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Abstract 
The variety of species in the animal kingdom notwithstanding, early 

embryogenesis frequently relies on the same set of molecules. These highly conserved 
molecules are considered genetic toolkit genes; a set of genes that determines the body 
plan in various species. For example, the determination of the dorsal-ventral (D/V) 
axis often relies on bone morphogenetic proteins (BMPs). Studies in various 
organisms, vertebrates as well as invertebrates, established that the BMP signaling 
network is crucial for localizing the position of the central nervous system. Given that 
the same set of molecules is used repeatedly in different species, the question of how 
animal diversity could evolve arises.  

In this study, I focused on BMP signaling in the fruit fly Drosophila melanogaster. 
In Drosophila, BMP signaling takes place at various stages of development. Amongst 
others, it is crucial for D/V patterning of the early embryo, for growth and patterning 
of the larval wing imaginal disc, as well as for formation of longitudinal and posterior 
crossveins (PCV) in the pupal wing. The Drosophila genome contains three BMP-
type ligands, Decapentaplegic (Dpp), a BMP2/4 type ligand, and the paralogs Screw 
(Scw) and Glass bottom boat (Gbb), both of which are BMP5-8-type ligands. 
Interestingly, Scw is exclusively found in higher Dipterans such as Drosophila, and is 
expressed only in the early embryo, whereas Gbb is repeatedly used during fly 
development. Previous studies revealed that Scw can replace Gbb in PCV formation 
in the pupal wing. On the other hand, Gbb cannot function in the context of early 
embryogenesis. Based on these facts, Gbb and Scw constitute a highly suitable model 
to study protein divergence and evolution.  

Here, I examined how post-translational modifications of BMP-type ligands may 
affect the signaling outcome, and hence, animal development; the focus was on 
proteolytic processing and N-glycosylation. BMP-type ligands are produced as 
inactive pro-proteins and need to be proteolytically processed in order to become 
mature ligands. Scw has two cleavage sites crucial for fly viability. I showed in a cell–
based signaling assay that proteolytic processing of both cleavage sites is needed for 
rapid, peak-level BMP signaling. Furthermore, there exists one highly conserved N-
glycosylation motif in the mature BMP ligand domain. In addition, Scw exhibits a 
unique N-glycosylation site which is not present in other BMP-type ligands. Cell 
culture-based signaling assays revealed that both N-glycosylation motifs of Scw 
ligand are needed for peak level signaling. In addition, lack of N-glycosylation motifs 
negatively affects the BMP signaling outcome in the early embryo, as well as fly 
viability. In contrast, less N-glycosylation appears to be beneficial in the context of 
PCV formation. 

These findings suggest that post-translational modifications of BMP ligands play 
a role in signal transduction and therefore in animal development. Furthermore, I 
propose that post-translational modifications can act as flexible modules to allow 
adaption of conserved molecules to different developmental contexts. Besides, 
understanding how post-translational modifications affect BMP signaling outcome 
may improve the chances to develop more signaling-efficient BMPs needed in clinical 
applications.
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1 INTRODUCTION 
How a body forms, with its limbs, head and organs, is a fascinating process, 

considering that most animals derive from a single cell, the fertilized egg. Studying 
the mechanisms that allow cells to adopt different cell fates, and thus permit 
development to an adult organism, is the central point of developmental biology. Cells 
communicate with each other; they can influence neighbouring cells or even cells at 
greater distance in a paracrine manner. In order to communicate, cells use signaling 
molecules. Numerous signaling molecules have been identified and categorized. 
Intriguingly, studies in various species uncovered that these signaling molecules 
exhibit a high degree of conservation. In fact, most animals share specific gene 
families responsible for determining the animal body plan. These genes are referred 
to as “toolkit genes”. The fact that the same genes are used repeatedly during 
development of different species raises the question of how diverse species evolved 
and how these genes can act in a context-specific manner. 

The focus of this study is on bone morphogenetic proteins (BMPs), a subgroup of 
the Transforming Growth Factor-β (TGF-β) superfamily, and their roles in Drosophila 
embryo development. One example for the high degree of homology of these signaling 
molecules is the fact that human BMP4 is functional in the fruit fly Drosophila 
melanogaster. These homologies make Drosophila a useful model organism in which 
to study general developmental mechanisms that require BMP signaling. Furthermore, 
fruit flies are easier to maintain, have been thoroughly characterized, and many 
genetic, biochemical and cell biology tools are available for working with Drosophila.  

In this study, I focused on how differential post-translational modifications of 
BMP ligands influence the BMP signaling outcome and therefore animal 
development. 
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2 REVIEW OF LITERATURE 
2.1 Bone Morphogenetic Proteins  

BMPs were initially described as the active component of demineralized bone 
extract, which induces bone formation (Urist 1965, Urist, Mikulski et al. 1979). They 
are considered the largest subfamily of the TGF-β superfamily, with more than 20 
members identified in vertebrates. Based on sequence homologies, BMPs can be 
categorized in different subgroups: BMP2/4, BMP5/6/7/8a/8b, BMP9/10, 
BMP12/13/14 (reviewed in (Schmierer and Hill 2007, Bragdon, Moseychuk et al. 
2011). BMPs have been identified in species across all animal phyla studied, including 
the fruit fly Drosophila melanogaster. In Drosophila, three BMP-type ligands have 
been identified; Decapentaplegic (Dpp), a BMP2/4-type homolog, and Glass Bottom 
Boat (Gbb) and Screw (Scw), both of which are BMP5/6/7/8 type ligands (Table 1).  

There exist various studies that highlight the functional conservation of BMP 
ligands. Dpp, the Drosophila BMP2/4 
homolog, can induce ventral fate in the frog 
(Holley, Jackson et al. 1995). Human BMP4 
can rescue dpp mutant phenotypes and human 
BMP5, BMP6 and BMP7 can rescue gbb 
mutant phenotypes in Drosophila (Padgett, 
Wozney et al. 1993, Fritsch, Lanfear et al. 
2010). BMP2/4 from the cnidarian A. 
millepora is functional in the Drosophila 
embryo (Hayward, Samuel et al. 2002). This 
high conservation raises the question: How can 
diverse structures and morphologies be 
generated? 

 
 
 

2.2 An overview of BMP signaling in Drosophila 
BMP signaling takes place in different contexts and different developmental stages 

throughout the animal kingdom. It is regulated at different levels, such as 
transcriptionally, post-transcriptionally and by extracellular components. BMP 
signaling itself regulates various downstream factors, depending on ligand 
concentration, co-factors, and the gene regulatory network in question. Drosophila 
melanogaster serves as a highly suitable model organism for studying BMP signaling, 
since the molecular mechanisms of development are highly conserved and can be 
studied in a straightforward manner with well-established tools in the fruit fly. In 
Drosophila, BMP signaling takes place in various tissues and developmental stages 
and is regulated differentially, depending on the context.  

Table 1 Human components of the BMP 
signaling pathway and their Drosophila 
homologs (based on (Raftery and 
Sutherland 1999) 

 
Human 
homologs 

Drosophila 
homologs 

Ligands 
BMP2/4 Dpp 

BMP5/6/7/8 Gbb, Scw 

Receptors 
BMPR-IA 
BMPR-IB Tkv 

 
ALK-1 
ALK-2 

Sax 

 
ActR-II 
ActR-IIB Put 

 BMPR-II Wit 

R-Smad SMAD1, 5, 8 Mad 

I-Smad SMAD6, 7 Dad 

Co-Smad SMAD4 Medea 
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Here, I will focus on BMP 
signaling during early 
embryogenesis, wing 
development and in the mature 
Drosophila ovary. In general, the 
BMP ligands are secreted either 
as homodimers, or as 
heterodimers consisting of 
Dpp:Scw and Dpp:Gbb, 
respectively. The ligands bind to 
a heterotetrameric receptor 
complex comprising two type I 
and two type II BMP-type 
receptors. Receptor binding 
initiates a phosphorylation 
cascade, leading to the 

phosphorylation and activation of Mothers against Dpp (Mad, a homolog of vertebrate 
R-Smad). Phosphorylated Mad (pMad) can be used as a direct read-out for BMP 
signaling. The transcription factors pMad and Medea (a Co-Smad) form a complex 
and translocate into the nucleus. In the nucleus, BMP target gene expression can be 
either activated or suppressed, depending on the context (Figure 1) (reviewed in 
(Raftery and Sutherland 1999, Parker, Stathakis et al. 2004). 

 
2.3 Post-translational regulation of BMP signaling 

2.3.1  BMP ligand synthesis  
Like all TGF-β-type ligands, BMPs are produced as inactive pro-proteins, 

composed of a signal peptide, a prodomain and a ligand domain. While the prodomain 
diverged during evolution, the C-terminal bioactive ligand domain is highly 
conserved. BMP ligands exhibit seven conserved cysteine residues as well as amino 
acid sequence homology. Six of the cysteine residues form a characteristic 

intramolecular structure, the cysteine 
knot. The remaining cysteine residue 
is used for an intermolecular 
disulphide bond to stabilize hetero- or 
homodimer formation. BMP dimers 
form a “butterfly” shape (Figure 2). 
BMP3, Growth and Differentiation 
Factor (GDF)-9 (which belongs to 
another TGF-β type subfamily), and 
BMP15 lack the seventh cysteine and 
appear to be active as monomers. 
Heterodimer formation occurs 
between BMP2/4 and BMP5-8 type 

Figure 2. 3D model of human BMP6 homodimer. 
The yellow sticks highlight disulphide bonds. Source: 
Protein Data Bank, www.rcsb.org (Berman, 
Westbrook et al. 2000), PDB ID: 2R52 (Saremba, 
Nickel et al. 2008) 

Figure 1. Schematic of BMP signaling in Drosophila.
Image based on (Raftery and Sutherland 1999) 
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ligands (Guo and Wu 2012, Carreira, Alves et al. 2014). Studies in vertebrate and 
invertebrate model systems and tissue culture cells showed that heterodimers have a 
higher signaling activity than homodimers (Nishimatsu and Thomsen 1998, Schmid, 
Furthauer et al. 2000, Shimmi, Umulis et al. 2005). How the decision of homo- versus 
heterodimer formation is regulated remains to be characterized. 

 Upon dimerization in the endoplasmic reticulum (ER), the pro-proteins are 
translocated into the Golgi, where they are proteolytically processed by pro-protein 
convertases (PC). PCs recognize and cleave optimal (Arg-X-Lys/Arg-Arg) and 
minimal (Arg-X-X-Arg) cleavage sites. Various sequence alignments reveal that 
many BMP type ligands have more than just one cleavage site adjacent to the ligand 
domain (Kunnapuu, Bjorkgren et al. 2009, Nelsen and Christian 2009, Kunnapuu and 
Shimmi 2010, Akiyama, Marques et al. 2012). It has been reported that mutations in 
cleavage sites are associated with developmental abnormalities like cleft palate 
(mutation in the BMP4 prodomain cleavage site) or premature ovarian failure 
(mutation in the BMP15 prodomain cleavage site) (Dixit, Rao et al. 2006, Suzuki, 
Marazita et al. 2009, Akiyama, Marques et al. 2012). Furthermore, different studies 
show that proteolytic processing of the prodomain cleavage site plays a role in the 
signaling range of the ligand. In the Drosophila wing imaginal disc, BMP2/Dpp needs 
to be proteolytically processed within its prodomain for both short- and long range 
Dpp signaling (Kunnapuu, Bjorkgren et al. 2009, Sopory, Kwon et al. 2010). A similar 
observation was made with BMP4 in Xenopus. If the S2 site in proBMP4 is not 
cleaved, the ligand remains associated with the prodomain, and is rapidly degraded. 
The ligand can hence only signal in a short range manner. In contrast, cleavage at the 
S1 and at the S2 site stabilizes the ligand and allows signaling over long range 
(Degnin, Jean et al. 2004).  

