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ABSTRACT

Transcription factors are a class of proteins that function to regulate the

expression of genes.  During early development, their role is to provide the precise order

of activation or suppression of genes that are required for the formation of an embryo. A

major goal of a developing embryo is to establish a complete body plan that includes the

development of all of the organ systems.   Thus it is paramount that the correct genes are

switched on or off to insure that all organ systems form.

Our studies investigate the role of several transcription factors involved in

coordinating the expression of genes that are essential for the development of skeletal

muscle and blood vessels.

In the formation of skeletal muscle, a class of transcription factors called the

myogenic regulatory factors (MRFs) is known to promote the induction of the structural

genes that comprise the skeletal muscle.  In fact, the MRF family member, MyoD, has

been termed the “master regulator” of skeletal muscle gene expression.  However, a

recently discovered transcription factor, MASTR, has been suggested to play a role in

skeletal muscle development.  Our studies of MASTR are the first to demonstrate that, in

vivo, MASTR is necessary and sufficient to activate genes involved in the formation of

skeletal muscle.  Furthermore, MASTR cooperates with MRFs to induce skeletal muscle

genes and therefore places MASTR among a group of transcription factors, such as the

MRFs, that are essential regulators of skeletal muscle development.
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In vascular development, the Flk-1 gene is critical to the formation of blood

vessels.  Mice lacking Flk-1 do not produce angioblasts, the precursor cells that give rise

to the endothelial cells that make up blood vessels.   In our efforts to understand the

regulation of this important vascular gene, we have discovered a new function of the

Kruppel-like transcription factor 2 (KLF2) to activate Flk-1 expression.  Moreover, we

have identified a new Ets transcription factor (Etsrp) capable of inducing Flk-1

expression alone and in cooperation with KLF2.   These findings uncover a novel

mechanism by which KLF2 and Etsrp act to promote the expression of Flk-1 during

embryonic vascular development.
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CHAPTER 1:  EMBRYONIC TRANSCRIPTIONAL REGULATION

1.1. Introduction

Transcription is a fundamental, biological process innate to living organisms.  It is

defined as the process by which DNA is transcribed into RNA, and it is the means by

which cells express their genes.  Genes are embedded within the primary sequence of the

DNA and are the genetic toolkit that enable an organism to successfully carry out those

processes required for its development.  In general, a gene is composed of several parts: a

coding region that will subsequently be translated into a protein, non-coding sequences

called introns and non-coding regulatory sequences.  Contained within the regulatory

sequences is the instructions carried by each gene that regulates its expression.

A key regulatory region within any given gene is the promoter.  This region contains

a specific DNA sequence, called a TATA box that assists in the initiation of RNA

synthesis.  Transcription is performed by an enzyme called RNA polymerase. In

eukaryotes there are several types of RNA polymerases, however RNA polymerase II

transcribes the majority of genes, including all those that encode proteins.  RNA

polymerase II by itself is unable to initiate transcription.  It requires the aid of a class of

proteins called transcription factors.  More specifically, RNA polymerase II utilizes

general transcription factors that recognize the TATA box and facilitate RNA
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polymerase’s location to and positioning on the promoter. These general transcription

factors, also termed TFII (transcription factors for polymerase II), are defined so because

they assemble on all promoters used by RNA polymerase II (Alberts et al., 2002).

In order for RNA polymerase II and the general transcription factors to access the

promoter, they must overcome the challenging task of binding DNA that is tightly

packaged in chromatin.  To overcome this problem, the cell employs chromatin-

modifying enzymes, such as chromatin remodeling complexes and histone acetylases that

can change the structure of the nucleosome (a core of histone proteins tightly bound by

DNA) so that the DNA is bound less tightly to histones.  In addition, there are

transcription activating proteins that contribute to the accessibility of the promoter region.

These activating transcription factors bind to specific sequences in the non-coding

regulatory regions of genes and attract RNA polymerase II and the general transcription

factors to the transcriptional start site.

For this reason non-coding regulatory regions in genes and the activating

transcription factors that bind them are not only important to RNA synthesis, but also

represent an area where transcriptional regulation can occur (although not covered, it

should be noted that there are transcriptional repressors that can silence gene expression).

In fact, every gene contains specific regulatory regions that confer the precise spatial,

temporal and quanitative expression of that gene.  These regulatory regions are often
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called enhancers because they promote transcription, and interestingly can be located

thousands of nucleotides upstream or downstream from the start of transcription.

Within an enhancer are specific DNA sequences that are recognized by activating

transcription factors.  These transcription factors physically bind DNA to recruit the

transcriptional machinery.  Enhancers are most often occupied by groups of transcription

factors each tethering to their own specific DNA sequences while physically associating

with other transcription factors.  There are also non-DNA binding transcription factors

that attach to DNA-bound transcription factors.  It is a combination of all of these

contacts between the different types of transcription factors and DNA that contribute to

the stabilization of the transcriptional machinery on the promoter (Fig.1)

  

Subsequently, each gene uses its own unique set of regulatory sequences and

transcription factors to ensure its expression is at the necessary levels, place and time.  In

a developmental context, an embryo utilizes this form of transcriptional regulation to

generate proper organ development (eg., transcriptional regulation during heart formation

to make certain that  heart genes are turned on and not neural genes, and that  individual

heart genes are expressed at the precise levels and times during its development).  Our

studies focus on understanding the transcriptional regulation involved in the formation of

skeletal muscle and blood vessels during embryonic development in Xenopus laevis, the

African clawed frog (transcription reviewed in Alberts et al., 2002).
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Figure 1.  Diagramatic representation of transcription initiation (Adapted from Alberts et
al., 2002).
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1.2. General introduction to embryology

During early development, an embryo goes through a process of highly coordinated

cell and tissue movements termed gastrulation.  As a result of gastrulation, cells within

the embryo become divided into three distinct tissue layers, or germ layers as they are

often called.  The three types of germ layers are the ectoderm, mesoderm and endoderm.

The ectodermal layer surrounds the embryo and will give rise to skin and neural tissues;

whereas the mesoderm will give rise to a variety of tissues that include the heart, kidney,

muscle, and blood.  The endoderm is the inner layer that forms the gut tube, liver,

pancreas, gallbladder and lungs.

Once the three germ layers are formed, they become subdivided into different

regions within the developing embryo.  For example, the mesoderm can be subdivided

into four regions:  1) The chordamesoderm which will give rise to the notochord.  2) The

paraxial mesoderm forms a series of block structures called the somites.  The cells of the

somite become bone, cartilage and muscle.  3) The intermediate mesoderm forms the

kidneys and gonads.  4) The lateral plate mesoderm gives rise to the heart, blood vessel

and blood cells of the circulatory system (Fig.2). It is the interaction between the different

germ layers and even between subdivisions of the same germ layer that establishes the

complex range of tissues and organs formed in a mature organism.  This process of

organogenesis is quite complicated but is described in great detail in other sources

(embryonic development reviewed in Gilbert, 2003).
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Figure 2.  Organization of the mesoderm during embryogenesis.  Mesoderm organization
is similar in vertebrates and depicted below (adapted from Gilbert, 2003).
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1.3.  Skeletal muscle biology

1.3.1.  Skeletal muscle development

As previously discussed, the skeletal muscle is derived from the subdivided

region of the mesoderm called the paraxial mesoderm (Fig.2).  The paraxial mesoderm is

also called the somitic dorsal mesoderm.  This second name is often used because it

describes the eventual fate and position of that particular region of the mesoderm.  Dorsal

is used to describe the location in the embryo (the back of the embryo, near the spine)

where the developing tissues form. The term somitic is applied because soon after the

formation of the paraxial mesoderm, cells in this region form a structure called the

somite.

The somite is an epithelialized block structure that forms adjacent to the neural

tube.  In fact, many somites are formed in an embryo and are created on both sides of the

neural tube (Fig.2).  Somitogenesis proceeds in an anterior to rostral fashion with the

number of somites formed being species specific.  As development progresses, the first

somites form at the anterior trunk region of the embryo, while subsequent somites “bud

off” of the paraxial mesoderm (Palmeirim et al., 1997; Durbin et al., 1998).

The somites then become specified along the anterior-posterior axis to form different

structures of the embryo.  For example, an anterior somite is specified to form a vertebrae

in the neck, while a more posterior somite will form a vertebrae plus a rib.  In the chicken
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embryo, an experiment was conducted that showed this specification before the presence

of such bone structures.  A somite that would give rise to a rib was transplanted into the

region that will form the neck, and a rib formed in the place of a vertebrae (Kieny, et al.,

1972).  Specification of the somites is accomplished by the interactions of several tissues.

Although not covered in detail, it is paracrine factors from different tissues that are

responsible for the specification of somites (reviewed in Gilbert, 2003).

Tissue interactions and secreted factors are involved in the determination of the

three tissue layers of a maturing somite: the sclerotome, myotome and dermatome.

While many different tissues are created from these three regions, it is the myotome that

produces the skeletal muscles.  Cells in the myotome divide and form a second layer of

cells just beneath.  This layer is composed of muscle precursor cells called myoblasts.

The myoblasts closest to the neural tube, in part due to signals form the neural tube and

notochord, will form the epaxial muscles (muscles of the back), while the myoblasts

farthest from the neural tube will receive signals from the ectoderm and lateral plate

mesoderm to form the hypaxial muscles (muscles of the body wall and limbs- Fan and

Tessier-Lavigne 1994; Johnson et al., 1994; Wagner et al., 2000; Schmidt et al., 2000).

In order for the epaxial and hypaxial muscles to develop, myoblasts derived from

the somite must undergo a series of stages (Fig.3).  The first step is the proliferation of

myoblasts.  Then the cells will align, division will stop and the cells will begin to fuse

with one another (Konigsberg 1963).  During this differentiation period muscle-specific
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genes are expressed and the fused cells develop into multinucleated myotubes.  Myotubes

are then organized into the fibers that make-up mature contracting muscles.  Throughout

this whole process several key factors are required; a major contributor to myogenesis is

the myogenic regulatory factors.  Subsequently, their roles during skeletal muscle

development will be examined in the next section.
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Figure 3.  A simplified diagram of myogenesis.  Paracrine factors and myogenic
regulatory factors initiate determination and myoblasts are formed.  Myoblasts then
proliferate.  In the absence of growth factors, cell division stops and the cells begin to
align and fuse together to form myotubes.  Muscle-specific genes are expressed and
myotubes organize into muscle fibers (adapted from Gilbert, 2003).
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1.3.2.  Moleculare biology of skeletal muscle development.

1.3.2.1. Myogenic regulatory factors.

Myogenic regulatory factors (MRF) are involved in the process of muscle

determination.  These factors are induced by paracrine factors and in essence decide what

cells will become myoblasts. There are four related genes expressed specifically in

skeletal muscle lineage:  MyoD, Myf5, myogenin and MRF4.  The proteins of this family

are basic helix-loop-helix (bHLH) transcription factors that bind to specific DNA

sequences called E-boxes (Murre et al., 1989).  Binding to DNA is mediated by the

bHLH domains of the proteins (Ma et al., 1994).  In addition, this domain is involved in

the interaction with other proteins, such as E-proteins.  In fact, MRFs alone are unable to

bind DNA; however, binding to E-proteins results in the formation of a heterodimer

capable of complexing on E-boxes and influencing gene transcription (Shirakata et al.,

1993).  Thus MRFs represent a model for understanding the molecular mechanisms

involved in myogenesis.  Given that MyoD and Myf5 are largely relevant to my current

research, their functions during skeletal muscle development will be emphasized.

MyoD and Myf5 function as specification factors in the earliest events of

myogenesis, prior to muscle cell differentiation (Buckingham, 2001).  Gene ablation

studies in mice demonstrated that MyoD and Myf5 homozygous null mice fail to form

skeletal muscle (Rudnicki et al., 1993).  A failure to form skeletal muscle was due to an

absence of myoblasts, thus suggesting their role in determining a myoblast cell fate.
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Interestingly, mice homozygous null for either gene displayed normal muscle formation

(Rudnick et al., 1992; Braun et al., 1992).  It is thought that either factor can compensate

in the absence of the other, since MyoD null mice show an approximately three fold

increase in Myf5 transcript levels (Rudnicki, et al., 1992).

MyoD and Myf5 roles as myogenic determination factors are thought to occur

through regulation of the cell-cycle and chromatin remodeling.  There is modest evidence

for their roles during the cell cycle (especially in vivo); however, in vitro studies suggest

that in the absence of MyoD or Myf5, myoblast cell growth is inhibited (Montarras et al.,

2000).  On the other hand there are several key studies that reveal a function of MyoD

and Myf5 in chromatin remodeling. MyoD has been shown to interact with subunits of

the chromatin-remodeling complex ATPase SWI/SNF, modifiy chromatin structure of

muscle genes and promote the conversion of fibroblasts into muscle cells (de la Serna et

al., 2001).  In addition, MyoD and Myf5 have been shown to remodel chromatin through

conserved domains in the proteins that are not conserved in myogenin (Gerber et al.,

1997). Therefore MyoD and Myf5 are involved in determining muscle fate of a cell,

while myogenin appears to encourage terminal differentiation. This is significant in the

sense that MRFs have separate functions during myogenesis.  Furthermore, MyoD can

interact with the chromatin modifiers histone transacetylases pCAF and CBP/300

(Sartorelli, et al., 1999; Polesskaya et al., 2000).
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Although extremely important to myoblast specification, MyoD and Myf5 also

have significant roles in the differentiation of skeletal muscles.  Both factors are strong

transcriptional activators of skeletal muscle gene expression.  When ectopically

expressed, they are capable of converting many non-muscle cell types into muscle, in part

by activating the transcription of many skeletal muscle differentiation markers (Davis et

al., 1987; Weintraub et al., 1989; Choi et al., 1990).  For example, in these types of in

vitro assays, MyoD can induce M-creatine kinase, troponin I, a-actin and a-acetylcholine

expression.  In frog studies, it has been shown that MyoD and Myf5 can induce many

skeletal muscle markers in naïve ectodermal tissues (Gaillard et al., 1998; Hopwood and

Gurdon, 1990; Hopwood et al., 1991; Theze et al., 1995) and in whole embryos (our

data).  It should be noted that although MRFs can activate many skeletal muscle genes,

each MRF appears to induce its own subset of genes (Chanoine et al., 2004; Mak et al.,

1992).  That is to say that the MRFs have overlapping, yet distinct sets of target muscle

genes.  This level of gene specificity may be due to affinity towards particular sites in the

regulatory regions (slight changes in the E-box sequence), inherent differences in the

transactivation domains and/or cooperating transcription factors.

1.3.2.2. Muscle transcription factors.

Another class of muscle transcription factors is the myocyte enhancer factor-2

(MEF2) family (reviewed in Black and Olson, 1998). There are four mammalian MEF2s:

MEF2A, MEF2B, MEF2C and MEF2D.  During early embryogenesis, the MEF2 genes
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mark the muscle lineage (Edmundson et al., 1994).  Transcripts can be detected

throughout the heart and in muscle cells within the somite.  Unlike the skeletal muscle

restricted MRFs, the MEF2 genes are expressed in a broad range of tissues that includes

the brain and spleen.

These pro-myogenic factors belong to the MADS superfamily of DNA-binding

proteins and bind to conserved A/T rich DNA sequences in regulatory regions of many

muscle genes.  MEF2 family members activate numerous muscle genes, such as M-

creatine kinase, myosin heavy chain and desmin (Martin et al., 1994; Li and Capetanaki,

1994) and have the ability to enhance the myogenic program in non-muscle cells co-

expressing MRFs (Kaushal et al., 1994; Molkentin et al., 1995).  In these same studies it

has been demonstrated that MEF2 family members synergize with MyoD to induce

myogenesis, and in the case of MEF2C this cooperation is mediated by its ability to bind

MyoD (Molkentin et al., 1995).  Moreover, E boxes are frequently found next to MEF2

binding sequences in regulatory regions of many muscle genes.  These studies and others

suggest that the MEF2 and MRF proteins function to establish a regulatory network that

promotes the differentiation of skeletal muscle.

A protein related to the MEF2 family of proteins is the MADS box transcription

factor, serum response factor (SRF).   SRF binds to DNA sequences called CArG boxes

(Norman et al., 1988; Treisman 1995).  The regulatory regions of many muscle genes

contain CArG boxes, and SRF binding to this DNA sequence regulates expression of
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skeletal, cardiac and smooth muscle genes (Norman et al., 1988; Miano, 2003; Owens et

al., 2004).  SRF is expressed in most tissues and null SRF mice fail to form mesoderm,

precluding the study of SRF function in skeletal muscle in vivo (Arsenian et al., 1998).

However, in 2004 Li et al., specifically inactivated SRF in skeletal muscles of mice and

showed that the mutant mice died during the perinatal period as a consequence of severe

hypoplasia in the skeletal muscle fibers.

