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Summary

Early steps o f cardiogenesis in vertebrates and invertebrates are similar in that in both 

systems, bilateral rows o f cardiac progenitors migrate towards a point where the two rows 

meet and make a tubular structure. As with any other developmental processes, proper 

cardiac migration requires proper guidance o f progenitors towards the target position. 

Drosophila dorsal vessel (DV; Drosophila equivalent o f heart) progenitors have been 

shown to express a number o f surface molecules found to be important for axon 

projection, implying that migration o f these cells also requires guidance. However, as 

cardiac migration greatly differs from axon guidance, it is not known whether these 

guidance molecules play their leading roles through the same repulsive or attractive 

properties observed during nervous system development and midline crossing. Previous 

research have identified several defects associated with various guidance receptor/ligands 

dysfunction, but none o f them have decisively identified repulsive or attractive functions 

during cardiac cell migration. In this work, I investigate the role o f Unc-5 receptor (a 

known repulsive guidance receptor o f Netrin) during migration o f DV cells and identify 

an Unc-5-specific DV phenotype. Delving more into the identified unc-5 phenotype, 

reveals that the observed specific DV shape is due to premature DV closure. In other 

words, because o f lack o f a repulsion from the dorsal midline, migrating DV cells move 

faster and close earlier than DV closure in wild-type embryos. In contrast, we find that 

in fra  mutants DV closure happens in all embryos with a significant delay, compared to 

wild-type embryos. In other words, because o f a lack o f attraction towards the dorsal 

midline, migrating DV cells in fra  mutants move slower than those in wild-type embryos 

and subsequently close with a delay. I also demonstrate that the observed guidance 

functions o f these receptors is a result o f tissue-autonomous repulsion or attraction by 

Unc-5 and Fra receptors, respectively, as these molecules are expressed on the surfaces 

o f the migrating DV cells. Similar to other tissues studies so far, I also find that both Unc- 

5 and Fra receptors function through Netrins to guide the migrating cardiac progenitors.

To gain a better understanding o f  cardiac-specific transcriptional regulation o f these 

guidance receptors during cardiogenesis, I studied Unc-5 regulation in the course of 

cardiac migration. Based on my findings, Unc-5, even though expressed in all types o f
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cardiac cells, namely cardioblasts (CBs) and pericardial cells (PCs), is transcriptionally 

regulated by different mechanisms in each cardiac subtypes. All different transcriptional 

mechanisms, however, act through a small ~ lkb enhancer element within the first 

intronic region of unc-5 locus which we identified in this work (termed unc-5-GW 

fragment). In Tin-expressing CBs, Unc-5 expression is induced mainly via direct binding 

o f Tinman (Tin), a transcription factor required for cardiac tissue specification, to our 

identified unc-5-GW fragment. In PCs, Tin-dependency for Unc-5 expression does not 

appear to be to as essential as in Tin-expressing CBs. Furthermore, I demonstrate that Tin 

binding to unc-5-GW element is mediated through three consensus Tin-binding sites 

which are evolutionarily conserved across all twelve sequenced Drosophila species.
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Chapter 1: An introduction to Drosophila 
cardiac tissue specification and formation



1.1 Drosophila melanogaster as a model system to study cardiogenesis

It is very well established that despite the morphological differences among vertebrate 

and invertebrate species, there are striking similarities in both mechanics and molecular 

aspects of heart development. In both vertebrates and invertebrates, heart morphogenesis 

takes place by migration and finally fusion of two rows of cardiac precursors originated 

from lateral mesoderm (Zaffran. 2002). In vertebrates, convergence and fusion of the the 

two rows of heart primordia forms a transient linear structure (primitive heart tube) which 

subsequently undergoes looping in a process called cardiac looping to generate a multi- 

chambered heart (Harvey, 2002). The equivalent of heart in Drosophila is a simple 

beating tube called dorsal vessel (DV; as it looks like a pulsating blood vessel) which is 

reminiscent of the vertebrate heart at very early stages of development (Zaffran, 2002). 

In contrast to vertebrate heart development, in Drosophila, there are no further looping 

and convolution after formation of the linear tube. Cardiac tube morphogenesis in 

Drosophila melanogaster shares remarkable similarities with primary vessel formation 

in vertebrates and it has been proposed that the Drosophila cardiovascular system is 

phylogenetically related to the vertebrate vascular system (Hartenstein and Mandal, 

2006). Similar to vertebrate heart. Drosophila DV is formed via migration and joining of 

two rows of precursors. Other similarities include having an anteroposterior polarity with 

an aorta at the anterior portion of DV and a contractile pumping part at the posterior end 

termed “heart”. Furthermore, some cardiomyocytes become specialized valve cells that 

form inflow tracts called “ostia” (Zaffran, 2002). The Drosophila DV is, however, 

located at the dorsal midline while in vertebrates heart lies ventral to the gut (Bodmer 

and Frasch, 2010).

The outstanding progress in the understanding of the molecular basis of heart 

development over the past two decades can be also attributed in part to the striking 

molecular conservation during cardiogenesis between distinct phyla. While the vertebrate 

heart is much more complex, both in morphology and function, than the Drosophila DV, 

many of the basic transcriptional elements required for cardiac specification and 

differentiation are conserved (Cripps and Olson, 2002). Unravelling the genetic network 

controlling cardiogenesis in invertebrates, such as Drosophila melanogaster, has
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provided frameworks for understanding molecular mechanisms o f heart morphogenesis 

in higher organisms.

Based on these similarities, Drosophila has become an attractive model organism for 

study o f cardiogenesis and elucidating the key basic mechanisms underlying heart 

development in higher organisms including human.

1.2 Structural features of the Drosophila dorsal vessel

As mentioned above, dorsal vessel o f Drosophila  has a simple tubular structure. The 

major DV function is pumping a liquid containing various types o f blood cells belonging 

majorly to the animal’s immune system and also nutrients. This liquid is called the 

homolymph and circulates through the body cavity in an open circulatory system. The 

homolymph in insects is unlikely to carry any oxygen as insects have tracheal systems 

(Bodmer and Frasch. 2010). Dorsal vessel in Drosophila embryo is stretched across the 

length o f embryo spanning from the middle o f thoracic segment 2 (T2) to abdominal 

segment 7 (A7), with slight intrusion into A8 (Figure 1.1). Anatomically, the anterior 

part o f dorsal vessel spanning from T2 to A4 is narrower than the posterior portion and 

is called aorta. The anterior aorta is flanked by the neuroendocrine ring gland and the 

homocyte-forming lymph gland (Figure 1.1). The posterior portion o f dorsal vessel 

stretched from A5 to A8 is termed “the heart” which by its pulsatile function pumps the 

homolymph through the aortic portion throughout the anim al’s body (Bodmer and 

Frasch, 2010; W olf and Rockman, 2011). The ostia cells in the pumping portion o f the 

heart open and close in phase with the contraction wave to facilitate the entry o f the 

homolymph into the heart and consequently circulatory system (Molina and Cripps, 

2001). Pumping function is, at least in part, facilitated by alary muscles which connect 

the DV tube to the overlying epidermis (ectoderm). These muscles are laterally attached 

to the body wall and control the homolymph inflow during larval locomotion (LaBeau et 

al., 2009).

Dorsal vessel is mainly composed o f two types o f cells; cardiomyocytes (also called 

cardioblasts) and PCs. CBs which are the contractile muscle cells constitute the leading

8



edge (LE) o f  the two migrating rows o f cells that jo in  at the dorsal midline and enclose 

the lumen. PCs, make a second cell type which is more like an irregular layer flanking 

the CBs from the outside (Bodmer and Frasch, 2010; Tao and Schulz, 2007; Zaffran, 

2002). The CB population o f cells is composed o f 104 cells which are divided into two 

subpopulations based on whether they express either the transcription factor Tinman 

(Tin) or Seven-up (Svp). There are six CBs in each hemisegment, o f which the two most 

posterior CBs are Svp-CBs and the other four anterior are Tin-CBs (Lo and Frasch. 2001). 

Tin-expressing (also referred to as Tin-positive) CBs form the “working myocardial 

cells” and Tin-negative (also called Svp-expressing/ -positive) CBs constitute ostia cells 

which act as inflow valves (Bodmer and Frasch, 2010; Bodmer and Venkatesh, 1998). 

Cardiomyocytes are in direct contact with both the luminal environment and the external 

environment and this way they display a dual functionality. PCs are noncontractile cells 

that surround the myocardial tube. PCs have been implicated in lymph detoxification. As 

with the cardiomyocytes, PCs are divided into different subsets based on their distinctive 

genetic marker expression. Analyses o f the expression o f the homeobox-containing genes 

odd-skipped {odd), even-skipped {eve), tin, ladybird-early {Ihe), and ladybird-late {Ihl), 

identify three distinct populations o f PCs (Figure 1.2) (Azpiazu and Frasch, 1993; 

Bodmer, 1993; Jagla et al., 1997; Ward and Skeath, 2000). O f ten PCs per hemisegment, 

two express eve (Eve-PCs) and position laterally and slightly dorsal relative to CBs, four 

express tin (Tin-PCs) two o f which express ladybird genes (all four position ventral to 

CBs), and another four express odd  (Odd-PCs) which position laterally and slightly 

ventral to CBs. All ten PCs express the zinc-fmger homeobox-containing gene zflil 

(Figure 1.2) (Ward and Skeath, 2000).

Besides the PCs, DV is surrounded by an extracellular matrix the well-known component 

o f  which is pericardin, a type-IV collagen-like protein secreted by PCs (Figure 1.1). This 

represents another example o f difference between vertebrate and invertebrate heart 

structures as the vertebrate heart is composed o f myocardial and endocardial cells 

(Bodmer and Frasch, 2010; Harvey, 2002).
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1.3 Genetic control of cardiogenesis in Drosophila

Formation o f dorsal vessel is a developmental process under stringent control o f a myriad 

o f regulatory processes. Different aspects o f morphogenesis including regulation o f cell 

movement, cell type specification, cell-cell communication, etc. are required to be 

controlled precisely for correct DV structure morphogenesis. Drosophila melanogaster 

has been widely used as a powerful tool to help decode various regulatory processes that 

occur during the specification and differentiation o f the embryonic DV. As in other 

animal species, cardiac tissue in Drosophila has a mesodermal origin. At early stages o f 

fly development, mesodermal cells are specified as a ventral group o f cells which form a 

layer within the embryo after invagination. Consequently, mesodermal cells spread 

dorsally and laterally and give rise to four major cell types: the skeletal (or somatic) 

muscles that form the muscular structure o f the body wall and are arranged in a pattern 

which is repeated segmentally; the visceral muscles embracing the gut; the /a / body filling 

the space between the body wall muscles and visceral muscles; and the dorsal vessel 

(Bryantsev and Cripps, 2009; W olf and Rockman, 2011). As a result o f exposure to a 

gradient o f  the dorsally-derived TGPp signal, Decapentaplegic (Dpp), those mesodermal 

cells that migrate most dorsally on either side o f the embryo assume a dorsal mesodermal 

fate (Frasch, 1995). Through the parallel actions o f  the ectodermally-derived signals o f 

Wingless (Wg) and Hedgehog (Flh), cells within the dorsal mesoderm assume either 

cardiac or visceral mesodermal fate, respectively (Figure 1.3 A). Cardiac specification 

results in the formation o f two bilateral lines o f DV precursors (Bodmer and Frasch, 

2010; Bryantsev and Cripps, 2009; Frasch, 1995). From this point onward, cardiac cell 

population becomes diversified through the actions o f a series o f  intrinsic and extrinsic 

signals to generate distinct subsets o f DV cells. Simultaneous to this ongoing process o f 

cell type specification, the bilateral cardiac progenitors migrate dorsally and medially 

along with the embryonic process o f dorsal closure. Ultimately, the cardiac progenitors 

meet at the dorsal midline to make a cardiac tube (Figure 1.3 A - E) (Bryantsev and 

Cripps, 2009; Chartier et al., 2002).
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1.3.1 T inm an/N kx2-5

Discovery and genetic analysis o f the NK-homeobox gene tinman {tin) was a 

breakthrough in the study o f molecular genetics o f DV development. Drosophila tin is 

initially expressed throughout the mesoderm until stage 10. At stage 10 tin expression 

becomes restricted to the dorsal mesoderm (cardiac and visceral progenitors) and later its 

expression becomes confined to the majority o f CBs and a subset o f PCs. In mutant 

embryos that lack tin, formation o f DV, visceral muscles is abolished, and a few dorsal 

body wall muscles is abolished (Reim and Frasch, 2010). Vertebrate and human ortholog 

o f tin, Nkx2-5, is a critical component o f cardiogenesis and several mutant alleles o f it 

have been associated with congenital heart diseases (Akazawa and Komuro, 2005). 

Expression and functions o f tin/Nkx2-5 orthologs in the cardiac tissues o f all heart- 

possessing species appears to be extremely critical and evolutionary conserved since 

several ortologs o f the Drosophila tin have been cloned following demonstrating its 

importance in heart development, including mouse mNkx2.5 (or Cvx) (Komuro and 

Izumo, 1993), Xenopus A7Vfcc2.5 (Tonissen et al., 1994), Chicken cNkx2.3 and cNkx2.5 

(Buchberger et al., 1996), and Zebrafish Nkx2.5 (Chen and Fishman, 1996).

Temporal and spatial restriction o f tin expression suggests a role in the correct cellular 

fate guidance and differentiation during specification o f cardiac progenitors. This was 

confirmed by the finding that transgenic embryos with an engineered tinman allele that 

mimics only the early and dorsal mesodermal expression o f this gene, but not its cardiac- 

specific expression, were still able to partially develop dorsal vessels. More importantly, 

these animals can grow into adults flies, despite the lack o f  cardiac tin expression. 

However, by looking at the cell-type specific markers it turns out there are cell fate 

switches within the cardiac tissue (Zaffran et al., 2006).

Tinman and its vertebrate relatives are DNA binding transcription factors and have been 

shown to bind preferentially to sequences with a CAAG core and with the highest affinity 

to TCAAGTG (and its complementary sequence CACTTGA) m otif (Chen and Schwartz, 

1995; Damante et al., 1996; Gajewski et al., 1997). This is in agreement with data from
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the two most recent genome-wide screenings o f Tinman binding sites (Jin et al., 2013; 

Junion et al., 2012).

1.3.2 Drosocross (Doc) T-box genes and pannier {pnr)

Tin is not the only evolutionary conserved cardiac transcription factor. Evolutionary 

conservation is also evident about other components o f an apparently ancient core 

regulatory network (Olson, 2006). In Drosophila, the Dorsocross {Doc) T-box genes and 

the Gata4/5/6 act together with tin in the development o f cardiac progenitors. In the 

cardiogenic mesoderm these genes are co-expressed with tin and as with tin loss o f almost 

all cardiac cells is observed in Doc and pnr  null mutants (Reim and Frasch, 2010). 

Drosophila has three Doc genes {DocI, Doc2, and DocS) which show a very similar 

pattern o f  expression in the DV and appear as a cluster in the genome. In order to get a 

Doc phenotype, all three should be removed, indicating a redundancy in the activity if 

these genes. Drosophila Doc genes are similar and evolutionary related to Thx5, a critical 

T-box gene expressed in the early stages o f cardiogenesis and whose mutation in humans 

has proven to cause heart defects similar to those o f NKX2-5  and GATA4 (Reim and 

Frasch, 2010).

During cardiac mesoderm induction, pannier  is co-expressed with tin and Doc in a 

narrow dorsal domain (Alvarez, 2003; Bodmer and Frasch, 2010; Gajewski et al., 1999; 

Klinedinst and Bodmer, 2003). Both tin and Doc are required for the expression o f pnr  

in these cells and Tin has been shown to regulate pnr  expression by direct binding to a 

cardiac-specific enhancer in the upstream region o f  pnr  gene (Gajewski et al., 2001; Reim 

and Frasch, 2005). Co-expression o f pnr  with tin and/or Doc in the mesoderm is shown 

to be synergistic in the ectopic induction o f cardiac-specific markers even more efficient 

than expression o f either one o f these on its own. This together with data demonstrating 

physical interaction o f pnr  with tin, suggest that these transcription factors act together 

as a group to induce cardiogenesis (Bodmer and Frasch, 2010; Gajewski et al., 2001; 

Klinedinst and Bodmer, 2003; Reim and Frasch, 2005).
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1.3.3 LIM honieodomain transcription factor islet-1 ortholog tailup

The murine ortholog o f LIM homeodomain-containing transcription factor islet-1, tailup 

{tup), was initially identified for its functional roles in the development o f nervous system 

(Thor and Thomas, 1997). Subsequently, Tao and colleagues identified tup as a gene 

essential for DV formation in Drosophila, tup is expressed in different cell subtypes in 

dorsal vessel and its null mutations cause severe cardiac deficiencies observed in 

cardiomyocytes, PCs, as well as in lymph gland (Tao et al., 2007). Interestingly, islet-1 

has been shown to provide critical functional roles during the mouse heart development. 

Analyses o f islet-1 expression pattern in the murine heart together with the developmental 

deficiencies observed in islet-1 knockout mouse embryos suggested a role for this gene 

in the specification o f separate cardiac lineage called the second heart field (Cai et al., 

2003; Mann et al., 2009). In vertebrates, a cooperative interaction between islet-1 and 

Nkx2-5 has been demonstrated. Interestingly, a cooperative interaction between tup and 

the other known components o f the cardiogenic core network tin. Doc, and pnr  was 

suggested by Mann and colleagues. Using a Toll-GFP marker, homozygous tup mutants 

were identified to show altered CB alignment but regular numbers o f cells indicating its 

role in the correct cell patterning (Mann et al., 2009).
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1.4 Transcriptional networks required for cardiogenesis in Drosophila 

and vertebrates; similarities and differences

Although the events involved in forming the vertebrate multichambered heart are much 

more complicated than for the formation of the Drosophila dorsal vessel, many of the 

same families of transcription factors and regulatory circuits that mediate dorsal vessel 

development also appear to operate during the early steps in vertebrate heart formation. 

There are striking similarities between Drosophila and vertebrates in the regulatory 

strategies for specification of cardiac cell fate, differentiation of cardiac myocytes, and 

morphgenesis of the linear heart tube. However, no further gross structural 

transformations occur after the linear heart tube formation in Drosophila (Bodmer and 

Frasch, 2010; Bodmer and Venkatesh, 1998; Targoff et al., 2008). Nevertheless, 

vertebrate heart development comprises of two major steps; development of primary (or 

first) and secondary heart fields (FHF and SHF, respectively). After the linear heart tube 

forms in the vertebrate embryo, it undergoes complex events of looping morphogenesis, 

chamber specification, septation, and diversification, as well as intergration with the 

vascular system (Cripps and Olson. 2002; Fishman and Olson. 1997; Srivastava and 

Olson. 2000; Yelon and Stainier, 1999). Nkx2.5 (also known as Nkx2-5 and Csx in mice), 

a vertebrate ortholog of tin, is expressed in the cardiogenic mesoderm at early stages of 

cardiogenesis concomitant with specification of the lineage and its expression is 

maintained in the heart until adulthood (Cripps and Olson, 2002; Komuro and Izumo, 

1993; Lints et al., 1993). It is the earliest known marker for the cardiac lineage in 

vertebrates. In addition, as in Drosophila, members of GATA and Mef2 families of 

transcription factors play key roles in cardiomyocyte differentiation in vertebrates. These 

factors have also been implicated in the early steps of morphogenesis of the DV (Bodmer 

and Venkatesh, 1998; Cripps and Olson, 2002). Moreover, two important transcription 

factors essential for Drosophila dorsal vessel formation. Hand and Mef2m which are 

known to be transcriptionaly controlled by Tin, are also expressed and regulated by 

Nkx2.5 in vertebrates (Tanaka et al., 1999).