 

 
It has been proposed that proteolytic processing happens in a tissue-specific 

manner. For example, while Dpp needs to be proteolytically processed at the S2 site 
to be functional in the wing or leg disc, it is cleaved only at S1 in the embryonic gut 

Figure 3. Schematic of various BMP 
type ligands and their PC cleavage sites. 
Most of the ligands have a cleavage site 
adjacent to the ligand domain, and at least 
one cleavage site in the prodomain. Dpp 
contains an additional cleavage motif 
within the ligand domain. Scw and Gbb 
exhibit a shadow cleavage motif (Sh). In 
Gbb, efficient cleavage of the shadow site 
requires cleavage of the main site. In Scw, 
cleavage of the Main site is a prerequisite 
for cleavage of the shadow site (Fritsch, 
Sawala et al. 2012). The labelling of the 
cleavage sites is according to the main 
text.  
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(Sopory, Kwon et al. 2010). Studies in the Drosophila wing imaginal disc reveal that 
different cleavage mutants of the BMP5/6/7/8-type ligand Gbb act differently in a 
wing domain-dependent manner (Akiyama, Marques et al. 2012). Mouse studies also 
demonstrate differential use of the prodomain cleavage site in a tissue specific manner 
(Goldman, Hackenmiller et al. 2006). Fritsch et al. showed that the BMP5-8 type 
ligands Scw and Gbb require differential proteolytic processing in Drosophila. While 
Scw is only functional if it is cleaved at the Pro and Main cleavage site, it is sufficient 
for functional Gbb to be cleaved either at the Pro or Main site (Fritsch, Sawala et al. 
2012) (Figure 3).  

Interestingly, a scw prodomain cleavage mutant allele was first described in the 
course of a genetic screen for dominant enhancers of dpp hypomorphic alleles. Two 
scw mutant alleles, scwE1 and scwE2, show a lethal dominant negative effect towards 
hypomorphic dpp. This finding is intriguing, since scw deficiency or null mutants in 
combination with hypomorphic dpp alleles are viable (Raftery, Twombly et al. 1995). 
Sequencing analysis revealed that the scwE1 mutation is in fact located in the 
prodomain cleavage site (I) (the mutation of the scwE2 allele is located in the ligand 
domain (personal communication with Kavita Arora). 

Taken together, prodomains might not only act as chaperones to assist in structure 
formation and dimerization of the bioactive ligand (as described for other protein 
families (Chen and Inouye 2008), but differential processing of the prodomains also 
has an impact on function, tissue specificity and stability of the ligand, and therefore 
plays a direct role in regulation of the signaling outcome. 
 

2.3.2 Regulation of BMP signaling in the extracellular space 
Upon ligand secretion, paracrine BMP signaling can take place in a short- or in a 

long-range manner. A plethora of mechanisms and extracellular molecules has been 
described to be critical for BMP signaling range and ligand activity. Here, I will 
describe different mechanisms of extracellular regulation of BMP signaling, 
exemplified by the Drosophila blastoderm embryo, wing, and germarium. 
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2.3.2.1 Facilitated transport of BMP ligands during early Drosophila 
embryogenesis 

The Drosophila blastoderm embryo can be subdivided into four cell types along the 
dorsal-ventral (D/V) axis: the dorsal-most cells become the extraembryonic 
amnioserosa, the dorso-lateral cells give rise to the dorsal ectoderm, the ventro-lateral 
cells become neurogenic ectoderm, and the ventral cells invaginate during gastrulation 
to give rise to the mesoderm (Lohs-Schardin, Cremer et al. 1979) (Figure 4). BMP 
signaling is crucial for the D/V patterning of the Drosophila blastoderm embryo. The 
prospective cell fate in the dorsal half of the embryo is determined by a concentration 
gradient of Dpp:Scw heterodimer. Peak-level signal occurs in a stripe of around 5-10 
cells wide in the dorsal midline, determining the extraembryonic amnioserosa. The 
dorso-lateral region is defined by lower BMP signaling, giving rise to the dorsal 
ectoderm (Wharton, Ray et al. 1993). Interestingly, Dpp is expressed in the dorsal half 
of the blastoderm embryo (embryonic stage 5-6), while Scw is expressed ubiquitously 
(Ray, Arora et al. 1991, Arora, Levine et al. 1994, Shimmi, Umulis et al. 2005). The 
BMP type I receptors Saxophone (Sax), Thickveins (Tkv) and and the BMP type II 
receptor Punt (Put), as well as the BMP downstream target Mad are also expressed 
ubiquitously in the blastoderm embryo (Childs, Wrana et al. 1993, Brummel, 
Twombly et al. 1994, Penton, Chen et al. 1994, Bier and De Robertis 2015). Hence, 
the expression pattern of the BMP signaling components does not reflect the BMP 
signaling outcome (Figure 5). 

This discrepancy can be explained by an interplay of the ligands with further 
extracellular molecules. In the early blastoderm embryo, Dpp:Scw heterodimer acts 
as primary ligand to induce BMP peak-level signal (Shimmi, Umulis et al. 2005). A 
BMP-binding protein named Short gastrulation (Sog) is expressed and secreted in the 
ventro-lateral region and forms a gradient towards the dorsal side of the embryo. 
Together with another secreted protein named Twisted gastrulation (Tsg), Sog forms 
a ternary complex with the ligands (Dpp:Scw-Sog-Tsg) and shuttles them to the 
dorsal-most cells of the embryo. There, Sog is cleaved by the metalloprotease Tolloid 

Figure 4. Schematic image of the Drosophila blastoderm embryo. A. Lateral view of the embryo, 
divided into dorsal amnioserosa (AS), dorsal ectoderm (DE), ventral ectoderm (VE) and mesoderm 
(MS). PC – pole cells. B. Crossection of a blastoderm embryo. Image is based on (Raftery and 
Sutherland 2003). 
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(Tld) in a ligand-dependent manner (Marques, Musacchio et al. 1997, Nguyen, Park 
et al. 1998, Eldar, Dorfman et al. 2002, Shimmi, Umulis et al. 2005). Sog cleavage 
releases the ligands for receptor binding and signal induction. Biochemical analysis 
reveals that Sog-Tsg preferably forms a complex with Dpp:Scw heterodimers. Dpp 
homodimers show reduced binding affinity towards Sog-Tsg, whereas Scw appears to 
be unable to bind the transport complex (Shimmi, Umulis et al. 2005).  

In the absence of Sog or Tsg, Dpp diffusion is restricted (Eldar, Dorfman et al. 
2002, Shimmi, Umulis et al. 2005, Wang and Ferguson 2005). Viking (Vkg), a type 
IV collagen and extracellular matrix (ECM) component, binds and immobilizes free 
Dpp. In the presence of Sog, Vkg facilitates the assembly of the Dpp:Scw-Sog-Tsg 
shuttling complex. Binding of Dpp:Scw heterodimer and Tsg to Sog releases the 
complex from Vkg. Eventually, the shuttling complex moves dorsally, driven by the 
ventral-to-dorsal gradient of Sog. In the dorsal domain of the embryo, where Sog 
expression is absent, Vkg assists Dpp:Scw in binding the receptor. Therefore, collagen 
IV increases the signaling. Dpp protein contains a basic motif as a collagen IV binding 
site. Scw and Gbb lack this motif, which is consistent with their inability to bind Vkg 
(Wang, Harris et al. 2008). Furthermore, the displacement of the ligands from Vkg is 
driven by Scw. Dpp:Scw can bind to Sog and be transported towards the dorsal 
midline, whereas Dpp homodimers are stuck on collagen IV (Sawala, Sutcliffe et al. 
2012). Taken together, Dpp homodimer is sufficient to establish the dorsal ectoderm. 
In the absence of Scw, Dpp is more broadly distributed at the dorsal midline, but is 
still able to induce the expression of low level BMP target genes. However, Scw was 
suggested to be necessary for transporting Dpp to the dorsal midline and for peak level 
signaling (Shimmi, Umulis et al. 2005).  

ECM can signal through its own receptors, for example integrins, which act as 
receptors for collagen IV (Khoshnoodi, Pedchenko et al. 2008). Integrins are 
expressed as heterodimers consisting of an α and β subunit, and are required for robust 
BMP signaling in the early embryo. They act intracellularly by enhancing the ability 
of BMP receptors to phosphorylate Mad in the early embryo. Collagen IV activates 
integrin signalling, which as a consequence increases BMP signaling. The α-integrin 

Figure 5. The discrepancy of the ligand expression pattern and the BMP signaling outcome in the 
Drosophila blastoderm embryo. A. dpp is transcribed in the dorsal half of the embryo (input), while 
the BMP readout pMad is restricted to the dorsal-most cells (output). Modified from (Shimmi, Umulis 
et al. 2005), reprinted with permission from Elsevier. B. Schematic of expression pattern of secreted 
proteins relevant for BMP signaling and D/V patterning, and pMad signaling outcome in the early 
embryo (based on (Dorfman and Shilo 2001). 
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scab (scb) itself is a BMP target gene, which suggests a positive feedback loop. In 
fact, BMP signaling increases the scb expression level, in turn, enhancing the pMad 
signal (Sawala, Scarcia et al. 2015).  
 
2.3.2.2 BMP long-range signaling in the wing imaginal disc  

The Drosophila wing derives from the wing imaginal disc. In third instar larvae, 
the disc consists of a thin peripodial membrane and the disc epithelium. The disc 
epithelium gives rise to the wing blade, the hinge region and parts of the fly thorax. 
BMP signaling plays a role in growth and pattern formation of the wing imaginal disc. 
Dpp is expressed in a stripe of anterior cells along the anterior-posterior (A/P) 
boundary in the wing disc, whereas Gbb is uniformly expressed (reviewed in (Blair 
2007). Upon secretion, Dpp forms a gradient in both directions along the D/V axis. 
An accurate gradient is crucial for precise target gene expression and hence for the 
patterning of the wing. Various extracellular factors regulate proper distribution of the 
BMP ligands. The expression pattern of Tkv, a BMP type I receptor, is complementary 
to the Dpp protein distribution: low levels of receptor are found in the center of the 
disc, whereas high levels are at the margins (Brummel, Twombly et al. 1994, de Celis 
1997). The level of Tkv regulates Dpp distribution and responsiveness of cells to Dpp. 
While low Tkv expression in the center of the wing pouch allows Dpp diffusion, high 
Tkv expression at the edge increases the sensitivity of cells towards Dpp (Lecuit and 
Cohen 1998). It is noteworthy that the endogenous Dpp gradient appears to form rather 
slowly, standing in contrast to the rapid BMP gradient formation in the Drosophila 
embryo (Lecuit and Cohen 1998, Shimmi, Umulis et al. 2005, Wang and Ferguson 
2005, Gavin-Smyth, Wang et al. 2013).  

The extracellular heparin sulphate proteoglycan (HSPG) Dally affects the Dpp 
gradient in two different manners: it serves as a co-receptor for Dpp by stabilizing the 
ligand and by increasing the signal, and it binds Dpp and thereby reduces the amount 
of free ligand. By sensitizing the cells at the wing pouch edge, Dally facilitates the 
long-range BMP gradient formation (Fujise, Takeo et al. 2003, Akiyama, Kamimura 
et al. 2008). Both Tkv and Dally autonomously increase Dpp signaling and reduce 
Dpp distribution by binding the ligand. However, Tkv and Dally appear to have also 
opposite effects on Dpp gradient formation. The tkv mutant pMad phenotype can be 
restored by dally (Akiyama, Kamimura et al. 2008). Tkv has been proposed to promote 
Dpp degradation by receptor mediated endocytosis (Entchev, Schwabedissen et al. 
2000, Teleman and Cohen 2000). This degradation process may be disrupted by Dally 
stabilizing the ligand. Therefore, it was proposed that the stoichiometric ratio of Tkv 
and Dally, rather than the total amount of these molecules, is crucial for maintaining 
the BMP gradient (Akiyama, Kamimura et al. 2008).  

Another secreted protein, Pentagone (Pent), was described to play a role in Dpp 
gradient formation. The transcription of pent is repressed by BMP signaling. 
Consequently, its expression is restricted to the lateral-most cells of the wing disc. In 
pent mutant wing discs, the BMP signaling gradient is abnormally high adjacent to the 
ligand producing cells, and becomes shorter and steeper (Vuilleumier, Springhorn et 



REVIEW OF LITERATURE 

10 

al. 2010). Since Pent expression is high in the lateral cells, it is thought to enable 
further Dpp spreading in regions of high Dally and Tkv expression (Vuilleumier, 
Springhorn et al. 2010, Norman, Vuilleumier et al. 2016). Based on these findings, 
Pent is considered an expander: it allows the BMP gradient to scale to the growth of 
the wing disc. Pent enables Dpp to move further as the wing disc grows (Hamaratoglu, 
Affolter et al. 2014).  

