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Summary

1. Zusammenfassung
Im Menschen hängen genetisch diverse Formen von Muskeldystrophie (MD) mit einer
Schädigung des Dystrophin-Glykoprotein Komplexes (DGC) zusammen. Der DGC besteht aus
Dystrophin, Dystroglykanen, Sarkoglykanen, Sarkospan, Syntrophinen und Dystrobrevin. Die
Charakterisierung des Drosophila melanogaster DGC zeigt, dass die Fliege alle wesentlichen
Bestandteile des DGC aufweist, jedoch in wesentlich geringerer Komplexität. Mutationen in den
Dystrophin (Dys), Dystroglykan (Dg) und Sarkoglykan Genen der Fliege verursachen Symptome
ähnlich denen beim Menschen: verminderte Mobilität, verkürzte Lebenserwartung sowie
altersabhängige Muskeldegeneration. Des Weiteren beeinflussen Mutationen in Dys und Dg die
Freisetzung von Neurotransmittern in der neuromuskulären Endplatte und rufen axonale
Migrationsdefekte hervor. Weiterhin sind Dys und Dg wichtig bei der Festlegung der Zellpolarität
in Keimbahn- und Follikelzellen. Da eine Störung der Interaktion zwischen Bestandteilen des DGC
im Menschen Muskeldystrophie hervorruft, haben wir uns entschieden die Wechselwirkung
zwischen den beiden DGC Hauptkomponenten, DYS und DG, genauer zu untersuchen. Der CTerminus von DG enthält einige Bindungsstellen für SH3-, SH2- und WW-Domänen. Es wurde
gezeigt, dass das C-terminale PPxY-Motiv in DG die WW-Domäne von DYS binden kann. Unsere
in vitro Studien zeigen, dass beide PPxY-Motive in Drosophila DG, WWbsI und WWbsII, an die
WW-Domäne in DYS binden können und dass eine Phosophorylierung des Tyrosins in jedem der
PPxY-Motive zur Aufhebung der DG-DYS Bindung führt. Dies deutet auf einen möglichen
Regulationsmechanismus hin. Außerdem haben wir gezeigt, dass beide WW-Bindungsstellen
erforderlich sind um die DG Funktion bei der Festlegung der Polarität der Eizelle aufrecht zu
erhalten. Der Vergleich der Sequenzen von WW-Bindungsstellen in 12 Drosophila Spezies und
dem Menschen zeigt außerdem, dass diese Stellen hochgradig konserviert sind. Daher schlagen wir
vor, dass das Vorhandensein von zwei WW-Bindungsstellen in DG die essentielle Bindung
zwischen DG und DYS sicherstellt und eventuell eine weitere Regulationsebene für die
Zytoskelettumlagerungen darstellen könnte, an denen der DGC beteiligt ist. Um neue Komponenten
zu finden, die mit dem DGC interagieren oder seine Funktion regulieren, haben wir ein Drosophila
Modell für MD benutzt und genetische „Screens“ durchgeführt bei denen wir dominante
Modulatoren von Dg und Dys Mutationsphänotypen identifiziert haben. Im groß angelegten
„Primär-Screen“ haben wir nach Modifikationen von einfach zu bewertenden Phänotypen gesucht,
wie zum Beispiel der Veränderung der posterioren Flügel-Querader. Mit dieser Vorhergehensweise
haben wir Modulatoren gefunden, die zu unterschiedlichen funktionellen Gruppen gehören: Gene
die Funktionen im Muskelgewebe, bei neuronaler/zellulärer Migration oder als Motorproteine
besitzen, sowie Komponenten des Zytoskeletts und Mitglieder der TGF-β-, EGFR- und NotchSignalwege. Um die Mechanismen der Muskeldegeneration aufzuklären die durch eine verminderte
Dys und Dg Funktion verursacht werden, wurde ein „Sekundär-Screen“ in Muskelgewebe
durchgeführt. Dabei wurden Modulatoren identifiziert, die den Phänotyp der Muskeldegeneration
jeweils unterdrückten oder verstärkten. Weiterführende Untersuchungen der identifizierten
Komponenten zeigten, dass diese entweder im Muskel- oder Nervengewebe benötigt werden, wo
5
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dann spezifische Interaktionen mit Bestandteilen des DGC auftreten können. Diese neuen
Komponenten, die zu DGC abhängiger Muskelerhaltung beitragen, werden gegenwärtig analysiert.
1.

Summary

In humans genetically diverse forms of muscular dystrophy (MD) are associated with a
disrupted Dystrophin-Glycoprotein Complex (DGC). The DGC consists of dystrophin,
dystroglycans, sarcoglycans, sarcospan, syntrophins and dystrobrevin. Characterization of the
Drosophila melanogaster DGC shows that the fly retains all essential components of DGC, but with
substantially less diversity. Similarly to humans, mutations in the fly Dystrophin (Dys),
Dystroglycan (Dg) and Sarcoglycan genes cause reduced mobility, shortened lifespan and agedependent muscle degeneration. In addition, mutations in Dys and Dg affect neurotransmitter
release in the neuromuscular junctions and cause the axon migration defects. Furthermore, Dys and
Dg are important for the establishment of cell polarity. Since disruption of the connection between
the components of DGC causes muscular dystrophy in humans, I decided to study the interaction
between two major components of the DGC, Dys and Dg, in more detail. The C-terminal end of Dg
contains a number of putative SH3, SH2 and WW domain binding sites. The most C-terminal PPxY
motif has been established as a binding site for Dys WW-domain. Now my in vitro studies indicate
that both Drosophila Dg PPxY motifs, WWbsI and WWbsII can bind to the WW domain of Dys
and phosphorylation of the tyrosine of each PPxY motif abolishes Dg-Dys binding, suggesting a
possible regulatory mechanism. Moreover, I have shown that both WW binding sites are required
for maintaining the Dg function in vivo for the establishment of oocyte polarity. Additionally, the
sequence comparison of WW binding sites in 12 species of Drosophila, as well as in humans, reveal
a high level of conservation at these sites. Therefore, it has been proposed that the presence of the
two WW binding sites in Dg secures the essential interaction between Dg and Dys and might
further provide additional regulation of the cytoskeletal rearrangements involving DGC. To reveal
new components that interact with DGC or regulate its function I used a Drosophila model for MD
and performed genetic screens to identify dominant modifiers of Dg and Dys related mutant
phenotypes. In the primary large scale screen I have looked for modifications of easily score-able
phenotype such as alterations in the posterior crossvein. Using this screening strategy I have found
modifiers that belong to different functional groups: genes involved in the muscle function,
neuronal/cell migration and motor function factors as well as cytoskeletal components and members
of the TGF-beta, EGFR and Notch signaling pathways. In order to shed light on the mechanisms of
muscle degeneration caused by Dys and Dg down-regulation the secondary screen in muscle tissue
was performed. As a result, the modifiers that suppressed/enhanced muscle degeneration phenotype
were identified. Further studies of identified components showed their requirement in either muscle
or nervous tissue, where specific interaction with the DGC components may occur. The novel
components that contribute to DGC-dependent muscle maintenance are being analyzed.
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2. Introduction
2.1. Muscular dystrophies involving the Dystrophin-Glycoprotein Complex
Muscular dystrophy is a general term that describes a group of inherited and gradually
progressing myogenic disorders. Genetically, the pattern of inheritance can be X-linked recessive as
in Duchenne or Becker muscular dystrophies (DMD/BMD), autosomal dominant as in limb-girdle
muscular dystrophy type 1 (LGMD type 1), or autosomal recessive as in limb-girdle muscular
dystrophy type 2 (LGMD type 2) (Campbell, 1995; Groh et al., 2009; Moore et al., 2008; Straub
and Campbell, 1997). DMD is a severe progressive muscle-wasting disease affecting approximately
1 out of 3500 males (Blake et al., 2002). Patients with DMD have a childhood onset phenotype and
die before their early twenties as a result of either respiratory or cardiac failure, whereas patients
with BMD have moderate weakness in adulthood and may have normal lifespan (Campbell, 1995;
Wagner et al., 2007). The limb-girdle muscular dystrophies initially involve the shoulder and pelvic
girdle muscles. Moreover, muscular dystrophies may or may not be associated with cardiomyopathy
(Bushby, 1999). One of the most important advances in understanding the molecular genetics of
neuromuscular diseases has been the cloning of the gene encoding dystrophin, the protein absent in
muscle of DMD patients (reviewed in (Davies et al., 1983)). In the last few years the role of the
dystrophin in skeletal muscle has been studied, and several dystrophin-associated proteins have
been identified, which are the members of Dystrophin-Glycoprotein Complex (DGC). The DGC is
a large complex of membrane-associated proteins that is critical for integrity of skeletal muscle
fibers. This complex consists of dystrophin, the dystroglycans (α and β), the sarcoglycans (α, β, γ
and δ), sarcospan, the syntrophins (α1, β1, β2, γ1- and γ2) and α-dystrobrevin (Figure 1, (Durbeej
and Campbell, 2002)). Components of the DGC are now being characterized and evidence is
beginning to indicate that proteins of this complex could be responsible for other forms of muscular
dystrophy (Figure 1). Members of the dystrophin protein family perform a critical but incompletely
characterized role in the maintenance of membrane-associated complexes at points of intercellular
contact in many vertebrate cell types. Dystrophin is a large (427 kDa) protein, which is highly
conserved in vertebrates. Its largest isoform comprises an N-terminal domain, which binds to Factin, 24 spectrin-like repeats and a characteristic C-terminal set of domains. Dystrophin is
functionally similar to cytolinkers, as it links the multiple components of the cellular cytoskeleton
to the transmembrane dystroglycan complex. The direct link between dystrophin and microtubules
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(MTs) was reported recently (Prins et al., 2009). A number of dystrophin-related vertebrate
proteins, whose function is even less clear, have been described (reviewed in (Ilsley et al., 2002)).