In addition to its function as a DNA-binding transcription factor, SRF recruits

partner proteins to influence muscle gene transcription.  SRF cooperates with members of

the MRF and Myocardin family of transcription factors (reviewed in Puri and Sartorelli

2000; Pipes et al., 2006).  Numerous muscle regulatory regions contain CArG elements

next to an E-box (Sartorelli et al., 1990; Catala et al., 1995), and Sartorelli et al.,

demonstrated that MyoD-transcactivation of human cardiac a-actin was suppressed in the

absence of a CArG box.  Furthermore, SRF can physically associate with MyoD and

myogenin (Groisman et al., 1995), and a transcriptional complex comprised of MRFs,

SRF and Sp1 is associated with the human cardiac a-actin promoter (Biesiada et al.,

1999).

More recently, the ability of SRF to cooperate with myogenic transcription factors

has extended to the Myocardin family.  The myocardin family members include

myocardin and myocardin-related transcription factor A and B (MRTFA and B).  These

proteins are non DNA-binding cofactors that require an intereaction with SRF to strongly
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activate the expression of muscle genes in vivo (Wang et al., 2001; Wang et al., 2002; Li

et al., 2003; Wang et al., 2003; Small et al., 2005).  Myocardin expression is restricted to

cells in the heart and smooth muscle (Wang et al., 2001; Wang et al., 2002; Small et al.,

2005) while MRTF-A and -B are expressed in a wide range of tissues that includes

skeletal muscle (Wang et al., 2002). Pertaining to skeletal muscle, a dominant negative

MRTF-A was introduced specifically in skeletal muscle and transgenic mice displayed a

myopathic phenotype similar to mutant mice with deletions of SRF in their muscle (Li et

al., 2004). With the exception of the previously described experiment, little is known of

the role myocardin family members play during skeletal muscle development.

 Interestingly, a new gene related to the myocardin family has been identified in

mice.  This gene is called MEF2-activating SAP transcriptional regulator (MASTR) and

although expressed in several adult human and mouse tissues, expression is markedly

higher in skeletal muscle (Creemers et al., 2006).  Evidence suggests MASTR cooperates

with MEF2 and enhances MyoD’s ability to convert 10T1/2 cells to skeletal muscle;

however, nothing is know about is function during development.  We have identified the

frog ortholog and find that the Xenopus laevis MASTR is a new member of the

Myocardin family.  Our experiments demonstrate MASTR to be necessary for skeletal

muscle gene expression in vivo, plus MASTR cooperates with MyoD and Myf5 to

activate muscle-specific genes.

1.4.  Vascular biology
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1.4.1.  Vascular development

Development of the embryonic vasculature can be divided into several distinct

steps.  Briefly, cells in the mesoderm are specified to become angioblasts.  These cells

will align into cord-like structures and subsequently form the tubes of the primary

vascular network.  Next, the primary network extends throughout the body by outgrowth

of the pre-existing vessels, and lastly, vascular smooth muscle cells are recruited to the

vascular tubes to form stable blood vessels (reviewed in Cleaver and Krieg, 1999;

Gilbert, 2003).  Details of these processes will be described more in depth below.

The initial formation of blood vessels is accomplished by a process called

vasculogenesis (Fig 4,).  Vasculogenesis can be defined as the creation of blood vessels

de novo.  During the first part of vasculogenesis, groups of cells in the mesoderm,

specifically the splanchnic mesoderm (which incidentally gives rise to the entire

circulatory system - Fig.2), are specified to become angioblasts (Peault et al., 1983;

Pardanaud et al., 1987; Coffin and Poole, 1988; Noden, 1989).  These are the precursor

cells of the blood vessels.  In the next phase, angioblasts coalesce and form into

structures called vascular cords; after the formation of the cord, the angioblasts multiply

and differentiate into endothelial cells (Sabin, 1917; Coffin, 1989; Risau and Flamme,

1995).  These morphologically flat cells form the lining of blood vessels.  In the last
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Figure 4. Diagramatic representation of the major events in vasculogenesis.  First
angioblasts are specified in the mesoderm.  Next, angioblasts coalesce into cords and then
differentiate into endothelial cells.  Endothelial cells will then formthe lumenated tubes
that mak-up the primary vascular network.
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stage, the endothelial cells form tubes and connect to form the primary vascular plexus

(Hirakow and Hiruma, 1983).

It should be pointed out that the formation of the primary vascular plexus can

occur in two separate regions.  Extraembryonic vasculogenesis occurs in yolk sac

structures called blood islands.  Blood islands are aggregates of two cell types: an inner

core of cells that will become hematopoetic (blood) stem cells and a surrounding layer of

angioblasts (Romanoff, 1960).  The formation of blood islands are critical in amniote

development because they create the veins that bring nutrients to the embryo and provide

sites of gas exchange.  In contrast, intraembryonic vasculogenesis occurs within the

embryo proper and is associated with solitary angioblasts, not blood islands.

Interestingly, in fish and reptiles only intraembryonic vasculogenesis takes place because

they lack yolk sacs.

The next major step in blood vessel development involves the extension of the

primary vascular plexus into avascular tissues of the embryo.  This process is called

angiogenesis, and there are two types: sprouting and non-sprouting (Risau, 1997).

Sprouting angiogenesis involves the formation of new blood vessels from the preexisting

vascular plexus.  Degradation of the extracellular matrix together with proliferation of

endothelial cells at the tip of the sprouting vessels form a comprehensive extension of the

primary vessels (Risau and Lemmon, 1988).  This process results in the vascularization

of extra- and intraembryonic tissues, such as the yolk sac and brain.
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Non-sprouting angiogenesis, or intussusception as it is sometimes referred to,

involves the elaboration of the network by splitting of the primary vessels.

Intussusception happens by the proliferation of endothelial cells within a vessel.  Cell

division within the vessel wall causes the formation of lumenated pillars that contact

opposite walls in the vessel and result in intervascular spaces or splitting of a single

vessel into two (Patan et al., 1992).  Incidentally, during angiogenesis the primary plexus

is remodeled and modified into small and large vessels, such as veins, arteries and

capillaries.

After the establishment of a comprehensive vascular network throughout the

embryo, the vessels must undergo a maturation step to insure mechanical and

physiological support during blood flow.  During the maturation period, the endothelial

cells synthesize extracellular matrix that will form a vascular wall (Grant et al., 1990).  In

addition, mesenchymal support cells are recruited to the vessels (Le Lievre and Le

Douarin, 1975; Schwartz and Liaw, 1993).  These support cells include pericytes and

vascular smooth muscle cells that contribute to the physiological properties and

stabilization of the vessels.  The final result of vasculogenesis, angiogenesis and

maturation of the vasculature is a network of highly specialized blood vessels throughout

the embryo.

1.4.2. Molecular biology of vascular development
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1.4.2.1.   VEGF and its receptors

Many molecules are required during the various steps of vascular development

and a great deal has been discovered about their roles in blood vessel formation.  For the

purpose of this section, we will be examining the role of vascular endothelial growth

factor (VEGF) and its receptors in the formation of blood vessels, as these proteins are

particularly relevant to our studies.

VEGF is an endothelial-specific mitogen expressed in regions undergoing

vasculogenesis and angiogenesis (Breier, 1992).  Its expression is largely confined to

tissues in the endoderm and ectoderm (Flamme et al., 1995; Cleaver et al., 1997);

whereas its target receptors are expressed in the mesoderm, where the blood vessels form.

The human VEGF gene encodes five different isoforms: VEGF121, VEGF145, VEGF165,

VEGF189 and VEGF206.  These isoforms differ in their abilities to bind the various VEGF

receptors (Breier, 2000). Gene targeting experiments have provided insights into the

function of VEGF during blood vessel formation.  Gene ablation studies of mice lacking

a single VEGF allele indicate that VEGF is critical to vascular development.  These

mutant mice die early in development due to defects in vasculogenesis, sprouting

angiogenesis, formation of large vessels and remodeling in the yolk sac (Carmeliet et al.,

1996; Ferrara et al., 1996).  The severity of the haploid insufficient phenotype is

unprecedented for a targeted deletion of a gene, and implies that VEGF acts in a dose-

dependent fashion to maintain angioblast differentiation and survival.
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Not unexpectedly, the VEGF receptors play a pivotal role in vascular

development since they propagate the signaling cascade initiated by VEGF (Fig.5).  In

particular, two receptors have been extensively studied, fms-related tyrosine kinase 1

(Flt-1) and fetal liver kinase 1 (Flk-1).  Both are high affinity receptor tyrosine kinases

for VEGF and are expressed in endothelial cells and their precursors (Shibuya et al.,

1990; Millauer et al., 1993; Cleaver et al., 1997).  Targeted deletion of Flt-1 in mice

results in embryos that develop endothelial cells in their extra and intraembryonic tissues;

however, these endothelial cells do not appear to properly assemble and organize into

vessels (Fong et al., 1995).  At a second look, it emerged that there is an increase in the

number of endothelial cells and it is thought that Flt-1 negatively regulates the

commitment of angioblasts during vasculogenesis (Fong et al., 1999).

Gene ablation studies in mice demonstrated that Flk-1 is essential to vascular

development.  Homozygous mutant mice died very early in development and displayed

dramatic phenotypes which include a failure to undergo vasculogenesis, endothelial cell

differentiation and haematopoiesis (Shalaby et al., 1995).  Specifically, blood islands

were absent in the yolk sac and angioblast failed to aggregate into cord structures. Since

induction of Flk-1 in the mesoderm appears to be necessary for the emergence of

endothelial cells, understanding the upstream transcriptional regulation of Flk-1 should

elucidate the factors involved in controlling vasculogenesis.
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Figure 5. Diagramatic representation of the VEGF/Flk-1 signaling pathway.  Secreted
VEGF binds to Flk-1 receptors expressed in the endothelial precursor cells.  VEGF-
bound, Flk-1 receptors dimerize and cross-phosphorylate the adjacent kinase domains
that are involved in propagating the signaling cascade required for an endothelial cell
fate.
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1.4.2.2.  Transcriptional regulation of Flk-1

Regulation of Flk-1 gene expression has been a large topic of interest given that it

plays such a critical role in vasculogenesis.  It is thought that identification of those

transcription factors responsible for controlling Flk-1 expression will lead to insights in

the molecular mechanisms underlying the very earliest commencement of vascular

development.  As a means to understand Flk-1 expression, the generation and analysis of

transgenic animals has shed light on this topic.

Several groups have previously reported that the 5’ flanking region of the Flk-1

gene confers endothelial-specifc expression in transfected endothelial cells in vitro

(Patterson et al., 1995; Ronicke et al., 1996).  However, in 1999 Kappel et al. showed that

the 5’flanking sequence alone was not adequate to activate expression of a LacZ reporter

gene in the endothelial cells of transgenic mice.  Nonetheless, they were able to

demonstrate that the promoter region, in combination with a portion of sequences in the

first intron was capable of driving reporter gene expression in the endothelium.  In fact,

this intronic enhancer in conjunction with a herpes simplex virus-thymidine kinase

promoter was sufficient to drive LacZ expression in endothelial cells, albeit at weaker

levels.  This transgenic construct provided an in vivo tool to assay Flk-1 gene expression.
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Subsequently, transgenic analysis of the intronic enhancer and promoter show that

the transcription factors GATA, SCL/Tal, Ets and Hif2a are involved in regulation of the

Flk-1 gene (Kappel et al., 2000; Elvert et al., 2003).  Transgenic mice carrying mutations

in binding sites for these transcription factors resulted in a complete loss or dramatic

reduction in LacZ expression.  Gel mobility assays demonstrate that SCL/Tal protein

from an endothelial cell line can physically associate with a corresponding binding

element, while GATA-2 and Hif1a are capable of binding to the GATA site in the

intronic enhancer and the Hif1a sites in the promoter.

All four of these transcription factors or members of the family are expressed in

endothelial cells.  GATA-2 has been shown to activate the promoters of endothelin-1 and

PECAM in vitro (Gumina et al., 1997; Kawana et al., 1995), while SCL/Tal -/- mice

display defective vascularization of the yolk sac (Visvader et al., 1998).  Ets family

members are heavily implicated in the regulation of vascular genes.  Transgenic Tie-2

mice (like Flk-1, Tie-2 is a receptor tyrosine kinase involved in blood vessel development

– Sato et al., 1995) are unable to express a reporter gene when Ets sites are mutated in the

Tie-2 intronic enhancer and promoter (Schlaeger et al., 1997; Dube et al., 1999).  The

VEGF receptor, Flt-1 also appears to be regulated by Ets transcription factors (Wakiya et

al., 1996).  Similarly, Hif2a can activate the transcription of VEGF and Tie2 (Ema et al.,

1997; Tian et al., 1997).
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Although not described in great detail, it is clear that examination of the

regulation of Flk-1expression has provided meaningful clues into the molecular

mechanisms of early blood vessel development.  More recently, several groups have

begun to create transgenic Flk-1 animals (zebrafish and frogs) to further understand the

transcriptional network involved in Flk-1 expression (Warkman et al., 2004; Choi et al.,

2007).  An advantage to using evolutionarily distant species is that important regulatory

regions may have been conserved through evolution.  That is to say that regulatory

regions which are conserved in zebrafish, frog, chicken, mouse and humans have been

preserved through evolution because they encode the binding elements most relevant to

the proper transcriptional regulation of that gene.  Using this comparative genomics

approach, we have identified conserved sequences located in the intronic enhancer of

Flk-1.  Utilizing transgenesis in Xenopus laevis, we have demonstrated that conserved Ets

and Kruppel-like factor (KLF) binding sites are necessary for Flk-1 expression.  Based on

our findings, we propose a novel function of KLF2 in the activation of the Flk-1 gene,

and a potential cooperative mechanism between ETS and KLF transcription factors to

promote the transcription of vascular genes.
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CHAPTER 2:  THE MYOCARDIN-RELATED TRANSCRIPTION FACTOR, MASTR,

COOPERATES WITH MYOD TO ACTIVATE SKELETAL MUSCLE GENE

EXPRESSION

2.1. Abstract

The myocardin family proteins (myocardin, MRTF-A and MRTF-B) are SRF

cofactors and potent transcription activators.  Gene ablation studies have indicated

important developmental functions for myocardin family proteins primarily in regulation

of cardiac and smooth muscle development.  Using Xenopus genome and cDNA

databases we identified a novel myocardin-related transcription factor expressed

specifically in the skeletal muscle lineage.  Synteny and sequence alignments indicate

that this gene is the frog orthologue of mouse MASTR (Creemers et al., 2006).  Inhibition

of MASTR function in the Xenopus embryo using dominant negative constructions or

morpholino knockdown results in a dramatic reduction in expression of skeletal muscle

marker genes.  Over-expression of MASTR in whole embryos or embryonic tissue

explants induces ectopic expression of muscle marker genes.  Furthermore, MASTR

cooperates with the myogenic regulatory factors, MyoD and Myf5 to activate

transcription of skeletal muscle genes.  These are the first studies to indicate an essential

function for MASTR in regulation of myogenic development in the vertebrate embryo.

2.2. Introduction
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The interplay of several different families of transcription factors is required for

regulation of muscle development in the vertebrate embryo.  The myogenic regulatory

factors (MRFs), MyoD, Myf5, myogenin, and MRF4 comprise a closely related family of

regulatory proteins that are essential for normal muscle development ( Berkes and

Tapscott, 2005; Buckingham, 2001).  MRFs bind to the E-box target sequence

(CANNTG) located in the regulatory regions of many skeletal muscle genes.  MyoD and

Myf5 function as specification factors during the earliest stages of the myogenic program

and both of these factors are capable of strong activation of muscle gene expression in

non-muscle cells (Davis et al., 1987; Weintraub et al., 1989; Choi et al., 1990; Hopwood

et al., 1991).  MRFs interact with serum response factor (SRF) to regulate skeletal muscle

gene expression (reviewed in Puri and Sartorelli, 2000) SRF binds to the CArG box DNA

element CC(A/T)6GG which is essential for expression of many skeletal, cardiac and

smooth muscle genes ( reviewed in Shore and Sharrocks, 1995; Reecy et al., 1998).

SRF-binding sites are frequently located near E boxes in the regulatory regions of

skeletal muscle genes and MyoD and SRF can cooperate to activate muscle gene

expression (Sartorelli et al., 1990; Catala et al., 1995).

The myocardin family of SRF cofactors (myocardin, MRTF-A and B) do not appear

to possess DNA binding activity but locate to the regulatory regions of muscle genes

through physical interaction with SRF (Wang et al., 2001).  Knockout studies in mouse

have demonstrated that each of the myocardin family proteins function to regulate muscle

gene expression.  Mice lacking myocardin function die at E10.5 due to defective vascular
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smooth muscle development ( Li et al., 2003).  MRTF-A knockout animals are viable, but

myoepithelial cells of the mammary glands fail to differentiate ( Li et al., 2006; Sun et al.,

2006) and ablation of MRTF-B function results in embryonic death at E13.5-14.5 due to

a range of defects in cardiac and smooth muscle development ( Oh et al., 2005).

