this
will give us an exquisite insight into the regulatory processes active in these cardiac
restricted biological processes in addition to illuminating the understanding of the

biological role of the MS1 protein.

Our comparative in silico analysis (Chapter 3) identified an array of putative CRMs
(PCRMs) which we suggested modulate ms1 cardiac specific expression, which were
functionally examined here. As the first step in this analysis, we quantified relative ms1
expression in the major organs and tissues of the adult rat. In agreement with previously
published studies (Arai et al, 2002; Kuwahara et al, 2005; Kuwahara et al, 2007,
Mahadeva et al, 2002), we demonstrate using quantitative RT-PCR (Figure 4.1) that ms/
expression is restricted to striated muscle. It was of interest that ms/ transcript, and
presumably protein, is more abundant (20-fold) in skeletal versus cardiac muscle. We
suspect that this difference in expression relates to the respective demands on SRF
signalling coupled to the relative availability of the myocardin/MRTF SRF co-factors in
both muscle types (Cen et al, 2004; Chen et al, 2002; Du et al, 2003; Li et al, 2005;
Miano, 2003; Selvaraj & Prywes, 2003). The founding member of the MRTF co-factor
family, Myocardin, is specifically expressed within cardiac and smooth muscle.
Contrary to the MRTFs, Myocardin is constitutively nuclear where it can associate with
SRF and transactivate target genes. However, the MRTFs (MRTF-A/-B), which are
expressed in skeletal and cardiac muscle, translocate and activate SRF target genes in
collaboration with RhoA signalling and ms/ expression. We therefore suspect that
increased skeletal expression of ms/ serves to support robust MRTF-SRF dependent
signalling, thereby compensating for the lack of Myocardin driven SRF transactivation
which occurs only within cardiac and smooth muscle. Of note, recent studies have also
demonstrated that Myocardin and the MRTFs (-A/-B) are able to transactivate specific

subsets of SRF target genes (Selvaraj & Prywes, 2004). We therefore can not rule out
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that high skeletal ms/ expression may drive MRTF dependent transactivation of a

subset of SRF target genes, specific to the skeletal muscle lineage.

Quantitative expression analysis of ms/ during embryonic and post-natal cardiac
development demonstrated a transcriptional induction occurring primarily during the
neonatal to adult period of cardiac maturation (Figure 4.1.C). This phase encompasses a
major phenotypic transition, with proliferating neonatal myocytes exiting the cell cycle
to terminally differentiate and mature into binucloeated adult cardiomyocytes (Olson,
2004). Maturation is accompanied by a down-regulation of fetal gene expression and
sarcomeric reorganisation and myofibrillar assembly leading to the development of a
mature adult competent contractile apparatus. Numerous studies demonstrate that SRF
regulates a distinct programme of gene expression that has direct relevance for
myofibrillar assembly and maintenance in addition to physiological control of
sarcomeric function (Charvet et al, 2006; Li et al, 2005; Selvaraj & Prywes, 2004;
Vandromme et al, 1992; Wei et al, 1998). One would hence expect biological
mechanisms exist that couple SRF activity with myocyte maturation. We propose that
the observed maturation specific up-regulation of msl is responsible for driving SRF
transactivation, through the RhoA-MRTF pathway, during this maturation

developmental phase.

This maturation specific transcriptional up-regulation also has implications for the
regulatory mechanisms governing ms/ expression. Firstly, such a temporal
differentiation dependent expression profile is typically mediated by the complex
interplay of numerous CRMs and cognate binding factors. It is of interest that predicted
TFBS identified within our putative cardiac CRMs include Mef2, GATA4 and SREF, all
TFs with described regulatory roles in cardiac differentiation and maturation specific
gene expression. We suspect these factors modulate some facet of cardiac maturation
specific msl expression. Using serial deletion of promoter luciferase reporters, we
observe clear cardiac specific activity of the proximal 1.5kbp 5’-flanking interval. It
was of interest that our truncated reporters indicated that this cardiac specificity, at least
in the H9c2 myoblasts, was mediated through motifs residing within the proximal

300bp, representing the highly conserved proximal promoter domain (Chapter 3). We
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also showed that in this in vitro context, the UP1 domain is dispensable for reporter
activity, although it does not exclude a role for UP1 in cardiac specific expression. It
may play a more subtle regulatory role during cardiac development or post-natal
homeostasis which was detectable in the present in vitro H9¢2 model. To this end it is
becoming increasingly clear that regulatory elements important for transcription in vivo,
are typically not readily identified in vitro (Ureta-Vidal et al, 2003). In summary we
suspect, as hypothesised in chapter 3, ultra conserved cardiogenic motifs within the
proximal promoter, including MEF2 and GATA sites, will contribute to cardiac specific
regulation of ms/. In support of this, truncation within the proximal promoter domain
(-127/+60 reporter) which ablates highly conserved GATA and MEF2 motifs, resulted in
attenuated cardiac specific activity. Therefore motifs within the truncated interval are

essential for in vitro cardiac specificity, supporting our in silico derived hypothesis.

During the course of this thesis Eric Olson’s group demonstrated, both in vivo using
LacZ promoter reporter transgenic mice and in vitro utilising luciferase promoter
reporter driven assays in NRVM, that the proximal 200bp interval upstream of the
STARS TSS (corresponding to our rat PP domain) mediates basal and stress-inducible
cardiac specific expression (Kuwahara et al, 2007). This was true both in the embryonic
and adult transgenic mouse heart as well as in isolated NRVM. In addition these authors
demonstrated a key regulatory role for Mef2C binding at the -135/-124 highly
conserved Mef2 site, identified in our in silico comparative analysis. These authors
suggested that the majority of basal and stress-inducible cardiac specific expression is
mediated, in part, through this motif. Interestingly they show that upon truncation of the
STARS proximal promoter and thereby ablating this Mef2 motif, they lose
approximately 50% of basal cardiac specific activity, both in vivo and in vitro. This
finding complements the current data which demonstrates that, within H9¢2 myoblasts,
truncation within the ultra conserved proximal domain leads to attenuation of cardiac
specific activity, at comparable levels to those observed in vivo and in vitro by
Kuwahara and colleagues (2007). With these findings in mind we suggest our attenuated
reporter activity (-127/+60 reporter) may be in part mediated through truncation of the
ultra conserved -135/-124 Mef2 motif. It is extremely encouraging that our in silico

driven in vitro assays correlate so well with Olson’s in vivo and primary myocyte
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(NRVM) in vitro findings, which suggest the validity for the use of H9¢2 myoblasts as a

model for cardiac regulatory characterisation (at least with respect to ms1/).

It was of interest that Kuwahara and colleagues (2007) also speculated, like us (Chapter
3), that the proximal ultra-conserved TATA like sequence (TATT,-30/-25) represented
the bona-fide TATA box and thus core promoter. We have confirmed this suspicion and
demonstrated using EMSA and site directed mutagenesis that this proximal sequence
does represent the bona-fide TATA box, and hence site of TBP binding and subsequent

transcriptional initiation.

In addition to the proximal interval, our in silico analysis (Chapter 3) identified two
distal CRMs (UP2 and UP3) which we speculated contributed to the unique cardiac
restricted temporal-spatial ms/ expression profile. Using the SV40-driven enhancer/
repressor luciferase reporter system we demonstrated that both of these distal CRMs
modulate (in a cardiac specific manner) enhancing and repressive activity. For example,
the UP2 domain efficiently repressed SV40 basal promoter activity. This suggests that
UP2 (in this in vitro context) represents a cardiac specific repressor. Based on the TFBS
composition of the UP2 domain, we speculated (Chapter 3) that this CRM may
represent a calcinuerin-NFAT/Mef2 dependent stress sensing domain, which through
HAT/HDAC toggling may modulate the activity of the ms1 proximal promoter. If true,
one would expect this domain to act in a HDAC dependent repressive manner in an un-
stimulated cardiac context. Our findings here support this hypothesis and raise the
intriguing possibility that the transient expression profile observed for ms/ post pressure
overload in vivo (Mahadeva et al, 2002) may be as a consequence of calcinueurin
activity and signalling which, via the interaction of NFAT and Mef2 interaction,

integrates at the UP2 domain.

Contrary to the UP2 domain, UP3 enhanced the activity of the SV40 basal promoter,
which led us to suspect it represents a cardiac specific enhancer. This again correlated
with predictions made in chapter 3, in which we speculated this domain may represent a
cardiac developmental enhancer. We suggested this enhancer may contribute to early

cardiac specific activation in the embryonic linear heart tube, specifically around
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E7.5-8. If true, you would expect this enhancer to be active in H9¢2 myoblasts, as these
are derived from the embryonic ventricle (represents a developmental stage post linear
heart tube formation, see Chapter 1). The current findings reported here do support this

notion.

Although encouraging, some functionally relevant limitations need to be appreciated
when interpreting the present findings. Firstly, these results represent the regulatory
effect of the UP2 and UP3 domains on the SV40 promoter. Although bona-fide
enhancers and repressors can by definition act non-specifically on basal promoters, one
can not rule out the possibility that these modules demonstrate different regulatory
activity when acting on the ms/ proximal promoter within the endogenous genomic
landscape. Based on our results in this chapter demonstrating that the PP domain is
critical for cardiac specific expression, it would be more intuitive to clone the UP2 and
UP3 domains upstream of the PP domain and characterise their regulatory activity in
this context. In addition, although we believe the H9¢c2 cells used represent an adequate
cardiogenic in vitro model, one can not rule out the possibility that in the in vivo
context, both the UP2 and UP3 have different regulatory activity. We do believe that
even when considering these limitations, the current data do give us a cursory insight
into the cardiac specific regulatory roles of these distinct CRMs. It was encouraging that
not only did these modules mediate differential cardiac specific activity, but they also
had activity of which we predicted through our in silico analysis (Chapter 3). These
findings also question the validity of the conclusions derived by Olson’s group because
they focused their regulatory analysis on the proximal 1.5kbp 5-flanking interval only
(Kuwahara et al, 2007). We suspect, based on this data and findings by others
(Kuwahara et al, 2007), that these distal CRMs may contribute to context specific
cardiac regulatory activity central to correct ms/ temporal-spatial expression, such as

developmental or maturation specific transcriptional induction.

To gain an insight into the roles of these functional cardiac CRMs during maturation
specific msl up-regulation, RA induced cardiogenic differentiation of H9¢2 myoblasts
was utilised as an appropriate model system. RA induced differentiation, which is

associated with endogenous ms/ up-regulation, specifically increased the activity of the
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PP domain reporter which encompasses the highly conserved proximal 300bp upstream
of ms1 TSS. No differentiation specific effects were observed with respect to the UP1,
UP2 or UP3 domains. We therefore conclude that, at least in our H9c2 model,
differentiation dependent transcriptional induction is primarily mediated through the PP
domain, and thus TF binding within this domain. This does support our in silico derived
hypothesis. We suspect that this domain, and associated regulatory mechanisms and
pathways converging on this interval, may also play a role in modulating the in vivo
maturation specific increase in ms/ expression. Characterising the pathways and
terminal factors acting within this domain is therefore a priority for subsequent analysis.
It is important to emphasise that these findings alone can not exclude an in vivo
regulatory role for all three distal CRMs during lineage determination, differentiation

and maturation cardiac specific gene expression.

We suspected that ms/, with its complex CRM structure and enrichment of TFBS with
known histone modifying binding factors, would be under epigenetic regulatory control.
Class I and II HDAC inhibition (using TSA) resulted in a robust de-repression of msl
expression, which supports an epigenetic regulatory hypothesis. We suspect this de-
repression is a product of direct CRM bound HDAC repression, thereby resulting in
local hyperacetylation with subsequent relaxed chromatin and transcriptional induction.
However one can not rule out the possibility of this effect being secondary to non-
histone dependent acetylation. Interestingly, GATA4, which we suspect may bind the
msl CRMs at conserved GATA motifs (chapter 3), has been shown to undergo HAT/
HDAC dependent acetylation and deacetylation, with acetylation increasing DNA
binding activity and therefore transactivation potential (Kawamura et al, 2005). It is
conceivable that TSA dependent ms/ de-repression could be caused by increased
binding of hyperacetylated transcription factors, for example GATA4, thereby resulting

in increased transcription at the ms1 promoter.

To further delineate these possibilities we utilised ChIP and demonstrated specific
enrichment of acetylated histone H4 at the ms/ proximal promoter. This would support
a potential role of dynamic histone acetylation at this /oci. It was of interest that we also

observed specific histone acetylation at the UP3 domain and not at the non-specific
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FLK region. In addition, contrary to the proximal promoter, UP3 was weakly enriched
for 2MeH3K4. This was a functionally relevant observation in light of recent work by
Heintzman and colleagues (2007). This study analysed chromatin modification states in
high resolution along 30 Mb of the human genome corresponding to the ENCODE
consortium intervals (Heintzman et al, 2007). They found that active promoters are
marked by hyperacetylation and specific trimethylation and dimethylation of Lys4 of
histone H3 (H3K4), whereas enhancers are marked by histone acetylation and
monomethylation, but not tri/dimethylation, of H3K4. Results from our in vitro reporter
assay and in vivo ChIP assay leads us to propose that the UP3 CRM represents a bona-

fide cardiac specific enhancer module.

Further evidence that validates a role for HDAC specific regulatory activity, we also
demonstrated specific Class II HDAC sensitivity at the PP domain proximal promoter
and distal UP2 repressor domains. This suggests Class Il HDAC enzymes are directly
targeted to these domains. This is not surprising considering the presence of Mef2
binding sites within both the PP and UP2 domains, with MEF2C binding within the PP
already been demonstrated (Kuwahara et al, 2007). Prior studies have convincingly
demonstrated that MEF2 family proteins selectively associate with Class II HDACs
forming a complex on gene regulatory elements resulting in gene repression (Zhang et
al, 2002). In response to myocardial stress, for example pressure overload, these
HDACs are shuttled from the nucleus to the cytoplasm, which provides a post
translational mechanism to override HDAC-mediated repression of gene expression.
This redistribution of HDAC frees MEF2 (and other associating transcription factors) to
associate with HATs (Zhang et al, 2002), resulting in increased local histone acetylation
and activation of downstream genes. It will therefore be of interest to further investigate
(via ChIP) if our demonstrated PP/UP2 HDAC sensitivity is mediated via MEF2
factors, and how these MEF2/HDAC complexes contribute to stress dependent ms/

expression, in particular during pressure overload induced cardiac hypertrophy.

In summary, these in vivo and in vitro findings validate bona-fide cardiac regulatory
function for our in silico predicted CRMs, thereby validating the utility and specificity

of our comparative strategy (Chapter 3). The highly conserved proximal promoter
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domain was proposed to be critical for cardiac specific expression, and in our model,
cardiogenic differentiation dependent expression. The present findings also suggest that
the distal CRMs, UP2 and UP3, represent cardiac specific regulatory modules. The
exact regulatory nature of these modules can not be definitively described from these
data alone however; we suspect they contribute to cardiac context specific modulation
of ms1 expression, presumably during cardiac development and post-natal adaptation to
stress. These findings exemplify the complex regulatory hardwiring involved that
modulates ms/ expression. Understanding the factors binding to these CRMs will give
us a greater understanding into their role during cardiac context specific expression of
msl. The current analysis has therefore generated specific set of functional regulatory
domains for TFBS analysis in subsequent analysis as well as providing an initial

illumination into the complexity of ms/ regulatory hardwiring.
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Chapter 5

GATA4 modulates cardiac specific expression of msl through distinctive

mechanisms at the proximal promoter and distal UP3 enhancer domain.

5.1 Introduction

In Chapter 4, a functional characterisation of our iz silico derived putative cis regulatory
modules (PCRMs) was carried out, which demonstrated these PCRMs modulated
cardiac specific expression of ms/. In summary, the PP domain, which encompassed the
core promoter, was shown to be essential for basal and differentiation dependent cardiac
specific msl expression. Evidence was also provided to suggest that cardiac expression
was enhanced through the UP3 CRM, which was concluded to represent a bona-fide
cardiac specific enhancer. However, to fully delineate the cardiac mechanisms
governing context specific ms/ expression, it is imperative to identify the transcription
factor binding sites (TFBS) and cognate factors (acting within these characterised

CRMs) that mediates the associated cardiogenic activity.

The present bioinformatic comparative analysis identified an array of cardiac specific
TFBS within the PP sequence and the distal UP3 domain (Chapter 3). The most
enriched binding site within these two domains was the GATA motif, which in vivo is
bound by the GATA family of transcription factor proteins. GATA4, the major GATA
binding factor within the embryonic and adult heart is a key transcriptional modulator of
numerous cardiac specific genes such as a-myosin heavy chain (a-MHC), b-type
natriuretic peptide (BNP) and atrial natriuretic factor (ANF) (Molkentin, 2000;
Pikkarainen et al, 2004). A direct role for GATA4 in transcriptional regulation was
supported by the observation that antisense GATA4 mRNA expression repressed the
basal expression of many cardiac-specific genes in cardiomyocyte cultures (Charron &

Nemer, 1999; Charron et al, 1999).

The requirement of GATA4 in regulating cardiac development and myocyte

differentiation has been demonstrated through the use of genetically modified mice.
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Using a tetraploid rescue strategy, GATA4 -/- embryos exhibited a hypoplastic
ventricular myocardium with disrupted looping morphogenesis (Watt et al, 2004). In a
similar fashion, conditional disruption of GATA4-loxP-targeted alleles in the heart using
Cre-loxP approach coupled to a Nkx2.5-Cre “knock-in” allele resulted in embryonic
lethality (Oka et al, 2006; Pu et al, 2004). This embryonic lethal phenotype was
associated with hypoplastic ventricles and generally disrupted cardiac morphogenesis.
In light of these transgenic findings it is not surprising that mutations in GATA4 are also
associated with congenital heart defects in humans (Garg et al, 2003; Rajagopal et al,
2007). Collectively, these results demonstrate and emphasise an important role for
GATA4 as a critical regulator of heart development, a context in which ms/ is

differentially regulated.