Figure 1. Structure of Dystrophin-Glycoprotein Complex. Arrows indicate disorders
caused by the disruption in corresponding component.
Utrophin is very similar in overall structure to dystrophin itself, and its disruption in mice causes
subtle abnormalities of the neuromuscular junction. Dystrophin-related protein 2 (DRP 2) resembles
certain small (approximately 110 kDa) isoforms of dystrophin and utrophin in that it comprises the
last two spectrin-like repeats and the C-terminal region. Dystrophin, utrophin and DRP 2 are
expressed in distinct, but partially overlapping regions of the vertebrate body. A number of motifs
are recognizable in the C-terminal region of this family of proteins. The WW domain has been
implicated in mediating the interaction between dystrophin and the transmembrane protein βdystroglycan. Motifs in the remaining C-terminal sequences comprise of two EF hands, a ZZ
domain with the ability to bind Zn2+, and two leucine heptads, which form a region involved in
binding members of the syntrophin family of PDZ-domain containing proteins, which in turn bind
to neuronal nitric oxide synthase (reviewed in (Ilsley et al., 2002)).
Another major component of the DGC is dystroglycan. Interestingly, the expression of
dystroglycan is ubiquitous and not simply restricted to muscle cells. Besides muscle, dystroglycan
is expressed at high levels in both, developing and adult tissues. Typically dystroglycan is present in
the cell types that adjoin basal membranes such as epithelial and neural tissues (Durbeej and
8
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Campbell, 2002). Dystroglycan provides a continuous link between laminin-2 in the extracellular
matrix and dystrophin that is attached to the intracellular cytoskeleton. Dystroglycan is synthesized
as a precursor protein and later it is proteolytically cleaved into two interacting subunits, α- and βdystroglycan. α-dystroglycan is a heavily glycosylated membrane protein that interacts directly with
laminin-2; in contrast, β-dystroglycan is an integral membrane glycoprotein that can bind both
dystrophin and utrophin. The dystrophin-anchoring site on β-dystroglycan is localized to the
extreme C-terminus at amino acids 880-895 (Huang et al., 2000). The knock-down of dystroglycan
in mouse embryos leads to early embryonic lethality prior to gastrulation, long before any muscle
has formed (reviewed in (Durbeej and Campbell, 2002)). Therefore it is not possible to analyze the
consequences of dystroglycan deficiency in muscle. To overcome this Carbonetto and co-workers
generated chimeric mice, lacking dystroglycan in skeletal muscles (Cote et al., 1999). Interestingly,
these mice develop progressive muscle pathology and have disrupted neuromuscular junctions.
Thus, dystroglycan is necessary for myofiber stability and differentiation.
Recently a group of human muscular dystrophies have been demonstrated to have defective
dystroglycan glycosylation and are hence termed dystroglycanopathies.

Thus far, six

dystroglycanopathy genes have been identified: POMT1, POMT2, POMGnT1, fukutin, FKRP and
LARGE. Although a paralogue of LARGE, (LARGE2) has been identified and is likely to be
involved in dystroglycan glycosylation, no mutations have yet been identified in this gene
(Muntoni, 2004). The dystroglycanopathies can be divided into several clinical disorders that range
in severity from Walker-Warburg syndrome (WWS), a severe form of congenital muscular
dystrophy (CMD), which is also associated with ocular abnormalities and CNS defects, to forms of
LGMD that have an onset later in life and have no CNS involvement. Muscle-eye-brain disease
(MEB) is a type of CMD associated with loss-of-function mutations in the gene encoding a
glycosyltransferase, POMGnT1 and resulting in eye defects, epilepsy and lissencephaly (smooth
brain appearance as a result of abnormal neuronal migration) (reviewed in (Moore et al., 2008)).
The mechanistic bases for these disorders are yet to be determined.
The sarcoglycan complex is a group of single-pass transmembrane proteins (α-, β-, γ- and δsarcoglycans) that are tightly associated with the sarcospan to form the subcomplex within the DGC
(Crosbie et al., 1999). Although the exact function of the sarcoglycan-sarcospan complex is not
known, it is well established that mutations in any of α-, β-, γ- and δ-sarcoglycan genes result in the
distinct forms of muscular dystrophy now collectively called sarcoglycanopaties (LGMD2C-F)
(Groh et al., 2009). The sarcoglycans are primary expressed in muscles and correct expression of
sarcoglycans in skeletal muscle is a necessity for their normal function. Furthermore, the proper
9
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expression of sarcoglycans in smooth muscles is important for normal skeletal and cardiac muscle
function (Straub et al., 1999).
2.2. The role of DGC in the signal transduction
Muscle contraction results in changing of cell shape and its shortening. Throughout this
process, the contractile machinery inside the myofibers must remain intimately connected with the
membrane and extracellular matrix. Without this association, movement will be improperly
transmitted and myocytes would cause damage to their membranes. The Dystrophin-Glycoprotein
Complex provides a strong mechanical link from the intracellular cytoskeleton to the extracellular
matrix. Dystroglycan is an important cell adhesion receptor linking the actin cytoskeleton via
dystrophin to laminin in the extracellular matrix. Nowadays the notion of dystroglycan as a simple
laminin-binding receptor is increasingly being challenged. New roles and new binding partners are
continually emerging. Recent structural advances have provided exciting new insights into the
precise molecular interactions between Dystroglycan and other key components of the DGC
(reviewed in (Winder, 2001)). The latest studies on C2C12 muscle cell culture showed nuclear and
nuclear envelope localization of dystrophin and dystrophin-associated proteins (dystroglycan, the
sarcoglycans, syntrophins and dystrobrevin) suggesting their new role in the nuclear envelope
associated function, such as nuclear structure integrity and underplaying of regulatory nuclear
processes (Gonzalez-Ramirez et al., 2008). Coupled with increasing understanding of DGC function
at the molecular level, we are finally beginning to probe the complexities of the complex, not only
in disease, but in development, adhesion and signaling. Evidence for a signaling function of the
DGC has emerged from the identification of neuronal nitric oxide synthase (nNOS), associated with
the DGC via dystrobrevin and loss of nNOS from the sarcolemma in DMD (reviewed in (Bredt,
1999)). The association of the DGC of skeletal muscle and brain with voltage-gated Na+ channels
and acethylcholine receptors at the NMJ is indirectly mediated by dystroglycan (reviewed in
(Winder, 2001)). Dystroglycan interacts with the cysteine-rich domain of dystrophin through the
carboxyl-terminus, where it contains a number of putative binding motifs: two WW binding sites,
two SH3 (Src homology 3) binding sites and three SH2 (Src homology 2) binding sites. In vitro
studies have suggested that the interaction between two major components of the DGC,
Dystroglycan and Dystrophin, is mediated by the most C-terminal WW domain binding motif,
PPxY, on Dystroglycan and Dystrophin WW and EF-hand domains (Blake et al., 2002; Huang et
al., 2000; Ilsley et al., 2001; Jung et al., 1995; Rentschler et al., 1999). However, the role of second
WW binding site on the C-terminus of Dystroglycan has never been addressed. In vitro experiments
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have also shown that when the tyrosine of the PPxY motif is phosphorylated, the binding between
Dg and Dys is abolished (Ilsley et al., 2001; Sotgia et al., 2001). This suggests a potential
mechanism to regulate the Dg and Dys interaction in a tyrosine phosphorylation-dependent manner.
In the search for a potential regulator, recent studies have revealed several proteins that interact with
Dystroglycan. Both the Grb2 (growth factor receptor-bound protein 2) adaptor protein, as well as
MEK1, and ERK of the Ras-Raf mitogen-activated protein kinase (MAPK) cascade have been
shown to interact, in vitro and in vivo, with the C-terminus of Dg (Spence et al., 2004; Yang et al.,
1995) However, Dystroglycan appears to be only an anchor for MEK1 and ERK rather than a
substrate (Spence et al., 2004), and Dg might not have a direct involvement in this signaling
pathway. Independently, recent work has revealed that laminin and Dystroglycan-dependent
phosphorylation of Syntrophin affects the Grb2-SOS1-Rac1-PAK1-c-Jun N-terminal kinase (JNK)
pathway and ultimately results in the phosphorylation of c-Jun on Ser-65 (Zhou et al., 2007).
Moreover, the latest studies demonstrate the existence of a specific link between the laminin-DGCGβγ-PI3K-Akt signaling in skeletal muscle (Xiong et al., 2009). Gβγ binding activates PI3K/Akt
signaling in laminin-dependent manner, and phosphorylation of Akt and GSK results from
activation of PI3K. This laminin-DGC-Gβγ-PI3K-Akt signaling is likely to be important on the
pathogenesis of muscular dystrophies (Xiong et al., 2009). Thus, although studies suggest a clear
role for Dg in signaling, the regulation of Dg by signaling and the specific regions of the Dg Cterminus involved in this process are unknown. An understanding of the relevant signal transduction
and interactions between these pathways in the skeletal muscle cell will facilitate efforts to elucidate
the pathogenesis of muscular dystrophies.