Recently it was demonstrated that collagen IV, a major component of the basal 
membrane, is essential to hinder Dpp from escaping basally from the tissue. 
Elimination of the basal membrane reduced the pMad level as well as the growth of 
the disc. Interstingly, impairment of the basal membrane appears to specifically affect 
BMP signaling, since signaling by other wing disc ligands such as Wingless (Wg) and 
Hedgehog (Hh) remained unaffected (Ma, Cao et al. 2017). 

A groundbreaking concept for Dpp long-range signaling in the wing imaginal disc 
was proposed around two decades ago – cytonemes (Ramirez-Weber and Kornberg 
1999). Cytonemes are actin-rich, filopodia-like structures, mediating paracrine 
signaling in a contact-dependent manner. In the wing disc, cytoneme formation is 
induced by and oriented towards the BMP signaling center (Hsiung, Ramirez-Weber 
et al. 2005, Roy, Huang et al. 2014). These cellular protrusions appear to mediate 
paracrine signaling by bridging the distance between Dpp producing and receiving 
cells (Kornberg and Roy 2014, Roy, Huang et al. 2014). However, cytonemes are 
assumed to not be absolutely needed for signaling (Ma, Cao et al. 2017). Nonetheless, 
these filopodial structures are not exclusively used for BMP signaling in the 
Drosophila wing disc, but have been found to mediate different signaling pathways in 
different developmental contexts and species (reviewed in (Kornberg 2014)). 

 
2.3.2.3 Posterior crossvein formation in the Drosophila pupal wing 

Wings are a feasible model to study morphogenesis, since they consist of two flat 
epithelial layers and undergo various stages of development. At early pupariation, the 
basal side of the wing disc everts, giving rise to a bilayered pupal wing with a dorsal 
and a ventral epithelial layer. The Drosophila pupal wing venation pattern includes 5 
longitudinal veins (LV) and 2 crossveins, the anterior (ACV) and posterior (PCV) 
crossvein. This wing vein pattern is highly consistent and depends on various signaling 
pathways, such as BMP signaling (reviewed in (Blair 2007)).  Dpp is crucial for 
maintaining the LVs and for determining the PCV. Interestingly, Dpp is solely 
expressed in the LVs, but the pMad signal can be detected in the LVs as well as in the 
prospective PCV. To induce PCV formation, Dpp needs to be transported into the 
future PCV region (Ralston and Blair 2005, Serpe, Ralston et al. 2005, Shimmi, 
Ralston et al. 2005, Matsuda and Shimmi 2012). This is accomplished by a mechanism 
homologous to the facilitated transport machinery found in the Drosophila D/V 
patterning process in the early embryo (O'Connor, Umulis et al. 2006). In the wing, 
Dpp:Gbb is the primary ligand. The heterodimer is produced in the LVs and 
transported by Sog-Crossveinless (Cv, a paralog of Tsg) into the PCV region. 
Dpp:Gbb is released from the Sog-Cv shuttle by the enzymatic activity of Tld homolog 
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Tolloid-related (Tlr) (Figure 6). Sog on the other hand is expressed in the intervein 
region, and is not found in the LV and PCV region. Therefore it was suggested that 
the vein position is determined by the absence of sog expression. The initial PCV 
morphogenesis (i.e. lack of apposition of the two epithelial layers and differing tissue 
architecture and ECM composition) has been shown to be independent both of sog 
expression and of BMP signaling (Matsuda and Shimmi 2012, Matsuda, Blanco et al. 
2013). It has been shown that Sog transport into into the provein domain relies on 
integrins. (Araujo, Negreiros et al. 2003). β-integrin localizes at the basal side of 
intervein cells. The lower extent of β-integrin at the basal side of the PCV epithelia 
may facilitate lumen formation. Furthermore, it was proposed that a Sog protein 
gradient forms along the ECM towards the PCV region. Therefore, integrin 
distribution seems to be crucial for Sog and Dpp transport (Matsuda, Blanco et al. 
2013). The mechanisms behind initial PCV morphogenesis remain unknown. It also 
remains unsolved how the Sog gradient is established along the ECM. Another ECM 
molecule, Laminin, shows genetic interaction with sog (Fristrom, Wilcox et al. 1993, 
Araujo, Negreiros et al. 2003). This indicates that Laminin might play a role in Sog 
distribution within the pupal wing.  

 
 
LVs are maintained through active retention of Dpp by the type I receptor Tkv and 

by a positive feedback loop (Matsuda and Shimmi 2012, Matsuda, Blanco et al. 2013). 
Tkv is highly expressed in the LV-flanking intervein cells, but shows low expression 
in the Dpp-producing LV cells (de Celis 1997). Consistently, it has been shown that 
reduced Tkv activity leads to thicker LVs, whereas overexpression of constitutively 
active Tkv leads to loss of the PCV (Terracol and Lengyel 1994, Matsuda and Shimmi 
2012). Additional secreted factors crucial for PCV formation have been identified. 
Crossveinless-2 (Cv-2), another extracellular BMP binding protein, facilitates ligand-
receptor interaction in a short-range manner. It was suggested that Cv-2 binds to ECM 

Figure 6. Schematic of PCV 
formation in the pupal wing. dpp 
is expressed in the LVs, Dpp 
protein is transported into the PCV 
region where it induces BMP 
signaling. The transport is 
dependent on the shuttling 
complex consistent of Sog and Cv. 
Within the PCV region, Sog is 
cleaved by Tlr and the BMP 
ligands are released for receptor 
binding. Image modified from 
(Rogers and Schier 2011, Matsuda 
and Shimmi 2012), reprinted with 
the permission from Elsevier. 
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molecules such as Dally, and transfers Dpp from the extracellular space to the BMP 
receptor. Interestingly, Cv-2 acts in a biphasic manner; low levels of Cv-2 with respect 
to BMP receptor augments BMP signaling, while high levels of Cv-2 antagonize the 
signal (Serpe, Umulis et al. 2008).  

 
2.3.2.4 Short range signaling in the Drosophila germarium 

The Drosophila germarium is part of the Drosophila ovary, located anteriorly in 
the ovarioles. The anterior tip of the germarium harbours the germline stem cell (GSC) 
niche. The niche provides the microenvironment necessary for maintaining the 
balance between GSC maintenance and their differentiation into oocytes. One of the 
niche signals essential for GSC maintenance is BMP signaling (Xie and Spradling 
1998). In contrast to the long-range BMP signaling in the tissues described so far, the 
BMP ligands Dpp and Gbb act in a short-range manner in the Drosophila germarium 
(Song, Wong et al. 2004). BMP signaling takes place within one cell diameter, and is 
rapidly downregulated outside of the niche. Loss of BMP signal within the niche leads 
to loss of GSCs, whereas overexpression of BMP signaling causes tumorous 
outgrowth of undifferentiated GSCs (Xie and Spradling 1998, Casanueva and 
Ferguson 2004). A multitude of mechanisms has been identified as essential for 
restricting the BMP signaling range to the niche. ECM molecules such as the HSPG 
Dally and the type IV collagen Viking (Vkg) are crucial for GSC maintenance. Dally 
is expressed in the somatic niche cells and is required for GSC maintenance (Hayashi, 
Kobayashi et al. 2009). As discussed above, Dally acts as a BMP co-receptor. 
Interestingly, in the GSC niche, Dally is expressed in the Dpp-producing cells 
(Hayashi, Kobayashi et al. 2009). This is in contrast to the wing disc, where the signal-
receiving cells express Dally (Fujise, Takeo et al. 2003, Belenkaya, Han et al. 2004, 
Akiyama, Kamimura et al. 2008). It was proposed that Dally enhances BMP signal in 
trans within the GSC niche. Hence, contact between the ligand producing niche cells 
and the Tkv expressing GSCs would be indispensable. Therefore, Dally might play a 
role in the spatial restriction of BMP signaling (Hayashi, Kobayashi et al. 2009). Vkg 
is expressed within the niche and is assumed to restrict Dpp diffusion. In vkg mutant 
ovaries, the number of GSCs increases, which is consistent with a broader BMP 
signaling range (Wang, Harris et al. 2008). Furthermore, Tkv is highly expressed in 
the somatic escort cells, which sheath the GSCs. The receptor acts as a sink by 
removing excess Dpp, independently of canonical BMP signaling (Luo, Wang et al. 
2015).  

Notably, a recent study in Drosophila testes visualized cellular protrusions 
forming from the GSCs towards the ligand producing somatic niche cells. These 
structures were identified as microtubule-based nanotubes. It has been proposed that 
these microtubule-based nanotubes provide precise, spatially restricted BMP signaling 
by allowing GSCs to access the source of highest ligand concentration within the niche 
(Inaba, Buszczak et al. 2015). However, this type of structure has not yet been 
identified in Drosophila germarium. 
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Taken together, there exist numerous mechanisms of regulating BMP signaling 
and ligand distribution in the extracellular space. Clearly, cell-cell signaling can be 
regulated by a multitude of extracellular factors. Nevertheless, similar mechanisms are 
utilized in different contexts, such as the BMP shuttling mechanism or ligand retention 
by Tkv.  
 

2.3.3 BMP receptor activation and Smad-dependent signal transduction in BMP 
receiving cells 

Dimeric BMP ligands bind to a tetrameric transmembrane receptor complex 
consisting of two type I and two type II receptor subunits. Various studies indicate that 
BMP ligands show receptor preferences, and that heteromeric type I receptors 
synergistically transduce BMP signal. In the wing disc, Dpp and Gbb signal through 
the type I receptors Tkv and Sax (Haerry, Khalsa et al. 1998, Ray and Wharton 2001, 
Bangi and Wharton 2006). Experiments in Drosophila embryo and cell culture 
revealed that Dpp acts primarily through Tkv and Scw through Sax; Dpp:Scw 
heterodimers act synergistically in these contexts (Neul and Ferguson 1998, Nguyen, 
Park et al. 1998, Shimmi, Umulis et al. 2005). In either case, the type II receptor Put 
is indispensable (Letsou, Arora et al. 1995, Ruberte, Marty et al. 1995). 

Both the type I and the type II receptor subunits contain a serine/threonine kinase 
domain at their cytoplasmic C-terminus. Upon receptor binding, the constitutively 
active kinase of the type II receptors transphosphorylates the type I receptors. As a 
consequence, the type I receptor kinase phosphorylates the cytoplasmic transcription 
factor Mad (the homolog of vertebrate Smad1/5/8, see also Table 1) at its C-terminal 
SSXS sequence motif. pMad forms a complex with another transcription factor, the 
Co-Smad Medea (a Smad 4 homolog). Both Mad and Medea consist of an N-terminal 
Mad Homolgy (MH)1 and a C-terminal MH2 domain. The MH1 domain contains a 
DNA-binding site, whereas the MH2 domain regulates formation of heteromeric Smad 
complexes and interaction with transcription factors. Medea lacks the SSXS domain 
and is not phosphorylated by the type I receptor. Mad phosphorylation leads to a 
conformational change, which permits interaction with Medea and translocation of the 
pMAD:Medea complex into the nucleus. A third class of Smad, the inhibitory Smad 
(I-Smad) daughters against dpp (dad), is induced by Dpp signaling and negatively 
regulates BMP signaling in a feedback loop. dad is a homolog of vertebrate smad 6 
and smad 7. Smads are transcriptional regulators (except I-Smads, which lack the 
MH1 DNA binding domain) and are crucial for BMP-responsive gene expression 
(reviewed in (Raftery and Sutherland 1999).  