In addition to its role in maintaining differentiated gene expression in the adult and
developing heart, GATA4 also modulates inducible gene expression in the post-natal
heart in response to hypertrophic stimuli, specifically endothelin-1, isoproterenol,
phenylephrine and pressure overload (Hasegawa et al, 1997; Herzig et al, 1997; Liang et
al, 2001b; Morimoto et al, 2000). Over-expressing GATA4 in transgenic mice and
cultured myocytes is sufficient to induce cardiac hypertrophy. Conversely, expression of
anti-sense GATA4 mRNA or dominant negative GATA4 protein blocked phenylephrine
and endothelin-1 induced cardiac hypertrophy in culture (Liang et al, 2001b; Morimoto
et al, 2000). A number of these stimuli that induce cardiac hypertrophy and/or heart
failure were shown to enhance GATA4 transcriptional activity through post-translation
modification, specifically phosphorylation. Numerous studies have confirmed this
mechanism using different stimuli such as phorbol esters, angiotensin II, endothelin-1,
phenylephrine, isoproterenol and pressure overload (Hasegawa et al, 1997; Hautala et

al, 2001; Herzig et al, 1997; Liang et al, 2001b).

On the basis of the context specific regulatory activity of GATA4 described above,
coupled to the enrichment of multiple GATA motifs within our cardiac CRMs, we
suspect GATA4 may regulate ms/ expression in cardiac specific regulatory contexts
(cardiac development and post natal adaptation). In this chapter we have therefore

investigated the importance of enriched GATA motifs, and specifically the GATA4
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protein, in regulating the cardiac specific activity of the PP and UP3 domains, and hence
msl gene expression. Given the important functions that GATA4 and SRF have in
cardiac development and post-natal function, potential regulatory cross-talk at the level

of ms1 gene expression will have fundamental cardiac gene regulatory implications.
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5.2 Results

5.2.1 GATA4 targets the msl proximal promoter domain.

The proximal ms/ 5-flanking interval is highly enriched with GATA motifs, with one in
the UP1 domain and six within the proximal promoter (PP) (Figure 5.1.A). The P-1585/
+60, -365/+60 and -127/+60 msl promoter reporter constructs, spanning the UP1 and
PP domains respectively (Figure 5.1.A), were transiently transfected into H9¢2 and NIH
3T3 cells in combination with wild type and dominant-negative GATA4 overexpression
plasmids. These overexpression plasmids have been demonstrated to drive robust
ectopic expression of full length wild type GATA4 protein (Wang et al, 2005) and a
dominant negative GATA4 protein form. Both of these plasmids have been used in a
number of studies (Majalahti et al, 2007; Wang et al, 2005), with the wild type GATA4
able to transactivate the ANP promoter in a GATA dependent manner. The dominant
negative GATA4 (DN-GATA4), which has been shown to inhibit basal and stress
inducible GATA4 dependent transcription (Bhalla et al, 2001; Charron et al, 2001) is
composed of the DNA-binding domain only. It therefore functions as a dominant
negative protein acting as a competitor with endogenous GATA4 for cognate binding

sites.

DN-GATAA4 robustly repressed the activity of all three promoter reporters similarly in a
dose-dependent fashion in H9¢2 and NIH 3T3 cells (Figure 5.1.B.C.D), demonstrating
that the effect is specific to the proximal 127bp upstream flanking sequence. In H9c2
cells, the -127/+60 reporter was repressed by 50% (0.5ng expression vector, p<0.05)
and 70% (1.0pg expression vector, p<0.05), compared to the control (1.0ng pcDNA
only)(Figure 5.1.D). This repression strongly supports the notion that endogenous
GATA4 contributes significantly towards cardiac specific expression, presumably
through the proximal GATA motifs. However, we also showed that DN-GATA4
represses reporter activity in NIH 3T3 cells. This is surprising considering the non-

cardiac nature of these cells. This suggests that DN-GATA4 dependent repression
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maybe be mediated through the intrinsic DNA binding capability of this truncated
protein. If the mechanism was purely based on competition for binding sites with
endogenous GATAA4, the repressive effect of DN-GATA4 would be absent in NIH 3T3

(low endogenous GATA4 levels), or at least smaller compared to the effect in H9¢c2.

In support of this notion, we found that full length wild type GATA4 protein also
repressed the activity of all three reporters in a dose-varying fashion (Figure 5.1.B.C.D).
In H9c2 cells, the -127/+60 reporter was repressed by 30% (0.5ng expression vector,
p<0.05) and 50% (1.0pg expression vector, p<0.05), compared to the control (Figure
5.1.D) and yet again, repression was not cell specific. This suggests the mechanism of
repression is a ubiquitous one, and likely to be a DNA binding effect. The effect of WT-
GATA4 was somewhat surprising considering it is typically associated with
transcriptional activation, however the level of repression demonstrated with WT-

GATA4 was not as dramatic as that of DN-GATAA4.

The lack of non-specific activation of the empty luciferase vector, pGL3-B (Figure
5.1.F) suggests that the observed effects described here are specific to the ms/-promoter
reporters. As a positive control to validate the efficacy of the GATA4 expression vectors
used, the ANP-luciferase reporter was also tested for GATA4 sensitivity. In agreement
with published findings, we demonstrated this reporter is activated by WT-GATA4, with

concomitant dose-dependent repression by DN-GATA4 (Figure 5.1.E).

The data presented so far demonstrates that GATA4 represses ms promoter activity and
that this DNA binding-specific sensitivity is mediated by motifs within the proximal
127bp interval, demonstrated by the exquisite sensitivity of this reporter to both wild

type and dominant negative GATA4 expression.
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Figure 5.1. The proximal promoter confers GATA4 sensitivity. (A) Schematic
representation of the proximal interval domain with annotated luciferase construct
primer sequences and enriched GATA motifs represented by solid red boxes. Vectors (+;
0.03pg, ++;0.6png) expressing wild type and dominant negative (DN) GATA4 were co-
transfected with the -1585/+60 (B), -365/+60 (C), -127/+60 (D), ANP-Luc (E) and pGL3-B
(F) reporter vectors into H9¢2 myoblasts and NIH 3T3 fibroblasts. The relative activity of
the reporter (vs pGL3-B) in H9¢2 transfected with pcDNA only was arbitrarily set at 1-
fold activation. The results are expressed as mean =SEM of at least three different
separate transfections in triplicate for each reporter construct. Statistically significant

differences are indicated by * and talied bars, p<0.05.
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5.2.2  Invivo binding of GATA4 at the proximal -127/+60 interval

In order to demonstrate the GATA4 binding specificity of the two ultra-conserved
GATA motifs within the -127/+60 interval, electro-mobililty shift assays (EMSA) were
carried out. Briefly, we synthesised specific oligonucleotides containing the GATA
elements present in the proximal -127/+60 interval, ms1/GATA-99 and ms1/GATA-78
(Figure 5.2.A). These oligonucleotides were then annealed and end labelled with
digoxigen (DIG) generating probes for EMSA. These msl/GATA probes were then
incubated with whole cell protein extracts from H9c2 myoblasts and a molar excess
(X200) of complimentary cold unlabelled probe or cold unlabelled GATA4 binding
consensus GATA motif. This positive control consensus oligonucleotide is derived from
the carnitine palmitoyltransferase 1b promoter and has been shown to bind H9c2

derived GATA4 protein in vitro (Krejci et al, 2004).

As shown in Figure 5.2.B and -C, incubation of our MS1/GATA-99 and MS1/GATA-78
labelled probes with H9¢2 whole cell protein extracts resulted in the appearance of a
single DNA-protein band shift (represented by arrow). However, co-incubating this
reaction with a 200-fold molar excess of unlabelled complimentary probe, or GATA
consensus probe, did not ablate the appearance of the shifted band, demonstrating this
DNA-protein band shift is the product of a non-specific protein/DNA-sequence
interaction, rather than a specific interaction. Non specific interactions can be inhibited
through increasing the concentration of non-specific inhibitor (poly d(I-C)) in the
incubating reaction. We therefore increased the concentration of poly d(I-C) used in our
incubations using lpg and 2pg, respectively (Figure 5.2.B.C, right hand gel images).
However, this was not sufficient to inhibit non-specific complex formation on both of

our labelled probes.

To definitively confirm GATA4 binding at these proximal GATA motifs, the chromatin
immunoprecipitation (ChIP) assay was utilised (in collaboration with Prof Donald
Menick, Medical University of South Carolina). Using primers specifically designed to
generate amplicons spanning the proximal (-127/+60) and distal portion (-300/-127)

(Figure 5.3.A) of the PP domain, semi-quantitative PCR was performed on
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formaldehdye-crosslinked, sheared chromatin isolated from feline adult cardiomyocytes
(isolated by Robert Peterson, MUSC), which was immunoprecipitated with anti-GATA4
antibody (Figure 5.3.C.D). GATA4 antibody specifically pulled down DNA fragments
containing the proximal portion of the PP domain corresponding to -127/+60 interval,
which contains the -99 and -78 GATA motifs. As a positive control, 5% of the input
chromatin (IP) was used for PCR. The specificity of the ChIP was controlled by running
negative controls lacking the precipitated antibody (No Ab). To confirm the validity of
this pull-down we also demonstrated GATA4 enrichment at the NCX1 GATA motif, a
bona-fide GATA4 binding domain (Xu et al, 2006). The ChIP data suggest that GATA4
directly interacts with the proximal promoter in vivo. We suspect this is through binding

to the proximal -99 and -78 GATA motifs.
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Figure 5.2. EMSA analysis of -99 and -78 GATA motifs within ms1 proximal promoter.
DIG-labelled oligonucleotide probes for -99 (B) and -78 (C) GATA motifs (A) within ms1
proximal interval were incubated with whole cell protein extracts made from H9c2
myoblasts (B, C). Competition experiments were performed using a 200-fold molar excess
of unlabelled self and GATA consensus probe in addition to different concentrations of
polyd(I-C). Arrows indicate resulting band shifts.
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Figure 5.3. Chromatin immunoprecipitation (ChIP) was performed on isolated adult feline
cardiomyocytes to evaluate in vivo GATA4 occupancy within the ms1 proximal promoter.
(A) Schematic representation of amplified DNA fragments and primer locations
encompassing the msl and NCX1 proximal promoter domains. GATA motifs are
highlighted by block red circles with location relative to TSS annotated above. Proteins
were crosslinked to the DNA with formaldehyde, DNA was sheared by sonication, and
Ab’s directed against GATA4 was added to immunoprecipitate protein DNA complexes.
Immunoprecipitations were performed without primary antibody (No Ab) as a negative
control. Input DNA (IP) is also shown as a positive control. Semi-quantitative PCR was
then performed on isolated DNA using primers to amplify the NCX1 GATA4 binding
domain (B), the -127/+60 (C) and -300/-127 ms1 promoter intervals Amplification products

were electrophorsed on agarose gel for visualisation.
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5.2.3 GATA4 targeting at the UP3 domain is required for enhancer activity.

The UP3 domain, is also enriched with three GATA motifs including one matching the
consensus sequence perfectly (MS1/GATA-16600). To test the sensitivity of this domain
to exogenous GATA4 activity, we transiently transfected the UP3-SV40 reporter into
H9c2 and NIH 3T3 cells in combination with WT and DN-GATA4 over-expression
plasmids (Figure 5.4.B). As one would expect for a bona-fidle GATA4 sensitive
regulatory module, the UP3-SV40 reporter was activated (in H9¢2) in a dose-dependent
fashion 1.6-fold (0.5ug expression plasmid, p<0.05) and 2-fold (1.0pg expression
plasmid, p<0.05), compared to the control (1.0png pcDNA only). Activation occurred in
NIH 3T3 cells, although the level of activation was much lower, with only the higher
concentration (1.0pg expression plasmid, p<0.05) able to activate the reporter 1.4-fold.
This indicates cardiac specific mechanisms can augment the transactivation potential of
WT GATA4 when acting on the UP3 domain. Interestingly, DN-GATA4 repressed the
UP3-SV40 reporter by 20% and 50% (p<0.05) in H9c2 cells. This supports the
importance of GATA4 targeting to this domain and demonstrates basal GATA4 binding
is important for the cardiac specific activity of the UP3 enhancer. All co-transfection
combinations were executed with the empty pGL3-B reporter vector, with no

observable non-specific effects (Figure 5.4.C).

Of the three GATA motifs within the UP3 domain, the -16600 was the most interesting
as it represented the perfect GATA4 consensus sequence. We therefore generated a DIG-
labelled oligonucleotide probe (Figure 5.5.A) corresponding to this motif and performed
EMSA analysis to test the potential in vitro binding capacity for H9¢c2 derived GATA4
protein (Figure 5.5.B). Incubation of this MS1/GATA-16600 labelled probe with H9c2
whole cell protein extracts resulted in the appearance of a single DNA-protein band
shift (represented by arrow)(Figure 5.5.A). Co-incubating this reaction with a 200 fold
molar excess of unlabelled complimentary probe ablated the appearance of the shifted
band, demonstrating this DNA-protein band shift is the product of a protein/DNA-
sequence specific interaction. When competing with the cold GATA consensus
sequence, we also observed specific band ablation. This suggests that GATA4 is likely
to be binding to this GATA motif in vitro.
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To validate this in vivo, semi-quantitative PCR on anti-GATA4 IP DNA was carried out
using primers spanning the UP3 domain (Figure 5.6.A). As shown in Figure 5.6.B,
GATA4 antibodies specifically pulled down DNA fragments containing the UP3
domain. The “no antibody” negative control did not pull down such sequences. These
results indicate that GATA4 is able to bind this domain in vivo, however, due to the
close proximity of individual GATA motifs, we can not definitively ascertain which of
the three motifs are binding GATA4. Nevertheless, these data suggest that GATA4
directly interacts with the UP3 domain in vivo, with this binding important for cardiac

specific activity of this enhancer.
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Figure 5.5. EMSA analysis of -16600 GATA motif within the UP3 domain. DIG-labelled
oligonucleotide probe for -16000 msl GATA motif (A) within the UP3 domain were
incubated with whole cell protein extracts made from H9c2 myoblasts (B). Competition
experiments were performed using a 200-fold molar excess of unlabelled self and GATA

consensus probe (B). Arrow indicates resulting band shift.
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Figure 5.6. Chromatin immunoprecipitation (ChIP) was performed on isolated adult feline
cardiomyocytes to evaluate in vivo GATA4 occupancy within the ms1 UP3 domain. (A)
Schematic representation of amplified DNA fragments and primer locations encompassing
the ms1 UP3 domain. GATA motifs are highlighted by block red circles. Proteins were
crosslinked to the DNA with formaldehyde, DNA was sheared by sonication, and Ab’s
directed against GATA4 was added to immunoprecipitate protein DNA complexes.
Immunoprecipitations were performed without primary antibody (No Ab) as a negative
control. Input DNA (IP) is also shown as a positive control. Semi-quantitative PCR was
then performed on isolated DNA using primers to amplify the -16702/-16432 ms1 UP3

interval (B). Amplification products were electrophorsed on agarose gel for visualisation.
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5.2.4 GATA4 modulates endogenous msl expression in vitro.

In order to reconcile the regulatory differences in activity associated with GATA4
binding at the proximal and distal domains (PP and UP3), the sensitivity of the
endogenous ms/ promoter to GATA4 expression was examined in our cell culture
model. The WT and DN-GATA4 proteins were overexpressed in H9c2 myoblasts, in
varying concentrations as performed in the reporter co-transfection assays. The
expression level of endogenous msl mRNA in both control (empty pcDNA vector
alone) and WT/DN GATA4 transfected cells was determined by quantitative real time
RT-PCR using Taq Man probes. Interestingly, WT GATA4 over-expression significantly
decreased ms/ mRNA levels in a dose dependent manner: 20% (0.5 pg wtGATA4,
p<0.05) and 70% respectively (1.0ug, p<0.05) (Figure 5.7.A). This demonstrates that
WT GATA4 represses endogenous ms/ expression suggesting the net effect of GATA4
at the repressive PP domain abolishes UP3-GATA4 dependent activation. This raises
interesting questions as to the bona-fide in vivo role of the UP3 cardiac enhancer
domain. DN-GATA4 over-expression also decreased ms/ mRNA levels in a dose
dependent fashion: 20% (0.5 pg wtGATA4, p<0.05) and 70% respectively (1.0pg,
p<0.05), supporting the hypothesis that repression is via the DNA binding capacity of
the GATA4 protein. These findings corroborated the present luciferase based reporter

assays,

In order to confirm these in vitro findings in a more physiological environment, primary
NRVM and an adenovirus based over-expression strategy was used (in collaboration
with Rong Liang, Sandford School of Medicine, University of South Dakota). To
determine whether over-expression of WT GATA4 could decrease endogenous ms/
expression in primary cardiac cells, NRVM were infected with adenovirus encoding
BGal or GATA4 (executed by Satoru Kobayashi, SSM, USD, for method refer to
(Kobayashi et al, 2006)). As shown in Figure 5.7.B, over-expression of GATA4 was
able to repress endogenous ms/ expression in a dose-dependent manner. This dose-
dependent repression correlated with increased GATA4 abundance and Bcl2 expression
[a characterised GATA4 target gene (Kobayashi et al, 2006)]. The greatest repression of
msI mRNA was achieved with a Ad-GATA4 MOI of 30 at 48 h after viral infection,
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resulting in a significant 50% down-regulation of msl (Figure.4.7.C, n=4 p<0.05).
These results demonstrated that GATA4 is able to repress endogenous ms/ expression in
primary NRVM in vitro, thus confirming the H9¢c2 data. To further demonstrate the
necessity of GATA4 for the baseline modulation of ms/ expression, an adenovirus
encoding a short hairpin RNA targeted to GATA4 (AdGATA4i1) was used to specifically
knock down GATA4 in NRVM (executed by Satoru Kobayashi, SSM, USD). As shown
in Figure 4.7.D infection with AdGATA1 at MOI of 60 for 48 hours resulted in a
significant 1.3-fold increase in endogenous ms/ expression (n=4 p<0.05) when
compared to infection with an adenovirus encoding a random scrambled short hairpin
RNA (AdCONi). These results demonstrate that endogenous GATA4 is required for
cardiac specific repression of msl expression in NRVM, in vitro. This supports our
previous dominant-negative findings and demonstrates this effect is specific to GATA4

rather than a non-specific GATA6 mediated pathway.
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5.2.5 GATA4 modulates endogenous msl expression in embryonic and adult murine

hearts in vivo.