Nevertheless, mice homozygous for a Nkx2.5 knock-out mutation do form the early heart 

tube and express most contractile proteins (Lyons et al., 1995). Later however, the heart
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tube fails to undergo normal looping. Although this phenotype reveals that Nkx2.5 is 

required for normal heart formation, late manifestation o f the mutant defects greatly 

differs from the complete loss o f DV in Drosophila lacking functional tin. However, it 

has been shown that when vertebrate Nkx2.5 genes are expressed in Drosophila mutants 

o f tinman, they are capable o f rescuing, at least partially, the defects (Zaffran et al., 2006). 

Therefore, it has been suggested that several /mwan-related genes may have partially 

redundant functions during cardiogenesis (Bodmer and Venkatesh, 1998). For 

comparison, simplified transcriptional networks depicting genetic interactions involved 

in the initial steps o f Drosophila dorsal vessel and vertebrate heart development are 

shown in figures 1.4 and 1.5.
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1.5 Nkx2.5 and congenital heart diseases (CHDs)

Because of having essential roles during the early steps of cardiogenesis, Nkx2.5 is a key 

causative gene associated with cardiac birth defects (Benson et al., 1999; Schott, 1998). 

In mice, targeted disruption of Nkx2.5 is lethal to embryos and arrests cardiac 

development at the linear heart tube stage (Lyons et al., 1995; Tanaka et al., 1999). In 

addition, some observed morphogenetic defects in homozygous Nkx2.5 mutant mice 

include narrowed, shortened, and malformed outflow tract (Prall et al., 2007). Also, 

zebrafish Nkx2.5 homologs, nkx2.5 and nkx2.7 have been shown to be essential for 

establishment of the original dimensions of the linear heart tube (Targoff et al., 2008). In 

humans, Nkx2.5 null mutants are lethal due to severe cardiac malformations. However, 

many mutations in this gene have been identified which can cause cogenital heart 

diseases (CHD) in heterozygous individuals (Benson et al., 1999; Schott, 1998). The 

human gene Nkx2.5 is to date the most commonly mutated single gene in CHD, 

accounting for 1 to 4% of specific malformations (Benson et al., 1999; Elliott et al., 2003; 

McElhinney et al., 2003; Schott, 1998). Inheritance o f heterozygous Nkx2.5 mutations 

have been shown to be associated with various congenital heart defects suggesting that 

this transcription factor contributes to diverse cardiac deveopmental pathways including 

atrial, ventricular, and conotruncal septation, atrioventricular (AV) conduction, and AV 

valve formation. AV block and secundum atrial septum defect (ASD) are the two most 

common CHDs caused by Nkx2.5 mutation in humans (Benson et al., 1999). AV block 

involves the impairment of the conduction of electrical impulses between the atria and 

ventricles of the heart and ASD is a from of CHD that enables blood flow between the 

left and right atria while normally these two compartments are separated by a septum 

called the interatrial septum (Congenital Heart Disease in the Adult. 2001). Additional 

malformations known to be associated with mutations in the human Nkx2.5 gene include, 

malpositioning of the outflow vessels (double-outlet right ventricle; DORV), and a 

complex congenital condition arising from stenosis of the pulmonary artery called 

tetralogy of Fallot (Elliott et al., 2003; McElhinney et al., 2003).
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1.6 Dorsal vessel assembly and lumen formation

At around stage 12, the two bilateral rows o f cardiomyocytes align in form of a crescent

like chain of cells where they undergo a mesenchymal to epithelial transition. Formation 

of the final dorsal vessel is dependent on the accurate alignment of these cells as structural 

defects will arise as a result of mutations in genes involved in this process.

Similar to vertebrates, the bilateral rows of cardiac progenitors of Drosophila assemble 

at the midline in an extremely precise and orchestrated process which initiates after dorsal 

migration of the mesoderm. These two rows which initially form on the dorsolateral sides 

of the embryo, migrate dorsally to finally meet each other and form a tube (Figure 1.3 

F). CBs and PCs migrations follows the dorsal ectodermal leading edge during the later 

stages of which lateral epidermal flanks migrate and fuse at the midline to close a hole in 

the dorsal epidermis filled by an epithelium called the amnioserosa. During migration, 

CBs are in contact with the migrating ectoderm at areas adjacent to the ectodermal 

leading edge (ELE). The current standpoint is that CBs rely on the ectodermal movement 

for their migration (Figure 1.6 A -  C) (Tao and Schulz, 2007).

1.6.1 Pericardin and dorsal ectoderm/DV interaction

Although precise roles of PCs in DV morphogenesis and function is not completely 

understood yet, one well-established role is connecting the dorsal vessel to the LEs of the 

migrating ectoderm by secretion of an extracellular matrix collagen-like protein called 

Pericardin (Prc) (Chartier et al., 2002). In addition to that, as mentioned above, seven 

pairs of alary muscles, arranged in a segmentally repeated fashion, attach the DV to the 

internal side of the dorsal body wall (Figure 1.1) (LaBeau et al., 2009).
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Figure 1.6: H eart cells m ove in coord ination  w ith d orsa l ectoderm  d uring  dorsal 
closure. Dorsal ectoderm (ect) is represented in white and the leading edges (LE) in blue. 
At stage 13 (A ), LE is alm ost two cells ahead o f  C Bs and at later stages, when dorsal 
closure is accom plished, heart cells keep their m ovem ent (B ) towards the dorsal midline 
until C Bs meet and make a lumen (C ). as, am nioserosa (Source; Chartier et al., 2002)

At the beginning o f the dorsal closure process, PCs start production and secretion o f Prc 

which subsequently becomes concentrated at the basal surface o f cardiomyocytes which 

is in close contact with the overlying ectoderm (Tao and Schulz, 2007). prc  mutant 

embryos display a disruption in the migration and assembly o f  cardiomyocytes. Based on 

this observation and also regarding the Prc expression pattern, it is likely that Prc is 

engaged in coordinating the migration o f rows o f CBs with movements o f dorsal 

ectodermal sheets (Figure 1.6) (Chartier et al., 2002). In line with this is the observation 

that in mutant embryos where ectodermal leading edge is defective, the two rows o f CBs 

stall and no longer join at the midline resulting in a phenotype termed cardia bifida which 

is described in some mutant mice and zebrafish where the bilateral primordia o f DV cells 

fail to join leading to formation o f two bilateral DVs (cardia bifida) (Chartier et al., 2002; 

Molkentin et al., 1997; Saga et al., 1999; Stainier, 2001).

21



1.6.2 Axon guidance receptors/ligands and DV migration

Axons of neurons within the nervous system harbour extremely complicated internal 

regulatory mechanisms that enable each of them to respond to environmental cues in a 

unique way, so that every single neuron has an exact stereotypical localization as well as 

axonal projection pattern in all wild-type individuals of the same species. One important 

part of axonal internal regulatory mechanisms is guidance receptors that help axons 

navigate through the embryonic tissue towards the right target(s) via responding to 

varying concentrations, or in other words to gradients of, their corresponding ligands. 

Especially, axon guidance receptors and their corresponding ligands play a pivotal role 

in a process called midline crossing, where axons of motor neurons decide to whether 

cross the midline or stay on the same side as the cell body of the projecting neuron. In 

the CNS, a combination of ligands is usually concentrated at the midline to lead the 

incoming axons through to their targets regarding the combination o f receptors they are 

expressing on the axon’s growth cone i.e. the growing tip of the axon. In general, axon 

guidance signalling includes attraction and/or repulsion which is acquired via the specific 

combination of receptors expressed on the axonal growth cone at the time (Nawabi and 

Castellani, 2011). Of many different receptors found to be important for Drosophila axon 

guidance so far, the most important and widely studied are Uncoordinated-5 (Unc-5), 

Frazzled (Fra)/DCC, and Roundaboutl/2 (Robol and Robo2). The corresponding ligands 

being NetrinA (NetA), and Netrin B (NetB) acting generally as Unc-5 and Fra ligands. 

Slit (Sli) acting as ligand for Robos, and Ephrin-B3 as ligands for EphBl -  EphB3 

(Nawabi and Castellani, 2011).

Subsequent research revealed expression and functions of these receptors and their 

ligands in other tissues, including vertebrate and invertebrate hearts (Bouvree et al., 2008; 

Koch et al., 2011; Larrivee et al., 2007; Lu et al., 2004; MacMullin and Jacobs, 2006; 

Qian et al., 2005; Santiago-Martinez et al., 2006). Here, I briefly review others’ findings 

on the expression patterns and also functions of these receptors and their ligands during 

the cardiac migration and also DV lumen formation.
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1.6.3 Orchestration of Drosophila  DV assembly by Robol/2  and Slit

Drosophila Slit, an EGF- and LRR-containing protein is expressed and secreted, into the 

luminal space (dorsal midline), by CBs. Robol and Robo2 are expressed by the two rows 

of CBs and PCs in a distinctive pattern so that Robol is expressed in both CBs and PCs 

while Robo2 expression is limited to PCs (Qian et al., 2005; Santiago-Martinez et al., 

2006). This spatial localization of Robol and Robo2 relative to Slit is reminiscent of the 

expression pattern of these molecules in the CNS where Slit is expressed and secreted to 

the midline, Robol is present in the axons of all three longitudinal tracts, Robo2 is limited 

to the lateral tract, and Robo3 is expressed in the axons of the medial tract (Figure 1.7) 

(Rajagopalan et al., 2000). However, Robo3 is not expressed in the DV.

Slit expression is first detected in the DV at around stage 14. Slit protein distribution is 

uniform within the cytoplasm of CBs at this stage. However, this distribution pattern 

changes at later stages as the bilateral rows of DV cells start finding one another and 

during alignment process so that Slit is accumulated at the contact sites between CBs 

(Qian et al., 2005; Santiago-Martinez et al., 2006). Likewise, Robol which, at earlier 

stages, is uniformly distributed within cardiomyocytes, changes its localization to the 

apical (dorsal) surface of these cells. Robo2, in contrast, remains in PCs in a uniformly 

distributed fashion and does not accumulate at the dorsal midline. However, in Robol 

null mutants, Robo2 is ectopically expressed in CBs and is localized at the apical surface 

of these cells, in a pattern similar to that of Robol in wild-type embryos, to apparently 

compensate the lack of Robol (Qian et al., 2005).

In Slit mutants, CBs fail to align properly at stage 16 and DV looks perturbed and mis- 

organized in these mutants. Nevertheless, neither Robol nor Robo2 single mutants 

display a phenotype as dramatic as that of Slit. Indeed, only a small percentage of mutant 

embryos of Robol or Robo2 show a very subtle misalignment phenotype which could be 

attributed, at least in part, to a redundancy in their functions. However, Robol, Robo2 

double mutants demonstrate very sever phenotypes with a high penetration, similar to 

what is observed in Slit mutants. Interestingly, in Robol, Robo2 double mutants. Slit 

expression is no longer concentrated at the apical surface of cardiomyocytes, indicating
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that Slit requires these receptors for its accurate polarization (Qian et al., 2005; Santiago- 

Martinez et al., 2006). In addition, Santiago-Martinez and colleagues observed an 

occasional protrusion o f PCs to the area between the two rows o f CBs, while normally 

they position behind the CBs. Based on this observation, they propose that the positioning 

and distance o f myocardial or PCs relative to midline is dependent on the accurate 

combination o f Robo receptors in the DV tissue. Accordingly, they show that ectopic 

expression o f Robo2 in cardiomyocytes causes disruption o f cellular positioning while 

Robol expression using the same driver does not have such an effect (Santiago-Martinez 

et al., 2006). Both groups conclude that Slit and Robol/Robo2 regulate cellular migration 

and cardiac cell positioning via a repulsive interaction (Figure 1.7 bottom).

Rescue experiments by cardiac-specific expression o f Slit, Robol or Robo2 in the 

corresponding mutant backgrounds reveal a tissue-autonomous function o f these 

molecules rather than indirect effects from the neighboring tissues (Qian et al., 2005; 

Santiago-Martinez et al., 2006).

These results demonstrate a role for the axon guidance receptors Robol and Robo2 and 

their ligand Slit in the accurate guidance, positioning, and alignment o f DV cells during 

cardiogenesis. More importantly, regarding the fact that these molecules are also 

expressed in vertebrate cardiac primordia during early migration o f bilateral rows of 

progenitors, it is quite likely that these molecules play a very similar role during 

vertebrate cardiac development. In spite o f existence o f a relatively comprehensive 

understanding o f the roles o f Slit/Robo in vascularization, little attention is given to their 

significance during vertebrate DV development. According to a recent finding. Slits and 

Robos are expressed in the developing zebrafish heart and are important for the migration 

o f cardiac progenitors and formation o f the heart tube (Fish et al., 2011).
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1.6.4 The role o f  Unc-5, Fra, and Netrins in dorsal vessel assembly and lumen 
formation

Netrin (UNC-6) was first identified in C. elegans as a secreted diffusible long-range 

laminin-like component of the extracellular matrix that acts as a guidance cue for axons 

to help them navigate through the tissue until they get to their proper target (Ishii et al., 

1992). Subsequently, Netrins have been found in a wide range of species and have been 

shown to be important mediators of guidance and cell adhesion and many different tissues 

(Dickson and Zou, 2010). Two main Netrin receptors include the single-pass 

transmembrane proteins Frazzled/DCC (Deleted in Colorecta Cancer) and 

Uncoordinated-5 (Unc-5) (Dickson and Zou, 2010).

Unc-5, DCC/Frazzled, and Netrins (NetA and NetB in Drosophila) are also essential 

components of the dorsal vessel assembly and lumen formation. Although there is a vast 

knowledge on the functions of these molecules during nervous system development, our 

understanding of their roles in cardiogenesis and vascular development is poor.

Unc-5 expression during cardiogenesis is conserved among invertebrates, such as 

Drosophila, and vertebrates like chick and mouse (Albrecht et al., 2011; Bouvree et al., 

2008; Claes, 2004). In chick, Unc5b mRNA is detectable in cardiac crescent and in the 

posterior primitive streak at early stages of development ( 1 - 1 1  somite stage). Later, 

embryos at around 1 5 - 2 5  somite stage show Unc5b expression in the dorsal aorta and 

forming vitelline arteries (Bouvree et al., 2008). Likewise, in mouse, Unc5b expression 

is detected in the heart at early stages of development (E l0.5) (Claes, 2004). In 

Drosophila DV, using in situ hybridization, Unc-5 expression is first detectable at stage 

13 and continues into adulthood and is detected in both CBs and PCs (Albrecht et al., 

2011). In the case of Netrins, although authors fail to detect NetB mRNA in the DV, their 

NetB antibody staining shows a NetB localization in CBs (Albrecht et al., 2011).

In terms of function, there is currently no data on the significance of UNC5B expression 

in vertebrate heart. However, Albrecht and colleagues recently suggested a role for Unc- 

5 in Drosophila heart lumen formation as well as CB organization. Based on their 

observation, Unc-5 is localized in the luminal membrane compartment of cardiomyocytes
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and through its repulsive interaction with the secreted Netrin is that lumen forms, and 

accordingly embryos mutant for Unc-5 fail to form a heart lumen (Albrecht et al., 2011). 

As expected, NetB, but not NetA, mutants show the same phenotype, lack o f luminal 

space. In addition, they also show that Unc-5 mutant embryos reveal a mis-alignment of 

CBs from stage 16 onward. This shows that Unc-5 plays at least two important roles 

during cardiogenesis; 1- proper collinear cellular alignment and 2- lumen formation.

Recently, using mRNA in situ  hybridization, Macabenta and colleagues showed that Fra 

is also expressed in the Drosophila  DV but its expression is limited to CBs (Macabenta 

et al., 2013). Similar to Unc-5, Fra mutants display significant defects in the dorsal 

alignment of the two rows o f CBs and also failure in the attachment o f CBs on the 

opposite sides. Moreover, Fra mutant embryos display an enlarged luminal space which 

is due to a diminished adhesion domain between the two opposite CBs after meeting each 

other (Macabenta et al., 2013).

Despite presence o f the above-mentioned data, our understanding o f how these molecules 

interact to guide DV cells properly to the midline is poor and there are many unanswered 

questions. For instance, why are different guidance systems needed for proper guidance 

o f  the two migrating rows o f cells? How these guidance receptors act to coordinate 

cardiac migration? Do these molecules function in a similar way to what has been observe 

in other tissues (attractive or repulsive) to regulate migration?

In addition, as guidance molecules are pivotal for precise cell positioning and alignment, 

they must be under tight transcriptional control to ensure precise spatial and temporal 

expression patterns. Furthermore, level o f expression would be important in determining 

how effective the attractive and/or repulsive cues would be in guiding cells or cellular 

projections during development. It is also very important to know how guidance 

molecules are regulated to present such specific expression patterns.

To shed light on these questions, I first study the function o f these molecules during 

cardiac migration and propose a system for precise investigation o f the guidance roles 

these molecules play in the course o f migration. Subsequently, I investigate DV-specific 

regulation o f unc-5 during cardiac morphogenesis.
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Chapter 2: Unc-5 and Fra regulate cardiac 
cell migration through Netrins secreted from 
the dorsal midline
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Cell migration is crucial during development and morphogenesis in all multicellular 

organisms. Abnormal cell migration underlies many known pathological states during 

adult life including congenital heart defects (Aman and Piotrowski, 2010). One o f  the 

essential components o f each migratory system is guidance receptors and their 

corresponding ligands; therefore, it is conceivable that any type o f defects in either 

receptors or their ligands can lead to developmental defects. Based on existing 

knowledge, we know that Drosophila DV, which forms after migration o f cardiac cells 

over a long distance, expresses a number o f guidance receptors including Unc-5, Fra. 

Robol and Robo2 and their ligands Netrins A and B, and Slit. Accordingly, disruption o f 

function o f any o f these receptors leads to a variety o f structural and functional cardiac 

defects (Bouvree et al., 2008; Koch et al., 2011; Larrivee et al., 2007; Lu et al., 2004; 

MacMullin and Jacobs, 2006; Qian et al., 2005; Santiago-Martinez et al., 2006). Despite 

the importance o f these receptors during DV morphogenesis, our understanding o f  their 

mechanisms o f action is poor. Especially, in case o f unc-5, fra, and netrins, one consensus 

phenotype described for all three mutants is the mis-alignment o f cardioblasts (Albrecht 

et al., 2011; Macabenta et al., 2013). However, no potential role for cell migration has 

been described as contributing to these phenotypes. Given the fact that all three 

backgrounds have an abnormal heart lumen (Albrecht et al., 2011; Macabenta et al., 

2013), there might be a correlation between migratory defects, which in turn lead to m is

alignment, and the observed heart lumen malformations. Here, I focus on the function o f 

unc-5 and subsequently fra, and the genes encoding their ligands, NetA and NetB  and 

describe a role for them during cardiac migration.
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2.1 Unc-5 mutant embryos show a migratory DV phenotype

To investigate a potential migratory role for unc-5 during DV formation. DV structure in 

unc-5^ mutants (an amorphic allele of unc-5) (Labrador et al., 2005) embryos was 

compared to that of wild-type embryos. Mixed-stage embryos were collected and co

stained for the CB and PC markers Mef2 (Bour et al., 1995) and Zfhl (James Skeath), 

respectively. At first glance, DV structure in the majority of unc-5 mutant embryos seems 

quite normal and no aberrations are observed. However, a small proportion of embryos, 

all around embryonic stage 1 5 - 1 6  show a specific DV structural aberration in the DV 

which is not observed in wild-type embryos of the same stage. The structure manifests as 

a bubble or bulge at the center of the DV stretching mainly from embryonic segments 

A1/A2 to A4/A5 (Figure 2.1; compare B with A). As shown in figure 2.1 B -  B” , the 

observed bulge is seen both in CBs and PCs, i.e. the observed phenotype is not specific 

for CBs or PCs as it is observed in both cell types. This indicates that whatever the reason, 

lack of unc-5 does not change the order of cells, as opposed to the phenotype described 

for roho2 mutants (Santiago-Marti'nez et al., 2006). Further examinations of narrower age 

spans (around stage 14 and older) revealed that the phenotype is specifically detectable 

in all unc-5 mutant embryos from mid-stage 14 until mid-stage 16 and slightly before the 

two bilateral rows o f cardiac cells meet each other and form the lumen. Therefore, the 

penetrance for the unc-5 DV phenotype appears to be 100%.

