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Regulation and Function of Transcription Factor

MEF2C in Vascular Development

Joshua Anderson

Abstract

Blood vessel development in vertebrates starts early during embryogenesis with

the de novo formation of blood vessels through the process of vasculogenesis. During

vasculogenesis, endothelial progenitor cells coalesce into tubular structures. Pericytes and

smooth muscle cells then surround these tubes to form functioning blood vessels.

Myocyte enhancer factor 2 (MEF2) transcription factors have been shown to play a

critical role in the differentiation of cardiac and skeletal muscle. MEF2C is also

expressed in several other cell types, including smooth muscle and endothelial cells, yet

little is known about the transcriptional pathways in which MEF2C participates,

particularly during vascular development.

Before the research contained within this dissertation, no transcriptional targets of

MEF2 proteins had been discovered in smooth muscle. However, we found a completely

conserved MEF2 site upstream of the HRC transcriptional start site that proved to be

necessary for expression of a lacz transgene in skeletal, cardiac, and arterial smooth
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muscle; identifying HRC as the first known target gene of MEF2 in smooth muscle. We

also found that this HRC enhancer was unresponsive to serum response factor (SRF),

making HRC one of only a few smooth muscle genes known not to be a transcriptional

target of SRF.

To understand the transcriptional pathways that MEF2C participates in, we

initiated an enhancer screen and used evolutionary conservation to identify multiple

tissue-specific modular enhancers for mefºc. In this screen, we identified a skeletal

muscle enhancer, an anterior heart field enhancer, three neural crest enhancers, and two

endothelial enhancers at the me■ 2c locus. One of the enhancer fragments we discovered

was a 5.6 Kb fragment that is sufficient to direct expression to both the neural crest and

endothelium. We have subsequently separated the neural crest and endothelial elements

into two independent enhancers and pared down the endothelial element to a mere 44

base pairs, which are both necessary and sufficient to direct expression of the lacz

reporter to endothelial cells. Within this 44 bp we have found two ETS factor binding

sites and an E-Box that are necessary for endothelial expression, and we continue to

search for other regulatory elements.

5.2%Brian Black, Thesis Advisor
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Chapter 1

Introduction



The Cardiovascular System

The cardiovascular system of vertebrates serves a very basic but important

purpose. This purpose is to provide oxygen and nutrients to every cell in the organism. In

mammals, this requires a very complicated and extensive system of arteries, capillaries,

and veins permeating throughout every tissue. In addition to providing every cell with

oxygen and nutrients, the vascular system must also be able to return blood back from

every cell to dispose of waste and CO2 and maintain unidirectional flow. How this

complicated system develops is a question that we are only starting to answer.

Because the cardiovascular system serves such a basic and important purpose, it is

also a very clinically relevant organ system to study. According to the CDC, in 2002 the

top three causes of death in the U.S. for individuals 25-85 years old were heart disease,

malignancies, and cerebrovascular disease (stroke) respectively (1). If one takes into

consideration that formation of new blood vessels (angiogenesis) is a necessary

component of non-leukemia malignancies and the fact that the leading cause of death in

the U.S. for children under the age of 5 years old is congenital anomalies (1), the clinical

importance of cardiovascular research becomes clear.

The cardiovascular system develops very early during embryogenesis relative to

other organ systems. The heart begins beating and circulating blood through a functional,

but relatively simple vascular system by 9.0 days post coitum (dpc) in the mouse (2) and

by the end of the fourth week of gestation in humans (3). The early development of the

cardiovascular system in mammals is indicative of the necessity of this organ system long

before the organism is born. Indeed, mice that lack a functional copy of one of the key

vascular developmental genes such as flt-1 or flk-1, die between 8.5 and 9.5 dpc (4, 5).



Vasculogenesis

There are two different and distinct processes by which blood vessels form:

vasculogenesis and angiogenesis. Vasculogenesis is the de novo formation of the primary

vascular network during embryogenesis. Before any vasculature is formed in the embryo,

blood islands appear starting at 7.0 dpc in the yolk sac (4, 6). These blood islands are

formed when members of the fibroblast growth factor family induce paraxial and lateral

plate mesoderm to differentiate into angioblasts and hematopoietic cells (7). Vascular

endothelial growth factor (VEGF) in particular, appears to play an active role in

maintaining endothelial cell and angioblast differentiation (8, 9). Within the blood

islands, the peripheral cells flatten and differentiate into angioblasts (endothelial

precursor cells), and the internal cells differentiate into hematopoietic cells (5, 10). The

differentiation of endothelial cells is apparently dependent on at least one of the VEGF

receptors, VEGFR2, because disruption of the flk-1 gene, which encodes the VEGFR2

protein, interferes with the differentiation of endothelial cells leading to death at 8.5-9.5

dpc (4).

Vasculogenesis begins in the yolk sac when angioblasts in the blood islands

proliferate and coalesce with angioblasts from nearby blood islands to form a network of

endothelial tubes (11, 12). These endothelial tubes then recruit mesodermal cells to

differentiate into pericytes and smooth muscle cells (SMCs) and surround the

endothelium to form a primitive vascular plexus in the yolk sac (13, 14). In the embryo

itself, the process is similar: migratory angioblasts arising from the mesoderm aggregate

to form tubes that will become the dorsal aortae, cardinal veins, and other major vessels



(11, 12, 15, 16). The endothelial tubes then recruit surrounding mesenchymal cells to

differentiate into pericytes and SMCs and surround the tubes to become mature blood

vessels that will become the foundation of the new vascular system (11, 13, 14, 17).

Disruption of the flt-1 gene, which encodes the receptor VEGFR1, permits differentiation

of endothelial cells, but interferes with later stages of vasculogenesis, resulting in thin

walled vessels of larger than normal diameter and death at 9.0 dpc (5).

Angiogenesis

While vasculogenesis is defined as the de novo formation of blood vessels,

angiogenesis is defined as the formation of new blood vessels from existing vasculature.

Angiogenesis can occur through two processes: the sprouting of new vessels from an

existing vessel, or the splitting of an existing vessel by intussusception into two or more

new vessels (7). The growth of blood vessels by angiogenesis is largely driven by

hypoxia, which upregulates VEGF (18, 19) due both to increased transcription mediated

by hypoxia-inducible factor 10. (HIF-10), and an increase in VEGF mRNA stability

dependent on the 3 region of the mRNA (20). Lack of oxygen stimulates the release of

angiogenic growth factors, including VEGF, through the action of transcription factors

from the bhLH-PAS domain family. Two members of this family, HIF-10 and

arylhydrocarbon-receptor nuclear translocator (ARNT) form a heterodimer and stimulate

the expression of angiogenic factors such as VEGF in response to hypoxia (13, 21-23). In

the ARNT-deficient mouse, the primary vascular network forms, but subsequent

angiogenesis is defective, leading to a lack of functional yolk sac vasculature, stunted

growth, and death by 10.5 dpc (24). Since ARNT is a regulator of VEGF expression, it is



not surprising that the phenotype of ARNT-deficient mice is similar to that of

heterozygous VEGF-deficient mice (8, 9). HIF-10-deficient mice also have a similar

vascular phenotype and die at 10.5 dpc (25).

VEGF plays a central role in angiogenesis because it acts as an endothelial

specific mitogen and chemoattractant (26). Interestingly, hyperoxia inhibits VEGF

expression leading to regression and death of retinal vessels, which can be rescued by

intravitreal injection of VEGF (27). As previously mentioned, VEGF is produced in

response to hypoxia by non-endothelial cells not adequately served by the vascular

system. VEGF then acts in a paracrine manner to bind to the VEGFR2 receptor on

endothelial cells and triggers an angiogenic response consisting of endothelial

proliferation, vascular permeability, endothelial migration, and the upregulation of a

number of angiogenic genes including endothelial nitric oxide synthase (eMOS) and

angiopoietin-2 (28-30). Nitric oxide is produced by eNOS and causes blood vessels to

dilate. The dilated vessels then become leaky in response to the vascular permeability

activity of VEGF (29).

Matrix metalloproteinases, including MMP2, MMP3 and MMP9 are activated in

response to VEGF and begin to dissolve the vessel s basement membrane and

surrounding extracellular matrix (ECM), clearing the way for endothelial migration into

the ECM where the endothelial cells proliferate and form a new vessel, which grows into

the hypoxic region (30). The receptor tyrosine kinase TIE-2 seems to play an important

role in the sprouting and splitting processes of angiogenesis. In TIE-2 deficient mice,

capillaries don't sprout into the neuroectoderm, yolk sac vessels are dilated and grow in



an abnormal vascular pattern, other blood vessels that should be small, show persistently

large lumens, and the vessels of the myocardium fail to sufficiently branch (31).

Vascular Smooth Muscle

The initial steps of the processes of both vasculogenesis and angiogenesis consist

primarily of the proliferation, migration, and tube formation by endothelial cells.

However, just as important in the function of blood vessels is the recruitment of

surrounding mesenchymal cells to differentiate into SMCs and surround the endothelium

to provide strength, structure, and an ability to regulate blood pressure.

The signaling factors involved in vascular smooth muscle cell (VSMC)

development have been fairly well-studied, and the factors that appear to play the biggest

roles in differentiation of VSMCs from the mesoderm are PDGF and TGF-B (32-35). In

addition, PDGF-BB and epidermal growth factor (EGF) are VSMC chemoattractants

(36). However, an important question remains unresolved: which cells are recruited to

differentiate into VSMCs and become a part of the vessel wall? This has proven to be a

very complicated question as several different sources of VSMCs have been reported.

Cells derived from the mesectoderm of the neural crest have been widely reported to

differentiate into VSMCs, presumably as a result of inductive signals from the

endothelium (37-39). In addition, cells derived from the splanchic mesoderm have also

been reported as a source of VSMCs (40, 41). Still others, have reported that epicardial

cells transdifferentiate to become coronary VSMC (33, 42, 43). And finally, there is

evidence that in the dorsal aorta, some endothelial cells themselves transdifferentiate into

VSMCs (44). There is evidence to support endothelial induction of SMC differentiation



of surrounding cells (33, 37-43), as well as evidence of transdifferetiation of endothelial

cells themselves to become SMCs (44, 45). In summary, it appears that VSMCs can

come from a variety of sources and that there is more than one developmental path a

VSMC may take.

The generation of transgenic and knockout mice that are deficient in specific

genes has led to several insights into the mechanisms involved in VSMC development.

Angiopoietin-1 is the ligand for the TIE2 receptor, and Ang-1 deficient mice exhibit

abnormal vascular architecture where the principal defect is failure to recruit SMC and

pericyte precursors to nascent vessels (46). In addition, venous malformations have been

mapped to the TIE2 receptor in humans. In these patients, missense mutations cause an

increase in autophosphorylation of the TIE2 receptor and patients develop veins that

appear to lack SMCs (14). Affected vessels in these patients have dilated serpiginous

lumens with a single endothelial cell layer and thin walls with a variable smooth muscle

layer, which is sometimes completely absent (14).

The transcriptional events that lead to differentiation are varied and involve many

different transcription factors including SRF, Prx-1, Prx-2, CRP2/SmLIM, and members

of the HOX, GATA, and MEF2 families (36). Not surprisingly, many of the genes that

have been implicated in VSMC development based on mouse knockout studies are

transcription factors. Targeted disruption of the Kruppel-like zinc finger transcription

factor LKLF leads to vascular defects, most notably a reduction in differentiated SMCs

and pericytes resulting in aneurysmal dilation of the large vessels and eventual rupture

with intra-amniotic hemorrhage (47). A similar phenotype has been reported for mice

lacking the cytoplasmic domain of ephrin B2, suggesting that signaling through ephrin



B2 may involve activation of LKLF or similar transcription factors during later stages of

vessel development (48). Targeted disruption of the gene that encodes SMAD5, a

transcription factor downstream of BMP signaling through the TGF-3 receptor family

(49, 50), results in apoptosis of mesenchymal cells and a marked reduction in the

differentiation of mesenchymal cells into vascular smooth muscle (51). In addition, the

bHLH transcription factor HAND2 has recently been shown to be crucial for yolk sac

vascular development. In HAND2 null mice, endothelial cell differentiation and

recruitment of surrounding mesenchymal cells occurs normally. However, the

mesenchymal cells fail to differentiate into VSMCs. One of the genes that was shown to

be downregulated in these mice was the VEGF165 receptor neuropilin, suggesting that

HAND2 may be a crucial mediator of the VEGF signaling pathway (52).

Transcriptional Regulation of Vascular Genes

While some transcription factors have been discovered to play a role in vascular

development as a result of knockout studies, the roles of others are being discovered in

studies of the transcriptional regulation of specific vascular genes. The flk-1 gene

enhancer and promoter are regulated in endothelial cells by two SCL/Tal-1 sites, a GATA

site and an ETS site (53). Within the promoter of the flt-1 gene, a cAMP response

element (CRE) and an ETS site were found to regulate transcription in 293E1 cells in

culture (54). Similarly, two ETS-binding sites in the tie-2 gene appear to play a role in

transcriptional regulation and are bound by the ETS family member NERF2 (55). The tie

gene promoter contains several conserved ETS and AP-2 binding sites, mutations of most

of which lead to reductions of gene expression in lacz transgenic animals (56). In



addition to what we know about the transcriptional regulation of these vascular genes, we

also know that targeted disruption of the gene encoding the transcription factor MEF2C

results in severe vascular defects and embryonic lethality by 9.5 dpc (57,58).