To examine the effect of GATA4 on ms/ gene expression in vivo, semi-quantitative RT-
PCR was used to determine mRNA levels of GATA4 and ms/ in FVB/N WT and
GATA4 transgene (TG) hearts (Figure.5.8.A). These GATA4 TG mice were kindly
provided by Professor Jeffrey Molkentin (Cincinnati Childrens Hospital) and have
previously been described (Liang et al, 2001a). These mice demonstrate a robust
increase in GATA4 mRNA (Figure 5.8.A) which corresponds to ~2 to 4-fold increase in
GATA4 protein levels relative to the wild type controls (Liang et al, 2001a).
Remarkably, as shown in Figure 5.8.A, ms/ mRNA levels were significantly down-
regulated in the GATA4 TG hearts compared with the WT controls (20% decrease in
msI mRNA levels, n=4, p<0.05). These results therefore suggest that GATA4 modulates

ms1 expression with increased levels able to repress ms1 expression in vivo.

With over-expression of GATA4 repressing endogenous ms/ expresison in vivo, we
sought to confirm that basal GATA4 levels within the whole heart also contribute to
basal ms/ expression. We therefore, in collaboration with Dr William Pu (Harvard
Medical School), proceeded to measure endogenous ms/ expression in gene targeted
mice that express reduced levels of GATA4 in the adult heart (Pu et al, 2004). These
mice were on a uniform genetic background that were heterozygous for cardiac specific
deletion of the second exon of GATA4 (GATA4 WT/TriEx2, abbreviated G4D), which
includes the start codon and N-terminal 46% of the coding region (Pu et al, 2004).
These mice have been shown to express ~50% decrease in GATA4 mRNA and protein
within the adult heart. We proceeded to execute quantitative real time RT-PCR using
ms1 and TBP Taq man probes on 1pg of total RNA obtained from the adult hearts (n=4)
of G4D mice and wild-type littermate controls. As shown in Figure 5.8.B, ms/
expression was not significantly altered in these mice, suggesting that within the adult
whole heart, a 50% decrease in GATA4 is not sufficient to alter endogenous ms/

expression.
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To further investigate this we utilised a different GATA4 gene-targeted knock out
model. This model (Zeisberg et al, 2005) utilises Cre/Lox technology to conditionally
ablate GATA4 (floxed GATA4 allele as used in the G4D mice) at embryonic day 9.5 (E
9.5) specifically within the cardiomyocytes of the developing myocardium. This early
cardiac restricted deletion of GATA4 was achieved through the utilisation of
Nkx2.5Cre, in which Cre recombinase expression is driven by the endogenous Nkx2.5
locus (Moses et al, 2001), resulting in robust Cre-mediated recombination by E 9.5. A
strategy of heterozygous and homozygous floxed GATA4 allele in combination with
Nkx2.5Cre was used to dose-dependently ablate GATA4. The homozygous floxed
GATA/Nkx2.5Cre mouse hearts expressed 90% less GATA4 mRNA compared to the
wild type controls as previously demonstrated through quantitative RT-PCR (Pu et al,
2004). We proceeded, using previously extracted RNA (Zeisberg et al, 2005), to execute
quantitative RT-PCR on total RNA obtained from the hetero and homozygous floxed
GATA-4/Nkx2.5-Cre murine hearts in addition to Nkx2.5-wild type hearts (RNA
extracted by Bill Pu). Encouragingly, as shown in Figure 5.8.C, we demonstrate a dose-
dependent increase in ms/ expression in the hetero (1.75-fold, p<0.05) and homozygous
(2.25-fold, P<0.05) floxed GATA-4/Nkx2.5-Cre murine hearts compared to the non-Cre
Nkx2.5 wild type hearts.
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5.2.6 GATA4 associated pathological phenotypes correlate with msl transcriptional

dysregulation.

In addition to its role as a crucial transcription factor essential for developmental,
physiological and adaptive responses of cardiomyocytes (Aries et al, 2004; Kobayashi
et al, 2006), recent studies have also implicated GATA4 in hyperglycemia (HG) induced
cardiomyopathy (Kobayashi et al, 2006). Kobayashi and colleagues (2005)
demonstrated that diabetes associated HG induces GATA4 depletion in cardiomyocytes.
This was due to increased degradation of GATA4 protein via the ubiquitin proteosome
system (UPS). These authors suggest a mechanism for this whereby HG induces the
expression of the E3-ubiquitin ligase, CHIP, which specifically ubiquinates GATA4
targeting it for UPS-mediated degradation. This study reported that within mouse
models for type 1 and type 2 diabetes, CHIP levels are high with concomitant low levels
of GATA4 protein. This decrease in GATA4 leads to increased cardiomyocyte apoptosis,
presumably as a result of down-regulated expression of anit-apoptotic genes

downstream of GATA4, which results in cardiomyopathy.

Data presented in this chapter demonstrates that endogenous GATA4 levels within
cardiomyocytes is essential in ms/ expression. We therefore hypothesised that GATA4
depletion, as observed in the above pathological phenotypes, may result in dysregulated
ms1 expression, which was measured in the diabetic mouse heart (in collaboration with
Rong Liang). Type 1 diabetes was induced in two-month old FVB mice with
streptozotocin (STZ, i.p. 150 mg/kg body weight in 10mmol/L sodium citrate, pH4.5,
executed by Kobayashi) which is a well established agent that destroys pancreatic 3
cells (Rossini et al, 1977a; Rossini et al, 1977b). At 4 weeks post STZ treatment total
RNA was extracted from these diabetic hearts and vehicle controls. At this time point,
these STZ treated hearts have been shown to express 44% lower levels of GATA4
protein compared to VEH controls. In these mice, we observe a 1.3-fold increase in
relative ms! mRNA (p<0.05)(Figure 5.9.A) suggesting GATA4 depletion induces msl
transcription. We also measured ms/ expression in 4-month old db/db mice, a well
characterised Type 2 insulin-resistant diabetic model with early onset cardiomyopathy

(Aasum et al, 2003). Similarly, ms/ mRNA was increased in db/db diabetic hearts
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compared with db/+ non-diabtetic controls (Figure 5.9.B, 1-3 fold increase in ms/
mRNA, p<0.05), with the db/db diabetic hearts previously shown to express 30% less
GATA4 protein. In summary, diabetes (type 1 and type 2) diminishes cardiac GATA4
protein levels, which is associated with significant increase in ms/ mRNA abundance.
This correlates with our findings in NRVM, and again supports the hypothesis that

endogenous GATA4 represses ms 1 expression in the adult heart.
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Figure 5.9. Total RNA was prepared from the hearts CON (A), STZ (A) (Type 1), db/+(B)
and db/db (B) mice and subjected to reverse transcription followed by semi-quantitative
(SQ) PCR with mouse msl, and GAPDH specific primers. Amplified products were
visualised on ethidium bromide stained agarose gel and quantified by densitometry. Values
are represented as means £SEM of at least 4 separate heart preparations. Differences

between db/+ and db/db are statistically significant, p<0.05.
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5.3 Discussion

In previous chapters (Chapters 3 and 4) we identified and functionally characterised two
CRMs, PP and UP3, with cardiac specific regulatory activity. However, in order to
elucidate the exact cardiac specific regulatory nature of these domains one needs to
identify and characterise the TFBS and cognate factors acting on them. The comparative
in silico analysis (Chapter 3) demonstrated that GATA motifs were the most highly
enriched TFBS within the PP and UP3 domains. The predominant GATA binding
protein within the heart, GATA4, has been well characterised in numerous studies as a
critical mediator of cardiac specific gene expression. In particular, GATA4 driven gene
expression contributes to many cardiac regulatory contexts including cardiac
development, differentiation, maturation and post-natal adaptation, all contexts in which
msl is differentially expressed. We therefore hypothesised that GATA4 may play an
important role in regulating msl expression in these cardiac specific regulatory

contexts.

Using both gain- and loss-of-function approaches, the current chapter provides strong
evidence to suggest that msl is a bona-fide target of GATA4 in vivo. However the exact
mechanisms are complex, with the present data showing that GATA4 acts in both a
negative and positive manner at the proximal (PP) and distal (UP3) cardiac regulatory
domains respectively. As the first step in the analysis we experimentally determined the
regulatory effect mediated by GATA4 (wild type and dominant negative protein forms)
on the PP and UP3 domains in isolation. Our findings demonstrated that GATA4
repressed reporter activity via the proximal 127bp upstream of the ms/ TSS. This
repression was as a consequence of the DNA binding activity of GATA4 rather than a
cardiac specific repressive mechanism (for example, HDAC recruitment), exemplified
by the observation that wild type GATA4 repressed ms/ in the non-cardiac (low GATA4
expressing) NIH 3T3 fibroblast cells. ChIP analysis confirmed binding of endogenous
GATAA4 to the proximal -127 loci in adult cardiomyocytes. This data do not exclude a
positive regulatory role for GATA4. Indeed, our UP3 domain was activated by GATA4

in a cardiac and non-cardiac environment. GATA4 activated the UP3 domain more
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potently in the cardiac environment, suggesting the utilisation of cardiac specific factors
which synergise and co-operate with GATA4 to enhance its activity. This is not an
uncommon observation with many studies demonstrating combinatorial activation of
gene expression through GATA4 interactions with other cardiac restricted transcription
factors (Kuo et al, 1999; McBride et al, 2003; Morin et al, 2000; Morin et al, 2001;
Sepulveda et al, 1998). Endogenous GATA4 was shown to bind this domain in vivo with
some of this binding occurring through the -16600 consensus GATA motif. Data
presented here also suggested that the cardiac specific activity associated with UP3
(demonstrated in Chapter 4) is mediated, at least in part, through endogenous GATA4
binding. This is inferred from the effect of DN-GATA4 which repressed basal activity of

the enhancer.

The current findings begin to highlight the complex hardwiring of distinct CRM in
mediating ms/ transcriptional control and demonstrate the ability of GATA4 to regulate
ms1 activity at distinct cis regulatory domains in both a positive and negative manner.
However, one caveat with this data is that they are based on the activity of the ms/
CRMs in isolation and thereby give limited insight into the regulatory effect exerted by
GATA4 on the endogenous ms/ transcriptional unit. This endogenous regulatory circuit
will comprise of the PP and UP3 domains in their native genomic environment where
they are interacting with each other and potentially other domains (Firulli & Olson,
1997), with all of these native interactions modulating the overall transcriptional effect
of GATA4. It was therefore important to reconcile the regulatory effects of GATA4 on
the UP3 and PP domains in vivo and determine the “net” effect of GATA4 on the
endogenous ms/ transcriptional unit. Through utilising an adeno-viral based strategy to
over-express and knock down (via shRNA) GATA4 in NRVM , we demonstrated a clear
effect on endogenous ms/ expression in vitro. We showed that ms/ mRNA was depleted
by ectopic GATA4 in NRVM, suggesting that the “net’ effect of GATA4 on the
endogenous ms/ transcriptional unit is repression. In support of this, siRNA-mediated
GATA4 knockdown markedly increased ms/ mRNA, indicating that endogenous
GATAA4 is also able to repress ms transcription. This finding is of particular importance

as it demonstrates a specific role for GATA4 rather than GATAG in ms/ control.
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In support of the in vitro findings, at the whole animal level, ms/ mRNA was
significantly down-regulated in GATA4 expressing transgenic hearts compared with
WT, whereas in embryonic heart specific GATA4 targeted mice ms/ mRNA was
significantly up-regulated. It was interesting to note that within the adult GATA4 gene
targeted mouse, ms/ mRNA was not significantly increased. This may be a consequence
of functional redundancy, or suggest that alternative GATA4-dependent regulatory
mechanisms are acting within the adult, embryonic and neonatal hearts respectively. To
conclude, the data presented here demonstrates that within embryonic, neo-natal and
adult cardiomyocytes, GATA4 serves as a bona-fide transcriptional regulator of ms]/.
Although our data suggest that GATA4 is able to positively regulate ms/ through the
UP3 domain in isolation, within the native genomic context, the “net” effect of GATA4
is to repress ms/ transcription. In light of our promoter reporter assays, we suggest that
this observed “net” repression is mediated via GATA4 binding within the PP domain,

and specifically to our enriched GATA motifs within the proximal -127/+60 region.

The present findings raises important questions with respect to the exact nature and
mechanism of this GATA4-dependent repressive process. Two important characteristics
emerge from our data that potentially give an insight: repression appears to be
dependent on the DNA-binding activity of GATA4 protein, and this repressive DNA
binding is occurring within the proximal -127/+60 region. These proximal GATA motifs
are within close proximity to our bona-fide TATA box, the site of transcriptional
initiation. We therefore propose that the location of the GATA4 binding GATA motifs,
with respect to the TATA box, may have direct functional implications on ms/
transcription and specifically GATA4-dependent repression. It is therefore of great
interest that Murakami and colleagues (2002) have reported that the Fgf-3 promoter
activity is dependent on positive and negative regulatory interactions with GATA4.
They found that GATA4 bound two domains within the promoter, designated PS4A and
PS13, which function as positive and negative regulatory elements respectively. These
authors demonstrated that the negative regulatory activity of the PS13 element, located
only 106bp upstream of the TSS, was dependent on its close proximity to the TSS
(Murakami et al, 2002). These authors suggested that the negative effect on

transcription could be due to the GATA4 complex on PS13 sterically interfering with
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assembly of a common set of basal factors on the core promoter. This would then
interfere with TBP recruitment and subsequent transcriptional initiation and elongation
thereby blocking and repressing transcription. The three “repressive” GATA motifs
presented here are located 99, 78 and 33 bp upstream of the ms/ TSS, a region which
encompasses the core promoter, raising the possibility that a similar mechanism may
exist for msl gene regulation. We therefore propose that the GATA4 dependent
repression of the ms/ promoter is occurring through a steric hindrance mechanism that
interrupts the binding of the basal transcriptional apparatus to the TATA box. This mode
of action serves to “lock” the ms/ promoter, thereby providing an exquisite mechanism
for tight control of ms/ transcription. Endogenous GATA4 levels therefore act as a
“rheostat” for this transcriptional locking with this having fundamental implications for

ms1 transcription during GATA4-associated cardiac regulatory contexts.

To add, what is the regulatory purpose of GATA4 activation at the UP3 module when in
our models, the “net” GATA4 effect is to repress ms/ transcription? We suspect that
UP3 modulates a cardiac GATA4-dependent regulatory process in a context that were
not able to experimentally mimic, one example being early cardiac lineage
determination. As mentioned in Chapter 4, the UP3 module is enriched with Smad
binding elements in addition to GATA motifs. We speculated that the UP3 module may
represent an early cardiac developmental enhancer, analagous to the Nkx2.5 enhancer
(Lien et al, 2002), which through BMP-Smad signalling in collaboration with GATA4
initiates ms/ expression at around E8.5. The data presented here (and chapter 4) provide
some support for this possibility as GATA4 is involved in regulating UP3 activity. It
would be of great interest to further examine the Smad binding motifs within this
module and determine if, like for the Nkx2.5 enhancer, Smad proteins and GATA4

collaborate to induce early developmental cardiac specific gene expression.

Through functional regulatory analysis of numerous promoters, best exemplified by the
ANP and BNP promoters (Temsah et al, 2005), GATA4 has been shown to collaborate
with numerous cardiac regulatory factors in addition to the Smad proteins including
SRF, Nkx2.5, Hand1, Mef2 and the Klfs (Kuo et al, 1999; Lavallee et al, 2006; McBride
et al, 2003; Morin et al, 2000; Morin et al, 2001; Sepulveda et al, 1998). When one
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considers the enrichment of binding sites for these regulatory factors in our PCRMs, it
is interesting to consider possible interactions occurring at the ms/ promoter, and how
such regulatory interactions contribute to ms/ transcriptional modulation. Indeed the
regulatory intervention of these factors in vivo may help us gain an insight into the
differences in ms/ sensitivity to GATA4 perturbation in the embryonic and adult models
used here. Potentially these factors may represent embryonic/adult regulatory proteins
that act as genetic modifiers of ms/ transcription in the developmental and mature

cardiac context.

In conclusion, the data presented in this chapter demonstrates that ms/ is a bona-fide
target of GATA4 in vivo. Supplementary to giving us an insight into the composition
and regulatory functionality of our identified PCRMs, this work further enlightens our
fundamental understanding of GATA4 function. From this perspective, it is clear that
through regulation of ms/, the GATA4 cardiac gene regulatory network (GRN) is able
to integrate with the SRF GRN. This would be of functional significance for processes
including cardiac development and differentiation which are critically dependent on
temporal coordination between the GATA4 and SRF GRNs. These findings also have
implications for disease states in which GATA4 abundance and/or activity is
compromised. Clearly, the exquisite interaction between GATA4 and ms/ expression
would suggest any changes in GATA4 abundance and/or activity would reflect on ms/
abundance. We demonstrate here that Typel/2 diabetes associated GATA4 depletion
results in concomitant increase in ms/. Spurious ms/ expression and SRF activity has
been shown to lead to cardiomyopathy (Kuwahara et al, 2007) and it would be tempting
to speculate that hyperglycemia induced diabetic cardiomyopathy [linked to
downregulaiton of GATA4 via increased targetting to the UPS (Kobayashi et al, 2006)],
may be in some part mediated by sustained ms1 expression and SRF activity. Taking
this further, one can not rule out the possibility that dysregulated ms/ expression and
subsequent effects on SRF activity may also be a primary driving force in many of the
adverse phenotypes associated with GATA4 dysregulation such as congenital heart

defects, cardiac hypertrophy and cardiomyopathy (Pikkarainen et al, 2004).
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Chapter 6

Regulatory characterisation of the transcriptional mechanisms governing

skeletal muscle myocyte stress 1 expression.