In order to make sure that the observed phenotype is a specific unc-5 phenotype, DV 

structure was checked in unc-5 transheterozygotes of XTE18/unc-5^ {XTE18 is an unc-5 

deficiency). The DV bulge/bubble was observed in all embryos of stage m id-14 to mid- 

16 with the same severity (Figure 2.1 C -  C” ). Therefore the unc-5 bulge phenotype 

forms as a result of the lack of functional Unc-5 receptor. Hereafter, unc-5^ homozygotes 

are used for all unc-5 loss-of-function studies.
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Figure 2.1: unc-5 bulge phenotype during cardiac migration. In unc-5 null mutants (B and C), a
bulge/bubble structure forms in the heart at late embryonic stages before closure which is not observed in the 
wild-type heart (A). The bulge structure is seen in both CBs and PCs and is not specific to one o f them (B ’ -  
C ” ). To ensure the observed phenotype is specifically due to absence o f Unc-5 function, I also checked the 
heart phenotype in XTEI8lunc-5^. XTEI8  is a deficiency that lacks unc-5 locus. The unc-5 phenotype is also 
observed in transheterozygous unc-5^/XTEI8 embryos, indicating that the observed heart phenotype is specific 
to unc-5 (C -  C ” ).



2.1.1 unc-5 bulge/bubble phenotype could be explained by lack of repulsion 
in the DV

Taking into consideration that unc-5 is a well-known repulsive Netrin receptor, and 

considering the DV features during migration, making any hypotheses on how this bulge 

forms and how it is related to the Unc-5 function seems intriguing. To explain the 

observed DV phenotype associated with unc-5 mutation, we came up with three 

hypotheses; first, the observed phenotype might be a result of delay in the dorsal 

movement of the cardiac cells around the aortic portion of the DV from stage 15 onwards, 

and therefore Unc-5 provides a push-forward force for the DV cells at the aortic portion. 

However, a previous observation that NetB is expressed and secreted by cardioblasts 

(Albrecht et al., 2011), makes it difficult to imagine that Unc-5 acts as an attractive 

receptor here. Second, an alternative explanation for the unc-5 DV phenotype is that Unc- 

5 plays its canonical repulsive role in response to Netrins expressed in the muscle field 

right behind the DV. However, this appears unlikely as it raises far more complex issue 

that Unc-5 in the DV should be able to distinguish between the Netrin expressed in the 

muscle field and the one in the cardioblasts. In addition, Unc-5’s response would have to 

be repulsive towards the muscle field Netrin and neutral towards the Netrin expressed by 

the CBs. Moreover, DV cells are far closer to the Netrins secreted by CBs than to the 

muscle field. Altogether, the above-mentioned problems, make the second hypothesis 

incapable o f explaining the phenotype. A third hypothesis could be that Unc-5 plays a 

repulsive role in response to a ligand (most probably the Netrins secreted from CBs) at 

the anterior and posterior ends of the DV. Accordingly, in unc-5 mutants, the cardiac 

cells at the two ends move faster towards the dorsal midline. The third hypothesis seems 

more appealing in that it explains the DV phenotype by regarding Unc-5 as a repulsive 

receptor. However, it fails to explain why the repulsive force seems to be different along 

the DV, i.e. why the two DV ends move faster than the aortic portion so that at the end a 

bubble or bulge forms at the center o f the DV.
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2.1.2 DV closure in unc-5 mutants resembles dorsal ectodermal closure

The most important feature of unc-5 phenotype is that the DV’s shape mimics that of the 

dorsal ectoderm during closure at around stage mid-14 (Figure 2.2). Dorsal closure 

happens after germ band retraction to fill the large hole left behind as a result of retraction 

on the dorsal surface of embryo (Martin, 2004). The process of dorsal closure has been 

divided into four distinct phases by experts in the field; 1- initiation, 2- epithelial 

sweeping, 3- zippering, and 4- termination. The four stages are depicted in the figures 2.2 

and 2.3. Of the four phases of ectodermal closure, the unc-5 phenotype bears the most 

resemblance to the zippering phase (Figure 2.2 C).

As mentioned earlier in chapter one, DV cells are connected to their overlying ectoderm 

via extracellular matrix components, one of which is known to be the type IV collagen

like protein Pericardin (Prc) (Chartier et al., 2002). Accordingly, DV cells move towards 

the dorsal midline with the dorsal ectoderm and mutations interfering with ectodermal 

movement also hamper cardiac migration (Chartier et al., 2002).

What causes DV cells in unc-5 background to look like dorsal ectoderm during closure? 

This question is the next that will be answered in this work.

c
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Figure 2.2: Confocal micrographs of dorsal closure. The four phases o f dorsal closure 
are shown. Note that heart shape in unc-5 mutants mimics the shape of dorsal ectoderm 
in the panel C. Anterior is to the left. AS, amnioserosa. LE, leading edge. VE, ventral 
ectoderm (Source: Martin, 2004).
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2.1.3 unc-5 m utants’ DVs close like zippers, in a fashion similar to dorsal 
ectoderm

The resemblance between the DV shape towards late stages and the shape of zippering 

dorsal ectoderm provided us the first clue towards explaining the unc-5 DV phenotype. 

Despite existence o f ample studies on molecular mechanisms and mechanics of 

Drosophila dorsal ectodermal closure, no attention has been paid to those of DV closure. 

Therefore, we decided to study the mechanics of Drosophila DV closure using live 

confocal imaging. To this end, CBs and PCs in wild-type and unc-5 mutants were 

fluorescently labelled by driving expression of mCDSGFP from a UAS cassette using a 

Gal4 driver named ««c-5-GH-Gal4 (identified in this work; see chapter 3), which drives 

Gal4 expression in all CBs and PCs (Figure 3.1). Homozygous unc-5 mutants and wild- 

type embryos were then used for live confocal imaging. The imaging was done in the 

time window of stage 14 to late 16.

Interestingly, the DV closure videos revealed that, in wild-type, in contrast to dorsal 

ectoderm that closes like a zipper, closure occurs simultaneously along the length o f the 

DV (Figure 2.3 A -  A5). In contrast, in unc-5 mutants DV closure starts at the anterior 

and posterior ends, proceeds towards the center from both sides, and finally makes a 

bulge structure at the aortic portion (Figure 2.3 B -  B5). The aortic bulge in unc-5 

mutants will finally close after ectodermal closure is completed (not shown).

Based on this observation, we now know that the observed unc-5 phenotype is a potential 

mimicry of dorsal ectodermal closure. This, in turn, raises a few questions; does the DV 

bulge form around the transiently-formed ectodermal bubble? Why is this phenotype seen 

in unc-5 mutants? Is the observed phenotype a result of unc-5 DV-tissue-autonomous 

function? What potential effect(s) does dorsal ectoderm have on the shape of cardiac 

tissue during closure? And how do wild-type DV cells avoid a closure similar to that of 

dorsal ectoderm? The experiments described in this chapter try to address these questions.
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Figure 2.3: Live confocal imaging of heart m igration in unc-5  m utants and wild-type 
em bryos. Six still frames are shown for each genotype. A -  A5 represent heart closure 
in wild-type embryos between stage 14 and stage 16. Note that in wild-type embryos the 
two rows of cells approach each other in an almost linear fashion and touch each other 
approximately at once. In unc-5 mutant embryos, however, heart closure happens in a 
manner similar to dorsal ectodermal closure and therefore appears to be closing like a 
zipper from both ends towards the center, leaving a bulge or bubble structure at the aortic 
portion (Compare to figure 2.2 A - D) (B -  B5). It is noteworthy that the bubble part of 
heart in unc-5 mutants will eventually close upon completion of ectodermal closure (not 
shown here). An unc-5 GH-Gal4 is used to drive GFP expression from a \JAS-mCD8GFP  
cassette. In all panels anterior is to the left.



2.1.4 The unc-5 DV bulge/bubble forms around the transient ectodermal 
bubble due to a lack of Unc-5 repulsion, in turn leading to a premature DV 
closure

To investigate whether the observed DV bulge in unc-5 mutants is forming around the 

transient contracting ectodermal bubble that normally forms during the zippering phase 

of ectodermal closure, embryos were immuno-stained with anti-crumbs (crb), an EGF- 

like epithelial protein, which outlines the LE of dorsal ectoderm (Medioni et al., 2008; 

Qian et al., 2005; Tepass et al., 1990). When combined with anti-Mef2, which marks all 

the muscles including CBs, crumbs staining allows one to compare the positions of 

cardiac cells to the ectodermal leading edge (ELE) in different genetic backgrounds. As 

expected, the bulge structure in the unc-5 mutants’ DV forms perfectly around the 

transient ectodermal bubble (Figure 2.4 B -  B” ). In wild-type embryos of the same stage, 

however, the DV cells do not make a bulge around the transient dorsal ectodermal bubble 

and maintain a linear shape.

This result shows that the observed DV bubble in unc-5 mutants forms around the 

transient ectodermal bubble and therefore answers one of our most important questions; 

whether in unc-5 mutants the DV shape mimics that of dorsal closure at mid to late stages 

of zippering.

In addition to mimicry of the dorsal bubble by DV cells in unc-5 mutants, the relative 

distances of the DV cells from the LE between wild-type and unc-5 mutants uncovers 

another aspect o f the phenotype. It appears that in unc-5 mutants DV cells are closer to 

the ELE, possibly because of the lack of functional Unc-5 receptors to provide a repulsive 

force away from the dorsal midline that would slow the DV cells down in their movement 

towards the midline. Therefore, the LE appears to provide a barrier beyond which DV 

cells cannot trespass. This explains why DV cells assume the shape of the ectodermal 

zippering LE as they get too close to it. In other words, compared to wild-type embryos, 

the two bilateral rows of DV progenitors move faster in unc-5 mutant embryos, do not 

wait for the dorsal closure to complete, and initiate a premature closure.
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Figure 2 .4 : H ea rt bulge in unc-5 m utan ts form s a ro u n d  the tran s ien t ec toderm al bubble . In wild-type em bryos heart cells 
stay within a certain distance from ectodermal leading edge (A -  A” ). In unc-5 mutant embryos the heart bulge structure forms 
around the transient ectodermal bubble as a result o f  lack o f  Unc-5 repulsive response to a ligand (potentially Netrins secreted 
from CBs) (B -  B” ). Both W ild-type and unc-5 mutant embryos are at the same developmental stage (mid 14). In the panels A ’ 
and B’ position o f  leading edge is outlined by broken lines. In all panels anterior is to the right.



2.1.5 Quantification o f the unc-5 DV phenotype reveals a premature DV 
closure compared to wild-type

Our results show that in unc-5 mutant embryos DV cells move faster, do not wait for 

dorsal closure to complete, and close prematurely. In order to obtain a statistically robust 

measure of the unc-5 DV phenotype, we devised a quantification method measuring the 

position of DV cells relative to ELE in a very limited developmental time window. In 

this method, the ectodermal bubble diameter (EBD) is taken as an age reference. The 

optimum developmental stage when the difference between the wild-type DV and that of 

unc-5 mutants is at its highest is at stage mid-14, when the EBD is within the range of 55 

to 80 microns. 50 to 80 micron EBD represents a developmental time window of 

approximately half an hour. Therefore in all of our analyses we only pick embryos that 

have an EBD of 55 -  80 micrometers. To ensure that this EBD range consistently 

represents the same age in all backgrounds and is also independent from unc-5 function, 

the morphological features o f gut and head were examined for each embryo 

microscopically, according to Campos-Ortega and Hartenstein (Campos-Ortega et al., 

1997; Hartenstein, 1995). No inconsistency was observed from genotype to genotype 

meaning that the selected EBD range can be confidently used as a measure o f embryonic 

stage in the unc-5 background.

The shortest distance between the central CB of each hemisegment (from the center of 

the CB’s nucleus) to the farthest edge of the ELE was measured for each hemisegment 

within each segment and averaged. This type o f measurement was done for both unc-5 

mutants (n = 16) (average distances [|j.m] ± s.e.m for each segment are shown in Table 

2.2) and wild-type embryos (n = 18) (average distances [jxm] ± s.e.m for each segment 

are shown in Table 2.1). Plotting the obtained values for each segment over a line chart 

makes an M-shape line for each genotype. By plotting the data obtained from unc-5 

mutants and wild-type embryos on the same chart, it is obvious that on average, DV cells 

in unc-5 mutants are much closer to ectodermal leading edge than in wild-type (Figure

2.5 C).
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Figure 2.5: Quantification of unc-5 heart phenotype. Embryonic stage was established based on the 
ectodermal bubble diameter (EBD) in both groups of mutant and wild-type. A comparison of the 
positions of heart cells relative to ectodermal leading edge in wild-type and in unc-5 mutants is shown 
here in two embryos of the same age. Note that the EBDs o f the two embryos are very close (73.6 |im 
for Wt and 73.3 ^m for unc-5 mutant) (A -  B’). The position of the leading edge is outlined by broken 
lines in A ’ and B’. Averages of the distances of heart cells from the corresponding leading edges are 
plotted for both groups in C. Error bars represent ± the confidence interval (Cl) o f 99% (a = 0.01) for 
each segment. The distances between CBs and ELE are indicated on the Y axis in fim.

2.1.6 Unc-5 functions tissue-autonomously to repel DV cells away from the 
ectodermal leading edge

In unc-5 mutants, DV cells get closer to the ELE, implying either an autonomous of non- 

autonomous cellular function of Unc-5 receptor in keeping them away and at an optimal 

distance from the zippering leading edge. Unc-5 receptor function would therefore ensure 

precedence of ectodermal closure and prevent premature DV closure. Given the previous 

finding that Unc-5 is expressed in the DV in both CBs and PCs (Albrecht et al., 2011, 

also chapters 3 o f this work), it is expected that Unc-5 function is tissue-autonomous.

To elucidate whether Unc-5 functions in a tissue-autonomous or tissue-nonautonomous 

fashion Unc-5 was specifically in the DV in an unc-5 mutant background. To this end. 

an M«c-J-GH-Gal4 construct was generated (described in chapter 3) to drive expression 

of HA-Unc-5 from a UAS cassette in unc-5 mutants embryos. If the observed Unc-5 DV 

phenotype is due to a tissue-autonomous Unc-5 function, we would expect that DV- 

specific HA-Unc-5 expression would, at least to some extent, rescue the unc-5 phenotype.

As expected, DV-specific expression of HA-Unc-5 dramatically rescued the DV unc-5 

phenotype. Embryos were quantified using the method explained in section 2.1.5. O f 22 

quantified embryos, 77.37% (17 out o f 22) showed a full rescue, 13.63% (3 out of 22) 

showed a partial rescue, and 9.1% (2 out of 22) showed no rescue (Figure 2.7) (average 

distances [jjm] ± s.e.m for each segment are shown in Table 2.4). The high percentage 

of rescue is possibly due to the fact that the Gal4 expression is controlled by a DV- 

specific unc-5 enhancer element identified in this work (chapter 3) and therefore Gal4 

expression spatiotemporally mimics that of unc-5.
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Figure 2.6: Unc-5 functions tissue-autonomously to repel heart cells away from ectoderm al 
leading edge. Heart-specific expression of Ha-Unc-5 in an unc-5 bacicground, completely rescues 
unc-5 phenotype in a majority (-77.4% , 17/22) o f embryos (A -  A” ). In addition, a low percentage 
of embryos (-13.6, 3/22) show partial rescue (B -  B ” ) where heart cells position farther away from 
ectodermal LE than in unc-5 mutants but still closer compared to wild-type ( B ” ). Only a small 
percentage of embryos (~ 9.1%, 2/22) show no rescue (C -  C ” ). In A’, B ’, and C ’, positions of the 
ectodermal leading edges are outlined with broken lines for a better view. In A” , B ” , and C ”  the 
results o f the phenotypic quantification for each groups is plotted in a line chart together with those 
o f unc-5 mutants as well as wild-type embryos for comparison. The error bars represent ± the 
confidence interval (Cl) o f 99% (a = 0.01) for each segment. The distances between CBs and ELE 
are indicated on the Y axis in |im.

This observation indicates that the presence of Unc-5 receptors on the surface of DV cells 

is required for their repulsion from the dorsal midline. The Unc-5 repulsive force is in an 

opposite direction to the DV cells movement in order to slow them down and delay DV 

closure until the ectodermal bubble is completely closed. We hypothesize that the 

significance of an independent closure is to let collinear DV cells on the two opposite 

rows find each other’s partner properly allowing normal alignment and development of 

a lumen. This can potentially explain why in unc-5 mutants the DV cells misalign and 

fail to form a lumen (Albrecht et al., 2011). In general, we can consider Unc-5 receptor’s 

function as a brake that regulates the speed of cell migration during DV development.

Netrins have long been known to be ligands for Unc-5 (Dickson and Zou, 2010; Ishii et 

al., 1992). NetB has been shown to be expressed and secreted by CBs (NetA may well 

be co-expressed in CBs, but there is no evidence yet). Given the secretion of NetB into 

the luminal space by CBs, the ligand for Unc-5 repulsion during DV migration in most 

probably NetB (and/or NetA).
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2.1.7 DV cells in w ild-type and ««c-5  m utant em bryos respond differently to 
ectopically expressed NetB

In order to address the question of whether an Unc-5 receptor, expressed by DV cells, 

responds to Netrins, we decided to examine DV cells’ response to an ectopically 

expressed NetB in two different backgrounds: wild-type and unc-5 mutant. We reasoned, 

if Unc-5 is responding to Netrin(s) in the DV, in an unc-5 background, we should observe 

a reduction o f any potential effect ectopic expression o f NetB may have on the 

organization o f the DV. To this end, a number o f different Gal4 drivers including m efl- 

Gal4 (all muscles), Jo/-Gal4 (pericardial cells), and engrailed-Ga\4 (Engrailed [En] 

stripes), were used to drive expression o f UAS-A^c/5 to determine which one could cause 

the strongest morphological defect in the DV. O f the three tested, engrailed-GaH  (even 

though ectodermal) turned out to cause a far stronger disturbance on the DV compared 

to the other two, most likely due to its strong localized expression in stripes perpendicular 

to the DV.

VAS-tau-myc-gfp  was used to co-express TauMycGFP (for a better outlining o f the 

stripes) and NetB in En stripes. The results demonstrate that in a wild-type background, 

NetB ectopic expression in En stripes has dramatic consequences, the most obvious of 

which is the loss o f  one or more segment(s) o f the DV, making the DV structure look 

broken (Figure 2.7 B and B’). In general, all embryos (n = 42) showed some mis- 

organization. In particular, dramatic DV breaks or gaps (as a result o f cell loss) were 

observed in almost 62% (26/42) o f the embryos (Figure 2.7 B and B’). However, in unc- 

5 mutants, ectopic NetB expressed in En stripes has far less perturbing effects on the DV 

(Figure 2.7 C and C’). Although much more subtle compared to ectopic NetB expression 

in a wild-type background, DV cell mis-organization is still observed when NetB is 

ectopically expressed in an unc-5 background (n = 39). More importantly, the percentage 

o f embryos showing DV breaks is significantly reduced to 23.1% (9/39). This reduction 

o f DV breaks from almost 62% to 23% clearly indicates that Unc-5 present on the surface 

o f DV cells responds to the ectopically expressed NetB. When Unc-5 is mutated, that 

response is significantly, though not completely, reduced. It is not hard to imagine DV
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cells being influenced by an exogenous source o f  Netrin during their migration towards 

the dorsal midline, as they express Unc-5 on their surfaces.
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F igu re  2 .7 : H ea rt cells respond  to  ectopically  expressed  N etB largly  via th e ir  Unc- 
5 recep to rs. In w ild-type embryos, ectopic N etB expression in En stripes using 
engrailed-Ga\4  (driving NetB expression from a UAS cassette) results in the mis- 
organization in all em bryos and severe heart breaks and gaps (arrows in B ’) in almost 
62%  (26/42) o f  embryos (B, B’), Instead, in an unc-5 background, the response to 
ectopic NetB is significantly reduced to almost 23%  (9/39) and also the phenotypes are 
less severe (C, C ’). As a control, tau-myc-gfp alone was expressed in En stripes in wild- 
type background (A, A ’). No phenotype was observed in the control group. In all panels 
anterior is to the right. TauM ycGFP was co-expressed with NetB for a better outlining 
o f  the En stripes.
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2.2 fralDcc  mutants display the opposite dorsal vessel phenotype to unc- 

5 mutants

Ectopic NetB expression shows that even in an unc-5 background, DV cells in a small 

proportion o f embryos, still respond to an ectopically expressed NetB ligand (see section 

2.1.7). This could argue for the presence o f another receptor that can sense Netrin. 