MEF2C Structure

MEF2 transcription factors belong to the family of MADS (MCM1, Agamous,

Deficiens, SRF) domain transcription factors. In mice, there are four known MEF2 genes

(me■ 2a-d), each one of which has several splice isoforms. The MADS domains of the

MEF2 proteins mediate dimerization and DNA binding and are highly conserved

between all four mouse genes as well as me■ 2 genes in other species ranging from

Drosophila to humans (59). Adjacent to the MADS domain is the MEF2 domain, a 28

amino acid motif that is also highly conserved, mediates dimerization, and is unique to

the MEF2 factors (60).

Transcriptional Regulation by MEF2 Factors

MEF2 proteins act in a combinatorial fashion with other transcription factors to

activate transcription of their target genes. MEF2 proteins bind to the consensus binding

site: YTA(A/T)4TAR as either homo- or heterodimers (59). In skeletal muscle, which has

been studied much more extensively than either cardiac or smooth muscle, most of the

transcriptional targets of MEF2 also require members of the MyoD family to act in a

cooperative fashion with MEF2 proteins to activate transcription (59). MEF2 and MyoD

proteins physically interact with each other and the resulting complex has a synergistic

effect on their transcriptional abilities (61, 62). This synergy is made possible by the fact



that the binding sites for MEF2 and MyoD in many skeletal muscle gene promoters are

found in close proximity to each other and spaced such that their binding sites are

coordinately positioned on the same face of the DNA (63).

Tissue and Cell Type Expression

Me■ zc is the first me■ 2 gene expressed in the mouse cardiovascular system with

expression evident around 7.5 dpc in cells that will eventually give rise to the heart (64).

Me■ zc expression is seen in differentiating skeletal muscle myoblasts in the rostral

somites starting at about 9.0 dpc (64), and later in SMCs as these cells begin to

differentiate throughout the embryo (65). Mef.2 expression is not limited to muscle cells,

expression is also seen in the developing central nervous system (66, 67), lymphocytes

(68), and endothelial cells (57).

Importance in Vasculature

The importance of MEF2 proteins in skeletal muscle has been appreciated for

some time; however, the role that MEF2 proteins play in development of the vasculature

has remained unclear. This is probably due mostly to the approaches usually taken in the

field of vascular development where most of the study centers on endothelial cells (which

have only recently been shown to express MEF2C). In addition, much of the current work

in the vascular development field centers around the effects of growth factors and

knockouts of vascular-specific genes. Coincidentally, most of our knowledge of the role

of MEF2 proteins in vascular development has come as a result of the me■ 2c knockout

In OuSC.
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Me■ zc null mice have severe vascular and cardiac abnormalities and die by 9.5

dpc (57, 58). Because of the severe nature of both the vascular and cardiac defects, it is

difficult to assess the cause of death, and whether one of the defects is primary while the

other is secondary. In any case, the vascular defects in the absence of MEF2C include the

disruption of the yolk sac vasculature and either the complete lack of major blood vessels

such as the cardinal veins and dorsal aortae in some mutant embryos, or severely

malformed vessels with thin walls, a disorganized appearance, and a lack of vascular

integrity in other embryos (57, 58). The presence of PECAM-positive cells in mutant

embryos led to the conclusion that disruption of me■ ’c didn't interfere with the

differentiation of endothelial cells, but rather pointed to a role in organization of

endothelial cells into a vascular network (57). The other noteworthy observation from

these studies was that me■ 2c is in fact expressed in endothelial cells, a point that had not

been demonstrated prior to the mouse knockout studies (57). Previous to this work, it had

been appreciated that me■ 2c was expressed in SMCs, although before the work contained

in this dissertation, no specific smooth muscle target gene of MEF2C had been identified.

In summary, before the work contained in this dissertation, all that we knew about

MEF2C s role in the vasculature was that it was expressed in both endothelial and

smooth muscle and that it was necessary for proper vascular development. However,

nothing was known about the genes upstream or downstream in the developmental

pathway of either endothelial or SMCs. We were interested in all of these questions, so

my work focused on understanding the regulation and function of MEF2C in both

endothelial cells and vascular smooth muscle cells. In Chapter 2, I explain how we

identified the HRC gene as the first described MEF2 target in smooth muscle. In Chapter

11



3, I describe how we used evolutionary conservation to identify seven different tissue

specific modular enhancers in a screen of the me■ 2c locus. Then, in Chapter 4, I describe

how we have identified a necessary and sufficient 44 bp endothelial enhancer from the

me■ 2c locus that we hope will provide invaluable information about vascular

development and transcriptional regulation in general.
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Chapter 2

MEF2-Dependent Regulation of HRC
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Introduction

The HRC gene encodes the histidine-rich calcium-binding protein (HRCBP),

which is expressed in the sarcoplasmic reticulum (SR) of cardiac and skeletal muscle and

within calciosomes in arterial smooth muscle (69-71). HRCBP is found in the lumen of

the junctional SR, which is where the ryanodine receptor releases calcium into the

cytoplasm (69, 72-74). HRCBP binds calcium in vitro with high capacity and low affinity

(69, 75), and while its function is not known, its expression pattern, subcellular

localization to the lumen of the SR, association with components of the calcium release

channel complex, and calcium binding properties suggest that it may play a role in

calcium release during excitation-contraction coupling (69, 70, 72, 73,76).

MEF2 factors are known to be important early transcriptional regulators of

differentiation in skeletal and cardiac muscle cells, but before this work, no

transcriptional targets of MEF2 factors in smooth muscle had yet been defined in an in

vivo context. By contrast, SRF, another member of the MADS family of transcription

factors, has been known to regulate the transcription of multiple smooth muscle genes

through its consensus binding site: CC(A/T)6GG, also known as a CarG box (77). In fact,

there are only a few examples of genes with known smooth muscle enhancers that do not

contain a CArG box. These genes include the cysteine-rich protein 2 (CRP2) gene and

the aortic carboxypeptidase-like protein (ACLP) gene. The enhancer and promoter

sequences of these two genes lack both CArG boxes and MEF2 binding sites (78, 79). In

this chapter, I will discuss how we identified the HRC gene as the first known target of

MEF2 in smooth muscle, and furthermore, how we determined that HRC appears to be

independent of SRF for its transcription in cardiac, skeletal and arterial smooth muscle.

14



Results and Discussion

Identifying the HRC Enhancer

The first step that we took in defining the transcriptional regulation of the HRC

gene was to identify a DNA fragment from the HRC locus that contained promoter and

enhancer activity in skeletal, cardiac or arterial smooth muscle. We started by looking at

the sequence surrounding the transcriptional start site. A 2726 bp fragment starting at a

BamhI site at 2609 bp upstream of the transcriptional start site and ending at a Psp14061

site at 117 bp downstream of the transcriptional start site was tested for enhancer and

promoter activity in transfection assays in tissue culture. It was cloned into a

chloramphenicol acetyl transferase (CAT) reporter plasmid such that the transcriptional

start site of the HRC gene would be used to initiate translation at the start codon in the

CAT message. We then transfected this HRC-CAT reporter plasmid into 10T1/2

fibroblasts, proliferating C2C12 skeletal myoblasts, and differentiating C2C12 skeletal

myotubes to determine whether this 2726 bp of sequence was sufficient to direct CAT

expression in cultured myoblasts (Fig. 1). As positive and negative controls we used the

myogenin promoter, which is known to direct expression only in skeletal muscle (80-82),

and a promoterless CAT reporter gene construct (Fig. 1). In these experiments, we found

that the HRC enhancer directed strong expression in myoblasts (Fig. 1, lane 5) and

myotubes (Fig. 1, lane8), but not in fibroblasts (Fig. 1, lane 2). These results were nearly

identical to the levels of transcription activated by the myogenin promoter in both

myoblasts and myotubes (Fig. 1 lanes 6 and 9 respectively).

Thus, we had identified a region of the HRC gene that exhibited enhancer activity

in cultured skeletal muscle cells, but we still didn't know if this enhancer could function
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in vivo or whether it would exhibit tissue specificity in vivo. In order to answer these

questions, we tested the 2726 bp HRC fragment in a transgenic mouse model. The

fragment was cloned into the promoterless lacz reporter plasmid, AUG-3-gal, which was

used to make transgenic mice by pronuclear injection (83). Transgenic embryos were

then collected and stained for 3-galactosidase expression at various stages of

development.

At 8.5 dpc, we found that the 2726 bp construct directed lacz expression to the

myotomal compartment of the rostral somites and to the myocardium in the developing

heart (Fig. 2A). At 9.5 dpc, the expression of lacz became stronger and expression in the

somites began to expand a little more caudally, but the pattern remained mostly the same

as at 8.5dpc (Fig. 2B). By 11.5 dpc, expression could be seen in arterial smooth muscle

and both the hypaxial and epaxial compartments of the somites (Fig.2 C, E, F, and G).

Smooth muscle expression was almost completely limited to arterial smooth muscle.

Smooth muscle of the trachea, esophagus, and cardinal vein did not express the transgene

(Fig.2G), which was consistent with the endogenous HRC expression pattern, which

includes arterial smooth muscle but excludes smooth muscle from other tissues (71). The

only exception to this tissue restriction was some very weak, patchy expression of lacz in

the smooth muscle of the vena cava that was occasionally seen (data not shown). At 13.5

dpc, expression was evident in just about every skeletal muscle in the embryo (Fig.2D),

and the cardiac expression directed by the HRC enhancer was primarily restricted to the

ventricles (Fig.2H).

After 13.5 dpc, the expression pattern of lacz directed by the 2726 bp construct

remained relatively unchanged throughout the rest of development and in adulthood (data
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not shown). In summary, these results demonstrate that the 2726 bp construct is sufficient

to direct expression to skeletal, cardiac, and arterial smooth muscle during embryonic

development in vivo.

An Evolutionarily Conserved Sequence Functions as a Minimal HRC Enhancer

Within the 2726 bp construct is a 141 bp region of mouse/human homology

located between 608 and 468 bp upstream of the transcriptional start site. This sequence

is more than 80% conserved between mouse and human, and was used to direct our

search for the minimal HRC enhancer. We first made a construct that spanned the

sequence from —770 to +117. This enhancer still directed strong laczexpression to

skeletal muscle, but only weak expression to cardiac and arterial smooth muscle in

transgenic mice (Fig. 3 construct 2). When this construct was further reduced to include

only the sequence from —510 to +117, expression in althree muscle cell types was

completely eliminated (Fig. 3 construct 3). Most of the mouse/human homology is

contained in the –770 to —510 fragment, so we were interested to know if this small

fragment was necessary for HRC expression. To test whether this region of the enhancer

was required, we made a construct of the sequence from —2609 to +117 with a deletion

from —770 to —510. This construct also could not direct any expression of ladi■ any of

the three muscle lineages (Fig. 3 construct 4), indicating that the 261 bp between —770

and —510 are absolutely necessary for HRC expression in vivo.

Next, we asked whether this 261 bp fragment was sufficient for enhancer activity

in vivo. To address this question, we placed the 261 bp alone into the HSPP68-lacz

reporter plasmid so that if the 261 bp contained a functional enhancer, it could act with
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the minimal HSP68 promoter to drive expression of the lacz reporter gene. This construct

was able to drive strong expression in skeletal muscle and weak expression in cardiac and

arterial smooth muscle (Fig. 3, construct 5). Taken together, the results of these deletional

analyses demonstrated that a minimal enhancer exists between 770 and 510 bp upstream

of the transcriptional start site, and this conserved region is necessary and sufficient to

direct expression in vivo to all three muscle cell types. It appears that there are elements

in the sequence between —2609 and —770 that assist the necessary minimal enhancer in

directing expression to cardiac and smooth muscle, but clearly the most important

elements are located between —770 and —510, which includes most of the mouse/human

homology found in the original 2726 bp enhancer.

The HRC Enhancer Contains a Functional, Evolutionarily Conserved MEF2 Site

We closely examined the –770 to —510 sequence with special attention paid to the

sequence that was conserved between mouse and human, and found that a completely

conserved, consensus MEF2 site was contained within this critical region (Fig. 4B). To

verify that this consensus MEF2 site was indeed a functional MEF2 binding site, we

tested its ability to bind to MEF2 in an electrophoretic mobility shift assay (EMSA). We

found that the conserved MEF2 site was strongly bound by MEF2A in vitro (Fig. 5A lane

2). This binding ability was specific to the HRC MEF2 site as shown by the ability of an

unlabeled HRC MEF2 site to effectively compete for MEF2 binding (Fig. 5A lane 3), and

the inability of a 100-fold excess of unlabeled mutated HRC MEF2 site to compete for

MEF2 binding (Fig. 5A lane 4). Furthermore, a 100-fold excess of an unlabeled MEF2

site from the myogenin promoter (82) also effectively competed for MEF2A binding to

18



the HRC MEF2 site (Fig. 5A lane 5), while the same concentration of the mutated

myogenin promoter MEF2 site (82) could not (Fig. 5A lane 6). When the mutated HRC

MEF2 site was used as the labeled probe itself, it showed no ability to bind to MEF2A

(Fig. 5A lane 6). These results demonstrate that the conserved MEF2 site from the HRC

promoter is a bona fide MEF2 site that can be bound in a specific manner by MEF2 in

vitro.

We next tested the ability of MEF2 to bind to the HRC MEF2 site and trans

activate the enhancer in cell culture. We co-transfected the HRC-lacz reporter plasmid

and the expression plasmid for either MEF2A or MEF2C into 10T1/2 fibroblasts, which

provide a silent transcriptional background to test the ability of MEF2 factors to trans

activate the HRC enhancer (Fig. 5B). The 2726 bp HRC enhancer was trans-activated by

both MEF2A and MEF2C (Fig. 5B, lanes 3 and 5). Mutation of the MEF2 site within the

context of the 2726 bp completely eliminated any trans-activation by either of the MEF2

factors (Fig. 5B, lanes 3 and 5). These results, along with the results from the EMSA

(Fig. 5A), show that the MEF2 site in the HRC enhancer can bind to MEF2 factors and

allow them to trans-activate the enhancer, strongly suggesting that HRC is a direct target

of MEF2 factors through the conserved MEF2 binding site in the enhancer.