6.1 Introduction

During mammalian embryogenesis, the development of skeletal muscle is mediated by
a co-ordinated series of events that begins with the commitment of mesodermal
precursor cells to the skeletal muscle lineage, followed by myoblast fusion and the
subsequent progression of a programme of muscle specific gene expression
(Buckingham et al, 2003; Christ & Ordahl, 1995; McKinsey et al, 2002). A specialised
group of transcription factors control this process of myogenic specification and
differentiation. These factors, designated the myogenic regulatory factors (MRFs),
include four basic helix-loop-helix (bHLH) E-Box binding proteins: MyoD, Myf5,
Myogenin and MRF4 (Molkentin et al, 1995). During development MyoD and Myf5
dictate myoblast specification while Myogenin and MRF4 regulate terminal
differentiation (Andres & Walsh, 1996; Dedieu et al, 2002). In collaboration with the
MRFs, the MADS-box myocyte enhancer factor (MEF) family of proteins also
contribute to the programme of muscle specific gene expression (Black & Olson, 1998;

Molkentin & Olson, 1996).

Serum response factor (SRF), the DNA binding transcription factor component of the
MSI1-MRTF-SRF transcriptional axis, is also important for skeletal muscle specific gene
expression. In addition to binding and regulating a wide array of skeletal muscle
specific promoters, the targeted perturbation of SRF activity in vitro has been shown to
severely impair myoblast fusion and differentiation (Carson et al, 1996; Catala et al,
1995; Croissant et al, 1996; Vandromme et al, 1992; Wei et al, 1998). To confirm this
important role for myogenic SRF activity in an in vivo context, a conditional skeletal

muscle specific murine SRF knockout was generated. Mice derived from this knockout
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demonstrated impaired myoblast fusion causing severe skeletal muscle myopathy that

ultimately resulted in perinatal lethality (Li et al, 2005).

A requisite role for the SRF co-factor MRTF-A (a myocardin related transcription
factor) in skeletal muscle development has also been inferred from experiments in
cultured muscle cells. Within this in vitro context knockdown of MRTF-A, via RNAI,
repressed SRF-dependent gene expression resulting in impaired myoblast fusion and
attenuated formation of terminally differentiated multinucleated myotubes (Selvaraj &
Prywes, 2003). In vivo, transgenic mice expressing a dominant negative form of MRTF-
A displayed a phenotype reminiscent of the skeletal muscle SRF knock out mice, thus
supporting an important role for the MRTFs in the control of muscle specification and

differentiation (Li et al, 2005).

As a critical regulator of the MRTF-SRF transcriptional axis it is unsurprising to find
that ms/ has a functional role in skeletal muscle differentiation and maturation. In the
C2C12 myoblast cell line ms/ perturbation, gene knockdown via RNAi resulted in a
significant attenuation of muscle specific SRF activity caused by decreased MRTF
nuclear translocation (Kuwahara et al, 2005). We have recently shown that morpholino
knockdown of zebrafish msl (ZMS1) in vivo results in severe musculoskeletal
deformities with curvature and shortening of the longitudinal axis (Mahadeva, H
unpublished findings). These findings, in addition to the published work demonstrating
the important myogenic role of the MRTF-SRF pathway, lead us to speculate that
mechanisms governing ms/ expression will be implicated in skeletal muscle

determination, differentiation and maturation.

At the commencement of the current project little was known about the transcriptional
mechanisms governing skeletal muscle expression of ms/. However it is of interest that
Eric Olson’s group have recently demonstrated that the proximal 1.5kbp 5’-flanking
sequence was able to direct LacZ expression in adult cardiac and skeletal muscle

(Kuwahara et al, 2007). Two Mef2 responsive motifs within this region were shown to
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be critical for the observed cardiac specificity although the factors, motifs and
regulatory mechanisms governing skeletal muscle specific expression were not
examined. However this study did demonstrate that the proximal 1.5kbp 5’-flanking
sequence contains sufficient cis information to drive skeletal muscle specific expression

within the in vivo context.

The aim of this chapter was to investigate the transcriptional regulation of ms/ during
myogenic differentiation using the C2C12 and H9¢2 myoblast cells lines as established
model systems. Both of these cell lines can differentiate in a co-ordinated manner from
a proliferating myoblast to a differentiated multinucleated myotube, when cultured in
the appropriate media. Upon differentiation the myotubes derived from both these cell
lines exhibit skeletal muscle characteristics similar to those observed in vivo, and as
such provide excellent in vitro model systems for the investigation of skeletal muscle

differentiation and maturation.
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6.2 Results

6.2.1 Quantitative analysis of relative ms1 mRNA in adult cardiac and skeletal

muscle.

During its initial identification and characterisation, ms/ expression was measured,
using semi-quantitative RT-PCR (Mahadeva et al, 2002) and Northern blot analysis
(Kuwahara et al, 2007), to be restricted to cardiac and skeletal muscle. Due to the
qualitative nature of these techniques we decided to examine the relative transcript
abundance of ms/ in these tissues using a quantitative method. Using total RNA
isolated from adult cardiac and skeletal muscle (isolated by Harin Mahadeva, samples
checked for quality and stored at -80°C), quantitative real time RT-PCR of ms/ and
TBP (internal control) using Taq Man® probes was performed as described in the
methods (Figure 6.1A). Consistent with the previous reports, ms/ mRNA is
significantly more abundant in adult skeletal muscle compared with cardiac muscle
(Mahadeva et al, 2002). The present quantitative analysis demonstrates a significant 20-
fold increase in the relative expression in skeletal muscle versus cardiac muscle (Figure
6.1A p<0.05). To validate the myogenic status of the RNA samples examined, semi-
quantitative RT-PCR of MyoD and RPL-32 (internal control) was performed as
described in the methods (Figure 6.1C). MyoD, the classical MREF, is expressed at high
levels in skeletal muscle with lower levels in cardiac muscle (Davis et al, 1987). The
high abundance of MyoD transcript (12-fold increase relative to cardiac expression,
p<0.05) in our skeletal muscle RNA samples relative to cardiac muscle RNA samples
validates the myogenic nature of these samples and is in agreement with published

MyoD expression in these two adult tissue types.
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Figure 6.1. Quantitative real-time and semi-quantitative PCR analysis of ms/ and MyoD
mRNA in adult striated muscle tissue. Total RNA was isolated from adult skeletal and
cardiac tissue. Total RNA was subjected to reverse transcription followed by quantitative
(A) and semi-quantitative (B, C) PCR with msI (A), MyoD (B, C), TBP and RPL32 specific
primers. Relative expression in the adult heart was arbitrarily set at 1. Values are

represented as means £SEM of at least three different experimental samples.
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6.2.2 Analysis of msl mRNA during myogenic differentiation

Previous work by others and us has demonstrated that ms/ mRNA is up regulated
during myogenesis in both vertebrate (Kuwahara et al, 2005; Kuwahara et al, 2007) and
invertebrate model organisms (Mahadeva et al, Unpublished findings). In order to
examine msl expression during myogenesis in vitro, cultured C2C12 and H9C2
myoblasts were utilised. C2C12 is a myoblast cell line established from the leg muscle
of the C3H mouse (Yaffe & Saxel, 1977). These myoblasts remain proliferative in the
presence of high serum concentrations, with serum depletion stimulating the myoblasts
to differentiate and fuse to form multinucleated myotubes (Blau et al, 1985). In order to
evaluate the suitability of C2C12 as a model for the myogenic ms/ up-regulation,
quantitative SYBR® Green based real time RT-PCR of ms/ and Elalpha (internal
control) was conducted using lpg of total RNA isolated from proliferating C2C12
(Myoblast; MB) and terminally differentiated C2C12 cells (Myotube; MT, represent 3
days in differentiation media), as described in the methods. There was a significant
increase in ms/ transcript (approximately 15-fold) in terminally differentiated C2C12
myotubes compared to proliferating C2C12 myoblasts (Figure 6.2A) thus validating the
use of C2C12 as a model.

This data demonstrated a differentiation dependent mechanism for ms/ transcriptional
up-regulation during myogenesis in vitro. However, the temporal expression profile of a
specific gene during myogenic differentiation can also give an exquisite insight into
both the function of the gene and the regulatory processes governing its expression
(Blais & Dynlacht, 2005; Delgado et al, 2003). 1 therefore proceeded to measure the
temporal expression profile of ms/ during the graded differentiation of C2C12
myoblasts over a three-day period. This time period has been empirically shown to be
sufficient for the complete terminal differentiation of C2C12 myoblasts, which is
associated with the temporal up-regulation of the myogenic regulatory factors including
MyoD and Myogenin. Quantitative SYBR® Green based real time RT-PCR of ms/ and
Ela (internal control) using RNA isolated on consecutive days during differentiation
demonstrated that ms/ transcript is significantly induced within the first day of

differentiation (Figure 6.2C) (10-fold, P<0.05). We then observed a maintained increase
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in expression over the subsequent two days (Figure 6.2C). This finding demonstrates
that ms/ is an early wave myogenic transcript (Tomczak et al, 2004) in C2C12
differentiation, with this having implications for its role and its regulation during

myogenesis.

To demonstrate this up-regulation of ms/ is ubiquitous to myogenesis and not a specific
effect observed only in C2C12, the myogenic expression of ms/ was examined in an
alternative cell line, H9¢2. H9¢c2 is a clonal cardiac cell line derived from the embryonic
rat heart (Menard et al, 1999). Although cardiac in origin, confluent H9¢2 myoblasts
have the ability to trans-differentiate into skeletal muscle myotubes. When confluent,
cultivating the myoblasts in low serum leads to the formation of multinucleated
myotubes that express the myogenic markers MyoD, Myogenin and Troponin T
(Menard et al, 1999). These myotubes also display a very slow activating and
inactivating L-type Ca2+ current which resembles those recorded in skeletal muscle
myotubes, and other differentiated skeletal muscle cell lines and primary cultures. We
proceeded to extract total RNA from confluent H9¢2 myoblasts and differentiated
myotubes as described in the methods. Semi-quantitative RT-PCR of a/s and RPL-32
(internal control) was performed with a significant up-regulation (20-fold p<0.05) of
ols mRNA observed in the differentiated myotubes (Figure 6.2D). This level of up-
regulation is in agreement with other studies in which a/s expression has been used as
the phenotypic marker for H9¢2 myogenic differentiation (Menard et al, 1999). We then
proceeded to execute quantitative real time RT-PCR of ms/ and TBP (internal control)

using Taqg Man® probes on total RNA derived from these H9¢c2 differentiation samples.

Myogenic differentiation was associated with a significant increase in ms/ expression
(2.6 fold, p<0.05). Although this up-regulation was not as dramatic compared to the
C2C12 model, these findings demonstrate that ms/ is sensitive to myogenic
differentiation with up-regulation observed in two independent models of in vitro

myogenic differentiation.
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Figure 6.2. Quantitative real-time and semi-quantitative PCR analysis of ms/ mRNA
expression during myogenic differentiation in vitro. Total RNA was isolated from C2C12
sub-confluent myoblasts (MB) and myotubes (MT: 3 days post differentiation)(A). Total
RNA was also isolated from C2C12 cells during myogenic differentiation (Day 0 to day 3)
(O). RNA was subjected to reverse transcription followed by quantitative PCR with mouse
msl and EF1la specific primers. Expression level at day 0 (MB) was arbitrarily set at 1.
Total RNA was also isolated from confluent (CMB) and differentiated (DMT) H9c cells
and subjected to quantitative real-time (B) and semi-quantitative (D) PCR with rat mslI
(B), ais (D), TBP and RPL32 specific primers. Expression level in H9¢2 myoblasts (CMB)
was arbitrarily set at 1. Values are represented as means £SEM of at least three different

experiments.
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6.2.3 Identification and myogenic specificity of the msl promoter.

The consistent up-regulation of ms/ during myogenic differentiation both in vitro
(present C2C12 and H9c2 data) and in vivo (Kuwahara et al, 2005; Kuwahara et al,
2007) suggests its expression might be targeted by differentiation promoting
transcription factors. During myogenesis, differentiation is under the control of E-Box
binding myogenic basic helix-loop-helix (MyoD, Myogenin, Mrf4, Myf5) and MADS
domain Mef2 proteins (Brand-Saberi, 2005), with most myogenic genes containing
binding motifs for these factors in their promoters and associated regulatory domains
(Lassar et al, 1989; Li & Capetanaki, 1994). Such motifs within the ms/ promoter
would represent ideal candidates as putative differentiation dependent myogenic

regulatory sites.

With this in mind, it was interesting to observe that our comparative in silico regulatory
sequence analysis (Chapter 3) identified two putative regulatory domains, UP1 and PP,
with potential myogenic activity. These two domains, which are both located within the
proximal 1.6kbp 5’ flanking sequence, are enriched with conserved myogenic binding
sites including three E-Box and two Mef2 motifs (Chapter 3). Data presented in Chapter
4 demonstrated that the UP1 domain, which contains E-Box -1556/-1550 and Mef2
-1489/-1477 has minimal cardiogenic activity. One could thus speculate they serve to
function in another cellular context and it was hypothesised they may contribute to the
myogenic sensitivity of the ms/ promoter (Chapter 4). In support of this, Eric Olson’s
group have demonstrated that the proximal 1.6kbp 5’ flanking sequence is able to direct
expression of a lacZ reporter gene in the skeletal muscle of adult transgenic reporter
mice (Kuwahara et al, 2007). On the basis of this finding, and the data presented in
Chapters 3 and 4, it is reasonable to hypothesise that the proximal 1.6kbp 5’ flanking
sequence contained sufficient cis information to drive myogenic differentiation

dependent up-regulation of ms1.

To validate this hypothesis, the intrinsic myogenic responsiveness of the P-1585/+60
luciferase reporter construct was examined, as previously described in Chapter 4. This

reporter, which encompasses the UP1 and PP domains, was transiently transfected into
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the myogenic C2C12 and H9c2 cell lines, and the non myogenic NIH 3T3 and COS-7
cell lines, as described in the methods. In support of our hypothesis, the reporter was
approximately four times (p<0.05) more active in the myogenic C2C12 and H9¢2 cells
than in the non-myogenic NIH 3T3 mouse fibroblasts and COS-7 monkey kidney cells
(Figure 6.3). This data supports our initial hypothesis and suggests that there is
sufficient myogenic cis information encompassed within this promoter reporter to drive

myogenic cell specific activity, at least in the context of our in vitro myogenic systems.
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Figure 6.3 Analysis of msl promoter activity in myogenic and non myogenic cell lines.
Subconfluent COS-7, NIH3T3, H9¢2 and C2C12 myoblasts were transiently transfected
with the -1585/+60 luciferase promoter reporter construct. Promoter activity relative to
pGL3-B alone was determined in each cell line 48 hours after transfection. The relative
activity of the promoter (vs pGL3-B) in each cell line was then determined with relative
activity in C2C12 assigned arbitrary value of 1. The results are expressed as mean £SEM
of at least three separate transfections in triplicate for the reporter construct. Statistically
significant differences compared to relative activity in NIH3T3 are indicated by tailed

bars, p<0.05.
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6.2.4 Identification of myogenic factors that can modulate the ms1 promoter

Since conserved E-Box and Mef2 binding motifs are located within the UP1 and PP
domains, we decided to test the intrinsic sensitivity of the promoter to the ectopic
expression of the cognate myogenic binding proteins. The promoter reporter construct,
P-1585/+60, was transiently transfected into C2C12 myoblasts in the presence or
absence of the specific MRFs (MyoD and Myogenin) and Mef2D, the prominent
skeletal muscle MEF2 isoform (Ohkawa et al, 2006), as described in the methods.
MyoD and Myogenin both bind myogenic E-Boxes and mediate early and late
myogenic specific gene expression respectively. The pEMSV-MyoD and pEMSV-
Myogenin over-expression plasmids have been demonstrated to drive robust ectoptic
expression of MyoD and Myogenin in myoblast cell lines (Ohkawa et al, 2006). MyoD
was found to be a strong activator of ms/ promoter activity, activating P-1585/+60 in a

dose-dependent manner: ~4-fold (0.5ug expression vector, p<0.05) and ~7-fold (1.0ug

expression vector p<(0.05) to that of control (1.0ug pcDNA only) (Figure 6.4A). In
contrast, Myogenin alone or in combination with Mef2D, an interaction previously
reported to synergistically activate other myogenic promoters, did not significantly
activate the ms/ promoter. Mef2D alone was also insufficient in this regard. To validate
the observed effects were specific to the ms/ promoter, all of the co-transfections were
done using the empty pGL3-B reporter vector (Figure 6.4A). The lack of non-specific
activation of the empty pGL3-B reporter suggests that the observed effects described

here are specific to the inserted -1585/+60 genomic promoter sequence.
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Figure 6.4. Plasmids (+; 0.3png, ++0.6pg) expressing Mef2D, myogenin and MyoD were co-
transfected in combination with the msl promoter reporter construct (P-1585/+60) into
C2C12 myoblasts. Luciferase activity in cells transfected with pcDNA and msl promoter
reporter was arbitrarily set at 1 (A). Subconfluent H9c2 myoblasts were transiently
transfected with the MRF overexpression plasmids (B) (+; 0.5pg, ++1.0png). 48 hours post
transfection (cells were 80% confluent), total RNA was isolated, reverse transcribed and
expression levels of TBP and msl were determined by real time PCR. Statistically

significant differences are indicated by tailed bars, p<0.05.
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To determine whether this sensitivity would manifest at the endogenous ms/ promoter,
the MRF and MEF2 proteins were ectopically expressed in H9¢c2 myoblasts, in dose
dependent combinations as executed in the reporter co-transfection assay. The
expression level of endogenous ms/ mRNA in both control (empty pcDNA vector
alone) and MRF/Mef2D transfected cells was determined by quantitative real time RT-
PCR using Tag Man® probes as described in the methods. MyoD over-expression
significantly increased ms/ mRNA levels in a dose dependent manner 1.5 and 2-fold
respectively (Figure 6.4B, p<0.05). In agreement with the reporter co-transfection data,

Myogenin and Mef2D alone, or in combination, had no effect on endogenous ms/

mRNA levels.

Collectively, this data suggests that MyoD is able to target and activate the endogenous
msl promoter in agreement with the observed sensitivity of the exogenous promoter
reporter. This data demonstrates that (at least in our in vitro myogenic context) MyoD is
the primary myogenic activator of the endogenous ms/ promoter. However, these data
do not exclude a possible role for Mef2D and Myogenin in regulating ms/ expression,
and we suspect these factors may act in another myogenic environment, possibly during

the later stages of myogenesis.