Recently, Macabenta and colleagues showed that the Fra receptor is also expressed in the 

Drosophila dorsal vessel in a pattern similar to Unc-5 expression. In situ hybridization in 

their work shows Fra expression in all CBs and in at least a subpopulation o f PCs 

(Macabenta et al., 2013).

It has previously been shown that in motoneurons, when both Unc-5 and DCC are 

present, they form a heterodimer. The Unc-5-DCC heterodimer seems to facilitate long- 

range responses by increasing the sensitivity to relatively low Netrin concentrations 

(Colavita and Culotti, 1998; Hong et al., 1999; Lai Wing Sun et al., 2011). Macabenta 

and colleagues’ finding that Unc-5 and Fra are co-expressed in DV cells, therefore, raises 

a very important question; do Unc-5 and Fra form a heterodimer and mediate a 

chemorepellent response during DV migration, similar to motoneurons? Or do they have 

independent functions in the DV?

To shed light on Fra function and its potential collaboration with Unc-5, DV shape was 

examined \x\fra*lfra^ mutant embryos during migration using the method established in 

this study (section 2.1.5). Surprisingly, even though Unc-5 and Fra are co-expressed in 

the same cells, a DV phenotype was observed which appears to be the opposite o f that 

observed in unc-5 mutants, fra^lfra^ mutants show a migratory delay (as opposed to 

migratory rush observed in unc-5 mutants) when the position o f DV cells in each segment 

is compared to the position o f ELE (Figure 2.8 C -  C’ [for comparison, the wild-type 

and unc-5 mutant embryos from figure 2.5 are shown, as well]). Correspondingly, 

quantification o f  the fra  mutant DV phenotype using the method described above (section 

2.1.5) reveals a significant increase in the distance between DV cells and the zippering 

ELE (Figure 2.8 D) (average distances [|j.m] ± s.e.m for each segment are shown in 

Table 2.3). This phenotype could be simply explained by a lack o f an attractive force
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towards the dorsal midline leading to a delay in the movement o f DV cells \n fra  mutants. 

Accordingly, DV closure m fra  mutants occurs with delay, compared to wild-type, after 

the completion o f dorsal ectodermal closure. In addition, the quantification o f mutant 

DV phenotypes reveals a dramatic increase in the distance between DV cells and the ELE 

(Figure 2.8 D).

Independent repulsive and attractive responses o f  Unc-5 and Fra receptors during DV 

migration, although they are co-expressed in the same cells, contrasts to previous findings 

that the two receptors heterodimerize to make a stronger repulsive response. One possible 

explanation for this is that the two receptors are localized within different cellular 

compartments and are kept sequestered by unknown cellular mechanisms. In fact, 

M acabenta and colleagues show that the luminal Unc-5 and Fra receptors localize in 

different cellular compartments and each play their own independent repulsive and 

attractive role for lumen formation, respectively (M acabenta et al., 2013).

Based on these results, it could be concluded that Unc-5 and Fra exert opposing forces 

on the developing DV cells towards the basal and luminal sides, respectively. Seemingly, 

these two opposing forces balance the speed at which DV cells migrate towards the dorsal 

midline and in particular adjust their distance from the ELE. Therefore, there appears to 

be a Fra dominancy in the unc-5 m utants’ DV, such that in the absence o f Unc-5 receptor, 

Fra-mediated dorsal attraction dominates and vice versa. Therefore, it would be intuitive 

to hypothesize that unc-5-fra double mutants would show a partial rescue o f either 

receptor’s phenotype. The next section, addresses this question by looking at the DV 

phenotype in unc-5, fra  double mutants.
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Figure 2.8: fra  m utant embryos show a delay in heart closure. In contrast to unc-5 mutants, 
which show a premature heart c l o s u r e , m u t a n t s  show a delayed closure (C, C ’). The wild-type 
(A, A ’) and the unc-5 mutant (B, B’) from figure 3.6 are shown here for better comparison. In A’, 
B’, and C ’, positions of the ectodermal leading edges are outlined with broken lines for a better 
view. Quantification of the fra  mutants phenotype and plotting the results on a line chart reveals 
significant increase in the distance between the migrating heart cells and the zippering ectodermal 
leading edge (D). The error bars represent ± the confidence interval (Cl) o f 99% (a = 0.01) for each 
segment. The distances between CBs and ELE are indicated on the Y axis in |xm.

2.3 The majority of unc-5, fra  double mutant embryos acquire a normal 

or nearly normal DV position relative to ectodermal leading edge

Based on the aforementioned results, unc-5 and fra mutants play important roles during 

cardiac cell migration by adjusting the position, or in other words the migration speed, of 

DV cells relative to ELE. By providing balancing and opposing forces, Unc-5 and Fra 

receptors keep DV cells at a certain distance from the ELE and prevent premature or 

delayed DV closure, in that order, so that collinear CBs find their counterparts on the 

opposite row, align properly, and thereafter form a normal DV tube.

As the absence o f either Unc-5 or Fra can lead to premature or delayed closure, 

respectively, (because of their opposite functions) it is expected to observe a reduction in 

the intensity of either phenotypes when both receptors are missing. To test this, unc-5^- 

frd* recombinant flies were created and examined for DV shape during the 55 to 80 

micrometer EBD period. Generally, the linear organization of the CBs in all double 

mutants is, to some extent, perturbed, where some move faster and some slower (Figure 

2.9 A ’, B’, and C’, arrows). Regarding the distance between CBs and the ELE, as 

anticipated, the majority of unc-5^-fra* homozygous embryos (8 out of 17, 47%) acquire 

the normal DV position observed in wild-type embryos at the 55 -  80 micrometer EBD 

stage (mid-14) (Figure 2.9 A, A ’). Note that although the cell positions relative to ELE 

resemble those of wild-type embryos, the normal linear organization of the DV is 

perturbed and cells appear to be mispositioned (arrows in A’). Another 41% (7/17) of 

double mutant embryos displayed a phenotype in which, when quantified, DV cells 

displayed both wild-type and unc-5 aspects at random parts (Figure 2.9 B -  B” ). In other
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words, the DV in these embryos is at some points as close as seen in unc-5 mutants and 

at some other parts as distant as in wild-type (Figure 2.9 B” ). The same organizational 

perturbations are observed in this category, as well (Figure 2.9 B ’, arrows). A very small 

proportion o f embryos (2/17, ~ 1 1.8%) showed a DV position similar to that observed in 

unc-5 mutants (Figure 2.9 C -  C ” ) (average distances [|^m] ± s.e.m for each segment 

are shown in Table 2.5). Again, the same organizational perturbations are observed 

(Figure 2.9 C ’).

The results obtained from studying migratory DV phenotypes in unc-5, fra  double 

mutants reveal that majority o f embryos (15 out o f 17) acquire a normal or close to normal 

DV cell position relative to ELE, as a result o f losing two opposing migratory forces. 

However, the observed organizational perturbations together with having different 

categories o f phenotypes, suggest that in general, DV cells in unc-5, fra double mutants 

are uncertain about their position relative to ELE. This uncertainty is especially 

noticeable in the case o f the Unc-5-Wt category (Figure 2.9 B -  B” ), in which embryos 

show aspects o f both unc-5 and wild-type phenotypes along their DVs.

Altogether, these findings suggest that repulsive and attractive forces by Unc-5 and Fra 

receptors, respectively, serve as a unique and balanced force to properly guide DV cells’ 

migration at an appropriate speed within an appropriate distance from ELE.

These two receptors most probably perform cellular guidance by responding to NetB (and 

probably NetA) secreted into the luminal space by CBs. The following section addresses 

this hypothesis by examining DV migratory shape in Netrin null mutants.
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F igure  2 .9 : u nc-5 ,fra  double m u tan ts  acq u ire  a norm al o r  close to  no rm al h e a r t cell sposition 
rela tive to ELE. unc-5 ,fra  double mutants can be categorized into three classes based on their heart 
cells position relative to ELE. However, there appears to be a general mis-organization in the linear 
arrangement o f  migrating cells at 55- to 80 EBD, in all embryos (A ’, B’, and C ’, arrows).The majority 
o f em bryos (8/17, 47% ) on average show a heart position sim ilar to that observed in the wild-type 
embryos (A -  A ” ). The second majority o f  unc-5 ,fra  double mutants (7/17, 41% ), display individual 
heart shapes ranging from wild-type at some parts to unc-5 at others (B -  B” ). A small proportion also 
show an unc-5-\\kt phenotype where heart cells are positioned at distanced com parable to those o f  unc- 
5 mutants relative to ELE (2/17, 11.8%). In all panels, anterior is to the right. In panels A ’, B’, and C ’, 
positions o f  the ectodermal leading edges are outlined with broken lines for a better view. The error 
bars in A” , B” , and C ”  represent ± the confidence interval (C l) o f  99%  (a  = 0.01) for each segment. 
The distances between CBs and ELE are indicated on the Y axis in ^m.

2.4 Netrin null mutants display the same DV shape irregularities and 

phenotypic categories as unc-5, fra  double mutants

As mentioned earlier, the well-known ligands for Unc-5 and Fra receptors are known to 

be Netrins (Dickson and Zou, 2010; Ishii et al., 1992). According to what has been shown 

so far, these two receptors act together to balance out the migratory speed o f DV cells 

towards the dorsal midline and keep them at a certain distance from the ELE. As NetB 

(and potentially NetA) are expressed and secreted by CBs into the luminal space, it is 

expected that Unc-5 and Fra act by responding to this source o f Netrins. In the previous 

section was shown that DV cells in most unc-5, fra  double mutants acquire a position 

which appears to be roughly the average o f the two phenotypes observed in each 

individual background. In addition, DV cells seem to be uncertain about their position in 

the line o f migrating DV cells and therefore make wave-like “squiggle” shapes by 

moving faster or slower than their neighboring cells in the row. It was reasoned that, if 

Unc-5 and Fra receptors mediate the response to Netrins in the DV, Netrin null-mutants’ 

phenotypes should be similar to those o f unc-5, fra  double mutants. Therefore, DV shape 

was studied at stage 55 -  80 EBD in NetAB"^ embryos which have both o f their NetA and 

NetB  genes removed by homologous recombination (Brankatschk and Dickson, 2006).

As expected, similarities were found between the DV phenotypes obtained in NetAB^ 

embryos compared to unc-5, fra  double mutants. However, some additional phenotypic 

categories were identified which are discussed below. Similar to that observed in unc-5.
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fra double mutants, 44.83% (13/29) of NetAB'^ embryos display a more or less normal 

DV cell position relative to the ELE (Figure 2.10 A -  A” ). This percentage is very 

similar to that observed before in the case of unc-5, fra double mutant embryos. More 

importantly, the specific mis-organization observed in the shape of the DV in unc-5, fra  

double mutants, was also observed in all NetAB^ embryos (Figure 2.10 A’, B’, C’, D’, 

and E ’, arrows). Other phenotypic categories obtained were as follows: 27.2% (7/29) wt- 

unc-5 (DV cells position somewhere between those observed in wild-type and unc-5 

backgrounds) (Figure 2.10 B -  B” ), 17.24% (5/29) \>iX-fra (DV cells position somewhere 

between those observed in wild-type and fra backgrounds) (Figure 2.10 C -  C” ), 

10.34% (3/29) unc-5 (Figure 2.10 D -  D” ), and 3.4% {\ 129) fra (Figure 2.10 E -  E ” ) 

(average distances [|im] ± s.e.m for each segment are shown in Table 2.6).

The emergence o f the new vA-fra phenotypic category (and also one embryo mimicking 

fra phenotype) which was not observed in unc-5, fra double mutants could be due to 

hypomorphic nature o f fra'* allele which maintains some residual attractive activity. Aside 

from that, the resemblance between the observed DV phenotypes and the proportions 

between unc-5, fra double mutants and NetAB^ embryos indicates NetB (and potentially 

NetA) as the signal(s) to which Unc-5 and Fra receptors expressed in the DV respond in 

the form of repulsion and attraction, respectively, during migration of DV cells.
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Figure 2.10: NetAB^ em bryos show heart phenotypes sim ilar to those of unc-5, f ra  double 
mutants. Five phenotypic categories were identified in Netrin null mutants based on their heart cells 
position relative to ELE. Similar to unc-5, fr a  double mutants, there appears to be a general mis- 
organization in the linear arrangem ent o f  migrating cells at 55- to 80 EBD, in all em bryos (A ’, B’, C ’, 
D ’, and E” . arrows). The majority o f em bryos (13/29, 44.83% ), on average show a heart position 
sim ilar to that observed in the wild-type em bryos (A -  A ” ). Other phenotypes observed include; 27.2%  
(7/29) vjX-itnc-5 (heart cells position somewhere between what observed in w ild-type and unc-5 
backgrounds) (B -  B” ), 17.24% (5/29) wt-fra  (heart cells position somewhere between what observed 
in wild-type and fr a  backgrounds) (C  -  C ” ), 10.34% (3/29) unc-5 (Figure 3.11 D -  D” ), and 3.4% 
(1/29) fr a  (E -  E” ). In all panels, anterior is to the right. In panels A ’, B’, and C ’, positions o f  the 
ectodermal leading edges are outlined with broken lines for a better view. The error bars in A ” , B” , 
and C ”  represent ± the confidence interval (C l) o f  99%  (a  = 0.01) for each segment. The distances 
between CBs and ELE are indicated on the Y axis in |im.

The variety o f  phenotypes observed in NetAB^ embryos in terms o f  DV cell positions 

relative to the ELE, indicates the importance o f  having a system that tightly controls the 

migratory speed o f  DV cells towards the dorsal midline. In the absence o f  such a system, 

DV cells appear to move at an uncontrolled speed so that a range o f  different positions 

relative to the ELE is seen in embryos lacking either Unc-5 and Fra receptors, or their 

ligands Netrins. It is probably this indecisiveness that causes cells to move at different 

speeds compared to other migrating DV cells which finally leads to formation o f  a DV  

with misaligned CBs and the luminal problems observed (Albrecht et al., 2011; 

Macabenta et al., 2013).
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Table 2.1: average CB to ELE distances (|J.m) ± s.e.m for each segment in Wild-type 
embryos. T3, thoracic segment 3, A1 -  A7, abdominal segments! - 7

T3 A1 A2 A3 A4 A5 A6 A7

6.5 11.4 13.72 10.23 11.21 13.93 11.93 7.95

Wt
(n=18)

± ± ± ± ± ± ± ±
0.446 0.591 0.621 0.375 0.578 0.546 0.502 0.32

Table 2.2: average CB to ELE distances (|^m) ± s.e.m for each segment in w«c-5-mutant 
embryos. T3, thoracic segment 3, A1 -  A7, abdominal segments! - 7

T3 A1 A2 A3 A4 A5 A6 A7

3.6 5.71 9.39 6.613 7.82 9.926 7.06 5.54

unc-5 ± ± ± ± ± ± ± ±

(n=16) 0.412 0.515 0.63 0.39 0.27 0.647 0.49 0.311

Table 2.3: average CB to ELE distances (|j,m) ± s.e.m for each segment in y^o-mutant 
embryos. T3, thoracic segment 3, A1 -  A7, abdominal segments! - 7

T3 A1 A2 A3 A4 A5 A6 A7

fra
(n=17)

13.61
±
0.475

18.42
±
0.450

20.05
±
0.34

16.08
±
0.306

17.8
±

0.323

19.36
±
0.521

15.99
±
0.384

11.36
±
0.294
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Table 2.4: average CB to ELE distances (^m) ± s.e.m for each segment in unc-5 embryos 
rescued with DV-specific HA-Unc-5 expression. T3, thoracic segment 3, A1 -  A7, 
abdominal segments! - 7

T3 A1 A2 A3 A4 A5 A6 A7

Full 7.6 10.3 13.7 11.9 12.78 15.37 12.24 9.12
Rescue ± ± ± ± ± ± ± ±
(n=17) 0.316 0.462 0.4 0.39 0.417 0.665 0.7 0.44

Partial 5.26 7.76 11.32 8.23 9.84 11.65 8.75 6.44
Rescue ± ± ± ± ± ± ± ±
(n=3) 0.13 0.1 0.36 0.48 0.31 1.1 0.67 0.35

No 3.83 6.56 8.52 9.06 7.73 7.73 6.4 4.37
Rescue ± ± ± ± ± ± ± ±
(n=2) 0.08 0.312 0.7 0.15 0.39 0.7 0.15 0.15

Table 2.5: average CB to ELE distances (fxm) ± s.e.m for each segment in unc-5, fra  
double-mutant embryos. T3, thoracic segment 3, A1 -  A7, abdominal segments! - 7

T3 A! A2 A3 A4 A5 A6 A7

W t 4.79 ± 10.16± 13.9 11.37± 11.8 13.77 ± 11.9 8.5
(n=8) 0.55 0.996 ± 0.466 ± 0.31 ± ±

0.482 0.573 0.49 0.45

V^i-unc- 3.8 8.27 12.94 ± 10.4 10.44 ± 9.74 9.84 7.11
unc-5, fr a 5 ± ± 0.71 ± 0.581 ± ± ±

(n=7) 0.39 0.761 0.56 0.94 0.451 0.372

unc-5 3.61 ± 5.47 10.4 8.67 9.06 9.37 8.12 5.86
(n=2) 0.39 ± ± ± ± ± ± ±

0.15 0.7 0.23 1.25 0.47 0.156 0.08
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Table 2.6: average CB to ELE distances (|im) ± s.e.m for each segment in NetAB  ̂
embryos. T3, thoracic segment 3, A1 -  A7, abdominal segmentsl - 7

T3 A1 A2 A3 A4 A5 A6 A7

w t 6.29 11.72 13.8 10.57 12.73 14.56 11.53 7.6
(n=13) ± ± ± ± ± ± ± ±

0.56 0.55 0.513 0.52 0.64 0.69 0.53 0.43

W t- 4.51 9.27 12.07 7.8 10.47 10.41 7.69 5.38
unc-5 ± ± ± ± ± ± ±
(n=7) 0.642 0.74 1.24 0.57 0.98 0.502 0.48 0.416

unc-5 3.8 6.15 8.13 7.345 8.9 7.66 6.09 4.845
(n=3) ± ± ± ± ± ± ± ±

0.84 1.542 0.826 0.78 0.36 1.8 1.74 0.95

Wt- 9.56 14.41 16.88 12.78 14.12 17.85 15.57 9.15
fra ± i ± ± ± ± ± ±

(n=5) 0.387 1.065 0.57 0.77 1.32 0.79 1.08 0.52

fra
(n = l)

12.35 20.6 23.44 20.63 21.25 25.16 22.193 15.47
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Chapter 3: unc-5 transcriptional regulation 
during cardiac morphogenesis
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3.1 Transcriptional regulation of unc-5 in Drosophila dorsal vessel

Cardiogenesis in both vertebrates and invertebrates requires regulatory actions o f 

transcription factors (TFs) that belong to NK2, GATA, and T-box families (Buckingham 

et al., 2005; Cripps and Olson, 2002; Reim and Frasch. 2005). The Drosophila NK 

homeodomain tinman {tin) is a conserved cardiogenic factor that belongs to the NK2 

family o f TFs and has been shown to play key roles during heart development. Vertebrate 

homologues o f the Drosophila tin have been cloned following demonstrating its 

importance in DV development, including mouse mNkx2.5 (or Csx) (Komuro and Izumo, 

1993), Xenopus XNkx2.5  (Tonissen et al., 1994), Chicken cNkx2.3 and cNkx2.5 

(Buchberger et al., 1996), and Zebrafish ZNkx2.5  (Chen and Fishman, 1996). In 

Drosophila, in the early dorsal mesoderm, tin function is important for the specification 

o f all cardiac progenitors and in recent years, through genetic and molecular analyses, 

most o f its target genes and also its functional binding sites have been defined (Azpiazu 

and Frasch, 1993; Bodmer, 1993; Halfon et al., 2000; Jin et al., 2013; Junion et al., 2012; 

Xu et al., 1998a). In later stages, tin expression becomes restricted to cardiac progenitors 

and this pattern persists in myocardial as well as pericardial cells o f the mature DV 

(Bodmer and Frasch, 2010; Bodmer et al., 1990).