The MEF2 Site in the HRC Enhancer is Required for Expression in all Three

Muscle Cell Types

After testing the binding and trans-activation of the conserved MEF2 site by

MEF2 factors in vitro and in cell culture, we tested the necessity of the site in vivo using

the transgenic mouse model. The MEF2 site was mutated in the context of the full-length
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2726 bp HRC enhancer, cloned into a lacz reporter plasmid, and then used to generate

transgenic mouse embryos.

Mutation of the HRC MEF2 site completely ablated expression in cardiac and

smooth muscle and had a dramatic effect on skeletal muscle expression. The wild type

transgene directed expression to cardiac muscle throughout development as well as in

adult mice (Fig. 6A, B, C, K, and L). Cardiac expression was strong during

midgestational development of the mouse (Fig. 6A, B, and C), and by late gestation was

only slightly reduced in expression and restricted almost completely to the ventricles

(Fig. 6K). This same expression pattern persisted in adulthood (Fig. 6L). However,

expression of lacz in transgenic mice with a mutated MEF2 site in the context of the

2726 bp HRC enhancer was completely absent from cardiac muscle throughout

development and in adult animals (Fig. 6 E, F, G, O, P).

In smooth muscle, the wild type transgene directed expression to arterial smooth

muscle beginning at about 11.5 dpc and continuing throughout development and in

adulthood (Fig. 6 C, D, K, L). Expression in arterial smooth muscle was somewhat

weaker in the adult than in the embryos, however it was still significantly and

homogeneously expressed in arterial smooth muscle even in the adult (Fig. 6 L). The

transgene with the mutant MEF2 site, however, did not direct expression to any smooth

muscle at any timepoint during development or adulthood (Fig. 6 G, H, O, P). These

results show that HRC is the first defined target of MEF2 transcription factors in smooth

muscle and that activation of transcription by MEF2 is absolutely necessary for HRC

expression in arterial smooth muscle. It should be noted here that although the esophageal

muscle does not express the transgene from the wild type or mutant HRC promoters
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during embryogenesis (Fig. 2G and 60), it does express the transgene from the wild type

enhancer in the adult esophagus (Fig.6 L). This esophageal expression in the adult is not

in smooth muscle, but rather in skeletal muscle. During the last few days of gestation and

continuing through the first three weeks after birth, the smooth muscle in the rostral

regions of the esophagus is replaced by skeletal muscle (84), explaining the changes in

lacz expression that we see from the embryonic esophagus to the adult esophagus.

In skeletal muscle, the wild type transgene was expressed starting at 9.0 dpc in the

myotomal compartments of the rostral somites (Fig. 6A). The expression pattern

expanded at 11.5 dpc to include the hypaxial and epaxial skeletal myoblasts in the

somites and the small patches of skeletal myoblasts that exist at this stage in the limbs

(Fig. 6B and C). By 16.5 dpc, lacz expression was found in all of the skeletal muscle

throughout the embryo (Fig. 6J). Mutation of the MEF2 site within the HRC enhancer

severely reduced the levels of lacz expressed in most skeletal muscle. At 9.0 dpc, lacz

staining in the somites was visible (Fig. 6E), but somewhat weaker than the staining

observed with the wild type enhancer (Fig. 6A). At 11.5 dpc, lacz expression directed by

the mutant enhancer in the somites was still clearly visible (Fig. 6F and G), but

considerably weaker than expression directed by the wild type enhancer (Fig. 6B and C).

Staining in parts of the forelimbs was also reduced in the embryos containing the mutated

MEF2 site, with the exception of the dorsal limb myoblasts which showed stronger

staining than that seen in embryos with the wild type transgene (Fig. 6F and G). At 13.5

dpc, a striking difference in lacz expression was apparent between embryos with the wild

type enhancer and embryos with the mutated enhancer (Fig. 6I and M). While lacz was

expressed strongly in virtually all skeletal muscle in embryos with the wild type enhancer
w
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(Fig. 6I), expression was nearly absent in the skeletal muscle of embryos with a mutated

enhancer with only a few faint patches of expression visible at this stage (Fig. 6M). After

16.5 dpc, the results were even more dramatic. The wild type enhancer directed

expression throughout all skeletal muscle (Fig. 6J), but the MEF2 mutant enhancer was

essentially inactive and virtually no staining was seen in any skeletal muscle after this

point (Fig. 6N).

Taken together, the results in skeletal muscle indicate that the MEF2 site is

indispensable in the maintenance of HRC expression in skeletal muscle, but does not

appear to be necessary for the initiation of HRC expression. This model explains why the

early somitic expression of the mutant enhancer is almost identical to that of the wild

type enhancer (Fig. 6A and E), and then weakens until it is absent later in development.

Furthermore, the early overexpression of lacz in the dorsal forelimbs of MEF2

mutant 11.5 dpc embryos supports a model for MEF2-independent initiation of

expression in skeletal muscle. Indeed, these data suggest a model in which the MEF2 site

may play an early repressive role in this tissue. We believe that when the repression is

alleviated by mutation of the MEF2 site, the myoblasts of the dorsal forelimb overexpress

the HRC transgene, thereby explaining the overexpression in the dorsal forelimbs in the

MEF2 mutant 11.5 dpc embryos (Fig. 6F and G). This type of model for MEF2

dependent repression through recruitment of histone deacetylases (HDACs) has been

suggested previously (85). In this model, an HDAC/MEF2 complex at the enhancer

represses activation of transcription by myogenic bhLH transcription factors at nearby E

boxes (85, 86). When the signals for muscle differentiation occur, CaMK mediates the

dissociation of HDACs from MEF2 factors via phosphorylation of two serines in class II
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HDACs that flank a nuclear localization signal (87). The intracellular chaperone protein

14-3-3 binds to the phosphorylated HDAC, causing it to dissociate from MEF2 and

allowing the 14-3-3/HDAC complex to be shuttled out of the nucleus (88–90). This leaves

MEF2 free to switch from a repressor to an activator through cooperative interactions

with myogenic bhLH factors.

While MEF2 does not appear to be important in the initial activation of HRC in

skeletal muscle, and may in fact be suppressing it, the complete absence of lacz

expression in cardiac and arterial smooth muscle in transgenic mice with a mutated

MEF2 site in the HRC promoter suggests that MEF2 may be playing a role in the initial

activation as well as the maintenance of expression of the HRC gene in these tissues.

However, even though MEF2 appears to play a critical role in the expression of HRC in

all three muscle cell types, we do not think that it is the only transcriptional regulator in

any of these cell types. Instead, we believe that MEF2 is acting cooperatively with other

lineage or tissue-specific transcription factors. It has been well documented that MEF2

factors act cooperatively in skeletal and cardiac muscle with other transcription factors

(61, 62, 91), and although no co-regulators of MEF2 have yet been identified in smooth

muscle (mainly because no targets of MEF2 had been identified in smooth muscle prior

to this work), another MADS domain transcription factor, SRF, has been shown to act in

a cooperative manner in smooth muscle (92). We therefore believe that different MEF2

transcriptional co-regulators are playing roles in the transcriptional regulation of HRC in

each of the three muscle cell types and we are interested to find out what these co

regulators are, particularly in cardiac and smooth muscle.
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The HRC Enhancer is not Responsive to SRF

We have shown that a 2726 bp fragment of DNA from the HRC enhancer can

direct expression to cardiac, skeletal, and arterial smooth muscle. We have also shown

that a conserved MEF2 site within a critical 261 bp of this enhancer can mediate trans

activation of this enhancer by both MEF2A and MEF2C in 10T1/2 fibroblasts in tissue

culture and that this MEF2 site is required in vivo. The fact that this enhancer directs

expression to arterial smooth muscle in what appears to be a MEF2-dependent fashion

was exciting to us because a MEF2 target in smooth muscle had not yet been discovered.

By contrast, SRF is a well-known regulator of genes in smooth muscle. Moreover, the

vast majority of smooth muscle genes for which regulatory elements are known, are

regulated at least in part by SRF (77). Therefore, we wanted to determine whether the

HRC enhancer could also be regulated by SRF. We first searched the entire 2726 bp

enhancer for consensus CArG boxes, which are the binding sites for SRF. Although no

CArG boxes were found, we could not rule out the possibility that SRF was binding to a

non-consensus site or even the MEF2 site itself. We therefore tested the ability of SRF to

bind to the MEF2 site in vitro and activate the HRC enhancer in tissue culture. While

MEF2A was able to bind the MEF2 site in an EMSA (Fig. 5C, lane 2), SRF was not (Fig.

5C, lane 5). In the same experiment, SRF was able to very strongly bind to a consensus

CArG box from the smooth muscle alpha-actin (SMaa) gene (Fig. 5C, lane 9), showing

the specificity of SRF binding. Similarly, SRF could not trans-activate the HRC enhancer

in 10T1/2 fibroblasts (Fig. 5D, lane 3) under conditions where MEF2C could trans

activate the HRC enhancer (Fig. 5D, lane 2) and SRF could trans-activate the SMaa

enhancer (Fig. 5D, lane 5). These results show that the HRC enhancer is not responsive to

24



SRF. This observation, taken together with the results that identified HRC as a MEF2

target in vivo, show that HRC is the first example of a MEF2-dependent, SRF

independent smooth muscle gene.
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Figure 1

The HRC upstream region contains promoter and enhancer sequences sufficient to

direct muscle-specific expression. HRC-CAT (lanes 2, 5, and 8), myogenin-CAT (lanes

3, 6, and 9), and the promoterless CAT-Basic (lanes 1, 4, and 7) reporter plasmids were

transfected into fibroblasts (lanes 1 to 3), myoblasts (lanes 4 to 6), or myotubes (lanes 7

to 9). The HRC and myogenin reporter plasmids exhibited no significant activity over

background in nonmuscle fibroblasts (lanes 2 and 3), but both reporters were robustly

active in myoblasts (lanes 5 and 6) and myotubes (lanes 8 and 9). Data are expressed as a

percentage of the activity obtained using a constitutively active SV40-CAT plasmid in

each cell type. The data shown represent the mean values obtained in five independent

transfections and analyses. Error bars represent the standard errors of the means.
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Figure 2

The HRC enhancer directs cardiac, skeletal, and arterial smooth muscle

expression in transgenic mouse embryos. A 2,726 bp fragment of the human HRC gene

was fused to a lacz reporter plasmid and used to generate transgenic mice. This fragment

of the HRC gene was sufficient to direct expression to all three muscle lineages in the

mouse embryo in the pattern of endogenous HRC. (A to D) Representative X-Gal-stained

transgenic embryos are shown at 8.5 dpc (A), 9.5 dpc (B), 11.5 dpc (C), and 13.5 dpc

(D). The embryos in panels C and D have been cleared in a 1:1 mixture of benzyl alcohol

and benzyl benzoate to help visualization of internal structures. Expression was evident at

8.5 dpc in the heart (hrt) and in the myotomal compartment of the somites (S) and by

11.5 dpc in arterial smooth muscle. No expression was observed in venous smooth

muscle or in other smooth muscle cell types. (E to G) Transverse sections from X-Gal

stained transgenic embryos at 11.5 dpc. Expression was evident in somites, heart, and

arterial vascular smooth muscle, including the dorsal aorta (DA) and branchial arch

arteries (BAA). By contrast, expression was not observed in venous smooth muscle,

including the cardinal veins (CV). No expression was observed in the smooth muscle of

the trachea (Tr) or esophagus (Es) (G). Expression in the heart was restricted to the

ventricles (E and F). Bar, 100 p.m. (H) The heart and associated vasculature removed

from an HRC-lacz transgenic embryo at 13.5 dpc and stained with X-Gal. Expression in

the heart at 13.5 dpc was restricted to the ventricles. Expression was also evident in

arterial vascular smooth muscle, including the aorta (Ao) and subclavian (SubCL) and

carotid arteries (Ctd). LA, left atrium; LV, left ventricle; NT, neural tube; RA, right
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atrium; RV, right ventricle. Seven independent transgenic lines all displayed nearly

identical patterns of expression.
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Figure 3

Deletional analysis of the HRC upstream region identified a conserved region

required for expression in vivo. Schematic representations of the various deletion

constructs of the HRC upstream region analyzed in these studies are shown in the center.

Red arrow, HRC transcriptional start site; green arrow, transcriptional start site directed

by the heterologous HSP68 promoter; blue arrow, lacz translational start site; B, BamhI;

N, Ncol; Bg, BgllI; P, Psp1406I. Construct number and nucleotides, relative to the HRC

transcriptional start site at +1, are indicated on the left. Expression of lacz in somites,

limbs, heart, and arteries is noted in the columns to the right. H, very robust, easily

detectable expression; +, very weak expression; –, a complete lack of detectable

expression. The column on the far right indicates the number of independent transgenic

lines or F0 transgenic embryos that expressed lacz in the indicated pattern as a fraction of

the total number of transgene-positive F0 embryos or lines examined. For HSP68/510

770 (construct 5), three of the five lines examined expressed lacz in the indicated pattern.