In Xenopus, the myocardin-related transcription factor, MASTR, is expressed

specifically in skeletal muscle tissue from the earliest stages of development.  Our studies

demonstrate that MASTR synergizes with the myogenic factors, MyoD and Myf5 to

activate expression of skeletal muscle genes in the embryo.  We conclude that MASTR is

an important component of the myogenic program in vertebrate embryos.

2.3. The Xenopus myocardin-related gene, MASTR, is expressed in skeletal muscle.

Searches of the Xenopus tropicalis genome and EST databases identified a new

member of the myocardin gene family.  Alignment with Xenopus myocardin and MRTF-

A and B proteins reveals a high degree of sequence identity within the previously

characterized functional domains (Figure 6A and Fig. 7).  Examination of synteny (Fig.

8) showed that the new gene is the Xenopus orthologue of the recently described mouse

MASTR sequence ( Creemers et al., 2006).  We note that Xenopus and zebrafish MASTR

proteins (Fig. 1A and data not shown) exhibit significant differences from mouse and

human MASTR proteins in domain structure.  Most notably mammalian MASTR lacks

the glutamine rich and positively charged domains required for SRF binding and the

leucine-zipper dimerization domain (Fig. 6A).  In view of the differences between the
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mouse and frog proteins we tested the ability of Xenopus MASTR to interact with SRF.

Co-immunoprecipitation experiments demonstrate that frog MASTR forms a complex

with SRF and that mutation of the SRF binding domains within the MASTR protein

(Wang et al., 2001) eliminates this interaction (Fig. 6B).  Furthermore, SRF and frog

MASTR form a ternary complex with DNA containing the CArG element (Fig. 9).

Based on primary sequence conservation and the ability of MASTR to complex with

SRF, we conclude that MASTR is a distinct fourth member of the myocardin family of

transcription factors.

Using whole mount in situ hybridization MASTR transcripts were first detected in

the pre-somitic mesoderm of the early neurula embryo (Fig. 6C).  Levels of MASTR

transcripts increased at later stages and remained restricted to skeletal muscle tissues

throughout embryonic development (Fig. 6D-F).  The distribution of MASTR expression

was equivalent to MyoD at all stages examined (Fig. 6G-J).  In the tadpole (St 39),

MASTR transcripts were also detected in the developing jaw muscles and in the hypaxial

muscles that migrate ventrally and fuse to form muscles of the body wall (Fig. 6F).

Unlike the striated muscle marker cardiac a-actin, MASTR transcripts were never

observed in the developing heart (compare Fig. 6E,F and Fig. 6M,N).

RT-PCR analysis (Fig. 6O) indicated that expression of MASTR and the myogenic

transcription factors MyoD and Myf5 occurred approximately simultaneously during early

gastrulation (St 10.5).  Analysis of adult tissues showed that MASTR expression was
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Figure. 6.  MASTR is a new member of the myocardin-related family of proteins.  (A)
Alignment illustrating the domains of the four known Xenopus myocardin family proteins
and also mouse MASTR.  Percentages indicate identity within each domain relative to
myocardin or between Xenopus and mouse MASTR.  (B)  Co-IP experiments
demonstrate that MASTR forms a physical complex with SRF.  HA-tagged SRF and
radiolabeled in vitro translated MASTR, DMASTR and EGFP are shown at left of panel.
Only full-length MASTR protein co-precipitated with SRF (right panel).   (C-F).  In situ
hybridization analysis of MASTR expression during Xenopus development.  MASTR
transcripts are detected specifically in skeletal muscle tissues at all stages.  Expression in
hypaxial muscle (hy) and jaw muscle (jm) is indicated.  (G-J)  Transcriptional expression
of MyoD.  Intensity of MyoD expression differs from MASTR, but the location of
transcripts is identical.  (K-N)  Expression of the striated muscle marker, cardiac a-actin.
In addition to marking all tissues expressing MASTR, cardiac a-actin is expressed in the
heart (h).  (O)  RT-PCR analysis showing MASTR expression is first detected in the
gastrula (St 10.5) coincident with the appearance of MyoD and Myf5 mRNA.  The muscle
differentiation marker, cardiac a-actin is not detected until St 12.5.  Ornithine
decarboxylase (ODC) was used as a loading control.  (P) RT-PCR analysis of MASTR
transcripts in adult frog tissues.  MASTR is expressed in representative skeletal muscles
(abdominal rectus, quadriceps and soleus) but not in heart, smooth muscle (intestine) or
other tissues.
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Figure 6.
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Figure 7.  Alignment of the Xenopus myocardin, MRTF-A, MRTF-B and MASTR
protein sequences.  Identical residues are boxed in dark gray and similar residues in light
gray.  Alignment was carried out using the MacVector sequence analysis software.
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Figure 8. Map showing syntenic organization of the MASTR genes in mammals, frog and
fish.  Orthologous genes are indicated by dashed lines.  Note that the mouse chromosome
has undergone an inversion adjacent to the Rasip1 gene.  Gene organization information
was obtained by BLAST searching and information from the Ensembl Genome Browser
web site (www.ensembl.org)
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Figure 9.  Physical interactions between MASTR and SRF.  (A). A truncated Xenopus
MASTR protein physically associates with SRF. MASTR254 contains the N-terminal
region of the MASTR protein, including the putative SRF interaction domains.
Constructions encoding human SRF (Chen and Schwartz, 1996) or GFP, both under
control of the CMV promoter, were transfected into COS-7 cells using identical methods.
Immunoprecipitations were carried out using standard procedures (Gregorio and Fowler,
1995) and anti-FLAG antibody (Sigma).  Bound proteins were fractionated on a 10%
SDS-PAGE gel and transferred to nitrocellulose membranes for protein blotting.
Different fractions contained equivalent amounts of total protein based on Ponceau S
staining.  Epitope tagged proteins were detected using anti-FLAG (Sigma) at 1:1000,
anti-HA (Roche) at 1:1000 and anti-GFP (Clontech) at 1:100 and visualized using chemi-
luminescent solution (Supersignal West Dura Kit).  (B).  EMSA analysis shows ternary
complex formation with SRF and MASTR254.  Extracts from COS cells expressing SRF
and HEK cells expressing MASTR254 were combined with radiolabeled DNA containing
the consensus CArG sequence, under standard binding conditions.  Products were
fractionated on a 5% acrylamide gel and detected by autoradiography.  The presence of
MASTR254, shifts the SRF band to a slower migrating position, consistent with formation
of a ternary complex
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restricted to skeletal muscle (represented by abdominal rectus, quadricep and soleus) and

was not detected in adult cardiac or smooth muscle (intestine) or other non-muscle tissues

(Fig. 6P).

2.4.  Loss of function studies demonstrate a role for MASTR in embryonic muscle gene

expression.

To address the function of MASTR during skeletal muscle development we first

used a dominant-negative form of the protein (DN-MASTR), which lacks the

transcription-activating domain and is structurally equivalent to previously characterized

dominant-negative myocardin and MRTF-A proteins (Wang et al., 2001; Li et al., 2005).

This construction effectively blocks MASTR function in control experiments (Fig. 10).

None of the other myocardin family members is expressed in somite tissues during early

Xenopus development (Small et al., 2005) and therefore DN-MASTR should interfere

specifically with MASTR function.  The side of the embryo expressing DN-MASTR

exhibited a significant reduction in expression of muscle markers including cardiac a-

actin, a-tropomyosin and slow skeletal troponin I (ssTnI) (Fig. 11A-C and Table 1).  The

inhibitory effect was dose dependent causing a reduction of cardiac a-actin expression in

approximately 60% of embryos when 1 ng of mRNA was injected (Fig. 11D).  Although

DN-MASTR reduced levels of muscle marker transcripts, complete elimination of

skeletal muscle marker expression was never observed.
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Figure 10.  Dominant negative MASTR construction (DN-MASTR) inhibits MASTR-
activated muscle marker expression.  Embryos were injected with mRNA encoding
MASTR alone (250 pg), or in combination with mRNA encoding DN-MASTR (250 pg
or 1 ng as indicated).  Animal cap explants were harvested at St 12.5 and analyzed for
aMHC expression using RT-PCR.  Increasing the amount of DN-MASTR transcript
inhibits expression of aMHC induced by MASTR alone.
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Figure 11. Inhibition of MASTR function reduces expression of skeletal muscle markers.
(A-C) Embryos expressing a dominant negative form of the MASTR protein (DN-
MASTR) were assayed at St 22/23 for muscle markers as shown.  Injected side indicated
by arrowhead.  (D) Dose dependent reduction in cardiac a-actin expression following
expression of DN-MASTR.  (E-G) MO knockdown of MASTR expression results in
reduced muscle marker expression as indicated.  MO-treated side is indicated by the
arrowhead.  (H) Transverse section through the trunk of St 22 embryo treated with MO
on the right hand side and assayed for cardiac a-actin expression.  The general structure
of the somite is normal, but marker expression is reduced on the treated side.  (I) MO-
treated embryo shows no reduction in MyoD expression.  (J) Two non-overlapping MO
sequences directed against MASTR mRNA (MO1 and MO2) were equally effective in
reducing expression of cardiac a-actin.  (K) Rescue of the MO-induced phenotype.
Embryos were injected with MO2 alone, or with MO2 plus MASTR mRNA.  Addition of
MASTR mRNA achieved partial rescue of MO inhibition in a dose dependent manner.
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Table 1.  Inhibition of MASTR function.

Treatment Marker Normal gene
expression

Reduced gene
expression

Number of
embryos

uninjected c. a actin 74 (97%) 2 (3%) 76
DN-MASTR (250 pg) 14 (67%)   7 (33%) 21
DN-MASTR (500 pg)   6 (46%)   7 (54%) 13
DN-MASTR (1 ng) 20 (39%) 31 (61%) 51
MO1 (25 ng) 10 (44%) 13 (56%) 23
MO1 (50 ng) 11 (44%) 14 (56%) 25
MO2 (25 ng) 17 (53%) 15 (47%) 32
MO2 (50 ng) 38 (48%) 42 (52%) 80
control MO (50 ng) 22 (96%) 1 (4%) 23
control MO (25 ng) 37 (95%) 2 (5%) 43

uninjected a tropomyosin 30 (97%) 1 (3%) 31
DN-MASTR (1 ng) 17 (68%)   8 (42%) 25
MO2 (50 ng) 10 (40%)     15 (60%) 25

uninjected ssTnI 30 (94%) 2 (6%) 32
DN-MASTR (1 ng) 13 (59%)   9 (41%) 22
MO2 (50 ng) 22 (39%) 34 (61%) 56

uninjected MyoD   29 (100%) 0 (0%) 29
MO2 (50 ng) 34 (92%) 3 (8%) 37
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To complement the dominant negative studies, antisense morpholino oligomers

(MOs) were used to specifically inhibit MASTR expression in the embryo.  Two distinct,

non-overlapping MOs, (MO1 and MO2) were directed against the 5’ UTR of Xenopus

MASTR mRNA and both effectively blocked translation from a test construction in

control experiments (Fig. 12).  As shown in Fig. 6E-G, MO1 inhibited expression of

muscle markers on the injected side of the embryo and the overall appearance of the MO-

treated embryos was extremely similar to those expressing DN-MASTR (compare Figs.

11A-C to 10E-G; see Table1).  Similar levels of inhibition of muscle marker expression

were observed using MO2 (Fig. 11J. Table 1), while injection of control MO produced no

significant effect (Table 1).  Histological sections showed that the general epithelialized

structure of the somite was retained on the MO-treated side of the embryo but muscle

marker expression was reduced throughout the tissue (Fig. 11H).  Similar to the dominant

negative studies, MO knockdown of MASTR activity caused a marked reduction in

muscle gene expression, but was never observed to eliminate expression entirely.  The

disruption of muscle differentiation marker expression was not due to non-specific

toxicity since the MOs caused no noticeable effect on MyoD expression (Fig. 11I; Table

1).  Rescue of the MO phenotype was achieved in a dose dependent manner by injection

of MASTR mRNA lacking the MO target sequence (Fig. 11K).  Taken together, the loss

of function experiments demonstrated that MASTR is required for normal muscle gene

expression in the Xenopus embryo.
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Figure 12.  MOs directed against the 5' UTR of MASTR transcript effectively block
translation in an in vivo assay.  A test transcript was prepared in which approximately
200 bp of the 5’ UTR of MASTR mRNA sequence was fused to the coding region of
enhanced green fluorescent protein.  As shown in the left hand panel, injection of 500 pg
of fusion transcript into Xenopus embryos resulted in robust expression of EGFP as
viewed under UV illumination.  Coinjection of 25 ng of MO1 or MO2 with 500 pg of the
fusion transcript effectively blocked expression of EGFP as viewed under UV
illumination (right two panels).
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2.5.  MASTR activates expression of skeletal muscle genes.

Previous studies showed that the cardiac and smooth muscle transcription factor,

myocardin, was capable of activating ectopic expression of cardiac and smooth muscle

genes in the Xenopus embryo (Small et al., 2005).  Injection of MASTR mRNA also

caused ectopic expression of muscle markers in the Xenopus embryo.  This was observed

for a-Myosin Heavy Chain (aMHC), a-tropomyosin and cardiac a-actin but not for some

other markers including Myosin Binding Protein-C (MyBP-C) (Fig. 13B, D, F and Table

2).  Whereas ectopic expression of aMHC and cardiac a-actin was broad and robust, a-

tropomyosin expression was weak and limited to areas immediately adjacent to the

somites.  Histological sections showed that ectopic expression was present in the

mesoderm, but not in adjacent ectoderm or endoderm tissue (Fig. 13G).  These results

indicated that MASTR can activate ectopic expression of muscle differentiation markers

in the embryo and that the response varies for individual muscle markers.

Myocardin is capable of activating expression of cardiac and smooth muscle genes

in non-muscle tissues and cell lines (Wang et al., 2001; Wang et al., 2003; Du et al.,

2003; Small et al., 2005; van Tuyn et al., 2005).  We have carried out experiments using

Xenopus embryonic ectoderm explants (animal caps) to determine the range of muscle

markers that may be activated by MASTR in non-muscle tissue. Note that animal caps

contain SRF (Small et al., 2005) but do not express muscle markers under normal culture

conditions (Smith, 1987; Green and Smith, 1990).  Myocardin was included in these
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Figure 13.  MASTR induces ectopic expression of muscle markers.  (A) Uninjected
control embryo at St 22 (lateral view) shows no expression of aMHC marker.  (B)
Embryo injected with 500 pg of MASTR mRNA shows extensive ectopic expression of
aMHC.  (C) Control embryo (dorsal view) showing expression of the muscle marker, a-
tropomyosin in the somites.  (D) Embryo injected with 500 pg of MASTR mRNA shows
limited ectopic expression of a-tropomyosin immediately lateral to the somites (arrows).
(E) Uninjected control embryo and (F) embryo injected with 500 pg of MASTR mRNA
assayed for expression of cardiac a-actin.  Injected embryo shows extensive ectopic
expression of cardiac a-actin.  (G) Transverse section through trunk of St 22 embryo
injected with MASTR mRNA and assayed for cardiac a-actin transcripts.  Arrows
indicate that ectopic marker expression is limited to the lateral mesoderm tissue and is
absent from epidermis and endodermal tissue.  (H) MASTR activates expression of
muscle markers in non-muscle (animal cap) tissue.  Embryos were injected with 500 pg
mRNA encoding either myocardin or MASTR, animal cap explants were isolated and
then analyzed by RT-PCR at St 12.5.  Myocardin serves as a positive control.  Muscle
markers are indicated on the left hand side of the figure. Muscle tissues expressing the
various markers are indicated at right.  Lanes labeled St 12.5 WE and St 47 WE are
positive control samples from whole embryos at St 12.5 and 47 respectively.  ODC
transcripts serve as a loading control.  (I, J) Mutant MASTR lacking SRF interaction
domains (DMASTR) fails to activate muscle marker expression.  Experiments were
conducted exactly as described for (H) above. but analyzed by quantitative PCR. In the
case of both aMHC and a-tropomyosin a low level of transcript is detected in the
untreated animal cap.   Results are expressed relative to marker transcripts induced by
MASTR.
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Figure 13.
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Table 2.  Ectopic marker expression in response to MASTR.

mRNA Marker Normal gene
expression

Ectopic gene
expression

Number of
embryos

uninjected aMHC 49 (100%)  0 (0%) 49
MASTR (500 pg)      47 (64%)       26 (36%) 73

uninjected a tropomyosin 55 (100%)  0 (0%) 55
MASTR (500 pg)      22 (79%)         6 (21%) 28

uninjected c. a actin 28 (100%) 0 (0%) 28
MASTR (500 pg)       2 (6%) 34 (94%) 36

uninjected MyBP-C 41 (100%) 0 (0%) 41
MASTR (500 pg) 9 (100%) 0 (0%) 9
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studies to act as a positive control and to determine possible differences in the

transcription activation properties of different myocardin family members.  Consistent

with previous studies (Small et al, 2005) myocardin activates transcription of a number of

cardiac and smooth muscle markers  (Fig. 13H, lane 1) but it does not activate

transcription of any of the skeletal muscle-specific markers examined.  MASTR activates

transcription of a-tropomyosin and to a lesser extent aMHC, skeletal a-actin, cardiac a-

actin and fast skeletal troponin I (fsTn)I, but exhibits negligible activity for any of the

other genes examined (Fig. 13H, lane 2).  Of the markers that are skeletal muscle

specific, only fast skeletal troponin I (fsTnI) shows any significant response to MASTR.