Guidance molecules play pivotal roles during development o f multicellular organisms. 

Therefore they must be under tight transcriptional control to ensure precise spatial and 

temporal expression patterns. Furthermore, level o f expression would be important in 

determining how effective the attractive and/or repulsive cues would be in guiding cells 

or cellular projections during development. Considerable amount o f  functional studies 

have been carried out on guidance receptors and their ligands in various model organisms 

and tissues. However, our understanding o f transcriptional regulation o f guidance 

receptors is poor and needs more attention.

In the previous chapter, I showed that Unc-5 and Fra function tissue-autonomously 

during cardiac migration to keep migrating DV cells in a certain distance from ectodermal 

leading edge by limiting the speed at which cells move towards the dorsal midline. To 

gain an insight on DV-specific regulation o f these molecules and its correlation with the
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observed functions, here, I focus on the transcriptional regulation of unc-5 in dorsal 

vessel in the course of cardiac morphogenesis.

3.1.1 A 1-Kb intronic fragment within the Unc-5 locus drives expression in 
the dorsal vessel

In order to identify the minimal enhancer required for unc-5 expression in the dorsal 

vessel (DV), we dissected the D. melanogaster unc-5 genomic locus randomly into 

fragments starting from the preceding gene {Hr51) to the 5th intron within the unc-5 

locus. Fusion of each fragment to GFP and/or Gal4 and insertion of them into the 

Drosophila genome, using site-directed integration into the attP2 site on the 3'̂ ‘̂ 

chromosome (Fish et al., 2007), allowed us to investigate their potential activity as tissue- 

specific enhancers, representing the unc-5 regulatory module in corresponding tissues. 

Subsequently, we identified a 1043 bp fragment, coordinated at 2R;11,240,405 - 

11,241,448, within the first Unc-5 intron that was sufficient to drive expression of GFP 

in dorsal vessel as well as peripheral glia and also some sensory neurons. Due to its 

specific expression pattern in glial as well as DV cells we named this reporter unc-5-GW 

reporter.

Endogenous unc-5 was recently shown to be expressed in both major cell types present 

in the Drosophila dorsal vessel (DV), namely cardioblasts (CBs) and pericardial cells 

(PCs) (Albrecht et al., 2011). To test whether expression pattern of this intronic fragment 

imitates that of unc-5, we co-stained the transgenic embryos with anti-GFP, anti-Mef2 

(Bour et al., 1995) and anti-Zfhl (James Skeath) to label the unc-5-GW reporter, 

cardioblasts, and pericardial cells, respectively (Figure 3.1). Triple labelling revealed 

expression of GFP in all CBs and PCs (Figure 3.1 A -  A” ). To further reassure that GFP 

is expressed in all subtypes of CBs and PCs, we stained Odd-positive and Eve-positive 

pericardial cells with anti-Odd (Ward and Skeath 2000) and anti-Eve antibodies. Figure

3.1 B -  B” illustrates expression of GFP in Odd- and Eve-expressing PCs. Likewise, to 

assess expression of the reporter in all subpopulations o f cardioblasts. Seven up- 

expressing cardioblasts (Svp-CBs) were labeled by P-gal staining of Svp-lacZ embryos 

that also have the unc-5-GW reporter within their genome. As expected, reporter is active
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in Odd- and Eve-positive PCs and also in Seven up-expressing CBs (Figure 3.1 C -  C ” ). 

To further examine the accordance o f the GH reporter’s expression with the endogenous 

Unc-5, in situ hybridization o f unc-5 mRNA was performed on the GH reporter- 

Gal4>UAS-/awff7>^c embryos (the unc-5 GH-Gal4 was created by replacement o f GFP 

ORF with Gal4 ORF downstream o f unc-5 GH fragment). Staining with anti-myc shows 

exact coincidence o f unc-5 mRNA with Tau-Myc expression pattern in the DV (Figure 

3.1 D - D ” ).

3.1.2 Tinman induces the unc-5-GH  fragment in vitro

The fact that the unc-5-GW  enhancer is active in the dorsal vessel raises the question o f 

what transcription factor(s) govern the Unc-5 expression in the DV. To answer this 

question, we designed an in vitro experiment where induction o f renilla luciferase, 

engineered downstream of the unc-5-GW fragment, was examined by its co-transfection 

with various transcription factors, known to be important for DV development, in the 

Drosophila S2 cells. The transcription factors tested include Tinman (Tin), Pannier (Pnr), 

Neuromancerl (N m rl)/H 15, Odd-skipped (Odd), Islet (Isl)/Tailup (Tup), Neuromancer2 

(Nmr2)/Midline (Mid), Dorsocross2 (Doc2), Dorsocross3 (Doc3), and Zinc-fmger 

homeodomainl (Zfh-1) (Figure 3.2). The unc-5-GH  fragment is only responsive to Tin 

in this assay.

To test whether unc-5-GH  expression regulation with Tin is specific, we tested a few 

other unc-5 genomic fragments surrounding the GH fragment by performing luciferase 

assay by co-transfection o f them into S2R+ cells with a Tin-coding plasmid. The results 

show a specific response o f GH fragment to Tin (Figure 3.4 A).
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Figure 3.1: Characterization o f GH reporter expression in dorsal vessel. GFP
expression is driven by the heart enhancer element in the unc-5 locus. A ll panels are dorsal 
views with anterior to the right. A magnification o f the regions delineated by insets is 
shown for each panel. A ll embryos are stage 15. (A -A ” ) GH reporter drives GFP 
expression (green) in CBs (A ’ ; magenta) and PCs (A ” ; magenta). (B -  B” ) Odd- (B ’ ; 
magenta) and Eve-positive (B ” ; magenta) PCs express unc-5 as evidenced by reporter gene 
(GFP) expression (green) driven by unc-5 GH enhancer fragment. (C -  C” ) unc-5 GH 
reporter drives expression in Tin-positive and Tin-negative CBs (magenta) (C” ). (D -D ” ) 
unc-5 mRNA expression in heart was examined by in situ hybridization. Colocalization 
between tau-myc expression pattern (labelled in green), driven by unc-5 GH-Gal4, and 
unc-5 mRNA (magenta) indicates perfect overlap o f the GH enhancer element expression 
pattern and endogenous unc-5 expression in heart. XZ an YZ sections are presented at the 
bottom and right o f the main panel and their location is indicated with white lines in the 
main panel. CB cardioblast, PC pericardial cell.
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Figure 3.2: Tin regulates unc-5 expression via GH element. Of all the TFs
tested, shown elsewhere to be expressed in the heart. Tin is the only one that 
induces the expression o f Iuciferase under the control o f the GH fragment of 
unc-5 promoter region.
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3.1.3 Tin controls expression of unc-5-GH fragment in Tin-positive 
cardioblasts

To confirm the relevance of the in vitro luciferase assay in vivo, it was necessary to test 

unc-5-GW fragment responsiveness to Tin during embryonic cardiogenesis. To this end, 

it would be desirable to compare expression levels of the wnc-J-GH-GFP reporter 

between wild-type and tin mutant embryos. However, due to the early requirement of tin 

for cardiogenesis no DV forms in tin null mutants, making it impossible to simply use tin 

mutants in this study. Zaffran and colleagues introduced a method that allows genetic 

analysis of roles of tin in DV formation and differentiation (Zaffran et al., 2006). They 

identified four enhancer elements responsible for early pan-mesodermal expression, 

expression in pharynx, in cardioblasts, and in dorsal mesoderm. This allowed them to 

tailor various combinations of enhancer elements to express Xin in the tissues of interest. 

One of such transgenes, tin-ABD, lacks the tin-C element required specifically for 

cardioblast expression. Introduction of tin-ABD  into a tin-mxW background (tin '̂*  ̂

mutants) gives rise to embryos that express Tin in all tissues that normally express this 

gene, except DV. Surprisingly, even though Tin is absent in the DV of these embryos, 

this background, due to normal expression of tin in all other mesodermal tissues requiring 

Tin expression for proper development, provides a permissive condition for development 

o f CBs and PCs, although DV shape is often irregular (Zaffran et al., 2006). This provides 

the opportunity to study roles of tin in heart development.

Taking advantage of this system, we examined the expression of GFP driven by unc-5- 

GH fragment in tin-ABD;tin^^^ embryos. Compared with wild-type embryos (Figure 3.3 

A -  A” ), GFP expression is significantly reduced in the DV of tin-ABD;tin^^^ embryos 

(Figure 3.3 D). However, GFP expression is not completely abolished in the DV and 

seems only slightly reduced in PCs (labeled with anti-Zfh-1) (Figure 3.3 E, also compare

3.3 B” with 3.3 A ” ). To quantify GFP expression in CBs and PCs, a subpopulation of 

sensory neurons (SNs) (which also express GFP from unc-5 GH fragment) that look 

unaffected in wild-type and /w-mutant backgrounds were used as internal controls in each 

embryo. While the measured fluorescence in SNs in wild-type and tin-ABD;tin^'*^ were 

unchanged (3.86 ± 0.4 and 3.82 ± 0.29 [arbitrary fluorescence units ± s.e.m].
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respectively), GFP signal was reduced in /m-yifiD;tin^‘̂  ̂mutants from 1.98 ± 0.128 to 

0.173 ± 0.04 {P<6 X 10"''') (Figure 3.3 B’ and D). A small subpopulation o f CBs, 

however, maintain the GFP expression (Figure 3.3 C). It is known that o f the six CBs in 

each hemisegment, the two anterior CBs, which make the future ostia (inflow valves) of 

the larval DV (Molina and Cripps, 2001), are negative for Tin. These CBs instead express 

the orphan steroid hormone receptor Seven Up (Svp) which is absent in the other four 

Tin-positive CBs (Gajewski et al., 2000; Ward and Skeath, 2000). To test whether these 

GFP-positive cells are indeed Svp-positive Tin-negative CBs, we added the Svp-lacz 

element to the above-mentioned background and labeled the Svp cells with P-gal staining. 

As expected, CBs that maintain GFP expression in a tin background are in fact Svp- 

positive cells (Figure 3.3 C -  C ” ). Tin is absent in these cells and suggests that unc-5 

expression in Svp-positive CBs is regulated through a different transcriptional 

mechanism compared to Tin-positive CBs. Based on this observation, one would expect 

to observe a near complete reduction o f the reporter expression in Tin-positive PCs. 

However, although expression o f  GFP in PCs shows a statistically significant reduction 

from 3.4 ± 0.2 in wild-type to 2.47 ± 0.21 in tin-ABD\\\\\^‘̂  ̂ (P<62 x 10'^) with unaffected 

SNs (3.82 ± 0.29 and 3.75 ± 0.44 in wild-type and tin-ABD;tm^'*^, respectively), the level 

o f reduction is not comparable to CBs (Figure 3.3 E, also compare 3.3 B” with 3.3 A ” ). 

These results, therefore, suggest that unc-5 expression in Tin-positive CBs is almost fully 

regulated via Tin while Tin is only partially required in Tin-positive PCs, indicating that 

other transcriptional regulatory mechanisms control unc-5 expression in these cells. At 

this point, two scenarios could be postulated: first, that the observed reduction o f GFP 

expression in PCs in the tin-ABD;tin^^'^ background is a secondary effect o f  lack o f Tin 

or second, that in PCs Tin is not the only regulator o f unc-5 and it acts together with 

other, yet unknown, transcription factors. Nonetheless, we show in the following 

experiments that the first hypothesis is less likely to be true.
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3.1.4 Misexpression of Tinman in Engrailed stripes results in the 
misexpression of iinc-5

The fact that Unc-5 expression in CBs is almost completely dependent on Tin. implies a 

potentially direct binding of Tin to the identified unc-5-GW fragment. If so, 

misexpression of Tin in a context different from that of mesoderm is likely to induce 

transcription of the reporter gene from the unc-5-GW fragment. To test this hypothesis, 

we made use of engrailed-Ga\4 to drive expression of Tin from a UAS-/m transgene in 

the ectodermal En stripes in the presence of the unc-5-GW reporter. As expected, 

misexpression of the reporter was observed in the Tin-misexpressing Engrailed stripes 

(Figure 3.4 A -  A” ).

To test the coincidence of the reporter expression with the endogenous unc-5 expression, 

we performed in situ hybridization for unc-5 mRNA on embryos misexpressing Tin in 

their En stripes. As shown in figure 3.4, while unc-5 is not expressed normally in 

engrailed stripes (B -  B” ), forced expression of Tin induces the expression of the 

endogenous unc-5 (Figure 3.4 C -  C” ), indicating the accuracy of the unc-5-GW 

fragment in representing the endogenous unc-5 expression.
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Reporter gene is expressed (green) in ail CBs and PCs in wild-type embryos. All panels are dorsal 
views with anterior to the right. A magnification o f the regions delineated by insets is shown for 
each panel. All embryos are aged from early to late stage 15. (B -  B” ) In tin-ABD\ mutant 
embryos, in which Tin is only absent in dorsal vessel, reporter gene expression is almost 
completely abolished in CBs {P<6 x lO''"*) (B’ and D) while it is only partially downregulated 
in PCs (P<6 X  I0‘̂ ) (B”  and E). Note the constant GFP expression in sensory neurons 
(arrowhead) in wild-type and mutant backgrounds. (C -  C” ) A few CBs stay positive for reporter 
gene expression in tin-ABD', background (inset in C). Tin and Svp are expressed in a 
mutually exclusive pattern in DV (Zaffran, 2006), GFP co-expression with p-gal (C ” ), driven 
from a Svp-p-gal element which is only active in Svp-positive cells, indicates that these GFP- 
expressing cells are indeed negative for Tin. (D, E) Quantification of GFP expression in CBs 
(D) or PCs (E). Genotypes of embryos from which CBs or PCs were analyzed are indicated on 
the X axis and the fluorescence intensity is indicated on the Y axis. GFP expression in SNs is 
used as internal control and their fluorescence is not affected in tin-ABD-, tin^''^ mutant 
background (3.86 ± 0.4 s.e.m and 3.82 ± 0.29 s.e.m, respectively) however, it is drastically 
reduced in CBs (D), from 1.98 ±0.128 to 0.173 ± 0.04 {P<6 x lO-'-*) and in PCs (E), from 3.4 ± 
0.2 in wild-type to 2.47 ± 0.21 in tin-ABD;tin^''^ (P<6.2 x 10"’). CB cardioblast, PC pericardial 
cell, SN sensory neuron.
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F igure  3.4: Ectopic expression o f  T in induces unc-5  expression in vitro  an d  in vivo. 
(A -A ” ) ectopic expression o f  Tin in ectodermal stripes from a UAS-^w transgene using 
engrailed-G al4  induces the unc-5  GH enhancer elem ent to drive expression o f  a GFP 
reporter. (B-B”) unc-5 mRNA in situ  hybridization was perform ed on em bryos driving 
tau-m yc under the control o f  the engrailed-Gal4  driver. In situ  hybridization pattern o f 
unc-5  mRNA does not show any ectodermal signal. (C -C ” ) Endogenous unc-5 is also 
induced by tin ectopic expression in ectodermal stripes. In situ  hybridization for unc-5  
mRNA was perform ed on em bryos driving tau-m yc and tin  under the control o f  the 
engrai!ed-Gal4  driver. Double labelling o f  the unc-5  RNA and Myc reveals endogenous 
unc-5  mRNA induction by tin in ectodermal stripes (com pare C” with B”). All panels 
are lateral views with dorsal side up and anterior to the right. A magnification o f  the 
regions delineated by insets is shown for each panel.
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3.1.5 Tinman activates unc-5 transcription via three conserved Tin-binding  
elements in the wwc-5-GH fragment

Ectopic induction of unc-5 following Tin misexpression in En stripes implies potential 

direct binding o f Tin to the unc-5-GH fragment. To elucidate whether Tin regulates imc- 

5 through direct binding, we performed chromatin immunoprecipitation (ChlP) followed 

by qPCR using 12 pairs of overlapping primers covering the whole unc-5-GW fragment. 

ChlP-qPCR results showed a peak of enrichment (binding) near to one end of GH 

fragment covering three regions delineated by primers pairs 8, 9, and 10, hereafter called 

as R8, R9, and RIO, respectively (Figures 3.5 and 3.6 A). Further analyses of the 

underlying sequences revealed three potential binding sites (one in each region) that 

match the known consensus Tin-binding sequences described so far (Jin et al., 2013; 

Junion et al., 2012; Xu et al., 1998). The binding sequences found for each region are 

CAATTGA, CACTTCA, and CACTTGT, located within R8, R9, and RIO, respectively. 

To obtain an insight on the importance of these three sequences for Tin binding, we 

BLASTed the unc-5-GW fragment against all twelve sequenced Drosophila species. The 

three Tin-binding motifs identified are completely conserved across evolution in all 

twelve species, indicating that Tin binding to these sites plays an essential function. 

Although the overal conservation of the GH element is high across the twelve Drosophila 

species (75.8% of the positions appear conserved when aligned), the probability of 

randomly picking three 7bp sequences with 100% conservation is quite low; the 

caclulated probability of having a randomly picked strech of 7bp sequence with 100% 

conservation at all positions across all twelve species is around 22% (228 completely 

conserved 7bp fragments/1038 possible 7bp fragments). Accordingly, the probability of 

randomly picking three non-overlapping such sequences would be almost 1.0% in this 

region and therefore the conservation of the three recognized Tin-binding sequences does 

not appear to be an artifact of the overall high conservation of the region.