The other two F0 transgenic embryos showed no expression of lacz.
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Figure 3
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Figure 4

An evolutionarily conserved noncoding sequence resides in the upstream region

of the HRC gene. (A) Schematic representation of the human HRC upstream region. The

HRC upstream region (–2609 to +117) was cloned as a BamhI-PSp1406I fragment into

CAT and §-galactosidase reporter plasmids such that transcription would start from the

HRC transcriptional start site (red arrow) and translation would initiate in the reporter

cDNA. Green box, evolutionarily conserved region; black arrow, HRC translational start

site; B, BamhI; N, Ncol; Bg, BgllI; P, Psp1406.I. (B) Sequence alignment of the

evolutionarily conserved element from the HRC upstream region from —608 to —468,

relative to the transcriptional start site, in the human sequence. The box denotes the

evolutionarily conserved MEF2 site.
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Figure 5

The conserved region of the HRC enhancer contains a high-affinity, functional

MEF2 site. (A) MEF2 binds specifically to the HRC MEF2 site in vitro. MEF2A was

transcribed and translated in vitro and used in EMSA analyses with radiolabeled double

stranded oligonucleotides representing the HRC MEF2 site (lanes 1 to 6) or a mutant

version of the HRC MEF2 site (lanes 7 and 8). MEF2 efficiently bound to the HRC

MEF2 site (lane 2) but failed to bind to the mutant MEF2 site (lane 8). Binding of MEF2

to the HRC MEF2 site was specific, since a 100-fold excess of unlabeled HRC MEF2 site

efficiently competed for binding (lane 3), but a mutant version of the HRC MEF2 site

(mHRC) failed to compete for binding even at a 100-fold excess (lane 4). Likewise, an

unlabeled control MEF2 site from the myogenin gene (My) efficiently competed for

binding (lane 5), but a 100-fold excess of a mutant myogenin MEF2 site (mMy) did not

compete for binding (lane 6). In samples where in vitro-translated proteins were absent

(lanes 1 and 7), an equal amount of unprogrammed reticulocyte lysate was included.

Lysate-derived, nonspecific mobility shifts are noted. (B) The HRC enhancer is activated

directly by MEF2 factors through the MEF2 site in the enhancer. MEF2A expression

plasmid (lanes 3 and 4), MEF2C expression plasmid (lanes 5 and 6), or parental

expression vector (lanes 1 and 2) was cotransfected with a full-length HRC-lacz reporter

plasmid (lanes 1, 3, and 5) or a mutant version of that reporter containing a disrupted

MEF2 site (lanes 2, 4, and 6) into 10T1/2 fibroblasts. The parental expression vector

failed to significantly activate the HRC enhancer (lane 1). MEF2A and MEF2C were

each able to significantly trans-activate the HRC-dependent reporter (lanes 3 and 5,

respectively). Neither MEF2A nor MEF2C activated the MEF2 mutant enhancer (lanes 4
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and 6, respectively). The data shown represent the mean values obtained in three

independent transfections and analyses. Error bars represent the standard errors of the

means. (C) The HRC MEF2 site is not bound by SRF. Either MEF2A (lanes 2 to 4) or

SRF (lanes 5 to 7 and 9 to 11) was transcribed and translated in vitro and used in EMSA

analyses with radiolabeled double-stranded oligonucleotides representing the HRC MEF2

site (lanes 1 to 7) or the SMaa intronic CArG box (lanes 8 to 11). MEF2 efficiently bound

to the HRC MEF2 site (lane 2), whereas SRF was completely unable to bind to the HRC

MEF2 site (lane 5) under conditions in which it efficiently bound to the SMaa CArG box

(lane 9). In samples where in vitro-translated proteins were absent (lanes 1 and 8), an

equal amount of unprogrammed reticulocyte lysate was included. Lysate-derived,

nonspecific mobility shifts are noted. Wild-type (HRC and CArG) and mutant (mHRC

and mOArG) competitors were used at a 100-fold excess where indicated. (D) The HRC

enhancer is not trans-activated by SRF. Expression plasmids for MEF2C (lane 2), SRF

(lanes 3 and 5), or the parental expression vector (lanes 1 and 4) were cotransfected with

a full-length HRC-lacz reporter plasmid (lanes 1 to 3) or a SMaa-lacz reporter plasmid

(lanes 4 and 5) into 10T1/2 fibroblasts. SRF failed to activate the HRC reporter (lane 3)

under conditions in which MEF2C activated the HRC reporter more than 10-fold (lane 2)

over the background level of activation indicated by parental expression vector

cotransfection (lane 1). By contrast, SRF activated the SMaa reporter in the same

experiment more than 16-fold (lane 5) over the background level of activation indicated

by parental expression vector cotransfection (lane 4). The data shown represent the mean

values obtained in three independent transfections and analyses. Error bars represent the

standard errors of the means.
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Figure 5
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Figure 6

The MEF2 site in the HRC enhancer is required for expression in cardiac,

skeletal, and arterial smooth muscle in vivo. Wild-type MEF2 site (A to D and I to L) and

mutant MEF2 site (E to H and M to P) HRC-lacz transgenic mice were analyzed for

expression in vivo. Representative X-Gal-stained, transgenic embryos are shown at 9.0

dpc (A and E), 11.5 dpc (B and F), 13.5 dpc (I and M), and 16.5 dpc (J and N). X-Gal

stained hearts are shown from transgenic embryos dissected at 16.5 dpc (K and O) or

transgenic adults dissected at 16 weeks of age (L and P). The embryos in panels J and N

have been skinned to help visualize the underlying skeletal muscle. Panels C, D, G, and

H show transverse sections of transgenic embryos collected and X-Gal stained at 11.5

dpc. Bar, 100 pm. The 2,726-bp wild-type (wt) HRC enhancer construct directed lacz

expression to the heart throughout embryonic development (A and B). By 11.5 dpc,

expression was restricted to the ventricles (C), and the ventricle-restricted cardiac

expression continued in the fetal (K) and adult (L) heart. The mutant MEF22,726-bp

HRC enhancer construct (mMEF2) failed to direct expression to the heart at any stage in

the embryo (E to G), fetus (O), or adult (P). The wild-type construct directed strong

expression to arterial smooth muscle, including the dorsal aorta, beginning at 11.5 dpc

(D). Arterial smooth muscle expression was also evident in the fetus (K) and adult (L).

Smooth muscle expression was restricted to arteries. Note that the esophagus staining in

the adult (L) represents skeletal muscle in the adult esophagus. The MEF2 mutant

enhancer failed to drive lacz expression in smooth muscle at all stages, including 11.5

dpc (G and H), 16.5 dpc (O), and adult (P). The wild-type transgene was robustly

expressed in skeletal muscle in both the hypaxial and epaxial domains at 11.5 dpc (B and
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C). The MEF2 mutant transgene was also expressed in both hypaxial and epaxial

myotomes, but the level of expression was much weaker at 11.5 dpc (F and G). Both the

wild-type (B and C) and mutant MEF2 (F and G) enhancers directed expression to the

dorsal limb muscles at 11.5 dpc. The wild-type enhancer drove strong lacz expression in

all skeletal muscles at 13.5 dpc (I) and 16.5 dpc (J). The mutant MEF2 enhancer directed

only very weak skeletal muscle expression at 13.5 dpc (M), and expression was

essentially absent by 16.5 dpc (N). Ao, aorta; Ctd, carotid artery; CV, cardinal vein; DA,

dorsal aorta; Es, esophagus; hrt, heart; LA, left atrium; LV, left ventricle; NT, neural

tube; S, somite (myotome); RA, right atrium; RV, right ventricle; SubCL, subclavian

artery; Tr, trachea. Arrowheads denote expression in dorsal limb muscles.
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Figure 6
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Chapter 3

Evolutionary Conservation of Regulatory

Elements of Me■ ’c
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Introduction

Because me■ 2c plays a crucial role in muscle development, understanding its

regulation is key to a better understanding of the molecular pathways controlling

cardiogenesis, vasculogenesis, and myogenesis, not to mention the possible insights that

we might gather on other processes such as neurogenesis and hematopoiesis. With this

goal in mind, we began searching for tissue-specific enhancers of me■ 2c with four

assumptions: 1) that me■ 2c would have several modular, tissue-specific enhancers; 2) that

these enhancers would be present in the 5 upstream region of the gene or contained

within one of the introns; 3) that the enhancers would be able to direct expression of a

lacz reporter gene fused to an HSP68 promoter; 4) and that each enhancer would be

contained within a short module that would be no larger than a few hundred base pairs.

As an initial analysis to identify me■ 2c regulatory elements, a BAC transgenic

mouse line was generated to determine if enhancer elements were present in a large

region of the me■ 2c gene. Briefly, a lacz reporter gene was inserted into the BAC clone,

GS133, which spans 120 Kb of the me■ 2c gene and upstream sequence. The lacz reporter

gene was inserted into the exon encoding the highly conserved MADS domain. This

recombinant was used to make transgenic mouse lines that incorporated the reporter BAC

into their genomes, and expressed the lacz reporter in the complete me■ 2c expression

pattern (Fig. 7) (93). This result indicated that regulatory elements sufficient to direct

*ze/2c expression were contained within the 120 Kb encompassed by the GS133 BAC.

To identify specific enhancer elements within the me■ 2c locus, we compared the

Sequence of the mouse me■ 2c gene to the sequences of the human and chick me■ 2c genes

* Order to identify areas of high conservation in noncoding regions. These sequence
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comparisons identified several regions of conservation, which were each tested

independently for enhancer activity in transgenic mice. This was performed by cloning

each of the conserved elements into the transgenic reporter plasmid HSP68-lacz (94)

followed by oocyte microinjection. Using this method to screen the me■ 2c locus, we were

able to identify seven separate modular enhancers that were sufficient to direct tissue

specific expression of a lacz transgene in vivo.
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Results and Discussion

Sequence Comparison and Selection of Candidate Fragments

We compared the mouse me■ 2c sequence from the GS133 BAC with the human

me■ 2c sequence and found 39,795 bp of homology out of 120,401 bp total in the BAC.

However, because this homology was broken up into small pieces and spread throughout

the BAC, the mouse/human homology did not significantly narrow our search area (Fig.

8). Humans and mice shared a common ancestor approximately 60 million years ago,

however chickens and mice shared a common ancestor 310 million years ago, giving

those two genomes an extra 250 million years to diverge. When we compared the mouse

and chicken sequences, we found that only 4,714 bp or 3.9% of the noncoding sequence

showed significant homology. In addition to drastically reducing the percentage of

conserved sequence, the mouse/chick homology clustered into distinct pockets (Fig. 8).

Based on both the mouse/human and mouse/chick homology, we chose ten fragments of

sequence to test for enhancer activity in transgenic mice.

Screening Fragments for Enhancer Activity

The ten fragments chosen to test for enhancer activity were cloned into the

transgenic reporter plasmid HSP68-lacz and used to generate lacz transgenic mice. From

the ten fragments tested in this manner we discovered seven different enhancer elements:

three neural crest enhancers, two endothelial enhancers, a skeletal muscle enhancer and

an anterior heart field enhancer. Every fragment that was shown to exhibit enhancer

activity in our original screen contained at least one region of mouse/chick homology.

Conversely, the two fragments that did not contain any mouse/chick homology (F2 and
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F3) lacked enhancer activity. In addition, two fragments that did contain regions of

mouse/chick homology (F4 and F5), also lacked detectable enhancer activity under the

conditions in which we screened embryos for 3-gal activity.

Using Evolutionary Conservation to Delineate Minimal Enhancers

Since all of the fragments that exhibited enhancer activity also contained small

regions of mouse/chick homology, we used this homology to direct our search for the

minimal enhancer elements. F1, the first neural crest enhancer, contained several pockets

of mouse/chick homology which were used to quickly delineate the minimal enhancer to

3 Kb of sequence, and soon thereafter, 1.3 Kb. In this case the mouse/chick homology

remained instructive for determining the minimal enhancer, and eventually, for finding

the cis-acting elements of the enhancer, which were found within one of the regions of

mouse/chick homology.

F6, the anterior heart field enhancer, also contained several pockets of

mouse/chick homology. This time, however, the mouse/chick homology was not useful in

determining the minimal enhancer, which was mapped to an area that was still conserved

between mouse and human but not between mouse and chick (93). 73K, the skeletal

muscle enhancer, contained a large region of mouse/chick homology in which several

necessary transcription factor binding sites were found (95). F7, the first endothelial

enhancer, has three pockets of mouse/chick homology. Like F1, the minimal enhancer for

F7 corresponded to one of these pockets of homology (96). F10, the fragment that

possessed both endothelial and neural crest enhancer activity, had only two pockets of

mouse/chick homology. However, when we mapped the minimal enhancers, we found

that the endothelial enhancer was located in one pocket of mouse/chick homology, while
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the neural crest enhancer mapped to a region that contained the other pocket of

mouse/chick homology. F9, the third neural crest enhancer, contains several pockets of

mouse/chick homology, but has not been investigated enough at this point to determine

whether this homology will aid in determining the minimal enhancer elements.

Of the minimal enhancers located so far, four out of five were found to contain

significant mouse/chick homology. In fact, using the mouse/chick homology has been the

most frequently used method for determining where we look for the minimal enhancers,

and in most cases, this information has been very helpful in predicting where these

minimal enhancers are. This likely reflects the notion that the core enhancer elements are

ancient and have been conserved over evolutionary time.

Using Evolutionary Conservation to Find Necessary Regulatory Elements

We have also been able to use the mouse/chick homology to locate the necessary

transcription factor binding sites within the minimal enhancers. In four out of the five

enhancers that we have found necessary binding sites for, these sites were located in

regions of mouse/chick homology. The one enhancer where necessary sites have been

found outside of the mouse/chick homology is the anterior heart field enhancer, F6,

which did not contain any mouse/chick homology within its minimal enhancer.

