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Abstract 

 

RhoA is a small GTPase that acts as a molecular switch to control a variety of signal 

transduction pathways in eukaryotes. From an initial established role in the regulation 

of the actin cytoskeleton, RhoA has now been implicated in a range of functions that 

include gene transcription and regulation of cell morphology. In earlier studies from 

this laboratory that employed differential display and in situ hybridisation, RhoA was 

indicated as being up-regulated during the stages of early heart development in the 

developing chick embryo. Given the important effects of RhoA on both gene 

expression and morphology in other systems, it was hypothesised that RhoA plays a 

central role in the molecular mechanisms controlling cardiogenesis. This thesis 

describes investigations undertaken to elucidate the role of RhoA in these processes.  

 

As an initial approach to corroborate the earlier gene expression findings and provide 

further evidence for a role in tissue developmental mechanisms, RhoA proteins levels 

in the developing chick embryo were analysed using immunocytochemistry. These 

experiments demonstrated that RhoA is most abundant in heart-forming regions, 

findings compatible with the earlier gene expression studies and the proposed role of 

this protein in early heart development. 

 

Preliminary studies from this laboratory had also suggested that chick RhoA is 

expressed as different length mRNA transcripts that vary only in the 3′ untranslated 

region (UTR). This thesis presents additional evidence for the existence of these 

different RhoA transcripts from experiments using Northern hybridisation and RT-

PCR analyses. These analyses also serve to demonstrate that the second shortest RhoA 

transcript (designated RhoA2) is the most abundant transcript in developing heart 

tissue, in contrast to the situation in other embryonic tissues, findings that could be 

taken to suggest a possible role for this 3′UTR in developmental mechanisms that is 

yet to be elucidated. 

 

 



 

III 

One potentially informative approach for testing the function of a protein in a 

biological system is to inhibit its expression and/or activity and observe the changes 

induced. The effects of inhibiting RhoA in early heart development and early 

organogenesis in the chick embryo model were investigated using small interfering 

RNAs (siRNA). Reduction in RhoA expression by siRNA treatment, as confirmed by 

real-time PCR, resulted in loss of heart tube fusion and abnormal head development, 

the former result providing further direct evidence of a role for RhoA in heart 

developmental processes. In order to investigate the function of RhoA specifically 

during the process of cardiomyocyte differentiation, an inducible model of 

cardiomyogenesis, P19CL6 cells, was used in combination with over-expression of 

different forms of mouse RhoA. The striking result from these investigations was that 

over-expression of the dominant negative mutant of mouse RhoA (mRhoAN19) 

prevented the differentiation of induced P19CL6 cells to the cardiomyocyte 

phenotype, results consistent with an essential role for RhoA in this cellular transition. 

 

The mechanism by which RhoA mediates its different cellular functions is unclear, 

however some studies have implicated RhoA in the regulation of transcription factors. 

To investigate such a mechanism as a possible explanation for the requirement of 

RhoA in cardiomyocyte differentiation, the P19CL6 inducible cell system over-

expressing different forms of RhoA was analysed through real-time PCR to quantify 

the levels of transcription of genes known to play an important role in early heart 

development. These investigations indicated that RhoA inhibition causes an 

accumulation of the cardiac transcription factors SRF and GATA4 and the early 

cardiac marker cardiac-α-actin.  

 

The expression of a protein is controlled by, among other factors, regulatory proteins 

that control transcription. To investigate factors in heart that potentially regulate RhoA 

expression at the molecular level, the chick RhoA gene organisation was analysed. 

The gene was shown to contain three introns that interrupt the protein coding 

sequence and at least one intron in the 5′UTR. Comparative RhoA gene studies 

indicated both an almost identical organisation and coding sequence of the chick, 

mouse and human RhoA genes, indicative of strict conservation of this gene during 



 

IV 

evolution.  The putative promoter region of RhoA was predicted by computer analyses 

and tested for promoter activity using luciferase reporter analyses in non-differentiated 

and differentiated cardiomyocytes, using the inducible P19CL6 cell system. These 

investigations served to define a putative core promoter region that exhibited 

significantly higher promoter activity in differentiated cardiomyocytes than in non-

differentiated cells, and other elements upstream of this core region that appear to be 

required for transcriptional regulation of RhoA. The majority of the consensus 

transcription factor sites identified in this putative promoter have been previously 

implicated in either heart development and/or organogenesis. These results therefore 

provide further, although indirect, evidence for an important role for RhoA in the 

molecular mechanisms controlling both cardiogenesis and embryogenesis in general. 

 

In summary, this thesis provides novel information on the role of RhoA in the 

processes of cardiogenesis and provides a firm foundation for continuing 

investigations aimed at elucidating the molecular basis of this contribution.  
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1.1 Background 

Developmental biology can be described as the study of embryonic and other 

developmental processes. One of the many challenges of developmental 

cardiovascular research is to identify the factors that control the differentiation of 

various cardiac muscle cells during the different stages of early heart development. In 

vertebrates, the heart is the first organ to be formed. Elucidating the role of genes that 

are involved in the early stages of myocardial development can therefore increase our 

understanding of early cardiogenesis as well as of embryonic development in general. 

The identification and elucidation of genes involved in the process of cardiogenesis 

might also contribute to information useful in developing heart tissue regeneration 

technology.  In this study the function of a gene already implicated in early heart 

development is to be further elucidated by molecular methods. 

 

In order to identify genes that are up-regulated in cardiogenesis a molecular 

embryological protocol was developed. This protocol combined molecular techniques 

with embryological methodologies, using the chick embryo as a model (Murrell et al., 

1998). Briefly, the protocol involved differential amplification and differential display 

(DD) of gene fragments (DD-PCR), developmental dot blots to confirm up-regulation, 

and the generation of a full-length cDNA phage library. To isolate and characterise 

genes that are associated with early heart development, this library was screened with 

DD-PCR fragments from the differential display that correspond to genes indicated as 

being up-regulated in lateral plate mesoderm (LPM, Hamburger Hamilton (HH) stage 

4) and heart primordium (HP, HH stage 8) (Refer to Appendix 1 for Hamburger 

Hamilton stages).  These represent the stages before and after the start of 

cardiogenesis, respectively. 

 

Murrell and co-workers cloned 16 chick embryo PCR products utilising the method 

described above (Kaarbo et al., 2000; Sneesby et al., 2001). Fifteen out of the sixteen 

candidate genes were shown to be highly up-regulated in the period corresponding to 

early cardiogenesis. One of the cDNAs isolated from this process, encodes the small 

guanosine triphosphatase (GTPase) RhoA (Murrell and Crane, 1999). The expression 
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pattern of RhoA during early embryonic chick development was analysed by whole-

mount in situ hybridisation. This analysis showed marked up-regulation of RhoA in 

the lateral plate (LP), Hamburger Hamilton (HH) stages 4-5 (18-20 hours 

development, refer to Appendix 1) and heart primordium, HH stages 7-9 (23 –33 

hours development). These studies will be described in further detail in Chapter 3. 

 

The results described above suggest that RhoA is implicated in early heart 

development, but the role RhoA plays in this process remains to be determined.  In 

this study factors that are controlled by RhoA, as well as factors that control RhoA, 

have been investigated in order to address the function of RhoA in early heart 

development. 

 

1.2 Vertebrate Cardiac Development 

Before reviewing what is known about Rho proteins, a brief overview of 

embryogenesis and early heart development is pertinent.   

 

Immediately after fusion of the sperm and the egg (fertilisation), cleavage occurs. 

Cleavage is the process where the zygote cytoplasm is divided into blastomeres by 

rapid mitotic divisions. By the end of cleavage, these blastomeres generally form a 

sphere, the blastula.  The next stage of development is gastrulation, in which the 

position of the blastomeres are rearranged relative to each other, resulting in three 

germ layers: the ectoderm, the endoderm and the mesoderm. An illustration of these 

events in the frog, Xenopus Laevis, is depicted in Figure 1-1. After establishment of 

these three germ layers, the cells are rearranged and start interacting with each other to 

produce tissues and organs (organogenesis)(Gilbert, 2000).  
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Primitive streak
Primitive streak 

Figure 1-2.  Induction of avian cardiac myogenesis by anterior endoderm 

The horizontal line through the embryo shown on the left hand side indicates the segment depicted in 

the three-dimensional drawing on the right hand side. A, Cross section of an early gastrulation chick 

embryo (HH stage 3). During early to mid gastrulation, precardiac mesoderm cells (indicated in red) 

migrate from the primitive streak to the region of the anterior lateral mesoderm. These heart forming 

cells presumably contain myocardial and endocardial precursors that have been recently specified by 

the emerging definitive endoderm (indicated in yellow); B, Cross section of a late gastrulation embryo 

(HH stage 6). The precardiac mesoderm cells (red) have migrated together with the co-migrating 

definitive endoderm (yellow) to the region of the anterior lateral mesoderm to form paired cardiac 

fields. The bilateral cardiac regions then condense to form a cardiac crescent (HH stages 6-9). (Adapted 

from Lough et al., 2000). 
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The cardiac progenitor cells differentiate further into cardiac primordia, which then 

fuse to form the primitive cardiac tube (Olson and Srivastava, 1996). In higher 

vertebrates the tubular heart undergoes looping and later septation, which results in 

the formation of an integrated four-chambered organ (Harvey, 1999). After cardiac 

looping, cardiac myocytes express muscle genes, some of which are specific for each 

chamber and thereby yield chamber specific properties (Olson and Srivastava, 1996). 

Many of the studies reviewed in the next section (1.3) have used the mouse embryo as 

a developmental system to investigate the events of early vertebrate cardiogenesis. A 

summary of these events in the mouse embryo is illustrated in Figure 1-3. 

 

1.3 Transcription Factors Involved in Heart Development 

Central to the processes described above, cardiac specific transcription factors such as 

GATA4, MEF2, Nkx 2.5 and SRF have been shown to activate cardiac gene 

expression and to be essential for normal development of the heart (Lints et al., 1993; 

Chen and Schwartz, 1996; Durocher et al., 1997; Tanaka et al., 1999; Morin et al., 

2000; Lopez-Sanchez et al., 2002; Stennard et al., 2003; Ueyama et al., 2003; Dodou 

et al., 2004; Parlakian et al., 2004; Watt et al., 2004). One of the key transcription 

factors in early heart development appears to be the zinc finger protein GATA4, 

which is expressed in the pre-cardiac mesoderm and later in the endocardial and 

myocardial layers in the developing heart (Olson et al., 1995). Antisense experiments 

have shown that GATA4 expression is necessary for differentiation of 

cardiomyocytes. Zhang and co-workers (2003) treated chick embryos with small 

interfering RNA targeting GATA4. Inhibition of GATA4 using this method resulted 

in cardia bifida. In the same study, promoter analysis of the N-cadherin gene 

demonstrated that N-cadherin expression in precardiac cells is trans-activated by 

GATA4. This suggests that the cardia bifida may have been caused by transcriptional 

down-regulation of N-cadherin expression (Zhang et al., 2003). In addition to being 

essential for heart tube fusion, GATA4 has been implicated in the regulation of 

different cardiac genes (Harvey, 1999). GATA4 has also been shown to be essential 

for cardiac myocyte sarcomere reorganisation (Charron et al., 2001). 
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Figure 1-3. Summary of heart development in the mouse embryo. 

The whole embryo or the isolated heart is on the left, on right a representative section (transverse in 

panels b and d; longitudinal in panels f and h), all views are ventral. The myocardium and its 

progenitors are indicated in red. Four major stages of heart development are shown: a,b, cardiac 

crescent formation at embryonic day (E) 7.75; c,d, formation of the linear heart tube at E8.25; e,f, 

looping and the initiation of chamber morphogenesis at E10.5; g,h, remodelling of the heart after 

chamber formation at E12.5, including chamber maturation, septation and valve formation; Ca,indicates 

caudal (inferior); Cr, cranial (superior); EC, Endocardial cushions;  L, left;  LA, left atrium; LV, left 

ventricle; R, right; RA, right atrium; RV,  right ventricle; T,  trabeculae. (Adapted from (Harvey, 2002). 
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In the mouse, the myocardial cells in the precardiac mesoderm are folded ventrally for 

fusion of the two cardiac primordia to form a linear heart at E8.0 (see Figure 1-3 a-d). 

In GATA4-null embryos, the cardiac mesoderm fails to fuse to form this linear heart 

tube, causing early embryonic arrest. Thus, elucidating the function of GATA4 in later 

stages of early heart development has not been possible until recently.  In order to 

rescue these defects, Watt and co-workers (2004) generated clonal GATA4+/- and 

GATA4-/- mouse embryos directly from embryonic stem cells by aggregating them 

with wild-type tetraploid embryos. The GATA4+/- embryos were reported to be similar 

to wild type (wt) embryos in showing no developmental defects and survival until 

E12. The GATA4-/- embryos were rescued from developmental effects like cardia 

bifida seen in conventional GATA4 knockout embryos at E8.0. In contrast, the 

GATA4-/- embryos arrested between E9.5 and E10, with the heart failing to undergo 

correct looping morphogenesis (see Figure 1-3 e,f). In addition, the typical structures 

that represent early events in chamber formation were absent. For example, the 

ventricular region which is characterised by the presence of cardiomyocyte projections 

called trabeculae which extend into the lumen of the heart tube region, was in 

GATA4-/- hearts severely reduced compared to the GATA4+/- embryos. In addition, the 

septum transversum mesenchyme (STM),  from which the proepicardium is derived 

and which migrates over the surface of the heart to form the epicardium, was not 

detected in GATA4-/- embryos. In addition to demonstrating that GATA4 is necessary 

for correct cardiac looping of the heart tube, these studies have established GATA4 as 

a transcription factor necessary for the generation of the proepicardium and for normal 

STM development (Watt et al., 2004). 

 

Another transcription factor involved in early heart development is the myocyte 

enhancer binding factor-2 (MEF2), a MADS (MCM1, agamous, deficiens, serum 

response factor) box protein. MEF2 is required for differentiation of all muscle cell 

types in the embryo. MEF2C, a member of the family of MEF2 proteins, is expressed 

during mouse embryogenesis in cardiac progenitor cells of the anterior LPM and later 

in the looping heart tube (Naya et al., 1999). Lin and co-workers (1997) reported that 

MEF2C is required for cardiac morphogenesis and myogenesis. In mouse embryos 

lacking MEF2C, the right ventricle failed to form and there was a lack of ventricular 
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trabeculation. The absence of the right ventricular region of the mutant heart 

correlated with down-regulation of the dHAND gene.  In addition, the expression 

levels of atrial natriuretic factor (ANF), cardiac α-actin, β-myosin heavy chain and 

myosin light chain (MLC)-1A were either undetectable or decreased significantly (Lin 

et al., 1997). Dodou and co-workers (2004) recently characterised a MEF2C enhancer 

that directs transcription of MEF2C to the anterior heart field. This enhancer contains 

two consensus GATA4 transcription binding sites. In vivo analyses showed that these 

consensus sites bind GATA4 with high affinity and that this binding is essential for 

the function of the MEF2C enhancer (Dodou et al., 2004). In addition, this enhancer 

contains two ISL1 (LIM-homeodomain transcription factor) binding sites that also are 

required for enhancer function in vivo. Interestingly, the MEF2 proteins (including 

MEF2C) have also been shown to physically interact with GATA4 to synergistically 

activate cardiac specific genes like ANF and cardiac-α-actin (Morin et al., 2000). 

These studies indicate that in the heart, GATA4 can both activate transcription of 

MEF2C as well as a physically interact with MEF2C to co-activate promoters of 

cardiac specific genes.  

 

GATA4 has also been reported to physically and synergistically interact with the 

homeobox protein Nkx2.5 to activate cardiac transcription of ANF (Durocher et al., 

1997). Nkx 2.5 is the earliest known marker for the cardiogenic lineage in vertebrates 

(Schultheiss et al., 1995). The Xenopus laevis XNKx2.5 gene is highly related in 

sequence and expression pattern to mouse NKx2.5 (Lints et al., 1993; Tonissen et al., 

1994). XNkx-2.5 and Nkx-2.5 also show homology and similarities in their expression 

pattern to the Drosophila tinman gene product (Bodmer, 1993), which indicates an 

early and conserved role for Nkx 2.5 in heart development (Lints et al., 1993; 

Tonissen et al., 1994). This transcription factor has been shown to be involved in 

control of normal heart muscle growth, looping morphogenesis, trabeculation and 

chamber differentiation (Lyons et al., 1995; Olson and Srivastava, 1996; Harvey, 

1999). In addition, Nkx2-5 is required for expression of important cardiac 

transcription factors, including ventricular-specific myosin light chain 2 gene 

(MLC2V) and MEF2C (Olson and Srivastava, 1996; Tanaka et al., 1999). 

Interestingly, co-transfection of GATA4 and Nkx.2.5 activates the promoter of 
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Nkx2.5 in vitro. Neither Nkx2.5 or GATA4 were able to transactivate the Nkx 2.5 

promoter by themselves (Reecy et al., 1999).  

 

Chen and Schwartz (1996) have demonstrated that Nkx2.5 and serum response factor 

(SRF) dimerise when transfected into fibroblasts to activate cardiac-α-actin 

expression (Chen and Schwartz, 1996). SRF, a MADS box protein, is a transcription 

factor important for the regulation of many genes associated with cell growth and 

differentiation (Wei et al., 1998). SRF acts by binding to a consensus DNA sequence: 

the serum response element (SRE) (Treisman, 1987; Norman et al., 1988). For 

example, in the case of c-fos, which contains a SRE a ternary complex is formed 

between this element and SRF and TCF (ternary complex factor)(Hill et al., 1995).  It 

has been reported that SRF and GATA4 synergistically activate the skeletal and 

cardiac α-actin promoters (Belaguli et al., 2000). The same group (Sepulveda et al., 

2002) analysed the mRNA expression pattern of SRF, GATA 4 and Nkx 2.5 by in situ 

hybridisation in chick embryos and found that expression of these three genes overlap 

and that this was coincident with cardiac-α-actin activity. Co-transfection of GATA4, 

SRF and Nkx2.5 into CV1 fibroblasts activated the cardiac α-actin promoter 160 fold 

(compared to 20-30 fold when only SRF and GATA 4 were co-transfected). In 

summary, these results indicate that physical association between transcription factors 

is one way in which the expression of genes involved in cardiogenesis is regulated. 

 

Myocardin is a co-transcription factor shown to strongly trans-activate promoters for 

the SM22 (encodes a troponin-related protein), ANF, MLC2V genes as well as the 

enhancer of Nkx2.5. (Wang et al., 2001). Myocardin was originally identified by a 

bioinfomatics-based screen in silico and shown to be selectively expressed in 

developing cardiac and a subset of smooth muscle cells (Wang et al., 2001; Wang et 

al., 2002).  Myocardin forms a stable ternary complex with SRF that enhances 

transcriptional activation. In addition, studies on Xenopus embryos have shown that 

inhibition of myocardin (by injection of a double negative myocardin mutated form of 

myocardin mRNA) dramatically reduces or blocks the gene expression of the cardiac 

markers cardiac-α-actin, NKx2.5 and cardiac-troponin-I (Wang et al., 2001).  A recent 

study by Ueyama and co-workers (2003) has identified myocardin as a downstream 



Chapter 1                                                                                         General Introduction 

12 

target of Nkx2.5.  Inhibition of myocardin in the inducible cardiac P19CL6 cell 

system prevented differentiation of cardiomyocytes, implicating an important role for 

myocardin in cardiogenesis.  In Nkx2.5 null hearts the expression of myocardin was 

down-regulated and Nkx2.5 was shown to be a transactivator of the myocardin 

promoter. In addition, myocardin was shown to transactivate the ANF promoter 

(Ueyama et al., 2003). Oh and co-workers (2004) have shown that over-expression of 

myocardin in rat neonatal cardiac myocytes increased NKx2.5 expression five fold 

compared to the control cell line. Results from this study also indicated that GATA4 

can either stimulate or suppress myocardin activity in a target gene-specific manner: 

co-transfection of myocardin and GATA4 up-regulated the promoter activity of 

Nkx2.5, while co-transfection of myocardin and GATA4 markedly reduced activation 

of the ANF promoter (compared to cells transfected with myocardin only) (Oh et al., 

2004). 

 

SRF is found to be expressed selectively in the myocardium during heart 

morphogenesis in mouse, and increased SRF gene expression is observed during avian 

embryogenesis in precardiac splanchnic mesoderm and dorsal somitic mesoderm 

(Croissant et al., 1996; Belaguli et al., 1997). Parlakian and co-workers (2004) 

investigated the effects of SRF in cardiogenesis by specifically deleting the expression 

of SRF in the mouse heart. These mice died between E10.5 and E13.5 and showed 

serious cardiac defects. In addition, RT-PCR analyses indicated that the mRNA 

expression of GATA4, Nkx2.5, myocardin and c-fos was markedly reduced compared 

to normal hearts (Parlakian et al., 2004). These results implicate SRF as an important 

factor in cardiogenesis.  

 

SRF have been shown to mediate transcriptional activation induced by serum, 

lysophosphatidic acid, or intracellular activation of G-proteins (Hill et al., 1995).  In 

addition, megakaryoblastic leukemia 1 (MKL1), which is a transcriptional coactivator 

of SRF, has been shown to be involved in a RhoA signalling pathway (Cen et al., 

2003; Miralles et al., 2003). Thus, the association of SRF with both transcription 

factors as well as its activation by G proteins suggests a possible link between RhoA 

and cardiogenesis.  
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Charron and co-workers (2001) have reported that RhoA potentiates transcriptional 

activity of GATA4 and of cardiac promoters known to be GATA4 targets.  These 

results suggest that RhoA possibly regulates cardiac transcription by modulating the 

transcriptional activity of tissue specific transcription factors (Charron et al., 2001). 
 

1.4 The small GTPase RhoA  

RhoA belongs to the vertebrate Rho family of the Ras superfamily of small GTPases, 

which includes the additional members: RhoB, RhoC, RhoE, RhoG, Cdc42, Rac1, 

Rac2, and TC10 (Ridley and Hall, 1992; Symons, 1996; Tapon and Hall, 1997; 

Charron et al., 2001). Rho, Rac and Cdc42 are known to be key regulators of the actin 

cytoskeleton. Through their interaction with multiple target proteins they also ensure 

co-ordinated control of other cellular activities such as cell adhesion and gene 

transcription (Paterson et al., 1990; Ridley and Hall, 1992; Burridge and 

Chrzanowska-Wodnicka, 1996; Hall, 1998). Like other small GTPases, RhoA acts as 

a molecular switch to control signal transduction pathways. These enzymes bind and 

hydrolyse GTP to GDP (guanosine diphosphate). The protein is in its active 

conformation and “on” when bound to GTP and is “off” in its basal GDP-bound 

conformation.  The cycling between the GTP-bound and GDP-bound form is directly 

regulated by guanine nucleotide exchange factors (GEFs), GTPase activating proteins 

(GAPs) and guanine nucleotide dissociation inhibitors (GDIs) (Ridley, 1997; Hall, 

1998).   

Analysis of the distribution of RhoA in chick embryos has revealed that high levels 

are found in the vertebrate developing nervous system, but RhoA appears to be 

ubiquitously expressed in the whole embryo at day six of development (Malosio et al., 

1997). A more recent study has found that RhoA is differentially expressed during 

development of the chick retina (Santos-Bredariol et al., 2002). This study 

investigated the expression of the different small GTPases by immunocytochemistry 

analyses and also showed that RhoA was distributed in the cytoplasm and some nuclei 

of amacrine and ganglion cells (Santos-Bredariol et al., 2002). In another study, RhoA 

distribution in different adult rabbit tissues showed that the highest amounts of Rho 
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and Rho regulating-proteins (GAPs) were detected in cell extracts from lung and 

kidney, while 50-95 % lower levels were detected in extracts from liver, spleen, brain, 

heart and muscle (Fritz et al., 1994). The highest Rho-GAP activities were found in 

lung, kidney and spleen, the lowest in muscle and heart. These results indicate that 

there is a tissue-specific variation in the activity and regulation of RhoA and its 

regulating factors.   

 

Rho proteins were first shown to be involved in the control of the actin cytoskeleton, 

when Ridely and Hall (1992) demonstrated that Rho proteins regulate the co-ordinated 

assembly of actin stress fibres and focal adhesion formation in cells as a response to 

growth factors. Addition of lysophatidic acid or other extracellular ligands to Swiss 

3T3 fibroblasts, which activates Rho and leads to the assembly of actin-myosin 

filaments (stress fibers) and associated focal adhesion complexes. When Rho 

stimulates contractility in cells that are tightly adherent to the substrate, isomeric 

tension is generated.  This leads to the bundling of actin filaments and the aggregation 

of extracellular matrix receptors (integrins).  Aggregation of integrins activates the 

focal adhesion kinase and leads to the assembly of a multicomponent signalling 

complex (reviewed in Burrige and Chrzanowska-Wodnicka, 1996). Additional studies 

have shown that activation of Cdc42 in Swiss 3T3 cells leads to the activation of Rac, 

which then activates Rho (Nobes and Hall, 1995).   

 

As well as regulating the actin cytoskeleton, RhoA, together with its regulatory 

proteins, is implicated in the control of the contractile ring, cytoplasmic division of 

cells, cell motility, cell aggregation, cell morphology, smooth muscle contraction and 

endocytosis (Paterson et al., 1990; Hirata et al., 1992; Kishi et al., 1993; Mabuchi et 

al., 1993; Tominaga et al., 1993; Takaishi et al., 1994; Schmalzing et al., 1995; Gong 

et al., 1996). RhoA also controls cell cycle progression and cell growth (Olson et al., 

1995; Kamada et al., 1996). Olson and co-workers (1995) reported that microinjection 

of inhibitors of Rho, Rac and Cdc42 into fibroblasts blocks serum-induced DNA 

synthesis. These three small GTPases were found to trigger cell cycle progression 

through the G1 phase and subsequent DNA synthesis. 
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Other studies have shown that Rho, Rac and Cdc42 can activate transcription through 

different kinase cascades and thereby regulate gene transcription and growth control. 

One of the pathways reported to be regulated by these GTPases is the JNK/SAPK (Jun 

NH2 –terminal kinase /stress activated protein kinase) cascade, which also involves 

MEKK (mitogen activated protein (MAP) kinase kinase) and JNKK (JNK kinase) 

(Minden et al., 1995; Kamada et al., 1996; Symons, 1996; Teramoto et al., 1996). 

Coso and co-workers (1995) demonstrated that activated Ras strongly stimulates 

MAPK (MAP kinase) in COS-7 cells, while the JNK activity is only poorly induced 

(Coso et al., 1995). In contrast, activated Rac1 and Cdc42, but not RhoA, activate 

JNK without affecting MAPK.  Interestingly, Teramoto and co-workers (1996) found 

that in the human kidney epithelial cell line 293T, all Rho proteins and Cdc42, but not 

Rac or Ras, can induce activation of JNK. This indicates that Rho signals to JNK in a 

cell-dependent manner (Teramoto et al., 1996). This was further supported by Strutt 

and co-workers (1997), who demonstrated that the Drosophila homologue of RhoA, 

Rho1, is essential for the generation of tissue polarity. In the Drosophila eye, the 

development of cell polarity is under the control of the frizzled (fz) receptor. Genetic 

interaction studies indicate that Rho1 acts downstream of fz to mediate JNK activation 

(Strutt et al., 1997).  

 

Sebok and collaborators (1999) demonstrated that RhoA plays different roles during 

neuronal differentiation. They investigated an inducible neuronal cell line (PC12) 

over-expressing either the constitutively active mutated form of RhoA (RhoAV14) or 

the dominant negative mutated form of RhoA (RhoAN19). Neither mutated form 

showed major effects on cell proliferation but both changed the differentiation 

properties of the cell line. During the initial phase of differentiation, over-expression 

of activated RhoA inhibited neurite initiation in the induced PC12 cell line. In 

contrast, over-expression of the negative mutated form promoted neurite initiation. 

During later stages of morphogenesis, activated RhoA increased the rate of neurite 

extension; inhibition of RhoA delayed the rate. In addition, activated RhoA inhibited 

the reinitiation of neurites, while inactivation of RhoA promoted the reinitiation. 

These results suggest that RhoA plays one specific role during the early stages of 
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neurite development and neurite regeneration and a different role in later stages, when 

the cells are already committed to neuronal differentiation (Sebok et al., 1999).  

1.4.1 Downstream Targets of RhoA 

Alberts and coworkers (1998) used a two-hybrid system with activated RhoA as the 

bait protein to screen a mouse T-helper cell cDNA library for the identification of 

potential effector proteins for RhoA. ROCK-1, Kinectin, mDia2, and the guanine 

nucleotide exchange factor mNET1 were all found to bind to activated RhoA. ROCK-

1, Kinectin and mDia2 were shown to bind to RhoA in a GTP-dependent manner, 

whilst mNET1 also interacted with the GDP-bound form of RhoA. Mutation analyses 

have revealed that the formation of actin stress fibers is dependent on interaction with 

ROCK kinase, which is an isoform of Rho-kinase, and at least one other unidentified 

effector (Sahai et al., 1998). Kinectin is a vesicle membrane anchoring protein, which 

is an ATPase motor transporting vesicles along microtubules (reviewed in Hotta et al., 

1996).  

 

Many of the targets downstream of RhoA are serine/threonine kinases, implying that 

activation of RhoA might be directly linked to a serine-threonine kinase pathway.  

Amano and coworkers (1996) demonstrated that activated RhoA binds and forms a 

complex with PKN (Protein kinase N) in COS-7 cells, which results in the activation 

of PKN.  Rhophilin, which shares homology to PKN, but lacks kinase activity, is also 

found to interact with RhoA (Fujisawa et al., 1998). Rhotekin, another protein that 

shows homology to PKN and rhophilin in the rho-binding domain, is also a target for 

RhoA (Reid et al., 1996).  Rhotekin was shown to bind specifically to RhoA, but not 

Rac and Cdc42, and inhibited both endogenous and GTPase-activating protein-

stimulated RhoA GTPase activity (Reid et al., 1996). This suggests a regulatory 

mechanism of Rhotekin which maintains the GTP-stimulated activity of RhoA.  The 

serine/threonine kinase, PRK2, which is an associated kinase of the oncogenic protein 

NCK, and closely related to PKN, has also been found to bind specifically to RhoA in 

a GTP-dependent manner. PKN cooperates with Rho family proteins to induce 

transcriptional activity via SRF (Quilliam et al., 1996).  PRK2 was shown to only 

weakly potentiate the transcriptional activation of the SRE. It was suggested that 
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PRK2 may mediate signal transduction from activated RhoA and that NCK function is 

an adapter to connect receptor-mediated events to Rho protein signalling (Quilliam et 

al., 1996). 

 

Rho-kinase (also known as ROK) alpha is shown to bind GTP-bound RhoA (Leung et 

al.,1995; Matsui et al., 1996). Rho-kinase alpha appears to be involved in the 

reorganisation of the actin cytoskeleton. Introduction of RhoA into HeLa cells resulted 

in translocation of the cytoplasmic kinase to plasma membranes when Rho-kinase 

alpha was bound to activated RhoA (Leung et al.,1996). The activity of the kinase 

domain was shown to be crucial for the formation of stress fibers and focal adhesion 

complexes (Leung et al., 1996). Kimura and colleagues (1996) demonstrated that 

RhoA interacts with the myosin-binding subunit of myosin light chain phosphatase 

(MBS).  Over-expression of RhoA in NIH 3T3 cells increased the phosphorylation of 

MBS and the myosin light chain (MLC), implicating RhoA in MLC phosphorylation. 

MLC phosphorylation results in contraction of smooth muscle and interaction of actin 

and myosin in non-muscle cells (reviewed in Kimura et al., 1996). Rho-associated 

kinase (Rho-kinase) phosphorylates MBS and thereby inactivates MLC, suggesting 

that RhoA inhibits myosin phosphatase through interaction with Rho-kinase (Kimura 

et al., 1996).  Chihara and colleages (1997) demonstrated that expression of 

constitutively active Rho-kinase induces MLC phosphorylation in COS7 cells to a 

similar extent to that activated by RhoA, regulates the organisation of myosin, and 

stimulates the transcriptional activity of c-fos SRE. These results suggest that Rho-

kinase has a distinct role in divergent pathways downstream of RhoA, which include 

MLC phosphorylation leading to stress fiber formation, focal adhesion formation and 

gene-expression (Chihara et al., 1997). 

 

In summary, RhoA has emerged as a key regulator in the control of the actin 

cytoskeleton, and together with other target proteins controls cell transformation, cell 

proliferation and transcription. The different cellular effects of RhoA in different 

tissues are summarised in Table 1-1 
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Table 1-1. Cellular effects of RhoA in different tissues 

Effects of RhoA 
 

Cell type (reference) 

Cytoskeletal effects 
 Regulation of cell morphology Swiss 3T3 fibroblasts (Paterson et al., 

1990) 
 Induction of stress fibres Swiss 3T3 fibroblasts (Ridley and Hall, 

1992) 
 Induction of actin polymerisation Swiss 3T3 fibroblasts (Nobes and Hall, 

1995) 
 Induction of cell motility Mouse keratinocytes(Takaishi et al., 

1994) 
 Induction of cell aggregation Lymphocytes (Tominaga et al., 1993) 

 Organisation of contractile ring Sand dollar eggs (Mabuchi et al., 1993) 
 Cytoplasmic division Xenopus embryo (Kishi et al., 1993) 
 MLC phosphorylation Smooth muscle (Gong et al., 1996) 
Transcriptional effects 
 Activation of the JNK cascade Epithelial kidney cells (Teramoto et al., 

1996) 
Drosophilia eye (Strutt et al., 1997) 

 Activation of PKC   

          activation of the MAPK cascade

Budding yeast (Minden et al., 1995) 

 Activation of MBS  

          phosphorylation of MLC  

        expression by MyoD 

NIH 3T3 cells(Carnac et al., 1998) 

 Activation of SRF 

     expression of muscle specific 
genes 

Myoblasts (Wei et al., 1998) 

Other effects 
 Cell cycle progression Fibroblasts (Olson et al., 1995) 
 Endocytosis Xenopus laevis oocytes (Schmalzing et 

al., 1995) 
 Neuronal development PC12 cells (inducible neuronal cell line) 

(Sebok et al., 1999) 

 

The mechanism by which RhoA regulates the diverse multiple cellular processes 

described above is not well understood. One possibility is that RhoA mediates distinct 

cellular functions through the control of transcriptional activation. This hypothesis is 

consistent with many studies where RhoA has been implicated in the regulation of 
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transcription factors (Hill et al., 1995; Chang et al., 1998; Wei et al., 1998; Kim and 

Cochran, 2000; Cen et al., 2004). 

1.4.2 Transcription factors regulated by RhoA 

RhoA has been implicated in the regulation of transcription factors such as Ap-1, 

NFκB, GATA4 and SRF (Hill et al., 1995; Chang et al., 1998; Montaner et al., 1998; 

Wei et al., 1998; Charron et al., 2001; Cen et al., 2004). In addition, RhoA has been 

reported to activate expression of skeletal α-actin through integrin-mediated 

signalling. β1-integrin was shown to potentiate the activation of the skeletal α-actin 

promoter by RhoA, whilst PI3 kinase was shown to be required for skeletal α-actin 

promoter activity (Wei et al., 2000).  

 

The most studied transcription target of RhoA is the c-fos promoter, which is activated 

by RhoA through the serum response element (SRE). Activated RhoA mediates a 

signal transduction pathway that leads to activation of SRF (Hill et al., 1995). In 

addition, inhibition of RhoA blocks serum induction of the SRE. This pathway is 

independent of both the Cdc42/Rac pathway and the MAP kinase pathway activated 

by Ras (Hill et al., 1995). SRE has also been suggested to be one of the nuclear targets 

of transforming growth factor β (TGFβ) (Choi et al., 1999). Choi and co-workers 

(1999) demonstrated that inhibition of RhoA represses the stimulation of c-fos SRE by 

TGFβ-1, which implies a possible role for RhoA in TGFβ-1 induced signalling to c-

fos SRE.   

 

Wei and co-workers (1998) have shown that RhoA-dependent signalling via SRF is 

necessary in the activation of c-fos and skeletal α-actin promoters in muscle cells.  

Interestingly, wild type RhoA activates both the c-fos and skeletal α-actin promoters 

6-6.5 fold over basal level while constitutively active RhoA (RhoAV14) has a 4.5 fold 

effect on the c-fos and 7-fold activation effect on the skeletal α-actin promoters. This 

indicates that RhoA can regulate transcription both in GTP- and GDP-bound forms. 

Functional SRF was required to mediate wt RhoA- and RhoAV14- dependent 

expression of skeletal α-actin (Wei et al., 1998). In the same study over-expression of 
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the dominant negative mutated form of RhoA (RhoAN19) inhibited morphological 

differentiation of myoblasts. In addition, RhoA and SRF have been reported to be 

involved in the control of the expression of the basic helix-loop-helix (bHLH) protein 

MyoD, which is one of the key transcription factors in skeletal muscle differentiation  

(Carnac et al., 1998). The results from these studies are supported by the work of 

Takano and collaborators (1998). This group investigated the role of the Rho family 

G-proteins during muscle differentiation. Inhibition of RhoA (by over-expressing 

RhoAN19) in differentiating C2C12 cells down-regulated the transcription of skeletal 

α-actin and myogenin (a bHLH protein), whereas over-expression of the 

constitutively active form of RhoA up-regulated expression. Interestingly, the same 

effects, although to a lesser extent, were observed for the expression of β-MHC, 

whose promoter does not contain a SRE. These effects were also reported for the other 

G-protein tested (Takano et al., 1998). These results support the findings that RhoA 

regulates the expression of muscle-specific genes during muscle differentiation, 

including proteins that are not regulated by SRF. In the same study (Takano et al., 

1998) it was demonstrated that inhibition of the small G proteins en masse, by over-

expressing the Rho inhibitor RhoGDI, prevented myogenesis. In addition, northern 

blot analyses indicated that expression of MEF2C, reported to be required for 

expression of myogenin, was reduced in this cell line. These results suggest that the 

Rho family are necessary for muscle differentiation possibly through the regulation of 

myogenin and MEF2 genes (Takano et al., 1998). 

 

As mentioned above, studies by Hill and co-workers (1995) have implicated SRF as a 

nuclear target of RhoA, however the mechanism by which SRF is regulated by RhoA 

is unknown. Two myocardin related transcription factors, MKL1 and MKL2 (also 

called MRTF A and B, respectively), which share conserved domains with myocardin, 

have been identified (Wang et al., 2002). These conserved domains are described in 

further detail below. As mentioned earlier, myocardin has been shown to play an 

important role in early heart development and in the differentiation of cardiomyocytes 

(Wang et al., 2001; Ueyama et al., 2003). In contrast to myocardin, which is 

specifically expressed in embryonic cardiac and smooth muscle cells, MKL1 and 

MKL2 are differentially expressed in a variety of embryonic and adult tissues (Wang 
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et al., 2001; Wang et al., 2002). None of the three proteins is able to activate SRF-

dependent promoters in SRF null ES cells, confirming that SRF is a necessary co-

factor of the myocardin/MKL family (Wang et al., 2002).  

 

MKL 1 and 2 have been shown to be involved in a RhoA signaling pathway (Cen et 

al., 2003; Miralles et al., 2003). Cen and co-workers (2003) showed that over-

expression of MKL1 resulted in strong activation of the SRE containing promoters of 

muscle-α-actin, cardiac-α-actin, SM22 and ANF. Transfection of the dominant 

mutated form of MKL1 into HeLa cells blocked serum and RhoA induction of SRE 

reporter genes (Cen et al., 2003). In addition, siRNA interference of both MKL1 and 

MKL2 inhibited serum- and RhoA-dependent activation, suggesting that these two 

transcription factors act redundantly in this pathway (Cen et al., 2003). These studies 

implicate MKL1 and MKL2 as nuclear mediators that are activated and translocated 

from the cytoplasm to the nucleus through a RhoA signalling pathway (Cen et al., 

2003; Miralles et al., 2003; Cen et al., 2004). As a result of these studies, a model for 

activation of SRF by RhoA has been suggested and is illustrated in Figure 1-4 (Cen et 

al., 2004). MKL1 is activated and translocated from the cytoplasm to the nucleus 

through a RhoA signalling pathway. In the nucleus, MKL1 binds to SRF, which 

activates transcription of genes through the SRE (Cen et al., 2003; Miralles et al., 

2003; Cen et al., 2004). In summary these results imply that SRF is a nuclear target of 

a novel RhoA-mediated signalling pathway.  
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Figure 1-4. Model of activation of SRF through a RhoA signalling pathway. 

Extracellular signals such LPA (lysophosphatic acid) and factors in serum activate G protein coupled 

receptors through the cell membrane. RhoA can also be activated by RAS. RhoA activates stress fibers, 

resulting in depletion of G-actin from the cell into F-actin and release of MKL1 from a G-actin 

complex. MKL1 is then translocated from the cytoplasm to the nucleus where it binds to SRF and 

activates transcription of  SRE target genes. MKL1 may also be activated by other RhoA-induced 

pathways and inducible phosphorylation of MKL1 has been observed suggesting that RhoA induction 

of an MKL1-kinase may be a critical regulatory step (Adapted from Cen et al, 2004). 

 

 

As mentioned above, the members of the myocardin/MKL family share a common 

structural organisation, with many conserved domains, including a highly conserved 
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N-terminal domain, a basic domain, a glutamine rich region (Q), a SAP domain, and a 

leucine zipper –like region, as depicted in Figure 1-5.  

Figure 1-5. Conserved domains of myocardin, megakaryoblastic leukemia-1 (MKL1) and 

megakaryoblastic leukemia-2 (MKL2). 

The myocardin/MKL family proteins contain two to three RPEL domains in the N-terminal region., two 

basic domains, a glutamine rich region (Q), a SAP domain, and a leucine zipper-like region. Numbers 

represent amino acids (Adapted from Cen et al., 2004). 

 

The N-terminal of these three proteins contains two or three RPEL motifs (RPEL is 

named after four of its conserved amino acids). The RPEL domain in MKL1 is 

necessary for actin binding to MKL1, however deletion of this N-terminal domain is 

not required for activation of SRE reporter genes for any of the family members  (Cen 

et al., 2003; Miralles et al., 2003). The basic and the glutamine (Q) rich domains, 

indicated in red and blue, respectively (Figure 1-5) have been shown to be necessary 

for binding of myocardin to SRF, while only the basic region is required for binding 

of MKL1 to SRF (Wang et al., 2001; Cen et al., 2003). In addition, deletion of the two 

basic regions block nuclear accumulation of MKL1, suggesting that nuclear 

localisation of MKL1 is mediated by these two regions (Miralles et al., 2003). The 

SAP domain (SAF-A/B, Acinus, PIAS), common for all family members, has been 

identified in a variety of nuclear proteins (reviewed in Cen et al., 2001). This domain 

is necessary for myocardin activation of certain muscle specific genes (Wang et al., 

2001). The leucine zipper mediates homo-or hetero dimerisation of the three family 

members (Cen et al., 2004).   
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The identification of MKL1 and MKL2 as nuclear mediators of a RhoA signalling 

pathway that leads to transcription via SRF-dependent promoters, and the similar 

structure of conserved domains between the three proteins in the myocardin/MKL, 

suggest a potential link between RhoA-mediated SRF signalling and heart 

development. It is possible that RhoA binds and activates myocardin or a myocardin 

like factor in the early heart that potentiates transcription of important cardiac 

markers.   

 

As mentioned earlier, RhoA has also been shown to potentiate transcriptional activity 

of the cardiac-specific GATA4 transcription factor, by stimulating the transcriptional 

activity of its activation domain (Charron et al., 2001). Over-expression of the 

constitutively active form of RhoAV14 in cardiomyocytes resulted in sarcomere 

reorganisation, while over-expression of the dominant negative mutated form of RhoA 

inhibited sarcomere reorganisation. In the same study GATA4 was shown to be 

essential for sarcomere reorganisation: over-expression of a dominant mutated form of 

GATA4 abolished the ability of RhoAV14 to induce sarcomere reorganisation, which 

implicates GATA4 as an essential nuclear mediator of RhoA (Charron et al., 2001). 

The identification of RhoA as a transcriptional regulator of GATA4 suggests a 

mechanism by which RhoA may be implicated in controlling heart gene expression. 

1.4.3 Function of RhoA in early heart development and 
organogenesis 

When these studies were commenced there were virtually no reports of the function of 

RhoA in early heart development. However, findings from research conducted on 

models of cardiac hypertrophy were consistent with possible roles for RhoA in 

cardiogenesis. The hypertrophic response is characterised by increased 

myofibril/sarcomere organisation, induction of the cardiac-specific genes ANF and 

MLC2, and an increase in total cell volume (Hines and Thorburn, 1998). Sah and co-

workers (1996) conducted a study of the role RhoA has in hyperthrophy mediated by 

Gαq, a G protein-linked receptor downstream of the α1–adrenergic receptor. The α1–

adrenergic agonist phenylephrine (PE) induced both the morphological and 

biochemical markers of hypertrophy. It was shown that RhoA was required for PE-
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induced ANF and MLC2 gene expression. In addition, the study showed that 

induction of ANF and MLC2 gene expression by activated Gαq was dependent on 

RhoA function. This suggests that RhoA is involved in regulating myocardial cell 

growth and gene expression in response to heterotrimeric G protein-linked receptor 

activation. Inactivated RhoA did not block the ability of activated Ras to induce ANF 

and MLC-2 gene expression. In addition, RhoA did not regulate activation of MAP-

kinase, which indicates that RhoA functions in a pathway separate, but 

complementary, to Ras (Sah et al., 1996). In a recent study, Morissette and co-workers 

(2000) showed that the Rho kinase, PKN, stimulated transcription of the ANF gene 

through the ANF-SRE in cardiomyocytes. Inhibition of RhoA activity inhibited the 

ability of PKN to stimulate transcription of ANF. Thus, these results suggest that 

RhoA and PKN regulate transcriptional activation through a common SRE and 

implicate PKN as a downstream effector of RhoA (Morissette et al., 2000).  

 

In addition, inactivation of RhoA has been shown to inhibit both MEKK and PE- 

induced ANF expression in cardiac muscle cells (Thorburn et al., 1997). MEKK was 

shown to induce reporter gene expression from the ANF promoter, as well as increase 

JNK/SAPK and ERK (involved in the MAPK cascade) activity. Activation of the 

SAPK cascade stimulated ANF expression, while activation of ERK inhibited ANF 

expression. These results suggest that the JNK/SAPK cascade requires Rho-dependent 

signals in cardiac muscle cells. RhoA has been shown to play an important role in 

myofibril assembly in cardiomyocytes (Wang et al., 1997; Aoki et al., 1998; 

Hoshijima et al., 1998). Thorburn and collaborators (1997) suggest that pathways 

other than those that are Rho-dependent must regulate actin protein morphology in the 

heart, as it was demonstrated that inhibition of RhoA does not disrupt the actin muscle 

fibre morphology in cardiac muscle cells. 

 

Magie and colleagues reported that loss of Rho1 function in Drosophila results in 

severe defects in morphogenetic processes, such as defective head involution and 

imperfect dorsal closure in embryos (Magie et al., 1999).  In this study, Rho1 was 

shown to mediate a pathway involved in cell morphology independent of the JNK 

signalling pathway, and which requires dRac and dCdc42 for proper dorsal closure 
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(Strutt et al., 1997; Magie et al., 1999). In Xenopus, XRhoA has been suggested to be 

the first intracellular signalling molecule implicated in head formation (Wunnenberg-

Stapleton et al., 1999). 

 

Wei and co-workers (2001) have recently reported that Rho kinases play an essential 

role in vertebrate embryonic organogenesis.  Rho kinases have been identified as 

direct downstream effectors of RhoA and shown to mediate many in vivo functions of 

RhoA (reviewed in Wei et al., 2001). Inhibition of Rho kinases in early chick embryos 

blocked migration and fusion of the bilateral heart primordia.  Also, inhibition of 

RhoA kinases induced expression of cardiac α-actin, SRF and GATA4 mRNA levels 

in stage 8 embryos (Wei et al., 2001). Because Rho kinases are direct downstream 

effectors of RhoA, it would be expected that down-regulation of RhoA would exhibit 

the same effects as when Rho kinases are inhibited. Therefore, this study further 

supports the proposal of an important role for RhoA in early heart development as 

well as in vertebrate organogenesis in general. Wei and co-workers (2002) have also 

suggested a critical role for Rho GTPases in murine cardiac development.  All the Rho 

GTPases (RhoA, Rac1 and Cdc42) were inhibited by over-expressing a Rho GDP 

dissociation inhibitor (GDIα) under the control of a cardiac promoter (αMHC), which 

is activated during early cardiogenesis.  This cardiomyocyte-specific inhibition of the 

Rho GTPases resulted in disruption of cardiac morphogenesis, including cardiac 

looping and chamber maturation (Wei et al., 2002). In other studies, Pucĕat and co-

workers (2003) have shown that mouse embryonic stem (ES) cells  over-expressing 

the constitutively active mutated  form of RhoA improve their ability to differentiate 

into beating cardiomyocytes. The use of differentiating ES cells as a model of cardiac 

cell differentiation recapitulates the early stages of embryogenesis. In this experiment, 

ES cells were transduced with a retroviral vector expressing constitutively active 

mutants of RhoAV14, RhoGV12 and RacV12, respectively. Transduced clonal ES 

cells were then differentiated into beating embryonic bodies (EB). Transduced cell 

lines over-expressing RhoAV14 or RhoGV12 were seen to differentiate into ES-

derived cardiomyoctes, as indicated by a high percentage of beating activity by EBs 

for several days. In contrast, RacV12 EBs lost their ability to beat (Puceat et al., 

2003). This study implicates RhoA, as well as RhoG, as an important factor for early 
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cardiogenesis and indicates that the GTPases play different roles depending on tissue 

and developmental stage. 

 

In summary, this review of RhoA strongly supports the view that RhoA is involved in 

and important for early cardiogenesis.  In addition, RhoA has been shown to be 

involved in the regulation of transcription factors in other systems (Hill et al., 1995; 

Chang et al., 1998; Wei et al., 1998; Kim and Cochran, 2000). RhoA has been shown 

to activate the skeletal α-actin promoter in myoblasts, through regulation by β1-

Integrin and PI 3 kinase (Wei et al., 2000). Chen and Schwartz (1996) demonstrated 

that co-transfection of the cardiac transcription factors Nkx2.5 and SRF in 

nonmyogenic fibroblasts resulted in activation of endogenous cardiac-α-actin 

expression. Hill and co-workers (1995) demonstrated that RhoA regulates 

transcriptional activity by SRF in 3T3 cells. In addition it has been demonstrated that 

RhoA-dependent activation of SRF results in the expression of muscle specific genes 

(Wei et al., 1998; Wang et al., 2002).  RhoA has also been found to potentiate 

transcriptional activity of the heart specific transcription factor GATA4 (Charron et 

al., 2001). These findings indicate that there is a link between GATA4 and possibly 

other transcription factors, such as SRF, and RhoA in heart, which results in 

transcription, expression and activation of important genes associated with early heart 

development. In addition, recent studies have revealed that Rho kinases and RhoA 

GTPases are important for normal heart development and organogenesis (Wei et al., 

2001; Wei et al., 2002). 

 

1.5 Aims 

The important effects of RhoA on both gene expression and morphology in other 

systems as described above, together with the results from early work in our 

laboratory, lead to the main hypothesis that RhoA plays an important role in the early 

stages of cardiogenesis. It has been shown that the level of activity and apparent 

regulation of Rho proteins are tissue specific (Fritz et al., 1994 ; Santos-Bredariol et 

al., 2002) and the fact that RhoA is up-regulated in the early heart also suggest that 

RhoA is of importance in this developing organ. Other studies have indicated that 
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down-stream effectors of RhoA and small GTPases in general are important for 

normal heart development and embryogenesis (Wei et al., 2001; Wei et al., 2002). 

However, the function of RhoA in early heart development has not been elucidated 

and remains unclear. This question has been addressed in this thesis by different 

strategies: 

 

1. Analysis of the expression pattern of a protein or its mRNA is an important 

tool indicating a role in tissue development. The expression pattern of RhoA 

protein in early chick embryos was investigated to determine the relationship 

between RhoA expression and the development of the heart. Confirmation of 

up-regulation of RhoA in the heart forming region as well as the heart in early 

embryos would indicate an important role for this protein in early 

cardiogenesis.  

 

2. A method commonly used to study the function of a protein is to inhibit its 

expression. If inhibition of RhoA alters the morphology of the heart or affects 

the phenotype of the heart tissue, then an important role of RhoA in early heart 

development can be inferred. Therefore, the effects of inhibiting RhoA in early 

heart development and early organogenesis, using chick embryos as a model, 

were investigated. 

 

3. The section above describes the investigations undertaken in order to elucidate 

the function of RhoA during early heart development in a tissue-specific 

manner. In order to investigate the role of RhoA in differentiating 

cardiomyocytes, an inducible murine cell system over-expressing different 

forms of RhoA was employed. These cells differentiate into cardiomyocytes 

when induced with DMSO. If over-expression of wild type or active RhoA 

causes the cells to differentiate into cardiomyocytes earlier than the wild type 

cell line, this would implicate RhoA as an important factor for the 

differentiation of cardiomyocytes. A similar conclusion can be drawn if 

induced P19CL6 cells over-expressing the negative mutated form of mRhoA 

are prevented from differentiating into cardiomyocytes. Thus, over-expression 
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of different forms of mRhoA in the P19CL6 cells was used as a method to 

study the function of RhoA in differentiating cardiomyocytes. 