6.2.5 Site directed mutagenesis of the ms1 promoter

MyoD dose-dependently target the ms/ promoter (in vitro and in vivo), which suggests
that MyoD might directly bind to the specific sites on the promoter to mediate its
activation. MyoD activates target promoters via heterodimerisation with ubiquitous
E2A proteins (E12, E47, E25)(Murre et al, 1989), which allows a stable DNA binding
complex to bind the E-Box sequence (consensus sequence, CANNTG). In order to
examine the contribution of the three conserved E-Box’s (in UP1 and PP) in mediating
MyoD sensitivity, these sites were deleted using site directed mutagenesis (as described

in chapter 4 and methods).
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The generated reporter constructs containing the mutated sequences for the three E-
Boxes [in singular and in combination (Figure 6.5)], were co-transfected with the MyoD
expression plasmid (1pg) into C2C12 myoblasts, as described in the methods. The wild
type promoter was activated 7-fold by MyoD compared to control co-transfection
(pcDNA only). Mutating E1 (-1556/-1550) reduced promoter sensitivity to ectopic
MyoD expression by 50% (from 7-fold activation to 3.5-fold, p<0.05, Figure 6.5),
demonstrating this E-Box is important for promoter sensitivity to MyoD. The additional
mutation of E2 (-253/-247) further attenuated promoter to 2.5 fold activation compared
to pcDNA control (approximate 67% decrease in sensitivity p<0.05). The combined
triple E-Box mutant (mutating E3, -221/-215) did not result in further decrease in
promoter sensitivity to MyoD with respect to the double mutant. This data suggests that
in the in vitro reporter context both E1 and E2 (but possibly not E3) are sufficient for
MyoD activation of the ms/ promoter. It also suggests the presence of other unidentified
motifs within this reporter that are capable of mediating sensitivity to MyoD, possibly

via direct or indirect mechanisms, which will be discussed.

5.2.6 Invitro binding of myogenic proteins to EI and E2

To further characterise the biological importance of the E1, E2 and E3 sequences, we
performed electro-mobility shift assays (EMSA) to demonstrate the in vitro myogenic
binding specificity of these motifs. Specific oligonucleotides (Table 10, Chapter 2)
containing the E-Box elements present in UP1 and PP, E1, E2 and E3 were synthesised,
annealed and end labelled with digoxigen (DIG) to generate the specific probes for the
EMSA analysis. The efficiency of the labelling reaction was determined via a spot blot
method as specified in the methods. On the basis of the relative labelling of each probe
(Figure 6.6A), equally labelled amounts of the E-Box probes were incubated with whole
cell protein extracts from C2C12 myoblasts and a molar excess (X200) of
complimentary cold unlabelled probe. As shown in Figure 6.6B, incubation of E1, E2
and E3 labelled probes with myogenic whole cell extracts resulted in the appearance of
single DNA-protein band shift. Co-incubating this reaction with a 200 fold molar excess
of unlabelled complimentary probe ablated the appearance of the shifted band,

demonstrating the DNA-protein band shift is the product of specific protein/DNA-
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sequence specific interaction. As a positive control the consensus MyoD binding site
from the ACCP promoter was also incubated with the myogenic protein cell extract.
This sequence has previously been to shown to generate a specific single shifted band in
EMSA analysis using myogenic protein extracts. This is as a consequence of specific
MyoD binding to the consensus sequence within this probe. In our experimental context
we also observed a single specific band shift in agreement with the published finding

(Figure 6.6B).

It was of particular interest to observe that all three E-Box probes generated a robust
single band shift (represented by the arrow Figure 6.6B), all of which exhibited similar
migration to each other and to the characterised consensus MyoD binding E-Box probe.
This is suggestive of a common protein complex associating with all of our probes, and
based on the myogenic MyoD binding capacity of the consensus E-Box we speculated

this to be a MyoD containing complex.

To support this hypothesis, the E1, E2 and E3 labelled probes were incubated with
C2C12 myoblast whole cell protein extracts and a 200 fold molar excess of unlabelled
consensus MyoD binding E-Box probe. Interestingly the band shifts observed with the
E1 and E2 probes was completely ablated by the cold consensus probe (Figure 6.6C).
This suggests that MyoD is capable of binding to E1 and E2 in vitro. In contrast, E3
could not be competed with unlabelled consensus suggesting other E-Box (or non-
EBox) binding proteins expressed in C2C12 myoblasts are binding E3 in vitro. These
findings are in agreement with our mutagenesis analysis and support the hypothesis that
MyoD targeting and subsequent activation of the ms/ promoter occurs at E1 and E2, but

not E3, at least in the present in vitro experimental system.
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Figure 6.6. EMSA analysis of E1, E2 and E3 in the msl promoter. DIG-labelled
oligonucleotide probes for the MyoD E-Box binding consensus, E1, E2 and E3 binding
sites were blotted and visualised for the relative determination of labelling efficiency.
Equally labelled amounts of probe were then incubated with whole cell protein extracts
made from sub-confluent C2C12 myoblasts (B, C). Competition experiments were
performed using a 200-fold excess of unlabelled self (B) to test for specificity and a 200-
fold excess of unlabelled MyoD E-Box consensus probe (C). Arrows indicate the resulting
band-shifts.
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6.2.7 Direct binding of MyoD to the endogenous UPI and PP domains during

myogenic differentiation.

The data presented so far suggests that within the current in vitro myogenic context,
MyoD is the primary myogenic activator of the ms/ promoter, with the majority of this
sensitivity mediated by the UP1 and PP domain E-Boxes, E1 and E2 respectively. To
definitively confirm this [in collaboration with Prof Tony Imbalzano (UMASS)],
chromatin immunoprecipitation (ChIP) was used to determine whether MyoD is
physically recruited to the UP1 and PP domains in vivo, and to examine the dynamics of

this recruitment during C2C12 myogenic differentiation.

Using primers specifically designed to amplify E1, E2 and E3 within the UP1 and PP
domains (Table 11, Chapter 2, Figure 6.7A), quantitative SYBR® Green based real time
PCR was performed on formaldehyde-crosslinked, sheared chromatin (isolated by Dr
Caroline Dacwag, UMASS) during C2C12 differentiation, which was
immunoprecipitated with MyoD and IgG specific antibodies. The relative enrichment of

MyoD at these two domains was quantified as described in the methods.

As shown in Figure 6.7B, MyoD appears to be constitutively bound at the E2/E3
genomic domain during the whole differentiation process, with no significant difference
in relative recruitment occurring upon ms/ up-regulation. This was interesting, firstly
because it confirmed the binding of MyoD to the E2/E3 domain in vivo, and secondly
because this binding appears to precede the transcriptional induction of the ms/
transcript. Due to the resolution of the ChIP derived PCR (sonicated DNA fragments are
approximately 300-500bp in length) it was not possible to conclusively demonstrate that
MyoD binding within this E2/E3 domain is specific to E-Box E2, or E3. However based
on the in vitro data derived from the mutagenesis and EMSA analysis, it is likely that

the MyoD binding within this domain is occurring at E-Box E2.

In contrast to MyoD recruitment at the E2/E3 domain, MyoD is not recruited to the E1
domain until day 1 of the differentiation process (Figure 6.7C). A 5-fold enrichment in

relative binding of MyoD occurs at day 1 compared to day 0 (Figure 6.7C, p<0.05) and
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this can be qualitatively visualised in the SYBR Green stained agarose gel. This binding
is then maintained over the subsequent two days and interestingly coincides with the
transcriptional up-regulation in ms/ (Figure 6.2C). This observation suggests that
binding of MyoD at E1 may be required for the differentiation dependent up-regulation
in msl transcript, and we therefore speculate this E-Box and the encompassing UP1
domain may represent a differentiation dependent myogenic enhancer. In conclusion the
temporal dynamics of MyoD binding during myogenic differentiation clearly
demonstrates the differential roles played by E-Boxes E1 and E2 in mediating myogenic
differentiation dependent activation of ms/. This insight could not be gained using only

in vitro techniques and emphasises the utility of ChIP in this context.
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Figure 6.7. Chromatin immunoprecipitation (ChIP) assay performed on
differentiating C2C12 cells to evaluate in vivo MyoD binding within the mslI
promoter. (A) Schematic map of amplified DNA fragments and primer locations
encompassing E1, E2 and E3. TSS position is also illustrated by an arrow. Samples
analysed included proliferating sub-confluent myoblasts (MB), confluent
myoblasts harvested prior to the induction of differentiation (D0), myoblasts
subjected to differentiation conditions for 24 hours (D1), and differentiating
myotubes at 48 (D2) and 72 (D3) hours post differentiation. Quantitative real time
PCR was performed on isolated DNA using the primers designated in (A)
amplifying the proximal (B) and distal (C) E-Box sequences (E2/E3 and El
respectively). Amplification was quantified and normalised to the input of each
sample. The results are expressed as mean £ SEM of at least three different ChIPs.
Statistically significant differences in fold enrichment are indicated by *P<(.05.
Representative PCR reactions were stopped in the linear amplification range and

run on agarose gel for visualisation.
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6.2.8 Temporal dynamics of Histone Deacetylase (HDAC) enzyme recruitment to the

endogenous UPI and PP domains during myogenic differentiation.

The binding of MyoD at E2/E3 prior to gene activation suggested that this MyoD is
recruiting repressive complexes to the ms/ promoter, where it inhibits transcriptional
induction. This functional mechanism of MyoD action is common and indeed numerous
studies have demonstrated that MyoD is able to target promoters for repression via the
specific recruitment of histone deacetylase enzymes, in particular the Class 1 family
member, HDAC1 and HDAC?2. The present data therefore suggests such enzymes may
be recruited to the ms/ promoter and repress transcriptional induction prior to the
differentiation stimulus. It is of interest that data presented in Chapter 4 clearly
demonstrated that in H9c2 myoblasts, HDAC inhibition via Trichostatin A (TSA),
resulted in transcriptional induction in ms/. This supports the hypothesis by
demonstrating that the ms/ promoter is repressed by HDAC enzyme activity in a

myoblast cellular environment.

To validate this, quantitative SYBR® Green based real time PCR was performed on
formaldehyde-crosslinked, sheared chromatin isolated during C2C12 differentiation,
which was immunoprecipitated with HDAC1, HDAC?2 and IgG specific antibodies. The
relative enrichment of HDAC1 and HDAC2 at these two domains was quantified as
described in the methods. ChIP analysis demonstrated the presence of HDACI and
HDAC2 at the E2/E3 domains but there was no significant difference in temporal
recruitment of HDACI1 (Figure 8A) or HDAC2 (Figure 8C) to the proximal E2/E3

domain during myogenic differentiation.

One general principle that has emerged over recent years is that transcription factor
mediated activation of gene expression correlates with HDAC removal from the
genomic promoter domains of interest and concomitant recruitment of histone
acetyltransferase (HAT) enzymes. We therefore predicted that the temporal MyoD
recruitment at the UP1 domain and associated transcriptional up-regulation in ms/
might correlate with relative enrichment of HDAC1 and HDAC2 at the UP1 domain.

However somewhat surprisingly, considering recent studies that demonstrate such
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MyoD/HDAC1/2 interactions, we did not observe any significant difference in
HDACI1/2 recruitment to the UP1 domain during myogenic differentiation (Figure 8B
and 8C). Interestingly we do observe a significant decrease in relative HDAC2
recruitment at the UP1 domain in confluent myoblasts (D0) compared with proliferating
myoblasts (MB)(Figure 8D, p<0.05). This decreased enrichment in HDAC2 may have
implications with respect to the subsequent recruitment of MyoD and the associated

transcriptional up-regulation at Day 1.

In summary we have demonstrated that Class I family members HDAC1 and HDAC2
are actively associated with the ms/ proximal and distal E-Box containing regulatory
domains (PP and UP1). However during myogenic differentiation we did not observe
any ablation in HDAC recruitment neither at the proximal or distal (UP1) domain.
Interestingly we have demonstrated a significant difference in HDAC2 recruitment at
the UP1 domain in proliferating versus confluent myoblasts, with this potentially having

major implications for ms/ regulation as a whole.
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Figure 6.8. Chromatin immunoprecipitation (ChIP) assay performed on differentiating
C2C12 cells to evaluate in vivo histone de-acetylase (HDAC) binding within the mslI
promoter. Quantitative real time PCR was performed on isolated DNA using the primers
designated in (Figure 6.7A) amplifying the proximal (A,C) and distal (B, D) E-Box
sequences (E2/E3 and E1 respectively) from HDAC1 (A, B) and -2 (C, D)
immunoprecipitated chromatin. Amplification was quantified and normalised to the input
of each sample. The results are expressed as mean + SEM of at least three different ChIPs.

Statistically significant differences in fold enrichment are indicated by *P<0.05.
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6.3  Discussion

The MS1-MRTF-SRF signalling axis has been implicated as a critical pathway in
myogenesis, regulating myogenic differentiation, maturation and post-natal regeneration
(Chapter 1). It is therefore reasonable to suspect that the mechanisms regulating the
myogenic specific expression of ms/ will impact upon the MRTF-SRF transcriptional
axis, and thus on myogenesis as a whole. In this chapter, we investigated the molecular
mechanisms governing myogenic expression of ms/ using two established in vitro

systems for myogenesis, specifically the C2C12 and H9¢2 myogenic cell lines.

Prior to analysing ms/ expression in vitro we quantified the relative expression level of
ms1 in adult cardiac and skeletal muscle, in vivo. In agreement with the previous studies
we show that ms/ is expressed at higher levels in the adult skeletal muscle with respect
to the heart. The exact reasons for this are not clear however this is suggestive that the
MRTF-SRF axis is (in functional terms) more in demand in skeletal versus heart
muscle. This is a good possibility because the MRTF-SRF pathway has been implicated
in cardiogenesis, with its downstream genes central to the assembly of the actin
cytoskeleton, sarcomere and contractile apparatus (Carson et al, 1996; Catala et al,
1995; Croissant et al, 1996; Vandromme et al, 1992; Wei et al, 1998). However within
cardiac muscle, and not within skeletal muscle, Myocardin (the founding member of the
myocardin related transcription factors) is also highly expressed. Myocardin is a potent
co-activator of SRF, like the MRTFs. It is therefore likely that the MRTFs and
Myocardin play redundant roles in regulating SRF activity in cardiac muscle. Increased
ms1 expression in skeletal muscle would therefore support robust MRTF-SRF signalling

and thus offer a compensatory mechanism for the lack of Myocardin protein.

As a first step towards understanding the transcriptional mechanisms governing ms/
expression in muscle differentiation, ms/ expression in differentiating C2C12 and H9c2
cells were examined. A robust transcriptional induction in ms/ expression was observed
during the first day of differentiation indicating ms/ to be an early wave myogenic
transcript (Delgado et al, 2003). This temporal expression profile has implications for

the mechanisms governing its regulation and also gives insight into the potential
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functionality of this early mygenic induction. It has previously been demonstrated that
SRF can regulate myoblast fusion and differentiation as a consequence of regulating
MyoD expression (Carnac et al, 1998). In addition, MyoD and SRF have been shown to
physically interact and synergistically activate target myogenic promoters, with
consensus SREs enriched in bona fide MyoD target promoters (Blais & Dynlacht,
2005). It is therefore imperative that SRF activity coincides with MyoD expression
during mygenic differentiation and it is proposed here that this early myogenic
expression of msl drives muscle specific activity of the MRTF-SRF axis, thereby
coupling this pathway with MyoD expression and activity. It would be interesting to
investigate the effect of pertubing ms/ expression during myogenic differentiation

however this was not within the scope of the current PhD project.

The proximal 1.5kbp 5’ flanking sequence, which is capable of driving in vivo skeletal
muscle expression of a LacZ reporter (Kuwahara et al, 2007), was enriched with
conserved MRF binding sites (Chapter 3) specifically clustered within two independent
regulatory domains, UP1 and PP. It is of interest that multiple E Boxes (binding motifs
for MRFs) forming independent clusters (like within the UP1 and PP domains) are often
found on the myogenic regulatory regions, either promoters or enhancers, of muscle
specific genes. The promoter reporter used here, which encompassed the UP1 and PP
myogenic domains, showed specific activity within a myogenic cellular environment.
Furthermore, the exogenous reporter and endogenous promoter showed specific
sensitivity to the MRF, MyoD, and not Myogenin or MEF2D. This specific pattern of
sensitivity suggests that at least within a myoblast cellular environment; MyoD

represents the major myogenic activator of the ms/ promoter.

This above finding complements the temporal expression profile observed for ms/
during myogenic differentiation. This is because MyoD, and not Myogenin or Mef2D,
is responsible for myogenic gene activation during the early stages of differentiation
(Blais & Dynlacht, 2005; Buckingham et al, 2003), the time at which ms/ transcription
is up regulated. Myogenin and Mef2D are themselves subsequently induced by MyoD.
Imbalzano and colleagues (Ohkawa et al, 2006; Ohkawa et al, 2007) have recently

demonstrated that late gene expression correlates with replacement of MyoD with

241



Myogenin at MyoD target promoters. This exchange is accompanied by the appearance
of a muscle specific Mef2D isoform (Mef2D.1B), which along with the Brgl ATPase
collaborate to drive and maintain promoter specific transcription. These complexes also
appear to replace MyoD binding at early myogenic genes (like ms/) consolidating and
maintaining their expression during the late stages of differentiation. When one
considers the maintained high levels of ms/ expression during late myogenesis and in
adult skeletal muscle, it would be interesting to determine whether myogenin or Mef2d
can replace MyoD on the ms/ promoter and maintain constitutive expression. It is of
interest that Mef2C binding to our MEF2 consenus identified here has been shown to
mediate basal and stress inducible cardiac specific promoter activity both in vitro and in
vivo (Kuwahara et al, 2007). It is plausible that within the differentiated myogenic
environment this motif could also be functional. These findings pose interesting

questions for further analysis..