In addition to comparing the mouse me■ 2c sequence with its human and chicken

counterparts, we also compared the mouse and pufferfish me■ 2c sequences. From this

comparison, we found that there were only 569 bp of homology from the 120,401 bp in

the BAC. Less than 0.5% of the sequence was homologous, and more than half of the

sequence that was homologous, was exonic sequence. However, F1, F7, and F10 each
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contained a small pocket of mouse/pufferfish homology. In both F1 and F7, the

mouse/pufferfish homology did not map to the minimal enhancer elements, but in F10 it

did map to the endothelial enhancer. Remarkably, when we made a construct that

included only the small pocket of mouse/pufferfish homology from F10, the sequence

was sufficient to direct expression to the entire endothelium (Fig. 111).

Analysis

As for the optimal amount of homology or divergence to be used in a search for

regulatory elements, the current studies described here show that different levels of

homology are useful for different aspects of an enhancer search. Having a wide array of

sequences from which differing levels of homology can be obtained is ideal because one

level of homology may be useful for determining which regions to screen while another

level of homology may be more useful for finding the necessary or sufficient enhancer

elements.

For the me■ 2c gene, we found that there was too much homology between the

human and mouse sequences to efficiently screen the whole locus. However, when we

used the mouse/chick homology to identify core pockets of homology and then extended

these pockets outward using the mouse/human homology, we became quite efficient at

screening for enhancer elements. The mouse/chick homology also proved to be very

useful for defining minimal enhancers and locating necessary transcription factor binding

sites, however, in the case of the anterior heart field enhancer, it failed to predict the

minimal enhancer and the mouse/human homology was used instead.
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We discovered in our studies that great variations in levels of homology could be

instructive in different aspects of defining enhancer elements. This was probably best

illustrated in the discovery of the neural crest and endothelial enhancer elements in F10.

The fragment was chosen based on its mouse/chick and mouse/human homology. The

two minimal enhancers were then separated and defined based on the mouse/chick

homology. A small, 44 bp enhancer was then defined for the endothelial expression based

solely on 44 base pairs of mouse/pufferfish homology. This example shows how different

levels of homology can be useful at different stages of an enhancer search whether 33%

of the sequence contains significant homology, or only 0.5% of the sequence contains

significant homology.
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Figure 7

The 120 Kb GS133 lacz transgenic BAC directs expression to all tissues that

express mef.2c at 9.5 dpc including the myocardium (MC) of the heart, the branchial

arches (BA), the dorsal root ganglia (DRG), the myotomal compartment of the somites

(S), and the vasculature (V).
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Figure 8

Mouse, human, and chick homology in the GS 133 BAC (120,401 bp), which

includes the first six exons of the me■ 2c gene. Mouse/human homology is represented by

the blue lines, and mouse/chick homology is represented by the red lines. Fragments that

contained enhancer activity are represented by the green lines. Fragments that contained

no detectable enhancer activity are represented by the gray lines. The vertical black lines

represent me■ 2c exons.
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Figure 8
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Introduction

Endothelial cells are one of the cell types that express MEF2C, but for which very

little is known about MEF2C s role in development. What we do know is that when the

mef2c gene is inactivated in mice, mefºc null embryos die by 10.0 dpc (57),

approximately the same gestational age as the flt-1, flk-1, and Tie-2 deficient embryos die

(4, 5, 31). In addition, me■ 2c null embryos have severe vascular defects: the yolk sac

vasculature is absent and major blood vessels such as the cardinal veins and dorsal aortae

Cften fail to form (57). In the instances where these major vessels do form, they are

abnormally thin-walled and lack integrity (57).

The ETS family of transcription factors has been shown to play an important role

in the transcription of several vascular-specific genes. ETS family members are

transcription factors which contain the conserved ETS DNA binding domain, which folds

into a winged helix-turn-helix motif and binds to the consensus ETS-binding sequence,

RSNMGGAWRH, in the promoter and enhancer sequences of its target genes (97-100).

Within the ETS-binding site, the core GGA sequence indicated in bold type is considered

to be indispensable for ETS factor binding. The variable flanking sequences of the 4 base

Pairs that surround the core GGA sequence on either side appear to play a role in

SPecificity of binding within the ETS family, but these specificities have not yet been

clearly defined (100-103). The flk-1, flt-1, tie, and tie-2 genes all depend on at least one

FTS site in their promoter or enhancer for their transcriptional regulation (53-56).

In order to elucidate the upstream pathways leading to me■ zc transcription and

subsequent cell differentiation, we undertook a screen of the me■ 2c gene for cis-acting

**ennents that control me■ 2c expression in different tissues as described in Chapter 2. One

g
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of the elements that we identified from this screen was a 5.6 KB fragment (F10), which

drove lacz expression in the vasculature, branchial arches, and craniofacial mesenchyme

at 9.5 dpc. This staining pattern was consistent with transgene expression in endothelial

cells and neural crest derivatives. We have subsequently located the neural crest and

vascular endothelial elements to two separable pieces of the original 5.6 Kb. The neural

crest element has been located to a 1.2 Kb subfragment, and the endothelial element has

recently been located to a mere 44 base pairs which are both necessary and sufficient to

direct expression of the lacz reporter to the vascular endothelium. Within this 44 bp we

have found two Ets factor binding sites and an E-Box which are necessary for endothelial

expression, and we continue to look for other transcription factor binding sites.
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Results and Discussion

Identification of Closely Linked Endothelial and Neural Crest-Specific Enhancers

From the screen described in Chapter 2, several tissue-specific modular enhancers

~~ere located throughout the noncoding upstream and intronic sequences of the me■ 2c

germe. The F10 fragment was an approximately 5.6 Kb region located within intron 5,

starting at bp 77,569 and ending at bp 83,118 of the GS133 BAC. This 5,550 bp

fragment, when cloned into an HSP68-lacz reporter plasmid and subsequently used to

create transgenic mice, directed expression of the lacz reporter gene to the vascular

era clothelium, branchial arches, and craniofacial mesenchyme of 9.5 dpc transgenic

errabryos (Fig. 9F).

The expression pattern of this 5.6Kb-HSP68-lacz construct was further examined

irm stable mouse lines. At 7.5 dpc we began to see staining in the embryo s head and some

fairnt spots in the yolk sac (Fig. 9A). By 8.0 dpc, the head staining became stronger and

Sorrhe staining in the future dorsal aortae was visible (Fig. 9B and C). We also observed

Staining of the vascular plexus as it began to form in the yolk sac at 8.0 dpc (Fig. 9B). At

8. S dpc, staining in the head was readily apparent (Fig. 9D), the dorsal aortae expressed

the transgene along their entire length, and we saw staining in the endocardium of the

**cently formed heart (Fig. 9D). By 9.0 dpc, the vascular plexus was formed and

*isplayed transgene expression throughout the endothelium (Fig. 9E). At 9.5 dpc we saw

the clearly endothelial pattern emerge as blood vessels throughout the embryo expressed

the transgene (Fig. 9F). In addition, staining in the endocardium, branchial arches and

S*arniofacial mesenchyme of the 9.5 dpc embryo was apparent (Fig. 9F), consistent with
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the neural crest expression pattern at this stage. In cross-section, it was clear that the

vascular and cardiac staining was due to expression in the inner endothelial lining of the

B I c. cd vessels and heart (Fig. 9G). At 11.5 dpc, endothelial staining remained strong

throughout the entire endothelium, masking some of the neural crest staining that became

rrn cre narrowly expressed in the dorsal root ganglia (DRG), melanocytes, and parts of the

rrn airndible, branchial arches and trunk of the embryo (Fig. 9H). Endothelial staining

rerraained strong at 13.5 dpc and later throughout the rest of development and in

alciulthood (Fig. 9I).

In summary, endothelium was ubiquitously stained throughout the embryo at

every stage of development starting with the first few patches of differentiating

era clothelial cells in the blood islands in the yolk sac at 7.5 dpc and the newly formed

cic rsal aortae in the embryo at 8.0 dpc. Staining remained strong throughout development

irm endothelial cells lining arteries, veins, capillaries and the heart, lasting well into

aciulthood. Strong staining was also seen early in development starting at 7.5 dpc in an

expression pattern reminiscent of the neural crest.

Deletions Within the 5.6 Kb F10 Fragment Separate the Endothelial and Neural

Crest Enhancers

We wanted to define minimal enhancers within the 5.6 Kb F10 fragment that

Yºuld be sufficient to direct expression to either endothelium or neural crest. We

**asoned that these two expression patterns might be separable into two distinct enhancer

******ents because the cell types come from different lineages and many of the regulatory
f;

- - -*ctors present in endothelial cells are absent in neural crest cells. We based our

*º
*

º
;
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deletional analysis on the evolutionary conservation between the mouse, chicken, and

Pufferfish sequences (Fig. 10A). When these sequences were compared, we found that

the 5.6 Kb F10 fragment contained two pockets of homology that were conserved

Exetween mice, humans, and chickens. The first was a 220 bp sequence that was 82%

cc raserved starting at bp 81,075 and ending at bp 81,294 of the GS133 BAC, and the

second was a 159 bp sequence that was 72% conserved starting at bp 82,256 and ending

at EPp 82,414 of the GS133 BAC. We also found a small 44 bp sequence within the 220 bp

c. f. Irmouse/chick homology that was 88% conserved between mouse and pufferfish starting

at Ep 81,169 and ending at bp 81,212 of the GS 133 BAC. Since all of the mouse/chick

a raci mouse/pufferfish homology was contained in the last 2.1 Kb of the 5.6 Kb fragment,

the first subfragment that we tested for enhancer activity in transgenic mice was the 2,104

b'P from 81,015 to 83,118, which contained all of the conserved sequences.

We cloned the 2.1 Kb fragment into the HSP68-lacz reporter plasmid (Fig. 10B),

araci used this construct to create transgenic mice, which were analyzed at 9.5 dpc in the

Fo generation. From this construct we only managed to generate one transgenic embryo,

Which showed strong staining in the craniofacial mesenchyme, branchial arches and

ºnciothelium (Fig. 11C). From this result, we concluded that the neural crest and

*ndothelial regulatory elements were contained within this 2.1 Kb.

Next, we split the 2.1 Kb fragment into two subfragments that were roughly 900

*P and 1.2 Kb in size. The 889 bp fragment starts at 81,015 and ends at 81,903, and

inc ludes 220 bp of mouse/chick homology and 44 bp of mouse/pufferfish homology (Fig.

I OEs D. The 1.2 Kb fragment starts at 81,898 and ends at 83,118 and includes 159 bp of

****** a se/chick homology (Fig. 10B). These two subfragments were each independently
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c1 Oned into the HSP68-lacz reporter plasmid and used to generate transgenic mice. We

found that the 1.2 Kb fragment (F10NC) directed expression of lacz to the branchial

arches, craniofacial mesenchyme, and DRGs of 9.5 dpc Fo transgenic embryos (Fig 11E),

cc rinsistent with neural crest derivatives (104-106). Stable lines of mice containing the

F 1 CNC construct were created and analyzed at 11.5 dpc as well. The 11.5 dpc transgenic

erralbryos express the transgene in melanocytes visible in the head, DRGs, and in specific

regions of the branchial arches, mandible and trunk of the embryo, again consistent with

arm expression pattern consisting of neural crest derivatives (104-106) (Fig. 11F). No lacz

expression was observed in the endothelial cells of the F10NC transgenic embryos (Fig.

1 1 E and F). In contrast, the 889 bp F10V subfragment directed expression of the

transgene only to the endothelium (Fig. 11D). These results clearly show that two

separate enhancers in the me■ 2c gene direct the neural crest and endothelial expression

Ipatterns.

4A Critical 44 Base Pair Element is Conserved After 450 Million Years of Evolution

After separating the neural crest and endothelial enhancers using mouse/chick

hornology, we reasoned that the critical regulatory elements were contained within the

°ºnserved sequence, and we hypothesized that an even smaller region of conservation

*isht exist between more distally related species. Mice and chickens have been separated

by approximately 310 million years of evolution, so in an attempt to find a smaller region

°ºf conservation, we compared the mouse genome to that of the Japanese pufferfish

CZaz- ifugu rubripes).
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The pufferfish genome has two advantages for use in comparative genomics. The

first advantage is that mice and pufferfish have been separated by approximately 450

rrn illion years of evolution, significantly longer than the split between mice and chickens.

THºle second reason is that the pufferfish genome is relatively compact compared to other

~ertebrates. While pufferfish and mice both have a similar number of genes, the

Pufferfish genome is almost seven times smaller than the mouse genome, which results in

cc rimpression of noncoding sequences. When we compared the mouse and pufferfish

z-z-z e f2c genes, we found a small 44 bp sequence within the 220 bp of mouse/chick

He cºrmology that was 88% conserved between mouse and pufferfish starting at bp 81,169

a raci ending at bp 81,212 of the GS 133 BAC (Fig. 10A). We tested the necessity of this

<!--1 bp sequence by making a construct containing the 5.6 Kb F10 fragment with only the

c cºnserved 44 bp deleted (5.6 Kb A44) (Fig. 10B). This construct was able to direct

expression of the transgene to the neural crest, but was unable to direct any expression to

endothelial cells (Fig. 11G). This result showed that although the 44 bp was necessary for

expression in endothelial cells, deletion of the 44 bp had no effect whatsoever on

expression of the transgene in neural crest cells, which further supports the notion that

these two expression domains are controlled by independent enhancers. We also made a

°onstruct containing the 889 bp F10V fragment with only the conserved 44 bp deleted

G889 bp A44). This construct was unable to direct expression of the transgene to any

*issue or cell type within the 9.5 dpc transgenic embryos (Fig. 11H). These constructs

clearly demonstrate that the 44 bp of mouse/pufferfish conservation is absolutely

*nece ssary for the endothelial expression directed by the me■ 2c endothelial enhancer.
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Now that the necessity of the 44 bp conserved element had been shown in vivo,

vve wanted to test whether this same 44 bp was also sufficient to direct the expression of

Zzzcz to the endothelium in vivo. We cloned the 44 bp element into the HSP68-lacz

reporter construct (Fig. 10B), and generated transgenic embryos. This 44 bp minimal

cc raserved region directed expression of lacz throughout the entire endothelium (Fig.