 

4. The mechanism by which RhoA mediates its different cellular functions in the 

heart and other tissues is unclear.  Many studies have implicated RhoA in the 

regulation of transcription factors. In order to investigate whether RhoA 

affects the level of transcription of genes and transcription factors shown to 

play an important role in early heart development, the inducible cell system 

described above was utilised.  If over-expression of RhoA alters the expression 

of potential down-stream effectors shown to be important in early heart 

development, this would implicate RhoA as a regulator of transcription during 

early cardiogenesis. 

 

5. Among other factors, the expression of a protein is determined by regulatory 

proteins that control transcription. The chick RhoA gene sequence was 

therefore isolated and characterised in order to identify the promoter region. 

Identification and characterisation of the promoter region can help to elucidate 

factors in heart that regulate RhoA at the molecular level. The putative 

promoter was tested for promoter activity in non-differentiated and 

differentiated cardiomyoctes using the inducible cell system described above. 

If the putative RhoA promoter exhibits higher promoter activity in 

differentiated cardiomyocytes compared to non-differentiated cells this would 

support the finding that RhoA is important in the process of early 

cardiogenesis. 
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2.1 Chemicals and biochemicals 

Bromophenol blue, formamide and paraformaldehyde were purchased from BDH 

Chemicals, Kilsyth, VIC, AUSTRALIA. Hydroxymethyl aminomethane (TRIS) was 

obtained from ICN Biochemicals Inc., Costa Mesa, CA, USA. Chloroform, acetic 

acid, NaCl, MgCl2 and ethanol were purchased from MERCK, Darmstadt, Germany. 

 

β-Mercaptoethanol, ethylene diaminetetraacetic acid (EDTA) and dimethyl 

sulphoxide (DMSO) were obtained from Ajax Chemicals, Auburn, NSW, 

AUSTRALIA. Lithium acetate, maltose, glycerol, dithiothreitol (DTT), Coomassie 

brilliant blue R, bovine serum albumin (BSA), chloroform-isoamyl alcohol (24:1), 

glutaraldehyde, sodium dodecyl sulphate (SDS), guanidium thiocyanate, maleic acid, 

maltose-3- [N-morpholino] propane sulfonic acid (MOPS), octyl phenoxy polyethoxy 

ethanol (Triton X-100) and polyoxyethylene sorbitan monolaurate (Tween 20) were 

purchased from Sigma Chemical Company, St. Louis, MO, USA. 

 

Ampicillin and phenylmethylsulfonyl fluoride (PMSF) were purchased from 

Boehringer Mannheim, Mannheim, Germany. Phenol/Water, and (NH4)2SO4 were 

obtained from Gibco BRL Lifetechnologies Inc., Rockville, MD, USA. 

 

Low molecular weight protein markers and ECL-plus detection system were 

purchased from Amersham Pharmacia Biotech Ltd, Buckinghamshire, England.  

 

Acrylamide, sodium dodecyl sulphate (SDS) and pre-stained low molecular SDS-

PAGE standards were purchased from Bio-Rad Laboratories, Richmond, CA, USA. 

Immobilon-P transfer membrane was obtained from Millipore, Bedford, MA, USA.  

 

ABC elite detection kit was obtained from Vector Lab Inc., Burlingame, CA, USA. 
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2.1.1 Antibodies 

RhoA polyclonal rabbit antibody was obtained from Santa Cruz Biotechnology Inc, 

Santa Cruz, CA, USA. Monoclonal mouse anti-β-Actin antibody was purchased from 

Sigma Aldrich, St Louis, MO, USA. Mouse anti-human Cardiac-Troponin-I (cTnI) 

monoclonal antibody was purchased from Chemicon International, Temecula, CA, 

USA 

 

Affinity purified goat anti- mouse and rabbit IgG horseradish peroxidase conjugate 

(HRP), were purchased from Bio-Rad Laboratories, Richmond, CA, USA. 

Biotinylated horse anti-mouse antibody was obtained from Vector Lab Inc., 

Burlingame, CA, USA. 

2.1.2 Molecular biology reagents 

DNA grade agarose was obtained from Progen Industries Ltd., Darra, QLD, Australia. 

Diethyl pyrocarbonate (DEPC) was purchased from ICN Biochemicals, Costa Mesa, 

CA, USA. 

 

5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal) and isopropylthio-β-D-

galactoside (IPTG) were obtained from Sigma, St Louis, MO, USA. 

 

1kb plus™ DNA ladder, Lipofectamine™ 2000, Oligofectamine™, RNAse OUT™ 

ribonuclease inhibitor, Superscript™ II and III reverse transcriptase, ribonuclease H 

and Taq DNA polymerase with accompanying buffers were purchased from 

Invitrogen, Carlsbad, CA, USA.  

 

ABI PRISM™ BigDye™ Terminator Cycle Sequencing Ready Reaction Kit, [α-32P]- 

and [γ-32P]-dATP were obtained from Perkin Elmer Life Sciences, Melbourne, VIC, 

Australia.  
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Ammonium acetate was purchased from Clontech, Heidelberg, Germany. Expand 

High Fidelity PCR system, GC RICH PCR system, lysozyme, restriction enzymes 

with accompanying buffers, herring testes carrier DNA, proteinase K, Random Primed 

labelling kit and Klenow enzyme were obtained from Roche Applied Science, GmbH, 

Germany. 

 

Deoxynucleotide triphosphates (dNTPs), pGem®-T easy, pTARGET vector, RNA 

ladder, RQ1 RNase free DNase, T4 DNA ligase, T4 polynucleotide kinase, pGL3-

basic vector, pGL3 control vector, pRL-TK reporter vector and Dual-Luciferase® 

Reporter Assay system were obtained from Promega, Madison, WI, USA.  

 

QIAprep Spin miniprep and QIAFilter Plasmid Midi kit plasmid purification kits, 

QIAquick gel extraction kit, QIAquick PCR purification kit, Qiagen λ-mini kit, 

Qiagen DNeasy® and RNeasy® mini kits, oligotex and QuantiTect™ SYBR® green 

PCR kit were purchased from QIAGEN, Hilden, GmbH, Germany.  

 

Sephadex® G-50 fine DNA grade, Calf intestinal alkaline phosphatase (CIAP) and 

accompanying buffer were obtained from Amersham Pharmacia Biotech Ltd, Little 

Chalfront, Buckinghamshire, England.   

 

Oligonucleotides were manufactured by Sigma, Castle Hill, NSW, Australia. The 

Silencer™ siRNA Construction kit were obtained from Ambion, Austin, TX, USA. 

Dextran sulphate was purchased from Astral Scientific, Ohio, USA. 

 

The chick genomic phage library was a premade library #CL1012j prepared by 

Clontech, Palo Alto, CA, USA. Colony/plaque screen™ hybridisation transfer 

membrane and GeneScreen Plus™ hybridisation transfer membrane were obtained 

from NEN® Life Science Products, Boston, MA, USA. 
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2.1.3 Strains and media 

The bacterial host strain for the chick λ -phage genomic DNA library was K802. The 

Escherichia coli host DH10B was used to transform plasmids.  

 

Luria Broth (LB) base and bacto agar were obtained from Difco Laboratories, Detroit, 

MI, USA. 

 

P19CL6 cells were a kind gift from Dr Koshiro Monzen, Department of 

Cardiovascular Medicine, University of Tokyo Graduate School of Medicine, Tokyo, 

Japan. The cell line made from primary chick embryonic culture (CEC) was prepared 

in the laboratory as described in section 2.2.18.4. 

 

Dulbecco’s modified eagle medium (DMEM/F-12), α-MEM and Opti-MEM® 

reduced serum medium, penicillin/streptomycin, neomycin, L-glutamine, foetal calf 

serum (FCS), phosphate buffered saline (PBS), trypsin-EDTA and trypsin were 

purchased from GIBCO BRL Lifetechnologies, Madison, WI, USA. 

2.1.4 Animals 

Fertilised White Leghorn chicken eggs were obtained from Ingham’s Hatchery, 

Murarrie, QLD, Australia. All research described involving chick embryos was 

approved by the Griffith University Animal Ethics Committee.  
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2.2 Methods 

2.2.1 Nucleic Acid Preparation 

2.2.1.1 Preparation of genomic DNA (gDNA) 

2.2.1.1.1 gDNA extraction from whole chick embryos and cultured cells 

gDNA from harvested cultured cells (2.2.18.8) or chick embryos were prepared by the 

following procedure.  Pelleted cultured cells or 3-day chick embryos were added to 1 

volume (700 µL) of lysis buffer (50 mM Tris-HCl pH 8, 20 mM EDTA, 2% SDS), 

mixed with 1/20 volume Proteinase K (10 mg/mL) and digested for 2-3 h at 60°C.  

After Proteinase K digestion the solution was chilled on ice for 10 min before being 

mixed with 250 µL saturated NaCl and incubated for a further 5 min on ice. The 

solution was centrifuged at 14 000 x g for 20 min at room temperature.  The 

supernatant was transferred to a fresh tube and mixed with 1 volume of isopropanol 

until the gDNA came out of solution. The precipitated gDNA was pelleted by 

centrifugation at 14 000 x g for 10 min at room temperature and washed with 70% 

ethanol by centrifugation at 14 000 x g for 5 min at room temperature. The pellet was 

dried and resuspended in TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). 

2.2.1.2 Preparation of λ-DNA 

λ-DNA was isolated from propagated phage culture using the Qiagen® λ-DNA Mini 

kit according to the manufacturer’s instruction. Using this kit, phage particles are 

precipitated by polyethylene glycol (PEG) and then lysed. The λ-DNA is bound to a 

resin through an anion exchange chromatography step. Proteins, carbohydrates and 

metabolites are removed by washing before elution of the λ-DNA. The λ-DNA is then 

precipitated with isopropanol, concentrated and desalted. Prior to extraction, λ-phage 

were propagated and harvested as described. Briefly, one single colony of the bacterial 

host strain was used to inoculate a culture of LB-medium with 10 mM MgSO4 and 

0.02% maltose. The culture was grown overnight at 37°C with shaking. The bacterial 
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cell suspension was then combined with an appropriate amount of phage (determined 

by library titre as described in section 2.2.16.1). The cell suspension with phage was 

then incubated for 15 min at 37°C. Top agarose (20 g/L LB, 7.2 g/L agarose, 2.5 g/L 

MgSO4, autoclaved and cooled to 48 °C) was then added and gently mixed before 

spreading onto dry, warmed (37°C) MgSO4-plates. The plates were incubated 

overnight at 37°C. The plates were then overlayed with phage suspension buffer 

(PSB: 10 mM Tris-HCl, 10 mM MgSO4, 100 mM NaCl) or suspension medium (SM: 

50 mM Tris-HCl, pH 7.5, 0.1 M NaCl, 8 mM MgSO4, 0.01% gelatine) and incubated 

with shaking for several hours at room temperature or overnight at 4°C. To the liquid 

containing dissolved phage lysate, 2% v/v chloroform was added, vortexed and then 

centrifuged at 10 000 x g for 10 min to remove residual agarose. λ-DNA was then 

extracted and purified from the phage lysate through different purification steps using 

the λ-mini kit.  The λ-DNA was quantified as described in section 2.2.1.6. 

2.2.1.3 Preparation of RNA  

2.2.1.3.1 Extraction of total RNA by phenol/chloroform  

Total RNA was extracted from whole chick embryos and cultured cells using a 

combined method based on the RNA extraction protocols by Chomczynski and Sacchi 

(1987) and Zimmermann and Schultz (1994). In this procedure, cells are homogenised 

in guanidium thiocyanate and RNA is purified from the lysate by phenol/chloroform 

extraction at reduced pH. Genomic DNA is then digested by DNase treatment. 

Immediately after harvest, the tissue or cells were added to solution D (4M guanidium 

thiocynate, 25 mM sodium citrate, pH 7.0, 0.5% Sarkosyl, 0.72% β-Mercaptoethanol 

(added fresh before use)), homogenized in a glass teflon homogeniser and transferred 

to a 1.5 mL centrifuge tube. The tissue was either stored in solution D at -80°C or 

RNA extracted as described in the following steps: 1/10 volume of 2M sodium acetate 

(pH 4.0), 1 volume H2O-saturated phenol and 2/10 volume of chloroform-isoamyl 

ethanol (49:1) were added and mixed by inversion between each addition. The 

suspension was mixed vigorously for 10 s and cooled on ice for 15 min to permit 

complete dissociation of nucleoprotein complexes. The suspension was then 

centrifuged at 13 000 x g for 20 min at 4°C. The RNA-containing aqueous phase was 
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recovered and mixed with an equal volume of isopropanol. To precipitate the RNA, 

the solution was stored at -20°C for a minimum of 1 h and centrifuged at 13 000 x g 

for 20 min at 4°C. The RNA pellet was then resuspended in solution D before 

precipitation in 2 volumes of cold ethanol at -20°C for 1-3 h. The precipitated RNA 

was collected by centrifugation at 13 000 x g for 20 min at 4°C and resuspended in 

RNAse free H2O. Genomic DNA was digested with 2 U DNase per 10 µg RNA at 

37°C for 60 min. The digested gDNA was removed by phenol/chloroform extraction. 

An equal volume of phenol was added to the DNase treated RNA, vortexed for 1 min 

and centrifuged for 5 min. An equal volume of phenol:chloroform (1:1) was then 

added to the recovered aqueous phase, vortexed and centrifuged as described 

previously to remove all traces of phenol. The RNA was then recovered by ethanol 

precipitation, in which 1/10 volume of 3M KAc, pH 5.2 and 2.5 volumes of cold 

ethanol were added to the aqueous phase and left at -20°C for a minimum of 1 h. The 

RNA was pelleted by centrifugation at 13 000 x g for 15 min at 4°C, washed in 75% 

ethanol and resuspended in Millique (MQ)- H2O. The RNA was stored at -80°C until 

use. 

2.2.1.3.2 Qiagen RNeasy RNA extraction 

For a few samples total RNA from cultured cells was extracted using the RNeasy spin 

columns (Qiagen) as per the manufacturer’s instruction. 

2.2.1.3.3 mRNA extraction 

mRNA was isolated from total RNA (2.2.1.3.1, 2.2.1.3.2) using oligotex (Qiagen), 

according to the manufacturers protocol.  

2.2.1.4 cDNA synthesis by reverse transcription 

Superscript™ II or III (Invitrogen) reverse transcriptase was used as per the 

manufacturer’s instructions to generate first-strand cDNA. In general, 1 µg total RNA 

was mixed with 0.2 µM of a poly-T primer (dT30MN to bind to the poly A tail of 

mRNA transcripts), 200 µM of each dNTP, 1X reaction buffer, 0.01 M dithiothreitol 

(DTT) and 200 U Superscript II or III. 



Chapter 2                                                                                      Materials and Methods 

38 

2.2.1.5 Preparation of plasmid DNA 

2.2.1.5.1 Small scale plasmid DNA purification/STET miniprep 

STET miniprep procedure was used for small scale plasmid DNA purifications when 

screening for plasmid inserts. This procedure is based on lysis of bacterial cells by 

lysozyme digestion, followed by sample boiling and subsequent cold isopropanol 

precipitation of DNA (Sambrook et al., 1989). 1.5 mL of an overnight bacterial 

culture grown in selective LB/antibiotic medium was pelleted by centrifugation at    

10 000 x g for 1 min. The supernatant was removed and 400 µL of STET (8% sucrose, 

0.5% Triton X-100, 50 mM EDTA, pH 8.0 and 10 mM Tris-HCl, pH 8.0) and 30 µL 

lysozyme (10 mg/mL) was added the bacterial pellet. The pellet was vortexed until 

resuspended and left for 2-3 min on ice. The tube was placed in boiling water for 60 s 

and then immediately put on ice. After centrifugation at 16 000 x g for 15 min, the 

white mucoid cell pellet was removed and 400 µL of pre-chilled (- 20°C) isopropanol 

was added for DNA precipitation. The mixture was vortexed and centrifuged at         

16 000 x g for 15 min.  The supernatant was removed and the DNA pellet washed 

with 70% ethanol followed by centrifugation at 16 000 x g for 10 min. The 

supernatant was removed and traces of ethanol were evaporated at 65°C for 5 min, 

before resuspension of the DNA pellet in 100 µL of H2O via incubation for 15 min at 

65°C. 

2.2.1.5.2 Qiagen bacterial plasmid recovery and purification 

Bacterial plasmid recovery and purification were performed using the Qiagen mini- or 

midiprep plasmid purification kit (Qiagen). The miniprep procedure is based on 

alkaline lysis of bacterial cells, followed by adsorption of DNA to a silica membrane 

in a microfuge tube in the presence of high salt.  The bacterial lysate is first prepared, 

the impurities removed by centrifugation, whilst the DNA is absorbed to the silica 

membrane.  The plasmid DNA is then washed and eluted in elution buffer (EB, 10 

mM Tris-HCl pH 8.0) by centrifugation. The protocol used was as described by the 

manufacturer. Large scale plasmid purification was performed with the Qiagen 

Midiprep kit. In this procedure, DNA is bound to an anion exchange resin using 

appropriate low salt and pH-conditions after alkaline lysis of bacterial cells. Impurities 
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are removed by a medium salt wash, before the DNA is eluted in low salt 

concentrations.  The DNA is then desalted and concentrated using isopropanol. In 

both cases plasmid DNA concentration was determined by UV absorbance as 

described in section 2.2.2. 

2.2.1.6 Concentration of nucleic acids 

Concentration of DNA and RNA was carried out by ethanol precipitation. 1/10 

volumes of 3M sodium acetate, pH 5.2 and 2 volumes of ethanol were added to 1 

volume DNA/RNA sample, and mixed. The mixture was precipitated at -20°C for at 

least 15 min and pelleted by centrifugation at 14 000 x g for 15 min at 4°C. The 

DNA/RNA pellet was washed with 70% ethanol by centrifugation at 16 000 x g for 10 

min at room temperature. The supernatant was removed, and the pellet dried before 

resuspension in MQ-H2O. 

2.2.2 Nucleic acid quantitation 

Samples were measured at 260 nm against MQ-H2O as a blank to determine RNA or 

DNA concentration. OD (optical density) 1.0 of single stranded (ss) RNA or double 

stranded (ds) DNA corresponds to approximately 40 and 50 µg/mL, respectively 

(Sambrook et al., 1989).  

 

Samples were also measured at 280 nm to determine the purity of the RNA or DNA 

by calculating the OD260:OD280 ratio (Sambrook et al., 1989).   

2.2.3 Polymerase Chain Reaction (PCR) 

2.2.3.1 PCR primers 

Sequence specific primers used for individual experiments are listed in the respective 

results chapters. General primers used in various PCR or sequence reactions are listed 

in Table 2-1. A combined primer list for the various primers is attached as Appendix 

2. 

 



Chapter 2                                                                                      Materials and Methods 

40 

 

Table 2-1. Common primers used for PCR amplification and sequencing. 

Name Description 5′direction 
(5′-3′) 

3′ direction 
(5′-3′) 

T7(dT24) RT-PCR of chick 
RhoA 3′UTR 

 GGCCAGTGAATTGTAATA
CGACTCACTATAGGGAGG
CGG-(dT)24

T30MN Reverse 
transcription 

 (T)30(A,G,C)(A,G,C,
T) 

T7 Sequencing 
primer, pGEM and 
pTARGET vectors 

TAATACGACTC
ACTATAGGG 

 

M13R Sequencing 
primer,pGEM 
vector 

 CAGGAAACAGCTATGAC 
 

SP6  Sequencing 
primer,pGEM 
vector 

 GATTTAGGTGACACTATA
G 
 
 

pGL2 Sequencing 
primer, pGL3 

 CTTTATGTTTTTGGCGTC
TTCCA 

pTARGETR Sequencing 
primer, pTARGET 

 TTAGGCACCCCAGGCTTT
ACAC 

2.2.3.2 PCR using the Thermocycler 

2.2.3.2.1 PCR with Taq polymerase 

In general, PCR was carried out using Taq polymerase (Invitrogen). PCR reactions 

were prepared in thin walled PCR tubes on ice. In general, 25 µL reactions comprising 

1 x Mg-free PCR buffer (Promega), 1.5 mM MgCl2, 0.2 mM dNTPs and 0.2 µM of 5′ 

and 3′ primers were mixed with the template. MQ-H2O was added to a final volume of 

24.8 µL. 0.2 µL (2 U) of Taq polymerase was added to the mix just before the PCR 

run. Amplification was carried out in a thermocycler (Minicycler™, Massachusetts, 

USA) for 35-45 cycles, each cycle consisting of denaturing the DNA for 30 s at 95°C, 

followed by annealing at 55–60°C for 30-45 s and finally elongation for 30-60 s at 

72°C.  Prior to the first cycle the sample was heated and denatured for 3 min at 95°C. 

After the last cycle, the sample was kept at 72°C for a 6 min extension step. The PCR 
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products were analysed by gel electrophoresis as described in 2.2.6 to confirm 

amplification.   

2.2.3.2.2 PCR with Expand high fidelity system 

When amplification with high proofreading activity was required, the Expand high 

fidelity system (Roche) was utilised. PCR reactions generally comprised 350 ng of 

genomic DNA or 50 ng plasmid DNA in 25 µL reactions containing 1X Expand PCR 

buffer with 1.5 mM MgCl2 (Roche), 0.2 mM dNTPs and 0.2 µM of 5′ and 3′ primers, 

0.5 U Expand polymerase and up to total volume of 25 µL with MQ-H2O. 

Amplification was carried out in a thermocycler (Minicycler™, Massachusetts, USA) 

as described above (2.2.3.2.1). The PCR products were analysed by gel 

electrophoresis (2.2.6).  

 

2.2.3.2.3 PCR of RhoA promoter regions  

For PCR amplification of the promoter region of RhoA, a region with high GC 

content, the GC-rich PCR system™ (Roche Applied Science) was utilised. Reactions 

for these analyses comprised 500 ng of genomic DNA in 25 µL reaction containing 

1X GC-rich PCR buffer, 0.5 M GC-rich solution, 1.5 mM MgCl2, 200µM of each 

dNTP, 0.2 µM forward and reverse primers and 0.5 U GC-rich polymerase. Cycling 

parameters for these reactions comprised an initial denaturing step of 95°C for 3 min, 

followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 55 °C for 30 s and 

extension at 72°C for 45 s. A final extension step of 7 min at 72°C concluded the 

program.

2.2.3.3 Real-time PCR 

2.2.3.3.1 Primer design 

When possible, primers for real-time PCR were designed to span a small intron to 

ensure that the products generated were from cDNA only. Any gDNA present in the 

cDNA samples would result in amplification of two bands. 



Chapter 2                                                                                      Materials and Methods 

42 

2.2.3.3.2 Real- time PCR using the I cycler (Bio-Rad) 

Real-time PCR was used as a method of quantifying the amount of RhoA mRNA in 

siRNA-treated embryos. 750 ng of total RNA (prepared as described in section 

2.2.1.3.1) was reversed transcribed (see section 2.2.1.4) using a poly-dT30MN primer 

and 200U Superscript II (Invitrogen). 1 µL cDNA, 0.2 µM of each primer and 1x 

Quantitect™ SYBR Green mastermix (Qiagen) were mixed with PCR grade H2O up 

to 20 µL. The PCR program comprised a 15 min initial denaturation step at 95°C to 

activate the hot start polymerase, a second step at 25°C for 30 s, followed by 40 cycles 

of 95°C for 10 s, 54°C for 20 s, 55°C for 10 s, and 72°C for 30 s. The fluorescence 

signal was measured during the 55°C step of the cycle. Melt curve analyses to show 

generation of a single product for each reaction was carried out following the PCR 

program, and comprised a slow temperature ramp from 65°C to 95°C, during which 

time the fluorescence signal was continuously monitored. Amplification of a single 

product of correct size was also confirmed by gel electrophoresis (2.2.6) and verified 

by sequencing (2.2.10). Three independent analyses of duplicate reactions were 

undertaken for all samples. Data were analysed using iCycler Software (BioRad, 

Hercules, CA, USA) and initially converted into threshold values (Ct), which refer to 

the cycle number during exponential amplification at which the PCR product crosses a 

set threshold. To adjust for variations in the amount of input cDNA, the average Ct 

values for the target gene were normalised against the average Ct values for GAPDH 

by the two standard curve method. A standard curve for RhoA and a standard curve 

for GAPDH were generated using samples containing known amounts of linearised 

plasmid containing the ORF of the respective genes. The Ct values were then plotted 

against the log of the template amounts. The subsequent RhoA or GAPDH cDNA Ct 

values generated were within the range of Ct values used when generating the 

standard curves. Relative quantification was obtained by plotting the average RhoA Ct 

value of the sample against the cycle thresholds of the respective standard curve to 

convert the Ct values into actual copy numbers of input cDNA. To adjust for 

variations in the amount of input cDNA, the average copy number for RhoA was 

normalised against the average copy number for GAPDH by dividing the target 

amount by the endogenous reference amount.   
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2.2.3.3.3 Real-time PCR using Rotorgene 2000 or 3000 instruments (Corbett 

Reasarch) 

Real-time PCR was also used to investigate the mRNA expression level of different 

genes in non-differentiated and differentiated P19CL6 cells over-expressing different 

forms of RhoA. When possible, 1000 ng of total RNA (prepared as described in 

section 2.2.1.3.1) was reversed transcribed (see section 2.2.1.4) using a poly-dT30MN 

primer and 200U Superscript III (Invitrogen). 0,1 µL cDNA, 0.2 µM of each primer 

and 1x Quantitect™ SYBR Green master mix (Qiagen) were mixed with PCR grade 

H2O up to 20 µL. The PCR program comprised a 15 min initial denaturation step at 

95°C to activate the hot start polymerase, followed by 40 cycles of 95°C for 30 s, 

55°C for 30 s and 72°C for 30 s. The fluorescence signal was measured during the 

72°C step of the cycle. Melt curve analyses to show generation of a single product for 

each reaction was carried out following the PCR program, and comprised a slow 

temperature ramp from 60°C to 99°C, during which time the fluorescence signal was 

continuously monitored. Amplification of a single product of correct size was also 

confirmed by gel electrophoresis (2.2.6) and verified by sequencing (2.2.10). Two to 

three independent analyses of duplicate reactions were undertaken for all samples. 

Data were analysed using the Rotorgene 6 software (Corbett research) and initially 

converted into threshold values (Ct), which refer to the cycle number during 

exponential amplification at which the PCR product crosses a set threshold. To adjust 

for variations in the amount of input cDNA, the average Ct values for the target gene 

were normalised against the average Ct values for GAPDH by the comparative 

quantitation method (Corbett Research). The comparative quantitation method 

compares the relative expressions of samples compared to a control sample (in this 

case undifferentiated MOCK P19CL6 cells). Calculation of the relative concentration 

of each sample, compared to the control sample, is based on the threshold values and 

the reaction efficiency.  To adjust for variations in the amount of input cDNA, the 

average copy number for target transcripts was normalised against the average copy 

number for GAPDH by dividing the target amount by the endogenous reference 

amount.   
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2.2.4 Purification of PCR products 

PCR products were excised from the electrophoresis gel and purified using the 

QIAquick gel extraction kit (Qiagen) according to the manufacturer′s protocol. The 

concentration was determined as described in section 2.2.2. 

2.2.5 Digestion of DNA with restriction enzymes 

All DNA enzyme digests were performed according to guidelines set by the restriction 

enzyme manufacturer (Roche). All restriction enzyme products were analysed by 

agarose gel electrophoresis as described in section 2.2.6.  

2.2.6 Agarose gel electrophoresis 

DNA electrophoresis was performed at room temperature in TBE (90 mM Tris-borate, 

2 mM EDTA, pH 8.0) running buffer. Samples were diluted with 1/6 volume of 6 x 

dye (0.25% Bromophenol blue (w/v), 30% glycerol, 10 mM Tris-HCl pH 8.0) before 

loading. 1µg of 1kb+ ladder (Invitrogen) was used as a molecular marker.  

Electrophoresis was carried out at 60 - 70V for 1-2 h. 

2.2.7 Gel extraction 

DNA was excised from agarose electrophoresis gel and purified using the QIAquick 

gel extraction kit (Qiagen) according to the manufacturer′s instruction. The DNA is 

released from the gel by melting and binds the silica gel in a spin column by 

centrifugation.  The concentration was determined as described in section 2.2.2. 

2.2.8 Subcloning of cDNA fragments into host vectors 

2.2.8.1 TA cloning of PCR fragments  

PCR generated fragments from genomic DNA or cDNA were cloned into pGEM-

Teasy (Promega) for sequencing and restriction enzyme digests. 



Chapter 2                                                                                      Materials and Methods 

45 

2.2.8.2 Dephosphorylation 

2.2.8.2.1 Sticky end cloning 

Host plasmid vectors were linearised by restriction enzyme digest. The vectors were 

then subjected to dephosphorylation, whereby 2 µL of diluted calf intestinal alkaline 

phosphatase (CIAP, 1:40 in 1X CIAP buffer), 3 µL of 10X CIAP buffer and 5 µL of 

MQ- H2O were added to 20 µL of digest. The dephosphorylation was carried out 

during 30 min incubation at 37°C, followed by 15 min at 85°C to denature the CIAP.  

The dephosphorylated vector DNA was run by gel electrophoresis and recovered 

using the Qiagen gel extraction kit.  

2.2.8.2.2 Blunt end cloning 

Host plasmid vectors were either linearised using a blunt end restriction enzyme or 

with a sticky end restriction enzyme and blunt ended using Klenow enzyme (Roche). 

The vectors were then subjected to dephosphorylation, whereby 2 µL of diluted calf 

intestinal alkaline phosphatase (CIAP, 1:40 in 1X CIAP buffer), 3 µL of 10X CIAP 

buffer and 5 µL of MQ- H2O were added to 20 µL of digest. The dephosphorylation 

was carried out by 15 min incubation at 37°C, then 15 min incubation at 56°C. A fresh 

lot of diluted CIAP was added and the procedure repeated followed by 15 min at 85°C 

to denature the CIAP. 

2.2.8.3 Ligation 

The host vector and insert DNA to be inserted (molar ratio, vector/cDNA: 1/3) were 

mixed with 1 µL 10X ligase buffer (Promega), 1µL T4 ligase (3U/µL) (Promega) and 

MQ-H2O in a final volume of 10 µL.  Ligation was carried out at 4°C (or 16°C for 

blunt end cloning) overnight and the final product was used to transform E.coli 

(DH10B) by electroporation (2.2.9.2). Small scale plasmid DNA purification (STET 

miniprep) (2.2.1.5.1) was performed to analyse the recombination efficiency using 

restriction enzyme digest (2.2.5) and agarose gel electrophoresis (2.2.6). 
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2.2.9 Transformation of plasmids into E.coli 

2.2.9.1 Preparation of electrocompetent cells  

Electrocompetent cells were prepared according to the protocol described by Bio-Rad 

(Bio-Rad, Richmond, CA). An overnight culture of cells was inoculated in 1 L of LB 

(20 g/L LB-base) to an OD600 of 0.08 and grown at 37°C with vigorous shaking to an 

OD600 of 0.5.  To harvest the cells, the flask was chilled in ice water for 5 min before 

the culture was divided into 4 flasks and centrifuged at 6000 rpm for 15 min at 4°C in 

a Sorvall GSA-rotor.  After the supernatant was removed, each pellet was resuspended 

in 250mL of ice cold sterile MQ-H2O.  The suspension was centrifuged at 6000 rpm 

for 10 min at 4°C, the supernatant was poured off and each pellet was resuspended in 

ice-cold sterile MQ-H2O, pooled into two flasks and topped up to 250mL with         

ice-cold sterile MQ-H2O.  The resuspended bacterial pellets were centrifuged as 

described earlier. After the supernatants were removed, the pellets were pooled and 

resuspended in 100 mL of ice-cold 15% glycerol. The bacteria were centrifuged as 

described earlier and the pellet was resuspended in a final volume of 0.6mL with    

ice- cold 15% glycerol. 65µL aliquots were frozen down in liquid nitrogen and stored 

at -80°C. 

2.2.9.2 Electroporation transformations into E.coli 

20 µl of thawed electrocompetent cells were mixed with 1 µl of DNA ligation mix, 

incubated for 1 min on ice and electroporated (0.1 cm gap cuvette at 2.5 kV/200Ω) 

using a Bio-Rad gene pulser (Bio-Rad, Richmond, CA). Immediately after 

electroporation, the cells were suspended in 1 mL of LB medium and incubated at 37 

°C for 1 h on an orbital shaker (230 rpm). Aliquots of the cell suspension were then 

spread out on selective LB-antibiotic plates and incubated at 37°C overnight.  

Transformants were analysed by small scale plasmid purification (STET miniprep) 

(2.2.1.5.1) followed by restriction enzyme digests (2.2.5) and agarose electrophoresis 

(2.2.6). 
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2.2.9.3 Preparation of bacterial frozen glycerol stocks  

Bacterial clones with plasmids were grown overnight in selective media and mixed 

with 1 volume of 80% glycerol for long term storage at -80°C. 

2.2.10 DNA sequencing   

All sequencing reactions were carried out using the ABI PRISM™ Big Dye™ 

Terminator Cycle Sequencing Ready Reaction Kit protocol (PE Applied Biosystems).  

2.2.10.1 Sequencing of cDNA and plasmid DNA 

In general, 90 ng of purified PCR cDNA product or 500 ng of plasmid DNA were 

used as template in 0.5 x Big Dye sequencing reactions. The reactions contained 4.0 

µL of Big Dye Sequencing Reaction Mix, 4.0µL 2.5 x reaction buffer (200 mM Tris-

HCl, 5 mM MgCl2, pH 9) the DNA template to be sequenced, 3.2 pmol of primer and 

MQ-H2O up to a final reaction volume of 20 µL. After denaturation at 96°C for 5 min, 

the reaction was subjected to 26 cycles of 96°C for 30 s, 50°C for 15 s and 60°C for 4 

min with a ramping time of 1°C/sec.   

2.2.10.2 Sequencing of λ-DNA 

For sequencing of purified λ-DNA (2.2.1.2) 1x Big Dye reactions were performed. 

These reactions contained 8 µL of Big Dye Sequencing Reaction Mix, 1 µg of λ-DNA 

as template, 3.2 pmol of primer and MQ-H2O up to a final reaction volume of 20 µL. 

The reaction was then subjected a denaturation step at 96°C for 5 min, then 30 cycles 

of 96°C for 30 s, 50°C for 1min and 60°C for 4 min with a ramping time of 1°C/sec.   

2.2.10.3 Ethanol purification of sequencing products 

The sequencing product was purified by ethanol precipitation in microcentrifuge tubes 

at room temperature. The reaction was added to 16 µL of MQ-H2O, after which 64 µL 

of 95% ethanol was added and the mixture vortexed.  The tube was left for minimum 

15 min at room temperature to induce product precipitation, followed by 

centrifugation at 16 000 x g for 20 min. The supernatant was removed and 250 µL of 
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70% ethanol was added. The tube was briefly vortexed before centrifugation at          

16 000 x g for 10 min. The supernatant was removed and the DNA pellet dried for 10 

min. The product was analysed using an ABI Model 377 DNA sequencer.  The 

sequence data was further manipulated using version 1.0.3 of SeqEd© (ABI) and 

version 6.0 of MacVector™ (Oxford Molecular Group). 

2.2.11 Sequence analyses  

2.2.11.1 Blastn and Blastx homology searches 

The sequences of PCR products or vector inserts were edited to remove primer- and 

cloning restriction enzyme sites and analysed for homology against non-redundant 

databases (NCBI) using the Basic Local Alignment Tool (BLAST) (Altschul et al., 

1990).  The sequences were also translated into the six possible protein reading frames 

and analysed for homology against non-redundant protein databases, using the 

BLASTx option. 

2.2.11.2 EST searches and analyses 

Assembly of overlapping EST clones was performed using BioEdit (version 5.0.9) 

(Hall, 1999; Tippmann, 2004). 

2.2.11.3 Sequence analyses of promoter regions 

The promoter regions for RhoA in mouse and human were identified by blasting the 

respective cDNA sequences to promoter databases using the Gene2 promoter program 

(Genomatix Software, http//:www.genomatix.de). The identified putative promoter 

regions were aligned and then analysed for transcription factor sites using 

MatInspector and PromoterInspector software programs (Genomatix Software, 

http//:www.genomatix.de). 
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2.2.12 Sephadex® G-50 Spin column preparation 

Sephadex® G-50 (Amersham Biosciences) was prepared for use in spin columns by 

hydrating 1 g of resin in 50 mL of MQ-H2O, then autoclaved. The columns were 

constructed using 1 mL syringes plugged with a small amount of glass wool to retain 

the resin. The re-hydrated resin was packed into the columns using a bench top 

centrifuge at 2700 rpm, and equilibrated in TE pH 7.5 (10 mM Tris-HCl, pH 7.5, 1 

mM EDTA). Columns were stored at 4°C. 

2.2.13 DNA probe labelling by random hexamer priming  

DNA probes were labelled with [α32P]-ATP using the Random Primed DNA 

Labelling Kit (Boehringer Mannheim). The DNA probe to be labelled had previously 

been excised from its plasmid and purified as described in section (2.2.5,2.2.7). The 

template was denatured by heating for 10 min at 98°C and immediately cooled on ice. 

50 ng of denatured DNA, 1 µL of dCTP, 1 µL of dTTP, 1 µL of dGTP, 2 µL of 

reaction mixture, 3000 Ci/mmol of 32P-α dATP and H2O up to 19 µL was mixed 

before 1 µL of Klenow enzyme was added.  The solution was incubated at 37°C for 30 

min. The reaction was stopped by adding 0.8 µL of 0.5 M EDTA. The mixture was 

then heated at 65°C for 10 min before 90 µL of TE (pH 8.0) was added.  Non-

incorporated deoxyribonucleotide triphosphates were removed by chromatography on 

an equilibrated G-50 Sephadex® column (2.2.12).  The eluate was mixed with 0.1 

mg/mL of fragmented herring sperm DNA and up to 1 mL MQ-H2O, boiled for 10 

min and cooled on ice for at least 15 min before 1 mL of probe solution was added per 

20 mL of prehybridisation buffer.   

2.2.14 Northern hybridisation 

Electrophoresis apparatus and gel preparation equipment were cleaned free of RNases 

by soaking in 3% hydrogen peroxide, then rinsed in 70% ethanol. Solutions were 

either treated with 0.1% DEPC and autoclaved or prepared from RNase-free stocks. 

RNA samples were denatured by suspension in MNE (20 mM MOPS, 5mM sodium 

acetate, 1 mM EDTA, pH 7.0) loading buffer containing 50% deionised formamide 
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and 18% formaldehyde and heating at 65°C for 10 min. Following addition of 

bromophenol blue to 0.5%, 20 µg of total RNA or 100 ng of mRNA was size 

fractionated alongside 3 µg RNA marker on a denaturing 1% formaldehyde gel. Lanes 

containing size markers were cut off and visualised by staining in 5 µg/mL ethidium 

bromide for 5 min and destaining in H2O overnight. The ladder was photographed 

next to a ruler. The log10 of the size of the RNA fragments migrated was plotted 

against the distance migrated. The curve was then used to calculate the size of the 

RNA species detected. The RNA from the remainder of the gel was capillary 

transferred from the gel to a GeneScreenPlus® membrane in 20 x SSC (0.03 M 

sodium chloride, 3 mM tri-sodium citrate) overnight according to the protocol by 

Sambrook and co-workers (1989). The RNA was crosslinked to the membrane using a 

UV-crosslinker at 1200 J/cm2 for 2 min 24 s. The membranes were pre-hybridised in 

hybridisation solution 5x SSC, 5 x Denhardt’s solution (0.1% polyvinylpyrolidone, 

0.1% Ficoll 400, 0.1% bovine serum albumine), 1% SDS and 0.1 ng/mL transfer DNA 

(tRNA) for 4 h at 65°C. 

 

DNA probes were labelled by random hexamer priming as described in section 2.2.13. 

The membranes were hybridised in hybridisation buffer with added probe overnight at 

65°C. Washing consisted of 2 x SSC at room temperature for 5 min, twice in 2x 

SSC/0.1% SDS at 60°C for 20 min, 0.1% SSC at room temperature for 20 min, 0.1% 

SSC at 60°C for 20 min and 0.1% SSC at 65°C for 20 min. 

 

Washed membranes were wrapped in Gladwrap and exposed to Fuji X-ray film in X-

ray cassettes equipped with intensifying screens (Kodak) at -80°C for periods from 2 h 

up to 3 days.  

2.2.15 Southern hybridisation 

Genomic DNA to be analysed was digested with restriction enzymes (2.2.5) and size 

fractionated on a 0.4% agarose gel alongside a high molecular weight DNA marker. 

The DNA gel was photographed next to a ruler. The log10 of the size of the DNA 

fragments migrated was plotted against the distance migrated. The curve was then 
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used to calculate the size of the DNA fragments detected. The DNA was denatured in 

denaturing buffer (1.5M NaCl, 0.5 M NaOH) for 30 min at room temperature and 

neutralised in neutralising buffer (0.5 M Tris-HCl, 1.5 M NaCl. 1 mM EDTA) for 30 

min at room temperature. The DNA was then capillary transferred from the gel to a 

GeneScreenPlus® membrane in 20 x SSC overnight according to the protocol by 

Sambrook and co-workers (1989). The DNA was crosslinked using a UV-crosslinker 

at 120 mJ/cm2 for 2 min 24 s. The membranes were pre-hybridised in hybridisation 

solution (10% Dextran Sulphate, MW 500 000, 1% SDS, 10 mM NaCl and 5 x 

Denhardt’s solution) for 4 h at 65°C. 

 

DNA probes were labelled by random hexamer priming (Random Primed DNA 

labelling kit (Roche)) using [α-32P] ATP as described earlier (2.2.13). The probes 

were added to hybridisation solution and hybridised overnight at 65°C. Washing 

consisted of 2 x SSC at room temperature for 5 min, twice in 2x SSC/0.1% SDS at 

65°C for 20 min, 0.1% SSC at room temperature for 20 min and repeated if required. 

 

Washed membranes were wrapped in Gladwrap and exposed to Fuji X-ray film in X-

ray cassettes equipped with intensifying screens (Kodak) at -80°C for periods from 2 h 

up to 3 days before developing.  

2.2.16 Library screening  

2.2.16.1 Titering of chick λ-phage genomic DNA library 

The titre of a chick phage genomic DNA library (in vector EMBL3 SP6/T7, Clontech) 

was determined by serial dilution. The phage library was diluted at different 

concentrations in 1x λ buffer (100 mM NaCl, 10 mM MgSO4 and 35 mM Tris-HCl 

(pH 7.5)) containing 0.01% gelatine. One single colony of the bacterial host strain 

K802 was used to inoculate a 3 mL culture of LB-medium with 10 mM MgSO4 and 

0.02% maltose. The culture was grown at 37°C under shaking conditions overnight, 

pelleted by centrifugation and resuspended in 2.5 mL of 10 mM MgSO4. 200 µL of the 

K802 bacterial cell suspension was combined with the different phage dilutions and 
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incubated for 15 min at 37 °C to allow the phage to attach to the bacterial cells. 2-3 

mL of soft top agarose  (LB, 10 mM MgSO4, 7.2 g/L agarose, 48 °C) was added and 

the solution spread onto pre-dried, and pre-warmed (37°C) 90 mm MgSO4-plates (LB-

agar, 10 mM MgSO4) and incubated overnight. The number of plaque forming units 

(PFU) was counted and the phage library titre determined. 

2.2.16.2 Primary Library Screening 

2.2.16.2.1 Plating of Phage for Primary Screening 

Phages were plated for primary screening using the same protocol as in the titering 

procedure (2.2.16.1) but on big MgSO4-plates (150 mm).  600 µL of K802 overnight 

culture was mixed with the appropriate quantity of phage dilution (~ 30 000 PFU), 6.5 

mL of top agar was added and the mix was poured onto big MgSO4-plates and 

incubated overnight at 37°C. 

2.2.16.3 Plaque Lifts 

GeneScreen Plus® positively charged membranes (NEN™ Life Science Products) 

were used to perform plaque lifts. The phage plates to be screened were stored at 4°C 

for at least 3h prior to plaque lift to avoid lift of soft top agarose. For transferring of 

DNA, the membrane was placed onto the plate for 2 min.  For orientation, the 

membrane and agar were pricked with a heated needle in three places. The DNA on 

the membrane was denatured for 2 min in a denaturation solution (1.5 M NaCl and 0.5 

M Tris-HCl) and neutralised for 5 min in a neutralisation solution (1.5 M NaCl and 

0.5 M Tris-HCl, pH 8.0). The membranes were rinsed for a maximum of 30 s in a 

buffer solution (0.2 M Tris-HCl and 2x SSC, pH 7.5) and briefly blotted on 

Whatman® filter paper, before crosslinked using a UV-crosslinker at 120 mJ/cm2 for 

2 min 24 s.  To ensure truly positive results for primary screening, duplicate lifting 

was performed; the second membrane was placed on the plate for 4 min for transfer of 

DNA. The membranes were stored between filter paper at room temperature until 

hybridisation. 



Chapter 2                                                                                      Materials and Methods 

53 

2.2.16.4 Hybridisation of Phage in Aqueous Solution 

The membranes were prehybridised for at least 1 h with agitation at 65°C in a 

prehybridisation buffer containing 0.75 M NaCl, 0.05 M NaH2PO4, 5X Denhardt’s 

solution and 0.5% SDS. The membranes were then hybridised in hybridisation 

solution (1 mL of probe solution prepared as described in section 2.2.13 added per 20 

mL of prehybridisation solution) at 65 °C overnight.  

 

The membranes were washed in big hybridisation bottles. To remove excess 

hybridisation buffer, the membranes were rinsed two times in 2x SSC for 5 min at 

room temperature.  The membranes were then washed two times in 2x SSC and 1.0% 

SDS at 65°C for 15-30 min and then in 0.1x SSC for 30 min at room temperature. 

After the final rinse the membranes were blotted on Whatman® filter paper and 

wrapped in damp condition in Gladwrap. 

 

The membranes were exposed to Fuji X-ray film in an X-ray cassette equipped with 

an intensifying screen (Kodak) for 2-3 days at -80°C before developing.   

2.2.16.5 Coring of Positive Plaques 

The plates (stored at 4°C), membranes and film were aligned to identify positive 

plaques, which were cored using a cut pipette tip.  The cored, positive plagues were 

dissolved in 500 µL 1 x λ-Buffer with 0.01% gelatine and 20 µL of chloroform and 

vortexed.   

2.2.16.6 Secondary and tertiary phage screening 

Some of the cored positive plaques (2.2.16.5) were selected for secondary, then 

tertiary screening, phage plating was performed using small plates (90 mm) as 

described earlier (2.2.16.2.1).  The screening was repeated until individual plaques 

could be picked.  Pure bacteriophage stocks were obtained from individual clones by 

adding a single, well isolated plaque to 500 µL of 1 x λ-Buffer with 0.01% gelatine 

and 20 µL of chloroform. 
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2.2.16.7 Preparation of λ-DNA and identification of λ-insert 

λ-DNA was prepared as described in section 2.2.1.2 and digested (2.2.5) to determine 

size of insert. The insert was confirmed to be RhoA by PCR (2.2.3.2) using internal 

RhoA primers and sequenced (2.2.10) with sequence specific primers. 

2.2.17 Primer extension analysis 

Primer extension analysis was used as an attempt to determine transcription start site 

for mouse RhoA. 10pmol of the primer and 250ng of dephosphorylated φX174 Hinf I 

DNA markers were labelled using 30µCi [γ-32P] ATP in 10µL reactions containing 1X 

T4 polynucleotide kinase buffer and 10U T4 polynucleotide kinase (Promega).  The 

reactions were incubated at 37°C for 10min, and then heated to 90°C for 2 min to 

inactivate the enzyme.  90µL of MQ-H20 was added to the primer reaction, and 190µL 

to the DNA marker reaction. 10µg of total RNA (extracted from P19CL6 cells, see 

section 2.2.1.3.1) was annealed with 1µL of the labelled primer, in 1X AMV primer 

extension buffer, by heating mixture at 85°C for 5 min, then rapid cooling on ice 

before incubation at 45°C overnight.  The following day, reactions were placed at 

room temperature and incubated for 10 min.  A reverse transcription master mix was 

prepared containing 200 µM of each dNTP, 1X reaction buffer, 0.01 M dithiothreitol 

(DTT) and 200 U Superscript III (Invitrogen). The master mix was then added to the 

reactions and incubated at 55°C for 60 min. 20µL of loading dye was added to tubes, 

and the samples were loaded on an 8% acrylamide /7M urea gel, using 1X TBE as the 

running buffer, and subject to electrophoresis at 250V.  The gel was transferred to a 

piece of Whatman 3MM paper (Whatman International, Maidstone, England), 

wrapped in cling film and exposed to Hyperfilm MP X-ray film (Amersham 

Biosciences) using an intensifying screen (Fujifilm EC-DW cassette, Fuji, Japan) for 

5h ON at -80°C. The sizes of the primer extension products were determined by 

comparison with the labelled DNA markers. 
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2.2.18 Cell culture 

2.2.18.1 Passaging and maintaining cells 

The cell line made from primary chick embryonic culture (CEC) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM)/F12, supplemented with 4.5 g/mL 

glucose, 10% FCS and 100 µg/L penicillin/100 U/L streptomycin (growth medium 

(GM)).  P19CL6 cells were maintained in α-MEM containing 4.5 g/mL glucose, 10% 

FCS and 100 µg/L penicillin/100 U/L streptomycin (GM).  Stably transfected P19CL6 

cells were maintained α-MEM supplemented with 4.5 g/mL glucose, 10% FCS and 

100 µg/L penicillin/100 U/L streptomycin and 200 µg/mL neomycin (selective GM). 

The cell cultures were incubated in a 5% humidified CO2 incubator at 37°C. 

 

To passage cells, the monolayer was washed with PBS, pH 7.4 twice to remove 

growth medium. Trypsin-EDTA (0.05% trypsin, 0.53 mM tetrasodium EDTA) was 

added, the flask tilted to cover the cells and excess Trypsin-EDTA removed. The flask 

was incubated at 37°C for 5 min for cells to detach. The cells were then resuspended 

in GM to inactivate the trypsin. The cells were split to the desired ratio and allowed to 

grow to confluency before re-passaging, freezing down (2.2.18.2) or harvesting 

(2.2.18.8). 

2.2.18.2 Generation of frozen stocks for long term storage 

To generate frozen stocks of cell lines a 75 cm2 flask of cells was harvested by 

trypsination and resuspended in 1 mL of cold freezing medium (40% GM / 50% FCS / 

10% DMSO). Cells were then rapidly frozen by placing at -30°C for 30 min, and then 

transferred to a –80°C freezer in an insulated container. Cells were left overnight to 

facilitate a slow temperature ramp to –80°C, whereupon they were placed in liquid 

nitrogen for long-term storage. 

2.2.18.3 Revival of frozen stocks from long-term storage 

To revive cells from long-term liquid nitrogen storage, an aliquot of cells was quickly 

thawed at 37°C, and slowly resuspended in 9 mL of GM warmed to 37°C. Cells were 
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pelleted by centrifugation at 1000 rpm for 5 min, resuspended in 10 mL of GM and 

pelleted again by centrifugation to ensure complete removal of DMSO. The pelleted 

cells were then resuspended in 5 mL of their respective GM and transferred to a 25 

cm2 flask. 

2.2.18.4 Preparation of primary culture from embryonic chick. 

A primary cell culture of embryonic chick was prepared by cold trypsination. Fertile 

eggs were cultured at 37°C until the chick embryos reached the desired HH stage. The 

embryo was dissected from the egg yolk and washed in Earle’s balanced salt solution 

(EBSS, Gibco) with 250 U/mL Penicillin/ Streptomycin. The embryo was then cut 

into 3 mm3 cubes and weighed. After two washes in EBSS by pipetting, 10 mL of 

0.25% trypsin in EBSS was added per gram of tissue. The tissue was then placed at 

4°C for 18 h before the trypsin was removed. The tissue was then placed at 37°C for 

15-20 min to dissolve the tissue and 10 mL of GM was added to inactivate the trypsin. 

The cells were resuspended gently until dispersed. The cells were then counted and 

checked for viability using trypan blue, diluted to 1 x 106 cells/mL GM and 

transferred to a 25cm2 flask. The cells were then passaged until uniform (2.2.18.1) 

before frozen down for long-term liquid nitrogen storage (2.2.18.2). 

2.2.18.5 Induction of P19CL6 

P19CL6 cells were differentiated into cardiomyocytes by induction with 1% DMSO. 

Cells were trypsinised as described in section 2.2.18.1 and resuspended in 

differentiation medium (DM, GM with 1% DMSO) using a 1 cc syringe with a 26 G 

needle. The cells were counted and plated out in a 6 cm dish at a concentration of    

3.7 x 105 cells/ 4 mL DM. The medium was changed every second day and the cells 

were observed for beating from day 8 (D8) to D16.
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2.2.18.6 Transfection of cultured cells with nucleic acids 

2.2.18.6.1 Transfection of antisense oligonucleotides or siRNA into cells 

in 24- well plates using Oligofectamine™ 

Cells were transfected with RhoA antisense/sense oligos or siRNA using 

Oligofectamine™ transfection reagent (Invitrogen™). The day before transfection 

cells were plated out at a concentration of 3 x 104 cells/0.5 mL antibiotic-free GM in 

24-well plates. At the day of transfection, when the cells had reached ~50% 

confluency, antisense/sense oligos or siRNA/oligofectamine complexes were prepared 

as follows. Different concentrations of antisense/sense oligo or siRNA were mixed 

with Opti-MEM® (Invitrogen™) up to 50 µL.  3 µL of  Oligofectamine™ was mixed 

with 12 µL of Opti-MEM and incubated for 10 min at room temperature. The two 

solutions were then combined, mixed gently and incubated for 25 min at room 

temperature. The antisense/sense oligo or siRNA/Oligofectamine™ complexes were 

then added to each respective well. The cells were incubated at 37°C before harvest of 

protein (24 or 72 h after transfection) or for several days for observation. Negative 

controls included no transfection and transfection with Oligofectamine™ only. 