2.3. The Drosophila model for DGC-dependent muscular dystrophy
A number of animal models have been established for Duchenne muscular dystrophy, but
severe muscular dystrophy in the absence of dystrophin alone has only been observed in dogs
(reviewed in (Collins and Morgan, 2003)). Mice and C.elegans exhibit muscle degeneration in the
absence of dystrophin when also lacking myoD (Gieseler et al., 2000; Megeney et al., 1996), a gene
required for muscle regeneration. The differences in severity of muscle degeneration in the diverse
animal models can most likely be explained by the different strategies organisms have adopted to
regenerate muscle after damage. In addition, the mdx mouse is a very poor model of the DMD
phenotype. It is well recognized that the mdx mouse does not model the progressive and severe
weakness, joint contractures, respiratory failure, and cardiomyopathy that are hallmarks of the
11
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human disease (reviewed in (Wagner et al., 2007)). All above facts make it difficult to study the
mechanisms of MD utilizing such models, hence development of a new remarkably good model for
genetic manipulations remains an open task. Fly models have been generated for a wide spectrum of
human diseases such as developmental disorders, neurological disorders, cancer, metabolic
disorders and cardiovascular disease (Bier, 2005; Bier and Bodmer, 2004; Bonini and Fortini,
2003). It is known that the fruit fly has a lot of advantages as a model organism for human diseases:
a large number of developmental processes is conserved between flies and vertebrates and 197 out
of 287 known human disease genes have Drosophila homologues. In addition, the fly has a short
lifespan, a lot of progeny and available tools for genetic studies. One of the biggest advantages of
Drosophila as a model system is a capability to perform the genetic screens to identify new genes
involved in the biological processes (reviewed in (St Johnston, 2002)). Seventeen known human
components (three dystrophin-related proteins, two dystrobrevins, five sarcoglycans, five
syntrophins, one dystroglycan and one sarcospan) appear to be reduced to eight in Drosophila (one
dystrophin, one dystrobrevin, three sarcoglycans, two syntrophins and one dystroglycan) (Greener
and Roberts, 2000). The simplicity of this system recommends it as a model for its human
counterpart. The DLP (Dys) gene, the Drosophila melanogaster homologue of the vertebrate
dystrophin and utrophin genes, encodes three full-length gene products, DLP 1, 2 and 3 and
truncated proteins Dp186, Dp205 and Dp117. Drosophila DLP gene is as complex as the
mammalian dystrophin gene. The structure of this large gene encoding several full-length products
and several truncated products has been conserved for at least 600 million years, indicating that
both types of products have important function (Neuman et al., 2005). All Drosophila dystrophin
isoforms bear the conserved dystrophin carboxy-terminal region, but, as in mammals, each has a
distinct amino-terminal domain. Furthermore, the Drosophila dystroglycan protein contains all the
hallmarks of vertebrate Dg: a mucin-like domain, a transmembrane domain, and a C-terminal
region with WW-, SH2- and SH3-binding domains. The last 12 amino acids of the C-terminus
include the WW-domain binding motif (PPxY), which is the dystrophin binding site. Vertebrate Dg
contains the second PPxY motif in its cytoplasmic domain, which is also conserved in Drosophila
(Deng et al., 2003). Within the DGC, the sarcoglycan component is composed of a series of single
pass transmembtrane proteins. In the Drosophila genome there are only three sarcoglycan subunits:
a subunit related to α-sarcoglycan, a β-sarcoglycan-like subunit and one single subunit that is
equally related to γ-, δ- and ζ-sarcoglycans, which in Drosophila is called δ-sarcoglycan (Allikian et
al., 2007).
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Characterization of the fly DGC shows that flies possess essentially the same components as
vertebrates. Furthermore, regions and domains known to mediate interactions between members of
the complex are highly conserved between human and fly, suggesting that the overall structure of
the complex is identical (Neuman et al., 2005). Recent studies showed that the human dystrophin
protein can bind Drosophila dystroglycan and vice versa, suggesting that dystrophin-dystroglycan
interaction is evolutionary conserved from human to fly and that the insights from D.melanogaster
should be transferable to humans (Shcherbata et al., 2007). The fruit fly (and presumably most
metazoans) has a potential to form a complex almost identical to the well-characterized human
skeletal muscle DGC and the reduced heterogeneity of the DGC components in this experimentally
amenable organism makes it an ideal model for resolving the fundamental ancestral role of the
DGC as well as for studying mechanisms of muscular dystrophy. Recently, the Drosophila
melanogaster models for muscular dystrophies caused by dystrophin, dystroglycan and sarcoglycan
deficiency were established and phenotypes similar to human neuromuscular diseases were
described in the fruit fly (Allikian et al., 2007; Shcherbata et al., 2007). It has been shown that
mutations in Drosophila Dystrophin (Dys), Dystroglycan (Dg), as well as in Sarcoglycans (Sgc)
reduce fly lifespan and mobility. The detailed analysis of indirect flight muscle (IFM) structure
showed that the reason of climbing defects is age-dependent muscle degeneration (Allikian et al.,
2007; Shcherbata et al., 2007). Unlike mammalian muscles, where degeneration is coupled with
ongoing regeneration, no evidence for regeneration was seen in Drosophila Sgc mutants (Allikian et
al., 2007). Moreover, the transgenic RNA interference was used to examine the role of the different
Drosophila Dystrophin isoforms in muscle and it was found that the Dp117 isoform is expressed in
muscle and, in addition to DLP2, plays role in stabilizing the muscle structure. Reduction of Dp117
expression levels results in muscle degeneration and lethality (van der Plas et al., 2007).
Most members of the vertebrate DGC are concentrated at the neuromuscular junction (NMJ),
where their deficiency is often associated with NMJ structural defects. Hence, synaptic dysfunction
may also intervene in the pathology of dystrophic muscles. Recently, the synaptic role of
Drosophila DGC components were dissected. It has been shown that Dys and Dg are expressed in
the postsynapse and reduction of Dys and Dg level in the postsynaptic muscle cell affects
neurotransmitter release from the presynaptic apparatus (Bogdanik et al., 2008; van der Plas et al.,
2006). A similar function in the NMJ was indicated for the Drosophila dPOMT1 mutants found in a
screen for synaptic mutations (Wairkar et al., 2008). In humans, Protein-O-mannosyl transferase 1
(POMT1) is the first enzyme required for the glycosylation of Dystroglycan, and mutations in the
POMT1 gene can lead to both Walker-Warburg syndrome and limb girdle muscular dystrophy type
13
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2K, which are associated with severe mental retardation and major structural abnormalities in the
brain. Similarly to Dystroglycan mutations, defects in the Drosophila dPOMT1 cause a decrease in
the efficacy of synaptic transmission and changes in the subunit composition of the postsynaptic
glutamate receptors at the neuromuscular junction (Wairkar et al., 2008). These results bring up the
possibility that muscular dystrophies in humans might also, at least partially, be attributed to the
altered kinetics of acetylcholine transmission through the neuromuscular junction. Furthermore,
Dys and Dg in Drosophila are required for proper photoreceptor axon migration. The axonal
projection of R-type sensory neurons to the brain optic lobes in Drosophila larvae are disrupted due
to the lack of Dys and Dg; most of the axons migrate to the correct terminal zone in lamina, but
form abnormal patches at the lamina plexus. Additionally, it has been shown that Dys and Dg are
required both in neuron and glial cells for proper axonal growth and targeting (Shcherbata et al.,
2007).
Correspondingly to humans, Drosophila Dystrophin plays an important role in maintaining
heart morphology and function, which has been shown using the fly heart as an in vivo assay
system. Both the long DLPs and the short Dp117 Dystrophin isoforms are expressed in the adult
Drosophila heart. The Dys mutant, haploinsufficiency or knockdown flies, develops age-dependent
cardiac abnormalities, reminiscent of mdx mice. The Dys mutant flies have dilated and abnormally
performing hearts consistent with the mammalian phenotype of dilated cardiomyopathy (TaghliLamallem et al., 2008). Analogously reduced heart tube function was observed in the Drosophila
Sarcoglycan mutants (Allikian et al., 2007).
In addition, both Dystrophin and Dystroglycan are required for cellular polarity in Drosophila.
A gain-of-function screen for mutants defective in polarity in Drosophila oogenesis resulted in
finding fly homologues of the DGC components: Drosophila Dystroglycan and Laminin A (Deng
and Ruohola-Baker, 2000; Deng et al., 2003). Reduction of the Dys and Dg function in the germline
resulted in mislocalization of the oocyte polarity marker Orb (Deng et al., 2003; Shcherbata et al.,
2007). Loss of Dystroglycan function in follicle and discs epithelia results in expansion of the apical
marker to the basal side of cells and overexpression results in a reduced apical localization of these
markers (Deng et al., 2003). Dys and Dg also are required non-cell-autonomously to organize the
planar polarity of basal actin in follicle cells (Deng et al., 2003; Mirouse et al., 2009).
Taken together, the phenotypes caused by mutations in Drosophila DGC are remarkably
similar to phenotypes observed in human muscular dystrophy patients, and therefore this suggests
that functional dissection of the DGC in Drosophila should provide a new insight into the origin
and potential treatment of these neuromuscular disorders. Studies in this new model with easy-to14
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manipulate genetics might reveal a mode of the DGC regulation by identifying key regulatory
components through a modifiers screen. In addition, careful functional analysis of the complex in
different cell types in model organisms might result in an unifying theme that will clarify molecular
mechanisms of its function.
2.4. Research objectives
I Studying of Dystrophin-Dystroglycan interaction in vitro
•