BMP signaling is also regulated by post-translational modifications and 
degradation of Smads. An efficient way to reverse BMP signaling is to 
dephosphorylate pMad. In Drosophila, the pyruvate dehydrogenase phosphatase 
(PDP) was proposed to dephosphorylate pMad. Cell culture experiments revealed that 
PDP inhibits BMP signaling (Chen, Shen et al. 2006). Another phosphatase, 
Myotubularin-related protein 4 (MTMR4), binds and dephosphorylates activated Smad1. 
MTMR4 enhances the dephosphorylation of pMad in Dpp stimulated Drosophila S2 cells 
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(Yu, He et al. 2013). Beside the C-terminal phosphorylation site, R-Smads also carry 
phosphorylation sites in their central linker domain. Hyperphosphorylation of this domain 
leads to polyubiquitination and degradation of R-Smads (reviewed in (Bruce and Sapkota 
2012). In Drosophila, cyclin dependent kinase 8 (Cdk8) and Shaggy (Sgg, a glycogen 
synthase kinase 3 homolog) phosphorylate the Mad linker region. Depletion of Sgg 
increases the pMad level in S2 cells as well as in the early embryo (Aleman, Rios et al. 
2014). A recent study identified Dullard, a DDX(T/V) phosphatase, as a negative regulator 
of BMP signaling that functions by dephosphorylating the Mad linker and C-terminal 
region (Urrutia, Aleman et al. 2016). 

Drosophila SMAD ubiquitination regulatory factor (dSmurf), the ortholog of the 
ubiquitin E3 ligases Smurf1 and Smurf2, interacts with Mad, preferentially in its 
phosphorylated state (pMad). dSmurf ubiquitinates Mad and promotes its proteolytic 
degradation. It has been shown that dSmurf is required for proper BMP signaling 
outcomes during Drosophila embryogenesis. Overexpression of dSmurf in the wing 
disc leads to reduced pMad levels (Podos, Hanson et al. 2001, Liang, Lin et al. 2003). 

Like vertebrate Smad4, Medea is a target of SUMOylation. The Medea SUMO 
modification occurs in the nucleus and triggers its nuclear export. In so doing, Medea 
SUMOylation negatively regulates Dpp signaling range and duration (Miles, Jaffray 
et al. 2008). 

So far, I have given examples of how ligands are synthesized and processed, and 
how BMP signaling is regulated in the extracellular and intracellular space. Three 
BMP-type ligands, two type-I and two type-II BMP receptors have been identified in 
Drosophila. These BMP components, as well as the Smads Mad, Medea, and Dad, are 
utilized repeatedly in different contexts during Drosophila development. This raises 
the question: How can cells respond to the same external stimuli in different ways? 
For the sake of completeness, it should be mentioned that the cellular response not 
only depends on the stimuli per se, but on the state and history of the responding cell. 
A gene regulatory network with additional transcription factors is required to achieve 
tissue-specific response to BMP signaling.  

 
2.4 Drosophila morphogenesis 

A fundamental question of developmental biology is how cells develop into 
different tissues and eventually give rise to an organized and functional body plan. 
This generation of ordered forms is called morphogenesis. Morphogenesis relies on 
proper pattern formation, such as defining the embryonic A/P or D/V axis. 

2.4.1 Morphogens and the French Flag model 
In previous sections, I described how different levels of BMP signaling define the 

amnioserosa versus the dorsal ectoderm in the early embryo, and I mentioned the 
importance of a proper Dpp gradient formation for wing imaginal disc patterning. In 
these contexts, Dpp acts as a bona fide morphogen. A morphogen is defined as a 
substance that regulates tissue and organ patterning in a concentration-dependent 
manner. This concept was illustrated by Lewis Wolpert with the French Flag model 
(Wolpert 1969). A source cell secretes the morphogen, which in turn forms a 
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concentration gradient within the tissue. The cells respond depending on their position 
and hence the amount of morphogen to which they are exposed (Figure 7). 

 
 

 
In chapter 2.3.2, I explained some of the mechanisms responsible and necessary 

for Dpp gradient formation in the wing imaginal disc and in the early embryo. In the 
wing disc, Dpp acts as a “classical” morphogen. Dpp forms a gradient in both the 
anterior and the posterior compartment of the wing disc, having its source in a stripe 
of anterior cells adjacent to the A/P boundary. The activation of different BMP target 
genes within the wing disc depends on Dpp concentration. High levels of pMad signal 
activate the expression of the transcription factors spalt (sal) and optomotor blind 
(omb), whereas low levels of pMad only activate omb. Importantly, BMP signal 
represses brinker expression, therefore Brinker is present at the wing disc margin, 
mirroring pMad signal. The combination of pMad and Brinker activity defines the 
nested expression domain of sal and omb. Additionally, the expression domains of sal 
and omb eventually specify characteristic cell fates in the adult wing, such as the 
position of LVs (reviewed in (Restrepo, Zartman et al. 2014) (Figure 8). 

Figure 7. Illustration of Wolpert’s 
French Flag model. The morphogen is 
secreted from the green source cell and 
spreads within the tissue. Cells exposed to 
a morphogen concentration above 
threshold 2 turn blue. Cells exposed to a 
morphogen concentration below threshold 
1 turn red. Cells in between show white 
response. Based on (Kicheva and 
Gonzalez-Gaitan 2008, Rogers and Schier 
2011). 
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2.4.2 Dorsal-ventral patterning of the Drosophila early embryo  – Some special 
cases of morphogen gradient formation 

The general A/P and D/V body plan in the Drosophila embryo is already 
established during oogenesis, prior to fertilization. In the course of genetic screens, 
numerous maternal effect genes crucial for the D/V patterning have been identified 
(Anderson and Nusslein-Volhard 1984). Each oocyte derives from a GSC. The GSC 
undergoes four incomplete cell divisions, giving rise to 16 interconnected cells: one 
oocyte and 15 nurse cells. The nurse cells produce and provide maternal mRNAs and 
proteins to the developing oocyte. The maternal mRNA of the Transforming Growth 
Factor (TGF)-α-like petide gurken becomes localized between the oocyte nucleus and 
the cell membrane at the antero-dorsal site of the oocyte. Expressed Gurken proteins 
have a restricted diffusion rate. They are locally secreted by the oocyte and signal 
through the Epidermal Growth Factor Receptor (Egfr) in the overlying antero-dorsal 
follicle cells. This action defines the dorsal site of the follicular epithelium (Schupbach 
1987, Neuman-Silberberg and Schupbach 1993, Neuman-Silberberg and Schupbach 
1994). Activated Egfr inhibits the synthesis of Pipe, a sulfotransferase. Hence, only 
the ventral follicle cells express Pipe (Sen, Goltz et al. 1998, Amiri and Stein 2002, 
Peri, Technau et al. 2002). Upon fertilization, a proteolytic cascade of proteins follows 
within the ventral perivitelline space (defined by Pipe localization), which leads to the 
processing of Spätzle (Spz). Binding of Spz to its receptor Toll (Tl) leads to graded 
nuclear localization of the NFκB transcription factor Dorsal (Dl) in the embryo. 
Interestingly, Dl itself is translated from maternal mRNA after fertilization, and can 
be found ubiquitously in the embryo. Dl is in a complex with another protein, Cactus, 
which inhibits Dl translocation into the nucleus. Upon Tl activation, Cactus is 

Figure 8. Wing disc patterning.  
A. Dpp is expressed in a stripe of cells 
at the anterior-posterior border. The 
ligand induces expression of 
downstream target genes in a
concentration-dependent manner and
represses the expression of brinker.
Source: (Restrepo, Zartman et al. 
2014), reprinted with the permission 
from Elsevier. B. Schematic of the
wing disc patterning in a “French Flag” 
fashion. The Dpp gradient determines 
the expression of downstream target
genes and as a consequence cell fates. 
E.g. sal expression is highly sensitive 
to the trancriptional repressor Brk and 
is therefore only expressed in regions 
of high pMad signaling, where Brinker 
itself is repressed. Image based on 
(Restrepo, Zartman et al. 2014). 
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phosphorylated and degraded and Dorsal can enter the nucleus; a ventral-to-dorsal 
nulear gradient of Dl is generated (van Eeden and St Johnston 1999, Stathopoulos and 
Levine 2002).  

 
 
While Pipe is ventrally expressed in 40% of the follicle cells surrounding the egg, 

a Dl gradient forms within the Pipe-expressing domain in less than 20% of the embryo 
(Figure 9). The discrepancy between Pipe expression and Dl gradient formation raises 
the question of how the Dl gradient is formed. Based on a numerical screen, a self-
organized shuttling mechanism was described to generate a sharp Dl gradient. The Spz 
precursor is cleaved by the serine protease Easter, resulting in a separate N- and C-
terminal part of Spz; the two parts remain non-covalently associated. The C-terminal 
part binds Tl, leading to the release of the N-terminal part, and to some extent also of 
the active C-terminal ligand domain of Spz. The two portions of Spz can reassociate 
to generate an inactive complex. This model predicts that the reassociated Spz 
complex can diffuse freely in the perivitelline space, whereas the active C-Spz ligand 
shows a low diffusion rate. According to the model, N-Spz can be degraded in the 
reassociated complex within the Pipe expressing domain, leading to free C-Spz. Free 
C-Spz can either rebind N-Spz or bind to Tl. A key prediction of this model is that N-
Spz is degraded by an unknown mechanism in a ventrally biased manner. Hence, in 
the ventro-lateral region, it is more likely that C-Spz reassociates with N-Spz, whereas 
in the ventral-most region, the amount of N-Spz is low and C-Spz is predicted to bind 
to Tl. This would lead to a graded activation of Dl despite the uniform expression of 
Pipe (Figure 10) (Haskel-Ittah, Ben-Zvi et al. 2012).  

It is noteworthy that the model remains controversial, since some aspects of it have 
not been proven experimentally. Besides, other findings favour the idea that Easter 
activity determines Tl activation, and hence is responsible for the Dl gradient 
formation (reviewed in (Stein and Stevens 2014). 

Dl acts as transcription factor and morphogen; it activates and inhibits the 
expression of specific genes by binding to their enhancer region. Peak levels of Dl 
lead to the expression of Twist and Snail in the ventral-most region and define the 

Figure 9. Schematic of a cross-section of an 
ovary and early embryo. A. In the ovary pipe 
expression occurs in the ventral portion of 
follicle cells. B. The nuclear Dorsal gradient 
forms within the Pipe expression domain, 
peaking in the ventral most cells of the early 
embryo. Reprinted from (Haskel-Ittah, Ben-
Zvi et al. 2012), with the permission from 
Elsevier 
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mesoderm (e.g. somatic muscle and heart). It activates rhomboid (rho) in the lateral 
neurogenic ectoderm (defining the central nervous system (CNS) and ventral 
epidermis). Furthermore, Dl inhibits zerknüllt (zen) and dpp expression, while 
intermediate levels of Dorsal in the ventro-lateral region induce Sog expression 
(Steward and Govind 1993, Rusch and Levine 1996).   

 

 
 
 
Sog itself is involved in another form of shuttling mechanism – the facilitated 

transport mechanism of Dpp:Scw heterodimer to the dorsal-most cells of the embryo 
(described in 2.3.2.1). As explained, Dpp is expressed uniformly in the dorsal half of 
the embryo, and Scw is expressed ubiquitously. The actual gradient with peak BMP 
signaling in the dorsal-most cells is generated by the Sog:Tsg shuttle. The BMP 
ligands are transported to the dorsal-most cells of the embryo, where they induce peak 
BMP signal. Lower BMP signal induces the formation of the dorsal ectoderm. There 
exist various marker genes which can be used as readouts for different levels of BMP 
signal. High levels of BMP signal induce zen, race and u-shaped (ush) expression in 
the presumptive amnioserosa. pannier (pnr) is expressed in a broader dorsal domain 
and is induced by lower BMP signal (Raftery and Sutherland 2003).   

According to the French Flag model, a morphogen is secreted from a source cell 
and forms a gradient with highest concentration close to the source. This idea does not 
directly apply to the cases of the Dl and BMP gradient formation in the early embryo. 
Dl itself is ubiquitously expressed in the early embryo, and its activation is dependent 
on the activation of the Tl receptor. Graded BMP signaling in the dorsal-most cells of 
the embryo depends on redistribution of the BMP ligands. However, Dl as well as Dpp 
act as morphogens, since they define tissue fate in a concentration dependent manner.  
 