It was speculated that the observed MyoD sensitivity was via specific targeting of
MyoD to the conserved E-Boxes identified within the UP1 and PP regulatory domains.
Indeed, using site directed mutagenesis and EMSA, it was demonstrated that E1 and E2,
but not E3 appeared to be targeted by MyoD. However, it was somewhat surprising that
in our mutagenesis reporter assays, the triple E-Box reporter mutant retained a
significant sensitivity to ectopic MyoD expression. Firstly this may suggest the presence
of other non-conserved E-Boxes within the reporter being targeted by MyoD or
potentially MyoD is being recruited to the promoter in an E-Box independent fashion,
possible via interaction with other DNA binding sequence specific transcription factors.
Alternatively this effect may be as a result of a MyoD directed up-regulation of other
myogenic transcription factors, which subsequently target and activate the ms/
promoter at other motifs. From this viewpoint it is interesting to consider the presence
of a conserved SRE (Figure 3A) within the PP domain. We have already demonstrated
that SRE binds this motif in vivo within a cardiogenic context (Chapter 4). Ectopic
MyoD is able to up-regulate endogenous ms/ expression (Figure 4B), which would
subsequently activate the MRTF-SRF signalling axis. It is conceivable that ectopic
MyoD could, via endogenous ms/ expression, activate the SRF signalling axis which

then (independent of MyoD binding to E1, E2 and E3 targets) activates the exogenous
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promoter reporter via the conserved SRE. A similar principle may be true with respect
to Mef2D which could also be induced by ectopic MyoD and potentially activate the
reporter at the conserved MEF2 motif. It would be interesting to incorporate mutations
within the SRE and MEF2 sites and determine if the level of sensitivity is still

maintained in triple E-Box mutant.

Many muscle specific genes are activated at different times during the myogenic
differentiation process. Numerous studies suggest that this differential expression of
each target gene is a product of specific temporal binding of MyoD at distinct E-Boxes
within the cis regulatory loci of the gene, which itself is coupled to chromatin
modification and remodelling (McKinsey et al, 2002). We therefore used ChIP to
measure in vivo binding of MyoD and the histone deacetylase enzymes HDACI1 and 2
at the UP1 and PP E-Box domains during C2C12 differentiation. This analysis
demonstrated that MyoD is constitutively bound to the E2/E3 domain during
differentiation, with binding present in myoblast at day 0, which precedes msl
transcriptional induction. Ms/ transcriptional induction at day 1 coincided with MyoD
binding at E1, located within UP1. This data suggests that MyoD targeting at E1 may be
required for transcriptional activation of ms/ and it is proposed here that UP1 with its
constituent E1 represents a potential differentiation-dependent skeletal muscle specific
enhancer. Future in vivo msl promoter driven LacZ reporter studies would allow us to

definitively confirm this proposition.

What is the purpose of MyoD binding at the proximal E2/E3 domain and how does this
contribute to the subsequent transcriptional induction? Interestingly myogenin, which
has a remarkably similar temporal expression profile to ms/ during myogenesis, also
has a similar promoter structure and associated temporal recruitment of MyoD (Salma
et al, 2004), suggesting potential commonality in regulatory mechanisms. MyoD is
targeted to the myogenin promoter prior to gene activation by a Pbx/Meis complex
(Salma et al, 2004). Chromatin remodelling complexes are then targeted to the MyoD/
Pbx/Meis DNA bound complex resulting in local chromatin acetylation and
remodelling. This promotes the further association with the ATPase dependent

chromatin remodelling complex (SWI/SNF) which then drives the opening of canonical
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E-Boxes and Mef2 sites for factor binding, resulting in a stably bound activator
complex that drives transcription. The presence of a fully conserved Pbx motif (Chapter
3) overlapping the transcriptional start site within the ms/ PP domain suggests that such

a mechanism of induction may also occur at the ms/ promoter during differentiation.

Prior to activating transcription, MyoD associated with HDACs serves to mark
myogenic genes for subsequent differentiation cues and thus activation (Mal & Harter,
2003; Mal et al, 2001). Therefore it is proposed here that MyoD binding to the ms/
promoter prior to differentiation primes the promoter in a ‘poised” myogenic state. In
this poised state MyoD-HDAC complexes compact the local chromatin environment
thus preventing the potential association of MyoD and other activating factors with
other motifs within the domain. However appropriate differentiation cues can stimulate
MyoD to toggle between HDAC and HAT recruitment in addition to association with
differentiation-specific myogenic factors (McKinsey et al, 2002). This dissociation of
HDACs and associated recruitment of HATs stimulates local chromatin remodelling
allowing the formation of active transcriptional complexes to target the specific

promoter.

ChIP was therefore used to investigate potential differential HDAC recruitment at the
msl UP1 and PP domains, although we did not observe any differential HDAC1/2
recruitment. This suggests that these HDACs may not be specifically modulated at the
msl promoter during differentiation and raises the possibility of other HDACs being
present. We did however demonstrate the temporal loss in HDAC2 recruitment at the
UP1 domain during the proliferating myoblast to confluent myoblast transition. This is
interesting because although myoblastic, confluent myoblasts (represent Day 0 in
differentiation process) have already entered the differentiation process, where
proliferating myoblasts have not. This specific loss of HDAC2 at UP1 is therefore likely
to be of functional importance. We suspect this attenuation of HDAC2 activity at UP1
will result in increased acetylation at this domain thereby rendering the local chromatin
more accessible to activating factors, such as MyoD. Indeed one could speculate this
step is essential in allowing MyoD binding at Day 1 and therefore subsequent

transcriptional induction.
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Taking the present data together, a model is proposed whereby MyoD binding at the
msl PP domain (possibly via E2 only) in myoblasts represses transcription via the
specific recruitment of HDAC enzyme complexes (such as HDACI1 and 2). This PP
domain binding is essentially priming the ms/ promoter, placing it in a poised state for
sensing appropriate differentiation cues. Upon differentiation MyoD associates with
HATs and SWI/SNFs, which subsequently causes remodelling of the local chromatin
environment. This coupled to the decreased HDAC enrichment at UP1 allows MyoD to
bind E1 within this domain (Day 1). Further targeting of HATs and specifically SWI/
SNF complexes (at E1 and PP) can facilitate the binding of TBP and other factors
involved in polymerase II pre-initiation complex formation and promote transcriptional
elongation (Brown et al, 1996; Corey et al, 2003; Imbalzano et al, 1994; Lomvardas &
Thanos, 2001; Salma et al, 2004; Soutoglou & Talianidis, 2002). We propose that
temporal targeting of MyoD at El is required in order to establish the optimum

environment for Pol II action and robust transcription.

In conclusion, the work highlighted in this chapter demonstrated that temporal
recruitment of MyoD (and HDACSs) at specific myogenic motifs (E1 and E2 located
within the PP and UPl domains) is important in mediating the correct temporal
expression profile of ms/ during myogenic differentiation. This data also implicates ms/
as a potentially key component of a MyoD generated feed-forward regulatory circuit,
where factors induced by MyoD (like ms/) feed-forward to regulate late MyoD activity
(via SRF) at subsequent target genes, therefore acting to temporally coordinate the
timing of gene expression during skeletal myogenesis. This MyoD-MSI1-SRF feed-
forward network would serve to consolidate and amplify the myogenic cascade. We
believe this is the first piece of data to demonstrate a potential mechanism linking
MyoD activity and SRF transcriptional signalling, with ms/ serving as the nodal point

to integrate these two central myogenic regulatory networks.

The findings presented here also have implications for myogenic disease phenotypes.
Studies have recently identified IGF-1 and IL-4, both central to post-natal muscular

regenerative processes, as SRF downstream genes in the post-natal regenerative context
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(Charvet et al, 2006). Therefore understanding the molecular mechanisms governing
ms1 expression may allow us to identify and develop therapeutic strategies for the up-
regulation of ms/ gene expression in the disease phenotype, which would facilitate
regeneration via stimulation of SRF activity and resulting upregulation of IL-4 and

IGF-1.
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Chapter 7

General Discussion

Myocyte Stress 1 (Ms1/STARS) is a striated muscle restricted actin binding protein that
critically modulates the MRTF/SRF signalling axis in a RhoA dependent fashion (Arai
et al, 2002; Kuwahara et al, 2005; Kuwahara et al, 2007; Mahadeva et al, 2002).
Considering the diverse regulatory role of this axis, ms/ has also been implicated in
many facets of striated muscle biology including cardiac and skeletal muscle
development, differentiation, maturation and post-natal homeostatic function (Arai et al,
2002; Kuwahara et al, 2005; Kuwahara et al, 2007; Mahadeva et al, 2002). Most
importantly to cardiac pathology, alteration in ms/ expression has been shown to
contribute to cardiac hypertrophy and dysfunction in both rodent and human models
(Kuwahara et al, 2007). Despite these important physiological and pathological
findings, nothing was known of the molecular mechanisms governing the transcriptional
regulation of ms/ at the onset of this thesis. Such an understanding would provide an
important insight into ms/ function and the regulatory nature of its associated normal
and pathological states. Therefore the overall aim of this thesis was to identify,
experimentally interrogate and functionally characterise these transcriptional regulatory

Processes.

As the first step in this process a computational comparative sequence analysis of the
msl Rattus norvegicus genomic interval was performed (Chapter 3). The premise for
this was the identification of highly conserved genomic domains and transcription factor
binding sites (TFBS) as potential regulatory elements for experimental investigation.
This analysis identified four highly conserved putative cis regulatory modules (PCRMs)
within the ms/ 5’-flanking interval, designated PP, UP1, UP2 and UP3. Within each of
these domains multiple transcription factor binding sites (TFBS), which we
hypothesised could represent functional motifs, were identified. The clustering of
specific TFBS identified within each PCRM were of particular interest due to the

inherently large number of striated muscle associated TFBS enriched and in particular
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the co-localisation of characterised interacting motifs (for example, GATA, NFAT,
Mef2). As an indication of the utility of this analysis, we believe, based purely on this
comparative regulatory analysis, it was feasible to retrospectively predict aspects of ms/
context specific expression and function. For example, based on TFBS composition, one
would predict the potential utilisation of the PP, UP2 and UP3 domains in striated
muscle regulatory contexts including differentiation, development and Ca’>" dependant
stress signalling, all contexts in which ms/ has been demonstrated to be differentially
expressed. In conclusion, the in silico analysis described in Chapter 3 served to decrease
the genomic search space for functional analysis therefore focusing our experimental

strategy.

Subsequent to this comparative analysis we experimentally interrogated our identified
PCRMs and TFBS through the utilisation of a diverse array of in vitro and in vivo
experimental models which were coupled with gain- and loss-of function studies. In
Chapter 4, it was demonstrated that the cardiac specific regulatory activity of ms/ was
associated with the PP, UP2 and UP3 domains but not the UP1 domain. It was proposed
that the positively acting PP domain represented the striated muscle proximal promoter
which contained the core promoter and TATA box. This proximal domain is essential for
all cardiac specific promoter activity and serves to integrate context specific signals
from the distal UP2 and UP3 domains, analogous to the ANP, BNP and NCX proximal
promoters (Temsah & Nemer, 2005; Xu et al, 2006). It is encouraging that our in vitro
findings support and extends Olson’s work in which they demonstrate the proximal
127bp was sufficient to drive cardiac specific expression of a LacZ reporter in TG-
reporter mice in vivo (Kuwahara et al, 2007). This confirms the utility of the current in
vitro models used and suggests findings from this approach will translate to the in vivo

situation

The current literature (Kuwahara et al, 2007) concludes that context specific regulatory
activity of the ms/ gene is encompassed purely within the -1.5kbp 5’-flanking region
which (with the knowledge gained from the current thesis) is premature and somewhat
naive. Contrary to their work we provide strong evidence, both in vitro and in vivo, for

important cardiac specific regulatory roles for the UP2 and UP3 domains. For example,
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the present study provides evidence to suggest that the UP2 domain represents a Ca?*
dependent Calcineurin/NFAT sensitive module. We suspect this module, in
collaboration with Olson’s proximal Mef2 motif, mediates stress signal dependent
activation. The observation that ms/ mRNA is up-regulated in two cardiac pathological
models (sub-lethal I/R, SHR rat) in which calcineurin signalling is implicated would
support this. If these findings translate in vivo, our UP2 module may therefore represent
an interesting therapeutic regulatory target. For example, therapeutic perturbation of
Calcineurin signalling at UP2 may normalise ms/ expression and thereby attenuate the
subsequent cardiac phenotype. From a broader viewpoint, these data suggest that via the
msl promoter (UP2 domain), the Ca?" dependent calcineurin pathway can potentiate
muscle specific SRF activity with this having a significant impact on striated muscle
biology and disease, in particular cardiac hypertrophy where calcineurin has been

strongly implicated.

To take this work further and expand upon our current findings and deductions it would
be of interest to explore the functionality of the UP2 model in vivo, preferably via ChIP
and the generation of LacZ reporter TG mice. In this transgenic setting one can mutate
the NFAT residues within the UP2 module and observe how they manifest on LacZ
activity in appropriate regulatory contexts. Quantifying the recruitment of endogenous
NFAT at this module, and correlating this recruitment with ms/ expression during the
appropriate contexts would validate the current findings. For example, how does
binding at UP2 change during simulated sub-lethal I/R or post pressure overload?
Ultimately determining how important calcinuerin activity is for this activation would
be of central importance. It is noteworthy however that in the calcineurin transgenic
mouse model for heart failure, ms/ expression is very high, thereby supporting our

hypothesis (Kuwahara et al, 2007).

In Chapter 5 we proceeded to interrogate the PP and UP3 domains for the transcription
factors governing their cardiac specific activity. Through the utilisation of a wide array
of in vitro and in vivo techniques including TG murine models and adenoviral based
over-expression and knockdown strategies we demonstrated that both the PP and UP3

domains are targeted by GATA4. The PP domain was repressed in a DNA-binding
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dependent fashion by GATA4 which we suspected was as a result of a steric hindrance
mechanism while conversely the UP3 distal CRM was activated by GATA4, with its
basal enhancing activity (see Chapter 4) was dependent on endogenous GATA4 binding.
However, the overall “net” effect of GATA4 on the endogenous ms/ transcriptional unit
was repression, with this having implications for the function of Ms1/MRTF/SRF and
GATA4 in cardiac muscle development and disease. Firstly, our findings demonstrate
that ms/ is under exquisite “locking” via potential GATA4 steric hindrance mechanism
at the proximal promoter. Although initially an unexpected finding however, when one
considers that ms/ is the master muscle specific regulator of SRF activity and poor
regulatory control of the ms/ promoter would result in attenuated or precocious
expression and subsequently affect SRF activity. Numerous studies have demonstrated
that increased or decreased SRF activity is implicated with detrimental cardiac function
(Figure 7.1) including the development of cardiac hypertrophy and cardiomyopathy
associated with sacromeric and myofibrillar disarray (Miano, 2003; Niu et al, 2005;
Sahai et al, 1998; Sepulveda et al, 2002; Shin et al, 2002; Sotiropoulos et al, 1999;
Wang et al, 2001; Wang et al, 2002; Xing et al, 2006; Zhang et al, 2001a; Zhang et al,
2001b). Therefore, poor control of ms/, and by association SRF, can have detrimental
effects on cardiac development, differentiation, maturation and post natal homeostatic

function.

GATA4 is also a well characterised master regulator of these cardiac processes and
hence it is not surprising the cardiac regulatory system would require integration
between the GATA4 and SRF gene regulatory networks (GRNs). We therefore propose
that our exquisite “locking” mechanism provides a means by which GATA4 can
robustly regulate ms/ expression and thus SRF activity. We have therefore established a
new link between these two GRNs and discovered an auto-regulatory negative feedback
network motif because SRF can also regulate GATA4 expression. Thus, precocious ms/
expression would increase GATA4 expression, when uncontrolled, can lead to the
development of cardiac phenotypes and malfunction. Through binding and repressing
msl at the PP domain, GATA4 has established a negative feedback loop, which serves
to prevent precocious expression of ms/ and therefore the development of associated

detrimental phenotype (Kuwahara et al, 2007)(see Figure 7.1 for summary).
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The newly identified GATA4-ms1-SRF GRN proposed here has implications for disease
phenotypes. For example, any changes in GATA4 levels will have profound effects on
ms1 and therefore SRF activity. Numerous studies have implicated GATA4 deregulation
in developmental (congenital heart defects) and post natal (cardiac hypertrophy,
cardiomyopathy) cardiac pathologies (Aries et al, 2004; Charron & Nemer, 1999;
Charron et al, 1999; Garg et al, 2003; Hautala et al, 2001; Liang et al, 2001; Majalahti et
al, 2007; Morin et al, 2000; Pikkarainen et al, 2004; Pu et al, 2004; Rajagopal et al,
2007). However, although directly associated, the exact mechanism via which GATA4
causes these phenotypes remains an area of uncertainty (so called “black box”). We
suggest that our findings place ms/ within this black box and propose a mechanism via
which dysregulated GATA4 expression causes subsequent changes in ms/ expression
and SRF activity which ultimately contribute to cardiac pathological phenotypes. Data
presented in chapter 5 begins to support this hypothesis. Hyperglycemia (HG) induced
cardiomyopathy has been demonstrated to be mediated by depletion of cardiac GATA4
levels (Kobayashi et al, 2006). We demonstrated in two models of HG (Type 1 and Type
2) induced diabetic cardiomyopathy (which is accompanied by GATA4 depletion) that
msl mRNA is robustly induced. In light of the role played by ms/ in cardiomyopathy,
we suspect ms/ up-regulation may contribute to the diabetic cardiomyopathic
phenotypes observed in these Type 1 and Type 2 diabetic models. It is also of interest
that our findings here may help resolve some paradoxes in the literature. For example,
work from the group of Dr William Pu demonstrated that despite gene targeted deletion
of GATA4, many hypertrophic associated gene transcripts were still being up-regulated
in response to pressure overload (Bisping et al, 2006). Many of these genes are
undoubtedly regulated by SRF and we suspect gene targeting of GATA4 would lead to
precocious msl expression and therefore SRF activity, thus potentially up-regulating
many of these hypertrophy associated transcripts and reconciling the paradoxical

observations made by Bill Pu’s group.

In the future one of the main objectives must be to convincingly demonstrate that many
of the described GATA4 phenotypes are as a consequence of ms/ dysregulation. If this

is the case, then whether therapeutic manipulation of ms/ can serve to palliate some of
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the GATA4 associated pathological phenotypes. It will also be of interest using ChIP
and luciferase reporter assays to further validate the steric hindrance mechanism via
which GATA4 “locks” msl transcription at the PP. Determining whether this is a
common mode of control and how widespread it is may have relevance to general
mechanism of transcriptional control and systems networking genome wide.
Characterising the in vivo role for the UP3 module and probing whether other identified
TFBS (Chapter 3) may play a regulatory role at these domains (and more importantly
interact with GATA4) may also be fruitful.