1 1 II). This result showed that, in addition to being necessary for endothelial expression,

the 44 bp element alone was sufficient to direct expression to the endothelium. This is a

P C-tentially exciting result because having a sufficient enhancer that is only 44 bp in

1erngth gives us a unique opportunity to identify all of the regulatory elements that are

raecessary for the endothelial expression directed by this enhancer. With such a small

Piece of DNA to analyze, we can be very meticulous about analyzing every potential

transcription factor binding site and test each one of them either in vitro or in vivo, and

P Ctentially both. I believe that we will be able to find all of the regulatory factors that are

acting on this enhancer and gain a more complete understanding of how me■ 2c, and

Presumably other developmentally regulated genes are controlled in endothelial cells.

The 44 bp Enhancer Contains Several Potential Transcription Factor Binding Sites

When we examined the 44 bp enhancer in more detail, we found that it contained

Sº Yeral possible binding sites for a number of different transcription factors. Two

Sººnsensus ETS factor binding sites that are completely conserved between mouse and

P*fferfish were found within the 44 bp enhancer (Fig. 12). A third, imperfect, consensus

ETs factor binding site, which is not completely conserved, was also found within the 44

b'E, OFig. 12). We considered these potential ETS sites to be prime candidates for
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transcriptional regulator binding sites because ETS factor binding sites have been shown º

to be necessary for the enhancer or promoter function in several endothelial specific .

genes, including: flt-1, flk-1, Tie, Tie-2 (53-56), and me■ 2c itself via a separate endothelial º: º

era Haancer that we have identified (96). º

In addition to the consensus ETS transcription factor binding sites, we also found Tº
*

a consensus E-Box, or bhLH transcription factor binding site within the 44 bp enhancer

CFig. 12), which is also completely conserved between mouse and pufferfish. We believe

that this E-Box is a good transcription factor binding site candidate because two E-Boxes * * *

that were bound by the bhLH transcription factor SCL/Tal-1 were shown to be necessary º º
:: *

for the promoter and enhancer activity of the endothelial gene flk-1. º º sº

We have also identified a consensus NFAT site (Fig. 12), which is partially º º
-

c cºrnserved between the mouse and pufferfish genomes. NFAT transcription factors are !. . 7
EP est known for the role they play in the transcriptional regulation of lymphocytes, but ***

NFATs have also been shown to play a role in other tissues such as skeletal muscle, º º
Srrhooth muscle, lung epithelial cells, and the myocardium (107-110). NFAT transcription

-

º
**

factors have also been shown to play a role in the regulation of transcription in º
*nd Othelial cells (111). In addition, based on several lines of evidence including º
knockouts (4), marker analysis (112), and cell culture colony differentiation studies (6,

"O), there is a distinct possibility that hematopoietic and endothelial cells share a common º,º
Prosenitor cell called the hemangioblast. *

sº

}, º
*-
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The Conserved Consensus ETS Binding Sites are Capable of Binding ETS-1

In Vitro

To determine whether the two conserved consensus ETS-binding sites were

fºLaractional, we first tested their ability to bind to a truncated ETS-1 protein in an

electrophoretic mobility shift assay (EMSA). We used the truncated ETS-1 protein

1<rn cwn as AN336, which lacks its auto-inhibitory sequence (98), because of reported

clifficulties in performing EMSAs with the full-length ETS-1 protein that contains an

auto-inhibitory region. We found that both of the conserved ETS-binding sites could bind

to the truncated AN336 ETS-1 in vitro, although the ETS A site bound more strongly than

the ETS B site (Fig. 13, lanes 4 and 9). This binding was specific to the ETS A and ETS

IE sites as shown by the ability of unlabeled ETS A and ETS B sites to effectively

cc mpete for ETS-1 binding (Fig. 13, lanes 5 and 10), and the inability of a 100-fold

excess of unlabeled mutated ETS A and ETS B sites to compete for ETS-1 binding (Fig.

13 - lanes 6 and 11). Furthermore, a 100-fold excess of an unlabeled ETS-binding site

from the stromelysin promoter (113) also effectively competed for ETS-1 binding vs. the

ETS A and ETS B sites (Fig. 13, lanes 7 and 12). These results demonstrated that both of

the conserved ETS-binding sites from the 44 bp enhancer are bona fide ETS-binding sites

that can be bound in a specific manner by ETS-1 in vitro.

The Conserved ETS Binding Sites are Necessary for Enhancer Function of the

44 bp Enhancer

Once we determined that the two conserved consensus ETS-binding sites could

bir, ea to the ETS-1 protein, we wanted to test the necessity of these two sites in vivo using
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the transgenic mouse model. We created point mutants in both the ETS A and ETS B

sites in the context of the entire 5.6 Kb fragment in the HSP68-lacz expression plasmid

anci used this construct to generate transgenic embryos. We created the point mutants in

the context of the 5.6 Kb fragment so that the neural crest element could serve as an

iraternal control for transgene expression. Double mutation of the ETS A and ETSB sites

in the context of the 5.6 Kb fragment yielded 9.5 dpc embryos that showed strong

expression of lacz in neural crest cells, but no detectable expression in endothelial cells

GIFig. 14D). This experiment showed that either the ETS A binding site or the ETS B

EPirading site or maybe both are absolutely necessary for the endothelial expression

clirected by this enhancer. To determine which of these two sites are necessary, or

~~ Hether they are redundant in function, we will need to make transgenic mice with each

IETS site mutated alone. These experiments are currently underway.

The Two Conserved ETS Sites in the 44 bp are Not Sufficient for

Endothelial Enhancer Activity

The results of the ETS site double mutant transgene showed that the function of

the enhancer was dependent on at least one of the two conserved ETS-binding sites. We

*ext tested the sufficiency of these two ETS-binding sites by creating a construct that

°ºnsisted of three tandem copies of a 44 bp sequence that contained the two conserved

FTS-binding sites but randomized the remaining 23 bp of the 44 bp enhancer (Fig. 15).

Randomizing this 23 bp of sequence disrupted the non-conserved consensus ETS-binding

**te, the consensus NFAT-binding site, and the conserved consensus E-Box while

*seeing the ETS A and ETS B binding sites intact (Fig. 15). The nine transgenic embryosg
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resulting from this construct all showed no expression in any of the endothelial cells

throughout the embryo (Fig. 14F), whereas 5 out of 9 transgenic embryos containing a

three copy tandem repeat of the wild type 44 bp enhancer directed strong expression to

endothelial cells (Fig. 14C). This result showed that the two conserved ETS-binding sites

alone are not sufficient for the endothelial enhancer activity of the 44bp enhancer

element. Instead, this result shows that there are necessary elements contained within the

23 bp of sequence that was randomized.

As mentioned earlier in this chapter, the conserved E-Box in the 44 bp enhancer

was a prime candidate regulatory element binding site. We knew from the previous

experiments that the ETS sites alone were not sufficient to direct expression to the

endothelium, so we tested the necessity of the E-Box in vivo by mutating the E-Box in

the context of the 5.6 Kb fragment and generating transgenic mice. In this preliminary

experiment, we obtained a single transgenic embryo that showed strong staining in the

neural crest, however, this embryo had a drastic reduction in the expression of lacz in the

endothelium (Fig. 14E). Endothelial staining in the trunk, tail, and heart of the embryo

Was essentially ablated, but endothelial cells in the vasculature of the head were clearly

stained. From this embryo, we concluded that the E-Box may be necessary for most of

the endothelial expression in the embryo, however, it may not be completely necessary

for endothelial staining in the head. We don't know whether this difference in staining

reflects a spatial restriction of the function of the E-Box or if it reflects a difference in the

strength of the enhancer between the head and the rest of the embryo that becomes

*PParent when the E-Box is mutated and the levels of endothelial expression are severely

reduced throughout the embryo. However, it is clear that the 44 bp of conservation
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between mouse and pufferfish is both necessary and sufficient for endothelial enhancer

activity. Furthermore, within this 44 bp regulatory element, the E-Box is important for

proper enhancer activity and at least one and maybe both of the conserved ETS-binding

sites are necessary for endothelial activity of the enhancer.
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Figure 9

The 5.6 Kb F10 fragment directs endothelial and neural crest expression of lacz

in transgenic mouse embryos. Expression is first seen at 7.5 dpc (A) in presumptive

neural crest cells (NC) in what will become the embryo s head. At 8.0 dpc (B and C) the

first endothelial expression can be seen in the yolk sac and the dorsal aortae (DA). At 8.5

dpc (D) the staining can be seen along the entire length of the dorsal aortae and in the

endocardium (EC) within the heart. By 9.0 dpc (E) the lacz expression pattern clearly

marks the vascular plexus in the yolk sac. At 9.5 dpc (F) staining is seen throughout the

entire endothelium, the branchial arches, craniofacial mesenchyme, and dorsal root

ganglia (DRG). A transverse section of a 9.5 dpc X-Gal-stained embryo (G) shows lacz

expression in the inner endothelial lining of the cardinal veins (CV), the dorsal aortae, the

heart, and several smaller blood vessels. Neural crest cells of the branchial arches (BA)

can also be seen to stain strongly in this section (G). X-Gal stained vessels dominate the

11.5 dpc transgenic embryo (H), and at 13.5 dpc most of the internal organs are blue due

to the abundance of X-Gal stained endothelial cells (I) L, liver; LA, left atrium; LV left

Ventricle; RA, right atrium; RV, right ventricle
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Figure 10

(A) Schematic representation of the evolutionary conservation contained within

the 5.6 Kb fragment, which contains a neural crest enhancer and an endothelial enhancer.

Mouse/human homology is highlighted in green, mouse/chick homology is highlighted in

pink, and mouse/pufferfish homology is highlighted in red. (B) Schematic representations

of the lacz transgene constructs used to define the minimal endothelial and neural crest

enhancers. Again, mouse/human homology is highlighted in green, mouse/chick

homology is highlighted in pink, and mouse/pufferfish homology is highlighted in red.

The HSP68 promoter is represented by the blue arrow and the lacz reporter gene is

designated in blue.
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Figure 11

Deletional analysis of the 5.6 Kb fragment revealed two separate enhancers: an

endothelial enhancer and a neural crest enhancer. The 120 Kb GS133 lacz transgenic

BAC (A) directs expression to all tissues that express me■ 2c including the myocardium

(MC) of the heart, the branchial arches (BA), the myotomal compartment of the somites

(S), and the vasculature. The full length 5.6 Kb-HSP68lacz construct (B) directed

expression to the endothelium and neural crest in five out of six lines tested. The 2.1 Kb

HSP68lacz construct (C) directed expression to the endothelium and neural crest in one

out of one line tested. The 889 bp-HSP68lacz construct (D) directed expression only to

the endothelium in two out of five lines tested. The 1.2 Kb-HSP68lacz construct (E and

F) directed expression to the neural crest including the branchial arches, dorsal root

ganglia (DRG) and melanocytes (Me) in four out of eight lines tested. The 5.6 Kb A44

HSP68lacz construct (G) directed expression to the neural crest in seven out of eight

lines tested. The 889 bp A44-HSP68lacz construct (H) cannot direct expression to either

the endothelium or neural crest in any of the ten lines tested. The 44 bp-HSP68lacz

construct (I) directed expression to the endothelium in three out of sixteen lines tested.
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Figure 12

Schematic representation of the 44 bp constructs. (A) The 44 bp of mouse/puffer

fish homology includes two conserved consensus ETS-binding sites shown in red (ETSA

and ETS B), a conserved consensus bhLH binding site shown in blue (E Box), and a

partially conserved consensus NFAT site that could also be an imperfect ETS-binding

site shown in green (NFAT/ETS). (B) Each 44 bp module of the 3X 44 bp ETS only

construct was created by leaving the conserved ETS A and ETS B sites intact, but

randomizing the 23 base pairs of sequence in between (randomized sequence) shown in

gray.
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Figure 13

Electrophoretic mobility shift assays using a truncated ETS-1 protein, which lacks

the ETS-1 autoinhibitory region, show that the ETS A and ETS B sites are bona fide

ETS-binding sites that the ETS-1 protein is capable of binding to. The truncated ETS-1

protein was transcribed and translated in vitro and incubated with radiolabeled double

stranded oligonucleotides representing the control stromelysin ETS site (lanes 1 and 2),

the conserved ETS A site (lanes 3-7), or the conserved ETS B site (lanes 8-12). ETS-1

efficiently bound to all three sites (lanes 2, 4, and 9). Binding of ETS-1 to the ETS A site

was specifically competed by an excess of the unlabeled ETS A probe (lane 5) and by an

excess of the unlabeled stromelysin ETS site (lane 7), but not by a 100-fold excess of the

mutant ETS A site (lane 6). Likewise, Binding of ETS-1 to the ETS B site was
-

specifically competed by an excess of the unlabeled ETS B probe (lane 10) and by an

excess of the unlabeled stromelysin ETS site (lane 12), but not by a 100-fold excess of

the mutant ETS B site (lane 11). In samples where ETS-1 proteins were not included

(lanes 1, 3 and 8), an equal amount of unprogrammed reticulocyte lysate was included.