2.2.18.6.2 Transfection of plasmids into cultured cells using 

Lipofectamine ™ 2000 

Plasmids were transfected into cultured cells using Lipofectamine™ 2000 transfection 

reagent (Invitrogen™). One or two days before transfection cells were plated out in 2 

mL antibiotic free GM in 6-well plates. When the cells had reached ~95% confluency, 

DNA/Lipofectamine 2000 complexes were prepared. 4 µg of plasmid DNA were 

mixed with Opti-MEM® (Invitrogen™) up to 250 µL. 10 µL of  Lipofectamine™ 

2000 was mixed with 240 µL of Opti-MEM and incubated for 10 min at room 

temperature. The two solutions were then combined, mixed gently and incubated for 

40 min at room temperature. The DNA/Lipofectamine™ 2000 complexes were then 

added to each respective well. The cells were incubated at 37°C, 5% CO2 overnight 

before the GM was changed.  
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2.2.18.7 Generation of stably transfected clonal cell lines 

Stably transfected clonal P19CL6 cell lines over-expressing different forms of mouse 

RhoA (wild type (wt), constitutively active (RhoAV14) and dominant negative 

mutated form (RhoAN19) cloned into dTARGET vector (Promega)) or dTARGET 

only were prepared. Two days before transfection, 1.7 x 105 P19CL6 cells were plated 

out in 2 mL GM without antibiotics in 6-well plates. The cells were transfected with 

different mouse RhoA constructs using Lipofectamine™ 2000 as described in section 

2.2.18.6.2. Negative controls included plasmid without insert and no plasmid. 24 h 

after transfection the cells were split 1/10 (2.2.18.1) to 6-well plates containing 2 mL 

GM. 72 h after transfection, 2 mL selective GM containing 600 µg/mL Neomycin (G-

418, Invitrogen™) was added to select for cells containing plasmid. The cells were 

washed in PBS and GM with 600 µg/mL neomycin was replaced as growth medium 

until all the cells in the negative control that had not been transfected had died. The 

stably transfected cells were then split and plated out at a density of 1 cell/96 well in 

150 µL GM with 600 µg/mL neomycin for clonal selection. 3 x 96 well plates were 

plated for each clone. The plates were screened after 24 h to select wells containing 1 

cell per well. The wells were observed every day for 5 days to ensure that the clones 

growing had arisen from one single cell only. 24 clones of each construct (wt, 

RhoAV14, RhoAN19 and dTARGET) were then passaged to 24 well plates 

containing 0.5 mL GM with 400 µg/mL neomycin. Six confluent clones of each 

construct were passaged to a 6-well plate with 2 mL GM with 400 µg/mL neomycin. 

Three of these clones of each construct were selected and passaged to 25 cm2 flasks 

with 5 mL GM with 400 µg/mL neomycin, then to 75 cm2 flasks with 5 mL selective 

GM with 200 µg/mL neomycin. The stably transfected clonal cell lines were frozen 

down for long-term liquid nitrogen storage (2.2.18.2). Cells from each clone were 

harvested and extracted for gDNA (2.2.1.1.1) and protein (2.2.18.8) for genomic PCR 

(2.2.3) to confirm correct nucleotide sequence and over-expression of protein by 

Western blotting (2.2.22), respectively. 
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2.2.18.8 Preparation of cell pellets from cultured cells for RNA, DNA and protein 

extraction  

Cells were trypsinised as described in section 2.2.18.1 and pelleted by centrifugation 

at 300 x rpm for 5 min. The cells were then washed in PBS by resuspension and 

pelleted by centrifugation. Cell pellets were stored at - 80°C until use. 

2.2.18.9 Preparation of protein extracts from cultured cells 

Cells were harvested from 25 cm2 flasks as described in section 2.2.18.8. Frozen cell 

pellets were thawed on ice and resuspended in either 50 µL sample buffer (SB: 62.5 

mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 5% β-mercaptoethanol, 0.07% 

bromophenol blue) or SDS- sample buffer (10% glycerol, 2% SDS, 0.25 M Tris-HCl, 

pH 6.8). The samples were boiled for 5 min and resuspended using a syringe. The 

suspension was centrifuged at 13 000 x g for 15 min at 4°C. The supernatant was 

recovered, divided into aliquots and stored at -80°C until use. 

2.2.19 Luciferase assays 

The promoter region of mouse RhoA in non-differentiated and differentiated P19CL6 

cells was identified by Luciferase assays. Eleven days prior to transfection, P19CL6 

cells were plated in 48-well plates in 0.25 mL growth medium (GM) or differentiation 

medium (DM: GM with 1% DMSO) at a density of 19 000 cells/well. Three 

independent transfections were performed in triplicate for all samples. For each 

transfection, 800 ng of test plasmid (pGL3-basic, containing insert to be tested: 

expresses firefly luciferase) and 80 ng of co-reporter plasmid (pRL-TK: expresses 

Renilla luciferase) were mixed with 50 µL of Opti-MEM I reduced serum medium. In 

another tube, 2 µL of Lipofectamine™ 2000 was mixed with 50µL of Opti-MEM I 

reduced serum medium. The tubes were incubated for 5 min at room temperature, and 

then the contents mixed and incubated for a further 20 min to allow formation of 

DNA-liposome complexes. The transfection solution was then added to the cells, 

which were then incubated overnight. The following day, the cells were washed with 

PBS and assayed for expression of luciferase activity using a Victor2TM 1420 

multilevel counter (Wallac, Turku, Finland) and the Dual Luciferase Assay system 
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(Promega), as per the manufacturer’s instructions. Briefly, the cells were lysed in the 

culture wells by adding 65 µL of Passive Lysis Buffer (Promega) and agitating the 

plate on an orbital shaker for 30 min. The cell lysate was recovered and transferred to 

a 1.5 mL microcentrifuge tube, and centrifuged at 14 000 rpm for 30 s to pellet 

cellular debris. 10 µL of the lysate was transferred to a shallow well ProxiPlate 96 

(Wallac) and, after the addition of 50 µL of Luciferase Assay reagent II (LAR II), the 

firefly luciferase activity was measured for 10 s. Firefly luciferase activity was 

quenched, and Renilla luciferase activity was activated by the addition of 50 µL Stop 

and Glo reagent.  The Renilla luciferase activity was also measured for 10 s. Assay 

background was measured by including cells transfected with a pGL3 basic without 

insert and a no template control, comprising cells transfected with Lipofectamine™ 

2000 but no DNA. 

2.2.20 Protein estimation 

2.2.20.1 Peterson protein estimation 

The Peterson protein assay (1977) was used to determine the protein concentration of 

protein extracts from cultured cells in sample buffer with bromophenol blue 

(2.2.18.9). All standards and samples were assayed in triplicate. Standards (0-25 µg 

Bovine serum albumin (BSA)) were mixed with the same amount of 3 x SB as the 

amount of sample to be measured and brought up to 1mL with H2O. The standards 

and samples were boiled for 10 min to remove β-mercaptoethanol. The volume were 

adjusted to 1 mL with H2O, 0.1mL of 0.15% DOC (sodium deoxycholate) added (to 

the standards and samples), mixed and left at room temperature for 10 min. 0.1mL of 

72% tricloroacetic acid was added and the standards and samples were vortexed and 

centrifuged for 10 min at 10 000 x g to pellet protein. After aspiration of the 

supernatant, protein pellets were dissolved in 0.4 mL of H2O and 0.4 mL of Reagent A 

(equal vol CTC (0.1% CuSO4, 0.2% Potassium Tartrate, 10% Na2CO3), 0.8N NaOH, 

10% SDS, and H2O), mixed and left for 10 min at room temperature. 0.2mL of 

Reagent B (1vol Folin Ciocalteu (2N) in 5 vol H2O) was then added and the standards 

and samples incubated for 30 min at room temperature, at which time the absorbance 



Chapter 2                                                                                      Materials and Methods 

61 

at 750 nm was measured. The protein content in the samples was estimated against the 

BSA standard curve. 

2.2.20.2 DC protein Estimation (BioRAD) 

The detergent compatible (DC) protein assay (Bio-Rad) was utilised to determine the 

Concentration of protein in cell extracts lysed in SDS- buffer (2.2.18.9). Samples were 

diluted and a standard curve of BSA ranging from 0-2 mg/mL was prepared in SDS-

lysis buffer. 5 µL of each standard and sample were measured in triplicate at 750 nm 

according to the manufacturer’s instruction. The protein content in the samples was 

estimated against the BSA standard curve. 

 

2.2.21 SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) 

 

SDS-PAGE was used to separate proteins in cell extracts in preparation for analysis of 

RhoA protein by Western blot analysis. 5-10 µg protein in SB was resolved by 

electrophoresis through a 12% polyacrylamide separating gel (in 0.375 M Tris-HCl, 

pH 8.8) with a 4% stacking gel (in 0.125 M Tris-HCl, pH 6.8 using the Bio-Rad Mini-

gel system II (Bio-Rad) and a Tris-glycine buffer (25 mM Tris, 192 mM glycine, 

0.1% (w/v) SDS, pH 8.6). Electrophoresis was started at 50 V, then increased to 150 

V as the sample reached the separating gel. 5 µL of prestained low molecular weight 

marker (Bio-Rad) were run alongside samples to enable assessment of polypeptide 

mass.  

2.2.22 Western blotting 

Protein samples resolved by SDS-PAGE (2.2.21) were transferred to PVDF 

membrane for detection of protein bands immunoreactive with polyclonal RhoA 

antibody (Santa Cruz). The electrophoretic transfer of proteins from SDS-PAGE gels 

to Immobilon-P polyvinylidene difluoride (PVDF) (Millipore) membranes was 

performed in cold transfer buffer (5 mM NaHCO3, 1.5 mM Na2CO3 and 20% 
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methanol) for 1 h at 100 V using the Bio-Rad blotting apparatus for mini-gel system II 

(Bio-Rad). To assess loading of total protein, the membrane was stained with 0.1% 

Ponceau-Red (Sigma) in 5% Acetic acid for a minute and destained in H2O. The 

membrane was blocked for 2 h at room temperature in 10% Blotto  (10% non-fat dry 

milk in TBST (25 mM Tris-HCl, pH 7.4, 137 mM NaCl, 3 mM KCl, 0.1% Tween-20). 

The blocking solution was removed and the primary RhoA antibody, diluted (1/400-

1/1000) in 10% Blotto, was added and incubated with the membrane at 4°C overnight. 

The membrane was washed five times for 5 min in TBST before the secondary 

antibody, a 1:5000 dilution of horseradish peroxidase-conjugated goat-anti-mouse IgG 

(HRP-GAM) in 10% Blotto, was added. The membrane was incubated with the 

secondary antibody for 1 h at room temperature, and then washed with TBST as 

before.  Detection of HRP was performed by chemiluminescence (ECL-plus detection 

system), followed by exposure to X-ray film for up to 20 min before the film was 

developed or analysed using a phosphor imager (LAS-3000, Fuji). 

2.2.23 Immunocytochemistry 

2.2.23.1 Whole mount immunocytochemistry of early chick embryos 

2.2.23.1.1 Fixation of early chick embryos 

Whole, HH stage 4-10 chick embryos were fixed in 4% paraformaldehyde in 

phosphate buffered saline (PBS), pH 7.4 for 30 min at 4°C. Following fixation, the 

embryos were washed twice for 5 min in PBS. Embryos were then stored at -20°C in 

70% ethanol until use. 

2.2.23.1.2 Immunocytochemistry of early chick embryos 

RhoA was detected in whole mount chick embryos by a polyclonal rabbit RhoA 

antibody (Santa Cruz). Controls included embryos incubated with no primary 

antibody, pre-immune serum of the species used to raise the primary antibody, or no 

secondary antibody. Permeabilisation was achieved by digestion using 10 µg 

proteinase K per ml PBS: embryos at Hamburger Hamilton (HH) stage 1-6 were 

proteinase K-digested for 5 min, embryos at HH stage 6-12 were digested for 10 min, 
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and embryos above HH stage 12 were digested for 20 min. Post fixation was for 20 

min in 4% paraformaldehyde at 4°C followed by 2 washes for 5 min in PBS.  

Endogenous peroxidase was quenched by incubation of embryos in 3% H2O2 and 

0.3% Triton X-100 in PBS for 5 min, followed by two further washes in PBS.  Non-

specific binding sites were blocked with 10% goat serum in PBS for 1 h. The embryos 

were then incubated overnight with RhoA antibody (Santa Cruz) (1/200 in PBS) in 

1% goat serum, followed by three washes of 10 min in PBS/1% goat serum/0.1% 

Tween 20. The embryos were then incubated at room temperature for 30 min in 

secondary goat-anti-rabbit antibody-HRP conjugate (1/200 in PBS) in 1% goat serum. 

After three 5 min washes in PBS, peroxidase activity was detected by incubation in 

0.05% filtered diaminobenzidine (DAB), 0.004% H2O2 in PBS for 5 min. This was 

followed by three 5 min washes in PBS before mounting in glycerol. 

2.2.23.2 Immunocytochemistry of cultured cells 

2.2.23.2.1 Fixation of cultured cells 

Cultured cells were fixed in 4% paraformaldehyde in PBS, pH 7.4 at room 

temperature for 10 min. Following three 5 min washes in PBS, the fixed cells were 

stored in 0.1% sodium azide in PBS at 4°C. 

2.2.23.2.2 Immunocytochemistry protocol of cultured cells 

Fixed cells stored in 0.1% sodium azide in PBS were washed for 5 min in PBS. 

Endogenous peroxidase was then quenched by incubation in 0.3% H2O2 for 30 min. 

The cells were then washed again twice in PBS and non-specific binding sites were 

blocked in block solution (10% serum of the animal the secondary antibody was 

raised in; 2% BSA; 0.1% Triton X in PBS) for 1 h at room temperature. The cells 

were then incubated overnight with primary antibody (1/200 –1/1000) in block 

solution. This was followed by three washes of 10 min in PBS. The cells were then 

incubated at room temperature for 1 h in secondary antibody-HRP conjugate in 1% 

serum (of the animal the secondary antibody was raised in), plus 2% BSA in PBS. 

After three 5 min washes in PBS, peroxidase activity was detected by incubation in 

0.05% filtered diaminobenzidine (DAB), 0.004% H2O2 in PBS for 5 min. This was 

followed by three 5 min washes in PBS. The cells were stored in 0.1% sodium azide 
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in PBS at 4°C. Controls included cells incubated with no primary antibody, pre-

immune serum of the species used to raise the primary antibody, or no secondary 

antibody. 

2.2.23.2.3 Immunocytochemistry protocol of cultured cells with ABC elite-

detection kit 

For some immunocytochemistrys experiment the intensity of the DAB staining was 

enhanced using the ABC (Avidin biotin conjugate) elite detection kit. The protocol 

was as described in the previous section (2.2.23.2.2) with a few modifications. The 

secondary antibody used was biotinylated horse anti-mouse antibody. The ABC 

reagent was prepared according to the manufacturer’s instruction and incubated for 45 

min prior to use. After incubation with secondary antibody, the cells were washed 

three times in PBS for 5 min. The ABC reagent was added and incubated for 45 min 

following three washes in PBS. The reaction was visualised in DAB solution as 

described earlier.   

2.2.24 siRNA treatment and in vitro culture of chick 
embryos 

2.2.24.1 Design and Preparation of siRNA   

The RhoA siRNAs were designed and prepared using the Silencer™ siRNA 

Construction kit (Ambion) according to the manufacturer’s protocol. The RhoA 

cDNA sequence was scanned for AA dinucleotides from the ATG codon. Each AA 

sequence and its downstream 19 nucleotides were then searched for sequence 

similarity as described in section (2.2.11.1) to eliminate the sequences that had 

sequence similarity to other genes. Two of the resulting target sequences, which had a 

GC content below 50%, were then selected for synthesis. The RhoA siRNAs were 

then prepared using the Silencer™ siRNA Construction kit (Ambion). 
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2.2.24.2 Injection of siRNA and in vitro culture of chick embryos 

Fertile eggs were incubated until HH stage 4-5 at 37°C, removed from the incubator 

and put on their side for 15-30 min at room temperature before dissection. The 

eggshells were wiped with 70% ethanol before being cracked into a sterile petri dish. 

The thick albumin overlaying the embryo was removed using a Kimwipe before a 

sterile filter ring (a piece of 3M Whatman paper with a hole) was laid over the embryo 

and surrounding blastoderm. The embryo was then removed from the yolk and placed 

ventral side up on a dry albumin agar plate (7.19 g/L NaCl/3 % agar/50% albumin/ 

6% Pen/strep). Remaining yolk was removed with simple saline (7.19 NaCl g/L). 1 

µL of siRNA diluted in DMEM at desired concentration was injected into the heart 

forming region (LPM) of the chick embryo using a micromanipulator (Narishige) and 

a glass needle. Control embryos were injected with 1 µL of DMEM only; to make 

sure the injection itself did not affect the embryo. The embryos were then incubated 

on the albumin agar plates in a humid container at 37°C and 5% CO2. Embryos were 

observed for phenotypic effects and tissue sampling for real-time PCR after 24 and 48 

h. 
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3 Chapter Three: Investigation of Expression and 
Function of RhoA in Early Heart Development Using a 

Chick Embryo Model In Vitro. 
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3.1 Introduction 

As described in Chapter 1, one of the challenges of cardiovascular development 

research is to identify the factors that control the differentiation of cardiac muscle 

cells during the various stages of early heart development. Elucidating the role of 

genes that are involved in early myocardial development will contribute to our 

understanding of these processes. 

 

In order to identify genes up-regulated in early cardiogenesis the chick embryo model 

was chosen. The chick embryo is a useful model for higher vertebrate (mammalian 

and birds) myocardial development because it is easily accessible, has well-defined 

development stages and, of most importance, provides a close model to human heart 

development (Hamburger and Hamilton, 1951). 

 

To determine the molecular changes occurring during early cardiogenesis in the chick 

a molecular embryological protocol was developed. This protocol utilised molecular 

techniques combined with embryological methodologies (Kaarbo et al., 2000; 

Sneesby et al., 2001; Kaarbo et al., 2003). Briefly, the protocol involved differential 

amplification and differential display (DD) of gene fragments (DD-PCR), 

developmental dot blots to confirm up-regulation, and the generation of a full-length 

heart primordium cDNA phage library. To isolate and characterise genes that are 

associated with early heart development, the cDNA library was screened with DD-

PCR fragments from the differential display that had been shown to be up-regulated 

between the stages of anterior lateral plate mesoderm (LPM, Hamburger Hamilton 

(HH) stage 4) and heart primordium (HP, HH stage 8) (refer to Appendix 1 for 

Hamburger Hamilton stages).   

 

One of the cDNAs that was isolated by cDNA library screening using the first of the 

DD-probes and shown to be up-regulated, encodes the small guanosine triphosphatase 

(GTPase) RhoA. In preliminary analyses by Dr W. Murrell, four different transcripts 

of RhoA, varying in the length of the 3′ untranslated region (UTR) were identified. 

Alignment of chick, mouse and human RhoA sequences shows 99% identity at the 
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protein level, as depicted in Figure 3-1. The conservation of amino sequences between 

the chick, mouse and human proteins suggests that the RhoA protein has an important 

role in development and that its function is strictly regulated.                
 
 
Chick RhoA         MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDGKQVELALWDT 60   
Mouse RhoA         MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDGKQVELALWDT 60   
Human RhoA         MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDGKQVELALWDT 60   
Clustal Consensus  ************************************************************ 60   
 
 
Chick RhoA         AGQEDYDRLRPLSYPDTDVILMCFSIDSPDSLENIPEKWTPEVKHFCPNVPIILVGNKKD 120  
Mouse RhoA         AGQEDYDRLRPLSYPDTDVILMCFSIDSPDSLENIPEKWTPEVKHFCPNVPIILVGNKKD 120  
Human RhoA         AGQEDYDRLRPLSYPDTDVILMCFSIDSPDSLENIPEKWTPEVKHFCPNVPIILVGNKKD 120  
Clustal Consensus  ************************************************************ 120  
 
 
Chick RhoA         LRNDEHTRRELAKMKQEPVKPEEGRDMANRIGAFGYMECSAKTKDGVREVFEMATRAALQ 180  
Mouse RhoA         LRNDEHTRRELAKMKQEPVKPEEGRDMANRIGAFGYMECSAKTKDGVREVFEMATRAALQ 180  
Human RhoA         LRNDEHTRRELAKMKQEPVKPEEGRDMANRIGAFGYMECSAKTKDGVREVFEMATRAALQ 180  
Clustal Consensus  ************************************************************ 180  
 
 
Chick RhoA         ARRGKKKSGCLLL 193  
Mouse RhoA         ARRGKKKSGCLIL 193  
Human RhoA         ARRGKKKSGCLVL 193  
Clustal Consensus  ***********:* 193  
 
 

Figure 3-1. Protein Identity of Chick, Mouse and Human RhoA.  

ClustalW Multiple Sequence Alignment of the chick, mouse and human RhoA proteins. The only 

amino acid differing between the three proteins is indicated in red, and even this I-V substitute is a 

conservative change. 

 

The expression pattern of RhoA during early embryonic chick development was 

analysed by Dr W. Murrell using whole-mount in situ hybridisation. As described in 

Chapter 1, the heart is the first organ to be formed in vertebrates. During early to mid 

gastrulation (Hamburger Hamilton (HH) stages 3-5, refer to Appendix 1), heart-

forming cells migrate from the primitive streak to the anterior lateral mesoderm to 

form paired cardiac fields. The bilateral cardiac regions then condense to form a 

cardiac crescent (HH stages 6-9). The in situ analysis showed marked up-regulation of 

RhoA in the area surrounding the primitive streak and the lateral plate (LP) at HH 

stages 4-5 (18-20 hours development) and in the heart primordium (HP) at HH stages 

7-9 (23 –33 hours development) as illustrated in Figure 3-2. 



Chapter 3                                                                    Expression and Function of RhoA 

69 

 

 

Figure 3-2. RhoA expression is up-regulated in early heart development.  

Whole mount in situ hybridisation of RhoA-mRNA in chick embryos. A (HH stage 4), C (HH stage 7) 

and D (HH stage 8): chick embryos probed with a labelled riboprobe generated from the DD RhoA 

fragment. B (HH stage 4-5) and E (HH stage 8): embryos probed with sense riboprobe as negative 

controls. F: section from the embryo in picture D from the region depicted by the white line. The 

arrows indicate heart-forming region. HN, Hensen’s node; PS primitive streak; S, somite; P, 

proencephalon; N, neural tube. Courtesy of Dr W. Murrell. 

 

These results suggest that RhoA is implicated in early heart development. This chapter 

describes some of the studies that were undertaken to further study the role of this 

protein in the early stages of cardiogenesis: 

 

1. Analysis of the expression pattern of a protein can be an important tool for 

establishing a role in tissue development. For this reason, investigation of the 

expression pattern of the RhoA protein was undertaken to elucidate the temporal 

relationship between RhoA expression and early heart development.  

 

2. As described above, four different mRNA RhoA species differing in the length 

of the 3′UTR have been identified. Expression of these different transcripts was 

examined by sequence analyses, northern hybridisation and RT-PCR.  

 

3.       As the potential role of RhoA in heart development is unclear, one approach to 

elucidate RhoA function is to knock down RhoA levels in tissues and assess 

phenotypic changes. If down-regulation of RhoA alters the morphology of the heart or 

affects the phenotype of the heart tissue, then an important role of RhoA in early heart 
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development can be inferred. Therefore, a method to down-regulate the expression of 

RhoA in the early chick embryo was developed and utilised for these purposes.  

 

3.2 Materials and Methods 

The methods employed in this chapter have previously been described in detail in 

Chapter 2. The expression pattern of RhoA in early chick embryos was detected by 

immunocytochemistry using a commercial RhoA antibody (2.2.23.1). To investigate 

expression of different lengths transcripts of RhoA 3′UTR, RNA was extracted 

(2.2.1.3.1), mRNA isolated (2.2.1.3.3) and used for Northern blotting and 

hybridisation (2.2.14), or reversed transcribed and amplified by PCR as described in 

section 2.2.1.4 and 2.2.3.2.1. For the RhoA antisense experiments, a chick embryonic 

cell line was established (2.2.18.4), the cells transfected with antisense 

oligonucleotides using Oligofectamine (2.2.18.6.1), protein extracted (2.2.18.9) and 

quantified (2.2.20.1). The results were analysed by Western blotting as described in 

section (2.2.22). siRNA was designed, synthesised (2.2.24.1) and microinjected into 

early chick embryos as described in section 2.2.24.2. After culturing embryos on 

albumin agar plates, RNA was extracted (2.2.1.3.1), reversed transcribed (2.2.1.4) and 

quantitated using real-time PCR (2.2.3.3.2). An outline of these experiments is shown 

in Figure 3-3. 
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3.3 Results 

3.3.1 Expression studies of RhoA in early chick embryos 

3.3.1.1 Expression analysis of RhoA using immunocytochemistry 
Analysis of the expression pattern of a protein or its mRNA is a commonly used 

method to investigate the role of a protein in a tissue developmental situation. As 

mentioned earlier, RhoA mRNA has been shown to be expressed in the early heart 

from stage 4-9 by whole mount in situ hybridisation. An important aim of this current 

study was to look at the function of RhoA in early heart development. It was hoped 

that expression studies of RhoA in the early chick embryo may contribute information 

regarding the role of RhoA in early heart development. For this reason, an 

immunocytochemistry protocol to detect RhoA protein in chick embryos from early 

stages to stage 15 was developed and optimised, using a commercial polyclonal RhoA 

antibody. Utilising this protocol, immunocytochemistry was performed on HH stages 

5 and 8, as shown in Figure 3-4. RhoA was detected at higher levels in both the lateral 

plate (HH stage 5, Figure 3-4A) and the heart primordium (HH stage 8, Figure 3-4C).  

RhoA was also expressed at higher levels in the primitive streak in stage 5 and in the 

neural fold in stage 8. In contrast, no staining was detected in either of the negative 

controls, which indicates adequate quenching of endogenous peroxidase (Figure 3-4B, 

no secondary antibody added) and specific binding of RhoA antibody (Figure 3-4D, 

no primary antibody added). No signal was detected when non-immune rabbit serum 

was added instead of primary antibody, consistent with specific binding of the primary 

antibody (results not shown). These expression results are consistent with the in situ 

analyses shown in Figure 3-2 (Kaarbo et al., 2003) and indicate that mRNA levels are 

in accord with the levels of protein translated.  Immunocytochemistry with RhoA 

antibody was also performed on chick embryos from later stages. These analyses 

showed a more general staining pattern in the organs formed (results not shown). The 

marked up-regulation of RhoA mRNA and RhoA protein in the heart forming regions 

of early chick embryos suggests that this protein plays an important role in early heart 

development. 
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Figure 3-4. Expression of RhoA in early chick development as detected by immunocytochemistry.  

A, chick embryo (HH stage 5) stained with RhoA antibody; B, (HH stage 5) secondary antibody control 

(i.e. no mouse-α-goat-HRP added) to confirm quenching of endogenous peroxidase; C, HH stage 8, 

stained with RhoA antibody; D (HH stage 8), primary antibody control (i.e. no primary antibody added) 

to confirm specificity of RhoA antibody. Arrows indicate heart-forming region: HH stage 5, lateral 

plate mesoderm; HH stage 8, heart primordium. PS, primitive streak; S, somite.  
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3.3.1.2 Investigation of differential expression of RhoA transcripts 

As mentioned earlier, four different transcripts of RhoA, varying in the length of the 

3′ untranslated region (UTR) have been identified by screening a chick HP cDNA 

phage library. The shortest transcript was designated RhoA1, the longest RhoA4. To 

confirm expression of the different transcripts in earlier stages of the chick embryo 

and investigate whether the expression of particular length transcripts had 

developmental significance, further experiments were undertaken including sequence 

analyses, northern hybridisation and RT-PCR. 

 

3.3.1.2.1 Alignments of RhoA nucleotide sequences 

 

In order to get the full nucleotide sequence of chick RhoA, including 5′ and 3′ 

untranslated regions (UTR), Blastn searches against the EST (Expressed Sequence 

Tag) databases were undertaken. Small nucleotide fragments of RhoA4 were used as 

template to pull out aligning ESTs. Assembly of overlapping EST clones was 

performed using BioEdit (2.2.11.2), with RhoA4 as model template. Figure 3-5 

presents an alignment of the sequence of the longest RhoA clone (RhoA4) isolated and 

the contig sequence of the long RhoA transcript assembled by alignment of different 

chick ESTs. The EST alignment is attached as Appendix 2. Multiple overlapping 

sequences at the sites that differ to RhoA4 indicate that the new assembled RhoA 

sequence (designated chick RhoAlong) is the correct full length sequence of RhoA and 

will be used as template in other alignments. As can be seen in Figure 3-5, there is 

polymorphism at a single nucleotide position (G/A) in the ORF. This nucleotide 

change does not result in a change in the encoded amino acid proline (codon change 

from CCG to CCA). The full length chick RhoA cDNA (Chick RhoAlong) has 164 bp 

of 5′ UTR, 579 bp open reading frame (ORF) and 1189 bp of 3′ UTR. The total 

lengths of the four different transcripts of RhoA identified, without the poly-A tail, are 

1354 bp, 1474 bp, 1677 bp and 1832 bp, designated RhoA1 -RhoAlong respectively. 
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Chick RhoA4  ------------------------------------------------------------ 1     
Chick RhoAL  GGGGGGCGGGGCCGGCTGAGGAGCGCAGCGCAGCGCCGCGCCGCGTCGCGCCGGGCCCGG 60    
 
Chick RhoA4  --------------------------------------------------------GGGG 4     
Chick RhoAL  TGAGCGCGCACGCCCCCGCCCCGCCCGTTTCCGTTCGCCGCCGCTCGAGCTCGGGCCTGT 120   
 
Chick RhoA4  GGAGCAGGAAGCGGCGGGAGTCGTAGCCGGTGGAGGCCGCAGCTATGGCAGCCATTCGAA 64    
Chick RhoAL  GGAGCAGGAAGCGGCGGGAGTCGTAGCCAGTGGAGGCCGCAGCTATGGCAGCCATTCGAA 180   
 
Chick RhoA4  AAAAGCTGGTCATAGTGGGCGACGGTGCCTGCGGGAAGACCTGTCTGCTGATTGTGTTTA 124   
Chick RhoAL  AAAAGCTGGTCATAGTGGGCGACGGTGCCTGCGGGAAGACCTGTCTGCTGATTGTGTTTA 240   
 
Chick RhoA4  GCAAAGACCAGTTCCCTGAAGTCTACGTTCCCACCGTCTTTGAAAATTATGTAGCAGATA 184   
Chick RhoAL  GCAAAGACCAGTTCCCTGAAGTCTACGTTCCCACCGTCTTTGAAAATTATGTAGCAGATA 300   
 
Chick RhoA4  TTGAAGTGGATGGAAAGCAGGTGGAGTTGGCTTTGTGGGATACAGCAGGACAGGAAGACT 244   
Chick RhoAL  TTGAAGTGGATGGAAAGCAGGTGGAGTTGGCTTTGTGGGATACAGCAGGACAGGAAGACT 360   
 
Chick RhoA4  ACGATCGACTTAGACCGCTTTCTTATCCAGATACTGATGTTATACTTATGTGTTTTTCAA 304   
Chick RhoAL  ACGATCGACTTAGACCGCTTTCTTATCCAGATACTGATGTTATACTTATGTGTTTTTCAA 420   
 
Chick RhoA4  TCGATAGTCCTGATAGTTTAGAAAACATCCCGGAGAAGTGGACCCCGGAAGTGAAGCATT 364   
Chick RhoAL  TCGATAGTCCTGATAGTTTAGAAAACATCCCAGAGAAGTGGACCCCGGAAGTGAAGCATT 480   
 
Chick RhoA4  TCTGTCCCAACGTGCCTATCATCTTGGTAGGAAACAAGAAGGACCTGAGGAATGACGAGC 424   
Chick RhoAL  TCTGTCCCAACGTGCCTATCATCTTGGTAGGAAACAAGAAGGACCTGAGGAATGACGAGC 540   
 
Chick RhoA4  ACACAAGACGAGAGCTGGCCAAAATGAAGCAGGAGCCTGTCAAACCTGAGGAAGGAAGAG 484   
Chick RhoAL  ACACAAGACGAGAGCTGGCCAAAATGAAGCAGGAGCCTGTCAAACCTGAGGAAGGAAGAG 600   
 
Chick RhoA4  ATATGGCAAACCGCATCGGTGCATTTGGATATATGGAGTGTTCGGCAAAGACCAAAGACG 544   
Chick RhoAL  ATATGGCAAACCGCATCGGTGCATTTGGATATATGGAGTGTTCGGCAAAGACCAAAGACG 660   
 
Chick RhoA4  GTGTGAGGGAGGTTTTTGAAATGGCCACTAGAGCTGCTTTGCAAGCCCGGCGTGGCAAGA 604   
Chick RhoAL  GTGTGAGGGAGGTTTTTGAAATGGCCACTAGAGCTGCTTTGCAAGCCCGGCGTGGCAAGA 720   
 
Chick RhoA4  AAAAGTCCGGGTGCCTTCTCTTATAAAGCGTGGCCAGAGGAAGATGGCCAAGCAGCACCC 664   
Chick RhoAL  AAAAGTCCGGGTGCCTTCTCTTATAAAGCGTGGCCAGAGGAAGATGGCCAAGCAGCACCC 780   
 
Chick RhoA4  TGCACTTGAGTAATTTTGAAGTGCTGTTTATTAATCTTAGTGTATGATTACTGGCCTTTT 724   
Chick RhoAL  TGCACTTGAGTAATTTTGAAGTGCTGTTTATTAATCTTAGTGTATGATTACTGGCCTTTT 840   
 
Chick RhoA4  TCATTATCTATAATTTACTTAAGAGATTAAAAATCGAGTCATCTTGCTACCAGTATTTAG 784   
Chick RhoAL  TCATTATCTATAATTTACTTAAGAGATTAAAAATCGAGTCATCTTGCTACCAGTATTTAG 900   
 
Chick RhoA4  AAGCCACACCATGATTTTTATAACAATCTGCATCAAATTCATCTGTGCACCCAAGGTTAA 844   
Chick RhoAL  AAGCCA-ACCATGATTTTTATAACAATCTGCATCAAATTCATCTGTGCACCCAAGGTTAA 959   
 
Chick RhoA4  CCTCGACATTCCTCTAACCAACCTTTTCTGCACTCACAGGAT--GCCAGGCGCTAATTGA 902   
Chick RhoAL  CCTCGACATTCCTCTAACCAACCTTTTCTGCACTCACAGGATATGCCAGGCGCTAATTGA 1019  
 
Chick RhoA4  AAACAATTCTCTCTCTTCTTTCTTCTCTCTAGAAAGAGACAAAGCTGTCAACACAGAGGA 962   
Chick RhoAL  AGACAATTCTCTCTCTTCTTTCTTCTCTCTAGAAAGAGACAAAGCTGTCAACACAGAGGA 1079  
 
Chick RhoA4  TTGGTCTGTAACTACTTAATAACTAACGTCCTATTCTAATTGAGTACAACAGTTGATGGC 1022  
Chick RhoAL  TTGGTCTGTAACTACTTAATAACTAACGTCCTATTCTAATTGAGTACAACAGTTGATGGC 1139  
 
Chick RhoA4  TGTGTGTGGAACGAAGCGTGGCTTCAGTGCTATCACACTGTGGTCTGACTTTCATGGCTC 1082  
Chick RhoAL  TGTGTGTGGAACGAAGCGTGGCTTCAGTGCTATCACACTGTGGTCTGACTTTCATGGCTC 1199  
 
Chick RhoA4  GGGGGTGTGAGAGGTCAGTTTGAAAGATGTGATCACTCTGAAATGACCACGTTCCATTCA 1142  
Chick RhoAL  GGTGGTGTGAGAGGTCAGTTTGAAAGATGTGATCACTCTGAAATGACCACGTTCCATTCA 1259  
 
Chick RhoA4  GCTAAGGAAAAGTGAGGGTTCTGTGGTTTCATGTTAGTTACCTTTTAGTTACTGTGTAAT 1202  
Chick RhoAL  GCTAAGGAAAAGTGAGGGTTCTGTGGTTTCATGTTAGTTACCTTTTAGTTACTGTGTAAT 1319  
 
Chick RhoA4  TAGTGCCAGTTTAAATGTATGTTACCAAAAATAAATCTATTTACCCCAGCTTAGATGTAG 1262  
Chick RhoAL  TAGTGCCAGTTTAAATGTATGTTACCAAAAATAAATCTATTTACCCCAGCTTAGATGTAG 1379  
 
Chick RhoA4  TATTTTTTGTATAATTGGATTTCCTAATACTGTTACTTGTAACCTTCTGCGTTAAGGTGT 1322  
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Chick RhoAL  TATTTTTTGTATAATTGGATTTCCTAATACTGTTACTTGTAACCT-CTGCGTTAAGGTGT 1438  
 
Chick RhoA4  -CTGGGTTTTTTAAGAAACTGTATTTGAAAAATAAAGTCCAATGGAAAGCAGCTGCTCCT 1381  
Chick RhoAL  TCTGGGTTTTTTAAGAAACTGTATTTGAAAAATAAAGTCCAATGGAAAGCAGCTGCTCCT 1498  
 
Chick RhoA4  CTTCCCCGTTCATTTGTAAGAGTCTGACCCACCTGAATGATCCCAGTGCTCTGCACAGCC 1441  
Chick RhoAL  CTTCCCCGTTCATTTGTAAGAGTCTGACCCACCTGAATGATCCCAGTGCTCTGCACAGCC 1558  
 
Chick RhoA4  AGGAGGAGTTTTTTTCCATGACGTGCCGTAGGGATGAGAAAAGACAGCCTGCTCACACTC 1501  
Chick RhoAL  AGGAGGAGTTTTTTTCCATGACGTGCCGTAGGGATGAGAAAAGACAGCCTGCTCACACTC 1618  
 
Chick RhoA4  AAAGCTTCTGAACTGTTCAGTTGCCTTAAGCTCATTGCTGGACCCAGTTTCAAAACTAAA 1561  
Chick RhoAL  AAAGCTTCTGAACTGTTCAGTTGCCTTAAGCTCATTGCTGGACCCAGTTTCAAAACTAAA 1678  
 
Chick RhoA4  GGAAAAGAAAAAAGAAAAAAAAAAAAAGAAAGGAAACTTTTTGTGTAAGTTTGGTTACCA 1621  
Chick RhoAL  AGAAAAGAAAAAAGAAAAAAAAAAAAA-AAAGGAAACTTTTTGTGTAAGTTTGGTTACCA 1737  
 
Chick RhoA4  CGTAGTGATCAGACTCCTAACCTGTGAACTTCTTGCTGTTCTGCAGCCAACTAAACTTTC 1681  
Chick RhoAL  CGTAGTGATCAGACTCCTAACCTGTGAACTTCTTGCTGTTCTGCAGCCAACTAAACTTTC 1797  
 
Chick RhoA4  TGTTTTTTCATTTTTCCAACAACTAATAGAATAAAGGCAGTTTTCAAA---------AAA 1732  
Chick RhoAL  TGTATTTTCATTTTTCCAACAACTAATAGAATAAAGGCAGTTTTCTAAGCTCCCTGTAAA 1857  
 
Chick RhoA4  AAAAAAAAAAAAAAAAAAAAAAA------------------------------------- 1755  
Chick RhoAL  AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1917  
 
Chick RhoA4  ------------------ 1755  
Chick RhoAL  AAAAAAAAAAAAAAAAAA 1935  
 

Figure 3-5.  Alignment of chickRhoA4 and chick RhoAlong. 

Chick RhoA4 (Chick RhoA4) was isolated by screening a HP cDNA library using the DD probe 

identified as a partial RhoA cDNA. Chick RhoAlong (Chick RhoAL) was obtained by overlapping EST 

alignments, in which small fragments of the chick RhoA4 sequences were used as template for Blastn 

searches against the EST databases.  The EST sequences were aligned using a contig assembly program 

(BioEdit) to obtain a full sequence. The positions of the translation site (ATG), the stop codon (TAA) 

and the different putative polyadenylation signals are depicted in grey, bold and underlined. 

 
 
 
 
 
 
 
 
 
 
 
  
  
 



Chapter 3                                                                    Expression and Function of RhoA 

77 

To investigate the degree of conservation in the RhoA 3′UTR of different species, 

alignments were performed on the sequences of chick, mouse and human RhoA 

cDNAs (Figure 3-6). The RhoA cDNA sequences for human and mouse were 

obtained by EST blast searches and contig sequences were assembled using BioEdit as 

described above. Sequence alignment of the full length chick cDNA with the mouse 

and human RhoA cDNAs showed a number of regions of sequence identity in the 

3′UTR (Figure 3-6). Three polyadenylation signals were identified in the mouse and 

human sequences. These correspond to three of the putative polyadenylation signals in 

the chick sequence (RhoA1, RhoA2 and RhoAlong). Interestingly, the regions just 5′ of 

each of these polyadenylation signals (except for RhoA3) are conserved. The fourth 

polyadenylation signal identified in chick (RhoA3; nucleotide positions 1671 in the 

chick RhoAlong nucleotide sequence) is not present in the mouse and human 

sequences. As discussed later, this might indicate that chick RhoA3 is not a true 

transcript.   
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ChickRhoA          GCTGCTTTGCAAGCCCGGCGTGGCAAGAAAAAGTCCGGGTGCCTTCTCTTATAAAGCGTG 752   
MouseRhoA          GCTGCTCTGCAAGCTAGACGTGGGAAGAAAAAGTCTGGGTGCCTCATCTTGTGAAGCCTT 1080  
HumanRhoA          GCTGCTCTGCAAGCTAGACGTGGGAAGAAAAAATCTGGGTGCCTTGTCTTGTGAAACCTT 577   
Clustal Consensus  ****** *******  * ***** ******** ** ********  **** * ** * *  463   
 
ChickRhoA          GCCAGAGGAAGATGGCCAAGCAGCACCCTGCACTTGAGTAATTTTGAAGTGCTGTTTATT 812   
MouseRhoA          GT---------------GAAC-GCAGCC-TCATGCGGTTAATTT-GAAGTGCTGTTTATT 1122  
HumanRhoA          GCTG------------CAAGC-ACAGCCCTTATGCGGTTAATTTTGAAGTGCTGTTTATT 624   
Clustal Consensus  *                 * *  ** **   *   *  ****** *************** 493   
 
ChickRhoA          AATCTTAGTGTATGATTACTGGCCTTTTTCATT-ATCTATAATTTACTTAAGAGATTAAA 871   
MouseRhoA          AATCTTAGTGTATGATTACTGGCCTTTT-CATTTATCTATAATTTACCTAAGATTACAAA 1181  
HumanRhoA          AATCTTAGTGTATGATTACTGGCCTTTTTCATTTATCTATAATTTACCTAAGATTACAAA 684   
Clustal Consensus  **************************** **** ************* *****    *** 546   
 
ChickRhoA          AATCGAGTCATCTTGCTACCAGTATTTAGAAGCCA-ACCATGATTTTTATAACAATCTGC 930   
MouseRhoA          TCAGAAGTCATCTTGCTACCAGTATTTAGAAGCCA-ACCACGATTATTA--ATAAT---- 1234  
HumanRhoA          TCAGAAGTCATCTTGCTACCAGTATTTAGAAGCCA-ACTATGATTATTA--ACGAT---- 737   
Clustal Consensus       ****************************** ** * **** ***  *  **     589   
 
ChickRhoA          ATCAAATTCATCTGTGCACCCAAGGTTAACCTCGACATTCCTCTAACCAACCTTTTCTGC 990   
MouseRhoA          GTCCAACCTGTCTGACCAGCCAGGGTCCTTCT-GACACTGCTCTAACAGCCCTC-TCTGC 1292  
HumanRhoA          GTCCAACCCGTCTGGCCCACCAGGGTCCTTTT-GACACTGCTCTAACAGCCCTCCTCTGC 796   
Clustal Consensus   ** **    ****  *  *** ***     * **** * *******   ***  ***** 625   
 
ChickRhoA          ACTC--ACAGGATATGCCAGGCGCTAATTGAAGACAATTCTCTCTCTTCTTTCTTCTCTC 1048  
MouseRhoA          ACTCC-ACCTGACAC--CAGGCGCTAATTCAAAG-AATTTCTTAACTTCTTGCTTCTTTC 1348  
HumanRhoA          ACTCCCACCTGACACACCAGGCGCTAATTCAAGG-AATTTCTTAACTTCTTGCTTCTTTC 855   
Clustal Consensus  ****  **  ** *   ************ **   ****   *  ****** ***** ** 666   
 
ChickRhoA          TAGAAAGAGACAAAGCTGTCAACACA-GAGGATTGGTCTGTAACTACTTAATAACTAACG 1107  
MouseRhoA          TAGAAAGAGAAACAGTTGGTAACTTTTGTGAATTAGGCTGTAACTACTTTATAACTAACA 1408  
HumanRhoA          TAGAAAGAGAAACAGTTGGTAACTTTTGTGAATTAGGCTGTAACTACTTTATAACTAACA 915   
Clustal Consensus  ********** * ** **  ***    * * *** * ************ *********  711   
 
ChickRhoA          TCCTATTCTAATTGAGTACAACAGTTGATGGCTGTGTGTGGAACGAAGCGTGGCTTCAGT 1167  
MouseRhoA          TGTCCTGCCTACTTTCTGT--CAACTGCAAGA-AC-TCTGG--TGAGTCACTACTTCAGA 1462  
HumanRhoA          TGTCCTGCCTATTATCTGT--CAGCTGCAAGGTAC-TCTGG--TGAGTCACCACTTCAGG 970   
Clustal Consensus  *    * *  * *   *    **  **   *     * ***   **  *    ******  735   
 
ChickRhoA          GCTATCACACTGTGGTCTGACTTTCATGGCTCGGTGGTGTGAGAGGT---CAGTTT--GA 1222  
MouseRhoA          GCTTTCCT--TGTTAACAGACTCCATTGCCAGAGCTCTGGGGTGGGTATTCAGTTTTTTG 1520  
HumanRhoA          GCTTTACT--CCGTAACAGATTTTGTTGGCATAGCTCTGGGGTGGG----CAGTTTTTTG 1024  
Clustal Consensus  *** *           * ** *    ** *   *   ** *   **    ******     758   
 
ChickRhoA          AAGATGTGATCACTCTGAAATGACCACGTTCCATTCAGCTAAGGAAAAGTGAGGGTTCTG 1282  
MouseRhoA          AAATCTTGCTCAGCCAGAAAGGCCCAAGT-CCACGCAGCTGTTGCAGAGTTACAGTTCTG 1579  
HumanRhoA          AAAATGGGCTCAACCAGAAAAGCCCAAGT-TCATGCAGCTGTGGCAGAGTTACAGTTCTG 1083  
Clustal Consensus  **     * ***  * **** * *** **  **  *****   * * *** *  ****** 794   
 
ChickRhoA          TGGTTTCATGTTAGTTACCTTTTAGTTACTGTGTAATTAGTGCCAGTTTAAATGTATGTT 1342  
MouseRhoA          TGGTCTCATGTTAGTTACCTTATAGTTACTGTGTAATTAGTGCCACTT--AATGTATGTT 1637  
HumanRhoA          TGGTTTCATGTTAGTTACCTTATAGTTACTGTGTAATTAGTGCCACTT--AATGTATGTT 1141  
Clustal Consensus  **** **************** *********************** **  ********** 849   
 
ChickRhoA          ACCAAAAA TAAA- TCTATTTACCCCAGCTTAGATGTAGTATTTTTTGTATAATTGGATTT 1401  
MouseRhoA          ACCAAAAAATAAATATATCTACCCCAGACTAGATGTAGTATTTTTTGTATAATTGGATTT 1697  
HumanRhoA          ACCAAAAA-TAAATATATCTACCCCAGACTAGATGTAGTATTTTTTGTATAATTGGATTT 1200  
Clustal Consensus  ******** ***** *** ********  ******************************* 904   
 
ChickRhoA          CCTAATACTGTTACTTGTAACCTCTGCGTTAAGGTGTTCTGGGT---------------- 1445  
MouseRhoA          CCTAATACTGATATTTGTCATTCCCACAG-AAAGTGTATTGCTTCTTTTCTTTTTCTTTC 1756  
HumanRhoA          CCTAATACTG-------TCATCCTCAAAG-AAAGTGTATTGGTT---------------- 1236  
Clustal Consensus  **********       * *          ** ****  **  *                 925   
 
ChickRhoA          ------------------------------TTTTTAAGAAACTGTATTTGAAAAATAAAG 1475  
MouseRhoA          TTTCTTTCTTTTTTTCTTTTTTTTTTTTTTTTTTTAAGAAAGTGTATTTGGAAA-TAAAG 1815  
HumanRhoA          -----------------------------TTAAAAAAGAAAGTGTATTTGGAAA-TAAAG 1266  
Clustal Consensus                                *    ****** ******** *** ***** 948 
  
 
ChickRhoA          TCCAATGGAA-AGCAGCTGCTCCTCTTCCCCGTTCATTTGTAAGAGTCTGACCCACCTGA 1534  
MouseRhoA          TCAGATGGAAGAATTCATTTTTAAAATTCCCATTTTGTCACTTTC-TCTGATAAA---AT 1871  
HumanRhoA          TCAGATGGAA-AATTCATTTTTTAAATTCCCGTTTTGTCACTTTT-TCTGATAAA---AG 1321  

STOP 
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Clustal Consensus  **  ****** *     *  *     * *** **   *        *****   *      972   
 
ChickRhoA          ATGATCCCAGT-GCTCTGCACAGCCAGGAGGAGTTTTTTTCCATGACGTGC--CGTAGGG 1591  
MouseRhoA          ATGGCCATAT--CCCTTATTCAGCCCTATATATCATTCTAGTACCCCTTTCCAGACTGGA 1929  
HumanRhoA          ATGGCCATATTACCCCTTTTCGGCCCCATGTATC---TCAGTACCCCATG--GAGCTGGG 1376  
Clustal Consensus  ***  *  *    *  *   * ***      *          *   * *        **  989   

 
ChickRhoA          ATGAGAAAAGACAGCCTG--CTCACACTCAAAGCTTCT--GAACTGTTCA-GTTGCCTTA 1646  
MouseRhoA          CTAAGTAG---GAATTTGGTTTCCCGCCTGAGGCAGTT--ATACTTTGGA-GGTGGCATA 1983  
HumanRhoA          CTAAGTAAATAGGAATTGGTTTCACGCCTGAGGCAATTAGACACTTTGGAAGATGGCATA 1436  
Clustal Consensus   * ** *         **   ** * *   * **   *    *** *  * * ** * ** 1014  
 
ChickRhoA          AGCTCATTG--CTGGACC-CAGTTTCAAA CTAAAAGAAAAGAAAAAAGAAAAAAAAAAA 1703  
MouseRhoA          GCCTTTCTCACCTGGACTGCAGGGTCTGG
HumanRhoA          ACCTGTCTCACCTGGACTTAAGCGTCTGG
Clustal Consensus    **   *   ******   **  **   
 
ChickRhoA          AA-AAAGGAAACTTTTTGTGTAAGTTTGG
MouseRhoA          GT-ATCCAAGTTGCCTCCCAGAGGAGCCA
HumanRhoA          GT-ATCCAGGTTCCCTCCCAGAGGAGCCA
Clustal Consensus     *           *     * *     
 
ChickRhoA          GAACTTCTTGCTGTTCTGCAGCCAACTAA
MouseRhoA          GGGGGGGTCTCTTCTCTCCAGCTGACTAA
HumanRhoA          -------TCTCTTCTCTCCAGCTGACTAA
Clustal Consensus         *  **  *** ****  *****
 
ChickRhoA          ACAACTAATAGAATAAAGGCAGTTTTCTA
MouseRhoA          ACTA--A-TAGAATAAAGGCAGTTTTCTG
HumanRhoA          ACTACGAATAGAATAAAGGCAGTTTTCTA
Clustal Consensus  ** *  * ******************** 
 
ChickRhoA          AAAAAAAAAAAAAAAAAAAAAAAAAAAAA
MouseRhoA          AAAAAAATAAAAAAAAAAAAAAAAAAAGG
HumanRhoA          CTTATC-----------------------
Clustal Consensus     *                         

 

Figure 3-6. ClustalW Multiple Sequence Alignment o

and human RhoA cDNAs.  

The nucleotide sequences for chick, mouse and huma

alignments.  The stop codon is depicted in grey with ST

are boxed and highlighted in grey, bold and underlined.  

 

A

CTCTAAGTCACAGTGCTCCTTTCTCCACACT 2043  
CTCTAATTCACAGTGCTCTTTTCTCCTCACT 1496  
    **   * **               *   1033  

TTACCACGTAGTGATCAGACTCCTAACCTGT 1762  
CCAGTTCTTATGGGTGGCAGTGGGTGGGGGT 2102  
CCAGTTCTCATGGGTGGCACTCAGTC----- 1550  
  *   *  *  * *   * *           1044  

ACTTT----CTGTATT--TTCATTTTT-CCA 1815  
ACATTTTT-CTGTACCAGTTAATTTTT-CCA 2160  
ACTTTTTTTCTGTACCAGTTAATTTTTTCCA 1603  
** **    *****    ** ****** *** 1079  

AGCTCCCTGTAAAAAAAAAAAAAAAAAAAAA 1875  
A---------AAAAAAAAAAAAAAAAAAAAA 2208  
A---------AAAAAAAAAAAAAAAAATGGG 1654  
*         *****************     1121  

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1935  
CTCTCTCA----------------------- 2245  
------------------------------- 1660  
                                1122  

f the 3′ nucleotide sequence of chick, mouse 

n RhoA were obtained by overlapping EST 

OP above, the putative polyadenylation signals 
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3.3.1.2.2 Northern hybridisation and RT-PCR analyses of RhoA transcripts 

Northern blot analysis and RT-PCR were utilised to confirm expression of the 

different transcripts of RhoA in early developmental stages of the chick embryo. 