2.4.3 Drosophila melanogaster embryogenesis – A highly robust system 
Dpp gradient formation in the early embryo is highly dynamic. pMad signal can 

be initially detected as a broad dorsal-to-ventral gradient at stage 5 of embryogenesis 

Figure 10. Schematic of Spätzle 
activation and subsequent Dorsal 
gradient formation. Spätzle is first 
cleaved by Easter. This leads to 
formation of active NC-Spätzle (NC-
Spz). NC-Spz binds to the Toll receptor, 
which leads to release of the N-terminal 
part of Spz und to some extent also to 
free C-Spz. N- and C-Spz can 
reassociate, and form an inactive 
complex (NC-Spz*). N-Spz can be 
degraded by a putative protease, which 
leads to free, active C-Spz, which either 
reassociates with N-Spz or binds Toll in 
a ventrally biased manner. Reprinted 
from (Haskel-Ittah, Ben-Zvi et al. 2012), 
with the permission from Elsevier. 



REVIEW OF LITERATURE 

19 

(cellular blastoderm). Within 30 minutes, from mid-stage 5 to stage 6 (onset of 
gastrulation), pMad signal refines to a sharp stripe with increased intensity at the 
dorsal midline and fading lateral intensity (Dorfman and Shilo 2001, Shimmi, Umulis 
et al. 2005, Wang and Ferguson 2005) (Figure 11).  

 
This dynamic process is intriguingly robust (i.e. resistant to perturbations). For 

example, heterozygous mutants for sog, tld or scw still show peak-level BMP 
signaling comparable to wild type embryos in the dorsal-most cells of the early 
embryo (Eldar, Dorfman et al. 2002). The pMad stripe robustness towards 
heterozygous sog was challenged a couple of years later (Mizutani, Nie et al. 2005). 
Nevertheless, quantitative analysis of the pMad level in Drosophila embryos revealed 
that the amnioserosa cell fate is unaffected by twofold changes of the wild type BMP 
signaling intensity (Gavin-Smyth, Wang et al. 2013). Mathematical models suggest 
that the shuttling mechanism as well as heterodimer formation of the ligands provide 
robustness of the BMP gradient towards gene fluctuations (Eldar, Dorfman et al. 2002, 
Shimmi, Umulis et al. 2005). The interplay of an extra- and an intracellular process is 
needed for the dorsal BMP pattern. The Sog:Tsg shuttling mechanism concentrates 
the BMP ligands at the dorsal midline. There Dpp:Scw heterodimer signals 
synergistically through the type I receptors Tkv and Sax, and the type II receptor Put 
(as discussed in 2.3.3). This synergism leads to high levels of pMad in the dorsal-most 
cells. Furthermore, it was suggested that the dorso-lateral cells predominantly receive 
signal through Dpp and Scw homodimers, since homodimers have a lower affinity to 
the Sog:Tsg shuttle than heterodimers. As a consequence, homodimers are more 
broadly distributed. Importantly, homodimers have a lower signaling capacity, hence 
the Dpp:Scw-Sog:Tsg shuttle mechanism itself generates a biphasic BMP signal 
(Shimmi, Umulis et al. 2005). This extracellular, dorsally-directed transport of ligands 
is linked with an intracellular positive feedback circuit. Cells exposed to previous 
BMP signaling show increased ability for further BMP signaling. These mechanisms 
together lead to a spatially bistable pattern of BMP signaling outcome (Wang and 
Ferguson 2005).  

A follow-up study identified a genetic circuit that canalizes BMP signaling in the 
Drosophila embryo. BMP signaling at pregastrula stage 5 activates zen expression. 
Zen in turn switches on the expression of eiger (egr), a tumor necrosis factor α (TNFα) 
homolog and Jun N-terminal kinase (JNK) pathway activator, and cv-2. Both, egr and 
cv-2 are are needed to ensure canalized BMP signaling outcome. While egr agonizes 

Figure 11. Refinement of the pMad signaling outcome from early stage 5 to early stage 6 embryo. 
Source: (Wang and Ferguson 2005). Reprinted with the permission from Macmillan Publishers Ltd 
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BMP signaling, cv-2 acts as an antagonist (which is contrast to Cv-2 activity in pupal 
wing PCV formation, where Cv-2 augments BMP signal, see also chapter 2.3.2.3). 
Together, these components form a genetic network to buffer the developing embryo 
against genetic perturbations. (Gavin-Smyth, Wang et al. 2013). The authors of this 
study further hypothesize that egr expression activates a JNK cascade, which results 
in an increased receptor-ligand interaction, possibly through an increased number of 
receptors. In combination with BMP ligand transport to the dorsal side of the embryo, 
this would lead to an increased positive feedback in the dorsal-most cells of the embyo. 
An increased number of receptors in this region could convert cv-2 from a BMP 
signaling antagonist to an agonist by changing the cv-2/receptor ratio, as has been 
suggested previously (Serpe, Umulis et al. 2008, Gavin-Smyth and Ferguson 2014). 
Hence, the refinement of the BMP signal from broadly distributed at stage 5 to a 
spatially bistable pattern at stage 6 of embryogenesis might be enabled by an interplay 
of multiple mechanisms: facilitated transport of the heteromeric ligands, a feedback 
circuit, and the dual function of cv-2.  

 
2.5 Evolutionary aspects 

2.5.1 Dorsal ventral patterning – a deeply homologous mechanism 
In previous chapters, I discussed the mechanism of ligand transport by Sog in the 

early embryo as well as during PCV formation. Intriguingly, this pathway of BMP-
Sog dependent D/V patterning is not exclusively found in Drosophila, but has been 
identified in vertebrates as well. In Xenopus, the embryonic D/V patterning is achieved 
by BMPs and the Sog homolg Chordin. However, while Dpp is expressed dorsally and 
Sog is expressed ventrally in Drosophila, the expression pattern of the homologous 
components is inverted in Xenopus; the BMP antagonist Chordin is expressed in the 
dorsal half of Xenopus embryo, while BMP4 and 7 are expressed ventrally. Peak BMP 
signaling induces ventral genes in Xenopus (reviewed in (De Robertis 2008). Another 
example for BMP/Chordin regulated D/V patterning can be found in the sea urchin. 
Interestingly, the expression pattern of Chordin and BMP2/4 in the sea urchin is 
congruent and restricted to the ventral territory of the embryo. The BMP signaling 
pathway is activated at the dorsal side. Inhibition of BMPs results in an expansion of 
the neurogenic tissue towards the dorsal side. Based on these findings, it has been 
hypothesized that the position of the central nervous system (CNS) is defined by low 
levels of BMP signal (De Robertis 2008, Lapraz, Besnardeau et al. 2009). 
Interestingly, BMPs and their antagonists are also expressed in diploblasts such as the 
sea anemone Nematostella vectensis. Analogous to the sea urchin, Chordin and BMP 
are secreted from the same group of cells. pMad signal is induced in the opposite site 
of the embryo and determines the directive axis patterning. A computational model 
suggests that the spatial distribution of Sog/Chordin instructs BMP signaling outcome, 
while the BMP expression domain can vary (Genikhovich, Fried et al. 2015) (Figure 
12).  
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Based on the facts that  
1. the Chordin/BMP network induces body axis formation in a variety of species 

of the protostomic and deuterostomic branch,  
2. such a complex signaling network most likely did not evolve independently 

twice during evolution,  
3. neural identity genes are located along the dorsal-ventral axis in a conserved 

manner, and  
4. most of the bilaterian phyla exhibit a condensed CNS,  
it has been proposed that the role of BMP in determining the CNS arose in a 

common, urbilaterian ancestor (De Robertis 2008, Bier and De Robertis 2015).  
 

2.5.2 Gbb and Scw 
BMPs together with GDFs are the largest human TGF-β subfamily. Based on their 

sequence homology and functions, they can be subdivided into further subgroups: 
BMP-2/4, BMP-5/6/7/8, GDF-5/6/7, GDF-8/11, BMP-9(GDF-2)/BMP-10, GDF-1/3, 
and GDF-10/BMP-3. These subgroups belong to a more distantly related clade of the 
TGF-β superfamily. They are characterized based on their type I receptor specificity 
and downstream activation of R-Smads-1, -5 and -8. The more recently evolved 
members of the TGF-β superfamily, such as TGF-βs, GDF-8, GDF-9, GDF-11, BMP-
3, Activins and Nodals, activate R-Smads-2 and -3 (reviewed in (Hinck 2012). The 
Drosophila genome contains fewer BMPs: Dpp, the BMP-2/4 homolog, and Scw and 
Gbb, the BMP-5/6/7/8 homologs. Scw and Gbb are paralogs; while Scw is exclusively 
found during Drosophila early embryogenesis, Gbb acts in different developmental 
contexts later in development (Wharton, Thomsen et al. 1991, Arora, Levine et al. 
1994, Fritsch, Lanfear et al. 2010).  

Figure 12. Schematic of BMP signaling outcome in different species. In Nematostella, Chordin and 
BMP are expressed within the same set of cells. In Drosophila, Sog is expressed in the ventro-lateral 
region, whereas Dpp is expressed in the dorsal half of the embryo. In Xenopus, the axis is inverted with 
respect to Drosophila; Chordin is expressed in the dorsal portion, whereas BMP4 is expressed ventrally. 
Blue: Chordin/Sog, green: BMP4/Dpp, red dots: BMP signaling. Based on (Genikhovich, Fried et al. 
2015). 
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Scw is exclusively found in higher Diptera. Phylogenetic analysis suggest that scw 
arose from gene duplication from gbb in the lineage leading to higher Diptera, where 
it continued to diverge rapidly (Fritsch, Lanfear et al. 2010, Wotton, Alcaine Colet et 
al. 2013). Interestingly, Scw can replace Gbb in the context of PCV formation. In 
contrast, Gbb is not able to replace Scw in the early embryo (Fritsch, Lanfear et al. 
2010, Matsuda and Shimmi 2012). Therefore, studying Scw and Gbb may provide 
interesting new aspects of protein divergence and evolution. 
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3 AIMS OF THE STUDY 
As described extensively in the introduction, the same signaling molecules are 

repeatedly used during animal development. Intriguingly, they can be experimentally 
exchanged among different species or substitute each other in different contexts. The fact 
that bilaterians basically use the same ‘tool-kit’ genes during development raises the 
following question: How can interchangeable signaling molecules act in a context-
specific manner and induce different outputs? 

The aim of this study is to explore how post-translational modifications of conserved 
molecules may affect the signaling outcome, and as a consequence, animal development. 
In particular, I addressed the following topics: 
 

1. The importance of proteolytic processing of BMP5-8 type ligand Screw on BMP 
signaling. 

2. The role of differential N-glycosylation of the highly conserved BMP5-8 type 
ligand domains, including evolutionary aspects. 
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4 MATERIALS AND METHODS 
In this chapter I summarize the materials and methods I personally used in this 

study. More detailed descriptions can be found in the original publications (I and II). 
Methods used in publication I and II are listed in Table 2. 
 
Table 2 List of Methods  
Method Article 
Fly work  
Fly husbandry and strains I, II 
Genetic fly rescue experiments I, II 
Molecular biology and biochemistry  
Molecular cloning I, II 
Production of recombinant proteins I, II 
Western blot analysis I, II 
RNA probe synthesis I, II 
Whole mount embryo in situ hybridization I, II 
Whole mount embryo immunostaining I, II 
Pupal wing immunostaining II 
Wing imaginal disc immunostaining II 
Cell-based BMP signaling assay I, II 
Microscopy I, II 
Bioinformatical analyses  
Sequence aligments II 
Phylogenetic analyses II 
3D modeling unpublished 
Data analyses  
Image analyses I, II 
Statistical analyses I, II 

 
4.1 Fly work 

4.1.1 Fly husbandry 
Flies were kept at 25°C if not indicated otherwise. The fly food contained semolina 

grits, malt, yeast and agar. Methyl-4-hydroxybenzoate and propanoic acid were used 
as antifungal and antimicrobial components. 