To perform in vitro analysis of Dystrophin-Dystroglycan interaction the part of the
Drosophila Dystrophin protein required for the interaction domains (WW and EF hand) had
to be expressed in E.coli and purified. Therefore the conditions of the protein expression and
extraction had to be established.

•

To measure the Kd for interaction of Dystrophin protein with different Dystroglycan
peptides containing each of the WW binding motifs (wild type, mutated and
phosphorylated), the fluorescent polarization assay (used previously by (Shcherbata et al.,
2007)) had to be applied and the new technique had to be learned and practiced.

II Studying the function of the Dystroglycan C-terminal WW binding sites in vivo
•

To generate transgenic flies expressing different forms of Dystroglycan protein, the full
length and modified Dystroglycan PCR products, which can be expressed in the germline,
had to be synthesized and cloned to a pUASp vector with subsequent injection to the fly
embryo.

•

While transgenic flies were generated, the expression of the Dystroglycan needed to be
confirmed and quantified by immunohistochemical staining of follicle epithelium cells and
by Western bloting.

•

To perform functional analysis for both WW binding sites of Dystroglycan in vivo, the
transgenic constructs had to be expressed in germline (utilizing Mat-tub-Gal4 enhancer trap
line), where Dystroglycan is required for establishment of the oocyte polarity. Next, the Orb
(oocyte polarity marker) staining had to be analyzed.

•

The constructs that showed their functionality, had to be used in a “rescue assay” to confirm
that observed phenotypes are indeed due to the requirement of Dystroglycan function.

III Performing large scale screen to identify dominant modifiers of DGC-dependent wing vein
phenotype

15

Introduction

•

To start screening, the Drosophila strains containing both RNAi and enhancer trap
constructs had to be created to reduce level of Dys and Dg and to get viable flies with
Dys/Dg phenotypes.

•

Different screening strategies had to be learned, established and applied to find modifiers of
Dys/Dg–dependent mutant phenotype in wing veins: EMS-induced mutagenesis, Deficiency
screen and P-element lethal screen.

•

To map mutations selected as modifiers of the wing vein phenotype in the EMS-induces
mutagenesis screen, the “deficiency mapping” needed to be used.

•

For further functional analysis of found modifiers in the process of oocyte polarity
establishment the Flp/FRT technique had to be applied to generate mutant germline clones.

IV Performing a secondary screen to identify dominant modifiers of DGC-dependent muscle
degeneration phenotype
•

While the large scale screen was performed with analysis of an easily score-able wing vein
phenotype, the pre-selected modifiers had to be used in the secondary screen. To analyze
modifications of the muscle degeneration phenotype a technique for preparing and staining
muscle sections had to be utilized.

•

In order to investigate if new-found modulators have function in muscles and demonstrate
their own muscle degeneration phenotype, the RNA interference mutants that target each
component had to be used. Tub-Gal4 and act-Gal4 enhancer trap lines had to be applied to
activate transgenic constructs ubiquitously in all tissues.

•

For further tissue-specific analysis, the muscle- and the motor neuron-specific drivers (24BGal4, MHC-Gal4, and D42-Gal4) had to be utilized and the muscle architecture had to be
analyzed.
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3. Results
Every chapter within the results starts with a description of:
•

the main aim of the particular manuscript in the context of the complete thesis

•

the authors and their contribution to the practical work

•

the status of the manuscript
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3.1. In vitro analysis of Drosophila Dystrophin–Dystoglycan interaction
Dystroglycan and Dystrophin interaction is mediated by the most C-terminal WW domain
binding motif, PPxY, of Dystroglycan and the Dystrophin WW and EF-hand domains (Huang et al.,
2000; Jung et al., 1995; Rentschler et al., 1999). However, the role of the second WW binding site,
which is present on the C-terminus of Dystroglycan has never been addressed. Now I have used a
fluorescent polarization assay (Shcherbata et al., 2007) to detect in vitro binding between the part of
Drosophila Dystrophin protein, which has WW and EF hand domains and Dystroglycan peptides
containing each of the WW binding motifs (called DmWWbsI and DmWWbsII). Analysis of
obtained results showed that both peptides DmWWbsI and DmWWbsII can bind Dystrophin in
vitro with a Kd within the range of reported dissociation constants for class I WW domains (Kato et
al., 2002). As expected mutations predicted to abolish the WW binding domains resulted in the
reduction of binding. Previous in vitro experiments have shown that when the tyrosine of the PPxY
motif on the most C-terminus of Dg is phosphorylated, the binding between Dg and Dys is
abolished (Ilsley et al., 2001; Sotgia et al., 2001). Currently I have demonstrated that
phosphorylation of tyrosine in both DmWWbsI and DmWWbsII can dramatically affect
Dystrophin-Dystroglycan binding in Drosophila suggesting a potential mechanism to regulate the
Dg and Dys interaction in a tyrosine phosphorylation-dependent manner.
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A Putative Src Homology 3 Domain Binding Motif but Not the C-terminal Dystrophin WW
Domain Binding Motif Is Required for Dystroglycan Function in Cellular Polarity in
Drosophila
Andriy S.Yatsenko, Elizabeth E. Gray, Halyna R. Shcherbata, Larissa B. Petterson, Vanita
D. Sood, Mariya M. Kucherenko, David Baker, and Hannele Ruohola-Baker

Author contribution to the practical work:
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Dystrophin and Dystroglycan
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Halyna R. Shcherbata
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Analysis of cell polarity
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and Drosophila Dys- Dg interaction
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Supplementary Information