Lysate-derived, nonspecific mobility shifts are noted.
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Figure 14

The me■ 2c endothelial enhancer is dependent on ETS and bhLH binding sites for

expression in vivo. Representative 9.5 dpc embryos are shown unless otherwise

indicated. The wild type full-length 5.6 Kb fragment directs expression to neural crest

cells of the branchial arches, craniofacial mesoderm, and DRGs as well as to the entire

endothelium (A). We mutated the ETS sites and E-Box in the context of this full 5.6 Kb

fragment so that the neural crest expression pattern directed by the 1.2 Kb neural crest

enhancer (B) would serve as an internal positive control for transgene expression.

Mutation of both conserved ETS-binding sites (ETS A/Bmut) completely eliminated

endothelial expression (D). Mutation of the conserved E-Box (E-Box mut) eliminated

most of the endothelial expression, especially expression in the trunk and tail (E). A

construct consisting of three tandem repeats of the wild type 44 bp enhancer cloned into

the HSP68-lacz reporter plasmid (3X 44 bp) directs exceedingly strong expression to the

endothelium in five out of nine transgenic lines tested (C). However, randomization of

the 23 base pairs between the two conserved ETS-binding sites in the context of the same

triple repeat in the HSP68-lacz plasmid (3X 44bp ETS only) resulted in nine separate

transgenic lines, none of which expressed lacz in the endothelium (F). The embryo with

the most 3-Gal staining out of the nine lines is shown.
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Figure 15

Schematic representations of the 44 bp constructs used to define the minimal

sufficient endothelial enhancer. (A) The 44 bp of sequence that was conserved between

mouse and pufferfish was cloned into the HSP68lacz reporter plasmid alone and was

sufficient to direct expression to the endothelium. (B) In order to make the 3X44 bp ETS

only construct, the conserved ETS A and ETS B sites were left intact, but the 23 base

pairs of sequence between the two sites were randomized; destroying the E-Box,

NFAT/ETS site, and any other regulatory sequences that may have existed between the

two conserved ETS sites. Three tandem repeats of this 44 bp sequence were cloned

upstream of the HSP68lacz reporter plasmid to make the 3X 44 bp ETS only construct.
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Chapter 5

Future Directions
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Investigating the Regulation and Function of Me■ ?c in Vascular Smooth Muscle

Before I began my research on the transcriptional pathways involving the me■ 2c

gene during vascular development, we knew close to nothing about the role of MEF2C in

either smooth muscle or endothelial cells. We now know that a MEF2 transcription factor

is necessary for expression of the HRC gene in arterial smooth muscle and that a 44 bp

enhancer that contains two necessary ETS-binding sites and a necessary E-Box regulates

endothelial expression of me■ 2c. However, there is still a lot that we do not know. For

instance, how is mef.2c regulated in vascular smooth muscle? In our search for regulatory

elements using evolutionary conservation we discovered several tissue-specific

enhancers, but we did not identify a smooth muscle enhancer. We are still looking for

smooth muscle enhancers from the me■ 2c gene, especially now that a transcriptional

target for MEF2C has been identified in arterial smooth muscle.

We would also like to find other targets of MEF2C in vascular smooth muscle

cells now that HRC has been identified as a bona fide target. While the vast majority of

smooth muscle genes studied so far have been shown to be transcriptionally regulated by

the MEF2-related transcription factor SRF, most of these genes are part of the contractile

complex, for example: SM220 and smooth muscle alpha actin (114-117). The HRC gene

however, is not a part of the contractile complex. Although we do not yet know the true

function of HRCBP, we believe that it plays a role in calcium handling in smooth muscle,

and it will be interesting to see if other proteins involved in calcium uptake and release,

such as the ryanodine receptor, are also regulated by MEF2 and not SRF.

y
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Searching for a MEF2 Target in Endothelial Cells

While we now know of at least one target of MEF2 transcription factors in

smooth muscle, we still do not know what the exact role of MEF2 is in endothelial cells.

Based on the role of MEF2 factors in cardiac and skeletal muscle, we assume that

MEF2C and possibly other MEF2 factors are serving as transcriptional activators of a

number of endothelial-specific genes necessary for the function of differentiated

endothelial cells. However, nobody has yet described a MEF2 target in endothelial cells.

Before we can truly know what MEF2C is doing in endothelial cells, we will have to

discover which genes it is controlling the expression of, when it is turning these genes on,

and what the effects of this transcriptional regulation are on endothelial cells. This is why

it is important to discover MEF2 targets in endothelial cells. One possible way to identify

such targets would be to culture human umbilical vein endothelial cells (HUVECs) and

transfect them with a me■ 2c expressing plasmid. We could use a microarray to compare

me■ 2c-transfected HUVECs with empty vector-transfected HUVECs and look for genes

that are upregulated upon me■ 2c transfection. We would then look for conserved MEF2

sites in likely promoters and enhancers in genes that look like promising candidates and

follow the same methodology that we used to identify HRC as the first vascular smooth

muscle MEF2 target in Chapter 2.

Defining All of the Transcriptional Regulators From the 44 bp Enhancer

In this dissertation, I have described how we defined a necessary and sufficient 44

bp me■ 2c endothelial enhancer. We then identified within this minimal enhancer two

conserved ETS-binding sites that, if mutated simultaneously, completely ablated the
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ability of the enhancer to direct expression to endothelial cells. We also identified a

conserved E-Box within the 44 bp enhancer, which we found was necessary for most of

the endothelial expression directed by the enhancer. In addition to these three sites, we

have identified a consensus NFAT-binding site that could also be an imperfect ETS

binding site. These sites are not completely conserved between mouse and pufferfish, and

we have not yet determined whether they are necessary for enhancer function. So, while

we have found a very small minimal enhancer and a few necessary transcription factor

binding sites, many questions remain to be addressed in order to fully define the

transcriptional regulation of the me■ 2c gene in endothelial cells.

First, we have to test each of the conserved ETS-binding sites in vivo to

determine which of the two sites are necessary, if both are necessary, or if both sites are

partially necessary. Once we determine which ETS sites are truly necessary, we will then

want to determine which ETS transcription factor is binding to the site and is responsible

for the regulation of transcription. Likewise, we still do not know which bhLH

transcription factor is binding to the E-Box and regulating transcription, or if the E-Box is

even functional. To determine the specific transcription factors that are binding to our

necessary binding sites, we are currently performing an EMSA analysis of all of these

sites, but quite often, several transcription factors in a family will bind the same site in an

EMSA. In addition, EMSAs are in vitro assays, which may not give us a completely

accurate picture of what is happening in vivo. Specific transcription factors could also be

identified in co-transfection studies where different transcription factors are expressed in

10T1/2 fibroblasts co-transfected with the 44 bp enhancer in a reporter plasmid. In these

studies, one can measure the activation potential of several transcription factors relative
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to a specific enhancer. Cell culture experiments are a little closer to representing what is

happening in vivo, but still cannot take into account many of the variables that exist in a

living animal.

Another method that would help us understand which particular factors are

regulating transcription is Chromatin Immunoprecipitation (ChIP). ChIP is a technique

that can be used to determine whether a specific transcription factor is bound to a specific

genomic location in vivo. This technique could be useful because we could test a number

of different ETS and bhLH proteins to discover which particular ETS and bhLH family

members are bound to the 44 bp enhancer in vivo. ChIP could also potentially tell us if

any of the NFAT proteins can bind the 44 bp enhancer, and thereby settle the issue of

what kind of transcription factor is binding at the partially conserved NFAT/ETS-binding

site. However, we still haven t determined whether this site really is important for

enhancer function in vivo. We are currently testing the necessity of the NFAT/ETS

binding site by making a mutation in this site that would disrupt both NFAT and ETS

factor binding in the context of the 5.6 Kb fragment and testing the enhancer activity in

transgenic mouse embryos.

Although we have looked very carefully at the 44 bp sequence and believe that we

have found all of the important known transcription factor binding sites contained within

this minimal enhancer, we still cannot rule out the possibility that there are some as yet

unknown transcription factor binding sites in the 44 bp. To address this issue and

potentially find novel transcription factor binding sites, we are currently performing a

Yeast-One-Hybrid screen, using a three-copy tandem repeat of the 44 bp element as bait

and a 9.5 dpc cardiac library (including endocardium) as prey. In the Yeast-One-Hybrid
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experiment we seek to identify every transcription factor that binds to the 44 bp element,

whether or not the binding site for the factor is known. In addition, for proteins like the

ETS factors, the Yeast-One-Hybrid could tell us which specific family members are

regulating endothelial expression, something that cannot be known by the binding site

sequence alone.

Importance of a Completely Defined Endothelial Enhancer

As mentioned earlier in this chapter, we are currently trying to find every

transcription factor that binds to the 44 bp enhancer and plays a role in regulating

expression of the me■ 2c gene in endothelial cells. By discovering a necessary and

sufficient enhancer that is only 44 bp in length, we feel that we are in a unique position to

discover all of the regulatory elements that are playing a role through this endothelial

enhancer. This is an exciting prospect for two reasons. First, by defining all of the

regulatory elements necessary for directing expression of me■ 2c to the endothelium, we

will have the most complete picture of how an endothelial gene is regulated to date.

Using all of the techniques I have outlined above, in conjunction with such a small

enhancer to search, we should be able to define all of the necessary transcription factors

involved and use this knowledge to better understand the entire transcriptional complex

for this enhancer.

The second reason that we are excited by the prospect of finding all of the

necessary regulatory elements for the endothelial enhancer is because there is the

possibility that the 44 bp enhancer contains a particular combination of binding sites that

may be present in the enhancers of other developmental endothelial genes. Once we
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determine the exact combination of transcription factors necessary for the 44 bp enhancer

activity, we can look at other known endothelial genes and try to find the same

combination of binding sites in their enhancers. In addition, we hope to create an

algorithm that will be able to search the mouse genome for this same combination of

binding sites even if they do not appear in the same exact order as they do in the 44 bp

element. In this way, we will attempt to discover new endothelial genes and new roles in

the endothelium for some already well-known genes.
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Materials and Methods

Cloning, Plasmids, and Mutagenesis.

A 2,726-bp fragment of the human HRC gene encompassing the region from

—2609 to +117 relative to the transcriptional startite was subcloned from a lambda GT10

genomic library as a Sall-Psp1406I fragment into Sall-Clal-cleaved pbluescript SKII(+),

using standard techniques. The resulting product was further subcloned into the

promoterless lacz reporter plasmid AUG-Š-gal (118) to create the plasmid HRC-lacz for

generation and analysis of transgenic mice and for transfection analyses. The 2,726-bp

product was also subcloned into pCAT-Basic (Promega) to create plasmid HRC-CAT for

transfection analyses comparing expression in fibroblasts, myoblasts, and myotubes. The

myogenin promoter and enhancer (–1565 to +18) cloned intoplasmid pCAT-Basic to

create plasmid pVYO1565CAT has been described elsewhere (81). A 3.8-kb fragment of

the mouse smooth muscle a-actin (SMaa) promoter and enhancer, including 1.1 kb of

upstream sequence and 2.7 kb from the first intron, was amplified from genomic DNA

using the primers SMaa forward and SMaa reverse (Table 1). This fragment was

confirmed by sequencing and was cloned into plasmid AUG-Š-gal for transfection

analyses. This construct is nearly identical to the rat SMaa promoter and enhancer, which

has been described previously (116). The expression plasmids pCDNA1.MEF2A and

pCDNA1.MEF2C are also described elsewhere (119). Plasmid pCCN.SRF contains the

mouse SRF cDNA under control of the cytomegalovirus promoter (120). The MEF2

mutation in the HRC enhancer was generated using the PCR mutagenesis technique of

gene splicing by overlap extension (gene SOEing) (121) to create the mutant sequence:
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HRC MEF2 mut (Table 3) in the context of the full-length 2,726-bp HRC fragment. The

entire sequence of the mutant fragment was confirmed by sequencing on both strands.

The GenBank accession numbers for the sequences of the human and mouse HRC

enhancers are AY321454 and AY321455, respectively.

A 5,550-bp fragment of the mouse me■ 2c gene from within intron 5 (F10) was

PCR-amplified from bp 77,569 to bp 83,118 of the GS133 BAC with Xmal restriction

sites engineered into both ends of the PCR product (Table 1). This 5.6 Kb fragment, was

cloned as an Xmal fragment into an Xmal-cleaved pPluescript SKII(+) plasmid, using

standard techniques. The resulting product was then subcloned into the transgenic reporter

plasmid HSP68-lacz (94) for generation and analysis of transgenic mice. Mutations were

introduced into the wild-type 5.6 Kb endothelial enhancer fragment by PCR gene SOEing

as described above to create mutant sequences within the context of the 5.6 Kb fragment

(Table 3). The sequence of each mutant fragment was confirmed by sequencing on both

strands. The 2.1 Kb, 1.2 Kb, and 889 bp subfragments were generated by various

restriction digests of the 5.6 Kb fragment and also cloned into the HSP68-lacz reporter

plasmid. The 44 bp, 3X 44 bp and 3X ETS only 44 bp constructs were created by

annealing complementary primers with overhangs at both ends to facilitate cloning into

the HSP68-lacz reporter plasmid. The primers used to make these constructs are found in

Table 2.