Northern hybridisation requires relatively high amounts of RNA to detect low levels 

of expressed genes. For this reason, Northern hybridisation was used as a means to 

show different transcripts of RhoA in whole chick RNA, rather than from individual 

tissues. For northern blotting total RNA was extracted using tissue from 3 day 

embryonic chick. 100 ng of mRNA (isolated from total RNA using Oligotex 

(Qiagen)) was separated by denaturing agarose gel electrophoresis and transferred to a 

nylon membrane. The probe used was the DD, previously identified to be a partial 

RhoA cDNA sequence fragment, labelled with [α-32P]. Two diffuse bands 

corresponding to transcripts of approximately 1.5 and 2.0 Kb were detected, as 

depicted in Figure 3-7. The sizes correspond to the predicted sizes of the identified 

RhoA2 and RhoAlong cDNAs respectively. Repeated blots and lower exposure time did 

not result in better separation of these bands. The two other putative transcripts were 

never detected, even after lengthy exposure to film. Thus, although the sizes and 

identities of the detected transcripts need confirmation by other means, these data 

suggest that, at the whole embryo level at least, the shortest transcript (RhoA1) may be 

expressed at a very low level. In addition, consistent with the earlier finding, these 

results also indicate that RhoA3 might not be a true transcript. 
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Figure 3-7.  Northern blot analysis of three day chick mRNA.  

Total RNA was extracted from 3 day chick embryos prior to mRNA isolation. 100 ng of mRNA was 

separated by denaturing agarose gel electrophoresis alongside 3µg RNA ladder, transferred to a nylon 

membrane and probed with a [α-32P]-labelled 400 bp chick RhoA probe. The marker on the left 

indicates the position of RNA ladder. The position of the two RNA transcript bands are indicated by 

arrows, the approximate sizes of these transcripts, as deduced by mobility relative to the RNA, are 2.0 

and 1.5 Kb (see section 2.2.14), respectively. 

2000 bp
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RT-PCR of chick embryonic cDNA was utilised to amplify the different length RhoA 

transcripts.  Total RNA was extracted from tissue from the heart-forming region of 

lateral plate mesoderm (LPM, HH stages 4-5), heart primordium (HP, HH stages 7-9) 

and from the non-cardiogenic region, posterior mesoderm (PM) for both stages (refer 

to Appendix 1 for HH stages). A combined method based on the RNA extraction 

protocols by Chomczynski and Sacchi (1987) and Zimmermann and Schultz (1994) 

was optimised to extract RNA free of genomic DNA. The RNA was reverse 

transcribed using a T7-(dT)24 primer that binds to the polyA tail of the mRNA. A 

specific primer to the sequence at the start of the RhoA 3′UTR (RhoA 3′UTR F, see 

Figure 3-8) and a T7-(dT)24  primer, to anneal to the polyA tail, were used for PCR 

amplification. Three different length transcripts were reproducibly detected from all 

tissue sources (Figure 3-9A). Both the no template and the no RT controls yielded no 

PCR products (results not shown). The different sizes of the three main products 

amplified by PCR were approximately 800, 1000 and 1200 bp, consistent with the 

expected lengths of RhoA2,3 and RhoAlong, respectively. The products designated 

RhoA2 and RhoA3 were cloned; sequencing of these products confirmed that the bands 

detected were the expected RhoA forms.  The putative product RhoAlong was unable to 

be cloned. For the putative RhoA3 product, however, it is possible that this does not 

represent a true reverse transcript product. As can be seen in Figure 3-5, a poly-A 

stretch is present after the third putative polyadenylation signal. As the library was 

constructed using a dT anchored primer and the PCR product generated in these 

experiments used this same primer, it is possible that this primer bound to the poly-A 

sequence within the RhoAlong transcript to generate a product that is an artefact.  

 

In contrast to RhoA2,3 and RhoAlong, the 670 bp transcript corresponding to the size 

expected for RhoA1 was detected in most, but not all cases (Figure 3-9B). When 

apparent often only as a diffuse band migrating just ahead of the RhoA2 band, and was 

unable to be cloned. However, the existence of this transcript is supported by the fact 

that the original DD-PCR product corresponded to this 3′UTR-length transcript; these 

current findings indicate that this transcript must be present at very low levels. In 

addition, the short transcript of RhoA has been identified by EST alignments (results 

not shown).  
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hick RhoA long  GGGGGGCGGGGCCGGCTGAGGAGCGCAGCGCAGCGCCGCGCCGCGTCGCGCCGGGCCCGG 60    
C
83 

 

Chick RhoA long  TGAGCGCGCACGCCCCCGCCCCGCCCGTTTCCGTTCGCCGCCGCTCGAGCTCGGGCCTGT 120   
 

Chick RhoA long  GGAGCAGGAAGCGGCGGGAGTCGTAGCCAGTGGAGGCCGCAGCTATGGCAGCCATTCGAA 180   

                   RhoA sense s-oligo 

 

RhoA antisense s-oligo                                          

Chick RhoA long  AAAAGCTGGTCATAGTGGGCGACGGTGCCTGCGGGAAGACCTGTCTGCTGATTGTGTTTA 240   

                 siRNA-RhoA5’ 

Chick RhoA long  GCAAAGACCAGTTCCCTGAAGTCTACGTTCCCACCGTCTTTGAAAATTATGTAGCAGATA 300   
 

Chick RhoA long  TTGAAGTGGATGGAAAGCAGGTGGAGTTGGCTTTGTGGGATACAGCAGGACAGGAAGACT 360   

                                           RhoA1 F 

Chick RhoA long  ACGATCGACTTAGACCGCTTTCTTATCCAGATACTGATGTTATACTTATGTGTTTTTCAA 420   
 

Chick RhoA long  TCGATAGTCCTGATAGTTTAGAAAACATCCCAGAGAAGTGGACCCCGGAAGTGAAGCATT 480   

RhoA1 R 

Chick RhoA long  TCTGTCCCAACGTGCCTATCATCTTGGTAGGAAACAAGAAGGACCTGAGGAATGACGAGC 540   
 

 

                  

Chick RhoA long  ACACAAGACGAGAGCTGGCCAAAATGAAGCAGGAGCCTGTCAAACCTGAGGAAGGAAGAG 600   
 

Chick RhoA long  ATATGGCAAACCGCATCGGTGCATTTGGATATATGGAGTGTTCGGCAAAGACCAAAGACG 660   
 

Chick RhoA long  GTGTGAGGGAGGTTTTTGAAATGGCCACTAGAGCTGCTTTGCAAGCCCGGCGTGGCAAGA 720   
 

Chick RhoA long  AAAAGTCCGGGTGCCTTCTCTTATAAAGCGTGGCCAGAGGAAGATGGCCAAGCAGCACCC 780   

                     siRNA-RhoA3’        

                             RhoA3’UTR F 

Chick RhoA long  TGCACTTGAGTAATTTTGAAGTGCTGTTTATTAATCTTAGTGTATGATTACTGGCCTTTT 840   
 

Chick RhoA long  TCATTATCTATAATTTACTTAAGAGATTAAAAATCGAGTCATCTTGCTACCAGTATTTAG 900   
 

Chick RhoA long  AAGCCA ACCATGATTTTTATAACAATCTGCATCAAATTCATCTGTGCACCCAAGGTTAA 959   
 

Chick RhoA long  CCTCGACATTCCTCTAACCAACCTTTTCTGCACTCACAGGATATGCCAGGCGCTAATTGA 1019  
 

Chick RhoA long  AGACAATTCTCTCTCTTCTTTCTTCTCTCTAGAAAGAGACAAAGCTGTCAACACAGAGGA 1079  
 

Chick RhoA long  TTGGTCTGTAACTACTTAATAACTAACGTCCTATTCTAATTGAGTACAACAGTTGATGGC 1139  
 

Chick RhoA long  TGTGTGTGGAACGAAGCGTGGCTTCAGTGCTATCACACTGTGGTCTGACTTTCATGGCTC 1199  
 

Chick RhoA long  GGTGGTGTGAGAGGTCAGTTTGAAAGATGTGATCACTCTGAAATGACCACGTTCCATTCA 1259  
 

Chick RhoA long  GCTAAGGAAAAGTGAGGGTTCTGTGGTTTCATGTTAGTTACCTTTTAGTTACTGTGTAAT 1319  
 

Chick RhoA long  TAGTGCCAGTTTAAATGTATGTTACCAAAAATAAATCTATTTACCCCAGCTTAGATGTAG 1379  

         RhoA1 

Chick RhoA long  TATTTTTTGTATAATTGGATTTCCTAATACTGTTACTTGTAACCTCTGCGTTAAGGTGTT 1439  
 

Chick RhoA long  CTGGGTTTTTTAAGAAACTGTATTTGAAAAATAAAGTCCAATGGAAAGCAGCTGCTCCTC 1499  

                                               RhoA2 

Chick RhoA long  TTCCCCGTTCATTTGTAAGAGTCTGACCCACCTGAATGATCCCAGTGCTCTGCACAGCCA 1559  
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Chick RhoA long  GGAGGAGTTTTTTTCCATGACGTGCCGTAGGGATGAGAAAAGACAGCCTGCTCACACTCA 1619 
 

Chick RhoA long  AAGCTTCTGAACTGTTCAGTTGCCTTAAGCTCATTGCTGGACCCAGTTTCAAAACTAAAA 1679 

               RhoA3 

Chick RhoA long  GAAAAGAAAAAAGAAAAAAAAAAAAAAAAGGAAACTTTTTGTGTAAGTTTGGTTACCACG 1739 
 

Chick RhoA long  TAGTGATCAGACTCCTAACCTGTGAACTTCTTGCTGTTCTGCAGCCAACTAAACTTTCTG 1799 
 

Chick RhoA long  TATTTTCATTTTTCCAACAACTAATAGAATAAAGGCAGTTTTCTAAGCTCCCTGTAAAAA 1859 

                                            RhoAlong 

Chick RhoA long  AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1919 

 

Chick RhoA long  AAAAAAAAAAAAAAAA 1935  
84 

igure 3-8. Nucleotide sequence of RhoAlong. 

he position of the translation site (ATG) is highlighted in green and underlined; the stop codon (TAA) 

s highlighted in red and underlined. The different putative polyadenylation signals are in red and 

nderlined and designated according to the putative transcript generated. Oligonucleotides used in 

ntisense experiments are depicted in orange. The different oligonucleotide sequences used for PCR are 

epicted in blue with their respective names below; the 5′-3′ direction of each primer is indicated by the 

irection of the arrow. The oligonucleotides used in siRNA experiments are depicted in blue with their 

espective name below. 
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 3-9. PCR products of RhoA amplified from chick embryonic cDNA. 

NA was extracted from the heart forming regions of HH stage 4-5 (LPM) and 7-9 (HP) as well 

on-cardiogenic regions (PM) of HH stage 4-5 and 7-9. The RNA was reversed transcribed using 

T24) primer that should anneal to the poly-A tail of mRNA. For PCR, the 5′ primer used was 

d to anneal to the start of the 3′UTR, a sequence common to all the RhoA transcripts; the 3′ 

used was the same anchored T7-(dT24) used for the RT step. The products generated were 

d by electrophoresis on a 2% agarose gel and the putative designations (RhoA1,2,3,long) are indicated 

ws. 1 µg of 1 Kb+ ladder was used as molecular marker, with selected markers indicated. A.  

, LP 4-5;  Lane 2, PM 4-5; Lane 3, HP 7-9; Lane 4, PM 7-9. B. Lane 1, HP 7-9. 
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Overall, these results confirm the expression of multiple RhoA transcripts in chick. 

Although these PCR reactions are not quantitative (because of different product sizes), 

comparison of the band intensity of the different PCR products suggests that RhoA2 is 

the most highly expressed transcript for all of the tissues tested. The relative 

expression profile of the different transcripts (within a tissue) is indicated as having 

changed between the heart forming regions LPM (stage 4-5;Figure 3-9A) and HP 

(stage 7-9; Figure 3-9A), whereas there was no substantial difference in transcript 

profile in the non-cardiogenic PM for both stages tested. These findings suggest that 

the expression of RhoA2 relative to the other RhoA transcripts (RhoA3 and RhoAlong) 

is increased in heart forming tissues between the HH stages 4-5 and 7-9. 

3.3.2  Down-regulation of RhoA in Early Chick Embryos 

3.3.2.1 Optimising culture of chick embryos for RhoA antisense experiments 

An important tool to study the function of a protein is to attenuate its expression. If 

inhibition of RhoA affects the morphology of the heart or phenotype of its tissue this 

could indicate an important role for RhoA in early heart development. Indeed, 

preliminary work conducted in our laboratory suggested that by culturing precardiac 

mesoderm explants in a medium containing RhoA antisense oligonucleotides, tissue 

culture explants were inhibited from developing into cardiomyocytes, as detected by 

the absence of a “beating heart” phenotype (Scurrah, 1999). 

 

Antisense oligonucleotides are chemically modified nucleic acids designed to 

hybridise to complementary mRNA sequences and block production of proteins 

encoded by the targeted mRNA transcripts. The exact biochemical basis of the 

antisense mechanism is not known. Experimentally demonstrated mechanisms by 

which antisense oligonucleotides inhibit protein expression include: a) RNase-

mediated degradation of hybridised mRNA, b) translational blockade at the 5′ cap site, 

and c) splicing arrest, which involves interference with mRNA splicing through 

antisense binding to splice donor or splice acceptor sites (Myers and Dean, 2000; 

Probst, 2000).  Phosphorothioate oligodeoxynucleotides, also called s-oligos, are 

chemically modified oligonucleotides in which one of the non-bridging oxygen atoms 
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is replaced with sulphur. The modification results in a more stable and nuclease-

resistant derivative (Probst, 2000). 

 

In order to study the function of RhoA in early heart development by inhibiting its 

expression, antisense and sense (control) s-oligos were synthesised. The oligos (RhoA 

antisense and RhoA sense s-oligo) were designed to encompass the region required for 

initiation of translation of RhoA-mRNA, as depicted in Figure 3-8, and it was 

expected that this would either inhibit translation or cause RNase H degradation of 

RhoA mRNA.  

 

Based on the previous antisense experiment by Scurrah (1999), it was decided to treat 

chick embryo explants dissected from the heart forming region of HH stage 4 with 

antisense and sense (negative control) s-oligos by transfection using Lipofectamine 

reagent (Invitrogen). By culturing explants from this early stage in DMEM containing 

20% fresh bovine serum, cells differentiate into beating heart tissue within 24 hours.  

This seemed to be a useful technique because of the easy evaluation of the effect of 

the oligo: if the addition of antisense RhoA s-oligonucleotides prevented the 

development of the beating tissue phenotype, this would suggest a role for RhoA in 

heart development. However, exploratory experiments showed that Lipofectamine 

treatment was toxic to the explants either alone or when complexed with oligos. The 

approach used in the earlier antisense experiment could therefore not be confirmed, 

and thus a new protocol for culturing chick embryos in vitro was developed. 

 

Wei and co-workers (2001) successfully inhibited Rho kinases using phosphorothioate 

modified oligos. This was achieved by culturing whole chick embryos (HH stages 4-

8) on semi-solid albumin-agar plates. Embryos placed on albumin-agar plates were 

treated with s-oligos by a method involving dripping different concentrations of oligo 

in yolk /1% DMSO solution before being cultured in vitro. Based on this and other 

methods for culturing chick embryos on semi-solid medium (Sundin and Eichele, 

1992; Wang et al., 1999; Chapman et al., 2001; Wei et al., 2001), a protocol for 

growing early chick embryos on semi-solid medium was optimised. In general 90% 

survival and normal development rate for chick embryos was achieved using this 
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developed method. Briefly, the protocol involves removal of the embryo from the 

yolk, thoroughly rinsing in saline to remove yolk and carefully placing the embryo on 

an albumin-agar plate. The plate is then sealed and incubated at 37°C.  The embryos 

develop normally for at least 50 h (stage 14). 

 

The oligo treatment of whole chick embryos described by Wei and co-workers (2001) 

is time-consuming and requires large quantities of oligos. The latter a limiting factor. 

As a preliminary study prior to the use of whole embryos, it was therefore decided to 

determine the effect of the RhoA oligos in cultured cells. For this purpose, a cell line 

from primary culture of chick was prepared. Primary cultures from the whole embryo 

of 10 d embryonic chick were prepared by cold trypsination.  The cells were passaged 

until the cell type became uniform in appearance. The cells were then split or frozen 

down for storage. 

 

The chick cells were treated with antisense and sense oligos at three different 

concentrations (150, 200 and 250 µM) using Oligofectamine (Invitrogen). This 

transfection agent is purported to enhance the transport of oligonucleotides into the 

cell and be less toxic compared to other transfection agents (Invitrogen). After 24 h 

protein extracts were prepared from the different treated cells. The concentration of 

total protein in the extracts was determined using the Peterson method (Peterson, 

1977). 5 µg of total protein of each sample were loaded and resolved by SDS-PAGE. 

RhoA was then detected by immunoblot using a RhoA antibody (Santa Cruz).  As 

shown in Figure 3-10, treatment of the cells with antisense RhoA s-oligo did not 

reproducibly reduce the content of RhoA protein, compared to sense- or non-treated 

cells. When these experiments were undertaken there were no known methods to test 

whether the antisense oligonucleotides targeted RhoA to inhibit its expression or to 

test for transfection efficiency of antisense oligonucleotides. Thus it is not known 

whether the antisense oligo did not inhibit RhoA expression or because the 

transfection efficiency was too low, resulting in low concentration of oligos reaching 

the target. However in retrospect, it has been suggested to co-transfect the antisense 

oligonucleotide with a plasmid over-expressing the target protein. The efficiency of 

the antisense oligonucleotide can then be assessed by Western blotting. 
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Based on the negative result described above it was decided to use double-stranded 

small interfering RNA (siRNA) to inhibit the expression of RhoA in chick embryos. 

The method developed for culturing chick embryos on albumin-agar plates is useful 

for microinjection of siRNA, as well as other experiments where manipulation of the 

chick embryo is necessary. In addition, the chick embryonic cell line established is 

frequently used for localisation studies by members of the laboratory. 
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Figure 3-10. Effect of RhoA s-oligo treated cells. 

RhoA expression in chick embryonic cells treated with RhoA s-oligos. Cells transfected with antisense 

(−; Lanes 1, 3 and 5) and sense (+; Lanes 2, 4 and 6) RhoA s-oligos at three different concentrations 

(150, 200 and 250 µM) using Oligofectamine.  Lane 7, cells transfected with oligofectamine (OF) only; 

Lane 8, non treated (NT) cells. Protein extracts were prepared from the cells, 5 µg of total protein of 

each sample were loaded and resolved by SDS-PAGE. RhoA was detected by immunoblot using a 

RhoA antibody. The marker indicates the mobility of the 21 kDA RhoA protein. 

 

                              150 µM         200 µM          250 µM 

                      -       +      -       +       -       +     OF    NT 
 

21kDa 

Lane                     1         2         3         4         5          6       7        8 
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3.3.2.2  Inhibition of RhoA expression in early chick embryos using siRNA 

Post-transcriptional gene silencing (PTGS) is a phenomenon in which some viruses, 

transgenes or RNA trigger the post-transcriptional degradation of homologous cellular 

RNAs (Fire, 1999).  These RNAs are called interfering RNA (iRNA). The mechanism 

of PTGS is not fully understood, but is thought to have evolved as a cellular defence 

mechanism to suppress viral infection (Fire, 1999). By injection of dsRNA the activity 

of homologous cellular genes is blocked. The use of dsRNA has been shown to 

interfere with the function of specific genes in both invertebrate and vertebrate species 

(Cogoni and Macino, 1997; Misquitta and Paterson, 1999; Wargelius et al., 1999; 

Clemens et al., 2000). 

 

In order to investigate the function of RhoA in early heart development, double-

stranded small interfering RNAs (siRNA) were utilised to disrupt the RhoA function 

in chick embryos. This technique involved design, amplification and testing of 

siRNAs. Two different siRNA oligonucleotide templates targeting chick RhoA in the 

5′ and 3′ region of the open reading frame were designed utilising Ambion′s small 

interfering Target Finder and Design tool. This tool is based on the findings by 

Elbashir and coworkers (2001 a,b), which suggest that the most effective siRNAs are 

21 nt dsRNAs with 3′ overhanging dimers of uridine (Elbashir et al., 2001a; Elbashir 

et al., 2001b). The nucleotide sequences synthesised for the siRNA are listed in Table 

3-1 and shown in Figure 3-8. Scrambled negative controls that contained the same 

nucleotide composition as the siRNA templates but which do not target any known 

chick mRNA template, were also designed (Table 3-1). The sense and antisense 

templates were used with the Silencer™ siRNA construction Kit (Ambion) for 

synthesis of siRNA.  
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Table 3-1. Nucleotide sequences of the RhoA siRNAs.  

Name Target region Sense (5′-3′) Antisense (5′-3′) 
siRNA-RhoA5′ 5′ of ORF 

 
 

CACAATCAGCAGACAGGTC GACCTGTCTGCTGATTGTG 

siRNA- 
RhoA5′ -ve 

Negative control CATCACAGCAACGGCTAAG CTTAGCCGTTGCTGTGATG 

siRNA-RhoA3′ 3′ of ORF 
 

AAGGCACCCGGACTTTTTC GAAAAAGTCCGGGTGCCTT 

siRNA- 
RhoA3′ 
-ve 

Negative control CGACTGCCTTTCAATGCAG CTGCATTGAAAGGCAGTCG 

                                                                                                                                                                    

Chick embryos (HH stages 4-6) were microinjected in the lateral region with different 

concentrations of siRNA (500-8000 pg) diluted in DMEM and cultured on albumin 

agar plates. Injecting DMEM alone in the same region of the embryo as the siRNA 

was used to control for the injection technique. The morphology of the embryos was 

observed after 24 and 48 h. No effect was observed when embryos were injected with 

siRNA concentrations below 2000 pg for both target and negative control siRNAs, 

and abnormal looking embryos occurred using both siRNAs and negative controls 

above 6000 ng. Thus 3000 and 4000 pg were chosen as suitable concentrations.  

 

Injection of 3000 pg siRNA-RhoA3′ caused abnormal development for 44% (11 from 

25) of the embryos injected (Table 3-2). In contrast, only one of the embryos injected 

with DMEM alone (1 from 16; 6.25 %) looked abnormal; however the effects 

observed were different from those observed in the si-RNA treated embryos and did 

not involve abnormal heart or head development. None of the embryos injected with 

the same amount of scrambled negative control (n=16) showed abnormal organ 

development (Table 3-2; Figure 3-11B and D).  
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Table 3-2. Effect of siRNA-RhoA treatment of early chick embryos.  

siRNA treatment % abnormal organ development 

siRNA-RhoA5′ 28 

siRNA-RhoA5′ -ve 0 

siRNA-RhoA3′ 44 

siRNA-RhoA3′ -ve 0 

DMEM only 6,25 

 

In vertebrates, myocardial precursor cells migrate from the primitive streak to the 

anterior lateral mesoderm to form paired cardiac fields. The bilateral heart primordia 

then migrate to the midline and fuse to form a single heart tube. For 20% of the chick 

embryos injected with siRNA-RhoA3′, the fusion of the heart primordia was inhibited  

(Figure 3-11A and C). This result suggests that RhoA is involved in regulating the 

migration of cardiac precursors to the ventral midline. In addition, 24% of the 

embryos had abnormal head development and/or other serious developmental defects. 

Figure 3-11C illustrates one of the most severe cases, in which no fusion of the heart 

tube occurred, head formation was abnormal and somitogenesis was disrupted. The 

abnormal cardiac, head and somite development caused by disrupted RhoA expression 

correlates with the expression pattern of RhoA (Figure 3-2; Figure 3-4;).  Embryos 

with cardia bifida that were observed 48 h after injection of siRNA-RhoA did not 

develop further than stage 11. Nevertheless, affected embryos, even with cardia bifida, 

usually had beating hearts. The abnormal head development observed in siRNA-RhoA 

treated embryos occurred both in conjunction with cardia bifida or in embryos with 

normal heart formation. For embryos injected with siRNA-RhoA5′, 28% showed 

similar abnormal heart phenotype to that caused by siRNA-RhoA3′ (Table 3-2).  
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Figure 3-11. Disruption of RhoA expression by siRNA treatment.  

Fertilised eggs were incubated at 37°C until HH stage 4-6, dissected and placed on an albumin agar 

plate. The embryos were microinjected with DMEM mixed with the respective siRNA. Chick embryos 

treated with siRNA-RhoA3′ (A and C) and negative control siRNA-RhoA3′ (B and D) 24h and 48 h 

after siRNA injection, respectively. The position of the heart is indicated by arrows.  Note the loss of 

heart fusion in A and C (i.e. cardia bifida) compared to normal fusion in B and D. 
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Western blotting is normally used to confirm down-regulation of proteins. However, 

as the amount of tissue required to obtain sufficient total protein lysate for blots was 

limited, real-time quantitative PCR was used instead to measure the level of RhoA 

mRNA in embryos treated with siRNA-RhoA3′ and siRNA-RhoA3′ negative control. 

This group was chosen because of the high percentage of affected embryos. Embryos 

showing abnormal phenotype as well as negative controls injected with scrambled 

siRNA were collected 24 or 48 hours after incubation. RNA was extracted, DNase 

treated and reversed transcribed into cDNA. The cDNA was then subjected to real-

time PCR and the RhoA mRNA level, normalised to GAPDH, was calculated using 

the two standard curve method. The RhoA primers used for real-time PCR (RhoA1 F 

and RhoA1 R) are shown in Figure 3-8. The forward GAPDH primer used was 

ACTTTGGCATTGTGGAGGGTC, the reverse primer 

TGGACGCTGGGATGATGTTC. The relative expression level of RhoA in siRNA 

treated embryos, compared to negative control embryos (embryos injected with 

scrambled siRNA), was reduced by 50% after 24 h and 80% after 48h (Figure 3-12).  

For statistical analyses, students T-test was undertaken. The sample data provide 

sufficient evidence to conclude that the RhoA mRNA level in the affected embryos 

treated with siRhoA3′ was significantly less compared to the RhoA mRNA level in 

the embryos treated with scrambled negative controls at 5% significance level after 24 

h and 1% significance level after 48 h. On the basis of these results, and assuming in 

this situation that protein levels reflect mRNA levels, it could be inferred that the 

siRNA treatment resulted in lower RhoA protein in these embryos, and this would be 

consistent with the observed phenotype changes.  As expected, the expression level of 

RhoA mRNA normalised to GAPDH in the negative control samples was higher in 

stage 15 embryos than in stage 11 embryos, consistent with the expression of RhoA 

mRNA increasing as the embryo developed. 



Chapter 3                                                                    Expression and Function of RhoA 

96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-12.  Level of RhoA in siRNA-RhoA3′ treated chick embryos.  

Real-time quantitative PCR analysis of RhoA in chick embryo mRNA after treatment with siRNA 

targeting sequences with RhoA the RhoA ORF, or randomised negative control. RNA was extracted 

from siRNA treated embryos 24 h and 48 h after injection of HH stage 4-6 embryos, then subjected to 

RT and real-time PCR. The RhoA expression was normalised to that of GAPDH as described in 

experimental procedures and is shown for siRNA-RhoA treated embryos compared to control embryos 

treated with scrambled siRNA template 24 and 48 h after treatment. Values represent the mean ± 

standard error of three independent experiments. The difference in normalised RhoA mRNA level in 

the siRNA-RhoA treated embryos compared to the respective negative control was statistically 

significant according to the T-Test  (*, p<0.05, **, p<0.01). 
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3.4 Discussion  

RhoA GTPase is known to act as a molecular switch to control a signal transduction 

pathway that links membrane receptors to the cytoskeleton.  Through its interaction 

with multiple target proteins it also ensures co-ordinated control of other cellular 

activities such as cell adhesion and gene transcription (refer to Chapter 1). This 

chapter describes how the function of RhoA, identified as a gene highly expressed in 

early heart development, is implicated in chick heart development, as determined by 

molecular methods. 

3.4.1 Expression studies of RhoA in Early Heart Development 

Earlier studies involving differential display, developmental dot blots and in situ 

hybridisation have shown that RhoA mRNA levels increases during the stages of 

cardiogenesis in the chick. To confirm that this also applies for the RhoA protein, the 

expression pattern of RhoA during early embryonic chick development was analysed 

by immunocytochemistry. As expected, the expression patterns for RhoA in the early 

chick embryo (Figure 3-4) are consistent with the results of in situ analyses of RhoA 

mRNA expression (Figure 3-2) and show that RhoA is expressed in the region of the 

heart primordium. These results suggest an important role for RhoA in early 

cardiogenesis. 

 

Four different transcripts of RhoA varying in the length of the 3′UTR were identified 

when screening a chick heart primordium cDNA phage library with the DD probe 

identified as corresponding to RhoA cDNA. This study confirms the expression of 

multiple RhoA transcripts in chick. Northern hybridisation of chick mRNA revealed 

two transcripts of approximately 1.5 and 2.0 Kb.  The size of these transcripts 

corresponds to RhoA2 and RhoAlong respectively. Thus, although four RhoA bands 

were amplified by RT-PCR of chick mRNA, the PCR results indicate that the shortest 

band (RhoA1) is expressed at a very low level; this might explain why the shortest 

transcript was not detected by Northern hybridisation. Malosio and collaborates 

(1997) have also identified these two transcripts of chick RhoA by Northern 
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hybridisation. In this study, total RNA was extracted from different stages during 

retina development (Embryonic day (E) 6 to E12). The results indicated that the 

expression of these RhoA transcripts is regulated differently during maturation of the 

retina (Malosio et al., 1997). In addition, the transcript corresponding to the longest 

RhoA transcript (RhoA4) was proportionally more highly expressed compared to the 

transcript corresponding to the RhoA2 transcript. This result differs from the northern 

hybridisation analyses in this study, where no obvious difference in expression of the 

two different transcripts was observed. These results suggest that the regulation of the 

expression of the different RhoA transcripts depends on tissue and developmental 

stage. Total RNA from 3 day chick embryos was used for the northern hybridisation 

analyses described in this chapter. In order to investigate the differential expression of 

RhoA transcripts during early heart development by northern hybridisation, ample 

amounts of total RNA should be extracted selectively from the heart forming regions 

at different stages during early cardiogenesis. Another alternative would be to 

investigate the expression level of the different transcripts by real-time PCR  

 

Multiple transcripts of RhoA have been identified in other systems. Sequence analyses 

of different Drosophila Rho1 RhoA homologues reveal at least six different classes of 

transcripts as a result of alternative splicing in both the 5′ and 3′UTRs (Magie et al., 

1999).  Multiple length transcripts of RhoA in human breast cancer cell lines have 

also been reported (Moscow et al., 1994). As is the case with chick and mouse, the 

human RhoA transcripts share an identical ORF.  Alignment of chick, mouse and 

human RhoA cDNAs shows that the three putative polyadenylation signals identified 

for human RhoA (Moscow et al., 1994) are identical to three of the putative chick 

polyadenylation signals. Interestingly, the regions 5′ of each of these polyadenylation 

signals are highly conserved. The fourth putative polyadenylation signal identified in 

chick (RhoA3) is not present in the human and mouse RhoA sequences, and as 

discussed earlier may well not represent a true signal. The sequence similarity 

between chick, mouse and human RhoA in the 3′UTR and the highly conserved 

region before these signals suggest that the 3′UTR with its multiple polyadenylation 

signals has functional significance. The proportionally greater expression of the 

second shortest RhoA (RhoA2) transcript detected in developing heart tissue for chick, 
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as compared with other embryonic tissues in the present study, suggests a possible 

developmental role for this 3′UTR that is yet to be elucidated. 

3.4.2  Down-regulation of RhoA in early Chick Embryos 

Disruption of RhoA expression in vivo using small interfering RNA injected into 

anterior lateral plate mesoderm, an effect confirmed by real-time PCR, indicates that 

RhoA expression is necessary for the development of normal heart and head 

morphology in the early chick embryo. Inhibition of the fusion of the heart 

primordium was a common effect in these experiments.  This result suggests that 

RhoA is involved in regulating the migration of cardiac precursors to the ventral 

midline, and is consistent with results from other studies of Rho family GTPases in 

Drosophila, Xenopus and vertebrates, which suggest that these proteins are important 

for early embryogenesis (Magie et al., 1999; Wunnenberg-Stapleton et al., 1999; Wei 

et al., 2001; Wei et al., 2002). Magie and colleagues reported that loss of Rho1 

function in Drosophila results in severe defects in morphogenetic processes, such as 

defective head involution and imperfect dorsal closure in embryos (Magie et al., 

1999).  In Xenopus, XRhoA has been suggested to be the first intracellular signalling 

molecule implicated in head formation (Wunnenberg-Stapleton et al., 1999). Wei and 

co-workers (2002) have suggested a critical role for RhoA family proteins in heart 

development, showing that inhibition of these proteins en masse, in studies using 

mice, resulted in disruption of cardiac morphogenesis, including cardiac looping and 

chamber maturation (Wei et al., 2002). The same group has also reported that Rho 

kinases, which are direct downstream effectors of RhoA, play an essential role in 

vertebrate embryonic organogenesis. Inhibition of Rho kinases in early chick embryos 

blocked migration and fusion of the bilateral heart primordia.  It would be expected 

that down-regulation of RhoA would exhibit effects similar to them arising from the 

inhibition of Rho kinases.  Thus, these independent reports are consistent with the si-

RNA results reported here and suggest that RhoA is a key regulator of vertebrate 

embryogenesis. 

 

The mechanism by which RhoA regulates the diverse multiple cellular processes 

described above is not well understood. One possibility is that RhoA mediates distinct 
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cellular functions through the control of transcriptional activation. This hypothesis is 

consistent with many studies where RhoA has been implicated in the regulation of 

transcription factor activity (Hill et al., 1995; Chang et al., 1998; Wei et al., 1998; 

Kim and Cochran, 2000). RhoA has been reported to regulate the transcription factors 

Ap-1, NFκB, GATA4 and SRF (Hill et al., 1995; Chang et al., 1998; Montaner et al., 

1998; Wei et al., 1998; Charron et al., 2001). The most studied transcription target of 

RhoA is the c-fos promoter, which is activated by RhoA through the serum response 

element (SRE). Activated RhoA was shown to mediate a signal transduction pathway 

that led to activation of SRF (Hill et al., 1995). This finding was further supported by 

Wei and co-workers (1998) who showed that RhoA-dependent signalling via SRF is 

necessary for the activation of c-fos and skeletal α-actin promoters in muscle cells 

(Wei et al., 1998). In the same study, over-expression of a dominant negative mutated 

form of RhoA (N19-RhoA) inhibited morphological differentiation in myoblasts. 

RhoA has also been shown to potentiate transcriptional activity of the cardiac specific 

transcription factor GATA4, by stimulating the transcriptional activity of its activation 

domain (Charron et al., 2001). The identification of RhoA as a transcriptional 

regulator of GATA4 suggests a mechanism by which RhoA may be implicated in 

controlling heart gene expression. 

 

The next chapter (Chapter 4) will describe studies undertaken to investigate whether 

over-expression of different RhoA constructs in an inducible cell culture system 

affects differentiation and the level of transcription of potential downstream targets 

shown to be important in early heart development.           
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Differentiating Cardiomyocytes 
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4.1 Introduction 

The previous chapter describes the investigation of RhoA in early heart development 

using a chick embryo model in vitro. In situ hybridisation and immunocytochemical 

analysis confirmed marked up-regulation of RhoA in heart primordial regions (stages 

6 - 8). These studies also showed that RhoA is expressed as at least three different 

length mRNA transcripts differing in the length of the 3′untranslated region. RT-PCR 

amplification of the 3′UTR region of RhoA indicated that higher expression of the 

second shortest transcript may be associated with heart development. In addition, 

disruption of RhoA expression in vivo, using small interfering RNA injected into 

lateral plate mesoderm of early chick embryos, resulted in cardia bifida and abnormal 

head development, thus implicating RhoA as an important factor for normal 

development of heart and head formation. In summary, these results support the view 

that RhoA is involved in and important for early cardiogenesis and embryogenesis in 

general.  

 

As described in Chapter One, significant progress has been made in defining pathways 

involved in the formation of the heart of higher vertebrates. However, little is known 

about the genetic program that determines the differentiation of cardiomyocytes from 

their precursor cells. The findings presented in Chapter Three implicate RhoA as an 

important factor in cardiogenesis on a tissue specific level. This chapter describes the 

studies undertaken to investigate the role of RhoA in differentiating cardiomyocytes.  

 

In order to elucidate the role of RhoA in the process of cardiogenesis at a cellular 

level, the murine P19CL6 cell line was utilised. This cell line is a clonal derivative 

isolated from pluripotent P19 embryonic carcinoma cells. Compared to its parental 

cell line (P19 cells), P19CL6 cells differentiate efficiently into cardiomyocytes when 

treated with 1% dimethyl sulphoxide (DMSO) (Habara-Ohkubo, 1996). In addition to 

beating after treatment with DMSO for 10-12 days, the cells express α- and β-cardiac 

myosin heavy chain. Peng and co-workers (2002) conducted a study utilising the 

inducible P19CL6 cell system  to identify novel genes that mediate cardiac myocyte 

differentiation. Immunochemical analyses were performed on both non-differentiated 
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and differentiated P19CL6 cells with MF20 and MLC2V antibodies (detect 

sarcomeric myosin and striated muscle fibres, respectively). Staining of both 

antibodies was detected in P19CL6 cells induced with DMSO for 10 and 15 days, but 

not in non-induced cells. These results indicate that differentiated P19CL6 cells are 

striated muscle cells (Peng et al., 2002). In addition, electrophysiological studies of 

the differentiated P19CL6 cells demonstrated typical cardiomyocyte properties. 

Because of these cardiac properties, this cell line is a useful and well established 

system for studying the differentiation of early cardiogenesis in vitro (Monzen et al., 

1999; Hiroi et al., 2001; Hosoda et al., 2001; Monzen et al., 2001; Monzen et al., 

2002; Peng et al., 2002; Cohen-Barak et al., 2003; Nakamura et al., 2003; Ueyama et 

al., 2003; Moore et al., 2004; Young et al., 2004). An example of this is the study by 

Hosoda and co-workers (2001), who used a differential display approach on the 

P19CL6 system to identify genes that were expressed in differentiated, but not in non-

differentiated, P19CL6 cells. Using this approach a novel gene named Midori was 

isolated. Over-expression of the Midori protein in induced P19CL6 was shown to 

enhance the ability of the cells to differentiate into cardiomyocytes. In contrast, 

inhibition of the protein suppressed the differentiation. These results suggest that the 

gene isolated is involved in the differentiation of P19CL6 cells into cardiomyocytes 

(Hosoda et al., 2001), and indicates the potential of this cell model to investigate the 

differentiation of early cardiogenesis.  

  

The mechanism by which RhoA mediates its different cellular functions in the heart 

and other systems is unclear.  Many studies have implicated RhoA in the regulation of 

transcription factors (Hill et al., 1995; Carnac et al., 1998; Chang et al., 1998; Takano 

et al., 1998; Kim and Cochran, 2000; Charron et al., 2001; Carson et al., 2003; Cen et 

al., 2003; Liu et al., 2003; Cen et al., 2004). In order to investigate whether RhoA 

affects the level of transcription of genes and transcription factors shown to play an 

important role in early heart development, the inducible P19CL6 cell system described 

above was utilised.    
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4.2 Materials and Methods 

The growth conditions for differentiating P19CL6 cells were optimised and the cells 

were cultured as described in section 2.2.18.5. An immunocytochemical protocol to 

detect cardiac-troponin I (cTnI) was developed and utilised to investigate the 

expression of this protein in differentiating cardiomyocytes from D1 to D16 

(2.2.23.2.3). In order to down-regulate the RhoA expression, siRNAs were designed, 

synthesised (2.2.24.1) and transiently transfected into P19CL6 cells using 

Oligofectamine (Invitrogen) (2.2.18.6.1). Total protein was extracted (2.2.18.9) from 

siRNA-treated cells and quantified using the DC protein estimation kit (Biorad) 

(2.2.20.2). The results were analysed by Western blotting as described in section 

2.2.22. To over-express different forms of RhoA in P19CL6 cells, three different 

plasmid constructs were generated. Primers for the wild type (wt mRhoA), the 

constitutively active form (mRhoAV14) and the dominant negative mutated form 

(mRhoAN19) of mouse RhoA (mRhoA) were designed and the different forms 

amplified by PCR (2.2.3.2.2) and cloned into the pTARGET expression vector 

(Promega) as described in section 2.2.8.3  2.2.9. Correct amplification was confirmed 

by sequencing (2.2.10). The different forms were then stably transfected into P19CL6 

cells and three different clones of each cell line selected as described in section 

2.2.18.7. Incorporation of the plasmids into the genome of the different P19CL6 cell 

lines was confirmed by genomic PCR (2.2.3.2.1) and sequencing (2.2.10). Over-

expression of the different constructs was confirmed by Western blotting (2.2.22). The 

different clonal cell lines were differentiated as described in section 2.2.18.5, observed 

for phenotype and fixed at eight different time points. Immunocytochemical analyses 

with anti cardiac-Troponin-I for each time point were performed as described in 

section 2.2.23.2.3. In addition, non-differentiated and differentiated cells from each 

different cell line were harvested after 14 days, RNA extracted (2.2.1.3.1) and 

subjected to reverse transcription with Superscript III (2.2.1.4). Real-time PCR was 

utilised to investigate the expression level of endogenous RhoA mRNA, over-

expressed RhoA mRNA and potential down stream effectors as described in section 

2.2.3.3.3. 
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4.3 Results 

4.3.1 Down-regulation of RhoA in P19CL6 cells using small 
interfering RNA 

Chapter Three describes the experiments undertaken in chick embryos, in which the 

expression of RhoA-mRNA was down-regulated using double stranded small 

interfering RNAs (siRNA). The same approach was utilised in the experiments 

described below in an attempt to attenuate the expression of mouse RhoA (mRhoA) in 

induced P19CL6 cells. An experimental outline of these experiments is shown in 

Figure 4-1. The mechanisms of siRNAs are described in further detail in the previous 

chapter.  

 

Sense and antisense oligonucleotides specific to mRhoA (siRNA-mRhoA3′), were 

designed as template for siRNA synthesis (see Table 4-1 and Figure 4-2). The siRNA 

was designed to target the same 3′ region of the open reading frame (ORF) of mouse 

RhoA (mRhoA) as was previously determined to provide the most effective siRNA 

used to down-regulate the expression of RhoA-mRNA in chick embryos.  This region 

of mouse RhoA cDNA differs by only two nucleotides to that of chick RhoA and is 

depicted in Figure 4-2. The scrambled negative control used (the same as for chick) 

contained the same nucleotide composition as the siRNA template, but was 

determined by Blastn analysis not to correspond to any known mouse mRNA 

template. The nucleotide sequences for the oligonucleotides used for the siRNAs are 

listed in Table 4-1. The sense and antisense templates were used with the Silencer 

siRNA construction Kit (Ambion) for synthesis of siRNA. 
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Figure 4-1. Experimental scheme for investigation of RhoA in differentiating cardiomyocytes 

using siRNA 
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MouseRhoAlong  CAGTCTGCCATGATTGGTTAAGCGTCTAGCTCTCAGGGCGTGGATGCGTTCTTGAGCAAT 120   

 

MouseRhoAlong  CGTGGCTGAACTGAGAGTGTGCGCGCGTGCGCGGGGCCGCGACTGGCGCCAGCTCGAGCC 180   

 

MouseRhoAlong  CGCAGGGCGCTCGGGGCCGCGCACGTCGCTCCCCGCCCTCCCGCCACCGCCCGCCCTCGT 240   

 

MouseRhoAlong  TCGCTCGCGCTCCCCGCCCGCCGCCCGCGGTCCTCCGTCGGTTCTCTCCATAGCCCGCCG 300   

 

MouseRhoAlong  TCTCCCACGGAGCTGCCCGTCCTTGGCTCGGAGCTCGCGGACTCGCGGACTACAGCGGCC 360   

 

MouseRhoAlong  TCAAGCGCGAAGACTCGGCCGGACTAGCGTCCGAGTGCCGTACTCTTGGAGTTGTCCTTG 420   

 

MouseRhoAlong  CATCTGAGAAGTTCCAGGTACTTTGTACAACTGCATCCCAGAACCTGTGTGTTTTCAGCA 480   

       G 

MouseRhoAlong  CCTTTATAAGTGATGGCTGCCATCAGGAAGAAACTGGTGATTGTTGGTGATGGAGCTTGT 540   

        mRhoAwtXhoIF                           V 

                           ATGGCTGCCATCAGGAAGAAACTGGTGATTGTTGGTGATGTAGCTTGT 

                            

                           ATGGCTGCCATCAGGAAGAAACTGGTGATTGTTGGTGATGGAGCTTGT 

                                                                                          

MouseRhoAlong  GGTAAGACATGCTTGCTCATAGTCTTCAGCAAGGACCAGTTCCCAGAGGTCTATGTGCCC 600   

               GG   

mRhoAVal14Xho1F  

                      N 

               GGTAAGAATTGCTTGCTCATA 

               mRhoAN19XhoIF 

 

  

                       

MouseRhoAlong  ACGGTGTTTGAAAACTATGTGGCGGATATCGAGGTGGATGGGAAGCAGGTAGAGTTGGCT 660   

 

MouseRhoAlong  TTATGGGACACAGCTGGACAGGAAGATTATGACCGCCTGCGGCCTCTCTCTTATCCAGAC 720   

 

MouseRhoAlong  ACCGATGTTATATTGATGTGTTTTTCCATTGACAGCCCTGATAGTTTAGAAAACATCCCA 780   

                                 RhoAORF F 

 

MouseRhoAlong  GAAAAATGGACTCCAGAAGTCAAGCATTTCTGTCCAAATGTGCCCATCATCCTGGTTGGG 840   

 

MouseRhoAlong  AACAAGAAGGACCTTCGGAATGACGAGCACACGAGACGGGAGTTGGCCAAAATGAAGCAG 900   

                                      RhoA ORF R 

MouseRhoAlong  GAGCCGGTAAAACCTGAAGAAGGCAGAGATATGGCAAACAGGATTGGCGCTTTTGGGTAC 960  

MouseRhoAlong  ATGGAGTGTTCAGCAAAGACCAAAGATGGAGTGAGAGAGGTTTTTGAGATGGCCACGAGA 1020  

 

MouseRhoAlong  GCTGCTCTGCAAGCTAGACGTGGGAAGAAAAAGTCTGGGTGCCTCATCTTGTGAAGCCTT 1080  

                                           siRNA-mRhoA 3’ 

 

                                                         mRhoASalIR 

MouseRhoAlong  GTGAACGCAGCCTCATGCGGTTAATTTGAAGTGCTGTTTATTAATCTTAGTGTATGATTA 1140  
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Figure 4-2. Nucleotide sequence of full length mouse RhoA cDNA. 

The nucleotide sequence of the full length mouse RhoA cDNA (mouseRhoAlong) was obtained by 

overlapping EST alignments.  The position of the translation start ATG is highlighted by green boxing, 

the stop codon (TGA) by red. Oligonucleotide sequences used for PCR are depicted in blue with their 

respective names below; the 5′-3′ direction of each primer is indicated by the direction of the arrow. 

The codon mutations incorporated in the oligonucleotides are highlighted in grey boxing with their 

respective amino acid above. The oligonucleotides used in siRNA experiments are depicted in blue 

with their respective name below. 

MouseRhoAlong  CTGGCCTTTTCATTTATCTATAATTTACCTAAGATTACAAATCAGAAGTCATCTTGCTAC 1200 

 

MouseRhoAlong  CAGTATTTAGAAGCCAACCACGATTATTAATAATGTCCAACCTGTCTGACCAGCCAGGGT 1260 

                  RhoA 3’UTR F 

 

MouseRhoAlong  CCTTCTGACACTGCTCTAACAGCCCTCTCTGCACTCCACCTGACACCAGGCGCTAATTCA 1320 

                 RhoA 3’UTR R 

 

MouseRhoAlong  AAGAATTTCTTAACTTCTTGCTTCTTTCTAGAAAGAGAAACAGTTGGTAACTTTTGTGAA 1380 

 

MouseRhoAlong  TTAGGCTGTAACTACTTTATAACTAACATGTCCTGCCTACTTTCTGTCAACTGCAAGAAC 1440 

 

MouseRhoAlong  TCTGGTGAGTCACTACTTCAGAGCTTTCCTTGTTAACAGACTCCATTGCCAGAGCTCTGG 1500 

 

MouseRhoAlong  GGTGGGTATTCAGTTTTTTGAAATCTTGCTCAGCCAGAAAGGCCCAAGTCCACGCAGCTG 1560 

 

MouseRhoAlong  TTGCAGAGTTACAGTTCTGTGGTCTCATGTTAGTTACCTTATAGTTACTGTGTAATTAGT 1620 

 

MouseRhoAlong  GCCACTTAATGTATGTTACCAAAAAATAAATATATCTACCCCAGACTAGATGTAGTATTT 1680 

 

MouseRhoAlong  TTTGTATAATTGGATTTCCTAATACTGATATTTGTCATTCCCACAGAAAGTGTATTGCTT 1740 

 

MouseRhoAlong  CTTTTCTTTTTCTTTCTTTCTTTCTTTTTTTCTTTTTTTTTTTTTTTTTTTAAGAAAGTG 1800 

 

MouseRhoAlong  TATTTGGAAATAAAGTCAGATGGAAGAATTCATTTTTAAAATTCCCATTTTGTCACTTTC 1860 

 

MouseRhoAlong  TCTGATAAAATATGGCCATATCCCTTATTCAGCCCTATATATCATTCTAGTACCCCTTTC 1920 

 

MouseRhoAlong  CAGACTGGACTAAGTAGGAATTTGGTTTCCCGCCTGAGGCAGTTATACTTTGGAGGTGGC 1980 

 

MouseRhoAlong  ATAGCCTTTCTCACCTGGACTGCAGGGTCTGGCTCTAAGTCACAGTGCTCCTTTCTCCAC 2040 

 

MouseRhoAlong  ACTGTATCCAAGTTGCCTCCCAGAGGAGCCACCAGTTCTTATGGGTGGCAGTGGGTGGGG 2100 

 

MouseRhoAlong  GTGGGGGGGTCTCTTCTCTCCAGCTGACTAAACATTTTTCTGTACCAGTTAATTTTTCCA 2160 

 

MouseRhoAlong  ACTAATAGAATAAAGGCAGTTTTCTGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 2220 

 

MouseRhoAlong  AAAAAAAAAAAAAA 2234 
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 Table 4-1. Nucleotide sequence of the different siRNAs. 

Name and function Sense (5′-3′) Antisense (5′-3′) 
siRNA-mRhoA3′ 
Targets 3′ of mRhoA ORF 

CTTTTTCAGACCCACGGAG GAAAAAGTCTGGGTGCCTC 
 

siRNA-mRhoA3′ scrambled 
Negative control 

CGACTGCCTTTCAATGCAG CTGCATTGAAAGGCAGTCG 

  

Prior to transfection of induced P19CL6 cells with siRNA-mRhoA, the growth 

conditions for the cell line were optimised. In the original protocol for induction of 

P19CL6 cells into cardiomyocytes, the cells were seeded at a density of 3.7 x 105 

cells/ 4 mL of differentiation medium (DM, growth medium with 1% DMSO) in 60 

mm tissue culture plates (D0) (Habara-Ohkubo, 1996). The cells were grown under 

adherent conditions, changing the medium every second day. After three days of 

induction (D3) the cells formed a confluent layer, and after 10–12 days a multi-layer 

sheet. Observation of regions of beating cardiomyocytes is expected after induction 

with DMSO for 10 days. In contrast, non-induced P19Cl6 cells grown in GM only do 

not form this multi-layer sheet and do not beat.  

 

Large quantities of siRNA and transfection agent would have been necessary to 

optimise the siRNA concentration in these 60 mm formats, which both were limiting 

factors.  For this reason, the growth conditions were scaled down to 6-well and 24-

well plates. Cell growth and morphology of differentiated cells were compared to 

those grown in 60 mm plates. 1.67 x 105 cells/2 ml GM or DM and 3 x 104 cells/0.5 

mL GM or DM were seeded into 6-well and 24-well plates, respectively. The cells 

were differentiated in DM with 1% DMSO for 16 days, changing the media every 

second day. Cells were also grown in GM only. Differentiated P19CL6 cells form 

clusters that can be observed by microscopy on day 8 (D8). It is these clusters that 

later can develop into contracting bodies and are therefore expected to be clusters of 

cardiomyocytes. These clusters were observed for all the different well formats on D8 

when the cells were grown in the presence of 1% DMSO. No clusters were observed 

for the cells grown in GM. Unfortunately, 10 days after induction no beating clusters 

were observed for any of the three different plate formats, including 60 mm dishes.  

However, beating clusters were observed for some of the wells for all formats on D14. 

This optimisation experiment was repeated several times, however beating 
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cardiomyocyte clusters were never observed on day 10 for any of the well formats. 