In Chapter 6, the mechanisms governing skeletal muscle specific expression of ms/ was
investigated. It was demonstrated that the temporal recruitment of the MRF, MyoD, at
independent E-Box motifs within the distal UP1 and proximal PP domain was important
for mediating correct temporal expression of ms/ during myogenic differentiation in
vitro. The dynamics of this interaction led us to characterise the UP1 domain as a bona-
fide skeletal muscle specific enhancer domain. These data implicated ms/ as a key
component of a MyoD generated feed-forward regulatory circuit which functioned to
temporally co-ordinate the timing of gene expression during skeletal myogenesis. We
believe these findings provide the first piece of evidence to demonstrate a direct link
between MyoD activity and SRF transcriptional signalling, with ms/ serving as the
nodal point to integrate these two central myogenic regulatory networks. It is
noteworthy that Olson’s group have demonstrated that in cardiomyocytes ms/ serves a
similar function in that it integrates the Mef2 and SRF signalling networks, providing a
link for crosstalk between Mef2 and SRF (Kuwahara et al, 2007). We have also
demonstrated in Chapter 5 that ms/ integrates the GATA4 cardiogenic network SRF
activity. Thus this appears to be a conserved emerging paradigm for ms/ function both
in cardiac and skeletal muscle and suggests ms/ plays a pivotal regulatory role with
respect to modulating striated muscle biology. In the future we would like to confirm
the dynamics of MyoD binding at the UP1 domain in vivo, during skeletal muscle
development and myogenesis. It would also be interesting to manipulate endogenous
msl levels and characterise the effect of this on the activity of the MyoD GRN and

subsequently myogenesis
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Throughout this thesis we have constantly paid attention to the regulatory roles played
by epigenetic phenomena, specifically histone modification. It was clearly demonstrated
both in Chapters 4 and 6 that histone modification and specifically the dynamic role of
histone acetylation (regulated by Class I and Class II HDACs) plays in determining
correct context specific expression of ms/. These findings may be of particular
importance as many chemotherapeutic agents now exist which can specifically inhibit
the various HDAC enzymes. It would be of interest to determine if such modulation of
ms1 regulating HDACs could serve to normalise ms/ gene expression and therefore

affect the cardiac pathological phenotype.

At the outset of this project the primary aims were to characterise the regulatory
mechanisms governing ms/ expression. Taken together, the findings presented
demonstrate that msl is regulated in a complex manner by the dynamic interplay of
both proximal and distal cis regulatory motifs. These independent regulatory motifs
ultimately collaborate to mediate the correct context specific transcriptional output and
therefore ultimately give us a novel insight in ms/ function, These findings have also
illuminated our current understanding of striated muscle specific regulatory contexts
and have given potential mechanisms for developmental and disease phenotypes. To
conclude, the findings here provide the foundations and framework for future studies to
further interrogate ms/ regulation potentially allowing for the focussed development of
novel therapeutic compounds for intervention in ms/ associated pathological

phenotypes.
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APPENDIX 1

The IUPAC (International union of pure applied chemistry) code for representing
degenerate nucleotide sequence patterns.

N=AC, TorG
W=AorT
S=CorG
R=AorG
Y=CorT
K=GorT
M=AorC

B=C, G,orT(notA)
D=A G,orT(notC)
H=A, C,orT(notG)
V=A CorG(notT)
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APPENDIX 2

1 501
i ﬂ‘ ) & ] -
‘l%.. -_ ) TR WL
_1o0tp
Position Sequence
Family/matrix Further Information Opt. from-to Str. Coresim,  Matrix sim, {red: ci-value » 60
capitals: core sequence)
IVSCLO CLOX.01 Cut-like homeodomain protein 081 3:-25 () 0806 0807  cigttaATCTataaccattagaa
IVSHNFI HNF1.01 Hepatic nuclear factor 1 080 8-24 () 1000 0.898  tGTTAatctataaccat
IVSHNFI HNF1.03 Hepatic nuclear factor 1 080 10-26 (4)  1.000 0.845  gGTTAtagattaacaga
IVSMYB MYB.01 v-Myb 088 18-30 (4) 0817 0903 attAACAgaaget
IVSHOXH MEISIB HOXA9.01 Meis1b and Hoxa® form heterodimeric binding complexes on target DNA 0.78  34-48 () 0730 0.796  TGAGattttcaagac
IVSCLO COP.01 Cut-like homeodomain protein (Cut Repeat I) 075 37-59 ()  1.000 0.864  ccaaTAATatatgagattttcaa
IVSBRNF BRN3.01 Brn-3, POU-IV protein class 078 43-61 (4) 1000 0803  atctcatatATTAtgoga
Special AT-rich sequence-binding protein 1, predominantly expressed in
I\'ISS"E\TBS"E\TB'I‘01 tr?ymocytes,bmdgtamatrixattgc[:\memtregﬁms(NIMS}y p M) 857 1) 100 R AThtg
IVSFI(HD FHXBAL ?M?ﬂdﬂr‘;’m@m“'"dsDNAW‘”‘ad“a' squence sy ogy g6 () 100 | 08T towATAatae
IVSIKRS TK2.01 Tkaros 2, potential regulator of lymphocyte differentiation 088 54-66 (4)  1.000 0890  tattGGGAagaag
IVSEVII BVILOS Ecotropic wrla\ integration site 1 encoded factor, amino-terminal zinc 081 66-82 () 1000 0904 gromseaGATitctac
finger domain
IVSMYTI MYT1.01 MyT1 zinc finger transcription factor involved in primary neurogenesis 075  68-80 () 0730 0775  gaahAGAtatctt
IVSPRDF PROM1.01 PRDI binding factor 1 081 6B-86 ()  1.000 0820  clgagtGAAAagatatctt
VSAPLF/AP1.02 Activator protein 1 087 77-87 () 1000 0.882  getGAGTgaaa
IVSNKXH HMX3.02 Hmx3/Nkx5-1 homeodomain transcription factor 082 83-97 () 1000 0.946  cectTTAAagctga
IVSHOXF HOXC13.01 Homeodomain transcription factor HOXC13 081 84-100 (4)  1.000 0818 cagetatTAAAgggaac
WENKXG/NKX61.01 NK6 homeobox 1 091 B84-%4 () 1000 0923 {TTAAtagetg
IVSHOMF HHEX.O1 g;rtr:;opmetica\\y expressed homeobox, profine-tch homeodomain - oo oo 1o (¢ 100 0990 goteectTANTaget
IVSNKXH HMK3.02 Hmx3/Nhx3-1 homeodomain transcription factor 082 B86-100 (+4)  1.000 0853 qetaTTAAagggaac
VSGKLF/GKLF.02 Gut-enriched Krueppel-ike factor 096 B89-100 (+4)  1.000 0980  attAMGogaacc
IVSFI(HD FRIB.01 (F;:kmr\eaanddh;r?g?gous X binds DNA with a dual sequence specificity 081 W-14 () 1000 083 aaccaeTAcagctt
IVSHMTBMTBF‘OI Muscle-specific Mt binding site 090 101-109 ()  1.000 0921  tgitATTTg
IVSAP4 AP4.02 Adtivator protein 4 092 102-118 ()  1.000 0934 caatacAGCTgttattt
IVSMYOD MYQGENIN.01 Myogenic BHLH protein myogenin (myfd) 081 102-118 (4)  1.000 0817  apataACAGciotattq
IVSAN LYL1 E12.01 LYL1-E12 heterodimeric complex 081 103-119 (4) 0755 0811  aateacaGCTGtattga
IVSMYB MYB.01 v-Myb 0688 103-115 (+) 0817 0.898  aabAACAgctota
VSAIRE/AIRE.01 Autoimmune regulator 086 112-138 (4)  0.964 0.863 totattgagyattacagAGGTttaagt
VSZNFP/SZF1.01 5ZF1, hematopoietic progenitor-restricted KRAB-zinc finger protein 082 117-141 (4)  1.000 0825  taGGGTtacagaggittaagtgag
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Bustoren .0

IVSCPZF 0202

[ vsariearis 01
VSGREF/GRE.01

IVSMYB CHYB.2
| YRES
IVSRUSH SHARCAL.)!

IVSHOXH MEISIB HOXAD.01

VSEREF/ERR.01
[ vsRoRRORALO!
[ vsRRriRE 02
[ vsar cou02

IVSNBRE NBRE.01

IVSIRFF 1RF4.01
VSCSEN/DREAM.01

IVSFI(HD 1LFLO1

VNEAT/NFATS.01
| N

IVSAN PARAXIS.01

[ vszaoxmvouax.02
VEAPLE/APLOL
VEAPLE/APLOL

[ vstorcax 01
VENEAT/NFAT.01

IVSRU49 RU49.01

Homeobox protein engrailed (en-1)

LBP-1¢ (leader-binding protein-1c), LSF (late Sv40 factor), CPZ, SEF
{SAA3 enhancer factor)

Brn-5, POU-VI protein class (also known as emb and CNS-1)

Glucocorticold receptor, C2C2 zinc finger proteln binds glucocorticold
tiependent to GRES, IR3 sites

£=Myb, Important in hematopoesis, cellular equivalent to avian
myoblastosis virus oncogene v-myb

Cellular and viral TATA box elements

SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily a, member 3

0.77
0.84
0.74
0.85

0.96
0.90
0.96

Meis1b and Hoxad form heterodimeric binding complexes on target DNA 0.78

Estrogen related receptor

RAR-related orphan receptor alphal

Highly conserved DR1 element selected by LXRbeta/RXR heterodmers
Chicken ovalbumin upstream promoter (COUP-TF), DRO sites
Monomers of the nur subfamily of nuclear receptors {nur77, nurrl,
nor-1)

Interferon requlatory factor (IRF)-related protein (NF-EM3, PIP, LSIRF,
IC5AT)

Downstream regulatory element-antagonist modulator, Ca2+-binding
protein of the neuranal calclum sensars family that binds DRE
(downstream requlatory element] sites as a tetramer

Winged-helix transcription factor 1L-2 enhancer binding factor (ILF),
forkhead box K2 (FOXKZ)

Nudear factor of activated T-cells 5
MIT (microphthalmia transcription factor) and TFE3

Paraxis (TCF15), member of the Twist subfamily of Class B bHLH
factors, forms heterodimers with E12

t-Myc/Max heterodimer

Activator protein 1

Activator protein 1

Homeo domain factor Pbx-1

Nuclear factor of activated T-cells

Zinc finger transcription factor RU49 (zinc finger proliferation 1 - Zipro

0.87
0.93
0.69
0.84

0.86

0.94

0.95

0.98

0.83
0.81

0.86

0.92
0.94
0.94
0.78
0.95

1), RU48 exhibits a strong preference for binding to tandem repeats of  0.98

the minimal RU49 consensus bindina site.

125+
141 -
159-
159 -

175-
188 -
191 -

205 -
207 -
207 -
207 -
208 -

210+

23-

25-

28-

219-
234 -

235

236 -
42
242 -
U2 -
249 -

255+

225

AL}

237
252

251

148
252
252
258
267

261

1.000
1.000
0.750
0.893

1.000
1.000
1.000

0.750
1.000
1.000
1.000
1.000

1000

1.000

1.000

1.000

1.000
1.000

0.882

0.860
0833
0.880
1.000
1.000

1.000

0.806
0.850
0.782
0.914

0.989
0.961
0975

0.786
0.899
0.966
0.692
0.969

0.924

0.960

0.960

0.988

0.842
0.933

0.893

0.934
0.945
0.945
0811
0.95¢

0.988

acagagyTTTAagtgag

QACTCHtecaggettocte
agtgCACAaattgtectag
aqtqcacaaatiGTCCtag

acTAACkgtetac
tectaTAAALgattgaa
aaCCATt ata

TCACattttaagatc
acatttiAGGLeaaggea
acattttaatiGrCaaggasaaca
acattitaaGGTCaagnaanacata
cattttaagyTCAdggaanacataa

HHtAAGGcaagga

taagotcaagCAM\acataaa

agGTCAaggea

tcaaggaatACAtaaag

aaGCANaacataaageta
AttgaatCATGEocttage

ctaAGCAcatoatteaa

taageaCATGatt
catgATTCaat
atigARTCatg
tactaGATT gaatcatg
otGGAAagtactagatty

BAGTACt
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VSPAXE/PAX6.02

[0 vsmvonMron.1
[ vsEokusr .04

IVSEVI] EVI1.02

VSPAXG/PAY6.04
VSGLF/GKLE.1
VSGATA/GATA]
7 vanRarpNF.03

IVSNBRE NBRE.01

[ spercponR RXR.02
VSNRSF/NRSE 01
VSPARF/DBP.01
VSPAREITEF HLF.01

B vnnRF/AARE. 01
VSTALE/MEIS1.01

[ vsekLE/ErLr.01

VSCSEN/DREAM.01

VSPAXB/PAXB.01
B vsTepr/MTATAOL
VSPAX2/PAX2.01
[ vsmvBLvMvB 01
[ vscreBATE .01
VSGREF/PRE.01
[l vsHokMake.01
VSOCT1/OCT1.02
VSNFAT/NFAT.01
VSOCTP/OCTLP.01
VSXBBF/RFXLO2
VSGABF/GAGA.01
VSZNFP/SZFLDL
| NEEERE

IVSMEFZ 5L1.01

[ VL Hx3.01
[l vaTEPF/ATATAL
[l Vs TEPEMTATAOL

IVSGFI] GFI1.01

| N
VEMYTLMITILOF
VSPBXC/PAXL MEIS1.02

IVSHAM AML3.01

PAX6 paired domain and homeodomain are required for binding to this

site

Myogenic regulatory factor MyoD (myf3)
Upstream stimulating factor 12
Ecotropic viral integration site 1 encoded factor, amino-terminal zinc

finger domain

PAX6 paired domain binding site
Gut-enriched Krueppel-like factor

GATA binding facter

Hepatic nuclear factor 4, DRI sites
Monomers of the nur subfamily of nuclear receptors (nur77, nurrl,

nor-1)

PPAR/RXR heterodimers, DRI sites
Neural-restrictive-silencer-element

Albumin D-box binding protein

Thyrotrophic embryenic facter / hepatic leukemia factor
Amino acid response element, ATF4 binding site
Binding site for monomeric Meis1 homeodomain protein
Erythroid krueppel like factor (EKLF)

Downstream requlatory element-antagonist modulator, Ca2+-binding
protein of the neuronal calcium sensors family that binds DRE
(downstream requlatory element) sites as a tetramer

PAX 2/5/8 tinding site
Muscle TATA box

Zebrafish PAX2 paired domain protein

v-Myb
Activating transcription factor

Progesterone receptor binding site, [R3 sites
Ribonucleoprotein associated zinc finger protein MOK-2 (mouse)

Octamer-binding factor 1

Nuclear factor of activated T-cells
Octamer-binding factor 1, POU-specific domain

X-box binding protein RFX1
GAGA-Box

SZF1, hematopaletic progenitor-restricted KRAB-zinc finger protein
Mammalian transcriptional repressor RBP-Jkappa/CBFL
Member of the RSRF {related to serum response factor) protein family

from Xenopus laevis

Homeodomain binding site In LIM/Homeodomain factor LHX3

fvian C-type LTR TATA box
Muscle TATA box

Growth factor independence 1 zinc finger protein acts as transcriptional

fepressor
Muscle-specific Mt binding site

Myelin transcription factor 1-like, neuronal C2HC zinc finger factor 1
Binding site for a Pbx1/Meis1 heterodimer
Runt-related transcription factor 2 / CBFAL (core-binding factor, runt

domaln, algha subunit 1)

0.87

0.88
0.90

0.83

0.83
0.86
0.93
0.83

0.86

0.69
0.67
0.84
0.78
0.95
0.95
0.89

0.95

0.88
0.84
0.78
0.88
0.90
0.84
0.74
0.85
0.95
0.86
0.90
0.78
082
0.94

0.84

0.81
0.78
0.84

0.96

0.90
0.92
0.77

0.84

262 -

266 -
268 -

276 -

278 -
280 -
282 -
297 -

299 -

300-
3l-
330-
31-
335 -
347 -
348 -

349 -

348 -
350 -
355 -
361 -
364 -
365 -
369 -
406 -
409 -
410 -
416 -
432 -
435 -
437 -

455 -

460 -
460 -
462 -

466 -

467 -
474 -
480 -

483 -

280

282
280

292

296
292
304
k1l

313

3
a1
346
347
343
357
364

359

361
366
377
373
384
383
389
420
427
422
434
456
439
451

477

476
476
478

480

473
486
496

497

1.000

1.000
0.851

1.000

0777
1.000
1.000
1.000

1.000

1.000
1.000
0.807
0.784
1.000
1.000
1.000

1.000

0.850
1.000
1.000
0.817
1.000
1.000
0.750
1.000
1.000
0.789
0.881
0.750
1.000
1.000

1.000

1.000
0.750
1.000

1.000

1.000
1.000
0.750

1.000

0.882

0.881
0.927

0.834

0.833
0914
0.938
0.899

0.862

0.748
0.741
0.863
0.789
0.995
0.991
0911

0.984

0.906
0.884
0.840
0.882
0.930
0.846
0.758
0.870
0.950
0.880
0.938
0.796
0.848
0.955