Fragments 1-7 and 9 were PCR-amplified from the GS 133 BAC with primers

engineered to create either Xmal sites or XhoI and Sall sites at the ends of the PCR

amplified fragments (Table 1). The fragments with Xmal sites at their ends were first

cloned into an Xmal-cleaved pBluescript SKII(+) plasmid, and then subcloned into an
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Xmal-cleaved HSP68-lacz transgenic reporter plasmid. The fragments with a XhoI site at

one end and a Sall site at the other were first cloned into a XhoI/Sall-cleaved pBluescript

SKII(+) plasmid, and then subcloned into an XhoI-cleaved HSP68-lacz transgenic

reporter plasmid, leaving the XhoI site at the 5 end intact, but destroying the XhoI and

Sall sites at the 3 end.

Generation of Transgenic Mice

Transgenic reporter fragments were digested and gel purified using standard

techniques and were suspended in 5 mM Tris-Cl, 0.2 mM EDTA (pH 7.4) at a

concentration of 2 ng/l for pronuclear injection as described previously (83). Injected

embryos were implanted into pseudopregnant CD-1 females, and embryos were collected

at indicated time points for transient analysis or were allowed to develop to adulthood for

establishment of stable transgenic lines. DNA was extracted from the yolk sac and

amnion of embryos or from tail biopsies from mice by digestion in tail lysis buffer (100

mM NaCl, 25 mM EDTA, 1% sodium dodecyl sulfate, 10 mM Tris-Cl, 200 g of

proteinase K/ml; pH 8.0) at 56;C overnight. Digested samples were extracted once with

phenol-chloroform and ethanol precipitated. DNA preparations were digested with

EcoRV and analyzed by Southern blotting using a radiolabeled lacz probe. All

experiments using animals complied with federal and institutional guidelines and were

reviewed and approved by the UCSF Institutional Animal Care and Use Committee.
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X-Gal Staining and Immunohistochemistry

§-Galactosidase expression from lacz transgenic embryos, embryonic tissues, and

adult tissues was detected by 5-bromo-4-chloro-3-indolyl-Š-D-galactopyranoside (X-Gal)

staining as described previously (95). Some embryos were dehydrated in ethanol and

cleared for 1 to 3 h in a 1:1 mixture of benzyl alcohol and benzyl benzoate prior to

photography for better visualization of staining under the skin. For transverse sections,

embryos were collected at either 9.5 or 11.5 days postcoitum (dpc), fixed, and stained

with X-Gal. Following staining, the embryos were fixed in 4% paraformaldehyde in

phosphate-buffered saline (PBS), rinsed, and dehydrated with a series of ethanol washes

(70 to 100%) followed by three brief washes in xylene. Samples were then mounted in

paraffin, and transverse sections were cut at a thickness of 5 m using a Leica RM 2155

microtome and mounted on glass slides. Sections were counterstained with Nuclear Fast

Red to visualize embryonic structures. For antibody staining, embryos were collected,

fixed, and sectioned as described above. The sections were rehydrated through a series of

ethanol washes (100 to 70%) and then were placed in PBS for 5 min. The sections were

then blocked for 20 min in 3% normal goat serum diluted in PBS. Incubation in both

primary antibodies was performed concurrently for 1 h at room temperature in a humid

chamber. Mouse monoclonal anti-skeletal muscle myosin (MY-32; Sigma) and rabbit

anti-Š-galactosidase (ICN) were diluted 1:300 in 3% normal goat serum. Following

incubation with the primary antibodies, the sections were washed three times for 10 min

each with PBS. The secondary antibodies, Oregon Green-conjugated goat anti-rabbit

(Molecular Probes) and tetramethyl rhodamine isocyanate (TRITC)-conjugated anti

mouse (Sigma), were diluted 1:300 into 3% normal goat serum and incubated for 1 h at
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room temperature in a humid chamber in the dark, followed by three washes in PBS.

Slides were mounted using a SlowFade Light antifade kit (Molecular Probes) and

photographed on a fluorescence microscope.

Cell Culture, Transfections, and Reporter Assays

C3H10T1/2 (10T1/2) cells were maintained in Dulbecco modified Eagle medium

(DMEM) supplemented with 10% fetal calf serum. C2C12 myoblasts were maintained in

DMEM plus 15% fetal calf serum. For generation of myotubes, C2C12 cells were

maintained in DMEM plus 2% horse serum as described previously for the transfection of

myotubes (122). Transfections were performed by calcium phosphate precipitation in 60

mm-diameter dishes as described elsewhere (95). In transfections of the reporter plasmid

only into 10T1/2 cells, C2C12 myoblasts, and C2C12 myotubes, 10 g of the HRC-CAT

reporter (–2609 to +117), the myogenin-CATreporter (pMYO1565CAT), pCAT-Basic

(Promega), or a constitutively active simian virus 40 (SV40)-CAT plasmid were used.

Within each cell type, transfections were normalized as described previously (122). To

account for differences in transfection efficiencies between the different cell types, the

activity of SV40-CAT was set to 100% in each set of transfections for each cell type, and

the data are expressed as a percentage of the activity obtained with SV40-CAT in that cell

type. The activity of SV40-CAT is roughly equivalent among the three cell types used in

these studies when normalized for transfection efficiency (122). For trans-activation

analyses, 5 g of HRC- lacz or the SMaa-lacz reporter was transfected along with either 5

g of pcDNA1.MEF2A, 5 g of pcDNA1.MEF2C, or 5 g of pcDNA1.SRF expression
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plasmid by calcium phosphate precipitation. In samples where a cDNA expression

plasmid was not transfected, an equal amount of the parental pCDNA1/amp expression

vector (Invitrogen) was transfected. For chloramphenicol acetyltransferase (CAT) assays,

transfected cells were harvested, and cellular extracts were prepared by sonication, heat

inactivated, and normalized as described previously (123). CAT activity was determined

as described previously (124). Reactions were conducted for 5 h at 37;C. Conversion to

acetylated forms was analyzed by thin-layer chromatography and quantitated by

phosphorimager analysis (Molecular Dynamics, Inc.). For Š-galactosidase assays,

transfected cells were harvested and cellular extracts were prepared by sonication and

normalized as described previously (95). Chemiluminescent Š-galactosidase assays were

performed using the luminescent Š-gal kit (Clontech) according to the manufacturers
recommendations, and relative light units were detected using a Tropix TR717 microplate

luminometer (PE Applied Biosystems).

Electrophoretic Mobility Shift Assays

DNA-binding reactions were performed as described previously (95). Briefly,

double-stranded oligonucleotides for use in binding reactions were labeled with

(*P)dCTP using Klenow to fill in overhanging 5’ ends and purified on a nondenaturing

polyacrylamide-Tris-borate-EDTA gel. Binding reactions were preincubated at room

temperature in 1x binding buffer (40 mM KC1, 15 mM HEPES (pH 7.9], 1 mM EDTA,

0.5 mM dithiothreitol, 5% glycerol) containing 2 g of reticulocyte lysate containing

recombinant MEF2A, SRF, or ETS-1 protein or 2 g of unprogrammed reticulocyte
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lysate, 1 g of poly (dl-dc.), and competitor DNA (100-fold excess where indicated) for

10 min prior to probe addition. Recombinant MEF2A, SRF, and AN336ETS-1 proteins

were generated from plasmid pCDNA1.MEF2A, plasmid pCDNA1.SRF, and plasmid

pCITE2.AN336ETS-1 by transcribing with T7 polymerase and translating in vitro using

the TNT Quick coupled transcription-translation system as described in the

manufacturer’s directions (Promega). Reaction mixtures were incubated an additional 20

minutes at room temperature after probe addition and electrophoresed on a 6%

nondenaturing polyacrylamide gel. The oligonucleotides for the myogenin MEF2 site and

a mutant form of that site have been described previously (82). The oligonucleotides for

the SMaa intronic CArG box and a mutant form of that site have also been described

previously (116). The sense-strand sequences of the oligonucleotides used for

electrophoretic mobility shift assays (EMSAs) are found in Table 3. The stromelysin

ETS-1 control wild-type and mutant binding site oligonucleotides were adapted from

previously described sequences (113) and the sense strand sequences can be found in

Table 3.
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Table 1: Primer Sequences

SMaa forward: 5'-ACACCATAAAACAAGTGCATGAGC-3'

SMaa reverse: 5'-GCAGCGTCTCAGGGTTCTGCA-3 ''

F1 forward: 5'-AGTGGGAAGCATAAGGCCCGGGAACTCTGAT-3 '

F1 reverse: 5'-ATGGTACCGTGTATGGTGGTCCCGGGAATGT-3 '

F2 forward: 5'-CATAGATATGACTCGAGGTGACTTGAATTGAATTG-3 ''

F2 reverse: 5'-AGGATGAGGTCGACTATAAATATTTGCTTTAGAAC-3

F3 forward: 5'-TTTGCCTATTGATTACTTTGTCCCGGGTTATTC–3 '

F3 reverse: 5'-AAGGTGATTGTCTCTATAAAGCCCGGGATTGTA-3 '

F4 forward: 5'-CTATTGGTCAGAAGGAAGATCTCGAGTTCAGAAG-3 '

F4 reverse: 5'-CTAGGCAAATTTCCTTATATTTATGTCGACAAA-3 '

F5 forward: 5'-TAAAAAACAGACCCCCCTCGAGACTCCACCAGCG-3

F5 reverse: 5'-TACTATAATGTAGAAGATACAAGAGTCGACAATA-3 '

F6 forward: 5'-AAGCCACCAGTTTCTTTGTCTCGAGGTATTTAT-3 '

F6 reverse: 5'-TTACCTGCCATGCACTTGCTTTAGGTCGACTTT–3 '

F7 forward: 5'-CTTTCAAACAAACCCGGGAGTAGAAAG-3 '

F7 reverse: 5'-AGCCAGTTTCCCGGGTTCATCAGG-3 '

F9 forward: 5 ' —TTGATTCCCGGGTGATGAGTCTA-3 '

F9 reverse: 5'-GGTTTTCTTCCCGGGTATTCTCC–3 '

F10 forward: 5'-CATCTCCTTTTCCCGGGGTTTCC–3 '

F10 reverse: 5 ' –CCTTCTCCCGGGCCCATCTCTGT-3 '
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44bp

44bp

44bp

44bp

44bp

44bp

Table 2:44bp Oligonucleotide Sequences

CI for :

CI rev:

CII for :

CII rev:

CIII for :

CIII rev :

5'-TCGAGCAGGAAGCACATTTGTCTACGCTTTCCTGTCATAACAGGAAGAGA-3 ''

5’-AGCTTCTCTTCCTGTTATGACAGGAAAGCGTAGACAAATGTGCTTCCTGC–3 *

5’-AGCTTCAGGAAGCACATTTGTCTACGCTTTCCTGTCATAACAGGAAGAGCTGCA-3”

5’ – GCTCTTCCTGTTATGACAGGAAAGCGTAGACAAATGTGCTTCCTGA-3 *

5 * –GCAGGAAGCACATTTGTCTACGCTTTCCTGTCATAACAGGAAGAGC-3'

5 * – CCGGGCTCTTCCTGTTATGACAGGAAAGCGTAGACAAATGTGCTTCCTGCTGCA–3 *

ETS only 44bp CI for: 5’ TCGAGCAGGAAGCATGTAACCGCAGAGATGCAGTTATTAACAGGAAGAGA-3 '

ETS only 44bp CI rev: 5’ –AGCTTCTCTTCCTGTTAATAACTGCATCTCTGCGGTTACATGCTTCCTGC-3'

ETS only 44bp CII for:

5'-AGCTTCAGGAAGCATGTAACCGCAGAGATGCAGTTATTAACAGGAAGAGCTGCA-3 *

ETS only 44bp CII rev: 5’ –GCTCTTCCTGTTAATAACTGCATCTCTGCGGTTACATGCTTCCTGA-3”

ETS only 44bp CIII for: 5’ –GCAGGAAGCATGTAACCGCAGAGATGCAGTTATTAACAGGAAGAGC-3'

ETS only 44bp CIII rev:

5 * – CCGGGCTCTTCCTGTTAATAACTGCATCTCTGCGGTTACATGCTTCCTGCTGCA–3 *
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Table 3: Mutant and EMSA Sequences

Point Mutant Sequences:

HRC MEF2 mut 5' — CCTCCGAGCTGGATCCTCCGCCCTGGCCTAG-3 ''

ETS A point mutant: 5’-AGTTACTCTCTTCTAGATATGACA-3'

ETS B point mutant: 5’-CAAATGTGGGCCCTGAGTTAGCT-3'

ETS A/B point mutant:

5'-AGTTACTCTCTTCTAGATATGACAGGAAAGCGTAGACAAATGTGGGCCCTGAGTTAGCT-3 '

E-Box point mutant: 5’-AAAGCGTAGATCTATGTGCTTCCTGAGTTAG-3 ''

EMSA sense-strand sequences:

wild-type MEF2 site, 5'-TCCCAGCTGTATTTATAGCCCTGGCCTAGCCCA-3 ';

mutant MEF2 site, 5'-TCCCAGCTGGATCCTCCGCCCTGGCCTAGCCCA-3 ';

wild-type ETS A site, 5'-AGTTACTCTCTTCCTGTTATGACA –3 ';

mutant ETS A site, 5' – AGTTACTCTCTTCTAGATATGACA – 3 ;

wild-type ETS B site, 5'-CAAATGTGCTTCCTGAGTTAGCT –3 ';

mutant ETS B site, 5'-CAAATGTGGGCCCTGAGTTAGCT -3 '' .

wild-type stromelysin ETS site, 5'-GTCGAGCAGGAAGCATTTCCTGGTCGA-3 ';

mutant stromelysin ETS site, 5'-GTCGAGCAACAAGCATTTGTTGGTCGA-3 ''.
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