A schematical representation of the ChIP enrichment signal over the unc-5-GU. fragment 

along with the places of primers, and identified Tin binding sites is shown in figure 3.6 

A. Figure 3.6 B represents alignment result around the Tin-binding sites which are 

conserved among the twelve sequenced Drosophila species.
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Figure 3.5: Tin directly binds to the unc-5 GH enhancer element. ChIP 
analysis o f the unc-5 locus in S2R+ cells transfected with pAci5C-GFP-tinman. 
The precipitated DNA was amplified by real-time qPCR using overlapping 
primers designed over ~ lkb  region covering the identified GH enhancer element 
(schematically outlined in [the schematic image]). Enrichments are presented as 
percentages of total input. Note that the peak o f Tin binding is ascending over R8, 
centered at R9, and descending over RIO.
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ATAGAATGCTCACTTGTTTTGTGTGTT 
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F igure  3.6: T in b inds d irec tly  to  th re e  conserved  sites on the unc-5  G H  en h a n c e r  to 
d riv e  tran sc rip tio n . (A) CHIP analysis o f  the unc-5  locus in S2R+ cells transfected with 
pAct5C-GFP-linm an. The precipitated DNA was am plified by real-time qPCR using 
overlapping prim ers (boxes in the X axis) designed over the IkB region covering the 
identified GH enhancer element (red line). Enrichment o f  imm unoprecipitated regions is 
presented as percentage o f  total input (Y axis). To simplify the recognition o f  the binding 
sites, C h ip  signal is illustrated as a curve peaking at R8, R9, and RIO. Note that the peak o f 
Tin binding is ascending over R8, centered at R9, and descending over RIO (dark boxes on 
the X axis). A schematic o f  unc-5  locus is also illustrated under the graph. (B) Schematic 
view o f  the three Tin-binding regions (R8, R9 and R10) and their conservation together with 
the Tin binding sites identified within each region aligned against all 12 sequenced 
D rosophila  species. Note the 100% sequence conservation o f  these sites across all species. 
The overall conservation over the 1044 bp GH element is 75% across the twelve sequenced 
D rosophila  species. However, the probability o f  getting three randomly picked non
overlapping 7bp fragments with 100% conservation is calculated to  be only 1.0% (C) 
M utations in the three most important nucleotides at each o f  the three identified Tin-binding 
motifs (singly or in combination) results in a reduction o f  the Tin transcriptional activity in 
a luciferase assay. Tin binding site m utations within the GH enhancer are represented at the 
left o f  the graph where their norm alized luciferase activity is plotted. M utations on either 
Individual binding sites results in a reduction o f  luciferase activity, indicating a requirem ent 
for all three to achieve a proper level o f  transcriptional induction.
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3.1.6 Eliminaton of Tin-binding sites in the u n c-5 -G \\ fragment abolishes Tin 
binding and expression in vitro and in vivo

To demonstrate that the three identified sites are indeed required for Tin binding, site- 

directed mutagenesis of the identified Tin-binding motifs was performed. We first created 

the single-site-mutated fragments, and then double- and triple- ones. The targeted 

nucleotides in each binding site were chosen based on their importance according to two 

recent publications (Jin et al., 2013; Junion et al., 2012). According to their study, the 

“CA” dinucleotide (underlined) and the first “T” (underlined) within a CACTTGA motif 

are the most conserved, and therefore the most essential, nucleotides for Tin binding in a 

genome-wide scale. Based on this, we made CA ^  GT and T ^  A modifications for 

the aforementioned positions for each identified binding sequence. Subsequently, we 

performed in vitro luciferase assays to examine the effect of elimination of each binding 

site individually or in combination with one another (Figure 3.6 C). As expected, 

modification of binding sequences affects Tin binding and transcriptional activation 

negatively (Figure 3.6 C). Interestingly, elimination of the R8 binding site, that has the 

highest divergence from the consensus Tin-binding sequence, shows the lowest reduction 

compared to the other two individual mutations (R9 and RIO). Also, based on the results 

obtained from these luciferase assays, elimination of at least two binding sites is sufficient 

to reduce the Tin-dependent transcriptional activation to the lowest observed level (~ 

70% reduction compared to wild-type; compare R8,9, R8,10, and R9,10) and elimination 

o f the third binding site (R8,9,10) would not cause further reduction down to control level 

and there are still some levels of luciferase transcription going on. Two possible 

explanations could be regarded for the observed residual transcriptional activity; first, in 

the absence of canonical Tin binding sites, some other cryptic sequences, that to some 

extent mimic the Tin-binding consensus, become activated and serve as weak binding 

sites or second, forced expression of Tin under the context of S2R+ cells activates 

transcription of secondary transcription factors that can partially activate transcription 

from the unc-5-GH fragment.

To test whether the identified binding sites are actual Tin-binding sites in vivo, we 

generated a transgenic fly with the GH fragments mutated at all three identified binding
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sites, hereafter called R8,9,10-GH reporter. Based on the results fi'om tin-ABD',tin^^^ 

if  Tin is required for unc-5 expression in CBs and only partially in PCs, it is expected to 

get near complete reduction o f GFP expression in CBs and only a partial reduction in the 

PCs. Indeed, a significant reduction o f GFP expression (from 1.98 ± 0 .127  for wild-type 

GH reporter to 0.28 ± 0.052 for R8,9,10-GH reporter [P<2 x lO"'^], with unchanged SN 

expressions o f 3.86 ± 0.4 and 3.79 ± 0.36 in wild-type GH reporter and R8,9,10-GH 

reporter embryos, respectively) is detectable in the Tin-positive CBs which is very similar 

to what we observed in tin mutant background (Figure 3.7 A -  D). As observed in tin- 

mutants, GFP expression in PCs o f embryos with R8,9,l 0-GH reporter is slightly reduced 

from 3.4 ± 0.2 in wild-type to 2.16 ± 0.3 (P<3.8 x 10'^) (Figure 3.7 D). Therefore, 

regarding the results obtained from mutants o f tin together with site-directed mutagenesis 

o f the unc-5-GW reporter in vitro and in vivo, we conclude that Tin regulates unc-5 

through a direct interaction with the three binding-sites (R8, R9, and RIO) identified in 

this work.
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Figure 3.7: T in induces unc-5 expression in cardioblasts and pericardial cells via 
three conserved binding sites. (A -A ” ) Wild-type unc-5-GH enhancer induces 
expression o f downstream reporter gene (GPP) in all CBs and PCs. A ll panels are lateral 
views with dorsal side up and anterior to the right. A magnification o f the regions 
delineated by insets is shown for each panel. Embryos shown are stage 14. (B  -B” ) 
Mutagenesis o f the three Tin-binding sites within the unc-5 GH enhancer generates a 
GFP expression pattern similar to that o f tin-ABD:tin^^^ embryos (Fig. 2) with near 
complete loss o f expression in Tin-positive CBs and a reduction o f expression in PCs. 
(C, D) Quantification o f GFP expression in CBs (C) or PCs (D). Genotypes o f embryos 
from which CBs or PCs were analyzed are indicated on the X axis and the fluorescence 
intensity is indicated on the Y axis. GFP expression in sensory neurons is not affected in 
the R8,9, lO-GH reporter (3.86 ± 0.4 s.e.m and 3.79 ± 0.36 s.e.m, respectively) however, 
it is significantly reduced in CBs (C) from 1.98 ±0.127 for wild-type GH reporter to 0.28 
± 0.052 for R8,9,I0-GH mutant reporter (P<6 x lO"''*) and (D) slightly reduced in PCs 
from 3.4 ± 0.2 to 2.16 ± 0.3 (P<3.8 x 10'^).
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3.1.7 Mutating the three Tin-binding sites abolishes induction by Tinman  
misexpression in Engrailed stripes

Abrogation of GFP expression in CBs following mutating the three Tin-binding sites 

indicates direct regulation of unc-5 by Tin. Furthermore, induction of wild-type GH 

reporter by misexpression of Tin in En stripes further confirms the direct binding. To test 

whether R8, R9, and RIO binding sites are the only sites through which Tin regulates 

unc-5, we misexpressed Tin in En stripes using engrailed-GaXA in the presence of 

R8,9,10-GH reporter, which has all the three binding sites mutated. Results reveal 

dramatic downregulation of GFP in En stripes in flies with R8,9,10-GH reporter 

compared to those with wild-type GH reporter (from 2.8 ± 0.26 for wild-type GH reporter 

to 0.25 ±0.16 for R8,9,10-GH reporter [P<\2  x lO"'"*], with unchanged SN expressions 

of 2.52 ± 0.192 and 2.8 ± 0.177 in wild-type GH reporter and R8,9,10-GH reporter 

embryos, respectively) (Figure 3.8 B -  B” and C). While in embryos with wild-type 

GH reporter nearly all stripes are positive for GFP in a more or less continuous pattern 

along the stripes, in R8,9,10-GH reporter, less than half of Tin-positive stripes show very 

occasional and sporadic GFP expression along the stripes. The fact that GFP expression 

is reduced to such a great extent when Tin-binding sites are mutated, indicates the 

importance of these sequences, which is in agreement with their conservation. On the 

other hand, expression of Tin in En stripes can still activate some weak scattered GFP 

expression suggesting that sequences with some degrees of similarity to Tin binding 

consensus can potentially act as cryptic Tin-binding sites and induce a low level of GFP 

expression.
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Figure 3.8: M utation o f the three T in-b inding sites in the m/ic-5-GH enhancer prevents 
reporter induction by T in. A ll panels are lateral views o f stage 15 embryos with dorsal side 
up and anterior to the right. A magnification o f the regions delineated by insets is shown for 
each panel. Tin expression in ectodermal stripes is labeled with an anti-Tin antibody (magenta) 
and an anti-GFP antibody was used to reveal the reporter construct activation label GFP 
expression (green) in the En stripes (A -A ” ). Ectopic expression o f Tin in ectodermal stripes 
using the engrailed-GaH driver results in the induction o f the unc-5-GH enhancer and ectopic 
expression o f GFP from embryos carrying the wild-type reporter construct. (B -B ” ) Embryos 
carrying the R8,9,10-GH reporter, where the three Tin-binding sites are mutated, show 
negligible GFP induction compared to the wild-type reporter. (C) Quantification o f GFP 
expression in ectodermal stripes. Genotypes o f embryos are indicated on the X axis and the 
fluorescence intensity is indicated on the Y axis. GFP expression in sensory neurons (SNs) is 
used as internal control since their fluorescence is not affected in R8,9,10-GH reporter (2.52 ± 
0.192 s.e.m for wild-type and 2.8 ±0.177 s.e.m for mutant reporter respectively), however it is 
dramatically reduced in engrailed stripes o f embryos with R8,9,10-GH reporter from 2.8 ± 0.26 
for wild-type GH reporter to 0.25 ±0.16 for R8,9,10-GH reporter {P < \ 2  x 10''“*).
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Chapter 4: Discussion
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Discussion:

Formation o f the tubular pulsatile organ called dorsal vessel (heart) in Drosophila 

melanogaster is a complex, yet very simple compared to higher organisms and 

vertebrates, process which includes long distance migration o f cardiac progenitors. As in 

many other well-known developmental processes, cardiac progenitor migration requires 

a precise perception o f three-dimensional geometry by the cells during migration. This is 

achieved through a series o f receptors and their corresponding ligands sensed by 

migrating cells and their targets to correctly guide them through tissues and prevent them 

from getting misdirected along the way. This precision is to a great extent achieved 

through expression o f the right combination o f guidance receptors on the surface o f 

migrating cells. This complicated process requires rigorous temporal and spatial 

expression o f the receptors by the migrating cells in addition to simultaneous expression 

o f the corresponding ligands from the target/surrounding tissue(s). In addition, as 

guidance majorly happens in form o f either repulsion or attraction, very strictly controlled 

levels o f ligands and receptors need to be expressed by the cells, which in turn require 

tissue-specific transcriptional regulatory machines to dictate the precise level of 

expression specifically tailored for the corresponding tissue.

In this work, we shed light on tissue-autonomous functions o f two well-known guidance 

receptors, Unc-5 and Fra, and their ligands, Netrins, during migration o f Drosophila 

cardiac progenitors in the course o f DV formation. In addition, we also examined the 

transcriptional regulation o f Unc-5 receptor expressed in cardiac tissue to understand the 

transcriptional specificity o f  guidance receptor expression during migration o f cardiac 

progenitors and DV formation.
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4.1 Precise temporal and spatial DV migration is achieved through 

coordinated functions of Unc-5 and Fra in response to Nerins during 

dorsal vessel cell migration

During the last two decades, several guidance molecules have been found and their roles 

have been intensively studied during development of nervous system and, more 

specifically, axon guidance. However, little attention has been paid to the roles of these 

guidance molecules during development of other tissues, such as heart, and therefore, our 

understanding of how these molecules act in the course of formation of other tissues is 

limited.

Drosophila Netrins (NetA and NetB) and its receptors, Frazzled (Fra) and 

Uncoordinated-5 (Unc-5) have been implicated in the guidance of motor axons during 

embryonic development (Harris et al., 1996; Kolodziej et al., 1996; Labrador et al., 2005; 

Mitchell et al., 1996; Zarin et al., 2012; Zarin et al., 2013). For midline crossing. Fra is 

known to mediate attraction of contralateral axons towards the ventral midline, which is 

a source of Netrins (Harris, Sabatelli, & Seeger, 1996; Kolodziej et al., 1996). In contrast, 

expression of Unc-5 is known to steer axons away from the source of Netrins (Keleman 

and Dickson, 2001; Leonardo et al., 1997; Leung-Hagesteijn et al., 1992). Repulsion from 

Netrins is either short-range, which is mediated through Unc-5 independent from Fra, or 

long-range, which is mediated by Unc-5-Fra heterodimers (Colavita and Culotti, 1998; 

Hong et al., 1999). Similarly, Netrin-dependent medial migration of longitudinal glia is 

shown to require cell-autonomous expression of Fra, which mediates attraction. 

Furthermore, proper lateral migration of another subset of glia, called embryonic 

peripheral glia, depends upon cell-autonomous function of Unc-5 to repel these cells from 

the source of Netrins (von Hilchen et al., 2010). Also, in the course of formation of 

Drosophila visual system during larval metamorphosis, R8 photoreceptors express Fra 

while their only target medulla-neuropil layer, M3, releases Netrins (Timofeev et al., 

2012).

Previous studies concerning the roles of guidance receptors, such as Robo, Robo2, Unc- 

5, and Fra, and their ligands, including Netrins and Slit, during DV formation have
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revealed the significance o f these molecules for the formation o f a fully functional DV in 

Drosophila (Albrecht et al., 2011; Macabenta et al., 2013; MacMullin and Jacobs, 2006; 

Qian et al., 2005; Santiago-Martinez et al., 2006). Several malformations associated with 

the dysfunction o f guidance molecules have been described which include mis- 

organizations, misalignments, distortions, etc. However, linking the observed embryonic 

cardiac defects to the described repulsive and/or attractive functions seems intriguing. As 

an example, from the cardioblast misalignments observed in Unc-5, Fra, and NetAB^ null 

mutants (Albrecht et al., 2011; Macabenta et al., 2013), it is essentially impossible to 

assign a decisive repulsive or attractive role to any o f them during cardiac migration. The 

lack o f a standard method for analyzing the functions o f guidance molecules during DV 

formation has been an obstacle in studying the guidance functions o f these receptors and 

their significance for cardiac tissue development. In order to overcome such obstacle, we 

devised a method in which we use the position o f ectodermal leading edge (ELE) as a 

reference to examine the position o f rows o f  migrating cardiac progenitors at a very 

particular developmental stage. According to our examinations, ELE is, at least in the 

cases o f Unc-5, Fra. and NetA/ NetB, a reliable reference that is not affected in null 

mutants o f any o f these genes.

unc-5 null mutants display a specific DV phenotype which is a bubble- or bulge-like 

structure that forms at the aortic portion o f dorsal vessel from stage m id-14 onwards 

(Figures 2.1 and 2.3). At the first glance, one may mistakenly assume that the cells at 

the aortic portion stay behind the other cells or stall for a while until the anterior and 

posterior ends o f dorsal vessel are closed. However, this turns out to be a wrong 

assumption. Even with precise examination o f embryonic stage, it seems extremely 

challenging to find a satisfying description for the observed phenotype. This is even more 

intriguing in the case o f Fra mutants as there is no apparent abnormal structure forming 

in the migrating DV. Mere consideration o f the linear organization in Fra null mutants to 

find a particular associated phenotype turns out frustrating.

The one clue that helped me decipher the observed phenotype in unc-5 mutants was the 

resemblance between the DV shape in unc-5 mutants and ectodermal (dorsal) closure at 

about late stages (Figure 2.4). The contractive bubble structure forms during the
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zippering stage of ectodermal closure as a result of progressive fusion of the leading-edge 

cells from both ends towards the center (Figure 2,2). Interestingly, in unc-5 mutants 

dorsal vessel seems to be imitating the zippering-like closure happening in the dorsal 

ectoderm (Figure 2.3). Observing such a resemblance, led us to simultaneous 

examination of the DV shape together with the shape of zippering dorsal ectoderm in 

unc-5 mutants and wild-type embryos. Co-staining of DV with an epidermal marker, 

called crumbs (crb), in wild-type and unc-5 mutants at the same developmental stage, 

revealed decreased distance between DV cells and ELE in unc-5 mutants compared to 

wild-type embryos.

In order to have a precise comparison between unc-5 mutants and wild-type embryos, a 

requirement for a standard to allow accurate staging of embryos is obvious. To set up a 

method of precise staging, we chose the ectodermal bubble diameter (EBD) as a means 

to determine embryonic stages with a high accuracy. From experience, the best EBD 

stage, to compare the phenotypes at. appears to be at the time when EBD measures 55 to 

80 micrometer, since the difference between unc-5 and wild-type DVs at this stage is the 

most obvious. Measuring the distances between DV cells and ELE in unc-5 mutants and 

wild-type embryos, also reveals a significant decrease in unc-5 deficient embryos 

compared to wild-type ones (Figure 2.5).

Applying the same methods of staining, staging, and quantification for fra  mutants, also 

revealed a DV phenotype that evades detection without inclusion of an epithelial marker 

in the DV-specific staining. In contrast to what observed in unc-5 mutants, the DV cells 

in fra  mutants appear to have a slower movement towards the dorsal midline. 

Accordingly, a greater distance between DV cells and ELE is observed in fra  mutants 

compared to wild-type embryos (Figure 2.8).

Two models can be proposed for explaining the above results; 1) repulsion and attraction 

and 2) adhesion and de-adhesion.

1) Repulsion and attraction: Based on the observation that NetB is expressed by CBs 

and secreted into the luminal space, one can explain the identified unc-5 and fra  DV 

phenotypes by the lack of repulsion and attraction, respectively, from the dorsal midline.
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In line with this, unc-5 rescue by DV-specific expression of HA-Unc-5 in an unc-5 

background demonstrates that the observed DV phenotype is a result of tissue- 

autonomous function of Unc-5 in the cardiac cells (Figure 2.6), This could be generalized 

to the Fra function in the DV, regarding its identical expression pattern with that of Unc- 

5 and its complete opposite function (attractive as opposed to repulsive). Our results, 

therefore, similar to Unc-5 and Fra functions during glial, nervous, and visual systems 

development (Keleman and Dickson, 2001; Labrador et al., 2005; Timofeev et al., 2012; 

von Hilchen et al., 2010), reveal tissue-autonomous actions of these receptors in the 

course of cardiac progenitor migration. However, to my knowledge, this mode of action 

where the same cells (CBs and PCs here) express both Unc-5 and Fra receptors while 

they respond independently as repulsive and attractive in a tissue, respectively, has not 

been decribed so far elsewhere. Moreover, the observation that Unc-5 and Fra play 

completely opposite roles during migration of DV cells is in sharp contrast to a previous 

finding that co-expression of the two receptors in projecting axons of motoneurons, 

results in the formation of Unc-5-Fra heterodimer with an even stronger repulsive 

response to Netrin (Colavita and Culotti, 1998; Hong et al., 1999; Lai Wing Sun et al., 

2011). One possible explanation for this is that the two receptors are kept sequestered 

within the DV cells and are sorted into separate cytoplasmic domains. In line with this is 

the observation that Fra-myc expressed from a transgenic \S -fra-m yc  cassette in CBs, 

is localized at the points of CB to CB contact while Unc-5 is present on the luminal side, 

and not on the contact points of CBs (Albrecht et al., 2011; Macabenta et al., 2013).

According to the repulsion and attraction model, the observation that Unc-5 and Fra 

maintain their independent repulsive and attractive roles, respectively, during DV 

migration, indicates that these receptors make a balanced progressive force that keeps the 

DV cells in a certain distance from ELE so that DV closure happens right after ectodermal 

closure and not at the same time (as observed in unc-5 mutants) or with a delay (as 

observed m fra mutants). Accordingly, one can postulate since the two receptors act in 

opposite directions, lack of both could, at least to some extent, rescue the phenotype 

associated with each individual receptor. In fact, in unc-5, fra  double mutants, although 

a variety of DV cell position phenotypes (Wt, Wt-w«c-J, and unc-5) are identified, the 

majority of unc-5, fra  homozygotes obtain an almost normal DV cell positions
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comparable to what observed in wild-type embryos (Figure 2.9). However, one specific 

effect o f loss o f both repulsive and attractive balancing forces is an observed linear mis- 

organization o f DV cells in all double mutants. This shows that in the absence o f these 

balancing forces, cells lose their linear integration and move faster or slower relative to 

their neighboring cells within the same row. This, together with the identification of 

various phenotypic categories in unc-5, fra  double mutants, reveal that in the absence o f 

Unc-5 and Fra receptors migrating DV cells do not move at a certain predictable speed 

due to the loss o f a balanced progressive force.