Figure S1

Fig. S1. Levels of Dystroglycan protein expression do not correlate with the frequency of
observed phenotypes or its ability to rescue. A. Frequency of Orb mislocalization with varying levels of
pUASp-Dg expression driven by MatTub-Gal4. B. Frequency of Orb mislocalization with varying levels
of pUASp-Dg expression driven by two copies of nanos-Gal4. C. Levels of Dg expression do not
correlate with ability to rescue oocyte polarity. D. Levels of Dg expression no not correlate with ability
to rescue oocyte growth.
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Figure S2

Fig. S2. Expression patterns of MatTub-Gal4 and nanos-Gal4 drivers. Orb (Red); GFP (Green);
DAPI (Blue) A. GFP expression using MatTub-Gal4 driver. High levels of GFP can be observed at all
stages of egg development, except early germarium (white box, dashed line). B. GFP expression using
two copies of nanos-Gal4 driver. High level of GFP is present in germarium (white box, dashed line),
low level at st.2-7 and high level thereafter. C. Dg constructs driven by a Gal4-line that contained two
copies of the nanosGal4 show lower levels of overexpression phenotype in comparison to MatTubGal4
driver.
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3.2. The conserved WW-domain binding sites in Dystroglycan C-terminus are essential
but partially redundant for Dystroglycan function
My previous studies have shown that both PPxY motifs on the Drosophila C-terminal
cytoplasmic domain of Dystroglycan can bind Dystrophin protein in vitro (Yatsenko et al., 2007),
indicating the potential importance of the WWbsII as well as WWbsI for Dystroglycan function.
Additionally, the in vivo structure-functional analyses have revealed that a specific set of C-terminal
domains are critical for the function of Dystroglycan. It was found that a putative SH3 binding
motif but, surprisingly, not the most C-terminal Dystrophin WW domain binding motif is required
for Dystroglycan function in cellular polarity in Drosophila (Yatsenko et al., 2007). However, since
two potential WW binding sites exist near the Dystroglycan C-ternimus, it is possible that the
second WW binding site can bind Dystrophin in vivo in order to secure functionality of the
complex. In this study I dissected the role of two WW binding sites in the Drosophila Dystroglycan
C-terminus in vivo. For this purpose, the fly strains carrying the transgenic constructs, which encode
the forms of Dystroglycan with changes in the C-terminal domain, were generated. Flies expressing
full length Dystroglycan (FL), with missing the entire C-terminal domain (C1), with mutations in
both WW binding sites (2WW) and two constructs with each of WW binding sites mutated (PPSG
and 4P (Yatsenko et al., 2007)) were created. Gain-of-function and rescue analysis showed that
each of two PPxY motifs on the C-terminal end of Dystroglycan are required for protein function.
In addition, the sequence comparison of WW binding sites in 12 species of Drosophila, as well as
in humans, reveals that both sites are highly conserved and do not show any variations in analyzed
human populations. These findings suggest that both PPxY motifs on the Dystroglycan C-terminus
are essential and their functions are partially overlapping.
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The conserved WW-domain binding sites in Dystroglycan C-terminus are essential but
partially redundant for Dystroglycan function

AS Yatsenko*, MM Kucherenko*, M Pantoja, KA Fischer, J Madeoy, W-M Deng, M Schneider,
S Baumgartner, J Akey, HR Shcherbata and H Ruohola-Baker
*equal contribution

Author contribution to the practical work:
All experiments except 1 and 2

MM Kucherenko and AS Yatsenko
1

M Pantoja and KA Fischer

Western blot analysis of expression of transgenic

constructs
J Madeou and J Akey

2

Sequencing and analysis of humans Dystroglycan C-terminus

Status: Published. BMC Developmental Biology, 2009, 9:18, doi:10.1186/1471-213X-9-18

34

Results

35

Results

36

Results

37

Results

38

Results

39

Results

40

Results

41

Results

42

Results

43

Results

Supplementary Information

Figure S1

Fig. S1. Overexpression of Dg constructs with mutation in WW binding sites in follicle and

germline cells. A, B. Overexpression of 2WW (A) and PPSG (B) constructs in follicle cells marked
by GFP. Dg in the wild type cells is expressed at the apical side of the follicle cell epithelium, in
contrast to overexpression where Dg is localized in both apical and basal sides (indicated by
arrows). To compare the expression levels of different constructs and insertions the intensities of
Dg expression was compared to the intensity of the GFP signal in the same cell. The observed mean
intensity ratios are similar in the two constructs (2WW = 1.2, PPSG = 1.1), suggesting that the
differences observed between these two conatructs in oocyte polarity assay are not due to
dramatically different levels of expression. C. Overexpression of the constructs in the germline
cells.wt

–

Dg

expression

in

wild

type

germline

cells,

MatTubGal4;

pUASp-WW,

nanosGal4/pUASp-WW – overexpression of transgenic constructs in germline cells. Both MatTuband nanosGal4 have distinct expression patterns.
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Figure S2

Fig. S2. Comparative analysis of Dg C-terminus nucleic acid sequences in 12 species of

Drosophila.
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Figure S3

Fig. S3. The genomic region of the Dystroglycan gene. The genomic regions that are deleted

in the Dystroglycan mutant alleles Dg323 and Dg248 are indicated as black bars.
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Figure S4

Fig. S4. Western blot analysis of Dg protein in wild type, DgO43, 2WW and PPSG ovaries
and whole animals show the following Dg intensities compared to OregonR (WT): DgO43 = 0.4,
2WW = 1.3, PPSG = 1.2. The specific bands that correspond to different Dg forms can be seen at
~180 (two bands), 110 and faintly at 70 kD. A presumable degradation product can be seen below
25 kD. Increased band intensities can be seen with the 110 kD band and most notably with the
higher 180 kD species. Band intensities were normalized to actin and samples were run on a
gradient 4–20% gel.
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3.3. Genetic modifier screen reveal new components that interact with the Drosophila
Dystroglycan-Dystrophin complex
Previously, I demonstrated that phosphorylation of each of the Dystroglycan PPxY motifs
reduces Dystrophin-Dystroglycan binding affinity (Yatsenko et al., 2007). Moreover, it has been
shown that the Dystroglycan SH3 binding site is required for in vivo protein function (Yatsenko et
al., 2007). These findings suggest a potential mechanism to regulate the Dg and Dys interaction, in
which signaling proteins containing SH3 domains may bind to Dg in a tyrosine phosphorylationdependent manner. In addition, my in vitro and in vivo analyses have shown the importance of both
Dystroglycan WW binding sites for interaction with Dystrophin and for maintaining the Dg
function in the establishment of oocyte polarity in Drosophila (Yatsenko et al., 2007; Yatsenko et
al., 2009), suggesting that the presence of the two WW binding sites in Dg secure the essential
interaction between Dg and Dys and might further provide additional regulation for the cytoskeletal
interactions of the complex. In this present work I have used a previously developed Drosophila
model for DGC-dependent muscular dystrophy (Shcherbata et al., 2007) to search for novel
components of the DGC as well as components that may be involved in its signaling and regulation.
I have performed a genetic screen to find dominant modifiers of an easily score-able phenotype
caused by reduction of Dys and Dg, an alteration of the posterior cross wing vein. Three different
screening strategies were used to identify the cross-vein phenotype suppressors or enhancers: the
EMS-induced mutagenesis screen, the “Deficiency screen” and the “P-element lethal” screen. As a
result, I have found modifiers that belong to different functional groups: genes involved in muscle
function, neuronal/cell migration and motor function as well as cytoskeletal components and
components of the TGF-beta, EGFR and Notch signaling pathways. Further functional analysis of
found components showed that a number of modifiers are required in the germline for the proper
oocyte polarity establishment, similar to what has been shown for Dg and Dys (Deng et al., 2003;
Shcherbata et al., 2007). Furthermore, to initiate the secondary screen in muscle tissue I
demonstrated that the strong modifier of Dys phenotype in wing vein - mbl also strongly enhances
muscle degeneration phenotype caused by reduction of Dys. These results show that the screen
performed in wing vein successfully identified genes that interact with Dystrophin to establish
normal muscle function.
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Genetic Modifier Screens Reveal New Components that Interact with the Drosophila
Dystroglycan-Dystrophin Complex
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Supplementary Information