Cells were seeded at different densities and in different concentrations of DMSO but 

the percentage of wells with beating cardiomyocytes was never improved.  Despite the 

difficulties of getting the beating phenotype, the differentiated cells showed typical 

cardiomyocyte morphology in that clusters of cardiomyocyte like cells were formed 

for all the well formats. Compared to the non-induced P19CL6 cells (grown in GM) 

there was an obvious difference between differentiated and non-differentiated cells 

from D8. For this reason P19CL6 cells were grown in 24-well formats for the siRNA 

experiment. Rather than observe the cells for beating, it was decided to analyse the 

cells for the cardiac marker cardiac troponin I (cTnI) by immunocytochemistry. 

 

Cardiac Troponin I is one of three isoforms of troponin I, a contractile protein 

involved in the troponin complex. Together with troponin C and T it constitutes a 

complex that regulates muscle contraction (Corin et al., 1994). Northern hybridisation 

expression studies have indicated that during striated muscle development, cardiac-

troponin I is highly expressed in cardiac muscle from early stages of embryonic 

development, but not in embryonic or adult skeletal muscle (Hastings et al., 1991). 

Other studies have also indicated that cTnI expression is heart specific (Fredericks et 

al., 2003) and cTnI has been used as a cardiac specific marker in different studies 

(Kehat et al., 2001; Schneider and Mercola, 2001; Gerber et al., 2002; Xu et al., 

2002). Fredericks and co-workers  (2003) utilised cTnI antibody to detect striated 

muscle: both immunoblotting and immunohistochemistry analyses indicated that cTnI 

was detected in heart muscle but not skeletal muscle. As described previously, studies 

have shown that differentiated P19CL6 cells are striated muscle cells (Peng et al., 

2002), thus the cTnI antibody is appropriate to detect differentiated cardiomyocytes in 

the P19CL6 system.   

4.3.1.1 Cardiac Troponin I immunocytochemical analyses of differentiated P19CL6 

cells 

As described in the previous section, the beating phenotype of differentiated P19CL6 

cells was not consistent, although the induced P19CL6 cells differentiated into 

cardiomyocyte like clusters. To confirm that these clusters were cardiomyocytes, an 
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immunocytochemistry protocol with the cardiac marker cTnI was optimised. P19CL6 

cells were plated in GM or DM in 24-well plates, as previously described, and fixed 

every day from the day after plating out and induction (D1) to D16. 

Immunocytochemistry with cTnI was performed for each time point for cells grown in 

both GM and DM. After growth for three days the cells had reached 100% confluence. 

The growth pattern and phenotype were consistent with that of induced P19CL6 cells 

grown in 60 mm plates: a multi-layer sheet of cells was observed for cells grown in 

DM after 10 days and the cells formed clusters after 8 days. 

  

Different concentrations of antibody and different methods of detection were trialled 

to optimise the immunocytochemistry protocol. cTnI was detected at an antibody 

concentration of 1/1000 in combination with the ABC elite detection kit (Vector) 

(enhances signal by complexing multiple HRP molecules to the biotinylated 

secondary antibody) and DAB staining. Negative controls included no primary 

antibody, no secondary antibody and non-immune mouse serum (the serum in which 

the primary antibody is raised). A few clusters with intense cTnI staining were first 

observed on D5 for induced P19CL6 cells. As described earlier, these clusters have the 

same phenotype as those that develop into beating cardiomyocytes, and because cTnI 

is cardiac specific, this indicates that these clusters are indeed cardiomyocytes. The 

results from the immunocytochemistry analyses of cTnI in non-induced and induced 

P19CL6 cells from D1 to D15 are depicted in Figure 4-3.  The intensity of antibody 

staining and the number of stained clusters per well increased up to D15 (Figure 4-3 D, 

F, H, J, L). In contrast, P19CL6 cells grown in GM (and not induced) only showed a 

faintly and diffusely stained pattern with no clusters apparent (Figure 4-3 A, C, E, G, 

I, K).  As will be discussed later, the P19CL6 cells are cardiac precursor cells and a 

low level of cardiac markers are expected for non-induced cells, thus this staining is 

assumed to be endogenous background staining.  No staining was detected for any of 

the negative controls, which indicates adequate quenching of endogenous peroxidase 

(no secondary antibody added to cells grown for 16 days in DM) and specific binding 

of cTnI antibody (no primary antibody added to cells grown for 16 days in DM) 

(Figure 4-3 M and N, respectively).  
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Again, no staining was detected when non-immune mouse serum was added to cells 

grown for 16 days in DM instead of primary antibody, consistent with specific binding 

of the primary antibody (Figure 4-3 O).  

 

In conclusion, the immunocytochemistry protocol developed proved to be effective 

for observing the differentiation of cardiomyocytes in induced P19CL6 cells. cTnI 

was detected in induced P19CL6 cells five days after induction and the intensity and 

number of stained cardiomyocyte clusters increased up to D15, consistent with 

differentiation of P19CL6 cells into cardiomyocytes.  In contrast, non-induced cells 

did not show any intense staining and the phenotype of the cells remained the same 

during the time course. It should be noted that the number of cardiomyocyte clusters 

varied from well to well under the same conditions on the same day, and this 

parameter will only be used as a qualitative, rather than a quantitative measure of 

differentiation: P19CL6 cells that show intense staining of clusters are differentiated 

cardiomyocytes, P19CL6 cells that do not show this staining pattern are considered 

non differentiated.  

4.3.1.2 Transfection of siRNA into P19CL6 cells 

 

P19CL6 cells were plated out at a density of 6 x 104 cells per well in 0.5 mL DM in a 

24-well plate. Twenty-four hours after induction, when the cells had reached 40% 

confluency, they were transfected with three different amounts (6, 10 and 20 pmol) of 

siRNA-mRhoA or scrambled siRNA using Oligofectamine (Invitrogen). An additional 

negative control included cells grown in DM only. Following transfection, cells were 

incubated in DM for further induction. One set of cells, subjected to all treatments, 

was fixed or harvested after 72 h; another set was observed for phenotype for 16 days 

and then fixed. 

 

Unfortunately, no difference was observed in terms of the differentiation status of 

cells treated with siRNA targeting mRhoA, when compared to any of the negative 

controls. Typical cardiomyocyte morphology, including a multilayer sheet and 

cardiomyocyte clusters, was observed at D8–D10 for all wells. To investigate whether 
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the siRNA-mRhoA treated P19CL6 cells were differentiated when assessed by means 

other than morphological analyses, immunocytochemistry with cardiac-troponin-I was 

performed on transfected cells and negative controls grown in DM and fixed on day 

16.  Intense staining for a number of cardiomyocyte clusters was observed for all the 

different treatments (induced P19CL6 cells transfected with siRNA-mRhoA, 

scrambled siRNA or no treatment) (results not shown). In contrast, only a background 

level of staining was detected for the primary antibody control (no primary antibody 

added to cells). No staining was detected for either of the other negative controls. 

These results indicate that the siRNA-mRhoA treatment of P19CL6 cells did not 

inhibit the differentiation of induced P19CL6 cells. It was not known whether the 

siRNA treated cells differentiated as normal because the down-regulation of mRhoA-

mRNA expression was unsuccessful, or if RhoA expression was reduced but did not 

lead to inhibition of differentiation of P19Cl6 cells. To evaluate the effect of the 

siRNA treatment, cells were fixed for immunocytochemistry or harvested for Western 

blot analyses using a RhoA antibody. The half life of RhoA is reported to be 31 h 

(Backlund, 1997), thus as a compromise to also allow sufficient siRNA action 

transfected cells were fixed or harvested four days after transfection.  

 

Western blotting was chosen as an approach that would allow at least semi-

quantitation of changes to RhoA level. Protein extracts were prepared from siRNA 

treated cells harvested 72 h after transfection, and 5 µg of total protein loaded and 

resolved by SDS-PAGE. RhoA was then detected by immunoblot using the RhoA 

antibody. As a loading and normalisation control, the western blot was stripped and 

stained with β-actin antibody. The amount of RhoA protein was normalised to β-actin 

and quantified using the ImageGauge (Fujifilm) program (Figure 4-4). 
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Figure 4-4. RhoA protein levels in siRNA-mRhoA treated cells. 

A, mRhoA protein levels in P19CL6 cells treated with siRNA-mRhoA as detected by Western blotting. 

Cells were transfected with siRNA-mRhoA (siRNA; Lanes 1,3 and 5) or scrambled siRNA (neg ctr; 

Lanes 2,4 and 6) at three different concentrations (6, 10 and 20 pmol) using Oligofectamine. Lane 7, 

non-treated cells in DM. Protein extracts were prepared from harvested transfected cells. 5 µg of total 

protein for each sample was loaded and resolved by SDS-PAGE. RhoA was detected by immunoblot 

using a RhoA antibody (1/400). As a loading and normalisation control, the membrane was stripped 

and reprobed with β-actin antibody (1/7500). The images were captured using a LAS-3000 (Fuji) 

system. The arrows indicate the mobility of β-actin protein (approximately 41 kDA) and RhoA protein 

(approximately 21 kDA). The mobilities of protein standards (kDa) are indicated at left and this image 

was obtained by “overlay” capture. B, Phosphorimage quantitation of RhoA in P19CL6 cells after 

treatment with siRNA against RhoA or randomised negative control. The intensities of the bands (i.e. 

amount of protein) were normalised to β-actin and quantified using the Fujifilm Gauge 4.0 program.   
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The amount of RhoA in the siRNA-RhoA P19CL6 cells was compared to the 

respective negative scrambled control. The results from the Western blotting indicated 

that treatment of the cells with siRNA-mRhoA produced variable results and did not 

reduce the level of RhoA protein markedly compared to scrambled siRNA-treated 

cells (see Figure 4-4): the level of RhoA in cells treated  with 6 and 10 pmol siRNA 

was lower compared to non-treated cells, but this was not the case in cells treated with 

20 pmol siRNA-mRhoA, where there was no difference to that of untreated cells. 

Reasons for this latter observation have not been pursued. 

 

In conclusion, the siRNA treatment did not appear to affect the expression of RhoA 

protein in P19CL6 cells. Observation of siRNA-mRhoA-treated P19CL6 cells for 16 

days did not indicate any change in the morphology of differentiated P19CL6 cells. 

This result was further supported by detection of cTnI in differentiated cardiomyocyte 

clusters using immunocytochemistry. Western blot analyses of RhoA in siRNA-

mRhoA treated cells indicated that the RhoA level was not reduced sufficiently 

compared to the negative scrambled control. It is not known whether this is because 

the transfection efficiency was too low, resulting in low concentration of siRNA 

reaching the target, or if the siRNA did not inhibit the mRhoA expression as expected. 

 

Based on the negative results described above, over-expression of different constructs 

of mRhoA in P19CL6 cells was chosen as an alternative approach to investigate the 

role of RhoA in early cardiogenesis. 

4.3.2  Over-expression of different forms of mRhoA in P19CL6 
cells 

In this part of the project P19CL6 cell lines were stably transfected with plasmids that 

over-express different forms of mRhoA to investigate the function of RhoA in 

differentiating cardiomyocytes. Two forms of RhoA are commonly used to study the 

function of RhoA in signalling pathways; the constitutively active mutated form 

(RhoAV14) and the dominant negative mutated form of RhoA (RhoAN19) (Coso et 

al., 1995; Hill et al., 1995; Thorburn et al., 1997; Wei et al., 1998; Morissette et al., 

2000; Charron et al., 2001). A constitutively active form of RhoA is generated by 
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mutating glycine-14 to valine in the effector domain of this protein (Burridge and 

Chrzanowska-Wodnicka, 1996).  The mutation causes a conformational change of the 

inactive wild type form of RhoA to a constitutively activated form of RhoA. The V14 

mutation in RhoA also decreases the intrinsic GTPase activity and makes RhoA 

unresponsive to GTPase activating proteins (Wei et al., 1998). The RhoA dominant 

negative mutated form, RhoAN19, acts by competitively inhibiting the interaction of 

endogenous RhoA with its exchange factors (Wei et al., 1998). As mentioned earlier, 

RhoA has been shown to activate the c-fos and skeletal α-actin promoters in its wild 

type form (Wei et al., 1998), in which RhoA is thought to be in its “inactive” GDP 

bound form. If over-expression of wild type or active RhoA causes the P19CL6 cells 

to differentiate without induction by DMSO, or causes the cells to differentiate into 

cardiomyocytes earlier than the wild type cell line, this would implicate RhoA as an 

important factor involved in the differentiation of cardiomyocytes.  Similar 

conclusions can be drawn if induced P19CL6 cells over-expressing the negative 

mutated form of mRhoA are prevented from differentiating into cardiomyocytes. 

Thus, over-expression of different forms of mRhoA in the P19CL6 cells was 

considered a good alternative method to study the function of RhoA in differentiating 

cardiomyocytes.  

 

4.3.2.1 Cloning of different forms of mRhoA into the pTARGET vector 

The pTARGET™ mammalian expression vector (Promega) was utilised for cloning of 

the different mRhoA constructs. This vector has a multiple cloning site (MCS) 

containing T-overhangs, enabling PCR products with A overhangs to be cloned into 

the vector directly. In addition, the vector can be used for generation of stable 

mammalian cell transfectants through selection of the neo cassette in the vector. The 

vector is depicted and described in further detail in Figure 4-5. 
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Figure 4-5. The pTARGET™ vector used for cloning and expression of the different mRhoA 

constructs. 

Expression of the protein encoded by the cDNA cloned into the multiple cloning site (MCS) is 

controlled by the cytomegalovirus (CMV) immediate early enhancer and promoter. This human CMV 

promoter, together with the chimeric intron, is responsible for constitutive over-expression of cloned 

cDNA inserts in mammalian cells.  The coding sequence of the α-peptide of β-galactosidase (lacZ) 

allows for blue/white screening. RNA transcripts can be synthesised in vitro from the T7 promoter.  

The restriction enzyme cleavage sites in the MCS allow insertion and release of foreign DNA 

fragments, both PCR products with A-overhangs and restriction enzyme digested inserts. Transcription 

of the cDNA inserted is terminated by RNA polymerase II at the SV40 late polyadenylation signal. The 

f1 origin (ori) of replication permits efficient replication of the plasmid in the bacteria. The gene for 

neomycin phosphotransferase (Neo) is under the regulation of the SV40 enhancer and early promoter 

and allows for selection and stable expression in mammalian cells. The gene for ampicillin resistance, 

Ampr allows selection for bacteria colonies carrying the plasmid. Arrows indicate the direction of 

transcription. (Adapted from the pTARGET™ Mammalian Expression System Technical Manual, 

Promega). 

 

 

MCS
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Primers were designed with overhangs, incorporated restriction enzyme sites and 

mutations necessary to generate wt mRhoA, mRhoAV14 and RhoAN19 cDNA (Table 

4-2).  
 

 
Table 4-2. Primers for the different mRhoA constructs.
 122

 *The restriction enzyme site is indicated in big caps for each oligonucleotide sequence. **The name of 

each primer is depicted in bold below each oligonucleotide 

 
The restriction enzyme sites (Xho1 for forward primers and Sal1 for reverse primer) 

were included in case the cDNA inserts could not be TA-cloned.  The specific 

locations of the oligonucleotides relative to the mRhoA ORF are depicted in Figure 4-

2. 

 

Total RNA was extracted from P19CL6 cells using a combined Chomczynski and 

Sacchi (1987) and Zimmermann and Schultz (1994) method. cDNA was then reversed 

transcribed using Superscript II (Invitrogen). The ORF of wt mRhoA was generated 

and amplified by PCR from cDNA, using the primers described in Table 4-2 and 

Expand proof reading system (Roche) to ensure correct amplification of the template. 

A PCR product of the expected size (approximately 600 bp) was confirmed by 

agarose gel electrophoresis, as depicted in Figure 4-6.  

Product Forward primer  
(5′-3′)*,** 

Reverse primer (5′-3′) 
(common for all three 
constructs)*,** 

Product  
(bp) 

wt mRhoA 
 

cgccgCTCGAGatggctgccat
caggaagaaa 
mRhoAwtXho1F 

acgcGTCGACtcacaagatg
aggcaccc 
mRhoASal1R 

 
582 

mRhoAV14 cgccgCTCGAGatggctgccat
caggaagaaactggtgattgtt

agct tgg ggtgatgt tg
mRhoAV14Xho1F 

acgcGTCGACtcacaagatg
aggcaccc 
mRhoASal1R 

 
582 

mRhoAN19 cgccgCTCGAGatggctgccat
caggaagaaactggtgattgtt
ggtgatggagcttgtggtaaga

ctca   attgcttg ta
mRhoAN19Xho1F 

acgcGTCGACtcacaagatg
aggcaccc 
mRhoASal1R 

 
582 
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Figure 4-6. Amplification of wild type mRhoAORF by PCR. 

Total RNA was extracted from the murine P19CL6 cell line and reversed transcribed using a poly-T 

primer (dT30MN) that binds to the poly-A tail of mRNA. Primers containing the appropriate restriction 

enzyme sites (5′ XhoI and 3′ SalI) were designed for the ORF of wt mRhoA cDNA for use in the 

pTARGET vector. The cDNA was used as template to PCR-amplify the ORF of wt mRhoA, using 

Expand polymerase. A no-template control (No-template ctr) was included to ensure the PCR product 

was amplified from P19CL6 cDNA. The product generated was resolved by electrophoresis on a 1% 

agarose gel and the amplicon size compared to 1 Kb+ DNA standards. Selected markers are indicated at 

left. The mobility of the PCR product is indicated by the arrow.  
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The PCR product was excised, gel purified and TA-cloned into the pTARGET vector. 

Correct amplification and direction of the insert was confirmed by sequencing in both 

directions using the T7 and pTARGET R sequencing primers (Table 2-1).  

 
The DNA inserts for the constitutively active mutated form of mRhoA and the 

dominant negative mutated form of mRhoA were generated and amplified by PCR 

from the pTARGET plasmid containing wt mRhoA cDNA, utilising the relevant 

primers as described in . Attempts were made to TA-clone the PCR products directly 

into the pTARGET vector, but this strategy was unsuccessful. As a different approach, 

the two different forms of mRhoA were TA-cloned into the pGEM vector (Promega). 

Sequencing of the two different inserts in pGEM confirmed correct amplification of 

the mutations as well as the remaining ORF cDNA sequence. 

 

For cloning into the pTARGET vector the two different mRhoA cDNA inserts 

(mRhoAV14 and mRhoAN19) in pGEM and the pTARGET vector were digested 

with XhoI and SalI. The linearised vector was then dephosphorylated and the inserts 

ligated into the vector. The active form of mRhoA was successfully cloned into the 

pTARGET vector using this approach. The negative mutated  form of mRhoA could 

not be cloned by restriction enzyme cloning. Many approaches, using different 

insert:vector ratios and different E.coli strains were employed but the negative 

mutated  form could not be cloned using this strategy. 

 

After several attempts, the negative mutated  form of mRhoA was successfully cloned 

into the pTARGET vector by TA-cloning; this required ligations being performed at 

4°C for 7 days. 

4.3.3  Stable transfection of P19CL6 cells with plasmid vectors 
expressing mutated forms of RhoA  

P19CL6 cells were seeded out at a concentration of 1.7 x 105 cells/6-well in 3 mL 

GM. After 24 hours the cells had reached 90-95% confluency and were transfected 

with the different mRhoA constructs (wild type, constitutively active and dominant 

negative mutated form) as well as the pTARGET vector without insert (Mock 
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transfection; MOCK). The transfected MOCK cells were controls to ensure that the 

vector itself did not alter the expression level of RhoA mRNA or any of the potential 

downstream targets to be measured by real-time PCR (see section 4.3.5). One well of 

cells was treated with transfection agent only (Lipofectamine 2000) to serve as a 

negative control in the selection of neomycin positive clones. When all the cells in this 

well were killed by treatment with neomycin, the transformed cells were plated out for 

selection of clonal stably transfected cells. 

 

Three different clones for each RhoA construct, as well as three clones of the MOCK 

transfected cells, were chosen by genomic PCR analysis to confirm insertion of the 

respective clones into the genome. Extracted gDNA was subjected to PCR, using the 

forward wt mRhoAXho1 primer () specific for the cDNA insert and a reverse primer 

binding downstream of the MCS in pTARGET vector (pTARGETR) (Table 2-1) (687 

bp amplicon). This enabled amplification of the different inserts in the pTARGET 

vector. MOCK P19CL6 clones were identified by PCR using the T7 primer binding 

upstream of the MCS and the pTARGETR primer (200 bp amplicon). Figure 4-7 

shows an example of the results from genomic PCR of gDNA extracted from stably 

transfected clonal cell lines. Three clones from each different cell line were chosen.  

Their respective PCR products were excised and extracted from the gel, TA-cloned 

into pGEM and sequenced. Sequencing confirmed correct nucleotide sequence and 

mutation for the constitutively active (mRhoAV14) and the dominant negative form 

(mRhoAN19) of mRhoA, as depicted in Figure 4-8. Sequencing of all the three 

different wt RhoA P19CL6 clones revealed a mutation in the ORF, which would cause 

an amino acid  change valine-9 to cysteine when expressed as a protein. This mutation 

must have occurred in the P19CL6 cells after transfection. As mentioned earlier, 

sequencing of the wild type (wt) mRhoA cDNA cloned in pTARGET vector before 

transfection confirmed correct nucleotide sequence of wtRhoA cDNA. Due to the 

mutation for the wt mRhoA P19CL6 clones, these particular cell lines could not be 

used in the remaining experiments.  
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Figure 4-7. Genomic PCR of pTARGET clones from stably transfected clonal P19CL6 cell lines. 

Genomic DNA (gDNA) was extracted from different clonal P19CL6 cell lines stably transfected with 

dTARGET –RhoA constructs. 100ng of gDNA from each clone was used as template to PCR-amplify 

the different inserts. A no-template control was included to ensure the PCR product was amplified from 

gDNA. The products generated were resolved by electrophoresis on a 1% agarose gel and the amplicon 

size compared to 1 Kb+ DNA standards (relevant standards are indicated). The mobility of the PCR 

products is indicated by the arrows.  Lane 1 -5, mRhoAN19 clones; Lane 6-9, mRhoAV14 clones; Lane 

10-12, wt mRhoA clones; Lane 13, no template control; Lane 14-16, MOCK clones.  
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mRhoAV14 

 

  

 

Active RhoA 

 
                                                                                    
V14 
 

 

 

 

mRhoAN19 

m 

 

Negative RhoA 

tggctgccatcaggaagaaactggtgattgttggtgatgtagcttgtggtaagac 
||||||||||||||||||||||||||||||||||||||| ||||||||||||||| 
tggctgccatcaggaagaaactggtgattgttggtgatggagcttgtggtaagac 

V14

 
 

 

a.  

b.  

 
                        N19              
gttggtgatggagcttgtggtaagaattgcttggctcatagtcttcagcaaggac 
|||||||||||||||||||||||||  |||||||||||||||||||||||||||| 
gttggtgatggagcttgtggtaagaccttgctcatagtcttcagcaaggaccagc 

 

Figure 4-8. Chromatograms and Clustal W alignment of sequenced mRhoA inserts from stably 

transfected P19CL6 cell lines. 

PCR products amplified from gDNA extracted from clonal stably transfected P19CL6 cell lines were 

TA-cloned into pGEM and sequenced. The gDNA sequence (top sequence in each case) was then 

aligned to the wt mRhoA sequence. Identically matched bases are represented by a vertical bar. The 

codon mutations for mRhoAV14 and RhoAN19, respectively, are underlined in the chromatogram and 

highlighted in yellow in the Clustal W alignment output.       
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The level of RhoA protein in the different clonal P19CL6 cell lines, as well as in the 

wt P19CL6 cell line, was quantified by Western blotting. Protein extracts were 

prepared from the three different P19CL6 clones for mRhoAV14 (mRhoAV14 # 1, 2 

and 3), mRhoAN19 (mRhoAN19 #1, 2, 3) and the negative control cell lines 

transformed with empty pTARGET vector (MOCK #1, 2 and 3), and wt P19CL6 

cells. Protein(10 µg) from each extract  was loaded and resolved by SDS-PAGE and 

RhoA detected by immunoblot analysis. As a loading and normalisation control, the 

membranes were stripped and re-probed with β-actin antibody. The intensity of the 

resulting bands was quantified using Fujifilm ImageGauge software and the RhoA 

data normalised to that for β-actin.  

 

As shown in Figure 4-9A and C, the level of RhoA in the three different MOCK 

P19CL6 clonal cell lines was approximately 20 % higher than in non-transfected 

P19CL6 cells (wt). In contrast, the level of RhoA in the three P19CL6 cell lines over-

expressing the constitutively active form of RhoA (mRhoAV14) ranged from 140 % 

to 320 % of that in wt P19CL6 cells, and 110-250 % higher of that in the MOCK 

P19CL6 cell lines  (Figure 4-9A and C), with clone #3 having the highest level. 

Replication of these experiments yielded results consistent with those presented in 

Figure 4-9. The expression of a protein from a construct is dependent upon where it is 

incorporated in the genome, thus possibly explaining the variable expression of RhoA 

in the various clones. The RhoA level in the three clones over-expressing the 

dominant negative mutated form of RhoA (mRhoAN19) (Figure 4-9B and C) was 

approximately 20 % more than that in wt P19CL6 cells for clone #1, but for the two 

other clones the RhoA level was around 80 % of the endogenous RhoA level. Reports 

from other studies, in which the level of over-expressed RhoAN19 was measured, are 

also inconsistent: in some studies it has been reported that the levels of RhoA in cells 

over-expressing RhoAN19 are similar to those of cells over-expressing wt RhoA or 

RhoAV14; other studies report a significant decrease in RhoA protein in cells over-

expressing RhoAN19 (Wei et al., 1998; Leung et al., 1999).  
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C. 

 
Figure 4-9. RhoA protein levels in clonal P19CL6 cells. 

Protein extracts were prepared from each cell line and 10 µg of total protein of each sample were 

loaded and resolved by SDS-PAGE. RhoA was detected by immunoblot using a RhoA antibody 

(1/400). As a loading and normalisation control, the membrane was stripped and reprobed with β-actin 

antibody. The images were captured using LAS-3000 (Fuji). A, Western blot analyses of mock 

transfected (MOCK) P19CL6 cells and P19CL6 cells over-expressing mRhoAV14 compared to wt 

P19CL6 cells; B, Western blot analyses of P19CL6 cells over-expressing mRhoAN19 compared to wt 

P19CL6 cells; C, Normalised RhoA (RhoA/β-actin) level in mock transfected (MOCK) P19CL6 cells, 

P19CL6 cells over-expressing mRhoAV14 and P19CL6 cells over-expressing mRhoAN19 compared to 

wt P19CL6 cells. 
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In conclusion, the generally increased levels of RhoA protein in the mRhoAV14 

P19CL6 cell lines, compared to wt P19CL6 and the MOCK cell lines, is consistent 

with over-expression of constitutively active mutated form of RhoA. As discussed 

above, it was not known what to expect for RhoA levels in the mRhoAN19 P19CL6 

cell lines; the results obtained here are therefore potentially consistent with successful 

over-expression of this form of RhoA. In the subsequent investigations addressing the 

role of RhoA in cardiogenesis, all three of these RhoA cell lines were tested.    

4.3.4 Differentiation of P19CL6 cells expressing different 
forms of mRhoA 

To investigate the role of RhoA in differentiating cardiomyocytes, advantages was 

taken of the inducible property of P19CL6 cell system. Three different clones of each 

P19CL6 cell line (P19CL6 cells expressing: constitutively active mutated form 

(mRhoAV14) clone #1,2,3, dominant negative mutated form (mRhoAN19) clone 

#1,2,3 or MOCK P19CL6 cells clone #1,2,3) and wtP19CL6 cells were plated out in 

triplicate in 6-well plates (Falcon) in either GM or DM as previously described, for 

observation and harvesting of cells for real-time PCR analyses. For 

immunocytochemistry time course analyses with cardiac troponin I (cTnI), the 10 

different cell lines were plated out in 24-well plates (Falcon, 6 wells of each) in GM 

and DM, as previously described. Medium was changed every second day. 
 

The clonal P19CL6 cell lines in 6-well plates were grown for 14 days and observed 

for morphological changes compared to that of wt P19CL6 cells. For 

immunocytochemistry analyses with cTnI, each cell line (non-induced and induced 

with 1% DMSO) was fixed at 8 different time points: 2, 4, 6, 8, 10, 12, 14 and 16 days 

after induction. Each cell line was then analysed for cTnI expression in duplicate for 

each time point. As explained earlier, because of the nature of growth and 

differentiation of P19CL6 cells, it was not feasible to quantitate the degree of 

differentiation by either observing morphology or by counting stained cardiomyocyte 

clusters.  For the cells to form proper cardiomyocyte clusters, a multilayer of 

confluent cells must first be created, but one of the problems with growing P19CL6 

cells is that they easily detach. Thus in a separate well, a confluent multilayer will 
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form cardiomyocyte clusters while another area will not because of cell detachment. 

The detachment of cells varied greatly, thus precluding consistent quantification of 

differentiation between two wells.  In addition, many cells floated off during the 

immunocytochemistry protocol. Thus, rather than count the number of stained 

cardiomyocyte clusters, the immunocytochemistry analyses of cTnI was used as a 

qualitative measurement of differentiation. Cells showing the same phenotype as non-

induced P19CL6 cells and not staining for cTnI were classed as non-differentiated; 

cells growing in a multilayer sheet and exhibiting cTnI stained cardiomyocte clusters 

were classed as differentiated.  

4.3.4.1 Observation and immunocytochemical analyses of wtP19CL6 and P19CL6 

MOCK cells  

To elucidate whether stable transfection of P19CL6 cells with the dTARGET 

expression system affected the phenotype and the differentiation potential compared 

to that of the wt P19CL6 cell line, the three stably MOCK transfected P19CL6 cell 

lines were tested. As shown earlier, genomic PCR confirmed the incorporation of the 

dTARGET plasmid incorporated into the P19CL6 genome of these clones (see Figure 

4-7), and Western blot analyses indicated that the RhoA levels in the three MOCK cell 

lines were similar to that of the wt P19CL6 cell line.  The wt P19CL6 cell line and the 

MOCK cell lines were plated out in both GM and DM and grown for 16 days under 

the same conditions except for the addition of DMSO to the differentiation medium 

for induction of cardiomyocytes. 

 

Both wt P19CL6 cells and the MOCK P19CL6 cell lines (clone #1,2,3) reached 

confluency three days after being plated out and grown in growth medium (GM). 

These cells maintained a consistent phenotype over the growth period and did not 

differentiate into any detectable cell type (including a cardiomyocyte phenotype, as 

confirmed by immunocytochemistry analyses with cTnI )(see Figure 4-10 A and C).  
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Figure 4-10. cTnI staining of differentiated P19CL6 cell lines expressing mRhoAN19 (clone #1) 

compared to wt P19CL6 cells and P19CL6 MOCK cells on D16 as detected by 

immunocytochemistry. 

Different P19CL6 cell lines, expressing different constructs of RhoA, were grown in GM and DM in 

24-well culture dishes from day of seeding and induction (D0) to 16 days after induction (D16) and 

stained with cTnI Ab to detect differentiated cardiomyocyte clusters.  A-F, P19CL6 cell lines (see 

relevant names below) stained with cTnI antibody; G, primary antibody control (i.e. no primary 

antibody added) to confirm specificity of cTnI antibody; H, secondary antibody control (i.e. no horse-

α-mouse-secondary added) to confirm quenching of endogenous peroxidase; I, NIS control (i.e. non-

immune mouse serum added to confirm specific binding of primary antibody).  cTnI, Cardiac-

Troponin-I; GM, growth medium; DM, differentiation medium with 1% DMSO; Ab, antibody. 
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As observed earlier (see section 4.3.1.1), immunocytochemical staining with cTnI of 

cell lines grown in GM for 16 days showed a diffuse and faint staining pattern (Figure 

4-10 A and C). This pattern remained the same all through the 16 day time course 

period and, as described earlier, is assumed to be endogenous background staining.   

 

In contrast, when 1% DMSO was added to the medium, both the P19CL6 cells and the 

MOCK P19CL6 cell lines differentiated into cardiomyocytes, as assesed by 

immunocytochemcal analyses with the cTnI marker (Figure 4-10 B and D). The 

induced P19CL6 MOCK cell lines differentiated in a similar manner to the wt 

P19CL6 cell line, forming a multilayer of cells 8-10 days after differentiation.  Intense 

cTnI stained cardiomyocyte clusters were first observed 6 days after induction with 

DMSO for all four cell lines (wt P19CL6 cells; 3 MOCK transfected cell lines). The 

number of cTnI stained cardiomyocyte clusters varied but in general increased and the 

staining became more intense as the cells differentiated. Again, no staining was 

detected in either of the negative controls: no secondary antibody (Figure 4-10 H); no 

primary antibody , (Figure 4-10 G); non-immune mouse serum (Figure 4-10 I).  

 

In conclusion, incorporation of the pTARGET plasmid into the genome did not affect 

the phenotype and the differentiation pattern of the P19CL6 cell line. 

4.3.4.2 Observation and immunocytochemical analyses of P19CL6 cells expressing 

the constitutively active mutated form of RhoA (mRhoAV14)  

To investigate whether RhoA can induce cardiomyocyte differentiation, three 

permanent clonal P19CL6 cell lines over-expressing the constitutively active mutated 

form of RhoA (RhoAV14) were tested. After plating out in GM, the three cell lines 

grew well but did not differentiate into cardiomyocytes or any other cell type for the 

16-day period. The growth pattern and phenotype of the P19CL6 RhoAV14 cell lines 

were similar to that of wt P19CL6 cells and the P19CL6 MOCK cell lines grown in 

GM. Immunocytochemistry analyses with cTnI did not reveal any staining of 

cardiomyocyte clusters (results not shown), indicating that the P19CL6 mRhoAV14 

cell lines did not differentiate into cardiomyocytes without induction by DMSO.  
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In contrast, all the P19CL6 cell lines over-expressing mRhoAV14 differentiated into 

cardiomyocytes when plated out and grown in differentiation medium (containing 1% 

DMSO). The differentiation pattern and phenotype observed were similar to that of 

differentiated wt P19CL6 cells and the MOCK cell lines grown in differentiation 

medium. The three P19CL6 RhoAV14 cell lines differentiated well but not earlier 

than the control cell lines; a multilayer was formed 10 days after induction with 1% 

DMSO. Immunocytochemistry with cTnI confirmed the presence of differentiated 

cardiomyocytes from 6 days of induction (results not shown). 

 

These results suggest that over-expression of the constitutively active form of RhoA 

(RhoAV14) cannot induce the differentiation of cardiomyocytes in the absence of  

(unknown) factors(s) induced by DMSO, and that over-expression of RhoAV14 by 

itself is not sufficient to accelerate the differentiation process of P19CL6 cells into 

cardiomyocytes.   

4.3.4.3 Observation and immunocytochemical analyses of P19CL6 cells expressing 

the dominant negative mutated form of RhoA (mRhoAN19) 

As an alternative approach to test for the requirement of RhoA in cardiomyocyte 

differentiation, three stably transfected clonal P19CL6 cell lines over-expressing the 

dominant negative mutated form of mRhoA were tested. Again, as noted earlier, 

incorporation of the mRhoAN19 construct into the genome of these cell lines was 

confirmed by genomic PCR and sequencing, and Western blot analyses indicated that 

the expression level of RhoA in P19CL6 mRhoAN19 clone #1 was approximately 40 

% above the endogenous RhoA level in wt P19CL6 cells. The expression level of 

RhoA in the two other clones was similar to that of wt P19CL6 cells.  

 

After plating out the three cell lines in growth medium, it was observed that the cells 

grew slower than both the control cell lines (wtP19CL6 and MOCK cells) and the cell 

lines over-expressing mRhoAV14. However, all these cell lines expressing 

mRhoAN19 reached confluency at day 4, after which time it was not possible to 

distinguish between the different cell lines. The cells grew well and their phenotype 



Chapter 4           Investigation of the Role of RhoA in Differentiating Cardiomyocytes 

 137

remained stable over the 16-day growth period.  cTnI staining of the cells indicated no 

differentiation into a cardiomyocyte phenotype. 

 

When induced with 1% DMSO, the P19CL6 mRhoAN19 clone #1 cell line did not 

differentiate into cardiomyocytes over the 16 days of observation. This experiment 

was repeated in three independent experiments and differentiation of induced P19CL6 

RhoAN19 clone #1 cell lines was never observed. In addition. immunocytochemical 

analyses with cTnI demonstrated lack of staining of cardiomyocytes (Figure 4-10 F).  

The two other cell lines expressing mRhoAN19 differed from clone #1; they 

differentiated in a similar manner and time frame to the induced  wt and P19CL6 

MOCK cells, as confirmed by cTnI stained cardiomyocyte clusters (data not shown). 

For these latter two mRhoAN19 clones, it is possible that the expression of 

mRhoAN19 was not sufficient to inhibit endogenous RhoA, a conclusion consistent 

with the results of the Western blot analyses of these cells.  

 

Importantly, however, the results observed for the P19CL6 mRhoAN19 clone #1 cell 

line is a positive experimental outcome that strongly indicates that inhibition of RhoA 

prevented the induced P19CL6 cells from differentiating into cardiomyocytes, thus 

implicating RhoA as a necessary factor for cardiac differentiation in this system. 

4.3.5 Real-time PCR analyses of potential cardiac specific 
targets of RhoA 

As described in Chapter One, the mechanism(s) by which RhoA regulates the diverse 

multiple cellular processes with which this protein is implicated remain elusive. Of 

interest, however many studies that have indicated that RhoA mediates its distinct 

cellular functions through the control of transcriptional activation (Hill et al., 1995; 

Chang et al., 1998; Wei et al., 1998; Kim and Cochran, 2000). In order to assess 

whether RhoA is involved in the transcriptional control of a number of factors 

involved in cardiomyocyte differentiation, mRNA levels of SRF, cardiac-α-actin and 

GATA 4 were measured in non-induced and induced P19CL6 cells by real-time PCR.  

As well as these targets all being factors implicated in early heart development, other 

studies have suggested a possible link between these factors and RhoA (Hill et al., 
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1995; Chen and Schwartz, 1996; Belaguli et al., 2000; Sepulveda et al., 2002; Miralles 

et al., 2003; Zhang et al., 2003; Parlakian et al., 2004; Watt et al., 2004); (Charron et 

al., 2001).  

 

Six different primer pairs were designed for use with real-time PCR analyses using the 

primer design program in MacVector software; these primer pairs are listed in Table 

4-3. To control for genomic DNA contamination, the primer pairs were, where 

possible, designed to flank small introns. To normalise for small differences in the 

amount of cDNA present in each sample, the mRNA levels of the different genes were 

normalised to that of the endogenous house-keeping gene GAPDH. GAPDH has 

earlier been effectively used to normalise for input cDNA to measure the level of 

transcripts in non-differentiated and differentiated P19CL6 cells (Cohen-Barak et al., 

2003; Nakamura et al., 2003; Young et al., 2004).  To assess the level of RhoA 

mRNA in the different cell lines over-expressing RhoA, a primer pair targeting the 

ORF of RhoA (RhoA ORF) was designed. Using this primer pair, both over-expressed 

and endogenous levels of RhoA should be detected.  In order to investigate whether 

over-expression of the different constructs would alter the endogenous level of RhoA, 

an additional primer pair (RhoA 3′UTR) was designed to bind to the 3′UTR common 

for all the different length RhoA transcripts. The two different RhoA constructs 

cloned into the dTARGET vector contain the cDNA coding for the ORF of mRhoA 

only, thus endogenous RhoA levels only will selectively be amplified by the 3′UTR 

primer pair. The positions of these two primer pairs (RhoA ORF and RhoA 3′UTR) 

are depicted in Figure 4-2. 
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Table 4-3. Primers for real-time PCR 
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Gene 
product 

Forward primer 
(5′-3′) 

Reverse primer  
(5′-3′) 

 

Product 
size  
(bp) 

APDH TCCTACCCCCAATGTGTCCGTC 
 

GCCCAAGATGCCCTTCAGTG 121 

RhoA 
ORF 

ATTGATGTGTTTTTCCATTG CTCCCGTCTCGTGTGCTCGTCATT 
 

151 

RhoA 
3′UTR 

GCTACCAGTATTTAGAAGCCAACCAC GCTGTTAGAGCAGTGTCAGAAGGAC 
 

88 

SRF TGCCTCAACTCGCCAGACTCTC 
 

TTCAGTGTGTCCTTGGTTTCCC 140 

ardiac-
α-actin 

GCCAACCGTGAGAAGATGACC CGCCAGAATCCAGAACAATGC 130 
(730)* 

ATA 4 ATGCCGAGGGTGAGCCTGTATG CTTCCGTTTTCTGGTTTGAATCC 110 
 139

This primer pair flanks a 600 bp intron; if genomic DNA is present in the cDNA sample, an 

ditional 730 bp product will be amplified; ** This primer pair flanks a 370 bp intron; if there is 

nomic DNA is present in the cDNA sample, an additional 480 bp product will be amplified. 

e 10 cell lines described in section 4.3.4 (wtP19CL6, P19CL6 MOCK clone #1,2,3, 

9CL6 mRhoAV14 clone #1,2,3 and P19CL6 mRhoAN19 clone #1,2,3) were plated 

t in 6-well plates in growth medium (GM) and differentiation medium with 1% 

SO (DM) and grown for 14 days. As described earlier (section 4.3.4), all the 

uced cell lines differentiated in a manner similar to induced wt P19CL6 cells, 

cept for one of the cell lines expressing the dominant negative mutated form: 

9CL6 RhoAN19 clone #1. After growth for 14 days, the cells were harvested, and 

al RNA extracted, DNase treated and reversed transcribed into cDNA. Prior to real-

e PCR analyses the cDNA samples were tested and found to be negative for 

nomic DNA contamination (results not shown). The cDNA was then subjected to 

l-time PCR and the mRNA levels, normalised to GAPDH, were calculated using 

 comparative quantitation method (Corbett Research), which compares the relative 

pression of samples compared to a control sample (in this case undifferentiated 

OCK P19CL6 cells). The relative concentration of each sample, compared to the 

ntrol sample, is calculated based on the threshold values and the efficiency of the 

ction. The cycle threshold for each gene is an approximate measure of the 

pression level of the gene. Melt curve analyses confirmed generation of a single 

oduct of the correct base composition for each reaction. Amplification of a single 

(370)** 
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product of correct size was also confirmed by gel electrophoresis and verified by 

sequencing. Two to three independent analyses of duplicate reactions were undertaken 

for all samples. 

 

The normalised mRNA level of the different genes from the P19CL6 RhoAN19 clone 

# 1 sample (showing a different phenotype when induced compared to differentiated 

wt and P19CL6 MOCK cells) was compared to that of the different groups of the 

other cell lines. For statistical purposes the resulting mRNA levels for the different 

genes analysed from P19CL6 MOCK #1,2 and 3 were combined and treated as one 

individual group (MOCK), as were the P19CL6 RhoAV14 clone #1,2 and 3 

(RhoAV14) and P19CL6 RhoAN19 clone #2 and 3 (RhoAN19). The real-time PCR 

results are presented in Figure 4-11, in which the mRNA expression level in the non-

induced cell lines are compared to each other and the mRNA level in induced cell-

lines are compared to each other.  The difference in gene expression for each cell line 

was compared to that in MOCK by students T-Test (p<0.05) for non-induced and 

induced cell lines, respectively.  

4.3.5.1 Total and endogenous RhoA 

 

The results presented in Figure 4-11 A and B indicate a reduced level of both RhoA 

total and endogenous RhoA for non-induced cell lines expressing mRhoAV14 and 

mRhoAN19 clone #1 compared the MOCK cell lines. In addition, there was a reduced 

level of endogenous RhoA in the wt P19CL6 cell line. In contrast, there was no 

difference in level for either total or endogenous RhoA for the induced cell lines, 

except for the wt P19CL6 cell line. As previously shown, Western blot analyses 

indicated that there was an increased level of RhoA protein in the cell lines over-

expressing mRhoAV14 clone #1,2,3 and mRhoAN19 clone #1. Thus, an increase of 

total RhoA mRNA for these clones was expected. However, a major factor here is an 

apparent irreproducibility with the real-time PCR method per se. Possible reasons for 

these unexpected results are further discussed later (section 4.4). 
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E 

Figure 4-11. Real-time quantitative PCR analyses of mRNA expression levels in non-induced 

P19CL6 cells compared to induced P19CL6 cells. 

RNA was extracted from the different P19CL6 cell lines after growth in GM and DM for 14 days, then 

subjected to RT and real-time PCR. The mRNA expression levels were normalised to that of GAPDH 

as described in experimental procedures. Values represent the mean ± S.E.M of three to six independent 

experiments.  A, total RhoA; B, endogenous RhoA; C, SRF; D, cardiac-α-actin; E, GATA4.  * p< 0.05 

compared to MOCK 
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4.3.5.2 SRF, cardiac-α-actin and GATA4 

4.3.5.2.1 Non-Induced cells 

The mRNA levels were similar for SRF, cardiac-α-actin and GATA4 between the 

different non-induced cell lines (Figure 4-11 C, D and E respectively), except for an 

increased expression of GATA4 in the mRhoAV14 cell line and a reduced level of 

SRF in the cell lines expressing mRhoAN19 clone #2 and 3 (which show no 

difference in phenotype to MOCK cells). The reasons for these differences in gene 

expression level between these particular non-induced cell lines are not known. 

4.3.5.2.2 Induced cells 

In contrast to the non-induced cells, there was a marked up-regulation of SRF (3.65 

fold), cardiac-α-actin (5 fold) and GATA 4 (7 fold) mRNA expression level in the 

sample from the induced P19CL6 RhoAN19 clone #1 cell line (in which 

differentiation of cells was inhibited) compared to the induced samples from the other 

cell lines (Figure 4-11 C, D and E, respectively). In addition there was an increased 

expression of SRF (1.8 fold) and cardiac-α-actin (1.6 fold) in the P19CL6 cell lines 

expressing mRhoAV14 compared to that in the MOCK cell lines. The major 

conclusion, however, is that the marked up-regulation of these cardiac markers in the 

P19CL6 RhoAN19 clone #1 cell line appears to parallel the inhibition of 

differentiation of these cells into a cardiomyocyte phenotype. 

 

4.3.5.3 mRNA levels in induced P19CL6 cell lines compared to non-induced 

P19CL6 cell lines 

 

Table 4-4 summarises the ratios of the mRNA levels in the induced P19CL6 cell lines 

compared to non-induced P19CL6 cell lines. It should be noted that the mRNA levels 

of SRF, cardiac-α-actin and GATA4 were in general higher in non-induced cells than 

in induced cells (I/U ratio, highlighted in yellow or blue), indicating that the mRNA 

levels for these genes are increased in non-differentiated cells compared to 
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differentiated cells. The reason for this is not known, but is discussed below (section 

4.4).  

 

Table 4-4. mRNA levels in induced P19CL6 cell lines compared to non-induced  P19CL6 cell lines 

mRNA levels in P19CL6 aMOCK clone # 1,2 and 3 combined; b P19CL6 RhoAV14 clone # 1,2 and 3 
combined; c P19CL6 RhoAN19 clone # 2 and 3 combined. mRNA ratios between induced and non-
induced cells (I/U) is highlighted by coloured boxes: the I/U ratio obtained for the different genes from 
the P19CL6  RhoAN19 clone #1 cell line is highlighted in blue, the other cell lines in yellow. 

Gene Cell line mRNA 
level: non-
induced 
cells (U) 

mRNA 
level: 
induced 
cells (I) 

I/U 
 

P19CL6 0.90 ± 0.050 0.83 ± 0.030 0.92 ± 0.002 

MOCK a 1.07 ± 0.080 1.05 ± 0.070 0.98 ± 0.005 

mRhoAV14 b 0.72 ± 0.070 0.96 ± 0.100 1.33 ± 0.014 

mRhoAN19 c 1.44 ± 0.730 1.40 ± 0.780 0.97 ± 0.276 

Endogenous and over-
expressed level of RhoA 
(RhoA ORF) 

mRhoAN19  clone #1 0.72 ± 0.050 1.11 ± 0.130 1.54 ± 0.014 

P19CL6 0.84 ± 0.050 0.62 ± 0.020 0.74 ± 0.002 

MOCK a 1.07 ± 0.060 0.83 ± 0.030 0.78 ± 0.002 

mRhoAV14 b 0.90 ± 0.020 0.88 ± 0.040 0.98 ± 0.001 

mRhoAN19 c 0.81 ± 0.290 0.64 ± 0.160 0.79 ± 0.075 

Endogenous level of 
RhoA 
(RhoA 3′UTR) 

mRhoAN19 clone #1 0.76 ± 0.050 1.09 ± 0.170 1.43 ± 0.021 

P19CL6 0.82 ± 0.160 0.32 ± 0.020 0.39 ± 0.008 

MOCK a 1.08 ± 0.110 0.46 ± 0.080 0.43 ± 0.009 

mRhoAV14 b 0.85 ± 0.150 0.85 ± 0.150 1.00 ± 0.031 

mRhoAN19 c 0.60 ± 0.100 0.37 ± 0.060 0.62 ± 0.017 

SRF 

mRhoAN19 clone #1 0.61 ± 0.120 1.68 ± 0.110 2.75 ± 0.059 

P19CL6 1.18 ± 0.090 0.47 ± 0.040 0.40 ± 0.003 

MOCK a 0.97 ± 0.040 0.63 ± 0.170 0.65 ± 0.024 

mRhoAV14 b 1.21 ± 0.200 1.02 ± 0.170 0.84 ± 0.023 

mRhoAN19 c 1.19 ± 0.290 0.68 ± 0.130 0.57 ± 0.027 

Cardiac-α-actin 

mRhoAN19 clone #1 1.14 ± 0.140 2.93 ± 0.350 2.57 ± 0.038 

P19CL6 2.12 ± 0.360 1.12 ± 0.480 0.5 3± 0.056 

MOCK a 1.00 ± 0.480 0.35 ± 0.050 0.35 ± 0.044 

mRhoAV14 b 1.64 ± 0.150 0.75 ± 0.200 0.46 ± 0.018 

mRhoAN19 c 0.67 ± 0.360 0.42 ± 0.170 0.63 ± 0.142 

GATA4 

mRhoAN19 clone #1 0.70 ± 0.120 2.41 ± 0.380 3.44 ± 0.093 
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In contrast, mRNA ratios (I/U) for SRF, cardiac-α-actin and GATA4 are elevated in 

the induced P19CL6 RhoAN19 clone #1 cell line. This effect clearly differs from the 

other cell lines.  

 

The major conclusion from these experiments is that inhibition of RhoA prevented the 

differentiation into cardiomyocytes of induced P19CL6 cells and resulted in a marked 

up-regulation in the mRNA expression level of SRF, cardiac-α-actin and GATA 4. 

These real-time results may implicate RhoA as a transcriptional regulator of important 

factors involved in early cardiogenesis. 

 

4.4 Discussion   

To elucidate the role of RhoA in differentiating cardiomyoctyes, the inducible 

P19CL6 in vitro cardiac system was utilised. P19CL6 cells are a clonal derivative of 

P19 embryonal carcinoma cells, a euploid, multipotent mouse cell line, that efficiently 

differentiates into cardiomyocytes (Habara-Ohkubo, 1996). The use of differentiating 

multipotent cells as a model of cardiac cell differentiation recapitulates the early 

stages of embryogenesis.  

 

The constitutively active mutated form of RhoA (RhoAV14) and the dominant 

negative mutated form of RhoA (RhoAN19) were cloned into the dTARGET 

mammalian expression vector and stably transfected into the P19CL6 cell line. 

Observation and cTnI staining of the P19CL6 mRhoAN19 clone #1 cell line showed 

that this cell line did not differentiate into cardiomyocytes after induction with 1% 

DMSO for 16 days. This result implicates RhoA as an important factor for the 

differentiation of cardiomyocytes.  

 

In addition to showing that RhoA plays an important role in the differentiation of 

cardiomyocytes, these results also suggest that factors other than RhoA are 

responsible for the control of the cytoskeleton and cell adhesion in P19CL6 cells, as 

the P19CL6 mRhoAN19 clone #1 cells grew well, attached as normal and had the 

same phenotype as non-induced wt P19CL6 and P19CL6 MOCK cells. Thorburn and 
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co-workers (1997) showed that inhibition of Rho GTPases in cardiac muscle cells did 

not disrupt actin muscle fibre morphology. Together with the observations from this 

study, these results suggest that in cardiac precursor cells and cardiac muscle cells, 

actin morphology is not regulated by RhoA-dependent pathways. 

 

In order to investigate whether RhoA is involved in the transcriptional regulation of 

targets shown to be involved in early heart development, real-time PCR analyses were 

performed. Interestingly, the expression of SRF, cardiac-α-actin and GATA4 mRNAs 

was markedly up-regulated in the induced P19CL6 RhoAN19 clone #1 cell line, but 

not in any of the other induced cell lines. These results are also consistent with the 

studies of Wei and co-workers (2001), in which inhibition of RhoA kinases, which are 

direct down-stream effectors of RhoA, led to increased expression of cardiac α-actin, 

SRF and GATA4 mRNA levels in stage 8 embryos (Wei et al., 2001). Thus, the 

results from this study and the findings from the work by Wei and co-workers (2001) 

suggest that RhoA suppresses expression of these cardiac genes during early 

cardiogenesis.  

  

The real-time PCR analyses indicated that the mRNA level of total RhoA was similar 

in the P19CL6 cells over-expressing RhoAV14 and RhoAN19 compared to that of wt 

and P19CL6 MOCK cells. Western blot analyses showed that there was a marked 

increase of RhoA protein levels in the P19CL6 cell lines over-expressing mRhoAV14 

as well as in P19CL6 mRhoAN19 clone #1. It is important to recognise that the 

Western blot analyses were performed on cell samples harvested before reaching 

confluency, with these cells being maintained in selection media with neomycin 

(except for the wtP19CL6 cells). In contrast, the cDNA samples used for real-time 

PCR were from mRNA extracted from non-induced and induced cells that had been 

grown under conditions of confluence for at least 11 days and in media that did not 

contain neomycin (the cell lines being stable transfectants). Because of these different 

conditions, the results from Western blot analyses cannot be directly compared with 

the results from real-time PCR analyses. However, an increased expression of RhoA 

mRNA was expected for these constructs after growth for 14 days in GM and DM. 