2) adhesion and de-adhesion: an alternative model that can be proposed to explain the 

observed results can be based on adhesion and de-adhesion as opposed to repulsion and 

attraction. As mentioned in the section 1.6.1 o f the introduction, Chartier and colleagues 

showed that CBs and PCs move towards the dorsal midline via physical association with 

the overlying ectodermal cells (Chartier et al., 2002). Adhesion/de-adhesion model 

assumes that the two rows o f cells after originating from the lateral mesoderm, start their 

journey from the embryonic dorsolateral regions towards the dorsal midline through 

attachment (or adhesion) to the overlying dorsal ectoderm. This association, however, 

should end at some point near dorsal vessel closure (around stage 14) to allow cardiac 

progenitors to manage their positioning possibly through intra row CB-CB, intra row CB- 

PC, and inter row CB-CB signalings in order to end up with an eventually perfect fusion 

o f each CB to its conerpart in the opposite row. Indeed, there is evidence showing that 

the velocity o f  movement o f the two rows o f cells is different after and before a point 

around stage 14 o f embryonic development (Dr. Sunita G. Kramer, personal 

communication). This may indicate a change in the dynamics and therefore the 

mechanism that drives the dorsally-directed movement o f cardiac progenitors. Building 

upon these results, up to a certain stage cardiac progenitors hitch a ride on the overlying 

ectodermal cells and therefore their movement is dependent on the dynamics o f the 

ectodermal cells. After around stage 14, however, these cells lose their attachment 

(adhesion) to the dorsal ectoderm and move in an ectoderm-independent manner towards 

the dorsal midline allowing cardiac progenitors to manage their own movement. 

Accordingly, cardiac cells require factors that regulate the timing o f their de-adhesion 

(detachment) from the ectodermal cells. With respect to the adhesion/de-adhesion model,
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Unc-5 and Fra can be regarded as cell surface molecules that mediate de-adhesion and 

adhesion o f cardiac progenitors from the ectodermal cells, respectively. Therefore, the 

observed dorsal vessel phenotype in the unc-5^ mutants can be explained as lack o f a 

proper and timely de-adhesion (detachment) o f  cardiac cells from the overlying 

ectodermal sheet o f cells. Hence, absence o f de-adhesion causes over-dependence o f 

cardiac progenitors on the dorsal ectodermal cells and consequently dorsal vessel closure 

happens at the same time as dorsal ectodermal closure. This, in turn, interferes with intra 

row CB-CB, intra row CB-PC, and inter row CB-CB signalings and ultimately leads to 

improper CB-CB fusion and the observed dorsal vessel misalignment (Albrecht et al., 

2011). Similarly, the observed /ra  phenotype, according to this model, would be a result 

o f lack o f adhesion or a premature de-adhesion o f cardiac progenitors from the 

ectodermal cells and therefore a delay in the dorsal vessel closure.

Moreover, based on the adhesion/de-adhesion model, the coordinated actions o f Unc-5 

and Fra are required to regulate proper cardiac migration. Sequential actions o f Fra and 

Unc-5 are required to dictate a proper and timely adhesion (attachment) and de-adhesion 

(detachment) to and from the dorsal ectodermal cells, respectively, during migration.

Finally, the possibility that the Unc-5 and Fra modes o f  function are a combination o f 

both models can not be ruled out. It is possible that Unc-5 mediates repulsion from the 

dorsal midline and at the same time regulates de-adhesion o f cardaic progenitors from 

the dorsal ectoderm. Similarly, Fra is possible to act as both an atractive receptor and a 

regulator o f adhesion. More studies are required to elucidate the prices mechanisms o f 

action o f these cell surface receptors, for example, by examining possible genetic 

interactions between cell adhesion molecules and the guidance receptors.

Netrins as ligands for Unc-5 and Fra

To validate Netrin(s) as the ligand(s) these receptors function through, I examined the 

DV in NetAB^ embryos which have both NetA and NetB genes removed by homologous 

recombination (Brankatschk and Dickson, 2006). I reasoned, if  Unc-5 and Fra function 

through Netrin(s), phenotypes similar to what we identified in unc-5, fra  double mutants 

would be observed. In fact, NetAB‘̂  embryos display a variety o f DV cell position 

phenotypes (Figure 2,10). NetAB"^ DV phenotypes include Wt similar (in which DV cells
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are more or less positioned where those o f wild-type embryos observed to be), W t-unc-5 

(in which DV cells position in a distance between wild-type and unc-5 DV cells 

positions), unc-5 (position as observed in unc-5 mutants), 'Wt-fra (where DV cells are 

found in a distance varying between what observed in wild-type and ^a-m u tan t 

embryos), and fra  (in which DV cells position like in fra  mutants relative to ELE). The 

phenotypes are to a great extent similar to the ones observed in unc-5, fi-a double mutants 

with the difference that NetAB^ embryos show two additional phenotypes Wt-^^'o and fra . 

Since the additional phenotypes include aspects o f phenotypes associated with /ra  null 

mutation, it is possible that fra'* allele (which we recombined with unc5^) maintains some 

residual attractive function or in other words it is a hypom orphic^a allele as opposed to 

a null allele. Altogether, based on these observations we can conclude that Netrin(s) act 

as ligand(s) for Unc-5 and Fra receptors expressed on the surface o f  DV cells during 

cardiac progenitor migration.

It is noteworthy that, our results reveal two unusual aspects o f guidance by Unc-5, Fra, 

and Netrins during DV formation; first, independent midline-directed and midline- 

opposing functions o f Unc-5 and Fra, respectively, while being expressed on the same 

cells (CBs and PCs), and second, secretion o f Netrin(s) from the same cells that also 

express Unc-5 and Fra receptors.

To explain the first predicament, i.e. the co-expression o f Unc-5 and Fra in dorsal vessel 

and yet the independent functions o f them in two opposite directions, a model can be 

proposed based on the finding that endocytosis o f  UNC-5 receptors in rat hippocampal 

neurons alters the functional response o f developming hippocampal axons to Netrin-1 

(Bartoe et al., 2006). Based on this, if  we assume that Unc-5 and Fra respond to different 

Netrins (A or B), expressed by CBs and secreted into the luminal space, there is a 

possibility that contact with the wrong Netrin causes endocytosis o f  the receptor while 

contact with the matching Netrin results in a proper response. Another hypothesis is that, 

as mentioned before, these two receptors are sequestered by yet to be known intracellular 

mechanisms into separate cytoplasmic domains and respond to both Netrins.

As mentioned before, NetB is shown to be expressed and secreted into the luminal space 

by CBs during migration (Albrecht et al., 2011). CBs also express both Unc-5 (Albrecht
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et al., 2011, also this work; chapter 3) and Fra receptors (Macabenta et al., 2013). This 

unusual mode o f expressing all receptors and ligands by the same cell makes it difficult 

to explain. The same perplexing expression pattern has been observed and questioned for 

Slit and its receptor Robo, during cardiac migration, as Slit and Robo are both expressed 

by CBs (MacMullin and Jacobs, 2006). This mode o f expression is in contrast to what 

has been observed in other tissues. In all other cases described so far, such as pontine 

nuclei formation during cerebellar development, glial cell migration, motor axon 

projection, or visual system formation, the migrating cells or cellular components 

(growth cones on the growing tip o f axons) express the receptor(s) and the target(s) 

express Netrin(s) (Alcantara et al., 2000; Harris et al., 1996; Keleman and Dickson, 2001; 

Kolodziej et al., 1996; Leonardo et al., 1997; Leung-Hagesteijn et al., 1992; Timofeev et 

al., 2012; von Hilchen et al., 2010).

As an example o f cellular guidance, during cerebellar development in mice, migrating 

progenitors originating from the lower rhombic lip migrate towards the ventral midline 

to form the pontine nuclei. This process depends on the expression o f Netrin-1 by midline 

cells and on DCC expression by migrating progenitors (Alcantara et al., 2000; Lai Wing 

Sun et al., 2011). Also, in the mouse embryonic spinal cord, oligodendrocyte precursor 

cells (OPCs), which express DCC and UNC5A, are repelled by the gradient o f Netrin-1 

that emanates from the floor plate which directs OPCs away from the ventricular zone 

where they were born and towards axons at the edge o f the neural tube (Jarjour et al., 

2003; Tsai et al., 2003; Tsai et al., 2006; Tsai et al., 2009). In Drosophila, Netrin- 

dependent medial migration o f longitudinal glia is shown to require cell-autonomous 

expression o f Fra/DCC, which mediates attraction. Furthermore, proper lateral migration 

o f  another subset o f glia, called embryonic peripheral glia, depends upon cell- 

autonomous function o f Unc-5 to repel these cells from the source o f Netrins within the 

neurogenic region that includes neuroblasts (von Hilchen et al., 2010). Similarly, during 

axon guidance, Netrins are expressed from a source that plays role o f a target for the 

migrating axons. For instance, in mice, floor plate cells express the netrin-1 gene and a 

gradient o f Netrin-1 protein is present in the embryonic spinal cord as DCC-expressing 

commisural axons extend to the ventral midline (Kennedy et al., 1994; Placzek et al., 

1990; Serafim et al., 1996; Tessier-Lavigne et al.).
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One speculation to address the co-expression o f ligand and its receptors by the same cells 

could be that CBs eliminate Netrins in areas around and too close to their cell body by 

endocytosis. Accordingly, only Netrins diffused farther away from the CBs’ cell bodies 

will be sensed by the receptors expressed on the fillopodia sticking out o f the CBs and 

into the luminal space. This model also explains why CBs’ response to Netrins is one 

directional (toward the midline), as CBs strech their filopodia merely from their luminal 

side (Vanderploeg et al., 2012). Addressing this challenging question requires further 

research.

To summarize, based on the results obtained from the above-mentioned experiments, we 

proposed two models in which migration o f DV cells towards the dorsal midline is 

coordinated through concerted actions o f Unc-5 and Fra receptors; 1- repulsion and 

attraction and 2- adhesion and de-adhesion. According to the first model, the opposing 

repulsive and attractive forces by Unc-5 and Fra, respectively, via responding to Netrins, 

expressed and secreted by CBs, provide a balanced progressive force through which all 

migrating DV cells move with a certain and adjusted speed. The second model, however, 

assumes that Unc-5 mediates de-adhesion from ectodermal cells and Fra mediates 

adhesion to ectodermal cells. One can also assume that cardiac cell migration may be a 

result o f  both (Figure 4.1 A). Therefore, in the absence o f  Unc-5, loss o f repulsion from 

the dorsal midline and/or de-adhesion from the ectoderm, leads to domination o f 

attraction towards the midline and/or adhesion to ectoderm by Fra. Fra domination, in 

turn, causes faster migration o f DV cells towards the dorsal midline and consequently a 

premature DV closure (Figure 4.1 B). Similarly, in the absence o f Fra receptor, and hence 

loss o f attraction and/or adhesion, Unc-5 dominates which leads to slower migration o f 

DV cells and thereupon a delayed DV closure (Figure 4.1 C). Accordingly, in the 

absence o f either both receptors or the ligands o f these receptors (Netrins), a variety o f 

DV cell position phenotypes is observed indicating a loss o f control over the speed o f 

cell migration and position.
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F igure  5 .1 : Unc-5 an d  F ra functions d u rin g  m ig ra tion  o f h e a r t cells. Model 1) in wild-type embryos (top), 
balanced progressive force provided by Unc-5 and Fra via repulsion and attraction, respectively, maintains 
the migrating heart cells within a certain distance from ELE. In unc-5 mutants (middle), since the repulsion 
from the dorsal m idline is abrogated. Fra attraction dominates and pushes the cells towards the dorsal midline 
so that heart ceils in unc-5 mutants migrate faster and close prematurely. Note that, to represent the actual 
topology, heart cells are shown underneath the ELE cells. Similarly, in fra  mutants (bottom), because o f loss 
o f  attraction towards the dorsal midline, Unc-5 repulsion dom inates and as a result keeps the migrating DV 
cells farther away from the ELE. This causes slower speed o f  migration and consequently a delayed closure 
m fra mutants. Black arrows inside the ectodermal bubbles show the direction o f  zippering. Model 2) in wild- 
type embryos (top) Unc-5 mediates de-adhesion o f  dorsal vessel cells from the ELE at around stage 14, when 
they start an independent m ovement with a different velocity towards the dorsal midline. Before this stage, 
cardiac cells attachment to the ELE is mediated through Fra. In unc-5 mutants (m iddle) DV cells fail to de- 
adhere and therefore are carried all the way along with the ELE. In Fra mutants cells fail to maintain their 
adherence to the ELE until stage 14 and therefore move at a slower pace than in wild-type embryos.
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4.2 Tinman/Nkx2-5 directly regulates the Unc-5 receptor during DV 

morphogenesis

Early stages of heart development in both vertebrates and invertebrates includes 

formation of a linear tube through bilateral joining of symmetrical groups of mesodermal 

cells which are embryologically equivalent (Bodmer and Frasch, 2010). Unc-5 is found 

to be expressed by invertebrate {Drosophila) and vertebrate (Chicken and mice) hearts 

during embryogenesis (Larrivee et al., 2007, Bouvree et al., 2008, Albrecht, Altenhein, 

& Paululat, 2011,Harris, Sabatelli, & Seeger, 1996,Keleman & Dickson, 2001). In 

vertebrates, unc5h is also expressed in the vascular system and, through Netrins, plays 

important roles in vascular system development (Lu et al., 2004, Bouvree et al., 2008). 

In Drosophila, expression of Unc-5 in DV was recently shown to be important for lumen 

formation and also proper cellular alignment. w/7c-J-mutant embryos do not develop 

beyond P ' instar larvae, probably due to a failure in heart lumen formation (Albrecht et 

al., 2011).

Vertebrate homologues of the Drosophila gene tinman have been cloned following 

demonstrating its importance in heart development, including mouse mNkx2.5 (or Csx) 

(Komuro and Izumo, 1993), Xenopus X¥fcic2.5 (Tonissen et al., 1994), Chicken cNkx2.3 

and cNkx2.5 (Buchberger et al., 1996), and Zebrafish ZNkx2.5 {Chen and Fishman, 1996).

Earlier in this work, we described how guidance receptors Unc-5 and Fra work together 

to fine-tune the speed of DV cells migration so that DV closure happens after a certain 

proper time following dorsal ectodermal closure. To gain insights about transcriptional 

regulation of these guidance molecules during DV morphogenesis, we studied Unc-5 

transcription in Drosophila DV.

To start with, in an effort to identify the specific enhancer element responsible for DV- 

specific expression of Unc-5, we dissected the genomic unc-5 upstream region down to 

the end of the first intron. Examination of the transgenic flies, each containing one of the 

dissected fragments controlling expression of GFP as a reporter gene, revealed that a ~1 - 

kb fragment within the first intronic region of the unc-5 gene is enough to drive 

expression of GFP in the embryonic dorsal vessel. GFP, driven from this reporter, is
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expressed throughout the DV in all CBs and PCs, which is in agreement with the previous 

finding that Unc-5 is expressed in all CBs and PCs o f the Drosophila dorsal vessel 

(Albrecht et al., 2011).

To get an idea on the transcriptional regulation o f unc-5 in DV, we performed in vitro 

luciferase assays with different transcription factors, known to be important for cardiac 

morphogenesis, on the identified enhancer fragment in S2R+ cells. O f various TFs 

checked, the only one that significantly induces transcription o f the luciferase enzyme is 

Tin. Interestingly, even though it has been shown that Tin predominantly acts as a TF in 

combination with other TFs including Pnr, Doc, and Tup (Bodmer and Frasch. 2010; 

Bryantsev and Cripps, 2009; Gajewski et al., 1999; Gajewski et al., 2001; Han and Olson. 

2005; Jin et al., 2013; Junion et al., 2012; Klinedinst and Bodmer, 2003; Mann et al., 

2009; Reim and Frasch, 2005; Zaffran et al., 2006), none o f these factors induce 

transcription via our identified enhancer element, except Tin (Figure 3.2).

The in-vivo observation that reporter (w«c-5-GH-GFP) signal reduces >91% and >28% 

in CBs and PCs, respectively, in a tin-ABDuin^"*^ background, confirms the results 

obtained from the above-mentioned luciferase assay that Tin regulates expression o f Unc- 

5 in the DV through the identified GH element (Figure 3.3 B). However, GFP expression 

appears to be intact in Svp-PCs in which Tin expression is kept repressed by Svp, and 

therefore, Unc-5 expression is regulated differently in Svp-CBs.

Observing different levels o f reduction o f GFP expression in the CBs and PCs, implies 

different transcriptional mechanisms controlling Unc-5 expression in the two cell types. 

Over 91% reduction in the expression implies Tin as an essential TF which is required 

for controlling Unc-5 expression in the CBs. The residual GFP signal in CBs might be a 

result o f very low expression by other transcriptional machineries replacing Tin, in 

combination with a very slow or no GFP turnover. Instead, the partial reduction o f GFP 

expression in PCs implies contribution o f additional, yet unknown, TFs in the expression 

o f Unc-5 in this cell type. This could be explained in two possible ways; first, either Tin 

is one o f the transcriptional components required for expression o f a series o f TFs that, 

in turn, regulate transcription o f Unc-5 in PCs, or, second. Tin is one o f the direct unc-5 

regulators that regulate Unc-5 in PCs, and in doing this it acts either in parallel or together
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with other TFs to activate unc-5 transcription. In situ hybridizations o f unc-5 mRNA in 

wild-type and tin-ABD;tin^'*^ backgrounds confirm the results obtained by the reporter, 

showing that the unc-5-GH  reporter, in fact, truly reflects the endogenous Unc-5 

expression in dorsal vessel.

Genome-wide profiling o f Tin binding sites by two independent groups also confirms Tin 

binding to our identified genomic region acting as DV-specific unc-5 enhancer at 6 -  8 

hrs after egg laying (AEL). However, according to these two works additional TFs 

including Pnr and Doc also bind to this genomic element (Jin et al., 2013; Junion et al., 

2012 ).

Our results potentially rule out regulation o f unc-5 by Doc as one o f transcriptional 

regulators o f Unc-5 in the CBs. It has been previously shown that in tin-ABD;tin^'^^ 

background. Doc TFs ectopically express in all CBs, while their expression is normally 

restricted to Svp-CBs (Zaffran et al., 2006). This, in combination with our results 

showing dramatic reduction o f GFP expression in the absence o f Tin, rule out Doc as one 

o f the potential regulators o f unc-5 in CBs. Additionally, our luciferase assay results show 

no induction o f expression in the presence o f Doc2 or Doc3 (Figure 3.2).

Altogether, the above in vivo observations indicate that 1 - Tin is the only, or at least the 

major, TF regulating Unc-5 expression in CBs, 2- even though Tin is an unc-5 regulator 

in both cell types o f DV, in PCs, a transcriptional mechanism different form that in CBs 

governs the Unc-5 expression where Tin is not playing the central role. It is possible that 

Doc or Pnr (binding signals o f which over the unc-5-GW  element was detected in Jin and 

colleagues’ work [Jin et al., 2013]) in combination with Tin, regulate Unc-5 expression 

in PCs.

Our demonstration that ectopic expression o f Tin in the En ectodermal stripes can 

strongly induce expression o f the unc-5-GW  reporter as well as endogenous unc-5 

mRNA, consolidates Tin as the main TF regulating Unc-5 expression in CBs. It also 

implies regulation by direct Tin binding to the identified enhancer element.

Since in pnr  mutants, similar to Tin, there is no proper DV formation, we were unable to 

determine its potential contribution in Unc-5 expression. Instead, we ectopically
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expressed Pnr from a V A S-pnr  cassette alone or in combination with UAS-Zw. No GFP 

induction or increase in the GFP expression was observed by ectopic expression o f Pnr 

on its own, or in combination with Tin, respectively (data not shown). In addition, Pnr 

expression in our luciferase assay fails to induce any transcription. Therefore, Pnr does 

not seem to be a regulator o f unc-5 expression in the DV, although this needs more 

investigation.