 
4.1.2 Generation of transgenic flies 

For the generation of transgenic flies, I used the phiC31 site specific integration 
system (Bischof, Maeda et al. 2007). The cloning of the transgenes is described below 
and in publication II. The injection itself was outsourced. The transgenes were inserted 
into the fly genome on chromosome III, at the attP landing site in 86Fb. The genomic 
background of the genomic flies was: 
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 y[1] M{vas-int.Dm}ZH-2A w[*]; M{3xP3-RFP.attP}ZH-86Fb 
  

4.1.3 Fly strains 
Fly strains used in this thesis are listed in Table 3 and Table 4. Since the injected 

fly lines carry a y w background (see 4.1.2), I used y w flies maintained in our 
laboratory as wild type/control strain. 

 
Table 3  List of mutant fly strains 
Fly strain Description Source Article 
Df(2L)OD16 a deficiency chromosome in the 

screw region 
L.Raftery I, II 

scwS12(or scw5) a screw loss of function allele, 
mutation induced by EMS 
exposure 

L.Raftery I, II 

scwE1 a screw gain of function allele, 
mutation induced by EMS 
exposure 

L.Raftery I 

dpphr4 dpp hypomorphic allele, mutation 
induced by EMS exposure 

L. Raftery I 

gbb4 gbb hypomorphic allele K.Wharton II 
gbb5I gbb hypomorphic allele K. Wharton II 
 
Table 4 List of Gal4 and UAS fly lines 
 Description Source Article 

dppshv-Gal4 
Gal4 expressed under control of  a 
dpp shortvein (shv) enhancer 

(Ramel, 
Emery et al. 
2007) 

II 

bicoid-Gal4 
Gal4 expressed under control of  a 
bicoid enhancer 

(Shimmi, 
Umulis et al. 
2005) 

II 

apterous-Gal4 
expresses Gal4 in an Apterous 
pattern 

Bloomington 
Drosophila 
Stock Center, 
#3041 

II 

UAS.scw-FLAG 

scw cDNA, either wild type (WT) 
or N-glycosylation mutant forms 
(N1Q, N2Q, N1_N2Q) under 
control of UAS 

II II 

UAS.scwPD-gbbLD 

chimeric construct consisting of 
scw prodomain and gbb ligand 
domain; either gbbWT, or gbb+Glc 
under control of UAS 

II II 

g.scw-FLAG 

genomic scw locus, either wild 
type (WT) or N-glycosylation 
mutant forms (N1Q, N2Q, 
N1_N2Q) 

II II 
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4.1.4 Rescue experiments 
The lethal phenotype of scw mutant flies was used in rescue experiments. To test 

the functionality of scw ligands with mutated glycosylation motifs, transgenic flies 
carrying either the scwWT or the scw glycosylation mutant (scwΔGlc) genomic rescue 
transgene were crossed into a scw mutant background. The crossing schemes are 
shown in Figure 13.  

 
A detailed description of the number of crosses and calculation of the rescue rate can 
be found in the original publication II. 

4.2 Molecular methods 
4.2.1 DNA constructs 

The constructs generated and/or used by myself, either for cell culture experiments 
or for fly injection, are listed in Table 5.  

Table 5 DNA constructs 
DNA construct Description Source Article 

HA-scwWT-FLAG 

scw cDNA, contains a 
FLAG peptide in the 
ligand domain and 3x 
HA tag in the 
prodomain. Under 
control of an actin 
promotor 

(Shimmi, 
Umulis et al. 
2005) 

I 

HA-scwMFSI-FLAG 
modified from HA-
scwWT-FLAG. For 
details see I. 

I I 

HA-scwE1-FLAG 
modified from HA-
scwWT-FLAG. For 
details see I. 

I I 

scwWT-FLAG 

scw cDNA, contains a 
FLAG peptide in the 
ligand domain. Under 
control of an actin 
promotor. 

(Shimmi, 
Umulis et al. 
2005) 

II 

Figure 13. Crossing scheme for the rescue experiment of flies with scw mutant background. Two 
approaches were performed, either with one copy of the genomic transgene (A), or with 2 copies (B).The 
initial crosses are shown on top. The genetic outcome of the crosses is shown in the squares, including 
the ratio based on Mendelian inheritance. 
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scwN1Q-FLAG modified from scwWT-
FLAG. For details see II II II 

scwN2Q-FLAG modified from scwWT-
FLAG. For details see II II II 

scwN1_N2Q-FLAG modified from scwWT-
FLAG. For details see II II II 

g.scwWT-FLAG 

genomic scw rescue 
construct, pattB vector 
containing a 4.8 kb 
genomic scw fragment, 
including a FLAG-tag as 
in scwWT-FLAG 

II II 

g.scwN1Q-FLAG 
modified from 
g.scwWT(FLAG). For 
details: see II 

II II 

g.scwN2Q-FLAG 
modified from 
g.scwWT(FLAG). For 
details: see II 

II II 

g.scwN1_N2Q-FLAG 
modified from 
g.scwWT(FLAG). For 
details: see II 

II II 

UAS.scwWT-FLAG scw-FLAG cDNA under 
control of UAS II II 

UAS.scwN1Q-FLAG 
modified from 
UAS.scwWT. For details 
see II 

II II 

UAS.scwN2Q-FLAG 
modified from 
UAS.scwWT. For details 
see II 

II II 

UAS.scwN1_N2Q-
FLAG 

modified from 
UAS.scwWT. For details 
see II 

II II 

dppWT-HA 

dpp cDNA, contains 3x 
HA tag in the ligand 
domain. Under control 
of an actin promotor. 

(Shimmi, 
Umulis et al. 
2005) 

I, II 

UAS.dppWT-HA dpp-HA cDNA under 
control of UAS. 

(Shimmi, 
Umulis et al. 
2005) 

II 

UAS.scw-gbbWT-
FLAG 

chimeric construct 
consisting of scw 
prodomain and gbb 
ligand domain. Under 
control of UAS. For 
details see II. 

II II 

UAS.scw-gbb+Glc-

FLAG 

chimeric construct 
consisting of scw 
prodomain and gbb 
ligand domain. gbb 
contains an artificially 
introduced N-
glycosyation motif. 
Under control of UAS. 
For details see II. 

II II 
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4.2.2 Cell culture and production of recombinant proteins 
Drosophila Schneider 2 (S2) cells were used for producing recombinant proteins. 

The cells were maintained at room temperature. The medium consisted of Shields and 
Sang M3 Insect Medium (Sigma, S8398), supplemented with 0.5 g/L potassium 
bicarbonate (Sigma, P7682), Insect Medium Supplement (Sigma, I7267), 100 U/ml 
penicillin and 100 μg/ml streptomycin (Sigma, P4333), and 2% fetal calf serum 
(Gibco). Cell transfection was done with Fugene® HD transfection reagent (Promega, 
E2311). Cell culture-based experiments are described in the original publications I and 
II. 

 
4.2.3 Western blot analysis and cell-based BMP signaling assay 

For Western blot analysis, I used the LI-COR Odyssey® system. Antibodies are 
listed in Table 6 and Table 7. Further details about Western blot analyses can be found 
in the original publications I and II. To elucidate the signaling efficiency of different 
BMP co-factors, I incubated Drosophila S2 cells with purified BMP ligands and 
measured the pMad outcome in the cells by Western blot analysis. More detailed 
information can be found in the original publications I and II.  

 
4.2.4 Embryo collection 

For my studies, I used stage 5 - 6 embryos. Virgin females and male flies of the 
required genotype were crossed for 3 days, and then placed in a cage on apple juice 
plates with fresh yeast paste (Baker’s yeast and water). The flies were kept there for 
5-6 hours and then placed on a fresh apple juice plate for further embryo collections. 
The embryos were washed off the plate with a soft brush and TS buffer (0.4% NaCl 
(Sigma, S9625), 0.03% Triton® X-100 (Sigma, T8532)) and collected in a tube. The 
embryos were then dechorionated in 3% sodium hypochlorite (Sigma, 81696) for 3 
minutes. Afterwards, the embryos were washed with TS buffer and transferred to a 
tube with 1x PBS, 2x volume heptane (Sigma, 246654) and 1/10 volume 
formaldehyde (Sigma, F1635) for fixation for 18 minutes. During the fixation step, 
two layers form. The bottom layer contains both larvae and non-dechorionated 
embryos, and was discarded in these studies. Methanol (Sigma, 32213N) was added, 
and the embryo-containing tube was shaken vigorously for ~ 20 seconds. 
Devitellinized embryos fall to the bottom, intact embryos and membranes remain in 
the interphase. The top layer (containing heptane) and interphase (containing intact 
embryos) were removed and discarded. The dechorionated, devitellinized and fixed 
embryos were washed with methanol and stored in 99.5% ethanol until further use. 

 
4.2.5 RNA probe synthesis and in situ hybridization (ISH) 

ISH was performed in whole mount embryos to distinguish homozygous from 
heterozygous mutant embryos. Detailed information about the genetic background of 
the embryos can be found in the original publication II. Heterozygous mutant embryos 
expressed either wingless (wg)-lacZ or fushi tarazu (ftz)-lacZ. In addition, 
Df(2L)OD16 carries krüppel (Kr)-lacZ on the same chromosome. To confirm scw 
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homozygosity, I used Kr-lacZ as a positive marker, and wg-lacZ as well as ftz-lacZ as 
negative markers. To generate the lacZ probe, I used a pBluescript® KS(+) vector with 
an inserted lacZ transgene. The plasmid was linearized, and the T3 promoter was used 
to transcribe lacZ (T3 Polymerase, Roche, 11031163001). The probe was DIG-
labelled (DIG RNA Labeling mix, Roche, 11277073910) and stored in embryo 
hybridization buffer (see below). 

For the ISH, the embryos were post-fixed for 25 minutes in 3.7% formaldehyde in 
PBT (PBS, 0.1% Tween® 20 (Sigma, P9416)). After washing in PBT, the embryos 
were pre-hybridized in embryo hybridization solution (50% Formamide (Sigma, 
47671), 5x SSC (from a 20x stock solution: 3 M NaCl (Sigma S9625), 0.3 M 
Sodiumcitrate dehydrate (Sigma 71405)), 50 μg/ml heparin (Sigma H3393), 0.1% 
Tween®-20, 100 μg/ml salmon sperm DNA (Sigma, D7656)) for one hour at 55°C. 
Thereafter, the denatured and quenched lacZ probe was added to the embryos. 
Hybridization took place at 55°C for 20-24 hours, followed by numerous washing 
steps in embryo hybridization buffer. After the washing step was completed, the 
embryo hybridization buffer was replaced by PBT, and the embryos were incubated 
with anti-DIG antibody, conjugated with alkaline phospahatse (AP), (1:3000) for two 
hours at room temperature. The embryos were washed in PBT, and prepared for the 
alkaline phosphatase reaction. To this end, I rinsed the embryos in AP buffer (100 mM 
NaCl, 50 mM MgCl2, 100 mM Tris-HCl pH 9.5, 0.1% Tween®-20). To induce colour 
development, embryos were treated with substrates for AP, NBT (nitro blue 
tetrazolium) (Promega, S380C) and BCIP (5-bromo-4-chloro-3-indolyl-phosphate) 
(Promega, S381C). The colour development was monitored, and stopped by rinsing in 
PBS when the colour was sufficient for analysis.   
 

4.2.6  Immunohistochemistry in Drosophila embryo and wing imaginal disc 
Antibody staining of Drosophila embryos, pupal wings and wing imaginal discs is 

described in the original publication II. Antibodies are listed in Table 6 and Table 7. 
 