Figure S1

Fig. S1. Dys and Dg Expression in Wild Type and Mutant Wing Discs. In wild-type larvae, Dys is
expressed in all cells of the wing disc (A) and is strongly reduced in the wing disc of the DysC-RNAi
mutant (B; tubGal4:UAS-DysC-RNAi/+). Dystroglycan localization in wild type imaginal discs is enriched
at the basal surface of the epithelial cells. Dg expression is more intense in folds formed from the
contact of basal surfaces and is less visible in the folds made from apical surfaces of wing disc cells (C).
The DgRNAi mutant also shows a reduction of Dystroglycan protein in the wing disc (D; tub-Gal4:UASDgRNAi/+). (A’-D’) Enlarged images of framed areas on (AD). (A”-B”) Enlarged images of framed areas
on (A-B) show Dystrophin single channel staining. (C”-D”) Enlarged images of framed areas on (C-D)
show Dystroglycan single channel staining.
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Figure S2

Fig. S2. Subclasses of Dys(RNAi) Modifiers. (A) Example of enhancers that lack the posterior

cross vein (PCV) and belong to phenotypic class En.Arrow indicates where the PCV should be. (B)
Wing representing Su+ class phenotype that shows the PCV attached to L4 and L5 and extra wing
vein material can be seen below L5.
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Figure S3

Fig. S3. DysE6/+ Modifiers. DysE6/+ flies have normal posterior cross veins. (A) Represents an
enhancer (ModE10) of this phenotype which phenocopies the wing veins from DysE6/DysE6 flies. (B)
Shows an extra vein modification of the DysE6/+ posterior cross vein. Arrows indicate altered cross
veins.

66

Results

Figure S4

Fig. S4. Dg(RNAi) Modifiers. (A) Wild type fly wing with normal posterior cross vein (PCV) as
indicated by the arrow. (B) DgRNAi mutant PCV (arrow) with a branch. (C-D) represent modifiers that
produce extra vein material (indicated by arrows. In one case (C) the branch is elongated with extra
material also seen above L2(upper arrow). (D) Shows extra material below L5 (lower arrow).
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Figure S5

Fig. S5. Phenotypes Observed in poly-EGF Mutants. (A) Fly wing from Mod29/Df flies. Arrows
indicate extra vein material. (B) Transverse histologicalsection of the indirect flight muscle in Mod29
homozygotes. (B') Higher magnification of the regionindicated by the box which indicates the
separation of the muscle into individual fibers. (C) Ovariole from a Mod29 homozygote. Anterior to the
left. The germarium is at the anterior most tip of the ovariole with developing egg chambers progressing
to the right (posteriorly). The egg chambers undergo developmental arrest in later stages. Actin-Green,
Adducin-Red, DAPI-purple. (D) 24B10 antibody staining of the adult wild type brain. Arrows indicate
photoreceptor axon termination sites where the R8 photoreceptor axon (left arrow) terminates before the
R7 axon (right arrow). (E) Mod29/Df adult brain. Termination of the R8 and R7 axons are indicated by
the red arrows. Whitearrows indicate non termination of two axons that protrude deeper into the brain.
(F) Dg323/ Dg323 clone in the adult brain. Red arrows indicate where the R8 and R7 axons should
terminate. Upper white arrows indicate a general disruption of axon termination in the R8/R7
termination region. Lower rightarrow indicates a non terminating axon that proceeds deeper into the
brain.
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3.4. New modulators of the Dystrophin-Dystroglycan dependent muscle degeneration are
identified in a Drosophila muscular dystrophy model