When the real-time PCR analyses were undertaken it was observed that the 
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normalised threshold (Ct) value was much lower for the primer pair picking up both 

endogenous and over-expressed RhoA (RhoA ORF) compared to the primer pair 

picking up endogenous RhoA only (RhoA 3′UTR). This was also the case for wt 

P19CL6 cells. If the two RhoA primer pairs bind and amplify with the same 

efficiency, the normalised Ct ratio between these two genes should in theory have 

been 1. The results obtained suggest that the RhoA ORF primer pair did not bind and 

amplify all mRNA, possibly because of interfering hairpin structures. However, the 

results observed for the induced P19CL6 RhoAN19 clone #1, in which differentiation 

of P19CL6 cells was prevented, suggest that the dominant negative mutated form of 

RhoA was over-expressed in this case and led to the inhibition of the endogenous 

RhoA. Alternative real-time PCR primers that pick up and amplify over-expressed 

RhoA with high efficiency could be used in to readdress these discrepancies in 

measured RNA levels.  

 

The real-time analyses from this study also indicated that the mRNA levels of SRF, 

cardiac-α-actin and GATA4 were in general higher in non-induced P19CL6 cells 

grown for 14 days compared to P19CL6 cells induced with DMSO for 14 days. As 

mentioned earlier, P19CL6 cells are cardiac precursor cells, so a low level of 

expression of these cardiac markers was expected. This concurs with the study by 

Young and co-workers (2004) investigating mRNA level of metallproteinases 

(MMPs) and their inhibitors (TIMPs) in non-differentiated and differentiated 

cardiomyocytes by real-time PCR. All the transcripts investigated were detected in 

non-induced P19CL6 cells, induced P19CL6 cells and embryonic mouse heart at 

different levels. Interestingly, some of these had similar expression levels in both non-

induced and differentiated P19CL6 cells 12 days after induction, however during 

differentiation at earlier time points the expression was increased in induced P19CL6 

cells. These results indicate that there are differential changes in gene expression 

during the time course of cardiomyocyte differentiation (Young et al., 2004).  

Differential expression of well known cardiac specific genes have also been reported 

during differentiation of cardiomyocytes using the P19CL6 cell system by other 

groups (Monzen et al., 2002; Peng et al., 2002; Nakamura et al., 2003). Ueyama and 

co-workers (2003) showed that inhibition of myocardin inhibited the differentiation 
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into cardiomyocytes of induced P19CL6. In this study, Northern hybridisation studies 

of cardiac specific genes indicated that the expression of MEF2C was only detectable 

from day 6 and had maximal expression on day 8. After this point the expression 

decreased and on day 14 the level was similar to that of day 6. Thus, it is possible that 

the results described in this thesis, where the mRNA levels of SRF, cardiac-α-actin 

and GATA4 were higher in non-differentiated compared to differentiated cells at day 

14 would have been different during earlier time points. In other words, the mRNA 

level of these cardiac markers were increased during earlier stages of the 

differentiation process but then decreased as the cardiomyocytes became terminally 

differentiated, consistent with the independent studies described above.    

 

Another reason for the detection of cardiac markers in non-induced P19CL6 cells 

might be that these cells were also grown to confluency, a condition which is 

necessary for differentiation of induced P19CL6 cells, which might lead to the 

elevation of cardiac markers, even in the absence of DMSO. Because the unknown 

factor(s) induced by DMSO are absent under these conditions, the cells would be 

lacking the trigger necessary to move into differentiation phase. In contrast, when the 

cells are differentiated these early cardiac markers are no longer needed and therefore 

their expression would decrease. This view is supported by the study of Nakamura and 

co-workers (2003), which focused on the Wnt/β-catenin-signalling pathway. 

Expression studies indicated that Wnt3A and Wnt8A are early responses in 

differentiating P19CL6 cells. RT-PCR analyses of these two genes showed low 

expression on day 2 after induction, a markedly increased level at day 3, followed by a 

return to the day 2 expression level (Nakamura et al., 2003). Thus a mechanism of this 

nature would support the real-time results in this study where there was an up-

regulation of cardiac genes in non-differentiated cells compared to differentiated cells, 

and for the induced P19CL6 N19 clone #1 that was prevented from differentiating. 

However the implications of the results from the expression study of non-induced and 

induced P19CL6 cells remain unclear. Further studies will be necessary in order to 

further investigate the expression of cardiac markers in non-induced and induced 

P19CL6 cells. In order to test whether there is indeed an accumulation of cardiac 

markers in non-induced cells compared to differentiated cells, samples from both non-
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induced and induced cells could be harvested at different time points throughout the 

differentiation period and the mRNA level of the different markers investigated by 

real-time PCR. This would also indicate whether the different markers are 

differentially expressed during differentiation of P19CL6 cells into cardiomyocytes. 

 

These results might also suggest that a separate pathway to that involving RhoA leads 

to the expression of these cardiac markers. This could explain why the expression 

levels of SRF, cardiac-α-actin and GATA4 are not markedly altered in differentiated 

P19CL6 cells over-expressing constitutively active RhoA (RhoAV14) compared to wt 

or mock-transfected cells. In contrast, when RhoA is inhibited the differentiation 

process of induced P19CL6 cells is prevented, resulting in an accumulation of these 

cardiac specific markers by a mechanism similar to the one described above. 

 

Normally, P19CL6 cells differentiate into cardiomyocytes when induced with DMSO.  

Inhibition of RhoA prevented this differentiation. The results from this study suggest 

that the unknown factor(s) induced by DMSO is involved in a RhoA-dependent 

signalling pathway. Whether RhoA is down-stream of this unknown factor or up-

stream, activating the factor by binding to its protein, either directly or indirectly, 

remains unknown. It is also possible that RhoA activates transcription of this 

unknown factor. These are important questions that need to be investigated in order to 

understand the processes of cardiomyocyte differentiation at the molecular level.  
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5.1 Introduction 

The two previous chapters (Chapter Three and Four) describe experiments undertaken 

to investigate the role of RhoA in the process of early cardiogenesis. Studies using the 

chick embryo as a model indicated that RhoA has an important function in early heart 

development and early embryogenesis in general. Down-regulation of the activity of 

RhoA in an inducible in vitro mouse system prevented P19CL6 cells differentiating 

into cardiomyocytes, indicating an important role for RhoA in the process of early 

cardiogenesis at the cellular level.  

 

In addition to studying the functional effects of RhoA in early heart development, an 

interesting perspective is the regulation of RhoA expression during this process. 

Among other factors, the expression of a protein is determined by regulatory proteins 

(transcription factors, TFs) that control transcription through interactions with that 

gene’s promoter region. The promoter of a specific gene is usually located just 

upstream of, or overlapping, the transcription initiation site. Typically this region 

contains several sequence motif sites where TFs bind in a sequence-specific manner to 

activate or inactivate the promoter. The combination of these sequence motifs varies 

depending on the gene, so that a subset of genes can be expressed according to the 

tissue type or the developmental stage (Suzuki et al., 2001). Interestingly, when the 

studies presented in this thesis were undertaken there were no known reports of the 

genomic sequence of RhoA in higher eukaryotes, nor had the mechanisms of 

regulation of RhoA expression been investigated. 

 

If RhoA is a protein important in early heart development it is likely that its 

expression is regulated by cardiac specific transcription factors. As a mean to test this 

hypothesis, this chapter describes the isolation of genomic clones of RhoA and 

deduction of its gene structure. In addition, the identification and isolation of the 

promoter region of RhoA is described, as are functional studies undertaken in order to 

investigate the regulation of RhoA expression in the early heart. An overview of the 

steps taken in the isolation and characterisation of the genomic sequence of RhoA is 

illustrated in Figure 5-1. 
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Figure 5-1.  Isolation and characterisation of gRhoA: an overv
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5.2 Materials and Methods 

In order to investigate the genomic sequence of chick RhoA, genomic RhoA clones 

were isolated by screening a chick genomic λ-DNA phage library (2.2.16). The DNA 

from amplified positive tertiary phage was extracted (2.2.1.2) for sequencing 

(2.2.10.2) and analysis. Extracted chick genomic DNA (gDNA) (2.2.1.1.1) and RhoA 

λ-DNA, extracted from phage lysates, were then analysed by restriction enzyme 

digest and southern blotting (2.2.15), sequence analysis and genomic PCR (2.2.3.2.1). 

Forward and reverse primers were designed around exon/introns splice sites for use 

with PCR of gDNA (2.2.3.2.1) to deduce the genomic structure of chick RhoA. The 

subsequent amplified fragments were then sequenced to identify the exon/intron splice 

sites and compared to those of mouse and human. Primer walking using RhoA 

specific primers was used in an attempt to sequence genomic clones of RhoA 

upstream of the genomic region coding for the open reading frame (ORF), as 

described in section 2.2.10.2. The putative promoter region of mouse RhoA was 

identified by computer analyses using the Gene2Promoter, MatInspector and 

PromoterInspector computer tools (2.2.11.3). Mouse genomic DNA was extracted 

from P19CL6 cells (2.2.1.1.1) and two putative promoter regions were amplified by 

genomic PCR utilising the GC rich system (Promega) as described in section 

2.2.3.2.3. Two different lengths of the putative promoter regions were cloned into a 

luciferase reporter plasmid (2.2.8) and sequenced (2.2.10.1) to confirm correct 

amplification and insertion. Different constructs of the promoter were transfected into 

non-induced and induced P19CL6 cells grown in growth medium (GM) or 

differentiation medium (GM with 1% DMSO, DM), respectively, as described in 

section 2.2.18.5. The promoter activity of the different constructs was analysed by 

luminescence as described in section 2.2.19. 
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5.3 Results 

5.3.1 Phage screening of chick gRhoA clones 

As mentioned earlier, when these studies were instigated there were no known reports 

of the genomic sequence of RhoA in higher eukaryotes. Only the genomic sequence of 

the RhoA orthologue in Drosophila, Rho1, had been characterised by genomic library 

screening (Magie et al., 1999).  A restriction map of a genomic region of about 17 kb 

was generated and sequenced (Magie et al., 1999), however, no functional studies of 

the putative promoter region were performed.  

 

It was decided to first analyse the genomic sequence of chick RhoA in order to 

identify its promoter. These analyses were undertaken prior to publication of the chick 

genome database. Because the genomic sequence of chick RhoA was unknown, RhoA 

genomic clones were isolated by screening a chick phage λ- genomic DNA library. To 

generate a probe for λ-DNA library screening, PCR primers were designed from the 

known RhoA cDNA sequence. A forward primer specific to the sequence in the 

known 5′UTR region (ChickRhoA1F, see Table 5-1) and a reverse primer specific to 

sequence in the 5′ region of the ORF (ChickRhoA1R, see Table 5-1) of chick RhoA 

were selected. The positions of these oligonucleotides relative to the chick RhoAlong 

cDNA sequence are shown in Figure 5-2. It should be noted that these primers were 

designed before the full length RhoAlong cDNA had been determined (obtained by 

EST alignments, see Chapter 3, Figure 3-5). The forward primer was designed from a 

sequence isolated from a chick heart primordium cDNA library (RhoA4, see Chapter 

3); this sequence was subsequently shown to contain errors, resulting in three 

mismatches in the 5′ region of the primer.  The primers were used to PCR amplify a 

275 bp probe, which was then labelled with [32P]dATP and used to screen a pre-made 

chick genomic library (Clontech). This library (Catalogue number CL1012j) was 

constructed by partial digestion of chick genomic DNA with Sau3A1, followed by 

ligation into the BamH1 site of the EMBL3 phage arm vector. 
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Table 5-1. Primers used for genomic analyses of chick RhoA 

Name Forward primer (5′-3′) Reverse primer (5′-3′) 
ChickRhoA1F GGGGGGAGCAGGAAGCGG*  
ChickRhoA1R  TCTGGATAAGAAAGCGGTC 
Chick gRhoAIntron -1F ACTTGGCTGAATGTGCTTAC  

Chick gRhoAIntron-1R  GGTCTTTGCTAAACACAATCAG 

ChickRhoA2F GCCGGAATTCATGGCAGCCATTCGAAA**  

ChickRhoA2R  AATCGATAGTCCTGATAG 
 

ChickRhoA3R  CAGAAATGCTTCACTTCCG 
Chick gRhoAIntron1R  CTATCAGGACTATCGATTG 

ChickRhoA3F  GTGGAGTTGGCTTTGTGGGATAC  

Chick gRhoAIntron2R  TGCTTCATTTTGGCCAGCTC 

Chick RhoA4F CTTAGACCGCTTTCTTATCCAG  

Chick gRhoAIntron3F AGTGGACCCCGGAAGTGA  

Chick gRhoAIntron3R  TAAGAGAAGGCACCCGGAC 

*The four most 5′ nucleotides in this sequence (GGGG) were subsequently shown to be incorrect.  

** The 5′ region contains an EcoR1 RE site (underlined) 

 

For primary λ-DNA library screening, plaque lifts were performed in duplicate to 

eliminate false positives. Forty positives plaques were obtained from the primary 

screen from four large membranes (150 mm); these were collected and eluted in λ-

dilution buffer (phage lysate). Six positive plaques with RhoA inserts were chosen for 

secondary and tertiary screening to isolate individual clones. Figure 5-3 illustrates the 

results of the isolation of gRhoA clone # 1 by λ-DNA phage library screening. 
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hick RhoA long  GGGGGGCGGGGCCGGCTGAGGAGCGCAGCGCAGCGCCGCGCCGCGTCGCGCCGGGCCCGG 60    
 
C

 

Chick RhoA long  TGAGCGCGCACGCCCCCGCCCCGCCCGTTTCCGTTCGCCGCCGCTCGAGCTCGGGCCTGT 120   

                                                       Intron-1 

Chick RhoA long  GGAGCAGGAAGCGGCGGGAGTCGTAGCCAGTGGAGGCCGCAGCTATGGCAGCCATTCGAA 180 

                  ChickRhoA1F                                 ChickRhoA2F 

Chick RhoA long  AAAAGCTGGTCATAGTGGGCGACGGTGCCTGCGGGAAGACCTGTCTGCTGATTGTGTTTA 240   

                                                            Chick gRhoAIntron –1R 

Chick RhoA long  GCAAAGACCAGTTCCCTGAAGTCTACGTTCCCACCGTCTTTGAAAATTATGTAGCAGATA 300   

                                  Intron1 

Chick RhoA long  TTGAAGTGGATGGAAAGCAGGTGGAGTTGGCTTTGTGGGATACAGCAGGACAGGAAGACT 360   

                                         ChickRhoA3F 

Chick RhoA long  ACGATCGACTTAGACCGCTTTCTTATCCAGATACTGATGTTATACTTATGTGTTTTTCAA 420 

                                    ChickRhoA1R   

                             Chick RhoA4F 

                                  Intron2 

Chick RhoA long  TCGATAGTCCTGATAGTTTAGAAAACATCCCAGAGAAGTGGACCCCGGAAGTGAAGCATT480   

ChickgRhoAIntron1R ChickRhoA3R

                    Chick gRhoAIntron3F                   

                                                

Chick RhoA long  TCTGTCCCAACGTGCCTATCATCTTGGTAGGAAACAAGAAGGACCTGAGGAATGACGAGC 540   

                                              Intron3 

Chick RhoA long  ACACAAGACGAGAGCTGGCCAAAATGAAGCAGGAGCCTGTCAAACCTGAGGAAGGAAGAG 600   

                              Chick gRhoAIntron2R                     

Chick RhoA long  ATATGGCAAACCGCATCGGTGCATTTGGATATATGGAGTGTTCGGCAAAGACCAAAGACG 660   

 

Chick RhoA long  GTGTGAGGGAGGTTTTTGAAATGGCCACTAGAGCTGCTTTGCAAGCCCGGCGTGGCAAGA 720   

 

Chick RhoA long  AAAAGTCCGGGTGCCTTCTCTTATAAAGCGTGGCCAGAGGAAGATGGCCAAGCAGCACCC 780         

                      Chick gRhoAIntron3R                     

Chick RhoA long  TGCACTTGAGTAATTTTGAAGTGCTGTTTATTAATCTTAGTGTATGATTACTGGCCTTTT 840   

 

Chick RhoA long  TCATTATCTATAATTTACTTAAGAGATTAAAAATCGAGTCATCTTGCTACCAGTATTTAG 900   

                            ChickRhoA2R 

Chick RhoA long  AAGCCA-ACCATGATTTTTATAACAATCTGCATCAAATTCATCTGTGCACCCAAGGTTAA 959   

 

Chick RhoA long  CCTCGACATTCCTCTAACCAACCTTTTCTGCACTCACAGGATATGCCAGGCGCTAATTGA 1019  

 

Chick RhoA long  AGACAATTCTCTCTCTTCTTTCTTCTCTCTAGAAAGAGACAAAGCTGTCAACACAGAGGA 1079  

 

Chick RhoA long  TTGGTCTGTAACTACTTAATAACTAACGTCCTATTCTAATTGAGTACAACAGTTGATGGC 1139  

 

Chick RhoA long  TGTGTGTGGAACGAAGCGTGGCTTCAGTGCTATCACACTGTGGTCTGACTTTCATGGCTC 1199  

 

Chick RhoA long  GGTGGTGTGAGAGGTCAGTTTGAAAGATGTGATCACTCTGAAATGACCACGTTCCATTCA 1259  

 

Chick RhoA long  GCTAAGGAAAAGTGAGGGTTCTGTGGTTTCATGTTAGTTACCTTTTAGTTACTGTGTAAT 1319  

 

Chick RhoA long  TAGTGCCAGTTTAAATGTATGTTACCAAAAATAAATCTATTTACCCCAGCTTAGATGTAG 1379  

157 
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Chick RhoA long  TATTTTTTGTATAATTGGATTTCCTAATACTGTTACTTGTAACCTCTGCGTTAAGGTGTT 1439  

 

Chick RhoA long  CTGGGTTTTTTAAGAAACTGTATTTGAAAAATAAAGTCCAATGGAAAGCAGCTGCTCCTC 1499  

 

Chick RhoA long  TTCCCCGTTCATTTGTAAGAGTCTGACCCACCTGAATGATCCCAGTGCTCTGCACAGCCA 1559  

 

Chick RhoA long  GGAGGAGTTTTTTTCCATGACGTGCCGTAGGGATGAGAAAAGACAGCCTGCTCACACTCA 1619  

 

Chick RhoA long  AAGCTTCTGAACTGTTCAGTTGCCTTAAGCTCATTGCTGGACCCAGTTTCAAAACTAAAA 1679  

 

Chick RhoA long  GAAAAGAAAAAAGAAAAAAAAAAAAAAAAGGAAACTTTTTGTGTAAGTTTGGTTACCACG 1739  

 

Chick RhoA long  TAGTGATCAGACTCCTAACCTGTGAACTTCTTGCTGTTCTGCAGCCAACTAAACTTTCTG 1799  

 

Chick RhoA long  TATTTTCATTTTTCCAACAACTAATAGAATAAAGGCAGTTTTCTAAGCTCCCTGTAAAAA 1859  

 Poly A signal, RhoA                                          long

Chick RhoA long  AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1919  

 
Chick RhoA long  AAAAAAAAAAAAAAAA 1935 

Figure 5-2. cDNA sequence of chick RhoA 

The full cDNA sequence of chick RhoA was obtained by overlapping EST alignments using the ORF 

of chick RhoA as template. The position of the translation site (ATG) is highlighted in green, the stop 

codon (TAA) is in red. The putative polyadenylation signal for the longest RhoA transcript  (see 

Chapter Three) is in red and underlined. The different oligonucleotide sequences used for PCR are 

depicted in blue with their respective names below; the 5′-3′ direction of each primer is indicated by the 

direction of the arrow. The positions of introns, as determined by comparison of cDNA and gene 

sequences are included.  
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5.3.2 Elucidation of the genomic structure of chick RhoA 

5.3.2.1 Sequence analyses of λ-DNA gRhoA clones 

Plaque lysates obtained from tertiary λ-DNA library screening were amplified for λ-

DNA extraction. Sequencing of gRhoA λ-DNA clones, using RhoA specific primers, 

resulted in sequences partially aligning to the chick RhoA cDNA sequence (Figure 

5-2), confirming that the isolated λ-clones were those of gRhoA and indicating the 

presence of RhoA introns. Intron designation for RhoA has used the convention that 

the first intron in the ORF is Intron 1, and the first intron upstream of the translation 

start in the 5′ UTR is designated Intron –1. Sequence analyses of two different gRhoA 

clones (gRhoA clone #1 and #2, respectively) indicated that one intron (Intron 1) was 

located between nt postions 320 and 321 (A of the translation start ATG in the RhoA 

sequence in this figure is position 165) and another between nucleotides 440 and 441 

(Intron 2) (Figure 5.2).                       

 

Because gRhoA clone #1 was identified to contain a sequence upstream of putative 

Intron 1, this clone was chosen for further analyses. To confirm that this genomic 

clone (gRhoA clone #1) was a true clone, genomic DNA extracted from a 6 day 

embryonic chick, and λ-DNA gRhoA clone #1, were subjected to restriction enzyme 

(RE) digests and analysed by Southern hybridisation. The different restriction 

enzymes used, and the reasons for use, are outlined in Table 5-2.  

 

Chick genomic DNA (20 µg) and λ-DNA (gRhoA Clone #1) (3 µg) were subjected to 

RE digests with HaeIII or Pst1/ Sac1 and separated by gel electrophoresis. A 698bp 

probe specific to the entire ORF of chick RhoA (RhoA ORF probe) was amplified by 

PCR using Chick RhoA2F and ChickRhoA2R (see Table 5-1, Figure 5-2). As a 

positive control, 9 ng of this (unlabelled) was separated by gel elctrophoresis in 

parallel with DNA samples.  The gel separated gDNA fragments were then capillary 

transferred to membrane and hybridised with [32P]-labelled RhoA ORF probe (Figure 

5-4). 
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Table 5-2. Restriction enzymes and predicted fragment sizes following genomic DNA digestion.  

RE gRhoA introns 
contains RE site 

gRhoA exons contain 
RE site(s) 

Expected bands 

HaeIII + 
Cuts putative Intron 2, 480 bp after 
exon/intron junction 

+ 
Cuts probed region of 
chick RhoAlong 
 (Figure 5-2) at nt 
position 155 and 597. 

442 bp if gRhoA 
sequence contains no 
introns 
 
 

Pst1 + 
Cuts putative Intron 1 / exon site 4 bp 
upstream of exon  

- 

Sac1 + 
Cuts putative Intron 2 , 440 bp 
downstream of exon  

- 

564 bp band 
when digested with 
both enzymes if gRhoA 
contains intron 

 
RE, restriction enzyme; +, contains RE site; -, does not contain RE site; ?, not known whether  RE site 

is present 
 

Two bands corresponding to sizes of approximately 1400 bp and 850 bp were 

identified for both samples (embryonic chick gDNA and λ-DNA clone # 1) digested 

with HaeIII (Figure 5-4). (Note: due to low signal from digested and hybridised chick 

gDNA, some very faint bands of the expected size were able to be directly visualised 

after 9 days exposure at -80°, however these bands were inefficiently captured by 

image documentation software and are consequently poorly reproduced in the figure). 

From analysis of the RhoA cDNA sequence, it was predicted that a 442 bp amplicon 

would have been generated if the gRhoA sequence contained no introns, thus these 

results are consistent with the presence of the putative intron identified in the previous 

analyses. Southern hybridisation of embryonic chick DNA and λ-DNA gRhoA clone 

# 1 digested with Pst1 and Sac1, resulted in two bands of approximately 1000 bp and 

550 bp for both samples. Again, the lowest band (550 bp) corresponds to the predicted 

size if putative introns are present (see Table 5-2). The higher molecular weight band 

of 1000 bp is possibly a result of an intron upstream digested with either Pst1 and 

Sac1 (the intronic sequences are not known except for the fragments that were 

sequenced from gRhoA clone #1). Two higher molecular weight fragments 

(approximately 5000 bp and 1900 bp) were also identified for λ-DNA gRhoA clone 

#1, but not for the embryonic chick gDNA sample. These bands might represent non-

specific binding to the EMBL3 phage arm vector, although this has not been tested 

directly. 
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162 

 

 

 

Figure 5-4. Southern analysis of the gRhoA clone. 

gDNA extracted from 6 day embryonic chick and λ-DNA extracted from gRhoA clone #1 were 

subjected to restriction enzyme digestion. The digests were resolved by gel electrophoresis on a 0.4% 

agarose gel  alongside a high molecular weight DNA ladder and a positive probe control (Pos Ctr), 

transferred to a charged Genescreen Plus membrane and hybridised with a [α-32P]-labelled probe 

specific to the ORF coding region RhoA. The positions of DNA size markers are indicated on the left 

of the figure.  The mobility of the digested and hybridised genomic DNA bands is indicated by the 

arrows. Note: the gDNA samples extracted from embryonic chick needed longer exposure time than the 

λ-DNA samples extracted from gRhoA clone #1; thus the image is an assembly of two different films 

from the same Southern blot. 

 

300 bp 
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In conclusion, the results from southern hybridisation of RE-digested tissue gDNA 

and λ-DNA clone suggest that the genomic sequence of RhoA contains introns and 

that the isolated clone #1 is a true, representative clone for gRhoA.                                      

5.3.2.2 Deduction of the genomic structure of the chick RhoA gene 

Sequencing of λ-DNA library clones and Southern hybridisation of genomic chick 

DNA suggested that the RhoA gene contains introns. PCR of genomic DNA template 

was used to confirm this.  

 

5.3.2.2.1 Intron 2 

Oligonucleotides spanning the putative Intron 2 splice site (5′Chick RhoA3F and 

3′Chick RhoA3R, see Table 5-1, Figure 5-2) were used to amplify chick genomic 

DNA. The plasmid containing the chick RhoA4 cDNA sequence (see Chapter Three) 

was used as a positive PCR control, and a no-template control was also included. PCR 

amplification resulted in a product of approximately 1700 bp (Figure 5-5). A product 

consistent with the expected size of 164 bp was amplified from the positive cDNA 

control. The no-template control was negative. The 1700 bp-PCR product was TA-

cloned into pGEM T-easy and partly sequenced. The sequence obtained showed 100% 

sequence identity to that of gRhoA clone #1, thus supporting the finding that the 

RhoA sequence contains an intron in the region amplified.  Further characterisation of 

this intron (Intron 2) is described later in this chapter.   
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Figure 5-5. PCR amplification of chick genomic DNA sequence flanking putative Intron 2 

Genomic PCR was used to amplify an intron-spanning region in the coding sequence of gRhoA. gDNA 

extracted from 6 day embryonic chick was used as template, the primers used anneal to exonic 

sequence flanking the identified intron.  Chick cDNA was used as a positive control to amplify the 

same region without intron(s). A no-template control was also included. The products generated were 

resolved by electrophoresis on a 1% agarose gel and amplicon sizes compared to 1 Kb+ DNA 

standards. The mobilities of the PCR products are indicated by the respective arrows.  Lane 1, 1Kb+ 

ladder; Lane 2, amplicon from gDNA; Lane 3, Positive control: amplicon from cDNA; Lane 4,  no-

template (H2O) control. 
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5.3.2.2.2 Intron -1 

The 5′UTR region of chick RhoA λ-DNA from another gRhoA clone (gRhoA 

Clone#3), isolated by λ-DNA phage library screening, was sequenced upstream of the 

RhoA coding region using a sequencing primer corresponding to the 5′ of the gRhoA 

ORF (Chick gRhoA Intron -1 R, see Table 5-1 and Figure 5-2). The resulting 

sequence aligned to the ORF of the cDNA sequence of RhoAlong, but differed from nt 

position 162 (where the A of the translation codon is nt 165) in the 5′UTR coding 

region.  The only sequence information available about the 5′UTR at the time these 

studies were undertaken was from the RhoA4cDNA clone earlier isolated by screening 

a chick heart primordium cDNA library (see Chapter One and Three). It was uncertain 

whether this sequence was the true 5′UTR sequence, whether the new sequence from 

the gRhoA clone #2 was 5′UTR, or whether an intron was present. To investigate this, 

PCR analysis was again employed using a 5′ oligonucleotide corresponding to 

putative intronic sequence from gRhoA clone # 3 sequence (Chick gRhoAIntron-1 F, 

see Table 5-1) and a 3′ oligonucleotide specific to the ORF coding region of gRhoA 

(Chick gRhoA Intron-1 R, Table 5-1 and Figure 5-2) and either chick genomic DNA, 

gRhoA clone #2 λ-DNA or cDNA as template. It was predicted that if an intron were 

present at this site, a 398 bp amplicon would be generated from the PCR reaction 

using chick gDNA as template, but not in the PCR reaction with cDNA as template. 

As can be see in Figure 5-6, a product of approximately 400 bp was generated when 

genomic chick DNA or λ-DNA from gRhoA clone #2 was used as template. In 

contrast, no product was amplified when cDNA was used as template. These results 

support the conclusion that there is an intron at this site (Intron –1, nucleotide position 

162/163, see Figure 5-2). 
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CR amplification of the  3′region of RhoA Intron-1 

A and cDNA was utilised to verify whether the putative Intron-1 was a true intron, using a 

otide specific to sequence in the putative intron and a 3′ oligonucleotide specific to the 

gDNA extracted from 6 day embryonic chick, λ-DNA isolated from gRhoA clone# 2 and 

 used as template. The products generated were resolved by electrophoresis on a 1% 

and the amplicon size compared to 1 µg of 1 Kb+ standard. The mobility of the PCR 

dicated by the arrow.  Lane 1, cDNA template; Lane 2, gDNA template; Lane 3, gRhoA 

mplate; Lane 4, No-template (H2O) control. 
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In further experiments, a primer pair (Chick RhoA1F and Chick RhoA1R, Table 5-1 

and Figure 5-2) spanning Intron –1 was used in PCR, to confirm that the 5′UTR 

region earlier identified from RhoA4 cDNA (isolated by screening a chick heart 

primordium cDNA library, see Chapter three) was correct. The 5′primer is designed 

from the RhoA4 cDNA clone and the primer pair produces a 275 bp band when used 

in PCR with RhoA4 as template. As depicted in Figure 5-7, PCR amplification 

resulted in a product of the expected size when chick cDNA and RhoA4 were used as 

template. In, contrast no product was apparent when λ-DNA from gRhoA clone #2 

was used as template. A faint band of the same size as the cDNA amplicon was 

detected when genomic DNA extracted from embryonic chick was used as a template. 

Because this amplicon was not detected when λ-DNA from gRhoA clone #2 was used 

as template, this suggests that this amplicon was generated from a RhoA pseudogene 

(Pseudogenes are intronless genomic sequences that are not transcribed, similar or 

identical to the exon sequence of the “parent” gene mRNA from which it is derived, in 

this case the chick RhoA gene).  Because a product of the expected size was amplified 

from cDNA, this result indicates that the 5′UTR region earlier identified was correct. 

A greater amplicon (of unknown size) was expected for the gDNA samples, it is 

possible that this intron is too large to be amplified for the particular PCR conditions 

used.  
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Figure 5-7. PCR amplification of 5′UTR of chick RhoA 

PCR of gDNA and cDNA was utilised to verify whether the  5′UTR in chick RhoA4  (earlier isolated by 

cDNA library screening)  was the true sequence, using a 5′ oligonucleotide specific to the 5′UTR region 

from chick RhoA4 and a 3′ oligonucleotide specific to the  RhoA. gDNA extracted from 6 day 

embryonic chick, λ-DNA isolated from gRhoA clone# 2 and cDNA were used as template. Also 

included were a positive PCR control using the chick RhoA4 clone as template. The products generated 

were resolved by electrophoresis on a 1% agarose gel and the amplicon size compared to 1 Kb+ DNA 

standards. The mobility of the PCR product is indicated by the arrow.  Lane 1, cDNA template; Lane 2,  

gDNA template; Lane 3, λ-DNA isolated from gRhoA clone# 2 used as template; Lane 4, positive PCR 

control (RhoA4 cDNA template); Lane 5, No-template  (H2O) control. 
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In conclusion, Southern hybridisation, sequence analyses and PCR of genomic DNA 

and cDNA indicate that the chick RhoA gene contains at least two introns, with one of 

these situated just upstream of the translation start codon. 

5.3.2.2.3 Intron –1, 1,2 and 3 

To further deduce the organisation of the chick RhoA gene, use was made of the 

available genomic sequence of mouse and human RhoA to provide information on 

intron positions and sizes that may be pertinent to the chick RhoA gene.  

 

The mouse RhoA gene maps to the plus strand of chromosome 9. The coding region 

includes five introns, two of which are situated in the 5′UTR coding region. A 

schematic diagram of the coding region of murine gRhoA and relative positions of 

these introns is depicted in Figure 5-8. The genomic sequence of human RhoA is also 

known with the gene located on chromosome 3. The human RhoA gene contains four 

introns, the positions of these being the same as for the mouse gene, except that the 

most 5′ intron in the 5′UTR of mouse gRhoA is absent from the human RhoA gene 

(Figure 5-8). Because of the high conservation of the positions of the introns for 

mouse and human, and the fact that the protein coding sequence is highly conserved 

between chick, mouse and human, it was reasoned that introns would be similarly 

positioned in the chick gene. Indeed, the three chick RhoA introns (Intron –1, -3/-2 

upstream; Intron 1, 156 bp downstream; and Intron 2, 276 bp downstream of ATG, A 

being 1) identified to this point are situated at identical positions to the corresponding 

introns of the mouse and human RhoA genes (see Figure 5-8).  
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               8754 bp   12844 bp       3132 bp  4059 bp    1466 bp                                               Intron size              
                  Intron   Intron             Intron     Intron        Intron 

                       -2       -1                     1           2                  3 

 
                      

         -231       -73/ -74  -3/-2             156/157  276/277   408/409                                  
 
     5′UTR                  ATG                       ORF                                             TGA     3′UTR 
                                   1                                                                                582   
 

 
                                36313 bp         6984 bp  5800 bp     2113 bp                                              Intron size                   
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                                       -3/-2            156/157  276/277     408/409                                  
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Figure 5-8. Organisation of the mouse and human RhoA genes.  

The genome databases for mouse and human were used to gather information about the structure of the 

RhoA gene for these two species.  The introns are indicated by their respective name and size above 

line diagram, and positioned as indicated by the nucleotide numbers below. Position 1 refers to the A in 

the first in-frame ATG in the RhoA coding sequence. The open reading frame (ORF) is shown in blue, 

with the start codon depicted in green, the stop codon depicted in red, and the respective nucleotide 

position below. The 5′ and 3′ untranslated regions (UTR) are depicted in orange. 

 

Human
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Four primer pairs specific to the chick RhoAlong cDNA sequence, and spanning the 

same relative positions of introns identified in mouse and human RhoA, were used to 

investigate whether these introns were also present in the chick RhoA gene. The 

primer pairs used are listed in Table 5-3. The nucleotide sequences of these primers 

are listed in Table 5-1 and their respective positions in the chick RhoA cDNA 

sequence are shown Figure 5-2. A primer pair spanning the fifth intron identified in 

the upstream 5′UTR coding region of mouse gRhoA (Intron –2) could not be 

generated because of lack of sequence information on the 5′UTR of the chick gene. 

 

Four primer pairs were used with PCR off genomic chick DNA template in an attempt 

to amplify the different introns (Table 5-3). No-template controls were included for all 

the primer pairs to ensure that the PCR amplification was of gDNA only. Three out of 

the four introns identified in mouse and human genes could be amplified from 

genomic chick DNA. PCR off chick genomic DNA of the region spanning Intron 1 

resulted in a band of approximately 2900 bp. Amplification of regions spanning 

Introns 2 and 3 resulted in 1800 bp and 700 bp bands, respectively. The no-template 

controls were negative (Figure 5-9).  

 

Table 5-3.  Intron spanning chick RhoA primer pairs. 

Name of 5′ primer Name of 3′primer Spanning intron # Expected size if no 
intron is present 

Chick RhoA 1F Chick gRhoA 
Intron –1R 

-1 246 bp 

Chick RhoA 2F Chick gRhoA 
Intron 1 R 

1 282 bp 

Chick RhoA 3F Chick gRhoA 
Intron 2R 

2 251bp 

Chick gRhoA 
Intron 3 F 

Chick gRhoA 
Intron 3R 

3 287 bp 
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Figure 5-9. PCR amplification of chick RhoA introns  

Genomic PCR was employed to amplify RhoA intronic sequences using gDNA extra

embryonic chick as template and primers spanning the putative intron-containing region
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Different 5′ oligonucleotides specific to the 5′ region of 5′UTR were designed and 

used in genomic PCR in an attempt to amplify Intron-1. This was unsuccessful. A 

number of products were obtained, but sequencing of these revealed that they were 

PCR artefacts. As mentioned earlier, the inability to generate a correct PCR product 

might be because this intron is too long for amplification by normal PCR. As Figure 

5-8 shows, this intron is very large in both mouse and human (around 13 000bp and 

36 000 bp, respectively). 

 

The PCR products of Introns 1, 2 and 3 were TA-cloned and sequenced to identify the 

intron/exon boundaries. Sequence analyses confirmed that the sequences amplified 

corresponded to sequences in the gRhoA sequence and that the splice sites were at the 

same relative positions as for mouse and human RhoA. An overview of intron sizes 

and exon/intron boundaries identified in chick gRhoA is shown in Table 5-4. 

 

Table 5-4. Intron/Exon boundaries identified for the chick RhoA gene. 

Exon Exon Size 
(bp)a

5′Exon/Intron 
junction b

3′Intron/Exon  
junction c

Intron Deduced
intron 
size in 
(bp)d

-1 ? e ? f gtttcagCTATGGC g -1 ? 
1 158 AAGCAGgtatgta gctgcagGTGGAGT 1 2618 
2 120 GTTTAGgtaagta ttaacagAAAACAT 2 1548 
3 132 AAGCAGgcaggtt gttgcagGAGCCTG 3 413 
4 1083  

(including 

3′UTR ) 

TTATAA +  
3′UTR h

   

a In accordance with the cDNA sequence of chick RhoAlong. b,cExon nt are depicted in capital letters, 

intron nt are depicted in small letters,   dApproximate size based on PCR product electrophoresis 

mobility on an agarose gel compared to markers (flanking exon nucleotides subtracted from the 

deduced PCR product size). e,f The complete sequence of  the 5′UTR of chick RhoA is not known. 
gSTART codon is underlined. hSTOP codon is underlined 

 

All the introns identified display splice site sequences consistent with the GT/AG rule 

(Shapiro and Senapathy, 1987), except for Intron 3, in which the 5′ splice donor is GC 

instead of GT. This alternative 5′ splice donor site 3 is identical to that found for 

Intron 3 of human RhoA, whereas the mouse RhoA Intron 3 5′splice donor site is GT.  
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A schematic comparison of the gene organisation of RhoA for chick, mouse and 

human is depicted in Figure 5-10. 

  

In summary, comparison of the chick, mouse and human RhoA genes shows a high 

degree of conservation of gene organisation. It is unknown at this stage whether the 

second intron in the 5′UTR (Intron –2) seen in the mouse RhoA gene is also present in 

the chick gene.  

 

Initially, it had been decided to study the RhoA promoter in chick in order to 

investigate the regulation of RhoA expression in the early heart. However, deduction 

of the genomic structure of RhoA (from the experiments described above) revealed 

that chick RhoA contains at least one long intron in the 5′UTR coding region. Due to 

the lack of information on sequence 5′ of the 5′UTR in chick RhoA, sequence 

analyses by primer walking of genomic RhoA clones would have had to be 

undertaken, and the existence of a potentially very long intron (and possibly another 

intron) could not have made this strategy feasible. For this reason it was decided to 

instead investigate the promoter of mouse RhoA, for which the complete genomic 

sequence is available. 
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Mouse
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Figure 5-10. Comparative organisation of the  chick, mouse and human RhoA genes. 

Introns are indicated by their respective name and size above line diagram, and positioned as indicated 

by the nucleotide numbers below. Position 1 refers to the A in the first in-frame ATG in the RhoA 

coding sequence. The open reading frame (ORF) is shown in blue, with the start codon depicted in 

green and the stop codon depicted in red, and the respective nucleotide position below. The 5′ and 3′ 

untranslated regions (UTR) are depicted in orange. 

Human
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5.3.3 Identification and characterisation of the putative 
promoter of mouse RhoA  

In order to identify the putative mouse RhoA promoter, the mRhoA cDNA sequence 

was blasted against genomic promoter databases using the Gene2promoter program 

(Genomatix Software, http://www.genomatix.de). Using this program, a 600 bp 

region, just upstream of Intron –2 was identified as a putative promoter region 

(PromoterPredicted). The putative promoter region of human RhoA was identified by 

the same means. As can be seen in Figure 5-11, alignment of these putative promoter 

regions of indicated in both species a high degree of conservation, implying that this 

region has an important function. A different program that analyses promoter regions, 

PromoterInspector, was used to confirm the identified regions as promoters. Using 

this program, the most 3′ 230 bp of the PromoterPredicted region, for both mouse and 

human RhoA, was identified as the putative promoter region (PromoterShort). The 5′ 

and 3′ regions flanking the PromoterPredicted region for both the mouse and human 

genes were extracted from the genome databases and aligned to each other. An 800 bp 

region (PromoterLong) flanking (and including) the PromoterPredicted region showed 

a high degree of conservation, suggesting that these 5′ and 3′ flanking regions contain 

important elements for activity of the RhoA promoter. The sequences of 

PromoterLong, and the PromoterPredicted and the PromoterShort sequences are 

shown in Figure 5-12 and Figure 5-13, and are considered in more detail in the 

sections that follow. 
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MouseRhoA   ----------------GTGGCGGGCAAAGCTTGCAGAAACTGCCCGGCCCAAGGCTCCGC 44   

HumanRhoA   -----------------------GCAGAGCCTGCAAGGCCTGCCCAGACCAGGACTCCGC 37   

 

MouseRhoA   CATGACTGGCCAGCGCCCCACCGGGAGTACTGTCACCGTAGTTCTTACTGCGCAAGCGTA 104  

HumanRhoA   CATGACTGGCCCTCGCCCCACCCGGGGTACTGTCACCGTAGTCCCCACCACGCACGCGTG 97   

 

MouseRhoA   TGGTCTTCCGGGGTTAGGCCTGTCAGTGCGCACGCGTAATACAAGGCAAGG-AAGATCTA 163  

HumanRhoA   TGGTCTTCCGGGACCAGGCCCGTTAGTGCGCACGCGTAAACCCAGCCAGGGTGGGGCCTA 157  

h 

MouseRhoA   CTTCGCTTGCGCGAAGTGTTGGCAGTTTGGGGAGGGGTTTTTAAAACCGCGCAGGCGCAC 223  

HumanRhoA   CTTCGCGTGCGTGAAGAGTTGGCAGTTCGGGGAGGAGTATT-AAAACCGCGCACGCGCAC 216  

 

MouseRhoA   CCAGCCCCACCCTGCTTGCTTAAAGGATGAGTGATTCGGTGAGGATAAAATAGCAACTCG 283  

HumanRhoA   CTAACCCCACCCTGCTTGCTTAAGGGATGAGTGACTCCGGGAGTACAAAATAGCAACCAG 276  

 

MouseRhoA   CTCTTTTATAGCCCCGGTGTTCCCGTCATGCTCCACGCGTCTGCCATGATTGGTTAAGCG 343  

HumanRhoA   GTCTTTTATAGCCCCGGAGTTCCCGTGATGCCCCACGCGGCTGCAATGATTGGTTAAGGG 336  

 

MouseRhoA   TCTAGCTCTCAGGGCGTGGATGCGTTCTTGAGCAATCGTGGCTGAACTGAGAGTGTGCGC 403  

HumanRhoA   TTTTGCTTTTAGGGCGTGGACGGGCTCCTGAGCAATAGTGGATGAGCTGTGAGTGCGCGC 396  

 

MouseRhoA   GCGTGCGCGGGGCCGCGACTGGCGCCAGCTCGAGCCCGCAGGGCGCTCGGGGCCGCGCAC 463  

HumanRhoA   GCGTGCGCGGGGCCGCGACCTGTGCCGGCTCGAGCCCGCTGGGCACTCGGAGGCGCGCAC 456  

 

MouseRhoA   GTCGCTCCCCGCCCTCCCGCCACCGCCCGCCCTCGTTCGCTCGCGCTCCCCGCCCGCCGC 523  

HumanRhoA   GTCGTTCCCCGCCCTCCCGCCGCCGCCCGCCCTCGCTCTCTCGCGCTACCCTCCCGCCGC 516  

 

MouseRhoA   CCGCGGTCCTCCGTCGGTTCTCTCCATAGCCCGCCGTCTCCCACGGAGCTGCCCGTCCTT 583  

HumanRhoA   CCGCGGTCCTCCGTCGGTTCTCTCGTTAGTCCACGGTCTGGTCTTCAGCTACCCGCCTTC 576  

 

MouseRhoA   GGCTCGGAGCTCGCGGAC---------------------------- 601  

HumanRhoA   GTCTCCGAGTTTGCGACTCGCGGAC--------------------- 601 

 

Figure 5-11. Alignment of the putative promoter regions of mouse and human RhoA. 

The putative promoter regions (PromoterPredicted) were identified using the Gene2promoter program. 

The identified sequences were aligned using Bioedit to highlight the degree of conservation. Identical 

nucleotides are indicated by shaded boxes.  
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Mouse RhoA promoter  TTCGTAGGGAGCCTCACCTGGACGGTGATACAACCCGGTCACTGTGTTCCCGTAGAACCC 120   
5'UTR ESTs           ------------------------------------------------------------ 1     
 
Mouse RhoA promoter  CCAGGCCAGCTGGATGCCCAGGAGACTTAACACCAACCACAGCAGGAGCAGCTTGAAGAG 180   
5'UTR ESTs           ------------------------------------------------------------ 1     

   
Mouse RhoA promoter  AGTCACTCGCATGTCTTGTGTCTCCCACTCCCGCAGAAAGTCGCTGCCCAGGGTGCCCAG 240   
5'UTR ESTs           ------------------------------------------------------------ 1     
                                              
                        PromoterLong F                                                   
Mouse RhoA promoter  CGCTCCGAGCACCGTGGCGGGCAAAGCTTGCAGAAACTGCCCGGCCCAAGGCTCCGCCAT 300   
5'UTR ESTs           ------------------------------------------------------------ 1  
    
                                   PromoterPredicted F   
Mouse RhoA promoter  GACTGGCCAGCGCCCCACCGGGAGTACTGTCACCGTAGTTCTTACTGCGCAAGCGTATGG 360   
5'UTR ESTs           ------------------------------------------------------------ 1     
 
Mouse RhoA promoter  TCTTCCGGGGTTAGGCCTGTCAGTGCGCACGCGTAATACAAGGCAAGGAAGATCTACTTC 420   
5'UTR ESTs           ------------------------------------------------------------ 1     
                                                         
Mouse RhoA promoter  GCTTGCGCGAAGTGTTGGCAGTTTGGGGAGGGGTTTTTAAAACCGCGCAGGCGCACCCAG 480   
5'UTR ESTs           ------------------------------------------------------------ 1     
                            
Mouse RhoA promoter  CCCCACCCTGCTTGCTTAAAGGATGAGTGATTCGGTGAGGATAAAATAGCAACTCGCTCT 540   
5'UTR ESTs           ---------------------------------GGTGAGGATAAAATAGCAACTCGCTCT 27    
                                                      ***************************         

Transcription start mouse EST databases                                                   
Mouse RhoA promoter  TTTATAGCCCCGGTGTTCCCGTCATGCTCCACGC-GTCTGCCATGATTGGTTAAGCGTCT 599   
5'UTR ESTs           TTTATAGCCCCGGTGTTCCCGTCATGCTCCACGCAGTCTGCCATGATTGGTTAAGCGTCT 87    
                     ********************************** *************************    
                                                                     
Mouse RhoA promoter  AGCTCTCAGGGCGTGGATGCGTTCTTGAGCAATCGTGGCTGAACTGAGAGTGTGCGCGCG 659   
5'UTR ESTs           AGCTCTCAGGGCGTGGATGCGTTCTTGAGCAATCGTGGCTGAACTGAGAGTGTGCGCGCG 147   
        ************************************************************ 
                              5’extension primer ESTs             
                                  
                                                    PromoterShort F    
                
Mouse RhoA promoter  TGCGCGGGGCCGCGACTGGCGCCAGCTCGAGCCCGCAGGGCGCTCGGGGCCGCGCACGTC 719   
5'UTR ESTs           TGCGCGGGGCCGCGACTGGCGCCAGCTCGAGCCCGCAGGGCGCTCGGGGCCGCGCACGTC 207   
        ************************************************************ 
                     
Mouse RhoA promoter  GCTCCCCGCCCTCCCGCCACCGCCCGCCCTCGTTCGCTCGCGCTCCCCGCCCGCCGCCCG 779   
5'UTR ESTs           GCTCCCCGCCCTCCCGCCACCGCCCGCCCTCGTTCGCTCGCGCTCCCCGCCCGCCGCCCG 267   
                     ************************************************************ 
                             
                                                                          

Transcription start, genomic databases    
 

Mouse RhoA promoter  CGGTCCTCCGTCGGTTCTCTCCATAGCCCGCCGTCTCCCACGGAGCTGCCCGTCCTTGGC 839   
5'UTR ESTs           CGGTCCTCCGTCGGTTCTCTCCATAGCCCGCCGTCTCCCACGGAGCTGCCCGTCCTTGGC 327   
                     ************************************************************  
                                                                             
Mouse RhoA promoter  TCGGAGCTCGCGGACTCGCGGACAAGCGTCCTCAGCGCGAAGAGGCCGGACTCGGAGTCC 899   
5'UTR ESTs           TCGGAGCTCGCGGACTCGCGGACAAGCGTCCTCAGCGCGAAGAGGCCGGACTCGGAGTCC 387   
        ************************************************************  
                                            
                                               PromoterPredicted/PromoterShort R 
                              Intron -2 
                                                                           gtcagcaggagcatttccctccagccgcctcggctccgggcccggctggtcggctgatc 
Mouse RhoA promoter  TCGCCTTGAG                            PromoterLong R 
5'UTR ESTs           TCGCCTTGAGCCTTGCATCTGAGAAGTTCCAGGTACTTTGTACAACTGCATCCCAGAACC 447   
                     **********   
                                  5’extension primer, genomic database         
 
                                       Intron –1  

                                                
5'UTR ESTs           TGTGTGTTTTCAGCACCTTTATAAGTGATGGCTGCCATCAGGAAGAAACTGGTGATTGTT 507   
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Figure 5-12. Putative promoter regions of mouse  RhoA aligned with upper region of RhoA cDNA 

(including 5′UTR). 

The putative promoter region of mouseRhoA was identified by computer analysis. The 

PromoterPredicted sequence encompasses nucleotides 254 to 890, the PromoterShort sequence 

encompasses nucleotides  687 to 890, of the mouse RhoA promoter sequence shown. The 5′UTR region 

of mouse RhoA was obtained by overlapping EST alignments, in which small fragments of the mRhoA 

cDNA sequence were used as templates for Blastn searches against the EST databases.  The sequence 

overlapping the putative promoter region and the 5′UTR is indicated by astericks.  Intron positions are 

indicted by a bracket and respective intron name above. The consensus sequences for the initiator 

element of transcription are boxed in teal. The putative transcription start sites identified from analysis 

of mouse EST and genomic databases are boxed in red, with their respective names below. 

Oligonucleotide sequences used for primer extension analyses and PCR are highlighted in yellow with 

their respective names below; the 5′-3′ direction of each primer is indicated by the direction of the 

arrow. The position of the translation start ATG is highlighted in green. 
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5.3.3.1 Identification of the RhoA transcription start site 

According to the genomic sequence of RhoA from the mouse genome database, the 

transcription start site for RhoA (designated Transcription start, genomic databases, 

Figure 5-12) is located 127 bp downstream of the putative PromoterShort sequence.  

However, alignment of the 5′UTR region of the cDNA sequence of mouse RhoA with 

the gRhoA sequence, suggests that the transcription start site (designated 

Transcription start, mouse EST databases, Figure 5-12) is approximately 230 bp 

upstream of this. The 5′UTR sequence of mouse RhoA was obtained by blasting small 

fragments of the upper region of the mouse RhoA cDNA sequence against the mouse 

EST databases. The resulting consensus sequence was then aligned with the genomic 

sequence of mouse RhoA, as depicted in Figure 5-12.  The existence of 5′UTR RhoA 

cDNAs (ESTs) suggests that the putative transcription start site of RhoA is upstream 

of that predicted from the genomic sequence of mouse RhoA.  