4.2.7  Determination of the stage of embryo development  
The onset of the cephalic furrow and the position of the pole cells were used to 

identify stage 5/6 embryos. The embryos were mounted dorsal side up, in order to 
image the pMad stripe.  
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4.2.8 List of antibodies 
The antibodies used for Western blot analysis, ISH, as well as tissue 

immunostaining are listed in Table 6 and Table 7. 
Table 6 List of primary antibodies 
Antigen Antibody Source Article 
hemagglutinin (HA) anti-HA 12CA5 

(mouse) 
Roche, 11583816001 I, II 

FLAG anti-FLAG® M2 
(mouse) 

Sigma, F1804 I, II 

Tubulin anti-alpha tubulin 
(mouse) 

Sigma, T6199 I, II 

Tubulin anti-alpha tubulin 
(rabbit) 

Sigma, T3526 II 

pMad (for Western 
blot analysis) 

Phospho-Smad1/5 
(rabbit) 

Peter ten Dijke I, II 

pMad (for tissue 
staining) 

Phospho-Smad1/5 
(Ser463/465) (rabbit) 

Cell Signaling 
Technology, 9516 II 

KDEL anti-KDEL (rat) abcam, ab50601 II 
Scribble anti-Scribble (rabbit) Chris Doe (Albertson, 

Chabu et al. 2004) 
II 

Digoxigenin anti-Digoxigenin, 
conjugated with 
alkaline phosphatase 
(AP) (sheep) 

Roche, 11093274910 II 

 

Table 7 List of secondary antibodies 
Antibody Source Article 
Alexa Fluor 568 goat anti-rabbit Thermo Fisher Scientific, 

A11011 
II 

Alexa Fluor 488 goat anti-rat Thermo Fisher Scientific, 
A11006 

II 

Alexa Fluor 647 goat anti-rabbit Thermo Fisher Scientific, 
A21244 

II 

Alexa Fluor 568 goat anti-mouse Thermo Fisher Scientific, 
A11004 

II 

anti-mouse IRDye 680LT LI-COR, 926-68020 I, II 
anti-rabbit IRDye 800CW LI-COR, 926-32211 I, II 

 
4.3 Image analysis 

For microscopy image analysis, I used ImageJ software (Schindelin, Arganda-
Carreras et al. 2012, Schneider, Rasband et al. 2012). The quantification of pMad 
levels in Drosophila embryos is described in detail in II. The co-localization study of 
Scw-FLAG and KDEL was carried out with Imaris software (Bitplane). To analyse 
and quantify Western blots I used Odyssey Infrared Imaging Software (LI-COR). 

. 
4.4 Phylogenetic analysis 

Sequence alignment of various BMP and GDF-type ligand domains in publication 
II was perfomed by using Clustal Omega (Goujon, McWilliam et al. 2010, Sievers, 
Wilm et al. 2011). The sequence alignment was analysed by using GeneDoc (Nicholas 
1997) and Mega6 (Tamura, Stecher et al. 2013). Based on the sequence alignment, I 
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generated a phylogenetic tree by using Mega6 software and the Maximum Likelihood 
method. 500 bootstrap replicates were performed. More details can be found in the 
original publication II. 

 
4.5 3D modelling (not published) 

To generate a 3D model of Dpp:Scw heterodimer, I used the coordinates of 
crystallized human BMP6 (hBMP6) (protein database # 2R52) as a reference. To align 
conserved sequence motifs, the Scw amino acid sequence was subjected to a PSI-
BLAST search to get a list of homologous BMPs from different species (Altschul, 
Madden et al. 1997). The obtained list of various BMP amino acid sequences, 
including Drosophila Scw, Dpp, and hBMP6, was aligned by the sequencing program 
Clustal Omega (Goujon, McWilliam et al. 2010, Sievers, Wilm et al. 2011). To 
superimpose the protein 3D structure of Dpp:Scw heterodimer and hBMP6 
homodimer, the aligned Scw, Dpp and hBMP6 sequences were loaded into the 
software Modeller 9.8 (Webb and Sali 2016). The 3D image was generated with 
Pymol (The PyMOL Molecular Graphics System, LLC). 

 
4.6 Statistical Data analysis 

Statistical analysis was carried out in Microsoft Excel or GraphPad Prism for 
Windows. More detailed information can be found in the original publication II. 

 



RESULTS AND DISCUSSION 

32 

5 RESULTS AND DISCUSSION 
 

5.1 Post-translational modifications affect BMP signaling outcome in cell 
culture (I, II) 

Proteins are not only a sequence of amino acids, but they also need to fold and be 
processed to become mature protein products. This is particularly the case for 
signaling molecules such as BMP-type ligands. In this study, I investigated the role of 
post-translational modifications of Scw ligand on BMP signaling outcome and 
Drosophila development. The focus was on proteolytic processing and N-
glycoysylation of the ligand. To ascertain whether or how post-translational 
modifications of Scw affect its signaling capacity, I performed a cell culture based 
signaling assay. 

5.1.1 Proteolytic processing (I) 
Like all TGF-β signaling molecules, Scw is produced as an inactive precursor pro-

protein and needs to be proteolytically cleaved to become a mature ligand (Herpin, 
Lelong et al. 2004, Fritsch, Sawala et al. 2012). Figure 14 illustrates schematically the 
Scw pro-protein, including its cleavage sites. Scw contains a further “shadow” 
cleavage site (not shown here) close to the main cleavage site. However, a previous 
publication indicates that the shadow cleavage site is only processed if the main site 
is processed first. The same study also proposed that cleavage of the Pro2 site is not 
essential for fly viability (Fritsch, Sawala et al. 2012). For this reason, these two 
cleavage sites were not further investigated in this study. 

 
To analyze whether Scw cleavage mutants are functional signaling molecules and 

capable of inducing Mad phosphorylation, I performed a cell-based signaling assay. 
Drosophila S2 cells were incubated with an equivalent amount of Dpp:Scw 
heterodimers, either with wild-type Scw or cleavage mutants ScwMFSI or ScwE1. The 
pMad signaling outcome in the cells was detected as a function of time. Cells 
incubated with Dpp:ScwWT rapidly reached peak level signal. After one hour, the 
maximum pMad level was reached. In contrast, Dpp:ScwE1 as well as Dpp:ScwMFSI 
showed less dynamic signaling. In both cases, the pMad level kept on rising after three 
hours of incubation. Furthermore, Dpp:ScwE1 turned out to be on average 20% less 
efficient than Dpp:ScwWT within the first hour of incubation. However, after 2 hours 
the pMad levels were nearly equal. On the other hand, S2 cells incubated with 

Figure 14. Schematic of Scw 
pro-protein cleavage mutants. The 
furin cleavage sites are indicated by 
black bars. The illustration shows 
the amino acid substitutions carried 
out in order to generate the cleavage 
mutant form of Scw. SP – signal
peptide. Modified from I. 
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Dpp:ScwMFSI showed clearly lower signaling (~20 - 40% compared to Dpp:ScwWT). 
Western blot analysis of the secreted cleavage mutant Scw showed that ScwMFSI is 
secreted as a larger fragment containing the ligand domain and part of the prodomain. 
Interestingly, mature ScwE1 ligand appeared to remain in a complex with its prodomain 
upon cleavage at the Main site (see (I)). 

These results show that Scw cleavage mutants are able to transduce BMP signal, 
even though both cleavage mutant forms stay in a complex with the prodomain. This 
indicates that the prodomain does at least not fully hinder the ligands in receptor 
binding. However, the signaling outcome is less dynamic than under wild type 
conditions. In in vivo experiments, neither scwMFSI nor scwE1 were able to rescue the 
scw mutant phenotype in the early embryo (I). One explanation here could be that the 
prodomains interfere with the ECM, and therefore impede ligand transport.  

5.1.2 N-glycosylation (II)  
In the course of protein maturation, BMP ligands are N-glycosylated. Sequence 

alignment of various BMP ligands revealed that there exists a highly conserved N-
glycosylation motif in the BMP ligand domain. In addition, Scw exhibits a unique N-
glycosylation motif in its ligand domain. 

 
Site-specific mutation of the N-glycosylation sites (see Figure 15) as well as 

enzymatic deglycosylation of wild-type Scw revealed that both N-glycosylation 
motifs carry carbohydrate moieties. To test the functionality of the Scw N-
glycosylation mutants, I performed a cell-based signaling assay as described in section 
4.2.3 and 5.1.1. Drosophila S2 cells were incubated with equivalent amounts of either 
Dpp:ScwWT, Dpp:ScwN1Q, Dpp:ScwN2Q, or Dpp:ScwN1_N2Q heterodimers. Lack of any 
N-glycosylation site led to a significantly lower pMad level. While loss of the 
conserved motif or of both motifs resulted in a highly significant reduction of signaling 
outcome (ScwN2Q: 20-30%; ScwN1_N2Q: less than 20% signaling outcome with 
respect to ScwWT), lack of the Scw-specific motif was less severe (80-90% with 
respect to ScwWT). 

Figure 15. Site-specific mutagenesis of the Scw N-glycosylation motifs. ScwWT reveals 2 N-
glysosylation motifs, of which one is highly conserved (blue bar), and the other one is Scw specific 
(green bar). The N-glycosylation sites were mutagenized by replacing Asparagine (N) by Glutamine 
(Q). ScwN1Q lacks the Scw-specific motif, ScwN2Q lacks the conserved motif, and ScwN1_N2Q lacks both 
N-glycosylation sites. The black asterisks indicate the mutated N-glycosylation sites. The black bars 
mark the position of the conserved cysteine residues in the ligand domain. Modified from II.   
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Taken together, accurate post-translational modifications such as proteolytic 
processing or N-glycosyolation of the BMP type ligand Scw are necessary for peak-
level signaling in Drosophila S2 cells. 

 
5.2 Heterodimer formation (I, II, unpublished) 

Neither the lack of N-glycosylation motifs in the Scw ligand domain nor impaired 
cleavage of the Scw pro-protein adversely affected the heterodimer formation of Scw 
and Dpp (see original publications I and II). To elucidate the position on the N-
glycosylation sites in Scw and Dpp, I generated a 3-dimensional model of a Dpp:Scw 
heterodimer. For this purpose, I used the coordinates of crystalized human BMP6 
homodimer (Protein Data Bank entry 2R52) and superimposed them with the Scw and 
Dpp amino acid sequence (Figure 16). Based on the 3D model, I assume that the Scw-
specific N-glycosylation motif is located more towards the dimer surface than at the 
interface. However, I cannot tell with absolute certainty how the carbohydrate 
moieties are located on the protein dimer, and how their gain or loss may affect the 
intra- and intermolecular structure of the protein. 

 
In fact, I observed that loss of the Scw specific N-glycosylation site increased the 

heterodimer formation in S2 cells. Previous studies revealed that N-glycans may 
influence the way ligands dimerize. For example, loss of a specific N-glycosylation 
motif in the Inhibin α subunit triggers homodimer formation (Antenos, Stemler et al. 
2007). A recent study proposed that Png1 N-glycanase activity on Dpp in the 
embryonic visceral mesoderm increases and/or stabilizes the formation of Dpp 
homodimers (Galeone, Han et al. 2017). How differential N-glycosylation of Scw 
affects heterodimer formation is not yet clear. One possibility would be that lack of 

Figure 16. 3D model of Dpp:Scw heterodimer. The 3D model was 
generated by superimposing amino acid sequences of Scw and Dpp 
with the coordinates of crystalized hBMP6 (PDB: 2R52). The 
heterodimer is formed by a disulfide bond. The position of the N-
glycosylation sites are highlighted by ball and sticks. Dpp (yellow) 
consists of one N-glycosylation motif, Scw (red) consists of 2. The 
Scw-specific N-glycosylation motif is highlighted by the dashed circle. 
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the Scw-specific N-glycosylation leads to changes in the intramolecular structure 
which favours heterodimer formation.  

Notably, preferential heterodimer formation was also observed between DppWT 
and Scw cleavage mutants (see publication I). Therefore, it is tempting to hypothesize 
that increased tendency of Scw mutants to form a heterodimer with Dpp might be a 
compensatory effect to counterbalance Scw mutations. In addition, it has been 
observed that scwE1 has a dominant negative effect in a genetically sensitized 
background. scwE1 dpp+/ scw+ dpphr4 (dpphr4 is a hypomorphic dpp allele) flies are not 
viable (I)(Raftery, Twombly et al. 1995). One explanation might be that ScwE1 ligands 
titrate out more Dpp, which leads to a lower amount of functional Dpp:Scw 
heterodimer. However, further studies need to be done to identify the driving forces 
behind the preferential heterodimer formation of Dpp with ScwN1Q and ScwN1_N2Q, as 
well as with Scw cleavage mutants. 