In my previous work (Kucherenko et al., 2008) the dominant modifiers of the Drosophila
wing vein phenotype caused by down regulation of Dystrophin and Dystroglycan were found.
Interestingly, that among identified modifiers we isolated components, whose role in modulating
the DGC function can be quite novel. Since defects in the DGC functioning cause different forms of
muscular dystrophy in humans, I wanted to investigate if found modifiers show a genetic interaction
with Dys and Dg in muscles in order to get closer to understanding the mechanisms of muscle
degeneration. It has been shown (Shcherbata et al., 2007) that both Drosophila Dys and Dg mutants
manifest age-dependent muscle degeneration. Before starting the secondary screen, I analyzed if
Dys and Dg, the two major components of the DGC, genetically interact in the muscle degeneration
process and therefore confirmed the capability to select modifiers of the Dys/Dg-dependent muscle
phenotype using the chosen strategy. Since Dys and Dg showed a genetic interaction in the muscle
degeneration process, the rest of the pre-selected (Kucherenko et al., 2008) components were tested
for the ability to suppress or enhance the muscle phenotype in Dys and Dg RNAi mutants and to
interact in heterozygote with Dys and Dg loss-of-function alleles. As a result, mutations that interact
with Dys and Dg in maintaining the muscle integrity were identified. Further studies of found
modifiers showed their requirement in either muscle or nervous tissue, where the specific
interaction with the DGC components may occur. The novel components that contribute to DGCdependent muscle maintenance are being analyzed.
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New modulators of the Dystrophin-Dystroglycan dependent muscle degeneration are
identified in a Drosophila muscular dystrophy model
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Methods
Fly Strains and Genetics
The fly strains used in this study were: DysN-RNAi:act-Gal4, DgRNAi:tub-Gal4 (used previously by
(Kucherenko et al., 2008)), Dg323 (Deng et al., 2003), DysDf, DgO86 and DgO55 (Christoforou et al.,
2008), enhancer trap lines – act-Gal4, tub-Gal4, 24B-Gal4, MHC-Gal4 and D42-Gal4
(Bloomington Drosophila Stock Center), mutants and RNAi lines used for the screen were obtained
from Drosophila stock centers (Vienna Drosophila RNAi Center, Drosophila Genetic Resourse
Center (Kyoto) and Bloomington Drosophila Stock Center). Mutant alleles CG7845EMS-Mod4 and
SP1070EMS-Mod29 were found at the primary screen (Kucherenko et al., 2008), Fkbp1323m (a gift from
Dr. O´Conner), SP1070Uif-E(br)155 and SP1070Uif-2B7 (gifts from Dr. Ward). For control crosses
Oregon R and w1118 flies were used.
Genetic screen. In order to identify dominant suppressors/enhancers of the muscle degeneration
phenotype virgin females with genotype DysN-RNAi:act-Gal4 and DgRNAi:tub-Gal4 were crossed to
males carrying the mutation of interest. The progeny with both, transgenic construct and the
screened mutation were collected for muscle analysis. To identify heterozygous interaction in
muscles loss-of-function DysDf, DgO86 and DgO55 mutant females were crossed to males carrying
the mutation of interest. The F1 progeny heterozygous for Dys or Dg and the screened allele were
collected for muscle analysis. Mutations, which showed an effect on the Dys and/or Dg phenotype
in muscles were crossed to w1118 flies to exclude the possibility that screened mutants have their
own dominant phenotype in muscles. All crosses were kept at 25°C. Flies with the correct genotype
selected for muscles analysis were aged for three weeks at 25°C.
Muscle analysis
In order to prepare Drosophila muscle tissue for analysis, bodies of 3 week old flies were placed
into collars in the required orientation and fixed in Carnoy fixative solution (6:3:1 = Ethanol :
Chloroform : Acetic acid) at 4˚C overnight. Then tissue dehydration and paraffinisation was
performed as described previously (Shcherbata et al., 2007). Histological sections (8 mkm) of
Drosophila indirect flight muscles (IFM) were prepared from wax-embedded material using Hyrax
M25 (Zeiss) microtome and stained with hematoxyline and eosin (H&E staining). All chemicals for
these procedures were obtained from Sigma Aldrich. Muscle analysis was done using light
microscopy. The frequency of muscle degeneration was quantified as a ratio of degenerated
muscles to the total number of analyzed muscles. The analyzyd IFM sections were located at the
position 200-250 mkm from the posterior of the fly thorax.
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Dystrophin and Dystroglycan interact in muscle degeneration process
Drosophila melanogaster has been proven to be a remarkably good model for agedependent progression of muscle degeneration (Shcherbata et al., 2007). It has been shown that
Drosophila Dystrophin and Dystroglycan mutants exhibit the muscle degeneration and lack of
climbing ability. These similarities to human muscular dystrophy together with numerous
advantages of Drosophila as a genetic model make the fruit fly an attractive system for genetic
screenings in order to identify components which regulate DGC function and have an effect on
muscle degeneration. Before starting the screen, we analyzed if Dystrophin and Dystroglycan, two
major components of the DGC, genetically interact in the muscle degeneration process in order to
confirm the capability to select modifiers of the Dys/Dg-dependent muscle phenotype. To test if
Dys and Dg interact in muscles we made a transverse section of Drosophila indirect flight muscles
(IFM) of the Dystrophin and Dystroglycan RNAi mutants (DysN-RNAi:act-Gal4 and DgRNAi:tubGal4), homozygous viable loss-of-function alleles (DysDf, DgO86 and DgO55) and transheterozygous
animals (DysDf/DgO86 and DysDf/DgO55). As a control Oregon R and w1118 flies were used, as well
as the flies from crosses of mutant alleles with w1118 (Figure 1). During analysis we noticed that in
mutant flies the degeneration process starts from muscle termini and then spreads along the muscle
fibers, which can be observed in the longitudinal sections through the fly thorax (Figure 1A-C). In
our studies we have used transverse sections of Drosophila IFM, therefore in order to obtain
comparable data we restricted our analysis to the sections made through the fly thorax in the region
200-250mkm from the posterior end of the thorax (Figure 1A).
The Dys and Dg RNAi alleles exhibited a moderate muscle degeneration phenotype:
19.2±4.5% (n=292) for DysN-RNAi:act-Gal4 and 9.7±2.2% (n=227) for DgRNAi:tub-Gal4 (Figure
1D,F) in comparison to control flies that mostly had normal tissue structure (1-5%, Figure 1D-E).
More significant muscle abnormalities were observed in Dys and Dg loss-of-function mutants: 35%
for homozygous DgO86 (n=42) and heterozygous Dystroglycan allelic combination DgO86/DgO55
(n=35) and 23.5±0.5% (n=55) for homozygous DysDf (Figure 1D,G). Reduction by one copy of
both Dys and Dg also caused muscle degeneration: 19±8% (n=97) for DgO86/DysDf and 17.5±2.5%
(n=69) for DgO55/DysDf (Figure 1D,H). Obtained results indicate that both, Dystrophin and
Dystroglycan are important for proper muscle maintenance and both DGC components genetically
interact in the muscle degeneration process. This also proves that the strategy chosen for the
screening has a potential to reveal interactors involved in the same pathway as the DGC to provide
normal muscle function.
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Figure 1. The Drosophila Dystrophin and Dystroglycan genetically interact in muscles
(A) Location of longitudinal and transverse sections of indirect flight muscles (IFM) in the
Drosophila thorax. (B) Longitudinal section of IFM of the wild type fly with properly organized
muscle tissue. (C) Longitudinal muscle section of Dystroglycan RNAi mutant exhibits muscle
degeneration (indicated by arrows), which starts from the muscle termini. (D) Bar graph represents
the frequency of muscle degeneration in control flies (yellow bars), Dystroglycan mutants (green
bars), Dystrophin mutants (blue bars) and heterozygous flies with reduced Dys and Dg by one copy
(red bars). The table shows quantity of analyzed muscles and percentage of degenerated muscles in
Dys and/or Dg mutants and control flies. (E) The IFM transverse section of a control fly (Dg O86/+)
shows normal muscle structure. (F) The IFM transverse section of Dystrophin RNAi mutant
exhibits moderate degeneration of muscle tissue. (G) Muscles of Dystroglycan loss-of-function
mutant DgO86 with abnormalities in muscle architecture. (I) The transverse muscle section of the fly
with heterozygous combination DysDf/DgO55; defects in muscle structure indicate Dys-Dg genetic
interaction in muscle degeneration process. Arrows show the degenerated muscle tissue.
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Genetic modifiers screen for components that interact with Dys and Dg in muscles
In order to identify components that modify the muscle degeneration phenotype, which
occurs as a result of Dys and/or Dg reduction, we have screened gene-candidates preselected
previously (Kucherenko et al., 2008). At the primary large-scale screen we have analyzed
modification in Drosophila Dys and Dg mutants wing veins with a purpose of finding components
which interact with the DGC or regulate its function. As a result, the DGC modifiers were selected
and classified to the functional groups: genes involved in muscle function, cellular and/or axonal
migration, components of Notch, TGF-β, EGFR signaling pathways and others. In the present work,
we addressed the question if found modifiers of the DGC in the wing veins can modulate the
muscle degeneration phenotype in a Drosophila muscular dystrophy model. In our secondary screen
Dys and Dg RNAi mutants (DysN-RNAi:act-Gal4 and DgRNAi:tub-Gal4) that manifested moderate
muscle degeneration (Figure 1D-E,G) were crossed to the mutants, which carried the mutation of
interest in order to select both, dominant enhancers and suppressors of muscle degeneration. In
addition, Dys and Dg loss-of-function alleles (DysDf, Dg323 and DgO86) were used to identify
heterozygous interactions. Flies lacking one copy of the gene-candidate in the Dys and/or Dg
mutant background were aged for three weeks and the frequency of muscle degeneration was
quantified (Table 1). Mutations, which showed an effect on the Dys and/or Dg phenotype in
muscles were crossed to w1118 flies with a purpose to exclude the possibility that screened mutants
have their own dominant phenotype in muscles. This control analysis eliminated Lis-1, SP1070 and
wun from the list of gene-interactors. Moreover, we have used different alleles of the same gene to
confirm or disprove found interactions. In total, we screened 22 gene-candidates and selected 14
modifiers of Dys and/or Dg-dependent muscle degeneration (Table 1).
Modification of Dys and Dg RNAi mutant phenotype
The DysN-RNAi:act-Gal4/w1118 mutant shows ≈ 20% degeneration, therefore all the modifiers, which
in cross with Dys RNAi mutant had an increased frequency of muscle degeneration were classified
as enhancers and the ones that caused reduction of the muscle degeneration were called suppressors
(Table 1, Figure 2A). A similar classification was used for modifiers of Dg RNAi mutants; in this
case DgRNAi:tub-Gal4/w1118 exhibits ≈ 10% of muscle degeneration (Table 1, Figure 2D). In our
previous work (Kucherenko et al., 2008) it has been demonstrated that reduction of Mbl strongly
enhances Dys phenotype in muscles. Now it has been found that Mbl, as well as Fhos, Cam, Rack1,
CG34400 and capt increase the muscle degeneration in both Dys and Dg RNAi mutants (Figure
2A,D). Flies with reduction by one copy of before-mentioned genes in a Dys and/or Dg RNAi
mutant background appear to have higher frequency of muscle a degeneration (Figure 2A,D-F).
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Table 1. Frequency of muscle degeneration phenotypes caused by reduction by one copy of
screened genes in Dys and Dg mutant background

Lis-1
mbl
nAcRα30D
Nrk
POSH
Rack1
robo
SP1070
SP2353
vimar
wun

[E27]
[EY13897]**
[EY13897]
[KG05852]
[k14301]**
[k15815]**
[EY00128]**
[1.8]
[EE]
[2]
[EMS-Mod29]*
UifE(br)155***
Uif2B7***
[MB00605]
[k16722]**
[k16722]
[09]
[EY09646]
[EMS23]

r

r

r

r

r

t

n, analyzed
muscles

Grh

degenerated
muscles, %

gcm

n, analyzed
muscles

Fkbp13

degenerated
muscles, %

Fhos

n, analyzed
muscles

Dmn

[3]
[KG10262]
[k16109]**
[k15815]**
[EY09842]
[A055]
[23]m***
[P962]
[KG01117]**
[KG01117]
[rA87]
[IM]
[k13209]**
[k13209]
[k11702]
[G10.14]

degenerated
muscles, %

del

n, analyzed
muscles

chif

degenerated
muscles, %

CG34400
CG7845

[n339]
[E593]
[E636]
[c03838]
[EMS-Mod4]*
[BG02820]**
[BG02820]
[EY05746]
[A507], CyO

w1118 x

n, analyzed
muscles

capt

[1118]

DgO86 x

degenerated
muscles, %

w
Cam

Allele

Dg323 x

n, analyzed
muscles

Gene
name

DgRNAi:tub-Gal4

DysDf x

degenerated
muscles, %

r

DysN-RNAi:act-Gal4

19.2±4.5
74
45
64±14
37
16
15
17
3±3
§
14
17
20
22
31±5
12
5
0
26
7
13
8
31
22
0
19
40
2
16
14
0
10
12±8
5
78±3
4
20
31±4
38±6
11
18
8
13
6
23

n=292
n=35
n=137
n=107
n=16
n=12
n=32
n=60
n=82
§
n=47
n=113
n=20
n=12
n=122
n=47
n=44
n=13
n=113
n=71
n=61
n=52
n=32
n=36
n=52
n=68
n=70
n=51
n=95
n=91
n=21
n=37
n=112
n=44
n=39
n=45
n=68
n=88
n=117
n=27
n=11
n=60
n=70
n=65
n=30