 

As an experimental approach to identify the transcription start site of RhoA, primer 

extension analyses of the 5′ region of RhoA mRNA were performed. Total RNA was 

extracted from cultured P19CL6 cells (see Chapter Four) and subjected to reverse 

transcription using two different mouse RhoA primers labelled with [32γ]ATP. The 

primers used (5′ extension primer, genome database: CCTGGAACTTCTCAGATGC, 

and 5′extension primer, ESTs: TGCTCAACGCATCCACGCC, see Figure 5-12) are 

situated approximately 180 bp and 120 bp downstream, respectively, of the two 

putative transcription start sites according to the genomic and EST databases. As 

negative controls, labelled primers were separated by gel electrophoresis alongside the 

respective RT product. The only bands that were detected using this approach were of 

the same size as the negative controls, suggesting that the primers failed to produce an 

RT product. As can be seen in Figure 5-12, the two regions to be reversed transcribed 

both have a high GC content. Regions rich in pyrimidines often form hairpin loops, 

thus making the conditions for both primer annealing and reverse transcription 

difficult. Different enzymes for RT at higher temperatures were tried but were 

unsuccessful. These experiments were not pursued.  
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Several initiator consensus sequences (Y-Y-A+1-N-(T/A)-Y-Y, where Y is a 

pyrimidine, N is A or C or G or T (Butler and Kadonaga, 2001; Butler and Kadonaga, 

2002)) were identified in the putative promoter region. The INR element encompasses 

the transcription start, often with either a TATA box (consensus sequence TATAAA) 

at bp position -31 to -26 upstream of the INR site and/or a downstream promoter 

element (DPE) (consensus sequence A/G-G-A/T-C/T-G/A/C) (Kadonaga, 2002) at bp 

position +28 to +32 downstream of the initiator site. In addition, a GC box (consensus 

sequence NRGGGGCGGGGNK, R= A or G; K= G or T) and/or a CAAT box 

(VVVRRCCAATSA, V= A,C, or G; S = C or G)  is often present  upstream of the 

transcription start site (Suzuki et al., 2001). None of these consensus sequences were 

identified in the putative promoter region of mouse RhoA. However, mammalian 

promoters lacking all of these signals have been reported (Suzuki et al., 2001). 

 

In conclusion, the transcription start site for RhoA could not be experimentally 

determined. Because the putative promoter region of RhoA does not contain any of 

the typical consensus sequences around any of the consensus INR sites identified, a 

putative transcription start site cannot be suggested.  

5.3.3.2 Identification of transcription factor binding sites in the putative promoter of 

RhoA  

The three putative promoter regions (RhoA PromoterShort, PromoterPredicted and 

PromoterLong) were scanned for transcription factor binding sites using MatInspector 

(Genomatix). This program predicts binding consensus sequences of transcription 

factors and scores the different sites according to Core and Matrix similarity.  The 

core sequence (usually four) of a matrix is defined as the highest conserved positions 

of the matrix; the similarity of the core sequence is calculated as core similarity 

(www.genomatix.de). If the core sequence of a matrix matches the consensus of a 

transcription factor binding site (TFS) exactly, the core similarity is set to 1.0.  In 

contrast, calculation of matrix similarity includes all the nucleotides over the whole 

matrix length. If each sequence position over the whole matrix corresponds to the 

highest conserved nucleotide of a consensus sequence of a TFS, the matrix similarity 

achieves a score of 1.00. A score above 0.8 is considered a good match. Putative TFSs 
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identified on the plus strand (cis-acting elements, 5′-3′ upstream of the mRNA coding 

region), with a core similarity of 1 and matrix similarity above 0.8 are listed in Table 

5-5. Twenty-three putative transcription factor binding elements were identified for 

PromoterLong sequence (including PromoterPredicted and PromoterShort), 19 for 

PromoterPredicted (including PromoterShort) and 6 for PromoterShort.  The positions 

of these different elements are depicted in Figure 5-13. The number of elements just 

upstream and overlapping some of the mRNA coding region of mouse RhoA, 

indicates that this is the region that regulates the expression of RhoA.  To analyse 

whether the different lengths of the putative promoter region of mouse RhoA had 

promoter activity, luciferase reporter assays were performed.                                                   
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Table 5-5. Consensus transcription factor binding elements identified in the putative mouse RhoA 

promoter  

Name  Abbreviation 
 

Sequence
b Promoter 

Long
c

Promoter 
Predicted

c
Promoter 
Short

c

Se-Cys tRNA gene transcription 
activating factor 

STAF gctgCCCAggg
tgcccag 
 

X   

PAX4 paired domain binding site PAX4 cgaGCACcgtg
tgcgggcaa 

X   

Hepatic nuclear factor 4 HN4 GgcgggCAAAg
cttgca 

X X  

Flightless I,  ETS family member FLI FLI cccaCCGGgag
tactgt 

X X  

TG-interacting factor, belonging to 
TALE class of home domain factors 

TG1F tGTCAgt X X  

SF1 steroidogenic factor 1 SF1 aataCAAGgca
ag 

X X  

E2F  cttgCGCGAAG
TGTT 

X X  

MYC-associated zinc finger protein 
related transcription factor, MAZ-
Related Factor 

MAZR tggggaGGGGt
tt 

X X  

Muscle TATA box MTATA gttttTAAAac
cgcgca 

X X  

Ras-responsive element binding protein 
1 

RREB1 aCCCAgcccca
ccct 

X X  

BTB/POZ-bZIP transcription factor  BACH1 aaggaTGAGtg
attcggtgag  

X X  

GATA-binding factor 1 GATA1 tgagGATAaaa
ta 

X X  

CDX-2 mammalian caudal related 
intestinal transcription factor 

CDX2 tcgctctTTTA
tagccccg   

X X  

MYC-MAX biding sites MYC-
MAX 

gctcCACGcgt
ctgc 

X X  

CCAAT/enhancer binding protein beta CEBPB gttcttgaGCA
Atcgtggc 

X X  

Aryl hydrocarbon receptor/Arnt 
heterodimers 

AHR- 
ARNT 

gagtgtgcgcg
CGTGcgcgggc 

X X X 

Zinc finger/POZ domain trancription 
factor 

ZF5 gtgtGCGCgcg 
gtgcGCGCgtg 
gcgtGCGCggg 
 

X X X 

Activator protein 4 AP4 ggcgcCAGCtc
gagccc 

X X X 

Hypoxia induced factor 1 (HIF-1) H1F1  
ccgcgcACGTc
gc 

X X X 

Activator protein 2 AP2 cgCCCGccgcc
cg 

X X X 

Nuclear factor 1 NF1 cctTGGCtcgg
agctcgcg 

X X X 

E2F E2F tcagCGCGaag
aggc 

X X X 

Epstein-Barr virus transcription factor 
R 

EBVR gagtcctcgcc
ttgaGGTGAG 
 

X   

aAdapted from MatInspector output; b nucleotides labelled in red indicate that the matrix exhibits high 

conservation at this particular position, nucleotides in capital letters denote the core sequence; cX : 

consensus sequences  identified in  respective promoter region  
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Mouse RhoA promoter  GGACACAGGAGAACCCAATGGTACAGTATGGTGGTGGTAGGGACAGCCGGGCCAAGGAGG 60    
 
Mouse RhoA promoter  TTCGTAGGGAGCCTCACCTGGACGGTGATACAACCCGGTCACTGTGTTCCCGTAGAACCC 120   
 
Mouse RhoA promoter  CCAGGCCAGCTGGATGCCCAGGAGACTTAACACCAACCACAGCAGGAGCAGCTTGAAGAG 180   

  PromoterLong start 
 
   gctgCCCAgggtgcccag 

Mouse RhoA promoter  AGTCACTCGCATGTCTTGTGTCTCCCACTCCCGCAGAAAGTCGCTGCCCAGGGTGCCCAG 240   
                                                                     STAF 
 
                          cgaGCACcgtgtgcgggcaa (1)         
                     cgctc          ggcgggCAAAgcttgca (2) 
Mouse RhoA promoter  CGCTCCGAGCACCGTGGCGGGCAAAGCTTGCAGAAACTGCCCGGCCCAAGGCTCCGCCAT 300   
           STAF (continued)       
                               PAX4 (1)    
                               HNF4 (2) 
 
            PromoterPredicted start   
 
                                  cccaCCGGgagtactgt 
Mouse RhoA promoter  GACTGGCCAGCGCCCCACCGGGAGTACTGTCACCGTAGTTCTTACTGCGCAAGCGTATGG 360   
                                         FLI     
                       
 
                                      tGTCAgt          aataCAAGgcaag 
Mouse RhoA promoter  TCTTCCGGGGTTAGGCCTGTCAGTGCGCACGCGTAATACAAGGCAAGGAAGATCTACTTC 420   
                                       TGIF                 SF1 
 
 
                                                     gttttTAAAaccgcgca 
                      cttgCGCGAAGTGTT       tggggaGGGGttt                  aCCCAg   
Mouse RhoA promoter  GCTTGCGCGAAGTGTTGGCAGTTTGGGGAGGGGTTTTTAAAACCGCGCAGGCGCACCCAG 480   
                           E2F                  MAZR       MTATA               RREB1 
 
 
                                                        tgagGATAaaata 
                     ccccaccct         aaggaTGAGtgattcggtgag              tcgctct 
Mouse RhoA promoter  CCCCACCCTGCTTGCTTAAAGGATGAGTGATTCGGTGAGGATAAAATAGCAACTCGCTCT 54
                                               BACH1         GATA1             CDX2 

0   

                                          
 
                     TTTAtagccccg             gctcCACGc gtctgc 
Mouse RhoA promoter  TTTATAGCCCCGGTGTTCCCGTCATGCTCCACGCGTCTGCCATGATTGGTTAAGCGTCT 599   
                                                   MYCMAX 
 
                                                                    gagtgtgcgcgCG (1) 
                                                                      gtgtGCGCgcg (2) 
                                                                        gtgcGCGCg (3) 
                                         gttcttgaGCAAtcgtggc                  gcg 
Mouse RhoA promoter  AGCTCTCAGGGCGTGGATGCGTTCTTGAGCAATCGTGGCTGAACTGAGAGTGTGCGCGCG 659                   
                CEBPB                AHRARNT (1)     
                                                                         ZF5F(2)                        
                                 PromoterShort start                      ZF5F(3) 
 
                     TGcgcggggc (1) 
                     tg (3) 
                     tGCGCggg (4)     ggcgcCAGCtcgagccc               ccgcgcACGTc 
Mouse RhoA promoter  TGCGCGGGGCCGCGACTGGCGCCAGCTCGAGCCCGCAGGGCGCTCGGGGCCGCGCACGTC 719   
   
             AHRARNT (1) (continued)         AP4                            H1F1 
             ZF5F(3) (continued) 
             ZF5F(4) (continued) 
                           
                     gc                                             cgCCCGccgcccg 
Mouse RhoA promoter  GCTCCCCGCCCTCCCGCCACCGCCCGCCCTCGTTCGCTCGCGCTCCCCGCCCGCCGCCCG 779   

AP2 
 

 
                   
Mouse RhoA promoter  CGGTCCTCCGTCGGTTCTCTCCATAGCCCGCCGTCTCCCACGGAGCTGCCCGT

                                                       cctTGGC 
CCTTGGC 839   

 
 
                                                                           NF1 
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                     tcggagctcgcg                   tcagCGCGaagaggc        gagtcc 
Mouse RhoA promoter  TCGGAGCTCGCGGACTCGCGGACAAGCGTCCTCAGCGCGAAGAGGCCGGACTCGGAGTCC 899   
               NF1(continued)                           E2F                 EBVR 
 
                                      PromoterPredicted/PromoterShort end 
 
                     tcgccttgaGGTGAG                                                                  
Mouse RhoA promoter  TCGCCTTGAGgtcagcaggagcatttccctccagccgcctcggctccgggccg 
                EBVR (continued)                         
                                                          PromoterLong end                            
                

                                              Intron -2, 8754 bp                                                                  

 

Figure 5-13. Putative mouse RhoA promoter and transcription factor binding sites 

The putative promoter region of mouseRhoA was predicted from computer analyses.  Putative cis-

acting transcription element binding sites (5′-3′ upstream of mRNA coding region, identified by 

MatInspector with a core similarity of 1 and matrix similarity above 0.8) are labelled and underlined. 

The nucleotides labelled in red above the consensus sequence indicate that the matrix exhibits high 

conservation at this particular position; the nucleotides in capital letters denote the core sequence.  
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5.3.3.3 Functional analyses of the putative promoter regions of RhoA  

To functionally analyse the promoter region of mouse RhoA, the PromoterLong, 

PromoterPredicted and PromoterShort fragments were amplified by PCR off mouse 

genomic DNA to test these fragments for promoter activity by luciferase reporter 

assays. Measurement of the expression of luciferase is a rapid method for monitoring 

promoter activity. The protein expressed from the luciferase gene of the firefly 

Photinus pyralis catalyses a luminescent reaction of luciferin with ATP and oxygen 

and can easily be detected in cell extracts using a luminometer (Nguyen et al., 1988; 

Brasier et al., 1989).  The Dual-Luciferase® Reporter Assay System (Promega) was 

utilized for this purpose, and is based on simultaneous expression and measurement of 

two different forms of luciferase, firefly (Photinus pyralis) and Renilla (sea pansy, 

Renilla reniformis), in the same sample. The pGL3 basic vector (see Figure 5-14) does 

not contain enhancer or promoter elements, thus expression of firefly luciferase is 

dependent upon an insert with promoter activity.  In contrast, the pRL-TK Vector 

(Promega) contains an HSV TK (Herpes simplex virus thymidine kinase) promoter 

that allows moderate expression of Renilla luciferase in mammalian cells.  Thus, in 

cells co-transfected with pGL3 containing test insert and pRL-TK, the expression of 

firefly luciferase is a measurement of the promoter activity of test insert, while 

expression of Renilla is a measurement of the transfection efficiency. 

 

To PCR-amplify the different lengths of the putative promoter region, genomic DNA 

was extracted from cultured P19CL6 cells (see Chapter 4). The oligonucleotide 

sequences used are listed in Table 5-6, with these primer annealing sites shown in 

Figure 5-12. Amplification of the PromoterLong region by PCR was attempted using 

different polymerases, temperatures and MgCl2 concentrations but only resulted in 

non-specific PCR products. As can be seen in Figure 5-12, the region to be amplified 

is GC-rich, which is common for promoter regions in general. For this reason the GC 

rich system (Promega) was utilized. This resulted in a product of approximately 800 

bp, which corresponds to the expected amplification size of PromoterLong (Figure 

5-15). 
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igure 5-14. pGL3-Basic Vector used for luciferase assays 

 insertion of DNA fragments to test for 

 

 

 

F

The restriction enzyme cleavage sites in the MCS allow for

promoter activity. The plasmid does not contain any eukaryotic promoter or enhancer sequences, thus 

the expression of the cDNA firefly luciferase (luc+) reporter gene is controlled by the putative promoter 

insert only. Transcription of the Luciferase reporter insert is terminated by RNA polymerase II at the 

SV 40 late polyadenylation signal.  The f1 origin (ori) of replication, derived from filamentous phage, 

permits efficient replication of the plasmid in the bacteria. The gene for ampicillin resistance, Ampr 

allows for selection of bacteria colonies carrying the plasmid. Arrows indicate the direction of 

transcription  (Adapted from the pGL3 Luciferase Reporter System Technical Manual, Promega). 

 

MCS 
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Table 5-6. Primers used for amplification of the putative promoter region of mouse RhoA. 

 5′ (5′-3′) 3′ (5′-3′) Size 
(bp) 

Promoter 
Long 

gacgcgtcgac
AGAGTCACTCGCATGTCTTGTG* 

cccgaggatcc
CGATCAGCCCGACCAGCCGGG** 
 

792 

Promoter 
Predicted 

cccgcggatcc 
GTGGCGGGCAAAGCTTGCAG** 

cccgcggatcc   
GTCCGGCCTCTTCGCGCT** 
 

637 

Promoter 
Short 

Cccgcggatcc  
AGCAATCGTGGCTGAACTGAG** 

cccgcggatcc
GTCCGGCCTCTTCGCGCT** 

264 

*Sal I site (underlined and italic) incorporated 

**BamH1 site (underlined and italic) incorporated 

 

The PCR product of PromoterLong was TA-cloned into pGEM and sequenced to 

confirm correct amplification. The plasmid was amplified and digested with 

appropriate RE enzymes for ligation into the luciferase vector (pGL3 basic). 

Unfortunately, for reasons unknown the PromoterLong insert could not be cloned into 

this particular vector, even though different cloning strategies were attempted, and 

was not pursued further. 

 

The two shorter fragments of the putative mouse RhoA promoter region 

(PromoterPredicted and PromoterShort) were successfully amplified by PCR using 

PromoterLong in pGEM as template. Utilizing the GC-rich system, two products of 

approximately 650 and 300 bp were generated, which correspond to the expected 

amplicon sizes of PromoterPredicted and PromoterShort, respectively (Figure 5-16).  

 

The PCR products were TA-cloned into pGEM, amplified and digested with BamHI 

for cloning into the BglII site of pGL3 basic. Using this strategy, both 

PromoterPredicted and PromoterShort were successfully cloned into the pGL3-Basic 

vector for use with Luciferase assays. Sequencing confirmed correct sequence and 

direction (5′-3′) of both inserts. 
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Figure 5-15. PCR putative promoter region of mouse RhoA  (PromoterLong)  

gDNA extracted from P19CL6 cells was used as template to PCR-amplify PromoterLong. A no-

template control was included to ensure product was amplified from gDNA. The product generated was 

resolved by electrophoresis on a 1% agarose gel and the amplicon size compared to 1 Kb+ DNA 

standards. The mobility of the PCR product is indicated by the arrow.   
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re 5-16. PCR amplification of PromoterPredicted and PromoterShort.        

oterLong in pGEM was used as template to PCR-amplify PromoterPredicted and PromoterShort. 

products generated were resolved by electrophoresis on a 1% agarose gel and the amplicon size 

ared to 1 Kb+ DNA standards. The mobility of the PCR products is indicated by the arrows.  Lane 

romPred amplified from PromoterLong in pGEM; Lane 2, PromoterShort amplified from 

oterLong in pGEM. 
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To test whether either of the putative promoter regions of RhoA (PromoterPredicted 

or PromS) exhibited promoter activity, the different pGL3- Basic constructs were 

transiently co-transfected with pRL-TK into P19CL6 cells. As mentioned earlier, the 

studies described in Chapter 3 and 4 strongly suggest that RhoA is important for early 

heart development. If the putative RhoA promoter constructs exhibit higher promoter 

activity in differentiated P19CL6 cells (differentiated to cardiomyocyte phenotype, see 

Chapter Four) compared to non-differentiated P19CL6 cells, this would support the 

finding that RhoA is important in the process of early cardiogenesis. To test this, 3 x 

104 P19CL6 cells/well were plated out in 48 wells in 0.25 mL GM (growth medium) 

or DM (growth medium with 1% DMSO, for induction of cardiomyocytes). The cells 

were then grown for 11 days, with medium change every second day. At this point, 

induced P19CL6 cells showed typical cardiomyocyte morphology (see Chapter 4), 

while the non-induced P19CL6 cells showed no signs of differentiation. Both non-

induced and induced P19CL6 cells, grown for 11 days, were then transfected (in 

triplicate) with pGL3 plasmid with test insert (PromoterPredicted or PromS) and pRL-

TK and harvested after 48 h. Negative controls included empty pGL3 plasmid, to 

control for the plasmid itself not having any promoter activity.  To measure 

background levels, cells were treated with transfection reagent (Lipofectamine 2000) 

in the absence of DNA. The cells were lysed and measured for luciferase activity. 

Figure 5-17 illustrates the luciferase activity of PromoterPredicted and PromoterShort 

in non-induced P19CL6 cells compared to induced P19CL6 cells.   

 

The PromoterShort insert showed more than 300-fold higher normalised luciferase 

activity than the pGL3 basic plasmid alone and about the same promoter activity as a 

positive control included in the system used (Dual Luciferase Assay system, Promega; 

results not shown), indicating that this sequence of the genomic region of RhoA has 

strong promoter activity. However, the PromoterPredicted fragment had more than 

three times more promoter activity compared with PromoterShort in both non-induced 

and induced P19CL6 cells (see Figure 5-17).  
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Figure 5-17. Promoter activity of PromoterPredicted (PromoterPred) and PromoterShort in non-

differentiated and differentiated P19CL6 cells. 

Constructs containing different lengths of the putative promoter region of mouseRhoA  

(PromoterPredicted and PromoterShort) cloned upstream of the firefly luciferase cDNA were generated 

by subcloning the inserts BglII digested inserts with into the BamHI site of pGL3-Basic vector.  The 

two different constructs in pGL3-Basic (expresses firefly luciferase if inserts have promoter activity) 

were then co-transfected with the pRL-TK co-reporter vector (expresses Renilla luciferase) into non-

differentiated and differentiated P19CL6 cells 11 days after induction. The firefly luciferase activity of 

each sample (expressed as relative light units) was normalised to the Renilla luciferase activity and 

expressed as this ratio (fold luciferase activity). The data represents the mean ±SEM of six individual 

transfections for each construct. 
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These results suggest that the PromoterShort fragment contains elements that are 

important for the expression of RhoA and potentially encompasses the core promoter, 

and that elements upstream of this region within the PromoterPredicted region, 

significantly (p<0.05, Students T-Test) increase the promoter activity, suggesting that 

this latter region encompasses the proximal promoter of RhoA. 

 

The promoter activity for PromoterShort was higher (p<0.05, Students T-Test) in 

differentiated P19CL6 cells, compared to non-induced P19CL6 cells, whereas the 

promoter activity for the PromoterPredicted fragment was not increased in 

differentiated P19CL6 cells compared to non-differentiated cells. As can be seen in 

Figure 5-17, the promoter activity of PromoterPredicted was in general higher in 

differentiated P19CL6 cells compared to non-differentiated, however the values 

obtained from individual luciferase assays varied markedly between transfections and 

subsequently did not yield statistically significant differences between these 

treatments. The reason for this variation is not known. In contrast, the luciferase 

values obtained for the PromoterShort fragment were consistent between 

transfections, thus resulting in a statistically significant difference between the groups. 

Because the PromoterPredicted fragment contains the PromoterShort fragment it 

would be expected that the difference in promoter activity between non-differentiated 

and differentiated cardiomyocytes would be similar to that seen for PromoterShort. 

This is discussed in further detail in section 5.4.2        

 

Initially, the PromoterPredicted region inserted in the reverse direction (3′-5′) in the 

pGL3 vector was included as a negative control to test that the potential promoter 

activity of the RhoA promoter was dependent on orientation. Luminometer 

measurements of cells transfected with pGL3-Basic vector with PromoterPredicted 

inserted in this way exhibited luciferace activity similar to that of PromoterShort 

(results not shown). However, identification of consensus TFS by MatInspector 

revealed that the PromoterPredicted region contained many TFS on the minus strand. 

Investigation of the genomic sequence of mouse RhoA revealed an mRNA coding 

region (identified as a RIKEN cDNA but having no encoded protein specified) in 3′-5′ 

direction just upstream of the PromoterPredicted region. This implies that this region 
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is a bi-directional promoter, controlling the expression of another gene in the opposite 

direction to the RhoA gene. This would explain the observed promoter activity of the 

PromoterPredicted region, cloned in 3′-5′ direction into the pGL3-Basic plasmid, and 

would preclude assessment of whether the promoter activity of PromoterPredicted is 

orientation dependent.  

 

5.4 Discussion  

5.4.1 Organisation of the chick RhoA gene 

The results presented in this chapter are of studies undertaken to characterise the 

RhoA gene sequence and organisation and to identify the RhoA promoter.  To isolate 

the RhoA gene, a chick genomic λ-DNA library was screened using a probe specific 

to the 5′ region of chick RhoA cDNA. Six positive phages were obtained by tertiary 

library screening, and sequencing of these clones confirmed they encompassed the 

RhoA gene. In addition, two putative introns in the genomic sequence of chick RhoA 

were identified. To confirm that the gRhoA clones were representative clones and the 

putative introns identified were true, λ-DNA from one of the positive gRhoA clones 

(#1), as well as extracted genomic DNA from 6 day embryonic chick were subjected 

to restriction enzyme digests and the resulting fragments were detected by Southern 

hybridisation using a chick RhoA cDNA probe.  These results indicate that the gRhoA 

sequence has introns and that genomic RhoA clone #1 is a true representative clone.  

PCR amplification of genomic chick RhoA using primers spanning the putative 

introns confirmed the existence of introns.  

 

Comparison of the identified intron positions in chick RhoA with the mouse and 

human RhoA gene sequences indicated that these intron sites were positioned in the 

same relative positions in these three species. An intron upstream of Intron –1 in the 

5′UTR is also present in the mouse, but not human RhoA gene. Whether an intron is 

similarly located in the chick RhoA gene is not known. The intron identified in the 

5′UTR of mouse and human (Intron – 1) could not be PCR amplified in chick, 

possibly because it is too large. However, Intron –1 in chick was identified by 
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sequencing one of the λ-gRhoA clones.  Junctions of chick RhoA revealed 

compatibility.  

 

After these studies had been completed, the sequence of the chick genome was 

released. The chick RhoA gene maps to the minus strand of chromosome 12. 

According to the chick genomic databases, the sizes of the three RhoA ORF introns 

are 2576, 1556 and 438 respectively, which is consistent with the deduced sizes 

amplified in this study. In addition, the nucleotide sequence of these flanking  

intron/exon regions are the same as identified in this study. There is still no database 

information on the 5′UTR region of chick RhoA.  

 

Overall, these results indicate that the RhoA gene has been highly conserved 

throughout evolution, implying that the RhoA protein has an important conserved role 

that is strictly regulated.                  

5.4.2 Characterisation and functional analyses of the mouse 
RhoA promoter 

In order to initiate investigation on the regulation of expression of RhoA during early 

stages of heart tissue differentiation, the promoter region of mouse RhoA was 

identified and analysed by computer analyses. Three different length fragments 

(Promoter Long, PromoterPredicted and PromoterShort, both the latter being shorter 

fragments of PromoterLong) were identified as putative promoter regions. Alignment 

of the corresponding mouse and human putative promoter sequences showed a high 

degree of conservation, implying that this region has functional significance.  

 

As mentioned earlier, only the PromoterPredicted and the PromoterShort RhoA 

fragments could be cloned into a luciferase plasmid to test for promoter activity. The 

two putative promoter fragments, cloned into a plasmid expressing luciferase, were 

transfected into non-differentiated and differentiating P19CL6 cells with two 

important aims. One was to investigate whether the inserts exhibited promoter activity 

in a cell line known to express RhoA (the transcription factors important for RhoA 

expression are thus represented). The other aim was to investigate whether the 
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putative RhoA promoter activity would change in differentiating cardiomyocytes. The 

results from the luciferase assays implied that both fragments had promoter activity. 

The PromoterShort fragment had 300 times more activity than the Luciferase plasmid 

alone, the PromoterPredicted fragment had 3 times more activity than the 

PromoterShort fragment. To verify that these fragments are indeed the RhoA 

promoter, the promoter fragments could be cloned upstream of the RhoA ORF in a 

promoter-less expression plasmid and transfected into cells. Western blotting or real-

time PCR could be used to test for changes in RhoA expression.  

 

The promoter activity for the PromoterShort fragment increased in differentiating 

P19CL6 cells compared to non-differentiated P19CL6 cells, however this increase 

was not apparent for the PromoterPredicted fragment. As mentioned earlier, this might 

be due to experimental variations in luciferase activity of the PromoterPredicted 

region. Because the PromoterPredicted fragment includes the PromoterShort 

fragment, a similar difference in promoter activity between these two constructs 

would be expected. Stronger promoter activity implies higher expression of a protein, 

which again reflects an important role for this particular protein. Thus, the increased 

activity of the RhoA PromoterShort fragment in differentiating cardiomyocytes 

compared to non-differentiated cells might suggest that RhoA has an important role in 

differentiating cardiomyocytes. However, additional luciferase assays of the 

PromoterPredicted region in non-differentiated and differentiated P19CL6 cells will 

be necessary to draw any conclusions from this experiment.  

 

When these analyses were conducted, the P19CL6 cells to be transfected with 

promoter constructs (non-induced and induced) had been grown under the same 

confluent conditions except for the addition of 1% DMSO to the growth medium of 

induced cells. As mentioned in Chapter Four, it is possible that the levels of important 

cardiac markers increase under these growth conditions, even without the addition of 

DMSO. If some of these cardiac markers are transcription factors that bind and 

activate the PromoterPredicted region (upstream of PromoterShort) an increase in 

promoter activity would be expected. Thus, to investigate whether the RhoA promoter 

activity is increased in differentiating cardiomyocytes compared to non-differentiated 
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cells, non-induced P19CL6 cells could be transfected with promoter constructs before 

reaching confluency and assayed for luciferase activity. 

 

The transcription factor binding sites identified in these two different length regions of 

the putative RhoA promoter are listed in Table 5-7. A brief description of some of the 

functions that have been reported for the different transcription factors is included 

below.                                 

 

The region around the transcription start site (TSS) is called the “core promoter” and 

is considered to be of primary importance for promoter activity(Butler and Kadonaga, 

2002). This region has also been defined as the minimal DNA segment for accurate 

initiation and direction of transcription (Butler and Kadonaga, 2002). Unfortunately, 

the RhoA TSS could not be experimentally determined. However, two core promoter 

elements, ZF5 (found in 50.75 % of human core promoters) and E2F (found in 74.25 

% of human core promoters) (Bajic et al., 2004), are represented in the PromoterShort 

fragment. As can be seen in Figure 5-12, this region is GC-rich, which is common for 

core promoters (Suzuki et al., 2001). This suggests that the PromoterShort fragment 

contains or is the core promoter of RhoA. This is also supported by the results 

obtained from the luciferase assays, which indicate that PromoterShort has less 

promoter activity than PromoterPredicted. The increased promoter activity for 

PromoterPredicted indicates that elements upstream of PromoterShort are necessary to 

enhance the promoter activity, suggesting that this region is the proximal promoter of 

RhoA. 



Chapter 5                                                                              Genomic Analyses of RhoA 

198 

Table 5-7. Cis-acting consensus transcription factor binding sites (TFS) identified in the mouse 
RhoA promoter  

Name  Promoter 
Predictedb

Promoter 
Shortc

Some functions  

PAX4 (PAX4 
paired domain 
binding site) 

  Pancreatic cell differentiation and development 
(Kalousova et al., 1999) 

HN4 (Hepatic 
nuclear factor 4) 

X  Liver specific gene regulation (Ulvila et al., 2004) 

FLI  (ETS family 
member FLI) 

X  Normal head and heart 
development, erythroid differentiation (Remy et 
al., 1996) (Szeto et al., 2002) 

TG1F  (TG-
interacting factor 
belonging to TALE 
class of 
homeodomain 
factors) 
 

X  Co activator of embryonic development (Lee et 
al., 2004) 

SF1 (steroidigenic 
factor 1) 
 

X  Sex determination (Kamata et al., 2004) 

E2F   X  Involved in cell cycle regulation, interacts with Rb 
p107 protein factor in a proliferation dependent 
signal transduction pathway.  (Faisst and Meyer, 
1992). Cardiac myocyte growth (Vara et al., 
2003) 

MAZR  (MYC-
associated zinc 
finger protein 
related 
transcription 
factor) 

X  Possibly involved in c-myc regulation, co activator 
with Bach2 (Kobayashi et al., 2000) 

RREB1 (Ras-
responsive element 
binding protein 1) 

X  Stimulates transcription of down stream target 
genes involved in the Ras-Raf pathway  
(Thiagalingam et al., 1996; Zhang et al., 1999) 

BACH1 
(BTB/POZ-bZIP 
transcription factor, 
forms heterodimers  
with the small Maf 
protein family 

X  Neuronal development, adipocyte differentiation, 
co expressed with MAZR  (Kobayashi et al., 2000; 
Hoshino and Igarashi, 2002)  

GATA1 (GATA-
binding factor 1) 

X  Angiogenesis (Soncin et al., 1999) Late factor in 
differentiation (Faisst and Meyer, 1992) 

CDX2 (CDX-2 
mammalian caudal 
related intestinal 
transcription 
factor) 

X  Genes involved in posterior tissue generation, 
axial patterning during gastrulation 
(Chawengsaksophak et al., 2004) 

MYC-MAX  
(MYC-MAX 
biding sites) 

X  Functions both in transcriptional regulation and 
DNA replication, may have a role in regulating the 
balance between cell growth and differentiation 
(Faisst and Meyer, 1992).  

CEBPB  
(CCAAT/enhancer 
binding protein 
beta) 

X  Enhancer core motif (Faisst and Meyer, 1992) 
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AHR- 
ARNT  (Aryl 
hydrocarbon 
receptor/AhR 
Nuclear 
Translocator 
heterodimers) 

X X Binds to Xenobiotic response element (Faisst and 
Meyer, 1992). Co-expressed in the developing 
chick heart, potential role in cardiac 
development and growth  (Walker et al., 1997; 
Heid et al., 2001) 

ZF5 (Zinc 
finger/POZ domain 
trancription factor) 
 
 
 
 

X X Possibly involved in neuronal and neuroblastoma 
differentiation (Dimitroulakos et al., 1999). Core 
promoter element (Bajic et al., 2004).  

AP4  (Activator 
protein 4) 

X X Consists of multiple protein-protein interfaces to 
promote homodimer formation (Faisst and Meyer, 
1992).  Possibly involved in the regulation of  β- 
Myosin Heavy Chain gene in rat 
cardiomyocytes (Flink et al., 1992) 

H1F1 (Hypoxia 
induced factor 1 
(HIF-1)) 

X X Essential for cardiac normal development  
(Compernolle et al., 2003); (Ladoux and Frelin, 
1997)  

AP2 (Activator 
protein 2) 
 
 
 
 
 
 

X X Developmentally regulated (Faisst and Meyer, 
1992). Cardiac neural crest cells expressing 
AP2 important for cardiac looping in zebrafish  
(Li et al., 2003) 

NF1 (Nuclear 
factor 1) 

X X Tissue specific gene expression (reviewed in 
(Ulvila et al., 2004). Important regulator in RAS 
signal transduction pathway and for normal 
embryogenesis and normal heart development 
(Brannan et al., 1994; Huynh et al., 1994) 

E2F X X Involved in cell cycle regulation, interacts with Rb 
p107 protein factor in a proliferation dependent 
signal transduction pathway. Binding Inhibited by 
DNA methylation (Faisst and Meyer, 
1992).Cardiac myocyte growth (Vara et al., 
2003). Core promoter element (Bajic et al., 2004) 

a TFSs are listed from 5′-3′, e.g the first TFS on the list furthest away from the translation start site, 

ATG;  bX: consensus sequences  identified in  respective promoter region. Transcription factors 

involved in early heart development and embryogenesis are indicated in bold, red. 

 

RhoA is a protein known to have a variety of different functions, depending on tissue 

type and/or developmental stage (refer to Chapter One), thus such diverse consensus 

sequences for the binding of transcription factors was not unexpected. Interestingly, 

many of the transcription factors binding to these potential sites to activate RhoA 

expression have been reported to be involved in either early heart development and/or 

early embryogenesis (Flink et al., 1992; Brannan et al., 1994; Huynh et al., 1994; 
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Remy et al., 1996; Ladoux and Frelin, 1997; Walker et al., 1997; Heid et al., 2001; 

Compernolle et al., 2003; Li et al., 2003; Vara et al., 2003; Lee et al., 2004). As can be 

seen in Table 5-7, most of these transcription factor sites are represented in the 

PromoterShort fragment. The expression of luciferase from this promoter fragment 

was increased in differentiating cardiomyocytes compared to non-differentiated cells. 

This suggests that some of these transcription factors are expressed in differentiating 

P19CL6 cells, bind to the RhoA promoter and increase protein expression. These 

results support the findings described in Chapter Three and Four, which implicate 

RhoA as an important factor in early heart development and normal embryogenesis. 

 

While these studies were undertaken Sauzeau and co-workers (2003) cloned the 

promoter region of human RhoA in order to investigate the PKG (cGMP-dependent 

protein kinase) regulation of RhoA in arterial smooth muscle cells. In the adult vessel 

wall, vascular smooth muscle cells are continuously subjected to release of nitric 

oxide (NO) from endothelial cells, regulating arterial tone and smooth muscle cell 

expression through the NO/cGMP/PKG signaling pathway. This pathway positively 

controls RhoA expression in vascular smooth muscle cells (Sauzeau et al., 2003). A 

913-bp fragment and a 118 bp fragment just upstream of the ATG codon were PCR 

amplified from a BAC clone and cloned into a Luciferase plasmid. The transcription 

factor sites reported included CRE (c-AMP response element), SF1 (stereogenic 

factor-1), MEF2 (myocyte enhancer factor-2) and SRE (serum response element). The 

results from luciferase assays indicated that PKG stimulation of PKG-expressing cells 

increased the promoter activity of the putative RhoA promoter. The 118 bp fragment 

(including a pCRE and a SRE consensus TFBs) exhibited the same promoter activity 

as the longer fragment. Mutational knockout of the pCRE inhibited the expression of 

luciferase activity. However, none of the promoter elements reported by Sauzeau and 

co-workers were identified as cis-acting elements by MatInspector, except for SF1. In 

addition a MEF2 transcription factor binding site was identified on the minus strand. 

To compare the human gRhoA fragments with the mouse gRhoA fragments 

investigated in this chapter, the primer binding sites for the oligonucleotides, used to 

PCR amplify the human gRhoA fragments, were identified from the human gRhoA 

sequence. The forward primers represent sequence upstream of the 5′UTR of RhoA, 
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the reverse primer (common for both fragments) sequence just downstream of Intron –

1 (see Figure 5-10). Amplification of genomic DNA using one of these primer pairs 

would result in a fragment greater that 36 000 bp and include intron 1. It is possible 

that the BAC clone used for amplification of the human RhoA promoter contained a 

RhoA pseudogene rather than the “real” intron-containing genomic sequence of 

RhoA. The pseudogene sequence of RhoA would be identical to the gRhoA sequence 

5′ of Intron –1, still representing the promoter fragment of RhoA. The activity of the 

two RhoA promoter fragments reported in the system described above is different 

from what is reported in this chapter, and indicates that the activity of the RhoA 

promoter is highly dependent on tissue type and developmental stage. 

 

More studies will need to be undertaken in order to investigate how RhoA is regulated 

at the molecular level in the early heart. To identify what transcription factors bind to 

the RhoA promoter and activate transcription, mutations can be introduced and then 

testing undertaken for luciferase activity. Electrophoretic mobility gel shift assays 

(EMSA) could be used as another approach to identify putative early heart 

transcription factors that bind to the RhoA promoter sequence.  

 

In conclusion, these studies demonstrate that the organisation of the RhoA gene has 

been highly conserved throughout evolution. Chick RhoA has three introns in the 

protein region and at least one intron in 5′UTR. The mouse RhoA promoter was 

identified and isolated for functional analyses. The 200 bp sequence just upstream of 

Intron -1 in mouse RhoA contains both core promoter elements and many consensus 

binding sites for transcription factors implicated in early heart development and or 

embryogenesis. The core promoter elements and the high GC content suggest that this 

is the core promoter, where orientation and initiation of transcription takes place. This 

region has significantly higher promoter activity in differentiated cardiomyoctes 

compared to non-differentiated. These results suggest that transcription factors 

involved in early cardiogenesis bind to this region, implying an important role for 

RhoA in early heart development. The 600 bp sequence region just upstream of Intron 

-1 (and including the shorter region) has 3 times more promoter activity than the 

shorter region, implying that transcription factors binding to this region are important 
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for increased expression of RhoA. Further investigation to determine what factors 

regulate the expression of RhoA will be necessary, however the findings from this 

chapter together with the results in the two earlier chapters are consistent  in strongly 

suggesting that RhoA is involved in and necessary for early heart development.                                         
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6.1 Introduction 

The studies presented in this thesis have focused on the role of RhoA in early heart 

development. RhoA GTPase is known to act as a molecular switch to control a signal 

transduction pathway that links membrane receptors to the cytoskeleton. Through its 

interaction with multiple target proteins it also allows co-ordinated control of other 

cellular activities such as cell adhesion and gene transcription (refer to Chapter One). 

Recent studies have established RhoA as an important factor in the regulation of 

transcription factors, in particular those important for muscle differentiation (Takano 

et al., 1998). A role for RhoA in early embryonic heart development, the topic of this 

project, is yet another potential function of this factor. The results from this thesis 

demonstrate that RhoA plays an essential role in major morphogenetic events related 

to early heart development, establishing RhoA as a novel signalling molecule in early 

vertebrate cardiogenesis. 

6.1.1 RhoA is Highly Up-regulated in the Process of Early 
Heart Development 

Previous work carried out in the laboratory, involving differential display, 

developmental dot blots and in situ hybridisation, using the chick embryo as a 

developmental system, indicated that RhoA mRNA was highly expressed during the 

early stages of cardiogenesis (Murrell et al., 1998; Murrell and Crane, 1999). To 

confirm that this also applied for the RhoA protein, the expression pattern of RhoA 

was analysed by whole mount immunocytochemistry in early stage chick embryos. 

The pattern obtained paralleled the RhoA mRNA expression pattern, confirming 

RhoA expression in the region of the heart primordium. In addition, a pattern of 

increased expression of RhoA was also observed in the head forming region, the 

primitive streak and somites in later stages. These results suggest an important role for 

RhoA not only in early cardiogenesis but also in regions involved in organogenesis.  

 

To our knowledge, there are no earlier reports of expression analyses of RhoA during 

early embryogenesis. However, Wei and co-workers (2001) have investigated the 

function of Rho kinases, which are direct downstream effectors of RhoA, in early 
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embryogenesis. In their study, the mRNA levels of two Rho kinase isoforms 

(p160ROCK, ROKα) were investigated by in situ hybridisation in both whole mount 

chick and mouse embryos.  In situ analysis carried out on chick embryos indicated 

that both isoforms are expressed at a low level throughout the embryo at HH stage 6 

(refer to appendix 1 for HH stages). During later stages, increased expression of both 

p160ROCK and ROKα was detected in the head fold at HH stage 7 and the 

developing neural system at HH stage 8. Importantly, the in situ analyses revealed up-

regulated expression of p160ROCK mRNA in the lateral plate mesoderm (heart 

forming region), the notochord and Hensen’s node at HH stage 8. During early- to 

mid-gastrulation, heart-forming cells ingress along a broad region of the primitive 

streak just posterior to Hensen’s node. In mouse embryos, pROCK160 was highly 

expressed in the cardiac crescent at E7.5, at later stages this expression pattern became 

restricted to the linear and looping heart. In contrast, ROKα was ubiquitously 

expressed in early stages of mouse embryogenesis and became enriched in the head at 

later stages (E 9.0) (Wei et al., 2001). This differential expression pattern indicates 

separate roles for the two RhoA kinases in the early stages of vertebrate 

embryogenesis and implies p160ROCK as a factor involved in the process of early 

heart development in both chick and mouse. Because Rho kinases are direct 

downstream effectors of RhoA a similar expression pattern would be expected for 

RhoA. Thus, the study of Wei and collaborators (2001) supports the findings from 

Chapter Three, in which an up-regulated expression of RhoA (of both mRNA and 

protein) was observed in the heart primordium, the head forming region, and the 

primitive streak of early chick embryos. In addition, the differential expression 

patterns of the two Rho kinases suggest that RhoA plays a number of roles in 

embryogenesis, depending on developmental stage and tissue environment. This is 

consistent with many other studies, in which developmental and tissue-specific roles 

for RhoA have been inferred (Fritz et al., 1994; Thorburn et al., 1997; Sebok et al., 

1999). 

 

The studies presented in this thesis also confirm the expression of at least three RhoA 

transcripts in chick; termed RhoA1, RhoA 2 and RhoAlong. These transcripts share an 

identical ORF but contain different lengths 3′UTRs. Northern hybridisation of chick 
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mRNA revealed two transcripts that correspond to the sizes of RhoA2 and RhoAlong 

respectively. These same two transcripts were earlier identified in a study by Malosio 

and coworkers (1997). It is possible that the shortest transcript (RhoA1) is expressed at 

a very low level and as such not detected by Northern hybridisation. As a different 

approach, RT-PCR of chick embryonic cDNA was utilised to amplify the different 

length RhoA transcripts. This led to the identification of four potential transcripts of 

RhoA. As mentioned earlier, multiple transcripts of RhoA have been identified in 

Drosophila and human (Moscow et al., 1994; Magie et al., 1999). Alignment of chick, 

mouse and human RhoA cDNA sequences shows that the three putative 

polyadenylation signals identified for human RhoA are identical to three of the 

putative chick polyadenylation signals (Moscow et al., 1994). The fourth putative 

polyadenylation signal identified in chick (RhoA3) is not present in the human and 

mouse RhoA sequences, and as discussed earlier may well not represent a true signal.  

 

The RT-PCR experiments described in Chapter Three indicated that the second 

shortest RhoA transcript (RhoA2) is the predominant transcript expressed in 

developing heart tissue of the chick, but not in other chick embryonic tissues, 

suggesting a possible developmental role for this 3′UTR in heart that is yet to be 

elucidated. 3′UTR elements have been implicated in control of gene expression in 

other systems. For example, alternative polyadenylation of the GAPDH gene and Tlk 

(Tousled-like kinase) gene have been associated with testis differentiation in chick 

and mouse, respectively (Mezquita et al., 1998; Shalom and Don, 1999). Furthermore, 

Fraidenraich and co-workers (1998) have demonstrated that regulatory elements for 

Fgf4 expression patterns in developing mouse embryos are located within the 3′UTR 

of the gene. In addition, in embryonic development many mRNAs encoding essential 

morphogenetic proteins are selectively targeted to different subcellular domains, 

thereby specifying differential protein localisation (St Johnston, 1995; Toutenhoofd 

and Strehler, 2000; Kortvely and Gulya, 2004). Ainger and co-workers (1997) have 

reported that a small element in the 3′UTR of myelin basic protein mRNA, designated 

the RNA transport signal, is necessary for cytoplasmic RNA transport in 

oligodendrocytes. Importantly, both the 5′ and 3′UTR of mRNA sequences have been 

hypothesised to be important for transcript trafficking, localisation and translational 
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regulation for the calmodulin (CaM) multigene family (Toutenhoofd and Strehler, 

2000; Kortvely and Gulya, 2004). CaM is a small Ca2+ binding protein involved in 

many diverse cellular events. Mammalian CaM is a single protein encoded by a family 

of three genes (CaM I-III) that specify in at least eight different transcripts. Two of 

these genes (CaM 1 and III) code for four and three transcripts, respectively, varying 

in the length of the 3′UTR (reviewed in Toutenhoofd and Strehler, 2000; Kortevely 

and Gulya, 2003). As with RhoA, the UTR of these different length 3′UTR transcripts 

(specified from the same gene) has high sequence conservation across species, 

implying a conserved function for the untranslated region (Toutenhoofd and Strehler, 

2000). CaM has been suggested to interact with its target proteins in a temporally and 

spatially controlled manner, thereby exhibiting its distinct and diverse functions. In 

addition, it has been postulated that CaM is controlled by coordinated regulation 

including transcriptional, post-transcriptional, and post-translational control to ensure 

correct localisation, maintenance and size of intracellular CaM pools (Toutenhoofd 

and Strehler, 2000). One of these regulatory mechanisms has been suggested to 

involve differential expression of the CaM genes. As with the RhoA 3′UTR studies 

described in this thesis, developmental stage-specific differences for CaM have been 

found. Kortevely and Gulya (2003) suggest that these differences might be regulated 

by mRNA degradation. In addition, putative transport signals in the 3′UTR of CaM 

has been implicated as regulators for translocation, whereby specific CaM mRNAs are 

transported to different cellular compartments. When and if required, the transcripts 

are then translated locally. CaM activity may then be further regulated by post-

transcriptional mechanisms, e.g. storage of CaM in a masked form (reviewed in 

Toutenhoofd and Strehler, 2000; Kortevely and Gulya, 2003).  

 

In summary, studies of the CaM gene family have identified the untranslated region, in 

particular the 3′UTR, as an important regulatory factor for controlling transcript 

trafficking, mRNA translocation and translational regulation. As in the case with 

RhoA, CaM has remained highly conserved during evolution. In addition, CaM 

appears as different length transcripts varying in the length of the 3′UTR (when 

specified from the same gene). Thus, it is possible that cellular localisation and 

expression of RhoA are regulated by alternate usage of RhoA 3′UTR transcripts in a 
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developmental and tissue specific manner and that RhoA2, in particular, contains 

elements important for RhoA expression and function in early cardiogenesis. Hence, 

one important future study to further investigate the function of RhoA in early heart 

development is the elucidation of possible alternating 3′UTR usage of RhoA. As 

Kortevely and Gulya (2003) point out, studies related to the investigation of multiple 

mRNAs are mostly gene specific and not transcript specific experiments. This is due 

to the experimental difficulties encountered since the longer transcripts usually 

contain the same polyadenylation signal(s) as the shorter ones, as is the case for the 

different length RhoA transcripts. However, one experimental strategy would be to 

clone the whole fragment of RhoAlong into an expression plasmid, then mutate 

different fragments of the 3′UTR in order to determine what elements are necessary 

for RhoA expression. The different plasmids could be transfected into an appropriate 

differentiation system, like P19CL6 cells, to investigate whether any of the 3′UTR 

transcripts are differentially expressed in differentiating cardiomyocytes. Another 

possibility is to express various Fluorescent Proteins (e.g. GFPs) fused to the different 

RhoA 3′UTR transcripts to investigate whether the transcripts are localised to separate 

cellular compartments. An appropriate inducible differentiation system would need to 

be applied in order to elucidate whether localisation of the different transcripts is 

developmentally regulated. In addition, a more sophisticated approach would be to 

generate conditional RhoA knockouts (e.g. based on the cre-lox P system) combined 

with tissue- and stage specific promoters to elucidate the effects of specific RhoA 

transcripts in early heart development and other embryonic processes (Toutenhoofd 

and Strehler, 2000), followed by analysis of  individual transcript knockouts by 

Northern hybridisation or real-time PCR in order to elucidate the importance of 

particular RhoA transcripts. 

6.1.2 RhoA is Necessary for Normal Heart Development and 
Embryogenesis 

To investigate the function of RhoA in the early stages of cardiogenesis, the 

expression of RhoA mRNA was disrupted in vivo utilising small interfering RNA.  

Treatment of chick embryos (HH 4-6) with siRNA homologous to RhoA mRNA 
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resulted in down-regulation of RhoA mRNA, as confirmed by real-time PCR, and 

caused severe defects in cardiac tube fusion and head formation.  These results are 

consistent with the tissue expression patterns of RhoA and indicate that expression of 

RhoA is necessary for the development of normal heart and head morphology in the 

early chick embryo. This conclusion is also consistent with results from other studies 

of Rho family GTPases in Drosophila, Xenopus and other vertebrates, which suggest 

that these proteins are important for normal cardiogenesis and/or early embryogenesis 

(Magie et al., 1999; Wunnenberg-Stapleton et al., 1999; Wei et al., 2001; Wei et al., 

2002). Magie and co-workers (1999) reported that loss of Rho1 function in 

Drosophila results in defective head involution and imperfect dorsal closure in 

embryos (Magie et al., 1999).  In addition, studies in Xenopus have implicated XRhoA 

as the first intracellular signalling molecule implicated in head formation 

(Wunnenberg-Stapleton et al., 1999). As mentioned above, Wei and collaborators 

(2001) investigated the function of Rho kinases in vertebrate embryonic 

organogenesis. Inhibition of Rho kinases in early chick embryos led to cardia bifida 

and abnormal looping of the heart tube, as well as causing abnormal head and somite 

formation. In the same study, Rho kinases were also inhibited by drug treatment 

(Y27632), which blocked migration and fusion of the bilateral heart primordia as well 

as causing severe neural defects in both mouse and chick embryos. These results 

demonstrate that Rho kinases are necessary for normal development of the heart and 

other major morphogenic events and because Rho kinases are direct downstream 

effectors of RhoA, it could be hypothesised from this that down-regulation of RhoA 

itself would lead to similar effects. The results presented in this thesis are therefore 

consistent with this hypothesis.   

 

Wei and co-workers (2002) have also suggested a critical role for Rho GTPases in 

murine cardiac development, following studies in which all the small RhoA GTPases 

(RhoA, Rac1 and Cdc42) were inhibited by over-expressing a Rho GDP dissociation 

inhibitor (GDIα) under the control of the cardiac promoter (αMHC). Inhibition of Rho 

GTPases in this manner disrupted normal cardiac morphogenesis, including cardiac 

looping and chamber maturation (Wei et al., 2002).  
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In summary, these independent reports are consistent with the siRNA results reported 

in Chapter Three, in which specific inhibition of RhoA caused abnormal heart and 

head development. In conclusion, these results strongly suggest that RhoA is 

necessary for normal heart development and vertebrate embryogenesis in general. 

6.1.3 Inhibition of RhoA Prevents Differentiation of P19CL6 
cells into Cardiomyocytes  

To elucidate the role of RhoA in differentiating cardiomyocytes, the inducible 

P19CL6 in vitro cardiac system was utilised. P19CL6 cells provide a model system to 

understand the molecular pathways in cardiomyocyte differentiation. Normally, 

P19CL6 cells differentiate into cardiomyocytes when induced with DMSO. However, 

in the studies presented here over-expression of the dominant negative mutated form 

of RhoA (RhoAN19), which inactivates endogenous RhoA, prevented induced 

P19CL6 cells from differentiating into cardiomyocytes. These results indicate that an 

unknown factor, induced by DMSO, is involved in a RhoA-dependent signalling 

pathway. Whether RhoA is down-stream or up-stream of this unknown factor remains 

unknown. Identification of this factor and how it is relates to RhoA and other factors 

involved in cardiogenesis will increase the understanding of the molecular events of 

early cardiogenesis.  

 

In the only other investigation of this nature, Pucĕat and co-workers (2003) 

demonstrated that over-expression of the constitutively active mutated form of RhoA 

(RhoAV14) improves the ability of embryonic mouse stem cells to differentiate into 

beating cardiomyocytes. This finding is consistent with those presented in this thesis.  