0.866

0.821
0.830
0.923

0.967

0.901
0.944
0.776

0.870

ctecaagtqCCAGggtona

£etGGCACttggagaa
ttgqCACTtggag

tq9agAAGARa0gageq

tatTCCCkecttettete
3aga3aggAGGa
cactGATALgtte
tetetgatogCAAKggacactgata

qqearAGGacactga

atctctggtogcAMGaacactg
ttcatcaccgCGGAgggacat
ccgoTGATgaaatgag
teceaTTTCatcacege
aTTTCatea

accTGTCagaq
cetgheaGGGTttaaaa

tGTCAgggtt

ctqTCAGogtita
qeettTAAACcctgaca
gacqqigttetgtttttAAACee
aaahACAgaacac
tgqctcTGACqgtgttctott
ggctctoacgqTGTTelgt
aacaccgtcagagCCATagea
actATGCaaggeatt
gotGGAAactatgeaagge
aaaCTATgcaagg
ctotgacgqtaGAAActat
00gtoTGAGggaagaagenectq
0caGGGTgtgaotgggaaggagege
tgagTGGGaaggage

cetgettCTATIAaateceagq

ctgggatTTAAatagaa
tetatiTAAALceeag
ctattTAAAtceeagge

ttaAATCccaggeaa

togoATTTa
2gagAGTTgectg
aatgTGGTtgagagagt

gaalGTGC  gagag
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UP1

Position Sequence
Family/matrix Further Information Opt. from - to Str. Coresim.  Matrix sim. (red: ci-value > 60
al= capitals: core sequence)
VSPAX2/PAX2.01 Zebrafish PAX2 paired domain protein 078 5-27 () 1.000 0.818 tgtattataccagattaAAACgt
VSHOXF/CRX.01 ;::eerod homeobox-containing transcription factor / otx-like homeobox 0.94 7.23 ) 1,000 0.950 QUtTANTCtggtataa
VSMYOD/TALL E2A.01 Complex of Lmo2 bound to Tal-1, E2A proteins, and GATA-1, half-site 1 0.98  27-43  (+) 1.000 0.984 actgaaCAGGtoctgtt
VSAPAR/TAL1ALPHAE47.01 Tal-1alpha/E47 heterodimer 087 28-44 (+) 0795 0.881 ctgaaCAGGtactattt
VSZFHX/AREB6.03 AREB6 (Atpial regulatory element binding factor 6) 096 30-42 () 1.000 0.982 acagCACCtgtte
VSZFHX/AREB6.04 AREB6 (Atplal regulatory element binding factor 6) 098 36-48 (+) 1.000 0.994 gtgctGTTTetet
VSBNCF/BNC.01 Basonuclin, cooperates with UBF1 in rDNA Poll transcription 085 38-56 (+) 1.000 0.850 qtotttctcTGTCeacat
VSMITF/MIT.01 MIT (microphthalmia transcription factor) and TFE3 081 46-64 () 1,000 0.825 gataagtCATGtggacaga
VSRORA/REV-ERBA.03 gmg ;‘i:‘:'ear receptor rev-erb alpha (NRIDL), homodimer DR2 575 47,69 (4 1000 0748 gasaggataaGTCAtgtggacag
VSAPIR/BACH.01 BTB/POZ-bZIP ;ranscr‘iption factor BACH1 forms heterodimers with the 082 48-68 () 0.750 0.863 aaaggaTAAGteatgtogaca
small Maf protein family
VSEBOX/USF.02 Upstream stimulating factor 090 48-60 (+) 0.837 0.912 tgtcCACAtgact
V$BRNF/BRN3.01 Brn-3, POU-IV protein class 078 50-68 (+) 0.750 0.796 tecacatgaCTTAtccttt
VSBRNF/BRNS.01 Brn-5, POU-VI protein class (also known as emb and CNS-1) 074 50-68 () 0.750 0.778 aaagGATAagtcatgtgga
VSHOXC/PBX HOXA9.01 PBX - HOXA9 binding site 079 52-68 (+) 0.750 0.840 cacaTGACttatecttt
VSEVI1/EVILOS Ecotropic vir_al integration site 1 encoded factor, amino-terminal zinc 081  55-71 ) 1,000 0.833 ctgaaagGATAagtcat
finger domain
VSGATA/GATA.01 GATA binding factor 093 56-68 () 1.000 0.937 aaagGATAagtca
VSGREF/ARE.02 Androgene receptor binding site, IR3 sites 089 59-77 (4) 1.000 0.907 cttatectttcaGTTCtet
VSIRFF/IRF4.01 }gir%ron regulatory factor (IRF)-related protein (NF-EMS, PIP, LSIRF, 094 59-79 ¢ 1,000 0.959 taagagaactGAAAggataag
VSEVI1/EVIL.04 Ecotropic viljal integration site 1 encoded factor, amino-terminal zinc 073 60-76 () 1,000 0.804 gagaactgaaagGATAa
inger domain
VSMEF2/MEF2.01 Myocyte-specific enhancer factor 2 077 70-92 (+) 1,000 0.773 agttetctTAAAaatatttattt
Fork head homologous X binds DNA with a dual sequence specificity )
VSFKHD/FHXB.01 (FHXA and FHXB) 083 74-90 (+) 0818 0.849 ctettaAAAAtatttat
V$FKHD/HNF3B.01 Hepatocyte nuclear factor 3beta (FOXA2) 094 79-95 () 1.000 0.995 agtaaataAATALtEL
V$BRNF/BRN2.03 Brn-2, POU-III protein class 092 80-98 (+) 1.000 0.960 aaaatatttATTTacttga
VSNKXH/NKX31.01 Prostate-specific homeodomain protein NKX3.1 084 80-94 () 0.760 0.853 gtaaatAAATatttt
V$FKHD/FREAC3.01 Fork head related activator-3 (FOXC1) 084 83-99 () 1.000 0.960 atcaaGTAAataaatat
VSHOMF/EN1.01 Homeobox protein engrailed (en-1) 077 83-99 (+) 1.000 0.787 atatttaTTTActtgat
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UP2

Position Sequence
Family/matrix Further Information Opt. from-to Str.  Coresim.  Matrix sim. (red: ci-value » 60
capitals: core sequence)

VBCLE/BCLE.02 POZ/zinc finger protein, transcriptional repressor, translocations 077 3-19 A 1,000 0784 agtotatTAGAazggca
observed in diffuse large cell lymphoma

V$OCTB/TST.01 POU-factor Tet-1/0ct-6 0.90 6-18 0] 1.000 0.940 QLgtATTAgaaag

VEHOXF/PHOX2.01 Phox2a (ARIX) and Phox2b 0.87 7-23 (4} 1.000 0.891 tttcTAATacacttgac
Special AT-rich sequence-binding protein 1, predominantly expressed in

VSSATB/SATB1 01 t:ymac . d?to ot augc‘;m rég‘;m ke A 094  9-23 (4} 1000 0947  tothThcacttgge

VENKXH/NKX31 .01 Prostate-specific homeodomain protein NKX3.1 084 22-36 () 1.000 0.908 gefagiAAGTaaagg

VSCLOX/CUT2.01 Cut-like homeodomain protein (Cut repeat I1) 067 26-48 (4} 0.750 0.679 (taagtasaggaaaATTTtacag

VEPLZFRLZF.O1L ;;{;T’-\Slocmc leukemia zink finger (TF with nine Krueppel-like zink 086  28-42 ) 0.958 0870 sagTAMggaaaatt
HMGI(Y) high-mebility-group protein I (), architectural transcription

VESORY/HMGIY.01 factor organizing the framework of a nuclear protein-DNA 092 30-46 (=} 1.000 0.924 gtaaAATTtLectttac
transcriptional complex

VEMYTI/MYTL.01 MyT1 zinc finger transcription factor invelved In primary neurogenesis 075 33-45 O] 0.750 0.798 taaAATTLtCctt

VTBPF/TATA.02 Mammalian C-type LTR TATA box 083  34-50 O] 1.000 0.890 tectqTAMAattttect
HMGI(Y} high-maobility-group protein I {Y}, architectural transcription

VESORY/HMGIY.01 factor organizing the framework of a nuclear protein-DNA 092  35-51 (+) 1.000 0.920 ggaaAATTttacaggat
transcriptional complex

VSIRFF/IRF1.01 Interferon requlatory factor 1 087 48-68 () 1.000 0.905 ggatcaaattCAAAgtcatgg

VEPRDF/ALIMPLOT Tra_nscr\pt\onal repressor B lymphocyte-induced maturation protein-1 081 S2-M0 () 100 0837 caaatGAMgteatgget
(Blimp-1, prdm1}

VEXBBF/RFX1.01 X-box binding protein RFX1 088  62-80 (4} 0.881 0.892 gteatggetaaGAAActet

VSHNF6/HNF6.01 Liver enriched Cut - Homeodomain transcription factor HNFG (ONECUT) 082  70-86  (+) 0.785 0.863 taagaaacTCTAtattt

VEMEF2/SLL01 Member of the RSRF (related to serum response factor} protein family 08 T2-% ) 1,000 0957 agaaact CTATatttagatctte
from Xenopus laevis

VEMEF2/MEF2.03 Myocyte-specific enhancer factor 2 088 73-95 (=} 1.000 0.905 caagatctaaatATACagtttc

VSGATA/GATA3.02 GATA-binding factor 3 091 83-95 O] 1.000 0.947 CgaAGATctanat

VESTAT/STAT6.01 STATE: signal transducer and activator of transcription & 084 B87-105 () 0.783 0.884 aagtTTCTtacgaagatct

VESTAT/STATE.01 STATE: signal transducer and activator of transcription 6 084 BB-106 (4} 0.793 0.907 gatcTTCGtaagaaacttq

VEMYTL/MYTL.02 MyT1 zinc finger transcription factor involved in primary neurogenesis 088 86-108 () 1.000 0.881 aachAGT ctta

VSGRHL/GRHL3.01 Grainyhead-ike 3 (sister-of-mammalian grainyhead - SOM) 082 98-110 (7} 0.783 0.844 taaacahGTTtet

VSFKHD/FREAC2.01 Fork head related activator-2 (FOXF2) 084 100-116 (-} 1.000 0.89% actttcTAMcaagttt

VSCREB/ATF2.01 Activating transcription factor 2 087 109-129 (3 1.000 0.938 agettgTGACqeeactttcta

VSCREB/CREB.02 cAMP-responsive element binding protein 088 112-132 (4} 1.000 0.913 acaaqettgTGACoceacttt
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VSWHNF/WHN.01

V8PS RSA0L
VSPS3PS3.06
VSBCE/BNCA!
VSEREF/ERR.0L

[l vesan/s a0t

() vesrrisr1 0t

B vsEkLFELE DL
VSTRPF/ZNF219.01
VSGONF/GMLL

[l vssiriceor
VSTRPF/78280.01

[l vezcaepuL01

| VR

[l vszGRriomox:

[ vovnzez o1
VSNEATFATL

] veusmisrLon

[ vererrr2.01

[l veoRos pRomL0t

IVSNBRE:_’NBRE.U]

VSGREF/PRE.01
VEMYTL/MYTLO1

VECPF/CP2.02

VSSMAD/SMAD3.01

Winged helix protein, involved in hair keratinization and thymus
epithelium diferentiation

Tumor suppressor p33

Tumor suppressor ps3

Basonuclin, cooperates with UBF in rDNA Poll transcription
Estrogen related receptor

Smadd transeription factor invelved in TGF-beta signaling

SF1 steroidogenic factor 1

Erythroid krueppel ke factor (EKLF)

Kruppel-fike zinc finger protein 219

Glial cells missing homalog 1, chorien-specific transcription factor GCMa
GC box elements

Zinc finger transcription factor ZBP-B%

Wims Tumor Suppressor

Basic krueppel-ike factor (KLF3)

Callagen krox pratein (zinc finger protein 67 - zip67)

Myc associated zinc finger protein (MAZ)

Nuclear factor of activated T-cells

TCF/LEF-1, invalved in the Wnt signal transduction pathway
Interferon regulatory factor 2

PRDI binding factor 1

Monamers of the nur subfamily of nucear receptors (nur?7, nurrl,
nor-1}

Progesterone receptor binding site, IR3 sites

MyT1 zinc finger transcription Factor involved In primary neuragenesis

| BP-1c (leader-binding protein-1c), LSF (late SV40 factor), CP2, SEF
(SAA3 enhancer factor)

Smad3 transcription factor invalved in TGF-beta signaling

0.95

0.73
0.7
0.85
0.87
0.94
0.95
0.89
091
0.85
0.68
0.93
092
0.95
0.68
0.90
0.95
0.86
0.85
0.81

0.86

0.64
0.75

0.64
0.99

0.960

0.739
0.780
0.882
0932
0.943
0.954
0.907
0.939
0.895
0.881
097
0.997
0971
0.885
0910
0.970
0.896
0.889
0.820

0.872

0.845
0.800

0.903
0.997

0tgACGCeact

acaagCTTGEoaagtctigtect
aaquaCAACactteacaagetty
totoaaqretTETCttga
tacceteAAGGacaagact
AGTCTtgte
ceetCAAGracaa
tocttgaGGGTggoo0a
ctttectCCCCeacectcaagga
caCCCTeaagy
{tqagGGTGagogaq
tgetttoctCCCCoacectean
0ag00TGGGg0aggasa
QaGCETggo00ag0888
0tgGGGAggaaanca
0000GAGGAzAge
00aGGAAaQraaagagaaa
aggaaaqCALAnagaza
28aqcaaagaCAAAggacaa
taaagaGAAqoacaaaat

QagatAGGacaaaat

AaagoacasaalTTTcita
ACAAAATHLCt

AACTGetoaagtetggqtc
aGTCTgogt
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UP3

Position Sequence
Family /matrix Further Information Opt. from - to Str. Coresim. Matrix sim. (red: ci-value > 60
capitals: core sequence)
VEGATA/GATAL.04 GATA-binding factor 1 0.91 1-13 () 1.000 0.596 gacaGATAacage
VEFKHD/FREAC2.01 Fork head related activator-2 (FOXF2) 0.84 21-37 () 1.000 0.892 agagtcTAAAcacactt
VENKXH/MHMX3.02 Hmx3/Nkx5-1 homeodomain transcription factor 082 30-44 () 1.000 0.544 qctgTTAAgggtcta
VEPAXZ/PAXZ 01 Zebrafish PAX2 paired domain protein 078 30-52 (+) 0.789 0.788 tagacccttaacagettAAATLE
VENKXH/MHMX3.02 Hmx3/Nkx5-1 homeodomain transcription factor 092  33-47  (+) 1.000 0.537 acccTTAAcagetta
VEHOXH/MEISIB HOXA9.01 Meis1b and Hoxa9 form heterodimeric binding complexes on target DNA 0.78  38-52  (4) 0.750 0.781 TAACagcttasattt
VETBPF/ATATA.0L Avian C-type LTR TATA box 078 38-54 (9 1.000 0.790 ctaaattTAAGCtgtta
VENOLF/OLF1.01 Olfactory neuron-specific factor 082 71-93 (+) 1.000 0.824 ccagteTCCCtgtgoagtatgag
VESORY/HMGA.01 HMGA family of architectural transcription factors (HMGAL, HMGA2} 0.88 92-108 () 1.000 0.524 agtCATTtaacaccact
VEHOXF/HOXBS.01 Abd-B-like homeodomain protein Hoxb-9 0.88 93-109 (+) 1.000 0.519 gtogtatTAAAtgactg
VESORY/HBP1.01 HMG box-containing protein 1 0.86 98-114 (+) 0.800 0.860 gttaaatgACTGacaga
VEPBXC/PBX1 MEIS1.01 Binding site for a Pbx1/Meis1 heterodimer 0.74 100-116 (+) 0.767 0.505 taaaTGACtgacagatg
VETCFF/TCF11.01 TCFL1/LCR-F1/Nrfl homodimers 1.00 101-107 (9) 1.000 1.000 GTCAttt
VEBRAC/BRACH.01 Brachyury 0.66 103-123 (+) 0.750 0.667 atgactgacAGATgttaaaca
VETALE/TGIF.01 TG-interacting factor belonging to TALE class of homeodomain factors  1.00 105-115 () 1.000 1.000 atctGTCAgte
VEAPAR/TALIALPHAE47.01 Tal-1alpha/E47 heterodimer 0.87 106-122 (4) 1.000 0.962 actgaCAGAtgttaaac
VEHOXH/MEISIA HOXA9.01 Meis1a and Hoxa9 form heterodimeric binding complexes on target DNA 0.77 108 -122  (+) 1.000 0.835 TGACagatgttaaac
VERPSB/RPSE.01 Zinc finger pr'ot_em RP58 (ZNF238), associated preferentially with 084 108-120 () 1.000 0.936 ttaaCATCtgtca
heterochromatin

VEGATA/GATA3 .02 GATA-binding factor 3 091 109-121 (4) 1.000 0.948 gacAGATgttaaa
VEFKHD/FREAC2.01 Fork head related activator-2 (FOXF2) 0.84 112-128 (+) 1.000 0.505 agatgtTAAAcaaagat
VELEFF/LEF1.01 TCF/LEF-1, involved in the Wnt signal transduction pathway 0.86 115-131 (+) 1.000 0.862 tottaaaCAAAgatace
VEMYT1/MYT1.01 MyT1 zinc finger transcription factor involved in primary neurogenesis  0.75  121-133  (4) 0.750 0.776 acaAAGAtacctt
VEHMTB/MTBF.01 Muscle-specific Mt binding site 050 124-132 () 0.884 0.501 agqtATCTt
VERBPF/RBPIK.02 Mammalian transcriptional repressor RBP-Jkappa/CBF1 0594 127-141 () 1.000 0.968 tgtgTGGGaaggtat
VSETSF/PEA3.01 Polyomavirus enhancer A binding protein 3, ETv4 (Ets variant gene 4)  0.94 135-155 (<) 1.000 0.956 gagtcaalGGAagctgtgtag
VEGKLF/GKLF.02 Gut-enriched Krueppel-like factor 0.96 141-153 () 1.000 0.577 gtcAAAGgaaget
VELEFF/LEF1.02 TCF/LEF-1, involved in the Wnt signal transduction pathway 0.54 142-158 () 1.000 0.541 aaagagtCAAAggaage
VEAPIR/MARE.03 Binding sites for heterodimers with small Maf-proteins 0.82 150-170 () 0.775 0.827 taaaGCTCactcaaagagtca
VEHOXH/MEISIB HOXA9.01 Meis1b and Hoxa9 form heterodimeric binding complexes on target DNA 0.78 150 - 164  (+) 1.000 0.816 TGACtctttgagtga
VEAPIF/APL.02 Activator protein 1 0.87 156-166 (+) 1.000 0.894 tHGAGTgage
VSNR2F/PNR.O1 E’Egg;ce[)p;t;r:f:;mc nudear receptor subfamiy 2, group E, member 3 2 156.180 (9 0.758 0798  ceccacgagTTAkagetcactcaa
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