 
5.3 N-glycosylation motifs are needed for peak pMad level in the early embryo 

and affect fly viability (II) 
To elucidate whether the Scw N-glycosylation motifs play a role in vivo, I analysed 

the pMad signaling outcome in transgenic embryos with scw mutant background 
(Df(2L)OD16/scwS12), carrying either a wild type genomic scw or a genomic scw N-
glycosylation mutant rescue construct. The relative signaling outcome in stage 5/6 
blastoderm embryos is illustrated in Figure 17. The signaling outcome in wild type 
embryos was normalized to 100%. Embryos with scw mutant background did not 
show any pMad signal. The genomic scwWT (g.scwWT) transgene efficiently rescued 
the scw mutant background (~140%), which proves that the genomic scw rescue 
construct is functional. Also, g.scwN1Q lacking the scw-specific N-glycosylation motif 
efficiently restored the pMad signaling outcome. In contrast, embryos carrying 
g.scwN2Q (lacking the conserved N-glycosylation motif) or g.scwN1_N2Q exhibit a 
signaling outcome of less than 50% compared to wild type embryos. 

After investigating pMad signaling in transgenic flies carrying g.scw glycosylation 
mutant transgenes, I was also interested in whether the g.scw rescue constructs could 
restore the viability in the otherwise lethal scw null mutant background. Consistent 
with the pMad signaling outcome, fly viability was efficiently rescued by either one 
or two copies of g.scwWT. The flies carrying g.scwN1Q showed significantly reduced 
viability. In contrast, neither g.scwN2Q nor g.scwN1_N2Q could efficiently rescue the 
viability of scw mutant flies. 
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These data indicate that both N-glycosylation motifs are crucial for fly viability, 

albeit the N1Q mutation having a less severe effect than the N2Q mutation. 
Furthermore, fly development appears to tolerate variations in pMad signal intensity. 
Flies carrying g.scwWT show on average a 40% higher pMad level than wild type flies 
(Figure 17 B) and are fully viable. This is consistent with a previous study showing 
that embryonic amnioserosa formation can tolerate a twofold change in pMad level 
(Gavin-Smyth, Wang et al. 2013, Gavin-Smyth and Ferguson 2014). 

Taken together, the Scw specific N-glycosylation motif is crucial for BMP peak-
level signaling in the early embryo as well as in S2 cells. How the Scw-specific N-
glycosylation motif affects the pMad level is still elusive. One hypothesis is that the 
Scw-specific N-glycosylation motif confers higher receptor affinity onto ScwWT. As a 
consequence, the higher ligand-receptor affinity might feed into the positive feedback 
circuit needed for peak BMP signaling.  
 
5.4 N-glycosylation facilitates secretion (II) 

N-linked glycans are known to play an important role in protein folding and 
stability. Misfolded proteins lose their native function and may aggregate in the ER 
(Guerriero and Brodsky 2012, Breitling and Aebi 2013). To elucidate whether loss of 
one or both N-glycosylation motifs in the Scw ligand domain affects ligand secretion, 
I analysed the the subcellular localization of Scw in wing imaginal discs. Wing discs 
from wandering 3rd instar larvae expressing Scw-FLAG under control of apterous-
Gal4 (which is expressed in the dorsal half of the wing imaginal disc) were 
immunostained for KDEL, an ER marker. If Scw lacked both N-glycosylation motifs, 
it showed increased colocalization with the ER compared to ScwWT-FLAG. In 
contrast, lack of one N-glycosylation motif did not affect the subcellular localization 
of Scw. This result was consistent with the cell culture-based experiment conducted 

Figure 17. pMad signaling outcome in Drosophila blastoderm embryos. A. Illustration of how the 
signal intensity was detected. The absolute value was measured in gray values within a defined region 
of the SUM z-stack projections (yellow rectangle) by using ImageJ software. B. Comparison of the 
average relative pMad intensity in Drosophila blastoderm embryos of different genetic backgrounds. 
The pMad intensity of five embryos per genotype was averaged. Modified from II. Reprinted with the 
permission from Company of Biologists. 
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in Drosophila S2 cells. The relative amount of unsecreted ScwWT-FLAG did not show 
a significant difference compared to Scw devoid of either or both N-glycosylation 
motifs. This indicates that ScwWT and the Scw mutant isoforms are expressed 
equivalently. I detected significantly less Scw ligands in the supernatant of S2 cells 
expressing ScwN1_N2Q compared to ScwWT, ScwN1Q or ScwN2Q. This finding indicates 
that at least one N-glyosylation site must be present in order to maintain protein 
stability or secretion. The position of the N-glycosylation does not seem to play a role 
in this context. 

 
5.5 Scw and Gbb context specificity (II) 

Previous studies described that Scw can rescue the gbb mutant phenotype in the 
wing, whereas Gbb cannot replace Scw in the early embryo (Fritsch, Sawala et al. 
2012, Matsuda and Shimmi 2012). Furthermore, Scw is exclusively expressed during 
early embryogenesis, whereas Gbb acts at different stages and contexts during 
Drosophila development (see also chapter 2.5.2). Based on these facts, I asked 
whether the Scw-specific N-glycosylation motif plays a role in the context specificity 
of Scw. To address this question, I generated chimeric proteins consisting of the Scw 
prodomain and the Gbb ligand domain (Scw-GbbWT). Additionally, I inserted an 
artificial N-glycosylation motif in the Gbb ligand domain, at the corresponding 
position of the Scw-specific motif (Scw-Gbb+Glc). Cell culture experiments in S2 cells 
revealed that the chimeric proteins were expressed and secreted, and that the 
artificially introduced N-glycosylation motif carried a carbohydrate moiety. 
Furthermore, the chimeras formed a heterodimer with Dpp.  

Next, I tested the constructs in vivo. First, I overexpressed the chimeric constructs 
under control of bicoid-Gal4 (expressed in the anterior portion of the early embryo) 
in scw mutant Drosophila early embryos. While Scw and the ScwΔGlc isoforms 
restored pMad signal in the anterior part of the embryo, the Scw-Gbb chimeric proteins 
could not. This indicates that Gbb ligand intrinsically cannot function in the early 
embryo. 

In contrast, all the constructs worked at least partially in the wing. PCV formation 
in adult wings can be used as a readout for BMP signaling during pupal PCV 
development. Therefore, I overexpressed the scw and gbb-scw transgenes with dppshv-
Gal4 and quantified their ability to restore the PCV formation in PCV-less gbb mutant 
background. Interestingly, N-glycosylation of the ligands appears to hinder PCV 
formation. The fewer N-glycosylation motifs the ligands carried, the more efficiently 
they restored the PCV. PCV formation was restored to 100% in flies expressing 
shv>scwN1_N2Q. Least efficient in restoring the PCV were scwWT, scwN2Q and scw-
gbb+Glc (60%, 64% and 28%, respectively). 

One hypothesis for why N-glycosylation of Scw is beneficial for BMP signaling 
in the early embryo, but not in the wing, is the absence of the HSPG Dally in the early 
embryo. As discussed in chapter 2.3.2, Dally acts in various developmental contexts 
to regulate BMP signaling. Strinkingly, HSPGs are absent within the first three hours 
of embryogenesis, which is the exclusive time of Scw action (Arora, Levine et al. 
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1994, Bornemann, Park et al. 2008). This observation suggests that HSPG and Scw 
could be mutually exclusive. In fact, injection experiments in the early embryo have 
shown that heparin specifically compromises BMP signaling. It was assumed that 
HSPGs could hinder the BMP-Sog-Tsg shuttling complex and therefore negatively 
affect the rapid signaling outcome in the early embryo (Bornemann, Park et al. 2008).  
Therefore, the proposed model would be that N-glycosylation of Scw increases its 
signaling capacity, but is disadvantegous in tissues containing HSPGs. Whether the 
N-glycans indeed hinder Scw movement by interacting with HSPG needs to be 
elucidated. In the wing, lack of N-glycosylation turns out to be an advantage for PCV 
formation. Again, it is possible that lack of carbohydrate moieties facilitates 
movement through the tissue, or the HSPGs stabilize the non-glycosylated ligands 
rather than the glycosylated ones. How N-glycosylations affect the signaling 
efficiency of Gbb and Scw in the wing and embryo needs to be further elucidated. 
 
5.6 Evolutionary aspects (II) 

Scw and Gbb are paralogs. Phylogenetic analysis reveals that scw arose from gene 
duplication of gbb in the lineage leading to higher Dipterans. After gene duplication, 
scw diverged rapidly and underwent subfunctionalization. While Scw is exclusively 
expressed during embryogenesis, Gbb acts at various developmental stages and in 
various contexts (Van der Zee, da Fonseca et al. 2008). This and other studies showed 
that Scw and Gbb still have high functional homology, since Scw can replace Gbb 
during pupal wing formation (Fritsch, Lanfear et al. 2010, Matsuda and Shimmi 2012). 
On the other hand, Gbb cannot replace Scw in the early embryo. One mechanism that 
might have contributed to the adaption of Scw to early embryogenesis is differential 
proteolytic processing of the prodomain (Fritsch, Sawala et al. 2012)(I). Another post-

Figure 18. Schematic of phylogenetic 
analysis of various BMP and GDF-type ligand 
domains of various species. Blue line: ligands 
carry conserved N-glycosylation motif, green: 
ligands carry Scw-specific N-glycosylation motif, 
black line: ligands carry neither of the two N-
glycosylation motifs. The blue circle marks the 
gain of the conserved N-glycosylation site, the 
green circle indicates gain of the Scw-specific N-
glycosylation motif. The black asterisk indicates 
loss of the conserved N-glycosylation motif (II). 
(Tauscher, Gui et al. 2016). Reprinted with the 
permission from Company of Biologists. 
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translational modification that may contribute to differences in Gbb and Scw function 
is differential N-glycosylation. As discussed above, BMP-type ligands carry a highly 
conserved N-glycosylation motif in their ligand domain. Scw acquired an additional, 
Scw-specific N-glycosylation motif. Phylogenetic analysis among BMP and GDF-
type ligands of various species suggest that the conserved N-glycosylation motif was 
already present before GDF1/3, BMP5-8, BMP2/4 and BMP9/10 and GDF5/6/7 
diverged, and was then lost by some branches (such as BMP9/10, GDF5/6/7 and 
GDF1). Scw gained the Scw-specific N-glycosylation motif after divergence from 
Gbb (Figure 18). 

Interestingly, various studies suggested that Scw specifically signals through Sax, 
whereas Gbb can signal through Sax and Tkv (Neul and Ferguson 1998, Nguyen, Park 
et al. 1998, Ray and Wharton 2001, Bangi and Wharton 2006). This lead to the 
assumption that Scw has evolved a specificity for the type I receptor Sax (Fritsch, 
Lanfear et al. 2010).  

Taken together, while Gbb needs to meet the requirements of various contexts, 
Scw was “allowed” to acquire specialized functions in Drosophila embryogenesis. 
Therefore, Scw evolved more rapidly and adapted to an embryonic milieu. Gbb, in 
contrast, might be subject to stronger evolutionary constraints, since it needs to 
function in different contexts. This might also explain why the ligand maintains the 
conserved N-glycosylation motif, even though it might be less advantegous during 
PCV formation. However, it might be essential in other developmental contexts. 
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6 CONCLUSIONS 
 
All animals undergo numerous developmental processes. Molecules defining the 

developmental outcome are highly conserved among species and repeatedly used 
during animal development. Therefore, the transcriptional regulation of these 
signaling molecules was considered a major influence on differential signaling 
outcome, context specificity and also evolutionary changes. However, as discussed 
and shown in this study, differential post-translational modifications of conserved 
molecules can affect their signaling capacity and tissue-specificity as well. Therefore, 
post-translational modifications seem to be flexible modules that allow conserved 
ligands to adapt to different developmental circumstances. 

I would also like to highlight a more applied aspect of this study. BMPs are used 
in clinical applications, such as oral surgeries, to induce bone formation. While the 
purification of BMPs from demineralised bones is extremely elaborate, the 
osteoinductive properties of recombinant BMPs is rather low. Therefore, 
understanding how post-translational modifications of BMP ligands affect BMP 
signaling may improve the chances to develop more signaling-efficient BMPs for 
tissue engineering and clinical applications. 
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