Unlike myocardin, MASTR showed no ability to activate expression of smooth muscle

markers.  It appears that the levels of SRF present in animal caps were sufficient to

cooperate with MASTR to activate muscle gene expression.  These experiments indicate

that myocardin and MASTR regulate an overlapping but distinct set of downstream

targets.  Muscle marker activation by MASTR was dependent on the ability to interact

with SRF since a mutant form of MASTR lacking SRF binding domains failed to induce

expression (Fig. 13I, J).  Activation of muscle marker expression was independent of

mesoderm induction, as indicated by the absence of brachyury (Xbra) expression in the
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explants.  Furthermore, we can exclude the possibility that skeletal muscle genes were

activated indirectly via expression of myogenic regulatory factors, since no transcripts for

MyoD, Myf5, MRF4 or myogenin were detected in the ectoderm explants expressing

MASTR (Fig. 14).

2.6.  MASTR cooperates with MyoD and Myf5 to promote skeletal muscle gene

expression.

Since MASTR is co-expressed with MyoD and Myf5 in myogenic tissues in the

embryo, we tested whether these factors might cooperate to regulate muscle gene

expression. As expected ( Hopwood and Gurdon, 1990; Gaillard et al., 1998) MyoD

alone is sufficient to activate transcription of numerous (but not all) skeletal muscle

markers in animal cap explants (Fig. 15A, lane 3).  However, co-expression of both

MyoD and MASTR results in effective activation of a number of muscle genes (Fig. 15A,

lane 5).  This is most evident for cardiac a-actin, fsTnI, and Myosin Light Chain-3f

(MLC3f), and to a lesser extent skeletal a-actin and ssTnI.  In the case of a-tropomyosin

and aMHC, co-expression with MyoD does not increase transcript levels above those

observed with MASTR alone.  Quantitation of transcript levels indicated that MASTR

and MyoD synergized in the activation of some muscle markers, with cardiac a-actin and

MLC3f showing particularly conspicuous responses (Fig. 16).  Note that myocardin did

not cooperate with MyoD for any of the markers examined.  Protein binding experiments

suggest that frog MASTR and MyoD do not physically associate (Fig. 17), consistent
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Figure 14.  MASTR does not induce expression of the MRF family of muscle

transcription factors in animal cap explants.  The experiment was conducted exactly as

described for Fig. 3H.  Note that none of the MRF sequences are detected after

expression of MASTR in animal cap explants.



                                                                                                                                          61

Figure 15.  MASTR cooperates with MyoD or Myf5 to activate expression of muscle
markers.  Embryos were injected with mRNA encoding either myocardin or MASTR
alone, or together with mRNA encoding MyoD or Myf5.  Animal cap explants were
harvested at St 12.5 for RT-PCR analysis.  Muscle markers are indicated on the left hand
side of the figure. Muscle tissues expressing the various markers are indicated at right.
ODC served as a loading control.  (A) Co-expression of MASTR and MyoD results in
increased transcription of muscle markers over either factor alone.  This is particularly
evident for cardiac a-actin, fsTnI and MLC3f.  Co-expression of myocardin with MyoD
does not result in an equivalent activation of marker expression.  (B) Co-expression of
MASTR with Myf5 also activates transcription of muscle markers.  Methods are identical
to those described in (A).  No cooperation is observed between MASTR and the MADS
factor, MEF2A.  (C-G) Embryos were injected with mRNA encoding MASTR or MyoD
alone or in combination and then assayed at St 22/23 for expression of muscle markers.
(C) control, (D), MASTR mRNA injected – 100 pg (E), MyoD mRNA injected - 100 pg
and (F), MASTR plus MyoD mRNA injected embryos (100 pg each) assayed for cardiac
a-actin expression.  Minor activation of cardiac a-actin expression is indicated by arrows
in (D) and (E).  As shown in (F) co-expression of MASTR and MyoD resulted in high
levels of ectopic expression of cardiac a-actin (D).  (G). Co-expression of MASTR and
MyoD results in high levels of ectopic expression of a-tropomyosin.  Quantitation of the
results of whole embryo co-expression studies is presented in Table3.
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Figure 15.
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Figure 16. Co-expression of MASTR and MyoD results in synergistic activation of

cardiac a-actin and MLC3f respectively in animal cap explants.  Quantitative real-time

PCR analysis of muscle marker transcripts from explants expressing MASTR or MyoD

alone, or in combination, as indicated.  Samples were assayed at equivalent of St 12.5.

Transcript levels are plotted relative to amount of transcript present in animal caps

expressing MyoD alone.
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Figure. 17. Xenopus MASTR protein does not physically associate with MyoD.  Flag-
tagged MyoD was produced in COS cells and radiolabeled MASTR, GFP and MyoD
proteins were synthesized using wheat germ cell free lysate.  Input proteins are shown at
the left of the figure.  Flag-MyoD was detected by protein blotting and the other proteins
were detected by autoradiography.   Co-immunoprecipitation experiments were carried
out as described in Fig. 1B, and precipitated proteins detected by autoradiography
following gel electrophoresis.  Note that no detectable MASTR protein is co-precipitated
with MyoD.  Positive control experiments (panel at right) show that radiolabeled MyoD
protein is co-precipitated with Flag-tagged MyoD as predicted for a known dimer.
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with results reported for mouse MASTR (18). Similar to MyoD, expression of Myf5

alone is capable of activating transcription of a range of muscle genes (Fig. 15B, lane 2)

and a combination of Myf5 and MASTR synergistically activated expression of cardiac

a-actin, fsTnI and MLC3f (Fig. 15B, lane 3).  Unlike MyoD, Myf5 does not synergize

with MASTR to activate expression of skeletal a-actin and ssTnI, indicating that at least

some differences exist in the ability of different MRFs to cooperate with MASTR.  We

conclude that MASTR can cooperate with both of the MRFs present in the early Xenopus

embryo to promote skeletal muscle gene expression.  The continued requirement for SRF

to mediate efficient MASTR activity was demonstrated in an assay using exogenous

reporter plasmid DNA containing a muscle promoter (Fig. 18). The ability of MASTR to

cooperate does not extend to every skeletal muscle transcription factor.  For example, we

find no evidence that MASTR can cooperate with MEF proteins (MEF2A and MEF2D),

to activate muscle marker transcription  (Fig. 15B, lane 5 and data not shown).

Additional experiments have been performed to determine whether the synergy of

MASTR and MyoD observed in animal caps also applies to the whole embryo.  In these

studies, relatively small amounts of mRNA encoding MASTR or MyoD were injected

either alone or in combination and embryos were assayed for ectopic expression of

muscle markers. MASTR mRNA (100 pg) or MyoD mRNA (100 pg) alone produced

weak ectopic cardiac a-actin expression at rather low frequency (Fig. 15D, E and Table

3).  In contrast, when embryos were co-injected with MASTR and MyoD mRNA (100 pg

of each) 81% of embryos (30/37) showed high levels of ectopic cardiac a-actin
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Figure. 18.  SRF is required for MASTR activation of an exogenous muscle gene
promoter.  The Xenopus cardiac alpha actin promoter was inserted upstream of the
luciferase reporter coding region in pGL3 (Promega).  Reporter plasmid DNA (300pg)
was injected into frog embryos at the one cell stage, together with mRNAs encoding
SRF, frog MASTR or MyoD as indicated.  After the onset of embryonic transcription,
extracts were prepared from the embryos and assayed for luciferase activity.  All
measurements were normalized against a co-injected beta-galactosidase standard and
plotted relative to background luciferase activity (average of triplicate samples).
Amounts of mRNA injected were:  SRF 150 pg, MyoD 500 pg, Xenopus MASTR 350
pg.  Note that MASTR alone exhibits minimal activation of reporter activity, but activity
is strongly activated in the presence of both SRF and MASTR.  A further increase in
reporter activity is observed when SRF, MASTR and MyoD are coexpressed.
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Table 3.  MASTR and MyoD synergize to activate ectopic marker expression.

mRNA Marker Normal
gene

expression

Weak,
ectopic
gene

expression

Strong,
ectopic
gene

expression

Number
of

embryos

uninjected c. a actin 28 (100%)     0 (0%) 0 (0%) 28
MASTR (100 pg)   23 (79%)     6 (21%) 0 (0)% 29
MyoD (100 pg)   19 (58%)   11 (33%) 3 (9%) 33
MASTR + MyoD
(100 pg ea.)

4 (11%)     3 (8%) 30 (81%) 37

uninjected a tropomyosin 33 (100%) 0 (0%) 0 (0%) 33
MASTR (100 pg)   23 (59%) 16 (41%) 0 (0%) 39
MyoD (100 pg)   11 (41%) 14 (52%) 2 (7%) 27
MASTR + MyoD
(100 pg ea.)

5 (12%)   9 (21%) 29 (68%) 43
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expression (Fig. 15F, Table 3).  As shown previously (Fig. 13D), MASTR was not very

effective at activating a-tropomyosin expression in the whole embryo, but co-expression

of MASTR and MyoD activated strong ectopic expression of a-tropomyosin in the

majority of embryos (Fig. 15G, Table 3).  These studies suggest that MASTR co-operates

with MRF proteins to regulate skeletal muscle gene expression during Xenopus

embryonic development.

2.7.  Discussion

2.7.1. MASTR is required for normal skeletal muscle gene expression in the frog embryo.

We have identified a new member of the Xenopus myocardin family of

transcription factors (Fig. 6A). Despite rather low conservation of primary sequence,

synteny analysis indicates that the Xenopus gene is the orthologue of mouse MASTR

(Creemers et al., 2006).  The most striking difference between the Xenopus and mouse

MASTR proteins is the absence of SRF interacting domains and the leucine zipper

dimerization module from the mouse sequence (Fig. 6A).  This observation strongly

suggests that the mouse MASTR protein does not require interaction with SRF for

function.  Whereas mouse MASTR is expressed at high levels in skeletal muscle and at

lower levels in a number of other tissues ( Creemers et al., 2006), Xenopus MASTR is

skeletal muscle specific (Fig. 6C-F, P).  Both dominant negative and antisense MO

strategies demonstrated that MASTR activity was required for normal expression of

skeletal muscle genes during developmental myogenesis in Xenopus (Fig. 11).  While
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both DN-MASTR and MO knockdown effectively reduced muscle gene expression,

complete elimination of marker expression was never observed.  As discussed below, this

result is consistent with a mechanism where MyoD and Myf5 activate muscle gene

expression in the embryo and MASTR positively co-regulates transcript levels.

2.7.2.  MASTR activates expression of muscle markers in non-muscle tissue.

Mis-expression of MASTR in frog embryos was sufficient to activate ectopic

expression of muscle markers (Fig. 13).  Therefore, MASTR joins a small group of

proteins, including MyoD, Myf5, MRF4, MEF2D and myocardin, which possess the

ability to induce muscle gene expression in non-muscle tissues of the frog embryo

(Hopwood and Gurdon, 1990; Hopwood et al., 1991; Chambers et al., 1994; Chanoine et

al., 2004; Small et al., 2005).  It is noteworthy that each of these factors plays an essential

role in regulation of muscle development and physiology ( reviewed in Black and Olson,

1998; Chanoine and Hardy, 2003; Chanoine et al., 2004; Pipes et al., 2006).  The

transcription activating properties of MASTR were further examined in Xenopus

ectoderm explants.  These studies demonstrated that MASTR alone was a rather poor

activator of skeletal muscle gene expression (Fig. 13H).  Of the twelve muscle markers

tested, MASTR induced strong transcription of only two genes, a-tropomyosin and

aMHC.  Weak activation was observed for cardiac a-actin, skeletal a-actin and fsTnI.

This study also revealed distinct differences in the gene activation profiles of the Xenopus

myocardin and MASTR proteins (Fig. 13H), indicating that despite the overall similarity

of protein domain structure (Fig. 10A), the proteins possess distinct transcriptional
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specificities.  Inspection of Xenopus genome sequences indicates that muscle genes that

respond strongly to MASTR alone, or synergize with MyoD and Myf5, contain

consensus SRF binding sites (CArG elements) in their promoter regions.

2.7.3.  Myogenic factors cooperate with MASTR to boost skeletal muscle gene

expression.

Co-expression of MASTR with MyoD or Myf5 resulted in the synergistic

activation of a number of muscle differentiation markers (Fig. 15, Fig. 16).  No such

synergistic activation was observed when myocardin was co-expressed with MyoD,

indicating that the ability to cooperate with MRFs is not a general property of the

myocardin family of proteins.  In several cases the major consequence of co-expressing

MASTR with MyoD or Myf5 was to increase the expression level observed with the

MRF alone.  For example, MyoD activates low levels of cardiac a-actin, skeletal a-actin,

a-tropomyosin, fsTnI, ssTnI and MLC3f and co-expression of MyoD and MASTR results

in a significant increase in transcription of these markers.  However, this effect is not

universal since co-expression of MASTR with MyoD or Myf5 did not increase aMHC

and a-tropomyosin transcription over the fairly high levels generated by MASTR alone.

The observation that MASTR acts to increase the levels of gene expression above that

produced by MRFs is consistent with the MASTR knockdown phenotype, where marker

expression was reduced but not eliminated (Fig. 11).  Our results are in general

agreement with those reported for mouse MASTR, which enhanced the ability of
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MyoD to activate muscle marker expression in10T1/2 cells ( Creemers et al., 2006).

Mouse MASTR also cooperated with MEF2 family proteins to stimulate transcription

from MEF2 reporter plasmids in COS cells.  In contrast to these results, we observed no

detectable cooperation between Xenopus MASTR and MEF2 proteins for muscle gene

expression (Fig. 15B).

Previous studies have demonstrated protein-protein interactions between MRFs

and SRF and shown that MRFs and SRF cooperate to regulate expression of some

skeletal muscle genes ( Sartorelli, et al., 1990; Catala et al., 1995; Groisman et al., 1996;

Biesiada et al., 1999; Latinkic et al., 2002).  These studies support a model in which

MRFs assemble in a protein complex with SRF to regulate muscle gene expression.

Since Xenopus MASTR is capable of binding SRF (Fig. 6B), it seems likely that MASTR

will assemble into the SRF/MRF complex regulating the muscle promoter.  Mouse

MASTR protein lacks the SRF interacting regions and so assembly into a transcription

regulatory complex may rely on interactions with other factors (e.g. MEF2 proteins).

2.7.4. Regulation of MASTR target specificity.

Myocardin family proteins activate different target genes depending on the cell

type or tissue in which they are expressed (Wang et al., 2001; Wang et al., 2003; van

Tuyn et al., 2005).  It seems probable therefore, that additional regulatory mechanisms
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work to modulate target specificity of the myocardin family proteins.  Our studies suggest

that MASTR target specificity is similarly dependent on additional regulatory

mechanisms.   For example, MASTR weakly activates cardiac a-actin in animal caps, but

strongly activates ectopic expression in the whole embryo.  Since MyoD and Myf5 are

only expressed in developing muscle tissues (Chanoine et al., 2004; Berkes and Tapscott,

2005), it is possible that additional factors cooperate with MASTR to activate marker

expression in non-muscle tissue.  Alternatively, factors inhibiting MASTR function may

be present in the ectodermal explant tissue.  Also, our experiments show that MASTR

strongly activates expression of the aMHC gene at ectopic locations in the whole embryo

and in explant tissue (Figs. 13B, H).  This is surprising since, during normal

development, aMHC is not expressed in the somites ( Garriock et al., 2005), even though

MASTR is expressed at high levels in this tissue (Fig. 6C-F).  During later development

however, it seems likely that MASTR regulates aMHC expression in developing jaw

muscles (Fig. 6F).  In summary, our studies indicate that MASTR is an important

regulator of skeletal muscle development in the embryo and raise the possibility that

disruption of MASTR function may also be involved in muscle disease.