 

As mentioned above, early studies of Rho proteins implicated RhoA as a regulator of 

the cytoskeleton and important for cell adhesion (Paterson et al., 1990; Ridley and 

Hall, 1992; Tapon and Hall, 1997). However, observation of non-induced P19CL6 

cells over-expressing mRhoAN19 (thus inhibiting endogenous RhoA) in the studies 

described in this thesis (Chapter Four) revealed that the cell morphology of these cells 

was indistinguishable from wtP19CL6 cells, and it was observed that the cells 

attached and displayed normal growth characteristics. This suggests that factors other 
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than RhoA are involved in the control of the cytoskeleton and for cell adhesion in 

cardiac precursor cells. Thorburn and co-workers (1997) have shown that inhibition of 

Rho GTPases en masse in cardiac muscle cells does not disrupt actin muscle fibre 

morphology. Together with the observations from the experiments described in 

Chapter Four, it may be inferred that actin morphology in cardiac pre-cursor cells and 

cardiac muscle cells is regulated by pathways not involving RhoA-dependent 

signalling. 

6.1.3.1 Inhibition of RhoA Causes an Accumulation of Cardiac Transcription 

Factors in induced P19CL6 cells   

In order to investigate whether RhoA is involved in the regulation of genes known to 

be associated with heart tissue development, real-time PCR analyses were performed 

in parallel with studies investigating changes to RhoA expression. As described 

above, inhibition of RhoA prevented induced P19CL6 cells from differentiating into 

cardiomyocytes. The expression levels of SRF, cardiac-α-actin and GATA 4 in these 

induced but non-differentiated P19CL6 RhoAN19 cells was markedly higher, when 

compared to those of induced and differentiated wild type and mock-transfected 

P19CL6 cell lines. This result is consistent with the studies of Wei and co-workers 

(2001), in which inhibition of RhoA kinases, direct down-stream effectors of RhoA, 

up-regulated expression of cardiac α-actin, SRF and GATA4 mRNA levels in stage 8 

embryos.  The results from the real-time experiments described in Chapter Four and 

the findings from the work by Wei and co-workers (2001) suggest that inhibition of 

RhoA in differentiating cardiomyocytes causes an accumulation of cardiac 

transcription factors. The mechanism by which this occurs is unknown, however 

possible mechanisms of the effects observed in this study are described below (6.2). 

6.1.4 RhoA Gene Organisation has been Highly Conserved 
Throughout Evolution 

In order to determine what factors might control the expression of RhoA, the sequence 

and organisation of the chick RhoA gene were elucidated.  The studies described in 

Chapter Five revealed that the chick RhoA gene has three introns in its coding region 
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and at least one intron in the 5′UTR non-coding region. Sequence alignment and 

comparison of the chick, mouse and human RhoA gene sequences indicated that the 

introns were located in identical relative sequence positions. These results suggest that 

the organisation of the RhoA gene from three different species has been highly 

conserved throughout evolution.   

 

6.1.4.1 The RhoA Promoter Contains Regulatory Elements Involved In Early Heart 

Development and Organogenesis  

In order to investigate regulation of RhoA expression in the early stages of 

cardiomyocyte differentiation, two different length fragments of the putative mouse 

RhoA promoter were identified and isolated. Alignment of the putative mouse 

promoter with the putative human promoter showed a high degree of conservation, 

consistent with this genomic region being of functional significance.  

 

Both of these different length fragments of the putative RhoA promoter showed strong 

promoter activity as measured by luciferase assays, with the longest fragment 

exhibiting approximately three times more promoter activity than the shorter 

fragment. In addition, the promoter activity for the shortest fragment was increased in 

differentiated P19CL6 cells (cardiomyocytes) compared to non-differentiated P19CL6 

cells. This result is consistent with an important role for RhoA in differentiating 

cardiomyocytes. The shorter fragment exhibits high GC-rich sequence and contains 

two core promoter elements, suggesting that this fragment contains or is the core 

promoter of RhoA, in which orientation and initiation of transcription takes place. The 

increased promoter activity of the longer fragment implies that other elements, 

upstream of the core promoter, are required for transcriptional regulation, suggesting 

that this is the proximal promoter of RhoA. 

 

As described in Chapter Five, many of the transcription factors identified as 

recognising potential consensus sites in the RhoA promoter have been reported to be 

involved in either early heart development and/or early embryogenesis (Flink et al., 

1992; Brannan et al., 1994; Huynh et al., 1994; Remy et al., 1996; Ladoux and Frelin, 
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1997; Walker et al., 1997; Heid et al., 2001; Compernolle et al., 2003; Li et al., 2003; 

Vara et al., 2003; Lee et al., 2004). Thus, these results support the findings described 

above implicating RhoA as an important factor in early heart development and normal 

embryogenesis. 

 

6.2 Possible Models for the Mechanisms of RhoA 
Function in Early Heart Development and Future 
Directions 

 

The studies outlined in this thesis strongly suggest that RhoA is an important factor in 

early heart development. So how does RhoA mediate these distinct cellular functions?  

 

The results from the real-time PCR experiments presented in Chapter Four showing 

that mRNA levels of SRF, cardiac-α-actin and GATA4 are increased when RhoA is 

inhibited, are consistent with a model whereby RhoA acts as a suppressor of one or 

more of these cardiac markers. This finding contradicts other studies showing that 

inhibition of factors important in cardiogensis causes a down-regulation of their 

down-stream effectors (Lin et al., 1997; Ueyama et al., 2003; Parlakian et al., 2004). 

A more likely hypothesis for the increased level of cardiac genes observed in the 

P19CL6 cell line prevented from undergoing differentiation (RhoAN19 clone #1), is 

that these cells are already committed to cardiomyogenesis and are thus expressing 

factors known to be important for these processes. However, it is possible that because 

the unknown factor normally induced by DMSO (and required for the cells to 

differentiate into cardiomyocytes) is not activated by RhoA, the cells are blocked at 

pre-differentiation stage in which factors necessary for the differentiation process have 

accumulated. In contrast, when the cells have differentiated into cardiomyocytes, a 

process dependent on functional RhoA, these early heart specific factors are no longer 

required and their expression is down-regulated. This possible mechanism is 

compatible with the findings described in Chapter Four, in which an increased level of 

SRF, cardiac-α-actin and GATA4 was observed for most of the non-induced P19CL6 
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cell lines (except for P19CL6 RhoAN19 clone #1) cells grown for 14 days compared 

to the respective induced P19CL6 cell lines. P19CL6 cells are cardiac precursor cells 

and it is possible that these cells, when grown under specific conditions of confluency, 

are driven to cardiomyogenesis by the mechanism described above. From this 

hypothesis it can be postulated that functional RhoA signals cardiac differentiation 

and releases the accumulation of cardiac transcription factors. 

 

The results described in Chapter Three suggest that the second shortest transcript of 

RhoA (RhoA2) is differentially expressed and up-regulated in developing heart tissue 

compared to non-cardiogenic tissue. Regulatory elements in the 3′UTR can determine 

the expression pattern or operate as transport signals (St Johnston, 1995; Ainger et al., 

1997; Fraidenraich et al., 1998). If there are elements in the 3′UTR of RhoA2 that 

direct RhoA to trigger cardiac differentiation, this could explain why over-expression 

of RhoAV14 in both non-induced and induced P19CL6 cells failed to result in a 

phenotypic change. When the RhoAV14 construct was made, only the cDNA 

sequence incorporating the ORF was included. In addition, to cause a conformational 

change to a constitutively activated form of RhoA, the V14 mutation in RhoA also 

decreases the intrinsic GTPase activity and makes RhoA unresponsive to GTPase 

activating proteins (Wei et al., 1998). Thus, in addition to over-expression of RhoA 

mRNA that did not contain the 3′UTR in the P19CL6 RhoAV14 cell lines, the 

endogenous level of RhoA (with its 3′UTR) was also inhibited. In contrast, over-

expression of RhoAN19 prevented induced P19CL6 from differentiating into 

cardiomyocytes. This RhoA dominant negative mutated form acts by competitively 

inhibiting the interaction of endogenous RhoA with its exchange factors. As a 

consequence of over-expressing RhoAN19, all the different transcripts of RhoA will 

be inhibited. Thus, inhibition of RhoA2 might have caused the phenotypic effects 

observed. A logical extension of these experiments would be to over-express the 

different transcripts of RhoA in P19CL6 cells to investigate whether differentiation of 

cardiomyocytes and transcription of downstream targets of RhoA is dependent on the 

3′UTR transcript.   
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RhoA has been suggested to mediate its distinct cellular functions through the control 

of transcriptional activation. This hypothesis is consistent with the results of studies in 

which RhoA has been implicated in the regulation of transcription factor activity (see 

Chapter One). RhoA has been shown to activate SRF-dependent transcription in 

various systems (Wei et al., 2000). (Hill et al., 1995) (Wei et al., 1998) (Carnac et al., 

1998) (Takano et al., 1998) (Cen et al., 2003; Miralles et al., 2003; Cen et al., 2004). 

Studies by Parlakian and co-workers (2004) indicate that GATA4 is a down-stream 

effector of SRF. In addition, RhoA has been shown to potentiate transcriptional 

activity of GATA4, SRF and GATA4 have been reported to synergistically activate 

the skeletal and cardiac α-actin promoters (Belaguli et al., 2000; Charron et al., 2001). 

Other studies have indicated that in the heart, GATA4 can both activate transcription 

of certain transcription factors as well as physically interact with the same 

transcription factors to co-activate promoters of cardiac specific genes like cardiac-α-

actin (Morin et al., 2000). However, these findings contradicts the results reported in 

this thesis, in which inhibition of RhoA in induced P19CL6 cells led to the 

accumulation of important cardiac markers.  

 

Wei and co-workers (2002) have postulated that RhoA is involved in an SRF-

dependent signalling pathway that regulates the expression of cardiac genes in a stage- 

dependent manner. The studies presented in Chapter Four suggest that RhoA is 

involved in a signalling pathway, independently of SRF, necessary for the 

differentiation of precardiac cells during proliferation and migration. However, in 

terminally differentiated cardiomyocytes, which have an organised sarcomeric 

structure, RhoA may signal through an SRF dependent pathway to regulate and 

enhance cardiac gene transcription (Wei et al., 2002). This hypothesis is consistent 

with the study by Sebok and collaborators (1999) demonstrating that RhoA plays 

different important roles during neuronal differentiation. During the initial phase of 

differentiation, over-expression of activated RhoA inhibited neurite initiation, whereas 

over-expression of the negative mutated forms promoted neurite initiation. In contrast, 

during later stages of morphogenesis the effects observed were the reverse: activated 

RhoA increased the rate of neurite extension; inhibition of RhoA delayed the rate. In 

addition, activated RhoA inhibited the reinitiation of neurites, while inactivation of 
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RhoA promoted the reinitiation. These results suggest that RhoA plays one specific 

role during the early stages of neurite development and neurite regeneration and a 

different role in later stages, when the cells are already committed to neuronal 

differentiation (Sebok et al., 1999). In addition, these mechanisms of RhoA function 

might be applied the cardiac system, such that RhoA has different important roles 

during the different phases of cardiomyocyte differentiation.  

 

Many studies have suggested developmental and tissue specific roles for RhoA (Fritz 

et al., 1994; Thorburn et al., 1997; Sebok et al., 1999), suggesting that RhoA through 

its interaction with multiple target proteins ensures co-ordinated control of these 

different cellular activities. It is therefore likely that there are factors that depend on 

RhoA required for activation of cardiac gene transcription. As mentioned earlier, 

myocardin is a transcription factor that interacts with SRF to form a stable ternary 

complex factor (Wang et al., 2001). Myocardin is selectively expressed in cardiac and 

smooth muscle cells during embryonic development and has been shown to be an 

important factor in myocardial differentiation (Wang et al., 2001; Wang et al., 2002; 

Ueyama et al., 2003). In addition, recent studies have revealed that GATA4 is able to 

either stimulate or suppress myocardin activity in a target gene-specific manner (Oh et 

al., 2004). Other studies have shown that RhoA can potentiate transcriptional activity 

of GATA4 and ANF (Sah et al., 1996; Morissette et al., 2000; Charron et al., 2001). 

Furthermore, the two members of the myocardin/MKL family, MKL1 and MKL2, 

have been suggested to be nuclear mediators of a RhoA signalling pathway (Cen et al., 

2003; Miralles et al., 2003). Localisation studies have indicated that in serum starved 

cells, MKL1 is located in the cytoplasm but after stimulation with serum or LPA, 

MKL1 is predominantly in the nucleus (Miralles et al., 2003). This result suggests that 

factors activated by serum and LPA, activate MKL1 transport into the nucleus. 

Studies in COS cells have indicated that the myocardin protein is predominantly 

localized to the nucleus (Wang et al., 2001). To our knowledge, the cellular 

localization of myocardin has not been investigated in serum-starved cells. In 

summary, these studies indicate that there is a possible link between myocardin, or a 

myocardin- like factor, and RhoA in differentiating cardiomyocytes. It is possible that 

RhoA activates a nuclear mediator, like GATA4, to activate myocardin, which in turn 
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leads to transcription of cardiac specific genes. An interesting study would be to 

investigate the possible link between RhoA and myocardin. An important experiment 

would be to study the cellular localisation of myocardin in serum-starved cells. If the 

staining pattern of myocardin displays a similar pattern to that of MKL1, then a 

possible mechanism for a RhoA-dependent signalling pathway that leads to the 

activation of myocardin can be inferred. 

 

The results described in Chapter Three, in which specific inhibition of RhoA caused 

abnormal heart and head development, strongly suggest that RhoA is necessary for 

normal heart development and vertebrate embryogenesis in general. In order to 

investigate the role of RhoA at later stages of early heart development, the early 

embryonic effects caused by down-regulation of RhoA will need to be rescued. As 

described in Chapter One, Watt and co-workers (2004) successfully generated clonal 

GATA4+/- and GATA4-/- mouse embryos directly from embryonic stem cells by 

aggregating them with wild-type tetraploid embryos. The GATA4-/- mouse embryos 

were rescued from early embryonic arrest seen in conventional GATA4 knockout 

embryos. A similar approach in the generation of RhoA-/- knockouts and rescue with 

functional RhoA might therefore provide a useful approach for investigating the role 

of RhoA in later stages of early heart development. 

 

6.3 Final Conclusion 

In summary, this thesis has made considerable progress in the elucidation of the role 

of RhoA in early heart development. A method for the molecular dissection of the 

embryonic events occurring during these processes identified the marked increase in 

RhoA mRNA during the cardiogenesis period. In situ and immunocytochemical 

analyses confirmed marked elevation of RhoA in heart primordial regions (stages 6 - 

8). In addition, these studies showed that RhoA is expressed as at least 3 different 

length mRNA species that differ in the length of their 3′ UTRs. RT-PCR amplification 

demonstrated a higher expression of the second shortest transcript during the 

cardiogenesis period, implying an association of this form with heart development. In 

further investigations disruption of RhoA expression in vivo using small interfering 
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RNA injected into lateral plate mesoderm implicates that RhoA is in the development 

of normal heart and head formation in the early chick embryo. Direct inhibition of 

RhoA protein was shown to lead to loss of differentiation of induced P19CL6 cells 

into cardiomyocytes, implicating RhoA as an important factor in this process. 

Expression studies suggest that when RhoA triggers this cardiac differentiation, the 

accumulation of the cardiac transcription factors SRF and GATA4 is released. In 

addition, the structure and the regulation of the RhoA gene itself have been elucidated. 

Overall, these findings have served to further our knowledge of the role of RhoA in 

the process of cardiomyogenesis and in heart development in general, and have 

provided a foundation for further investigations directed at elucidating the molecular 

interactions and pathways involved. 
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Appendix 1: A series of normal stages in the 
developing chick embryo (Hamburger Hamilton, 1951) 
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Name Description 5′direction 
(5′-3′) 

3′direction 
(5′-3′) 

General primers 
T7(dT24) RT-PCR of chick 

RhoA 3′UTR 
 GGCCAGTGAATTGTAATA

CGACTCACTATAGGGAGG
CGG-(DT)24

T30MN Reverse transcription  (T)30(A,G,C)(A,G,C,
T) 

T7 Sequencing primer, 
pGEM and pTARGET 
vectors 

TAATACGACTCACTA
TAGGG 

 

M13R Sequencing 
primer,pGEM vector 

 CAGGAAACAGCTATGAC 
 

SP6  Sequencing 
primer,pGEM vector 

 GATTTAGGTGACACTATA
G 
 
 

pGL2 Sequencing primer, 
pGL3 

 CTTTATGTTTTTGGCGTC
TTCCA 

pTARGETR Sequencing primer, 
pTARGET 

 TTAGGCACCCCAGGCTTT
ACAC 

Primers used to amplify chick DNA 
RhoA1F     PCR GTGGAGTTGGCTTTG

TGGGATAC 
 

 

RhoA1R PCR  CAGAAATGCTTCACTTCC
G 

cGAPDH F Real-time PCR 
 

ACTTTGGCATTGTGG
AGGGTC 

 

cGAPDH R Real-time PCR 
 

 TGGACGCTGGGATGATGT
TC 

RhoA 3’UTR F Sequencing CCGGGTGCCTTCTCT
CTTATAA 

 

ChickRhoA1 F PCR GGGGGGAGCAGGAAG
CGG 

 

ChickRhoA1 R PCR  TCTGGATAAGAAAGCGGT
C 

Chick 
gRhoAIntron-1F 

Genomic PCR 
ACTTGGCTGAATGTG
CTTAC 

 

Chick 
gRhoAIntron-1R 

Genomic PCR 
 

GGTCTTTGCTAAACACAA
TCAG 

ChickRhoA2F Genomic PCR GCCGGAATTCATGGC
AGCCATTCGAAA 

 

ChickRhoA2R Genomic PCR  AATCGATAGTCCTGATAG 
 

ChickRhoA3R Genomic PCR  CAGAAATGCTTCACTTCC
G 

Chick 
gRhoAIntron1
R 

Genomic PCR  CTATCAGGACTATCGATT
G 

ChickRhoA3F  
 

Genomic PCR GTGGAGTTGGCTTTG
TGGGATAC 
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Chick 
gRhoAIntron2
R 
 

Genomic PCR  TGCTTCATTTTGGCCAGC
TC 

Chick RhoA4F Genomic PCR CTTAGACCGCTTTCT
TATCCAG 

 

Chick 
gRhoAIntron3
F 

Genomic PCR AGTGGACCCCGGAAG
TGA 

 

Chick 
gRhoAIntron3
R 

Genomic PCR  TAAGAGAAGGCACCCGGA
C 

Primers used to amplify mouse DNA 
 
mouseRhoAXho1F 
 

PCR CGCCGCTCGAGATGG
CTGCCATCAGGAAGA
AA 

 

mouseRhoASal1R  
 

PCR ACGCGTCGACTCACA
AGATGAGGCACCC 
 

 

mouseRhoAVal14X
ho1F 
 

PCR CGCCGCTCGAGATGG
CTGCCATCAGGAAGA
AACTGGTGATTGTTG
GTGATGTAGCTTGTG
G 
 

 

mRhoAN19Xho1F PCR CGCCGCTCGAGATGG
CTGCCATCAGGAAGA
AACTGGTGATTGTTG
GTGATGGAGCTTGTG
GTAAGAATTGCTTGC
TCATA  
 

 

RhoAORF F Real time PCR ATTGATGTGTTTTTC
CATTG 

 

RhoAORF R Real time PCR  CTCCCGTCTCGTGTGCTC
GTCATT 
 

RhoA 3′UTR F Real time PCR GCTACCAGTATTTAG
AAGCCAACCAC 

 

RhoA 3′UTR R Real time PCR  GCTACCAGTATTTAGAAG
CCAACCAC 

GAPDH F Real time PCR TCCTACCCCCAATGT
GTCCGTC 
 

 

GAPDH R Real time PCR  GCCCAAGATGCCCTTCAG
TG 

SRF F Real time PCR TGCCTCAACTCGCCA
GACTCTC 

 

SRF R Real time PCR  TTCAGTGTGTCCTTGGTT
TCCC 

Cardiac-α-actin F Real time PCR GCCAACCGTGAGAAG
ATGACC 

 

Cardiac-α-actin R Real time PCR  CGCCAGAATCCAGAACAA
TGC 

GATA4 F 
 
 

Real time PCR ATGCCGAGGGTGAGC
CTGTATG 
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GATA4 R Real time PCR  CTTCCGTTTTCTGGTTTG
AATCC 

PromoterLongF PCR GACGCGTCGAC 
AGAGTCACTCGCATG
TCTTGTG 
 

 

PromoterLong R 
 

PCR  CCCGAGGATCC 
CGATCAGCCCGACCAGCC
GGG 
 
 

PromoterPredictedF PCR CCCGCGGATCC 
GTGGCGGGCAAAGCT
TGCAG 

 

PromoterShortF PCR CCGCGGATCC  
AGCAATCGTGGCTGA
ACTGAG 

 

PromoterPredicted/
promoterShort R 

  CCCGCGGATCC   
GTCCGGCCTCTTCGCGCT 

5’Extension primer 
EST’s  

5’extension analyses  ATTGCTCAAGAACGCATC
CACGCC 

5’extension primer, 
genomic database 

5’extension analyses  CCTGGAACTTCTCAGATG
C 
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cap_AJ445688      ggggggcggggccggctgaggagcgcagcgcagcgccgcgccgcgtcgcgccgggcccggtgagcgcgca 70    
cap_AJ447255      .........ggccgactgaggagcgcagcgcagcgccgcgccgcgtcgcgccgggcccggtgagcgcgca 61    
cap_AJ451576      .........ggccggctgaggagcgcagcgcagcgccgcgccgcgtcgcgccgggcccggtgagcgcgca 61    
cap_CF254490      ...................................................................... 1     
cap_RhoA4         ...................................................................... 1     
cap_BU415060      ...................................................................... 1     
cap_U79757        ...................................................................... 1     
cap_U79757        ...................................................................... 1     
cap_CF253150      ...................................................................... 1     
cap_CK611051      ...................................................................... 1     
cap_CF251508      ...................................................................... 1     
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          GGGGGGCGGGGCCGGCTGAGGAGCGCAGCGCAGCGCCGCGCCGCGTCGCGCCGGGCCCGGTGAGCGCGCA 70    
 
cap_AJ445688      cgcccccgccccgcccgtttccgttcgccgccgctcgagctcgggcctgtggagcaggaagcggcgggag 140   
cap_AJ447255      cgcccccgccccgcccgtttccgttcgccgccgctcgagctcgggcctgtggagcaggaagcggcgggag 131   
cap_AJ451576      cgcccccgccccgcccgtttccgttcgccgccgctcgagctcgggcctgtggagcaggaagcggcgggag 131   
cap_CF254490      .............................gg-gctcgagctcgggcctgtggagcaggaagcggcgggag 40    
cap_RhoA4         ..........................................ggg---g-ggagcaggaagcggcgggag 24    
cap_BU415060      ...................................................................... 1     
cap_U79757        ...................................................................... 1     
cap_U79757        ...................................................................... 1     
cap_CF253150      ...................................................................... 1     
cap_CK611051      ...................................................................... 1     
cap_CF251508      ...................................................................... 1     
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          CGCCCCCGCCCCGCCCGTTTCCGTTCGCCGCCGCTCGAGCTCGGGCCTGTGGAGCAGGAAGCGGCGGGAG 140   
 
 
cap_AJ445688      tcgtagccagtggaggccgcagctatggcagccattcgaaaaaagctggtcatagtgggcgacggtgcct 210   
cap_AJ447255      tcgtagccagtggaggccgcagctatggcagccattcgaaaaaagctggtcatagtgggcgacggtgcct 201   
cap_AJ451576      tcgtagccagtggaggccgcagctatggcagccattcgaaaaaagctggtcatagtgggcgacggtgcct 201   
cap_CF254490      tcgtagccagtggaggccgcagctatggcagccattcgaaaaaagctggtcatagtgggcgacggtgcct 110   
cap_RhoA4         tcgtagccggtggaggccgcagctatggcagccattcgaaaaaagctggtcatagtgggcgacggtgcct 94    
cap_BU415060      .....gccagtggaggccgcagctatggcagccattcgaaaaaagctggtcatagtgggcgacggtgcct 65    
cap_U79757        ........................atggcagccattcgaaaaaagctggtcatagtgggcgacggtgcct 46    
cap_U79757        ........................atggcagccattcgaaaaaagctggtcatagtgggcgacggtgcct 46    
cap_CF253150      ...................................................................... 1     
cap_CK611051      ...................................................................... 1     
cap_CF251508      ...................................................................... 1     
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          TCGTAGCCAGTGGAGGCCGCAGCTATGGCAGCCATTCGAAAAAAGCTGGTCATAGTGGGCGACGGTGCCT 210   
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cap_AJ445688      gcgggaagacctgtctgctgattgtgtttagcaaagaccagttccctgaagtctacgttcccaccgtctt 280   
cap_AJ447255      gcgggaagacctgtctgctgattgtgtttagcaaagaccagttccctgaagtctacgttcccaccgtctt 271   
cap_AJ451576      gcgggaagacctgtctgctgattgtgtttagcaaagaccagttccctgaagtctacgttcccaccgtctt 271   
cap_CF254490      gcgggaagacctgtctgctgattgtgtttagcaaagaccagttccctgaagtctacgttcccaccgtctt 180   
cap_RhoA4         gcgggaagacctgtctgctgattgtgtttagcaaagaccagttccctgaagtctacgttcccaccgtctt 164   
cap_BU415060      gcgggaagacctgtctgctgattgtgtttagcaaagaccagttccctgaagtctacgttcccaccgtctt 135   
cap_U79757        gcgggaagacctgtctgctgattgtgtttagcaaagaccagttccctgaagtctacgttcccaccgtctt 116   
cap_U79757        gcgggaagacctgtctgctgattgtgtttagcaaagaccagttccctgaagtctacgttcccaccgtctt 116   
cap_CF253150      ...................................................................... 1     
cap_CK611051      ...................................................................... 1     
cap_CF251508      ...................................................................... 1     
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          GCGGGAAGACCTGTCTGCTGATTGTGTTTAGCAAAGACCAGTTCCCTGAAGTCTACGTTCCCACCGTCTT 280   
 
 
cap_AJ445688      tgaaaattatgtagcagatattgaagtggatggaaagcaggtggagttggctttgtgggatacagcagga 350   
cap_AJ447255      tgaaaattatgtagcagatattgaagtggatggaaagcaggtggagttggctttgtgggatacagcagga 341   
cap_AJ451576      tgaaaattatgtagcagatattgaagtggatggaaagcaggtggagttggctttgtgggatacagcagga 341   
cap_CF254490      tgaaaattatgtagcagatattgaagtggatggaaagcaggtggagttggctttgtgggatacagcagga 250   
cap_RhoA4         tgaaaattatgtagcagatattgaagtggatggaaagcaggtggagttggctttgtgggatacagcagga 234   
cap_BU415060      tgaaaattatgtagcagatattgaagtggatggaaagcaggtggagttggctttgtgggatacagcagga 205   
cap_U79757        tgaaaattatgtagcagatattgaagtggatggaaagcaggtggagttggctttgtgggatacagcagga 186   
cap_U79757        tgaaaattatgtagcagatattgaagtggatggaaagcaggtggagttggctttgtgggatacagcagga 186   
cap_CF253150      ....................................gctggtggagttggctttgtgggatacagcagga 34    
cap_CK611051      ...................................................................... 1     
cap_CF251508      ...................................................................... 1     
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          TGAAAATTATGTAGCAGATATTGAAGTGGATGGAAAGCAGGTGGAGTTGGCTTTGTGGGATACAGCAGGA 350   
 
 
cap_AJ445688      caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 420   
cap_AJ447255      caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 411   
cap_AJ451576      caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 411   
cap_CF254490      caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 320   
cap_RhoA4         caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 304   
cap_BU415060      caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 275   
cap_U79757        caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 256   
cap_U79757        caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 256   
cap_CF253150      caggaagactacgatcgacttagaccgctttcttatccagatactgatgttatacttatgtgtttttcaa 104   
cap_CK611051      ...................................................................... 1     
cap_CF251508      ...................................................................... 1     
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          CAGGAAGACTACGATCGACTTAGACCGCTTTCTTATCCAGATACTGATGTTATACTTATGTGTTTTTCAA 420   
 
cap_AJ445688      tcgatagtcctgatag--tttagaaaacatcccagagaagtggaccccggaagtgaagcatttctgtccc 488   
cap_AJ447255      tcgatagtcctgatag--tttagaaaacatcccagagaagtggaccccggaagtgaagcatttctgtccc 479   
cap_AJ451576      tcgatagtcctgatag--tttagaaaacatcccagagaagtggaccccggaagtgaagcatttctgtccc 479   
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cap_CF254490      tcgatagtcctgatag--tttagaaaacatcccagagaagtggaccccggaagtgaagcatttctgtccc 388   
cap_RhoA4         tcgatagtcctgatag--tttagaaaacatcccggagaagtggaccccggaagtgaagcatttctgtccc 372   
cap_BU415060      tcgatagtcctgatag--tttagaaaacatcccagagaagtggaccccggaagtgaagcatttctgtccc 343   
cap_U79757        tcgatagtcctgatag--tttagaaaacatcccggagaagtggaccccggaagtgaagcatttctgtccc 324   
cap_U79757        tcgatagtcctgatag--tttagaaaacatcccggagaagtggaccccggaagtgaagcatttctgtccc 324   
cap_CF253150      tcgatagtcctgatag--tttagaaaacatcccagagaagtggaccccggaagtgaagcatttctgtccc 172   
cap_CK611051      ...............gcgtttagaaaacatcccggagaagtggaccccggaagtgaagcatttctgtccc 55    
cap_CF251508      .......................................gtggaccccggaagtgaagcatttctgtccc 31    
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          TCGATAGTCCTGATAG--TTTAGAAAACATCCCAGAGAAGTGGACCCCGGAAGTGAAGCATTTCTGTCCC 488   
 
 
cap_AJ445688      aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 558   
cap_AJ447255      aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 549   
cap_AJ451576      aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 549   
cap_CF254490      aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 458   
cap_RhoA4         aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 442   
cap_BU415060      aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 413   
cap_U79757        aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 394   
cap_U79757        aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 394   
cap_CF253150      aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 242   
cap_CK611051      aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 125   
cap_CF251508      aacgtgcctatcatcttggtaggaaacaagaaggacctgaggaatgacgagcacacaagacgagagctgg 101   
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          AACGTGCCTATCATCTTGGTAGGAAACAAGAAGGACCTGAGGAATGACGAGCACACAAGACGAGAGCTGG 558   
 
 
cap_AJ445688      ccaaaatgaagcaggagc-tgtcaaacctgaggaaggaagagatatggcaaacccgcatcggtgcatttt 627   
cap_AJ447255      ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 617   
cap_AJ451576      ccaaaatgaagcaggagcctgtcnaacctgaggaaggaagagatatggcnaacc-gcatcggtgcattt- 617   
cap_CF254490      ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 526   
cap_RhoA4         ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 510   
cap_BU415060      ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 481   
cap_U79757        ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 462   
cap_U79757        ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 462   
cap_CF253150      ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 310   
cap_CK611051      ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 193   
cap_CF251508      ccaaaatgaagcaggagcctgtcaaacctgaggaaggaagagatatggcaaacc-gcatcggtgcattt- 169   
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          CCAAAATGAAGCAGGAGCCTGTCAAACCTGAGGAAGGAAGAGATATGGCAAACC-GCATCGGTGCATTT- 626   
 
cap_AJ445688      ggatatattgg-agtggttc-ggcaatagaaccaaa                                   661   
cap_AJ447255      ggatatat-gg-agtg-ttc-ggcaaaaga-ccaaa-gacngtgttgaggg-ag-ggtttttgaaatggc 679   
cap_AJ451576      ggatatat-gggagtg-ttccggcaaa-ga-ccaaaagacggtgt-gagggga                  665   
cap_CF254490      ggatatat-gg-agtg-ttc-ggcaaa-ga-ccaaa-gacggtgtgggggg-ggaggtttttgaaatggc 588   
cap_RhoA4         ggatatat-gg-agtg-ttc-ggcaaa-ga-ccaaa-gacggtgtgag----ggaggtttttgaaatggc 569   
cap_BU415060      ggatatat-gg-agtg-ttc-ggcaaa-ga-ccaaa-gacggtgtgag----ggaggtttttgaaatggc 540   
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cap_U79757        ggatatat-gg-agtg-ttc-ggcaaa-ga-ccaaa-gacggtgtgag----ggaggtttttgaaatggc 521   
cap_U79757        ggatatat-gg-agtg-ttc-ggcaaa-ga-ccaaa-gacggtgtgag----ggaggtttttgaaatggc 521   
cap_CF253150      ggatatat-gg-agtg-ttc-ggcaaa-ga-ccaaa-gacggtgtgag----ggaggtttttgaaatggc 369   
cap_CK611051      ggatatat-gg-agtg-ttc-ggcaaa-ga-ccaaa-gacggtgtgag----ggaggtttttgaaatggc 252   
cap_CF251508      ggatatat-gg-agtg-ttc-ggcaaa-ga-ccaaa-gacggtgtgag----ggaggtttttgaaatggc 228   
cap_CK610751      ...................................................................... 1     
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          GGATATAT-GG-AGTG-TTC-GGCAAA-GA-CCAAA-GACGGTGTGAG----GGAGGTTTTTGAAATGGC 685   
 
 
cap_AJ445688                                                                             661   
cap_AJ447255      c                                                                      680   
cap_AJ451576                                                                             665   
cap_CF254490      cactagagctgctttgcaagcccggcgtggcaagaaaaagtccgggtgccttctcttataaagcgtggcc 658   
cap_RhoA4         cactagagctgctttgcaagcccggcgtggcaagaaaaagtccgggtgccttctcttataaagcgtggcc 639   
cap_BU415060      cactagagctgctttgcaagcccggcgtggcaagaaaaagtccgggtgccttctcttataaagcgtggcc 610   
cap_U79757        cactagagctgctttgcaagcccggcgtggcaagaaaaagtccgggtgccttctcttataaagcgtggcc 591   
cap_U79757        cactagagctgctttgcaagcccggcgtggcaagaaaaagtccgggtgccttctcttataaagcgtggcc 591   
cap_CF253150      cactagagctgctttgcaagcccggcgtggcaagaaaaagtccgggtgccttctcttataaagcgtggcc 439   
cap_CK611051      cactagagctgctttgcaagcccggcgtggcaagaaaaagtccgggtgccttctcttataaagcgtggcc 322   
cap_CF251508      cactagagctgctttgcaagcccggcgtggcaagaaaaagtccgggtgccttctcttataaagcgtggcc 298   
cap_CK610751      .......................................gtccgggtgccttctcttataaagcgtggcc 31    
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          CACTAGAGCTGCTTTGCAAGCCCGGCGTGGCAAGAAAAAGTCCGGGTGCCTTCTCTTATAAAGCGTGGCC 755   
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490      agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttattaatcttagtgtat 728   
cap_RhoA4         agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttattaatcttagtgtat 709   
cap_BU415060      agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttattactcttagtgtat 680   
cap_U79757        agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttattaatcttagtgtat 661   
cap_U79757        agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttattaatcttagtgtat 661   
cap_CF253150      agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttatcaatcttagtgtat 509   
cap_CK611051      agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttattaatcttagtgtat 392   
cap_CF251508      agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttattaatcttagtgtat 368   
cap_CK610751      agaggaagatggccaagcagcaccctgcacttgagtaattttgaagtgctgtttattaatcttagtgtat 101   
cap_CK607786      ...................................................................... 1     
cap_cap_CK607786  ...................................................................... 1     
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          AGAGGAAGATGGCCAAGCAGCACCCTGCACTTGAGTAATTTTGAAGTGCTGTTTATTAATCTTAGTGTAT 825   
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490      gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatcttgctaccagta 798   
cap_RhoA4         gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatcttgctaccagta 779   
cap_BU415060      gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatct-gctaccagta 749   
cap_U79757        gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatcttgctaccagta 731   
cap_U79757        gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatcttgctaccagta 731   
cap_CF253150      gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatcttgctaccagta 579   
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cap_CK611051      gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatcttgctac      457   
cap_CF251508      gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatcttgctaccagta 438   
cap_CK610751      gattactggcctttttcattatctataatttacttaagagattaaaaatcgagtcatcttgctaccagta 171   
cap_CK607786      ..........................................taaaaatcgagtcatcttgctaccagta 28    
cap_cap_CK607786  ..........................................taaaaatcgagtcatcttgctaccagta 28    
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          GATTACTGGCCTTTTTCATTATCTATAATTTACTTAAGAGATTAAAAATCGAGTCATCTTGCTACCAGTA 895   
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490      tttagaa-cca-accatgatttttata-caatctgcatcaa-ttc-tctgtgcaccca-ggtta-cctcg 861   
cap_RhoA4         tttagaagccacaccatgatttttataacaatctgcatcaaattcatctgtgcacccaaggttaacctcg 849   
cap_BU415060      tttagaagccaaaccatgatttt-ataacaatctgcatcaa-ttcatctgtgcaccca-ggttaacctcg 816   
cap_U79757        t                                                                      732   
cap_U79757        t                                                                      732   
cap_CF253150      tttagaagcca-accatgatttttataacaatctgcatcaaattcatctgtgcacccaaggttaacctcg 648   
cap_CK611051                                                                             457   
cap_CF251508      tttagaagcca-accatgatttttataacaatctgcatcaaattcatctgtgcacccaaggttaacctcg 507   
cap_CK610751      tttagaagcca-accatgatttttataacaatctgcatcaaattcatctgtgcacccaaggttaacctcg 240   
cap_CK607786      tttagaagcca-accatgatttttataacaatctgcatcaaattcatctgtgcacccaaggttaacctcg 97    
cap_cap_CK607786  tttagaagcca-accatgatttttataacaatctgcatcaaattcatctgtgcacccaaggttaacctcg 97    
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          TTTAGAAGCCA-ACCATGATTTTTATAACAATCTGCATCAAATTCATCTGTGCACCCAAGGTTAACCTCG 964   
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490      acattc-tcta-ccaaccttt-ctg-cactcacaggatatgccaggcgcttattg                912   
cap_RhoA4         acattcctctaaccaaccttttctg-cactcacaggat--gccaggcgctaattgaaaacaattct-ctc 915   
cap_BU415060      acattcctctaaacaac-ttttctggcactcacaggatt-gccagg-gctaattgaga-caat-cttctc 881   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150      acattcctctaaccaaccttttctg-cactcacaggatatgccaggcgct                     697   
cap_CK611051                                                                             457   
cap_CF251508      acattcctctaaccaaccttttctg-cactcacaggatatgccaggcgctaattgaagacaattct-ctc 575   
cap_CK610751      acattcctctaaccaaccttttctg-cactcacaggatatgccaggcgctaattgaagacaattct-ctc 308   
cap_CK607786      acattcctctaaccaaccttttctg-cactcacaggatatgccaggcgctaattgaagacaattct-ctc 165   
cap_cap_CK607786  acattcctctaaccaaccttttctg-cactcacaggatatgccaggcgctaattgaagacaattct-ctc 165   
cap_cap_CK610807  ...................................................................... 1     
cap_CK610807      ...................................................................... 1     
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          ACATTCCTCTAACCAACCTTTTCTG-CACTCACAGGATATGCCAGGCGCTAATTGAAGACAATTCT-CTC 1032  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         tcttctttcttctctct-agaaagagacaaagctgtcaacacag-aggattggtctgtaactacttaata 983   
cap_BU415060      tcttctt-cttctctcttagaa-gagac                                           907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508      tcttctttcttctctct-agaaagagacaaagctgtcaacacag-aggattggtctgtaactacttaata 643   
cap_CK610751      tcttctttcttctctct-agaaagagacaaagctgtcaacacag-aggattggtctgtaactacttaata 376   
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cap_CK607786      tcttctttcttctctct-agaaagagacaaagctgtcaacacag-aggattggtctgtaactacttaata 233   
cap_cap_CK607786  tcttctttcttctctct-agaaagagacaaagctgtcaacacag-aggattggtctgtaactacttaata 233   
cap_cap_CK610807  .........................................c-gcacga--gg---gtaactacttaata 23    
cap_CK610807      .........................................c-gcacga--gg---gtaactacttaata 23    
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          TCTTCTTTCTTCTCTCT-AGAAAGAGACAAAGCTGTCAACACAG-AGGATTGGTCTGTAACTACTTAATA 1100  
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         actaacgtcctattctaattgagtacaacagttgatggctgtgtgtggaacgaagcgtggcttcagtgct 1053  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508      actaacgtcctattctaattgagtacaacagttgatggctgtgtgtggaacgaagcgtggcttcagtgct 713   
cap_CK610751      actaacgtcctattctaattgagtacaacagttgatggctgtatgtggaacgaagcgtggcttcagtgct 446   
cap_CK607786      actaacgtcctattctaattgagtacaacagttgatggctgtgtgtggaacgaagcgtggcttcagtgct 303   
cap_cap_CK607786  actaacgtcctattctaattgagtacaacagttgatggctgtgtgtggaacgaagcgtggcttcagtgct 303   
cap_cap_CK610807  actaacgtcctattctaattgagtacaacagttgatggctgtatgtggaacgaagcgtggcttcagtgct 93    
cap_CK610807      actaacgtcctattctaattgagtacaacagttgatggctgtatgtggaacgaagcgtggcttcagtgct 93    
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          ACTAACGTCCTATTCTAATTGAGTACAACAGTTGATGGCTGTGTGTGGAACGAAGCGTGGCTTCAGTGCT 1170  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         atcacactgtggtctgactttcatggctcgggggtgtgagaggtcagtttgaaagatgtgatcactctga 1123  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508      atcacactgtggtctgactttcatggctcagtggtgtgagag-tcagtttgaa-gatgtgatcactctga 781   
cap_CK610751      atcacactgaggt                                                          459   
cap_CK607786      atcacactgtggtctgactttcatggctcggtggtgtgagaggtcagtttgaaagatgtgatcactctga 373   
cap_cap_CK607786  atcacactgtggtctgactttcatggctcggtggtgtgagaggtcagtttgaaagatgtgatcactctga 373   
cap_cap_CK610807  atcacactgaggtctgactttcatggctcggcggtgttagaggtcagtttgaaagatgtgatcactctga 163   
cap_CK610807      atcacactgaggtctgactttcatggctcggcggtgttagaggtcagtttgaaagatgtgatcactctga 163   
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          ATCACACTGTGGTCTGACTTTCATGGCTCGGTGGTGTGAGAGGTCAGTTTGAAAGATGTGATCACTCTGA 1240  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         aatgaccacgttccattcagctaaggaaaagtgagggttctgtggtttcatgttagttaccttttagtta 1193  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508      aatgac-acgttccattcagctaag-aaaagtgaggggtctgtggtttcatgttagttaccttttagtta 849   
cap_CK610751                                                                             459   
cap_CK607786      aatgaccacgttccattcagctaaggaaaagtgagggttctgtggtttcatgttagttaccttttagtta 443   
cap_cap_CK607786  aatgaccacgttccattcagctaaggaaaagtgagggttctgtggtttcatgttagttaccttttagtta 443   
cap_cap_CK610807  aatgaccacgttccattcagctaaggaaaagtgagggttctgtggtttcatgttagttaccttttagtta 233   
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cap_CK610807      aatgaccacgttccattcagctaaggaaaagtgagggttctgtggtttcatgttagttaccttttagtta 233   
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          AATGACCACGTTCCATTCAGCTAAGGAAAAGTGAGGGTTCTGTGGTTTCATGTTAGTTACCTTTTAGTTA 1310  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         ctgtgtaattagtgccagtttaaatgtatgttaccaaaaataaatctatttaccccagcttagatgtagt 1263  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508      ctgtg                                                                  854   
cap_CK610751                                                                             459   
cap_CK607786      ctgtgtaattagtgc                                                        458   
cap_cap_CK607786  ctgtgtaattagtgc                                                        458   
cap_cap_CK610807  ctgtgtaattagtgccagtttaaatgtatgttaccaaaaataaatctatttaccccagcttagatgtagt 303   
cap_CK610807      ctgtgtaattagtgccagtttaaatgtatgttaccaaaaataaatctatttaccccagcttagatgtagt 303   
cap_CK611244      ...................................................................... 1     
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          CTGTGTAATTAGTGCCAGTTTAAATGTATGTTACCAAAAATAAATCTATTTACCCCAGCTTAGATGTAGT 1380  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         attttttgtataattggatttcctaatactgttacttg--taaccttctgcgttaaggtgt-ctgggttt 1330  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508                                                                             854   
cap_CK610751                                                                             459   
cap_CK607786                                                                             458   
cap_cap_CK607786                                                                         458   
cap_cap_CK610807  attttttgtataattggatttcctaatactgttacttg--taacct-ctgcgttaaggtgttctgggttt 370   
cap_CK610807      attttttgtataattggatttcctaatactgttacttg--taacct-ctgcgttaaggtgttctgggttt 370   
cap_CK611244      ..............................gc-acgagggtaacct-ctgcgttaaggtgttctgggttt 38    
cap_CD764737      ...................................................................... 1     
cap_CD764556      ...................................................................... 1     
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          ATTTTTTGTATAATTGGATTTCCTAATACTGTTACTTG--TAACCT-CTGCGTTAAGGTGTTCTGGGTTT 1447  
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         tttaagaaactgtatttgaaaaataaagtccaatggaaagcagctgctcctcttccccgttcatttgtaa 1400  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508                                                                             854   
cap_CK610751                                                                             459   
cap_CK607786                                                                             458   
cap_cap_CK607786                                                                         458   
cap_cap_CK610807  tttaagaaactgtatttgaaaaataaagtccaatggaaagcagctgctcctcttccccgttcatttgtaa 440   
cap_CK610807      tttaagaaactgtatttgaaaaataaagtccaatggaaagcagctgctcctcttccccgttcatttgtaa 440   
cap_CK611244      tttaagaaactgtatttgaaaaataaagtccaatggaaagcagctgctcctcttccccgttcatttgtaa 108   
cap_CD764737      ...........................................ctgctcctcttccccgttcatttgtaa 27    
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cap_CD764556      ...........................................ctgctcctcttccccgttcatttgtaa 27    
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          TTTAAGAAACTGTATTTGAAAAATAAAGTCCAATGGAAAGCAGCTGCTCCTCTTCCCCGTTCATTTGTAA 1517  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         gagtctgacccacctgaatgatcccagtgctctgcacagccaggaggagtttttttccatgacgtgccgt 1470  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508                                                                             854   
cap_CK610751                                                                             459   
cap_CK607786                                                                             458   
cap_cap_CK607786                                                                         458   
cap_cap_CK610807  gagtctgaccc                                                            451   
cap_CK610807      gagtctgaccc                                                            451   
cap_CK611244      gagtctgacccacctgaatgatcccagtgctctgcacagccaggaggagtttttttccatgacgtgccgt 178   
cap_CD764737      gagtctgacccacctgaatgatcccagtgctctgcacagccaggaggagtttttttccatgacgtgccgt 97    
cap_CD764556      gagtctgacccacctgaatgatcccagtgctctgcacagccaggaggagtttttttccatgacgtgccgc 97    
cap_CK611471      ...................................................................... 1     
cap_CK607525      ...................................................................... 1     
Contig-0          GAGTCTGACCCACCTGAATGATCCCAGTGCTCTGCACAGCCAGGAGGAGTTTTTTTCCATGACGTGCCGT 1587  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         agggatgagaaaagacagcctgctcacactcaaagcttctgaactgttcagttgccttaagctc-attgc 1539  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508                                                                             854   
cap_CK610751                                                                             459   
cap_CK607786                                                                             458   
cap_cap_CK607786                                                                         458   
cap_cap_CK610807                                                                         451   
cap_CK610807                                                                             451   
cap_CK611244      agggatgagaaaagacagcctgctcacactcaaagcttctgaactgttcagttgccttaagctc-attgc 247   
cap_CD764737      agggatgagaaaagacagcctgctcacactcaaagcttctgaactgttcagttgccttaagctc-attgc 166   
cap_CD764556      agggatgagaaaagacagcctgctcacactcaaagcttctgaactgttcagttgccttaagctc-attgc 166   
cap_CK611471      ............................................................gcacgagggc 10    
cap_CK607525      ...................................................................... 1     
Contig-0          AGGGATGAGAAAAGACAGCCTGCTCACACTCAAAGCTTCTGAACTGTTCAGTTGCCTTAAGCTC-ATTGC 1656  
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         tggacccagtttcaaaactaaaggaaaagaaaaaagaaaaaa-aaaaaaagaaag-gaa-actttttgtg 1606  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508                                                                             854   
cap_CK610751                                                                             459   
cap_CK607786                                                                             458   
cap_cap_CK607786                                                                         458   
cap_cap_CK610807                                                                         451   
cap_CK610807                                                                             451   
cap_CK611244      tggacccagtttcaaaactaaaagaaaagaaaaaagaaaaaa-aaaaaaaaaaa                 300   
cap_CD764737      tggacccagtttcaaaactaaaagaaaagaaaaaagaaaaaa-aaaaaaa-aaag-gaa-actttttgtg 232   
cap_CD764556      tggacccagtttcaaaactaaaagaaaagaaaaaagaaaaaa-aaaaaaa-aaag-gaa-actttttgtg 232   
cap_CK611471      tggacccagtttcaaaactaaaggaaaagaaaaaa-aaaaaagaaaaaaa-aaag-aaa-actttttgtg 76    
cap_CK607525      ......................................................gcgcgcactttttgtg 16    
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Contig-0          TGGACCCAGTTTCAAAACTAAAAGAAAAGAAAAAAGAAAAAA-AAAAAAA-AAAG-GAA-ACTTTTTGTG 1722  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         taagtttggttaccacgtagtgatcagactcctaacctgtgaacttcttgctgttctgcagccaactaaa 1676  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508                                                                             854   
cap_CK610751                                                                             459   
cap_CK607786                                                                             458   
cap_cap_CK607786                                                                         458   
cap_cap_CK610807                                                                         451   
cap_CK610807                                                                             451   
cap_CK611244                                                                             300   
cap_CD764737      taagtttggttaccacgtagtgatcagactcctaacctgtgaacttcttgctgttctgcagccaactaaa 302   
cap_CD764556      taagtttggttaccacgtagtgatcagactcctaacctgtgaacttcttgctgttctgcagccaactaaa 302   
cap_CK611471      taagtttggttaccacgtagtgatcagactcctaacctgtgaacttcttgctgttctgcagccaactaaa 146   
cap_CK607525      taagtttggttaccacgtagtgatcagactcctaacctgtgaacttcttgctgttctgcagccaactaaa 86    
Contig-0          TAAGTTTGGTTACCACGTAGTGATCAGACTCCTAACCTGTGAACTTCTTGCTGTTCTGCAGCCAACTAAA 1792  
 
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         ctttctgttttttcatttttccaacaactaatagaataaaggcagttttc-aa---------aaaaaaaa 1736  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508                                                                             854   
cap_CK610751                                                                             459   
cap_CK607786                                                                             458   
cap_cap_CK607786                                                                         458   
cap_cap_CK610807                                                                         451   
cap_CK610807                                                                             451   
cap_CK611244                                                                             300   
cap_CD764737      ctttctgtattttcatttttccaacaactaatagaataaaggcagttttctaagctccctgtaaaaaaaa 372   
cap_CD764556      ctttctgtattttcatttttccaacaactaatagaataaaggcagttttctaagctccctgtaaaaaaaa 372   
cap_CK611471      ctttctgtattttcatttttccaacaactaatagaataaaggcagttttctaagctccctgtaaaaaaaa 216   
cap_CK607525      ctttctgtattttcatttttccaacaactaatagaataaaggcagttttctaagctccctg-aaaaaaaa 155   
Contig-0          CTTTCTGTATTTTCATTTTTCCAACAACTAATAGAATAAAGGCAGTTTTCTAAGCTCCCTGTAAAAAAAA 1862  
 
cap_AJ445688                                                                             661   
cap_AJ447255                                                                             680   
cap_AJ451576                                                                             665   
cap_CF254490                                                                             912   
cap_RhoA4         aaaaaaaaaaaaaaaaaaa                                                    1755  
cap_BU415060                                                                             907   
cap_U79757                                                                               732   
cap_U79757                                                                               732   
cap_CF253150                                                                             697   
cap_CK611051                                                                             457   
cap_CF251508                                                                             854   
cap_CK610751                                                                             459   
cap_CK607786                                                                             458   
cap_cap_CK607786                                                                         458   
cap_cap_CK610807                                                                         451   
cap_CK610807                                                                             451   
cap_CK611244                                                                             300   
cap_CD764737      aaaaaaaa                                                               380   
cap_CD764556      aaaaaaaa                                                               380   
cap_CK611471      aaa                                                                    219   
cap_CK607525      aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 225   
Contig-0          AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1932  
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                  ... 
cap_AJ445688          661   
cap_AJ447255          680   
cap_AJ451576          665   
cap_CF254490          912   
cap_RhoA4             1755  
cap_BU415060          907   
cap_U79757            732   
cap_U79757            732   
cap_CF253150          697   
cap_CK611051          457   
cap_CF251508          854   
cap_CK610751          459   
cap_CK607786          458   
cap_cap_CK607786      458   
cap_cap_CK610807      451   
cap_CK610807          451   
cap_CK611244          300   
cap_CD764737          380   
cap_CD764556          380   
cap_CK611471          219   
cap_CK607525      aaa 228   
Contig-0          AAA 1935  
 

 

Alignment of chickRhoA4 and chick RhoAlong. 

Chick RhoA4 (Chick RhoA4) was isolated by screening a HP cDNA library using the DD probe 

identified to be RhoA. Chick RhoAlong (Chick RhoAL)  was obtained by overlapping EST alignments, 

in which small fragments of the chick RhoA4 sequence were used as template for Blastn searches 

against the EST databases.  The EST sequences were then aligned using contig assembly program 

(BioEdit) to obtain a full sequence. 
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