ChlP-qPCR on S2R+ cells transfected with a plasmid encoding a GFP-fused Tin reveals 

a binding peak near to one end o f the identified element. The peak o f GFP-Tin binding 

covered an area that represents three subsequent primers out o f the twelve covering the 

whole element (Figure 3.5 and 3.6). Interestingly, each o f the three regions, called R8, 

R9, and RIO, contain one consensus Tin-binding site with high similarity. This 

potentially indicates direct transcriptional regulation o f Unc-5 Tin through binding to the 

three identified binding motifs. More importantly, alignment o f the unc-5-GH  element 

against other 11 Drosophila species showed that the three identified motifs are 

completely conserved and identical across all twelve sequenced species (Figure 3.6 B). 

The conservation o f the three binding sites during evolution o f different Drosophila 

species indicates the importance o f these binding sites for expression o f Unc-5 in the DV.

Elimination o f the three Tin-binding sites by site-directed mutagenesis singly (R8, R9, or 

RIO) or in combination with one another (R8,9, R8,10, R9,10) or all together (R8,9,10) 

results in the significant reduction in the induction o f the luciferase transcription in a 

luciferase assay (Figure 3.6 C). Although removal o f one binding site at a time leads to 

significant reduction o f the luciferase production, removal o f two binding sites together 

(R8,9, R8,10, or R9,I0), leads to even stronger reduction. Removal o f all three binding 

sites, however, does not seem to cause any further reduction in the transcriptional activity 

o f the reporter gene under control o f unc-5-GH  fragment (Figure 3.6 C). This shows that 

at least two o f these Tin-binding sites are required to achieve a proper level o f Unc-5 

expression. However, with respect to the perfect conservation o f all three Tin-binding 

sites across the twelve species, all three wild-type sites must be present. This observation 

could be explained in two possible ways; either presence o f cryptic Tin-binding sites that 

become activated in the absence o f the three actual binding sites, or that it is simply an

93



artifact o f in vitro experiment which does not completely reflect the endogenous 

transcriptional activation o f unc-5 by Tin.

Interestingly, transgenic flies carrying the GH reporter mutated at the three Tin-binding 

sites (R8,9,10-GH reporter) show a significant reduction o f reporter gene expression 

(GFP) in CBs and PCs (>86% and >35% reduction in CBs and PCs, respectively) 

comparable to what observed in tin-ABD;tin^'^^ background. These results clearly 

corroborate the ones observed in the tin-ABD',tin^‘*̂  in which the wild-type GH reporter 

expression was reduced due to absence o f Tin. This shows that the three identified Tin- 

binding sites by our ChlP-qPCR experiment, are indeed the sites to which Tin binds in 

order to regulate expression o f Unc-5 in the DV (Figure 3.7). Moreover, ectopic 

expression o f Tin in ectodermal En stripes in embryos carrying the R8,9,10-GH reporter 

revealed dramatically weak or no GFP expression in the En stripes compared to embryos 

carrying the wild-type GH reporter (Figure 3.8). This further confirms the importance of 

the three identified Tin-binding sites for induction o f Unc-5 expression by Tin. More 

research is required to identify TPs responsible for transcriptional regulation o f unc-5 in 

PCs and Svp-CBs.

Again, these results further confirm our demonstration that Tin is the main regulator and 

one o f the regulators o f unc-5 in CBs and PCs, respectively. In contrast to our results, Jin 

and colleagues report a requirement for elimination o f Doc and Tin binding sites on the 

element to observe a significant transcriptional reduction o f the reporter gene in CBs plus 

a partial reduction in PCs (Jin et al., 2013). However, according to our results, the sole 

elimination o f the three Tin-binding sites is enough to, almost completely in CBs and 

partially in PCs, abrogate the GFP expression driven by unc-5-GH  element in CBs. The 

discrepancy between the obtained results could be due to a difference in the identification 

o f Tin-binding sites, as the three binding sites identified by Jin and colleagues exclude 

our RIO binding site. This is while based on our luciferase assays (Figure 3.6 C), 

existence o f only one intact Tin-binding site is enough to induce some level o f  expression. 

In addition, it is unlikely that Doc regulate expression o f Unc-5 in CBs due to two 

reasons: first, as demonstrated by Zaffran and colleagues. Doc expression becomes 

restricted (by Tin) into only two CBs (Svp-CBs) out o f six per hemisegment at early

94



stages of development (stages 9 and 10) (Zaffran et al., 2006). Second, as explained 

before, in tin-ABD'Jin^^^ background, even though Doc is ectopically expressed in all 

CBs (due to absence of Tin) (Zaffran et al., 2006), still a near-complete loss of GFP is 

observed, meaning that although Doc is present, loss of GFP expression shows that it 

cannot be an unc-5 transcriptional regulator.

In conclusion, in this work we identified existence of at least three different 

transcriptional regulatory mechanisms responsible for expression of the same gene ( unc- 

5) in three cell types of the DV tissue. This indicates importance of the expression level 

due to potentially different functions of the gene in each cell type. Our finding that Unc- 

5 plays a pivotal role during migration of DV cells adds a function to the previously 

known Unc-5 function during lumen formation (Albrecht et al., 2011). Currently, we do 

not know if it is Unc-5 expression in CBs or PCs or both that is important for migratory 

speed adjustment. Given the evolution of different transcriptional regulations for the 

same gene {unc-5) in various cell types of the same tissue, implies requirement for 

different levels of transcription. Therefore, one could speculate that, for example, the 

Unc-5 function in CBs is different from that in PCs. For instance, it is possible that Unc- 

5 in CBs has a role in the lumen formation, and Unc-5 in PCs is responsible for the 

repulsive response to Netrins during migration, described in chapter 2.Therefore, the 

functions and transcriptional regulation of guidance receptors during DV morphogenesis, 

appear to be more complicated than presumed and calls more attention.
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Chapter 5: Materials and methods
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5.1 Genetics

The following stocks were used in our experiments:

unc-5^/Cyo (Labrador et al., 2005), XTE-18/Cyo {unc-5 deficiency) (Labrador et al., 

2005), VAS-m CD 8G FP, SP/Cyo-dfd-YFP  (Le et al., 2006), \]\?>-HA-unc-5 (Keleman 

and Dickson, 2001), engrailed-GaXA, \JAS-taumycGFP, fra^/Cyo  (Kolodziej

et al., \996), fra'*/Cyo (Kolodziej et al., 1996), NetAB^FM ?, ftz-P-gal (Brankatschk and 

Dickson, 2006), Tin-ABD\ tin^'*^/TM3, eve-lacZ  (Zaffran et al., 2006), svp-lacZ  

(Bloomington; 7314), V A S-tin  (Yin and Frasch, 1998), tup‘̂ ‘''/Cyo  (Bloomington: 3556), 

pnr’/TM3  (Bloomington: 3106), pa«^/Dp(2;4)ey°, Alp®^°: ey° (Bloomington: 7460), 

Wild-type w/vc-J-GH-GFP, unc-5-GW-GaXA (this study; described below), TinC-Gal4 

(Lo and Frasch, 2001). Canton-S flies were used as wild-type.

5.2 Plasmids

imc-5 locus dissection was carried out by PCR-amplifications o f 5 ’ upstream region 

starting from the preceding gene using genomic DNA as template by overlapping primers 

designed at random positions amplifying random sizes. We then dissected the first 

intronic region o f unc-5 using the same strategy. Primer sequences for amplification o f 

the unc-5 OH fragment were as follows (5’ -  3’): TGTGCTACTTATGCCGCTGATG 

and GAAGACTGCGTGGGATAATCGG. The PCR products were cloned using TOPO 

TA Cloning (Invitrogen) and sequenced. TOPO clones were then recombined into the 

destination vectors pGatew’ay-nlsVenus-attB  and/or pGateway-Gal4  (for embryo 

injections) and pGateway-Rluc (for luciferase assays) using LR Clonase II (Invitrogen). 

These constructs were then used for embryo injections (Fish et al., 2007) and transformed 

flies were identified by W* eye color selection.

To construct GFP-fused Tin for ChIP assay, a pActC-GFP  plasmid was used. Tinman 

sequence was amplified using primers with overhangs adding Xbal and Xhol to its 5’ and 

3’ ends, respectively. PCR product was then purified, cut and ligated into pActC-GFP  

plasmid cut using Xbal and Xhol.
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Construction o f plasmids coding different transcription factors for the luciferase assays 

were carried out using the same strategy described for construction o f the GFP-Tin except 

that the acceptor plasmid used w aspAcl5C-FLAG.

5.3 Site-directed mutagenesis

In order to modify Tin-binding sequences, we designed primers covering the putative 

Tin-binding m otif with mismatches at the sites o f interest. The primers used for R8, R9, 

and RIO regions were as follows; CACGGTATAGAGGCAACGG and 

CCGTTGCCTCTATACCGTG for R8, GTTCGTCTACAGGGCAGTCAC and 

GTGACTGCCCTGTAGACGAAC for R9, and TGCTGTCTAGTTTTGTGTGTTCTG 

and CAGAACACACAAAACTAGACAGCA for RIO. Individual modified fragments 

were first created separately (R8, R9, and RIO) and cloned using TOPO TA Cloning 

(Invitrogen), then they were used as templates for creation o f the combinatorial R8,9, 

R8,10, R9,10, and R8,9,10 fragments using the above-mentioned primers. These TOPO 

clones were then recombined into the destination vectors as described above.

5.4 Immunohistochemistry and confocal analysis

For experiments that did not need embryo staging, flies were allowed to lay for 24 hours. 

Embryos were then collected and fixed as previously described (Labrador et al., 2005). 

In experiments where we needed to stage embryos, flies were put in cages and allowed 

to lay eggs for one or two hours (depending on how well they laid). The plates were then 

transferred to 18-degree incubator for overnight. Next day embryonic stages monitored 

every one hour using a fluorescent microscope to approximately determine the stage (gut 

shape was used as a stage-determinant). For studying DV migratory phenotypes, staged 

embryos were fixed at m id-14 stage. Reporter gene (GFP) expression in DV was 

quantified at embryonic stages 14-16 in different genetic backgrounds. The following 

antibodies were used: rabbit anti-Mef2 (1:2000) (Bour et al., 1995), guinea pig anti-Zfhl
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(1:1500) (James Skeath), rabbit anti-Odd (1:1000) (Ward and Skeath, 2000), rabbit anti- 

Tin (1:1000) (Azpiazu and Frasch, 1993), chicken anti-GFP (1:1500) (abl3970; Abeam), 

mouse anti-HA (1:500) (Covance). Mouse anti-Eve 2B8 (1:50), mouse anti-c-Myc 9E 10 

(1:50), mouse anti-(i-gal 40-la (1:50), mouse anti-Crb (1:50), were all purchased from 

Developmental Studies Hybridoma Bank. Secondary antibodies used were Alexa 555- 

conjugated donkey anti-rabbit (1:1000) and Alexa 488-conjugated goat anti-mouse 

(1:1000) purchased from Invitrogen, and Alexa 488-conjugated goat anti-chicken (1:500) 

and Cy5-conjugated goat anti-guinea pig (1:500) purchased from Jackson 

ImmunoResearch Laboratories. Double-labeled images were false coloured for the 

benefit of color-blind readers. Stacks of images were obtained with Zeiss Confocal 

LSM700 Microscope and 20X objective or 40X oil-immersion objective were used for 

lateral views and dorsal views, respectively. For quantifications, Wt and mutant embryos 

were prepared at the same time and mounted on the same slide. Stacks of images were 

obtained as described above. Laser power and detector settings were optimized for 

detection of unsaturated fluorescent signal, and were kept constant for all the different 

genotypes in each experiment. ImageJ was used for quantification of fluorescence within 

regions of interest.

5.5 RNA in situ hubridization

Unc-5 in situ hybridization in dorsal vessel as well as in En stripes was performed with 

digoxigenin-labelled probes as previously described (Labrador et al., 2005). Full-length 

unc-5 cDNA was PCR amplified. In situ probe was then transcribed from the PCR 

product using digoxigenin-labelled ribonucleotides. Detection of probes was carried out 

using anti-digoxigenin HRP, and Cy3-labelled tyramide as substrate. Double labelling of 

dorsal vessel and En stripes was performed with anti-myc and Alexa 488 secondary 

antibody. Embryos were mounted and imaged as described above.

5.6 Time-lapse records

Embryos expressing \3A?>-mCD8GFP under the control of w/ic-J-GH-Gal4 were selected 

for confocal live-imaging. In the case of unc-5 embryos, unc-5^ flies were first balanced
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with Cyo-dfd-YFP which express YFP in the embryonic head regions (Le et al., 2006). 

Embryos lacking YFP in head were chosen as unc-5 mutants. The embryos were stuck 

over a slide covered with a double-sticky tape and dechorionized by pushing them out of 

their chorionic layer using a glass stick. Embryos with their vitelline were then mounted 

(dorsal side up) on a second slide with double-sticky tape on it. Finally, mounted embryos 

were embedded in 37° C 0.4% agarose gel and were covered immediately with a 

coverslip. Shortly after agarose set. the slide was used for live-imaging. Images compiled 

from 0.5-fxm optical sections were collected every 5 minutes. All the preparations were 

visualized on Zeiss confocal microscope LSM 700 at room temperature with 40X oil- 

immersion objective.

5.7 Drosophila cell culture and Transfection

Drosophila S2R+ cells were cultured at 25 °C in Schneider’s insect medium (Invitrogen) 

containing 10% fetal bovine serum (HyClone). Transfection of S2R+ cells was performed 

by using FuGENE HD transfection reagent (Roche) according to the manufacturer’s 

instructions. Before transfection, cells were seeded on 6-well plates for 24 hours. 

Subsequently, S2R+ cells were transfected with the construct(s) of interest. Transfected 

cells were then harvested after 24 -  36 hours (luciferase assays) or 48 hours (ChIP).

5.8 C hip  assay

Chip was performed and analyzed essentially as described previously (Bracken, 2003). 

Transfected cells were washed 2X with PBS, fixed in 1% formaldehyde (in PBS) for 10 

minutes at room temperature, quenched by addition of 2M glycine at 1/16, washed 2X in 

PBS and scraped in SDS lysis buffer (100 mM NaCl, 50 mM Tris-Cl, pH=8.0, 5mM 

EDTA, pH =8.0,10% SDS) with freshly added anti-proteinases (leupeptin, aprotenin, and 

PMSF). Scraped nuclei were then precipitated precipitated at 1200 RPM for 10 minutes 

(RT) and resuspended in IP buffer (2:1 mixture o f lysis buffer and Triton Dilution buffer 

[lOOmM Tris-Cl, pH=8.6, lOOmM NaCl, 5mM EDTA, pH=8.0, 5.0% Triton X-100]). 

Resuspended nuclei were then transferred on ice (and kept at 4.0 °C throughout the rest 

of the procedure) and sonicated using a Sanyo 150 (5% power, 15 x 30-s pulses).
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Sonicated chromatin was then centrifuged at 14,000 RPM for 10 minutes. 500 |xl of 

supernatant was aliquoted into desired number o f tubes and pre-cleared for 30 minutes 

with Protein A-Sepharose beads (P9424; Sigma) blocked with 0.2 mg/ml herring sperm 

DNA and 0.5 mg/ml lipid-free BSA. Beads were then precipitated by centrifugation at 

14,000, 4°C, 30 minutes. Rabbit anti-GFP (ab290; Abeam) was then added (l|J.g) to the 

chromatin and incubated for 2 hours rotating on wheel at 4°C.  Subsequently, blocked 

Protein A-Sepharose beads (P9424; Sigma) were added and incubated for another 2 hours 

rotating on wheel at 4°C.  Beads were then washed 3x in 1 ml ice-cold Mixed Micelle 

Buffer (150mM NaCl, 20mM Tris-Cl, pH=8.1, 5mM EDTA, pH=8.0, 2/25 dilution o f 

65% w/v Sucrose, 1% Triton X-100), 2x in 1ml ice-cold 500 Buffer (0.1% w/v 

deoxycholic acid, 1 mM EDTA, pH=8.0, 50 mM HEPES, pH=7.5, 1% w/v Triton X- 

100), 2x in 1ml ice-cold LiCl Buffer (0.5% w/v deoxycholic acid, 1 mM EDTA, pH=8.0, 

250 mM LiCl, 0.5% w/v NP-40, 10 mM Tris-Cl, pH=8.0), and Ix Im ice-cold TE. 

Washed beads were then precipitated and were incubated in elution buffer (1% SDS, 0.1 

M NaHCOs) at 65 °C with 900 RPM horizontal shaking, overnight. Next day, beads were 

incubated with RNase (for 1 hour) and proteinase K (for 2 hours) and enriched DNA was 

subsequently purified using phenol-chloroform precipitation. The immunoprecipitated 

DNA was subsequently quantified by real-time qPCR.

5.9 Luciferase reporter Assays

S2R+ cells were transfected in 24-well dishes with 50 ng o f the TF coding plasmid, 250 

ng o f Rluc construct, and 200 ng o f Pollll-Fluc (Flue driven by PolIIl promoter as an 

internal control) added to each well. All transfections were carried out using the FuGene 

(Roche) transfection reagent. Samples were assessed in triplicate. Expression o f the 

corresponding TF for each assay was confirmed by using western blotting with anti- 

FLAG M2 monoclonal antibody (Sigma) (data not shown). 36 hours after transfection, 

cells were lysed, scraped and removed from plates for luciferase assays. Luciferase 

activity was then measured using the Dual-Glo Luciferase Kit (Promega) according to 

manufacturer’s instruction.
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5.10 Genotype of embryos used for different experiments 

Functional studies

Genotypes used to study functions o f Unc-5, Fra and Netrins during cardiac migration: 

unc-5^/unc-5^; +/+

XTEI8/unc-5^- +/+ 

fra4/fra3; +/+ 

unc-5^, fr a ‘̂; +/+

N etA B ^/Y ; +/+

Genotypes used for confocal live-imaging: 

unc-5^/unc-5^', mCDSGFP/ unc-5-GH-Gal4 

+/+; mCDSGFP/ unc-5-GH-Gal4

Genotype used for unc-5 DV-speciflc rescue 

unc-5^/unc-5^', UAS-HA-unc-5/ unc-5-GH-Gal4

Genotypes used for NetB ectopic expression in En stripes 

unc-5^/unc-5^, engrailed-Gal4; U AS-taum ycG FP/VAS-NetB  

engrailed-Gal4/+  ; VAS-taum ycG FP

Unc-5 cardiac transcriptional regulation

Genotypes used for characterizing the DV-specific unc-5 enhancer element
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+/+ ; unc-5-GH-GFP

+/+ ; unc-5-GH-GFP/Svp-lacZ, unc-5-GH-GFP

Genotypes used for unc-5 in situ hybridizations 

+/+ ; unc-5-GH-Gal4/ VAS-taumycGFP  

TinABD/TinABD, taumycGFP- tin^^^, TinC-Gal4/ 

\JAS-tin/engrailed-Gal4; \JAS-taumycGFP/unc-5-GH~GFP

Genotypes used to study Tin regulation of Unc-5 in vivo 

TinABD/TinABD; tin̂ -*̂ , unc-5-GH-GFP/tin^^^ unc-5-GH-GFP 

TinABD/TinABD; tin̂ '*̂ , unc-5-GH-GFP/tin^'*^, Svp-IacZ, unc-5-GH-GFP

Genotype used in ectopic expression of Tin in En stripes 

\JAS-lin/engrailed-Gal4; \JAS-taumycGFP/unc-5-GH-GFP 

\JAS-tin/engrailed-Gal4; R8,9J0-GH-GFP/+

Genotypes used for studying elimination of Tin-binding sites in vivo 

+/+ ; R8,910-GH-GFP 

+/+; R9J0-GH-GFP
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