2.8.  Material and Methods

2.8.1. Cloning of Xenopus laevis MASTR, MyoD and Myf5.
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Searching of Xenopus EST databases revealed the presence of a previously

uncharacterized myocardin-related sequence.   Using EST data, primers were designed to

cover the putative start and stop codons and the coding region was amplified by RT-PCR

using Pfu polymerase and cDNA template prepared from Xenopus laevis embryonic

RNA.  The resulting product was inserted into the vector pT7TS and the MASTR

sequence determined.  Dominant negative MASTR (DN-MASTR), encoded the first 492

aa of MASTR but lacked the C-terminal transcription activating domain.  Control

experiments demonstrated that this construction efficiently inhibited transcription

activation by the full-length MASTR construction (Fig. 11).  A mutant form of MASTR

(DMASTR) lacking the SRF interaction domains was generated by inverse PCR.  The

coding regions of Xenopus laevis Myf5 and MyoD were amplified by RT-PCR, inserted

into pT7TS and sequence verified.

2.7.2. Co-immunoprecipitation experiments.

HA-tagged human SRF (Chen and Schwartz, 1996) was generated by transfection

into COS-7 cells.  Full-length MASTR, DMASTR and EGFP proteins were radiolabeled

by translation in the wheat germ cell free translation system (Promega).  After mixing of

COS cell extracts containing HA-SRF with in vitro translation products,

immunoprecipitations were carried out using standard procedures (Gregorio and Flower,

1995) and anti-HA antibody (Roche).  Bound proteins were fractionated on a 10% SDS-

PAGE gel and visualized by autoradiography.  HA-SRF protein was verified by Western

blotting and detection using chemi-luminescent solution (Supersignal West Dura kit).
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2.7.3. Microinjection and embryological manipulations.

RNAs encoding MASTR, DN-MASTR, MyoD or Myf5 for microinjection were

prepared using the T7 Message Machine kit (Ambion).  Dose curves were carried out for

all transcripts.  For marker expression studies mRNAs were microinjected into one cell of

two-cell stage embryos in 0.4X MMR/4%Ficoll, cultured thereafter in 0.2X MMR and

processed at neurula stages.  For animal cap explant studies, embryos were injected at the

one cell stage, caps were isolated at St 9 and cultured in 0.75X MMR until sibling control

embryos reached St 12.5.  Preparation and microinjection of Morpholino oligomers

(MOs) was performed as described previously (Garriock, et al., 2005).  MASTR

antisense morpholinos (MO1 5’ AGGCACAGTGACGGACGTAATGGTT 3’ and MO2

5’ GGTCCCAAAGGACTGAGGGAG 3’) were targeted to sequences in the 5’ UTR of

the MASTR transcript.  Both MO1 and MO2 effectively blocked translation from a

MASTR test transcript containing 5’ UTR of MASTR mRNA sequence fused to the

coding region of EGFP (Fig. 12).  For in vivo experiments, 25 ng or 50 ng of MO1 or

MO2 was microinjected into the mediolateral region of one cell of two-cell staged

embryos.  For MO control experiments, we used an MO that blocks expression of Wnt11-

R (Garriock et al., 2005) but which has no other effects on early embryonic development.

Whole-mount in situ hybridization was carried out using digoxigenin-labeled probes and

standard conditions (Harland, 1991).  For RT-PCR analysis total RNA was isolated from

twenty animal caps per treatment using Trizol (Invitrogen). RT-PCR was carried out
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including 0.3 mCi of a-32P-dATP in a standard reaction, products were fractionated on a

5% non-denaturing polyacrylamide gel and visualized by autoradiography.  Primers,

annealing temperatures (At), and cycle number (C#) for RT-PCR analysis are as follows:

cardiac.a-actin (Niehrs et al., 1994) (C#=31); fsTnI, (forward) 5’-

TCTGCGTGGCAAGTTCAAGA-3’ and (reverse) 5’-GGTGGTTGTCTCTGTAAGCT-

3’ (At=580C) (C#=33); MyBP-C, (forward) 5’-TCGACATCGCTGCAAATGAG-3’ and

(reverse) 5’-GTAGCTTCAGAAGACTCTGG-3’ (At=600C)(C#=32); MLC1f, (forward)

5’-ATGGCACCCAAGAAGGATG-3’ and (reverse) 5’-CTGCTTAGAAGATTTAGCC-

3’ (At=600C)(C#=32); MLC3f, (forward) 5’-TGTCTTTCTCCGCTGATGAA-3’ and

(reverse) 5’-CAACGAAGTCTTCAAAGGAG-3’ (At=600C)(C#=32); aMHC (Small et

al., 2005) (C#=30); MRF4 (Small et al., 2005) (C#=30); MyHC E19 (Cox and Neff,

1995) (C#=32); Myf5 (Small et al., 2005) (C#=30); MyoD (Small et al., 2005) (C#=30);

myogenin (Small et al., 2005) (C#=30); ODC (Bouwmeester et al., 1996) (C#=28);

skeletal a-actin,  (forward) 5’-TGTATGTAGCCATCCAGGCT-3’ and (reverse) 5’-

AAGCTGCTGTTGCCATCTCA-3’ (At=600C) (C#=32); SM22 (Small et al., 2005)

(C#=33);  smooth muscle a-actin (Small et al., 2005) (C#=29);  ssTnI, (forward) 5’-

TTGAAGCCATGTCTGGCATG-3’ and (reverse) 5’-GACGTAGTGTCGTTTCTGCT-

3’ (At=600C) (C#=33);  a-tropomyosin, (forward) 5’-CATGGACGCCATCAAGAAGA-

3’ and (reverse) 5’-TTCTCCTGGGCATCTTTCAG-3’ (At=580C) (C#=32); Xbra (Vokes

and Krieg, 2002) (C#=30).
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CHAPTER 3: ETS AND KRUPPEL-LIKE FACTORS COOPERATE TO ACTIVATE

FLK-1 EXPRESSION DURING XENOPUS VASCULAR DEVELOPMENT

3.1.  Abstract

The receptor tyrosine kinase, Flk-1, is critical to the formation of blood vessels.

Mice lacking Flk-1 fail to undergo vasculogenesis, the de novo creation of blood vessels.

Identification of the factors that regulate Flk-1 expression may lead to an understanding

of the molecular mechanisms responsible for the initial formation of the primary

vasculature.  Using comparative genomics, we have identified sequences within the

previously reported Flk-1 intronic enhancer that are conserved between human and frog.

These sequences correspond to binding elements for Ets and Kruppel-like transcription

factors (KLF).  Mutation of either sites in Xenopus transgenics results in loss or dramatic

reduction of reporter gene expression, respectively.  Over-expression of KLF2 or a novel

Ets factor, Etsrp, is sufficient to induce Flk-1 expression in avascular regions in the frog

embryo.  Inhibition of KLF2 or Etsrp function results in dramatic reduction in expression

of Flk-1 in vivo.  Furthermore, KLF2 and Etsrp cooperate to promote the transcription of

Flk-1.  These experiments are the first to indicate a pro-angiogenic role of KLF2, and

cooperation between Ets and KLF transcription factors during vascular development.

3.2. Introduction
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The cardiovascular system is the first functional organ developed in the embryo.

The major function of the heart and connecting blood vessels is the delivery of oxygen

and nutrients to cells during embryogenesis. In order to reach every region of the embryo,

an extensive vascular network is created and required for the growth of organs in

multicellular organisms. In early vertebrate development, the initial formation of blood

vessels occurs through a process termed vasculogenesis (Risau and Flamme, 1995;

Cleaver and Krieg, 1999).  During vasculogenesis, cells in the mesoderm are specified to

become endothelial precursor cells called angioblasts.  These angioblasts coalesce into

cord structures, differentiate into endothelial cells and organize into lumenated tubes to

makeup the primary vascular plexus.  The process of angiogenesis allows for the

modification and extension of the initial vascular plexus into avascular regions of the

embryo.  There are two types of angiogenesis: sprouting angiogenesis which is the

growth of blood vessels from the pre-existing vessels of the primary vascular plexus, and

non-sprouting angiogenesis which includes the splitting (intussusception) and pruning of

established blood vessels (Risau, 1997).  Once in place, vessels of the vascular network

must undergo a maturation step to ensure mechanical and physiological support during

blood flow.  This requires the recruitment of supportive cells such as pericytes and

vascular smooth muscle cells.

The vascular endothelial growth factor (VEGF) and its high affinity receptor,fetal

liver kinase 1 (Flk-1) are essential to formation of the vasculature.  VEGF is an

endothelial-specific mitogen expressed in ectodermal and endodermal tissues, while the
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receptor tyrosine kinase Flk-1, is expressed in the neighboring mesoderm (Dumont et al.,

1995; Flamme et al., 1995; Cleaver et al., 1997) and is considered the earliest marker of

cells fated to become endothelial cells.  Gene ablation studies have revealed the

significance of VEGF and Flk-1 during early blood vessel development.  Mice lacking a

single VEGF allele die at E 10.5 due to defects in the differentiation of endothelial cells,

angiogenesis and organization of the vasculature (Carmeliet et al., 1996; Ferrara et al.,

1996).  The abnormalities that manifested in these haploid insufficient mice is truly

unparalleled for a targeted gene disruption, and suggests VEGF acts in a dose-dependent

fashion to ensure proper vascular formation.  Targeted deletion of Flk-1 results in severe

defects in the development of the vasculature and blood, and as a consequence,

homozygous null mice die between the stages E 8.5 to E 9.5 (Shalaby et al., 1995).

Angioblast numbers are severely reduced and the angioblasts that form in these mutant

mice fail to aggregate and assemble into the cord structures that are normally observed

during vasculogenesis.

Since Flk-1 is critical to the initial events of blood vessel development and because

it is the earliest known marker of cells destined to enter the endothelial lineage, it is

thought that identification of transcription factors responsible for controlling Flk-1

expression will lead to insights in the molecular mechanisms underlying the very earliest

commencement of vascular development.  Initial studies into the transcriptional

regulation of Flk-1 suggested that the 5’ flanking promoter region alone was sufficient to

drive endothelial-specific expression of a reporter gene in transfected cells (Patterson et
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al., 1995; Ronicke et al., 1996); however, it was discovered that the promoter region was

not capable of driving LacZ expression in vivo (Kappel et al., 1999).  In fact, it was

discovered that the promoter in combination with an enhancer in the first intron was

efficient in endothelial-specific expression of the transgene.  Intriguingly, transgenic mice

harboring the enhancer coupled with a thymidine kinase promoter showed LacZ staining

in the endothelium, albeit at weaker levels when compared to the Flk-1 promoter plus the

intronic enhancer.  These experiments were the first to suggest that the genetic

information in the Flk-1 enhancer encodes the primary regulatory sequences for Flk-1

expression.

Transcriptional analysis of the Flk-1 intronic enhancer revealed binding elements

for the transcription factors GATA, SCL/Tal and Ets.  Mutation of the GATA and Ets

motifs resulted in the abolishment of LacZ expression, while mutation of the SCL/Tal site

resulted in the reduction expression of LacZ in the endothelial cells of transgenic mice

(Kappel et al., 2000).  Incidentally, GATA-2 has been shown to activate the promoters of

the vascular genes endothelin-1 and PECAM in vitro (Gumina et al., 1997; Kawana et al.,

1995), while SCL/Tal -/- mice display defective vascularization of the yolk sac (Visvader

et al., 1998).

The involvement of Ets factors in the transcriptional regulation of Flk-1 is not

surprising since members of the Ets family of proteins are implicated in vascular

development.  To date approximately 30 Ets factors have been identified in mammals and
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all members share a highly conserved DNA-binding domain usually located at the

carboxyl terminus of the protein (Lelievre et al., 2001; Sharrocks, 2001).  Ets factors bind

to the core DNA sequence GGA(A/T) and it has been stated that virtually every vascular

gene contains Ets binding sites in their regulatory regions (Dejana et al., 2007).  Indeed,

transcriptional analysis using a transgenic approach has demonstrated the importance of

Ets motifs in several vascular genes.  In the Tie2 gene, an intronic enhancer is sufficient

to drive endothelial-specific transgene expression in mice, and mutation of either Ets

binding sites within this enhancer results in the complete inactivation of the enhancer in

vivo (Schlaeger et al., 1997).  Approximately 2.5kb of the VE-cadherin promoter drives

reporter gene expression in the endothelium of transgenic mice; however mutation of two

Ets motifs within the promoter dramatically reduced reporter expression (Gory et al.,

1998).

 In addition to the requirement of Ets binding sites in vivo, Ets factors have been

shown to activate vascular genes.  In transfection assays, the Ets factors Ets-1 and Erg are

capable of inducing the Flt-1 promoter in vitro (Wakiya et al., 1996).  Overexpression of

Erg mRNA in Xenopus is sufficient to activate expression of the vascular marker, MSR,

in vivo (Baltzinger et al., 1999).  Interestingly, neither Ets-1 or Ets-2 were competent to

activate transcription of Flk-1 via the enhancer (Kappel et al., 2000) suggesting that other

factors may contribute to its expression.  In fact, it has been reported that 19 of the 30 Ets

transcription factors are expressed in endothelial cells; however no single Ets factor is

exclusively expressed in the endothelial lineage (Hollenhorst et al., 2004).  If Ets family
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members are present in a number of tissues that includes endothelial cells, how can any

given Ets factor contribute to endothelial-specific gene regulation?  It is postulated that

Ets factors achieve specificity through cooperation with other transcription factors.  As it

turns out, members of the Ets family frequently interact with partners to influence tissue

specific gene regulation (Lelievre et al., 2001; Sharrocks, 2001; Oikawa and Yamada,

2002); however, incredibly little is known about Ets partners in endothelial cells.

Another family of transcription factors implicated in vascular biology is the

Kruppel-like factors (KLF).  KLFs are DNA-binding transcription factors characterized

by 3 Cys2/His2 zinc fingers located at the carboxyl terminus of the proteins (Atkins and

Jain, 2007).  There are critical residues within each zinc finger that mediate binding to the

DNA sequences CACCC or GT boxes (Bieker et al., 2000; Dang et al., 2000).  Although

the zinc finger domains are highly conserved throughout the KLF family, the remaining

sequences are highly divergent.  There are 17 mammalian KLFs and to date, only three

are reported to be expressed in endothelial cells, although not exclusively: KLF2, KLF4

and KLF6 (Kuo et al., 1997; Yet et al., 1998; Kojima et al., 2000; Botella et al., 2002;

Lee et al., 2006).  Knowledge of KLF4 function in endothelial cells is limited; however it

has been shown that KLF4 regulates endothelial inflammation (Hamik et al., 2007) and

that KLF4 expression is induced by blood flow (McCormick et al., 2001).  KLF6 can

transcriptionally activate genes involved in tissue remodeling and response to vascular

injury (Kojima et al., 2000; Botella et al., 2002).  Recent knock out studies in mice

demonstrate a role for KLF6 in vasculogenesis.  Mutant mice displayed poorly defined
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yolk sac vasculature, and KLF6 -/- embryonic stem cells expressed little detectable Flk-1

protein upon differentiation into embryoid bodies (Matsumoto et al., 2006).  KLF2 has

been extensively studied in the endothelium and its role in vascular biology is better

understood. Crude domain mapping of KLF2 has identified a transactivating and

transrepression domain within the protein suggesting KLF2 is a complex transcription

factor (Conkright et al., 2001).  Similar to KLF4, it has been shown that KLF2 is induced

by blood flow, and KLF2 can regulate the expression of many genes in a manner similar

to blood flow (Dekker et al., 2002; SenBanerjee et al., 2004; Dekker et al., 2005).  KLF2

is thought to be a major transcriptional regulator of endothelial proinflammatory

activation and thrombotic function (SenBanerjee et al., 2004; Lin et al., 2005).  Targeted

deletion of KLF2 results in blood vessels that are deficient in the recruitment of smooth

muscle cells and formation of the tunica media; subsequently, mutant mice die between

stages E12.5 and 14.5 from hemorrhaging (Kuo et al., 1997).  Endothelial-specific knock

out of KLF2 resulted in apparently normal vascular formation but animals died from

lethal lethal embryonic heart failure due to a high-cardiac-output state (Lee et al., 2006).

Furthermore, it has been implied that KLF2 has antiangiogenic properties: a combination

of cell culture and microarray studies have suggested that KLF2 functions as a repressor

of Flk-1 expression in adult endothelial cells (Bhattacharya et al., 2005: Dekker et al.,

2006).

Our investigation into the transcriptional regulation of Flk-1 has lead to the

identification of tandem Ets:KLF binding elements conserved within the Flk-1 enhancer
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of humans and frogs, and transgenic experiments demonstrate an in vivo role for these

motifs in Flk-1 expression.  Furthermore, our studies point to a mechanism whereby Ets

and KLF cooperate to activate the transcription of Flk-1and subsequently promote

vascular development.

3.3.  Identification of conserved Ets:KLF tandem binding sites in the Flk-1 enhancer.

In an effort to identify unique sequences involved in the transcriptional regulation of

Flk-1, we compared potential regulatory regions of the Flk-1 gene in different species.

Surprisingly, simple alignments of sequences within the first intron lead to the

recognition of an approximately 120 base pair segment that was highly conserved

between human and frog.  Additional alignments yielded no significant regions of

conservation between species.  Interestingly, the conserved sequences are located within

the previously reported mouse Flk-1 intronic enhancer (Kappel et al., 1999; Kappel et al.,

2000).  Analysis of this region shows a near identical match of 18 nucleotides between

human, mice, chicken and frog, and contains consensus binding elements for Ets and

Kruppel-like factors (KLF) (Figure 19A).  We hypothesize that the evolutionarily

conserved Ets and KLF motifs play critical roles in the regulation of Flk-1 expression.

3.4.   The Ets and KLF sites within the enhancer are required for proper Flk-1 expression

in vivo.
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To address the significance of the Ets and KLF sites with regard to transcriptional

control on Flk-1 gene expression, we utilized the Xenopus transgenesis system (Kroll and

Amaya, 1996; Sparrow et al., 2000).  We have previously reported that Xenopus Flk-1

promoter sequences in combination with the first intron are sufficient to drive strong

green fluorescent protein (GFP) expression throughout the blood vessels of transgenic

frogs (Warkman et al., 2004).  In the present studies, a similar transgenic construct

containing a portion of the intron, but still retaining the enhancer, was used (Fig. 19B)

and displayed little differences in GFP levels in comparison to the original transgenic

construct (data not shown).  Stage 37 transgenic embryos showed clear detectable GFP

expression in major vessels that include the posterior cardinal veins, intersomitic vessels

and the vascular plexus, apparently equivalent to normal Flk-1 expression at a

comparable stage (compare Fig. 19B to Fig. 19A.  Table 4).  Later in development, as the

embryo becomes more transparent, GFP is readily observed throughout the many vessels

of the trunk and tail (Fig. 19C).  Endothelial-GFP expression in the tadpole illuminates an

intricate and complex vascular network (Fig. 19D).  It should be noted that like the

transgenic studies in Kappel et al., 1999, the Xenopus Flk-1 promoter alone was

incapable of driving reporter gene expression in the endothelial cells (data not shown),

suggesting that the most crucial genetic information lies within the intronic enhancer.

Previous experiments in transgenic mice have demonstrated that the conserved

Ets site is required for Flk-1 expression (Kappel et al., 2000).  Even though we would

predict that the Ets site would retain its important regulatory role because it has been
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Figure 19.  The Flk-1 enhancer contains conserved Ets and KLF sites necessary for
expression in vivo.  (A) Alignment of sequences within the Flk-1 enhancer of human,
mouse, chicken and Xenopus indicates conserved tandem Ets and KLF sites.  (B)
Diagram of the construct used in the generation of transgenic Xenopus.  Approximately
2.5 kilobases (kb) of the Flk-1 promoter plus a portion of the 5’ UTR (black box) and 1.5
kb of the first intron flanks the 5’ and 3’ coding region of green fluorescent protein
(GFP), respectively.  The blue box represents the enhancer contained in the intron.  (C) A
stage 37 transgenic embryo shows GFP reporter expression driven by the Flk-1 wild type
(WT) regulatory regions (B).   Strong GFP expression is detected in the blood vessels of
the embryo that include the posterior cardinal vein (P.C.), intersomitic vessels (I.S.) and
vitelline veins (V.V.).  GFP fluorescence is observed in the eye driven from the control g-
crystallin promoter that serves as a marker for transgenesis. (C) View of the trunk region
of a typical stage 45 WT transgenic embryo depicts an elaborate vascular network.  The
gut is indicated (g) for orientation.  (E) Complete view of a St 47 WT transgenic embryo.
(F) Ets mutant, transgenic embryo under visible light.  (G) Mutation of the conserved Ets
site results in the ablation of GFP expression in the vasculature of stage 43 transgenic
embryos.  (H and I) Fluorescent images of KLF mutant, transgenic embryos show a
dramatic reduction in GFP expression in blood vessels.  Note images (D, H, I) are taken
at the same magnification and exposure.
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Figure 19.
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Table 4.  The Ets and KLF sites are required for vascular expression of GFP in transgenic
embryos.

Construct Number of embryos
with strong GFP
expression in the

vasculature

Number of embryos
with reduced GFP
expression in the

vasculature

Number of
transgenic
embryos

Flk-1 WT 18 (75%)   6 (25%) 24
Flk-1 Ets mut 0 (0%) 0 (0%) 28
Flk-1 KLF mut 11 (35%) 20 (65%) 31
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preserved through evolution, we tested its significance in Xenopus transgenics. A single

nucleotide change in the core Ets sequence rendered the transgene completely inactive

and confirmed its requirement for Flk-1 expression in vivo (Fig. 19G and Table 4).  To

assess the role of the KLF motif in transgenics, embryos were generated that contained a

mutated KLF binding site.  A close look at mutant embryos showed that GFP could be

detected in endothelial cells; however, levels of GFP were dramatically reduced (compare

Fig. 19F and G to Fig. 19E), and the overall number of transgenic embryos with GFP

positive blood vessels was reduced when compared to the wild type construct (Table 4).

Taken together, mutational analysis of the conserved Ets and KLF sites establish the

requirement of both regulatory elements for strong, efficient activation of the Flk-1 gene

in living animals.

3.5.  A novel Ets transcription factor, Etsrp and the Kruppel-like factor family member

KLF2 are expressed in endothelial cells.

Given that the conserved Ets:KLF tandem binding sites are necessary for the

correct expression of Flk-1 during vascular development, we sought to determine if

members of either family are present in endothelial cells.  The Xenopus laevis Ets family

proteins, Ets-1, Fli and Erg are present in endothelial cells (Steigler et al., 1990; Steigler

et al., 1993; Meyer et al., 1993;Meyer et al., 1995; Meyer et al., 1997; Baltzinger et al.,

1999); however, we wished to determine if additional Ets factors are expressed in blood

vessels since zebrafish contain at least four vascular Ets factors (Pham et al., 2007).  Blast
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searches of available Xenopus laevis ESTs resulted in the discovery of a new Ets gene.

Outside of the DNA-binding domain, no discernible homology was detected that would

enable us to identify its mammalian orthologue.  In addition, syntenic comparisons using

the Xenopus tropicalis genome failed to identify a true ortholog (data not shown).

Therefore, we have named the new Xenopus Ets factor, Ets-related protein (Etsrp) and

suggest that primary sequence and the current coverage of the tropicalis genome is

insufficient to determine its mammalian ortholog (if in fact it has one) at this time.

Nonetheless, whole mount in situ hybridization for Etsrp transcripts reveals expression in

the endothelial cells of the cardinal veins, intersomitc vessels, vitelline veins and vessels

in the face (Fig. 20B).  This in situ pattern is extremely similar to Flk-1 at similar stages

(compare Fig. 20A and 20B).

In order to determine whether KLF genes are expressed during vascular

development of the frog, we carried out in situs for KLF2, which is expressed in the

endothelial cells of developing mice and zebrafish (Kuo et al., 1997; Oates et al., 2001;

Lee et al., 2006).  Indeed, KLF2 transcripts were observed in all the major blood vessels

of the embryo (Fig. 20C).  The presence of Etsrp and KLF2 in the same endothelial cells

that express Flk-1, coupled with the transgenic data suggests a possible regulatory

function of Etsrp and KLF2 in the transcription of Flk-1.
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Figure 20.  Etsrp and KLF2 are expressed in endothelial cells of Xenopus embryos.  (A)
In situ hybridization analysis of Flk-1 show expression in the endothelial cells that
comprise the major vessels of a stage 36 embryo: posterior cardinal vein (P.C.),
intersomitic vessels (I.S.), vitelline veins (V.V.) and aortic arches (A.A.).  (B) Compared
to the distribution of Flk-1 transcripts, Etsrp is expressed in an identical pattern.  Etsrp
transcripts are detected in all the major vascular structures of stage 36 Xenopus embryos.
(C) Whole-mount in situ hybridization for KLF2 reveals a nearly identical expression
pattern to Flk-1 and Etsrp.  Note that expression of KLF2 transcripts is relatively weak
compared to Flk-1 and Etsrp, while KLF2 appears in only two of the three aortic arches
present at stage 36.
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3.6.  KLF2 binds to the consensus KLF element in the Flk-1 enhancer.

The presence of a KLF binding site in the Flk-1 enhancer suggested that KLF2

regulates Flk-1 gene expression directly.  To begin to address this hypothesis, we

assessed whether nuclear proteins from endothelial cells might associate with the

consensus KLF site.  First, we chose two different endothelial cell lines that expressed

Flk-1 (data not shown).  This standard was created with the idea that if the cells

expressed Flk-1, then the factors involved in activating Flk-1 expression would be

present.  In the gel shift experiments, a single complex was observed when nuclear

proteins from either endothelial cell line were incubated with an oligonucleotide

containing the CACCC sequence found in the enhancer (Fig. 21A lane 2, lane 6 and data

not shown).  The shift was specific since unlabeled wild type oligonucleotides, but not

oligonucleotides harboring a mutated KLF motif, were able to compete for binding (Fig.

21A lanes 3 and 4).  This complex was stable even in the presence of probes encoding

other transcription factor binding sites, such as the GC rich Sp1 site (Fig. 21A lanes 5, 7

and 8).  Furthermore, nuclear proteins from fibroblasts failed to form any noticeable

complex with the probe (Fig. 21A lane 9).  Overall, these experiments seem to suggest

that a nuclear endothelial protein, most likely a member of the KLF family, specifically

binds to the KLF site located in the enhancer.

To test if KFL2 directly interacts with the consensus KLF site located in the Flk-1

enhancer, we performed gel shift assays using protein extracts from COS cells expressing
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Figure 21.  KLF2 binds to the KLF site located in the Flk-1 enhancer.  (A) Nuclear
protein extracts from an endothelial cell line (EOMA) or a fibroblast cell line (L cell)
were used in gel shift assays with a radiolabled probe corresponding to a consensus KLF
site (WT).  Unlabeled WT probe and unlabeled oligonucleotides for a mutated KLF site
(Mut), serum response element (SRE), SCL/Tal motif (SCL) and a Sp1 binding site were
used as competitors in gel shifts assays at 25-fold molar excess.  Gel shifts indicate a
single unique complex formed in the presence of nuclear endothelial proteins (lane 2 and
7) that could be competed by excess unlabeled WT probe (lane 3), but not by other
unlabeled oligonucleotides (lanes 4, 5, 7, and 8).  Note that binding to the consensus KLF
site was not observed in the presence of nuclear proteins from fibroblast cells (lane 9).
The same results were observed when nuclear protein extracts from the endothelial cell
line, bEnd.3, were used; however weak binding was observed (data not shown).  (B)
KLF2 is able to bind to the KLF motif (CACCC) located in the Flk-1 enhancer in vitro.
WT labeled probe in the presence of protein extracts from COS-7 cells indicates a non-
specific complex formed (lane 1), while incubation with protein extracts from COS-7
cells expressing an HA tagged KLF2 shows a unique, faster migrating complex (lane 2).
Western blot analysis shows detection of the HA-KLF2 in COS-7 cells transfected with a
HA-KLF2 expression vector (data not shown).  The unique complex formed in the
presence of HA-KLF2 (lane 2) is supershifted in the presence of anti-HA antibody
indicating a direct interaction between HA-KLF2 and the consensus KLF site (lane 3).
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Figure 21.
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an epitope tagged KLF2. A single non-specific complex formed in the presence of control

protein extracts and the oligonucleotides corresponding to the KLF element (Fig. 21B

lane 1); however an additional complex formed when protein extracts from COS cells

xpressing an HA tagged KLF2 were incubated with the probe (Fig. 21B lane 2).  This

suggested that KLF2 bound to the KLF site and was responsible for the additional band.

To verify that KLF2 bound to the probe, we carried out a supershift experiment with HA

antibody.  In the presence of HA antibody, the unique complex was disrupted and a new,

slower migrating complex was detected (Fig. 21B lane 3).  These binding assays confirm

that KLF2 is able to bind to the consensus KLF site in vitro, and indicate that KLF2

regulates Flk-1 expression through direct interaction of the KLF motif located in the

enhancer.

3.7.  Inhibition of Etsrp and KLF2 function results in dramatic reduction in the

transcription of Flk-1 in vivo.

To address the function of Etsrp on Flk-1 expression during development, we

designed antisense morpholino oliogomers (MOs) to specifically inhibit Etsrp expression

in the embryo.  MOs were designed against the translational start sites of Xenopus Etsrp.

Embryos injected with the Etsrp MO displayed severe defects in the transcription of Flk-

1 (Fig. 22A and Table 5).  The defects in embryos injected with Etsrp MO ranged from

an almost complete loss of Flk-1 expression in the posterior cardinal vein, vascular

plexus and aortic arches to a marked overall reduction of Flk-1 transcripts in the
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Figure 22.  Inhibition of Etsrp and KLF2 function results in the reduction of Flk-1
expression in vivo.  (A) MO knockdown of Etrsp expression results in the dramatic
reduction of Flk-1 transcripts as compared to the uninjected side of the stage 34 embryo
(B).  The injected side of the embryo shows a near complete lose of the posterior cardinal
vein (P.C.) and the vitelline veins (V.V.), while the intersomitc vessels (I.S.) are
completely absent. (C) Embryos expressing a dominant-negative form of KLF2 (DN-
KLF2) were assayed at stage 36 for Flk-1 expression.  As shown the DN-KLF2 injected
side of the embryo lacks intersomitic vessels and vitelline veins as compared to the
uninjected side of the embryo (D).  Note that treatment of embryos with DN-KLF2
formed normal posterior cardinal veins.
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Table 5.  Inhibition of Etsrp and KLF2 function as assayed for Flk-1 transcripts.

Treatment Normal gene
expression

Reduced gene
expression

Number of
embryos

uninjected 45 (96%) 2 (4%) 47
Etsrp MO (12.5 ng) 20 (24%) 62 (76%) 82
Etsrp MO (25 ng)   9 (23%) 31 (77%) 40
Etsrp MO (50 ng) 10 (34%) 19 (66%) 29
DN-KLF2 (250 pg)   3 (14%) 19 (86%) 22
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vasculature.  It was also noted that the majority of Etsrp MO treated embryos failed to

form intersomitic vessels (compare Fig. 22A and 4B). The inhibitory effect on Flk-

1expression was dose dependent as higher doses resulted in a higher percentage of

embryos that exhibited a severe phenotype (Table 5).  These experiments demonstrate a

specific role for Etsrp in the transcriptional activation of Flk-1 in endothelial cells of the

developing embryo.

At present we do not know how many KLF genes are expressed in the developing

frog vasculature and it is possible that other KLFs are rescuing Flk-1 expression.  In an

attempt to disrupt KLF function during blood vessel development, we constructed a

dominant-negative form of the KLF2 protein that lacked the transactivation domain, but

retained the repression domain (DN-KLF2).  Presumably this form of the protein will

outcompete endogenous KLF for binding to KLF sites and actively repress gene

expression.  Whole mount in situ hybridization for Flk-1 transcripts, revealed that DN-

KLF2 injected embryos had normal overall appearance but possessed major vascular

defects (Fig. 22C and Table 2).  In the bulk of treated embryos, we failed to observe

extensive staining in the blood vessels of the head, vascular plexus and intersomitic

vessels (Fig. 22C).  It was interesting that expression of Flk-1 in the posterior cardinal

veins was unaffected (compare Fig. 22C to 22D).  This result suggests that several KLFs

are present in endothelial cells and function to promote expression of Flk-1 during
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development.  Regardless, our experiments demonstrate that Etsrp and KLFs are

necessary for induction of the Flk-1 gene and consequently, vascular development.

3.8.  Etsrp and KLF2 activate Flk-1 expression in vivo.

To explore the possibility that Etsrp and KLF2 might be sufficient to activate the

transcription of Flk-1, mRNAs encoding Xenopus Etsrp and KLF2 were injected into

embryonic ectodermal explants (animal caps).  RT-PCR analysis of animal caps

expressing Etsrp or KLF2 demonstrated that neither factor is sufficient to activate

endogenous levels of Flk-1 in non-vascular tissues (data not shown).  It has been

previously shown that the Ets factor, Erg, is sufficient to induce expression of the

vascular marker MSR in avascular regions of the Xenopus embryo (Baltzinger et al.,

1999).  Therefore, we performed targeted injections of Etsrp and KLF2 mRNAs into the

ventral blastomeres that will give rise to avascular regions of the embryo and assayed for

Flk-1 expression. It should be noted that Etsrp and KLF2 mRNAs were co-injected with

mRNAs that encode GFP, which served as a tracer to verify successful targeted

injections. Embryos injected with GFP mRNAs alone showed no expression of Flk-1 in

the posterior avascular region (Fig. 23A).  However, Etsrp induced strong, ectopic

expression of Flk-1, even at low doses (Fig. 23B and Table 6).  As a matter of fact, Etsrp

was so efficient in activating the transcription of Flk-1 that we decided to test its potency

to that of Erg.  Unexpectedly, low doses of Etsrp dramatically activated ectopic Flk-1

expression, whereas a molar equivalent dose of Erg only moderately induced ectopic Flk-
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Figure 23.  Etsrp and KLF2 activate the expression of Flk-1 in avascular regions of the
embryo.  (A) Targeted injection of control GFP mRNAs (500 pg) in the avascular region
of embryos. (B) Embryos injected with Etsrp mRNA (50 pg) display robust, ectopic
expression of Flk-1 transcripts in the normally avascular region of stage 36 embryos
(arrows). (C) Embryos injected with KLF2 mRNA (500 pg) show ectopic expression of
Flk-1 in avascular regions of the embryo (arrow).  (D) Transverse section of the stage 36
embryo injected with KLF2 mRNA in panel (C).
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Table 6.  Ectopic Flk-1 expression in response to mRNAs.

mRNA Normal gene
expression

Weak, ectopic
gene expression

Strong, ectopic
gene expression

Number of
embryos

GFP (500 pg) 51 (98%) 1 (2%) 0 (0%) 52
KLF2 (250 pg) 20 (65%) 11 (35%) 0 (0%) 31
KLF2 (500 pg) 41 (45%) 42 (46%) 8 (9%) 91
KLF2 (1 ng)   6 (21%) 18 (62%)   5 (17%) 29
Etsrp (25 pg) 0 (0%)   2 (10%) 19 (90%) 21
Etsrp (50 pg) 2 (6%) 2 (6%) 30 (88%) 34
Etsrp (100 pg) 3 (9%) 2 (7%) 27 (84%) 32
Erg (25 pg)  7 (29%) 17 (71%) 0 (0%) 24
Erg (50 pg)  6 (19%) 25 (81%) 0 (0%) 31
Erg (100 pg) 15 (39%) 24 (61%) 0 (0%) 39



101

1 expression (Fig. 24).  The outcome of this experiment indicate that Etsrp is a more

powerful transcriptional inducer of Flk-1 than Erg, and conceivably Etsrp might be the

primary activator of the Flk-1 gene during development.

Over-expression of KLF2 mRNAs resulted in the appearance of Flk-1transcripts

throughout tissues of the embryo that are normally avascular (Fig. 23C and 23D). This

activation was dose dependent because higher doses of KLF2 coincided with greater

ectopic expression of Flk-1 in the embryo  (Table 6).  These experiments are the first to

show that KLF2 is sufficient to activate the transcription of Flk-1 in vivo.  A recent report

suggests that KLF2 acts as an anti-angiogenic factor by directly repressing the expression

of Flk-1 (Bhattacharya et al., 2005).  Even though our in vivo studies argue that KLF2 is

a transcriptional activator of the Flk-1 gene, we further attempted to test KLF2’s

transcriptional ability by using a luciferase construct in which three KLF consensus sites

were cloned in front of a minimal promoter.  This synthetic enhancer construct was

injected into early frog embryos alone and in combination with KLF2 mRNAs, and

luciferase activity was measured 24 hours later.  As shown in figure 25, KLF2 robustly

increased luciferase activity.  Thus under the conditions tested, our evidence points to

KLF2 being an activator of Flk-1 transcription.

3.9.   Etsrp and KLF2 cooperate to promote Flk-1 gene expression.
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Figure 24. Xenopus Etsrp is a more powerful activator of Flk-1 transcription than Erg in
vivo.  (A and B)  Targeted injection of Erg mRNA (25 pg) shows moderate, ectopic
expression of Flk-1 transcripts in avascular regions of stage 36 embryos (arrows).   (C
and D)  Embryos injected with Etsrp mRNA (25 pg) exhibit robust, ectopic expression of
Flk-1 in the posterior avascular region at stage 36 (arrows).  Note that Erg injected
embryos have small clusters of cells ectopically expressing Flk-1, whereas Etsrp injected
embryos display large aggregates of Flk-1 expressing cells in avascular tissues.
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Figure 25. KLF2 induces the expression of a reporter gene.  (A) A luciferase construct
(Enh:Luc) was injected into one-cell embryos and luciferase activity was assayed at the
gastrula stage.  Co-injection of Enh:Luc and KLF2 mRNA (250 pg) caused an
approximately 11-fold increase in normalized relative luciferase activity as compared to
the injection of Enh:Luc alone.  Experiments were performed in triplicate.
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The Ets family of transcription factors are known to interact with numerous regulatory

proteins to influence transcription of target genes (Sharrocks, 2001; Oikawa and Yamada,

2002). The fact that conserved, adjacent Ets and KLF sites are present in the Flk-1

enhancer reflected a strong possibility that Ets and KLF factors might cooperate to

activate the transcription of Flk-1.  To specifically address whether Ets and KLFfactors

cooperate to promote the expression of Flk-1, we tested the combined abilities of Etsrp

and KLF2 to induce the Flk-1 gene in avascular regions of the embryo.  Since Etsrp is an

extremely strong activator and because KLF2 is also sufficient to induce Flk-1

expression, we titrated the doses of both factors to concentrations that would result in

weak or no ectopic activation of Flk-1 (Fig. 26B and 26C; Table 7).  These suboptimal

doses of Etsrp and KLF2 were co-injected into the avascular region and whole mount in

situ hybridization demonstrated that co-expression of Etsrp and KLF2 caused robust,

ectopic expression of Flk-1 (Fig. 26D and Table 7).

3.10.  Discussion

3.10.1.  The Flk-1 enhancer contains conserved Ets and KLF sites necessary for

expression in vivo.

We have identified tandem Ets:KLF binding sites within the Flk-1 enhancer that

are conserved from frogs to humans (Fig. 18A).  Conservation of these consensus sites

between such evolutionarily distant species strongly suggests a role for Ets and KLF

factors in the regulation of Flk-1 expression.  To assess the significance of the Ets and
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Figure 26.  Etsrp and KLF2 cooperate to activate expression of Flk-1. (A) Control GFP
mRNA (500 pg) injected embryos were assayed by whole-mount in situ hybridization for
Flk-1. (B-D) Embryos were injected with mRNAs encoding Etsrp or KLF2 alone or in
combination and then assayed at St 36 for expression of Flk-1. (B) Targeted injection of
low doses of Etrsp mRNA (10 pg) results in weak, ectopic expression of Flk-1 transcripts
in the avascular region of embryos (arrows).  (C) An embryo expressing KLF2 mRNA
(150 pg) displays very limited ectopic expression of Flk-1 (arrow).  In fact, most embryos
injected with KLF2 mRNA appear normal (Table 5).  (D) Co-expression of suboptimal
doses of Etsrp (10 pg) and KLF2 (150 pg) mRNAs resulted in dramatically higher levels
of ectopic expression of Flk-1 (arrows).
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Table 7.  Etsrp and KLF2 synergize to activate ectopic Flk-1 expression.

mRNA Normal gene
expression

Weak, ectopic
gene expression

Strong, ectopic
gene expression

Number of
embryos

GFP (500 pg) 51 (98%) 1 (2%) 0 (0%) 52
Etsrp (10 pg) 38 (53%) 31 (43%) 3 (4%) 72
KLF2 (150 pg) 45 (92%) 4 (8%) 0 (0%) 49
Etsrp (10 pg) +
KLF2 (150 pg)

 4 (10%) 17 (44%) 18 (46%) 39



107

KLF binding motifs, we generated transgenic embryos that express GFP under the

control of the Flk-1 promoter and enhancer (Fig.19B), and these animals strongly

expressed GFP throughout all blood vessels of developing embryos (Fig. 19C-19E).

Mutation of the core Ets site resulted in ablation of GFP expression (Fig. 19G),while

mutation of the KLF site caused a dramatic reduction in reporter expression (Fig. 19H

and 19I).  Therefore, these regulatory sites are necessary for Flk-1 expression in vivo, and

suggest that the transcription factors regulating Flk-1 expression via these sites act as

transcriptional activators.  It is important to note that mutation of the KLF site results in a

decrease in Flk-1 expression.  This indicates that the normal function of KLF proteins in

the embryo is to activate Flk-1 expression through the KLF binding site.  It would be

interesting to see if the Ets:KLF portion of the enhancer is sufficient to drive endothelial-

specific expression of GFP in transgenic frogs, since the enhancer is sufficient to drive

LacZ in endothelial cells of mice (Kappel et al., 1999).

3.10.2.  Etsrp and KLF2 are expressed in endothelial cells.

In situ hybridization has established that at least three Ets genes are present in the

vasculature of Xenopus: Ets-1, Fli and Erg (Steigler et al., 1990; Steigler et al., 1993;

Meyer et al., 1993;Meyer et al., 1995; Meyer et al., 1997; Baltzinger et al., 1999);

whereas, at least four Ets genes are expressed in endothelial cells of zebrafish (Pham et

al., 2007).  We have identified a novel Ets gene in the frog that is expressed in endothelial

cells (Fig. 20B); however syntenic analysis and comparison of Etsrp to other Ets family
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members are insufficient to identify its zebrafish or mammalian orthologs.  Nevertheless,

the presence of Etsrp in the blood vessels implies that it has a role in the transcription of

vascular genes.  Unlike the Ets family of proteins, the KLF family has been virtually

unexplored in the frog embryo.  To date three KLFs (KLF2, KLF4 and KLF6) are

reported in the vasculature (Atkins and Jain, 2007) with most studies aimed at the

function of KLF2.  We demonstrate that KLF2 is expressed in endothelial cells similar to

mice and zebrafish (Kuo et al., 1997; Oates et al., 2001; Lee et al., 2006 - Fig. 19C).

Thus, whole mount in situ hybridization of Etsrp and KLF2 show that these genes are

expressed in a pattern similar to Flk-1 (compare Fig. 20A-20C), and subsequently,

represent candidate genes that may regulate Flk-1 transcription via the Ets:KLF enhancer.

Furthermore, we show that KLF2 is able to bind the consensus KLF site found in the Flk-

1 enhancer (Fig. 21).

3.10.3.  Mis-expression of Etsrp and KLF2 causes ectopic activation of Flk-1 transcripts.

It was previously shown that injection of Erg mRNA into an avascular region of

the developing frog caused ectopic activation of the vascular marker MSR (Baltzinger et

al., 1999). To test if Etsrp and KLF2 are capable of activating Flk-1 expression in vivo,

we expressed mRNAs encoding both factors into avascular regions of the embryo.

Embryos injected with Etsrp exhibited robust, ectopic staining for Flk-1 in the avascular

region (Fig. 23B).  Even remarkably low doses of Etsrp were sufficient to strongly

activate the expression of Flk-1.  As a comparison, equivalent low doses of Etsrp and Erg
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were injected into the posterior avascular regions of embryos and assayed by in situ

hybridization.  It was evident that Etsrp was a more powerful inducer of Flk-1 expression

than Erg (Fig. 24) suggesting the possibility that Etsrp may be the primary activator of

Flk-1 transcription.  Injection of KLF2 mRNA resulted in ectopic expression of Flk-1 in

avascular regions of the embryo (Fig. 23C and 23D).  Although sufficient to activate Flk-

1 ectopically, in general, KLF2 was only a moderate activator (Table 6). In addition to

the targeted injections, over-expression of KLF2 in early embryos effectively activated a

synthetic enhancer (Fig. 25). To our knowledge, these are the first experiments to show

that KLF2 acts as a transcriptional activator in the expression of the Flk-1 gene in vivo,

and is in direct contrast to reports that KLF2 is a repressor of Flk-1 expression

(Bhattacharya et al., 2005; Dekker et al., 2006).  Based on our luciferase, transgenic and

overexpression studies we conclude that KLF2 is an activator of Flk-1 transcription in the

Xenopus embryo.

3.10.4.  Etsrp and KLF2 are required for Flk-1 expression.

To determine the functional roles of Etsrp during embryonic vascular

development, antisense morpholino oligomers (MO) were designed to inhibit the

translation the Etsrp protein.  Embryos injected with Etsrp MO displayed dramatic

vascular defects as seen by whole mount in situ hybridization for Flk-1 transcripts (Fig.

22A).  Many of these embryos failed to form complete posterior cardinal veins,

intersomitc vessels, aortic arches and vitelline veins, while some embryos showed a near
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complete loss of these structures.  This result was somewhat surprising since it has been

thought that Ets factors in the vasculature may have overlapping functions.  In fact, gene

ablation studies of Ets-1 in mice yield no discernible defects in the vasculature (Bories et

al., 1995; Muthusamy et al., 1995; Barton et al., 1998), and homozygous null Fli-1 mice

appear to develop a functional vascular network (Spyropoulos et al., 2000).  Although a

single knockdown of any one of the four Ets genes expressed in the vasculature of

zebrafish resulted in impaired blood vessel development, knockdown of all four Ets

factors was required to observe severe phenotypes similar to our Etsrp MO treated

embryos (Pham et al., 2007).  However, we never saw a complete loss of Flk-1

expression so it is likely that other vascular Ets factors possess at least partial redundant

functions.  Given that Flk-1 is critical to the development of blood vessels (Shalaby et al.,

1995) and inhibition of Estrp function nearly eliminated Flk-1 expression, we conclude

that Etsrp is necessary for vascular development.

Unfortunately, incredibly little is known about the function and expression

patterns of KLF family members in Xenopus; however, several KLFs are expressed in

endothelial cells of mammals (Kuo et al., 1997; Yet et al., 1998; Kojima et al., 2000;

Botella et al., 2002; Lee et al., 2006).  Though mouse knockout studies of KLF2 and

KLF6 show defects in the ability to recruit smooth muscle cells to blood vessels and

organization of yolk sac vasculature, respectively (Kuo et al., 1997; Matsumoto et al.,

2006), there is still a distinct possibility that vascular KLF proteins have overlapping

functions.  For that reason, we created a form of the KLF2 protein that lacked the
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transactivation domain (DN-KLF2) that will function as a general dominant-negative

KLF.  DN-KLF2 injected embryos exhibited impressive reduction in Flk-1 expression

(Fig. 22C).  In numerous injected embryos, the vascular plexus and aortic arches were

nearly absent while intersomitc vessels completely failed to form.  These results imply

that more than one KLF is expressed and functions in blood vessel development, further

complicating the study of KLFs in vasculature.  Interestingly, no defects were visible in

the posterior cardinal veins; perhaps an indication that KLFs are not involved in the

formation of this structure, but rather in the extension of this vessel during angiogenesis

(e.g. the formation of the intersomitic vessels).

Although treatment of DN-KLF2 caused the reduction in transcription of Flk-1, it

is difficult to assess whether the reduction was a result of inhibiting the functions of the

entire KLF family or specifically KLF2 (we imagine the former).  To address KLF2

function during vascular development, future experiments will include the injection of

MOs designed to inhibit the expression of KLF2 into frog embryos.  This should allow a

direct method to determining if KLF2 is important for expression of Flk-1.  Furthermore,

one could imagine that if Etsrp and KLF2 are necessary for the transcription of Flk-1, co-

injection of Etsrp MO with DN-KLF2 or KLF2 MO might provide clues to the

combinatorial functional relevancy of both transcription factors, especially since we have

demonstated that both factors synergize to induce the expression of Flk-1.

3.10.5.  Etsrp and KLF2 cooperate to induce expression of Flk-1.
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The presence of adjacent, conserved Ets and KLF sites in the Flk-1 enhancer

suggests that Etsrp and KLF2 might cooperate in the transcriptional activation of the Flk-

1 gene.  To address this notion, low doses of Etsrp and KLF2, which resulted in weak or

no ectopic Flk-1 expression (Fig. 26B and 26C), were co-injected into avascular regions

of embryos.  Co-injected embryos displayed robust, ectopic expression of Flk-1 and

imply that Etsrp and KLF2 cooperate in a synergistic fashion (Fig. 26D).  To verify a

synergistic effect, real-time PCR analysis will be performed on avascular regions of

embryos treated with the low doses of Etsrp and KLF2 alone or in combination to

quantitate relative levels of Flk-1 expression.  Notably, these experiments are the first

experiments to show a cooperation between Ets and KLF family members.  Furthermore,

these data support a mechanism whereby Etsrp and KLF2 bind to their corresponding

DNA sites to provide endothelial-specific activation of Flk-1 transcription to promote

vascular development (Fig 27).  In addition to binding to their respective DNA elements,

mechanistically it is possible that interaction between Etsrp and KLF2 occurs for efficient

activation.  To address this matter, future experiments, such as coimmunoprecipitations,

will be designed to test the ability of Etsrp and KLF2 to interact.

Although it is clear that a cooperation between Etsrp and KLF2 exists, we have

yet to determine if this cooperation occurs to initially switch on Flk-1 expression or

whether these factors cooperate to maintain Flk-1 expression.  Another possibility is that

Etsrp or KLF2 initially activates expression of Flk-1 while the other factor is recruited
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Figure 27.  A proposed model for Flk-1 expression during Xenopus development.  Etsrp
and KLF2 transcription factors bind to their respective binding sites located in the Flk-1
enhancer and cooperate, possibly through a direct interaction, to recruit and stabilize the
transcriptional machinery necessary for Flk-1 expression.
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later to facilitate the maintenance of its expression.  We have little evidence to suggest

which model occurs in the embryo; however, we note that Etsrp and KLF2 alone or in

combination are insufficient to activate the transcription of endogenous Flk-1 in animal

caps (data not shown), and Etsrp and KLF2 alone or in combination are incapable of

activating precocious, ectopic expression of Flk-1 in whole embryos (data not shown).

These studies support the idea that both factors are required for maintenance of

expression, but could also indicate the existence of other partners present in the

vasculature that are required for Flk-1 transcription.  This might explain the inability of

Etsrp and KLF2 to induce Flk-1 expression in animal explants and the early embryo;

however this does not explain the capacity of Etsrp and KLF2 to induce Flk-1 expression

in avascular regions of later stage embryos.  A possible explanation is that additional

partner proteins are present in the posterior avascular region later in development.  With

the transgenic experiments in mind, we favor a model in which Etsrp initially activates

transcription of Flk-1 and KLF2 subsequently cooperates with Etsrp to synergistically

maintain Flk-1 expression.  To recall, transgenic animals with the Ets site mutated failed

to express GFP in the vasculature (Etsrp is also a potent activator of Flk-1), while KLF2

mutants had dramatically reduced GFP expression (this model does not preclude the

influence of additional partner proteins).

Our results raise an interesting question: since Etsrp and KLF2 cooperate to

induce transcription of arguably one of the most important proteins in vascular biology,

do they regulate the expression of other vascular genes?  Induction of Flk-1 might be
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enough to send a cell down an endothelial pathway, but is it enough to cause the

activation of all the vascular genes required to form an intact and functional network of

blood vessels?  It seems reasonable that if Etsrp and KLF2 cooperate to activate Flk-1

expression, this combination is likely responsible for the induction of numerous vascular

genes, and if it is a direct regulation, we would expect to see the presence of Ets and KLF

sites in the regulatory regions of these vascular genes.  Genomic searches to locate

Ets:KLF binding sites in the regulatory regions of vascular genes would give clear

predictions of genes directly regulated by Etsrp and KLF2.  Additional work will need to

be done to address this matter.

In conclusion, we have identified conserved Ets:KLF sites in the Flk-1 enhancer

that are required for its expression in vivo.  Endothelial expressed KLF2 and a novel Ets

factor, Etsrp, are able to activate the transcription of Flk-1 in normally avascular regions,

while morpholino and dominant-negative knockdown experiments demonstrate the

requirement of these factors in the development of the vasculature.  Moreover, Etsrp and

KLF2 can form a complex and synergistically induce Flk-1 expression in vivo.

Therefore, we conclude that Etsrp and KLF2 are essential to the activation of the Flk-1

gene in Xenopus and thus are critical to vascular development.

3.11.  Materials and methods
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3.11.1.  Cloning of Xenopus laevis Etsrp and KLF2: Preparation of Etsrp and KLF2 in

situ probes and mRNAs.

Search of Xenopus EST databases revealed the presence of full length clones for

Etsrp (BC099054) and KLF2 (BC043732).  The coding region of Etsrp was PCR

amplified with TAQ DNA polymerase and subcloned into pGEM-T Easy.  For synthesis

of anti-sense RNA probe, Etsrp-pGEM-T Easy was linearized with Spe I restriction

enzyme for template and transcribed with a T7 Megascript kit (Ambion).  The coding

region of Etsrp was PCR amplified from BC099054 with Pfu polymerase, subcloned into

pT7TS and sequence verified.  For synthesis of injectable Etsrp mRNA, Etsrp-pT7TS

was linearized with Xba I restriction enzyme for template and transcribed with T7

Message Machine kit (Ambion). The full length KLF2 clone (BC043732) was  subjected

to restriction digest with Not I and Sal I restriction enzymes and the resulting DNA

fragment was subcloned in pBluescript SK(+).  For synthesis of in situ probe, KLF2-

pBluescript SK(+) was linearized with the restriction enzyme Sal I for template and

transcribed with a T3 Megascript kit (Ambion).  The coding region of KLF was PCR

amplified from BC043732 with Pfu polymerase, subcloned into pT7TS and sequence

verified. For synthesis of injectable KLF2 mRNA, KLF2-pT7TS was linearized with Xba

I restriction enzyme for template and transcribed with T7 Message Machine kit

(Ambion).  A dominant-negative form of KLF2 (DN-KLF2) which lacks the first 87

amino acids that make up the transactivation domain, was generated by inverse PCR from

KLF2-pT7TS using Pfu polymerase and sequence verified.  For synthesis of injectable



117

DN-KLF2 mRNA, DN-KLF2-pT7TS was prepared the same as KLF2-pT7TS.  Synthesis

of Flk-1 anti-sense probe was prepared as previously described (Cleaver et al., 1997).

3.11.2.  Microinjection and embryological manipulation.

For targeted avascular microinjection, RNAs encoding Etsrp, KLF2, DN-KLF2

and EGFP were injected into a single vegetal blastomere of a 4-cell stage embryo in .4X

MMR/6% Ficoll and cultured thereafter in .2X MMR until appropriate stages reached

(stage 36).  Embryos were staged according to Nieuwkoop and Faber, 1994.  Whole-

mount In situ hybridization was carried out using digoxigenin-labeled probes and

standard conditions (Harland, 1991).  Preparation and microinjection of Morpholino

oligomers (MOs) was performed as described previously (Garriock et al., 2005).  Etsrp

antisense morpholino (Etsrp MO1 5’ATGGTCTCGCTCAGAGCCATCCCAA 3’) was

targeted to the translation start site of the Etsrp transcripts. For in vivo experiments, 12.5

ng, 25 ng or 50 ng of Etsrp MO1 was microinjected into the mediolateral region of one

cell of two-cell staged embryos.

3.11.3. Xenopus transgenics and transient luciferase assays.

The 5’UTR of Flk-1 was identified using a FirstChoice RLM-RACE kit

(Ambion).  The Flk-1 5’ UTR was used as a probe to isolate Flk-1 genomic clones form a

Xenopus laevis BAC library using standard procedures. A clone containing
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approximately 2.5 kb of sequence upstream of the transcriptional start site to sequence

within exon 2 was isolated.   For trangenesis, the ~2.5kb promoter plus a portion of the 5’

UTR was cloned in front of EGFP while  ~1.5kb of a portion of the first intron was

cloned downstream of EGFP.   Transgenic mutant constructs for the Ets and KLF sites

were generated by inverse PCR using Pfu polymerase and sequence verified.  The Ets site

5’ GGAT 3’ was mutated to 5’ GTAT 3’ and the KLF site 5’ CACCCT 3’ was mutated to

5’CGGTCG 3’.  Xenopus embryos were generated as previously described (Kroll and

Amaya, 1996; Sparrow et al., 2000).

Transient luciferase assays were performed as previously described (McLin et al.,

2007).  The oligonucleotide 5’

CTAGTAAAACAGGAACTCCACCCTGAAAACAGGAACTCCACCCTGAAAACA

GGAACTCCACCCTGGCTAGCAACTCGAG 3’ was cloned into the pGL3-promoter

vector (Promega).  300 pg of this constructed plasmid was microinjected into 1-cell stage

embryos along with 25 pg of a control LacZ vector and 250 pg of KLF mRNA.  Samples

were normalized to B-galactosidase and assayed in triplicate using a standard luciferase

detection kit (Applied biosystems).

3.11.4. Gel shift assays.

Nuclear protein extracts from EOMA (ATCC# CRL-2586), bEnd.3 (ATCC#

CRL-2299) and L cell fibroblast (CCL-1) cell lines were isolated according to standard
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procedures in “Current protocols in molecular biology” (1991). HA-tagged mouse KLF2

was generated by transfection of a HA-KLF2 expression plasmid using Fugene 6 (Roche)

into COS-7 cells, and protein extracts were isolated in 15mM Tris-HCl, pH 7.5

containing 1% Triton X 100, 120 mM NACl, 25mM KCl and protease inhibitors.

Oligonucleotide probes were radioactively end-labeled with polynucleotide kinase and

g32P ATP.  Radiolabeled probes include: WT used in Fig. 3A (5’

GTACTCTCCACCCTGGTGC 3’) and WT used in Fig. 3B; (5’

TAAGACTCCACCCTGGCC 3’).  Unlabeled oligonucleotides include: MUT; (5’

GTACTTTAGATGCAGGTGC 3’), CARG; (5’

CTAGGTTTCAGGGTCCTGCCATAAAAG 3’) SCL/Tal; (5’

ACCTGAACAGATGGTCGGCT 3’), Sp1; (5’  3’).  Gel mobility shift assays were

performed using standard techniques.  Briefly, protein extracts are pre-incubated in buffer

(20mM HEPES-KOH (pH 7.9), 20% glycerol, 0.2mM EDTA, 0.1M KCl, 0.5mM PMSF,

1mM DTT) plus poly dI:dC on ice for 15 minutes.  Probes are then added and incubated

at room temperature for 30 minutes, fractionated on a 5% PAGE gel and visualized by

autoradiography.
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CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS

4.1.  Introduction

Transcriptional activators are required to ensure that the correct genes are turned

on at the appropriate levels, time and location during embryonic organogenesis.  Our

studies focus on several transcription factors involved in promoting the formation of

skeletal muscles and blood vessels during embryonic development in Xenopus laevis.

4.2.  MASTR is necessary for the development of skeletal muscles.

We have identified the frog orthologue of mouse MASTR (Creemers et al., 2006)

and show that this new myocardin family member is expressed specifically in skeletal

muscles.  MASTR, a co-activator, is sufficient to induce skeletal muscle genes in the frog

embryo and in naïve ectodermal tissues through its interaction with serum reponse factor.

Furthermore, MASTR cooperates with myogenic regulatory factors (MyoD and Myf5) to

activate skeletal muscle markers.  Inhibition of MASTR function results in a near

complete loss of expression of skeletal muscle genes in the frog.  These are the first in

vivo experiments to demonstrate that MASTR is necessary for the formation of skeletal

muscles.

4.3.  MASTR: Future directions
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Alignment of the mouse and frog MASTR proteins show that mouse MASTR does

not contain several of the domains characteristic of the myocardin family of cofactors

(Fig. 6A).  However, like Xenopus MASTR, mouse MASTR is able to cooperate with

MyoD to induce skeletal muscle genes in cells in culture (Creemers et al., 2006).  This

suggests that both forms of MASTR are able to function in a similar fashion even though

mouse MASTR does not contain the common SRF binding domains that are required for

frog MASTR function.  It seems possible that while frogs have retained the ability to

regulate skeletal muscle gene expression through cooperation with SRF, MASTR

function in mice has evolved to regulate skeletal muscle genes by a mechanism

independent of SRF.  It would be interesting to know if Xenopus MASTR is capable of

activating skeletal muscle gene expression in mammalian cells, or if a mutated version of

frog MASTR that resembles the mouse orthologue is able to induce the myogenic

program.

Interstingly, mouse MASTR binds to MEF2C and appears to stimulate its pro-

myogenic transcriptional activity (Creemers et al., 2006).  Although the MEF2C binding

domain is conserved in both MASTR proteins, frog MASTR was unable to cooperate

with MEF2 proteins to activate skeletal muscle gene expression (Fig. 15B and data not

shown).  Given that SRF and MyoD, and MEF2C and MyoD cooperate to induce the

skeletal muscle genes, it is possible that mouse MASTR has evolved to work in

combination with MEF2C rather than SRF to elicit the same myogenic response in
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coordination with myogenic regulatory factors.  Therefore, it would be interesting to see

if mouse MASTR is able to induce skeletal muscle markers in the Xenopus embryo.  If in

fact the mechanisms are different, we would predict that mouse MASTR would be unable

to activate the myogenic pathway in frog cells not containing MEF2C but expressing

SRF (ie., animal cap tissues); whereas co-expression with MEF2C would lead to

induction of skeletal muscle genes.  Conversely, a mutated form of mouse MASTR

containing the SRF binding domains might induce the expression of skeletal muscle

markers.  Although yet to be explored, there exists the possibility that MASTR

cooperates with other transcription factors to induce skeletal muscle differentiation.

4.4.  Etsrp and KLF2 cooperate to promote the activation of the Flk-1 gene during

vascular development.

Using a comparative genomics approach, we have identified Ets and KLF binding

sites within the Flk-1 enhancer that are conserved between human and frogs.  Mutation of

either site results in loss or dramatic reduction of reporter gene expression in transgenic

frogs, respectively.  We have identified a new Ets transcription factor expressed in the

vasculature, Etsrp, and demonstrate that Etsrp and KLF2 are sufficient to induce Flk-1

expression in avascular regions of the embryo.  Furthermore, Etsrp and KLF2 can

cooperate to induce the transcription of Flk-1 in vivo. Inhibition of Etsrp with antisense

morpholinos and KLF2 with a dominant-negative form results in reduction of Flk-1

expression in the embryo.  These experiments are the first to demonstrate that KLF2 is an
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activator of Flk-1 expression in vivo, and support a mechanism whereby Ets and KLF

transcription factors cooperate to promote the transcription of Flk-1 and subsequently

vascular development.

4.5.  Etsrp and KLF2: Future directions.

Since Etsrp and KLF2 can cooperate to activate Flk-1 expression, there is a distinct

possibility that both transcription factors cooperate to induce other vascular markers.   To

test this hypothesis, both factors could be co-injected into the avascular region of the

embryo and assayed by in situ hybridization for an array of vascualar transcripts.  For a

more complete examination, avascular tissues expressing Etsrp and KLF2 could be

assessed by microarray analysis.  A genomic survey of the regulatory regions in vascular

genes for neighboring Ets and KLF binding sites could lead to clear predictions for genes

that are directly regulated by Etsrp and KLF2.   We note that these same experiments

could be conducted with the factors alone to evaluate their independent activating

properties, as well as a being used as a comparison to samples co-expressing the factors.

Our experiments have not addressed whether Etsrp and KLF2 are involved in initially

activating Flk-1 transcription or maintaining its expression.  To begin to address this

question a more detailed in situ hybridization analysis will need to be performed to

deduce if either factors are expressed at the time Flk-1 is first expressed or later in

vascular development. This information will establish if Etsrp and KLF2 are expressed at
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times indicative of initially inducing or maintaining Flk-1 expression.  Although Etsrp

and KLF2 Xenopus antibodies are unavailiable at this time, generation of such specific

antibodies could be used in chromatin immunoprecipitation experiments at different

vascular developmental time points to determine when and if Etsrp and KLF2 bind to the

Flk-1 enhancer in vivo.  Even though this question remains unanswered, our transgenic

studies suggest that the Ets site is responsible for initiation of Flk-1 transcription while

the KLF2 site is involved in its maintenance (Fig. 19).
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ABBREVIATIONS

DN-KLF2:  dominant-negative Kruppel-like factor 2

DN-MASTR:  dominant negative MEF2-activating SAP transcriptional regulator

EGFP: enhanced green fluorescent protein

Erg: Ets-related gene

EST: expressed sequence tag

Ets:  E26 transformation specific

Etsrp:  Ets-related protein

Fli-1: friend leukemia integration 1

Flk-1:  fetal liver kinase 1

Flt-1: fms-related tyrosine kinase 1

fsTnI: fast skeletal troponin I

GFP: green fluorescent protein

HA-KLF2: hemagluttin-kruppel-like factort

HA-SRF: hemagluttin-serum response element

Hif2a: hypoxia inducible factor 2

KLF:  Kruppel-like factor

MASTR:  MEF2-activating SAP transcriptional regulator

MHC: myosin heavy chain

MLC: myosin light chain

MEF2: myocyte enhancer factor 2
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MO:  morpholino oligomers

MRF: myogenic regulatory factor

MRTF: myocardin-related transcription factor

MyBP-C: myosin binding protein C

Myf5: myogenic factor 5

MyoD: myogenic differentiation 1

ODC: ornithine decarboxylase

PECAM: platlet endothelial cell adhesion molecule

RT-PCR: reverse transcriptase polymerase chain reaction

Scl/Tal: stem cell leukemia

SM: smooth muscle

SRE: serum response element

SRF:  serum response factor

ssTnI: slow skeletal troponin I

SWI/SNF: SWItch/Sucrose NonFermentable

TFII: transcription factor for polymerase II

Tie2: tyrosine kinase with immunoglobulin and EGF homology 2

VE-cadherin: vascular endothelial cadherin

VEGF:  vascular endothelial growth factor

Xbra: xenopus brachyury
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