3.3±3.3
21
31
43
15.2
25
52
32
26
21
NA
0
3
18
18
32
0
2.9
8
32
0
0
24
17±6
32
37
23
50
10
9
37
1
18
11
14
NA
8
5
14±4
NA
8
0
0
26
11

n=227
n=55
n=35
n=50
n=33
n=36
n=80
n=25
n=42
n=42
n=50
n=33
n=59
n=57
n=25
n=45
n=34
n=50
n=25
n=85
n=21
n=53
n=58
n=22
n=16
n=42
n=48
n=20
n=53
n=48
n=90
n=83
n=27
n=36
n=49
n=74
n=142
n=24
n=22
n=84
n=54
n=34

9.7±2.2
20
7
22
74
28
7.5±7.5
17±7
40±6
20±2
0
6
6.5
0
28
24±5
6
0
26
13
8
5
5±5
24
15
10
23±2
7
11
6
17±5
18
11±7
12±1
19±2
1
18
44
14
NA
30
37
33
18±5
14

n=129
n=104
n=67
n=96
n=23
n=35
n=100
n=165
n=134
n=87
n=39
n=17
n=123
n=60
n=14
n=154
n=85
n=41
n=38
n=46
n=26
n=56
n=138
n=57
n=62
n=81
n=149
n=52
n=38
n=72
n=230
n=33
n=133
n=122
n=216
n=107
n=32
n=9
n=94
n=27
n=38
n=49
n=136
n=65

5
0
0
13
43
31
36
1
12
§
14
4
3
40
5
21
31
4
0
10
12
3
23
0
0
NA
28
13
0
2
47
0
33
9
7
0
0
4
4
15
68
42
16
16
10

n=112
n=20
n=22
n=106
n=12
n=51
n=22
n=69
n=70
§
n=50
n=17
n=33
n=44
n=116
n=47
n=59
n=74
n=32
n=38
n=41
n=58
n=29
n=12
n=24
n=60
n=53
n=40
n=67
n=34
n=75
n=15
n=45
n=27
n=20
n=124
n=20
n=91
n=40
n=37
n=36
n=110
n=19
n=62

1±1
9
0
12
32
37
0
20
9
§
NA
3
NA
NA
9±2
15
17
25
0
0
NA
3
NA
9
12
0
12
7
1
8
19
NA
6
11
20
1
NA
16
13
NA
4
NA
9
23
13

n=90
n=45
n=60
n=58
n=28
n=54
n=25
n=29
n=114
§
n=38
n=155
n=71
n=24
n=28
n=72
n=44
n=72
n=109
n=58
n=24
n=25
n=71
n=105
n=187
n=58
n=107
n=68
n=132
n=110
n=91
n=81
n=55
n=32
n=30
n=62

4.2±2
4
14.5
0
10

n=98
n=27
n=69
n=7
n=11

6.4
9.5
11
0
NA
NA
NA
NA
0
2
3.4
3.4
NA
NA
NA
NA
13
NA
9
0
1
NA
NA
NA
7±1
NA
4
0
7
4
4
18
21
1.6
0
22
1
31
5

n=47
n=84
n=82
n=31
n=36
n=44
n=88
n=29
n=117
n=103
n=72
n=98
n=185
n=105
n=127
n=82
n=84
n=124
n=105
n=90
n=62
n=39
n=50
n=142
n=29
n=83

all mutant alleles obtained from BDSC, except
(*) – described previously by Kucherenko et al, 2008, (**) – obtained from DGRC, (***) – gifts from Drs. O´Conner and Ward, respectively;
(NA) – not analyzed;
(§) – cannot be analyzed
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Figure 2. Modification of Dys and Dg RNAi mutant muscle phenotype

(A)

Bar graph represents frequencies of muscle degeneration in mutants with lacking one copy of

screened genes in Dys RNAi background. The DysN-RNAi:act-Gal4/w1118 shows ≈ 20% degeneration. All bars
above or below control indicate enhancement or suppression of Dys muscle degeneration phenotype,
respectively. (B) Transverse section of the Dg RNAi mutant IFM with moderate muscle tissue degeneration.
(C) Transverse section of the Dg RNAi mutant IFM, where muscle degeneration is enhanced by reduction
by one copy of chif gene. (D) Bar graph represents frequencies of muscle degeneration in mutants with
reduced one copy of screened genes in Dg RNAi background. The DgRNAi:act-Gal4/w1118 shows ≈ 10%
degeneration. All bars above or below control indicate enhancement or suppression of Dg muscle
phenotype. (E) The transverse section of the Dg RNAi mutant IFM with a phenotype modulated by
reduction one copy of the Rack1 gene; arrows indicate the abnormal muscle architechture is indicated with
arrows. (F) Transverse section of the Dys RNAi mutant IFM, where muscle degeneration is enhanced by
reduction by one copy of the Mbl gene. Arrows indicate the muscle degeneration.
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Interestingly, the modifier CG7845 increased the phenotype in Dg RNAi mutant background, but
did not modulate the Dys RNAi mutant phenotype in muscles (Figure 2A,D). Additionally, we have
observed that mutations in chif, vimar, Nrk and POSH genes manifested an opposed effect on Dys
and Dg mutants: reduction of these genes suppressed the muscle degeneration in Dys mutants, but
enhanced it in Dg mutant flies (Figure 2A,C,D). Moreover, we have identified three genes Fkbp13,
Grh and robo, reduction of which in Dys and/or Dg RNAi mutant background suppressed muscle
degeneration (Figure 1A,D).
Heterozygous interaction with Dys and Dg loss-of-function alleles
A powerful approach to identify genes that act in the same pathway is to test for transheterozygous interaction. If the genes function in parallel pathways, and neither pathway is
impaired enough to show a phenotype, then we would predict that trans-heterozygotes, in which one
allele of each gene is mutant, would also have no phenotype. However, if the genes function in the
same pathway, then mutations in two steps of one pathway may enhance each other and lead to a
phenotype. Based on this, in addition to Dys and Dg RNAi mutants we have used loss-of-function
alleles DysDf, Dg323 and DgO86 in our secondary screen in order to identify transheterozygous
interactions (Table 1). In heterozygous Dys and Dg mutants (DysD/+f, Dg323/+ and DgO86/+) no
obvious changes in muscle structure were observed (Figure 1D-E,F; Table 1; Figure 3A-C), while
reduction by one copy of Mbl, Fhos, Cam, Rack1, CG34400, capt, CG7845, chif, vimar and Nrk in
the Dys and Dg heterozygous background resulted in an appearance of 10-45% of muscle
degeneration (Table 1, Figure 3). Interestingly, Fkbp13 showed the interaction with Dg only, while
POSH and Grh, the modifiers of Dys and Dg RNAi mutant phenotype, exhibited no
transheterozygous interaction with either Dys or Dg loss-of-function alleles (Figure 3A-B). These
findings suggest that components identified as transheterozygous interactors are involved together
with Dys and Dg in the same pathway to cause muscle degeneration. However, the components,
which were identified as modifiers of muscle degeneration caused by reduction of Dys and Dg in
RNAi mutants, but did not show transheterozygous interactions are more likely implicated in
parallel to the DGC pathways to provide stability for muscle structure.

The role of newly-found DGC modulators in muscle and neural tissue
To start investigation of the mechanisms of found interactions we have addressed the
question whether identified modulators of the Dys and/or Dg phenotype have their own function
directly in muscles or in neurons, which provide muscle innervations.
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Figure 3. Heterozygous interaction with Dys and Dg loss-of-function mutants
(A) Bar graphs show frequency of degenerated muscles in the flies with heterozygous combination
of screened gene and DysDf. (B) Bar graphs show frequency of degenerated muscles in the flies
with heterozygous combination of screened gene and DgO86. (C) The transverse section of control
fly (DysDf/+) shows normal muscle structure. (D) Muscle section of the fly with heterozygous gene
combination (DysDf/Nrk) demonstrates muscle tissue degeneration. (E) Muscle section of the fly
with heterozygous gene combination (DgO86/Nrk) exhibits abnormal muscle architecture. (F)
Muscle section of the fly with heterozygous gene combination (Dg323/Fhos) with degenerated
muscles. Arrows indicate areas with muscle degeneration.
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For this purpose we have used RNA interference lines to target novel components in a tissuespecific manner. To reveal if the modifier has its own muscle degeneration phenotype, we have
used the tub-Gal4 enhancer trap line, which down-regulates the protein of our interest ubiquitously
in all tissues. For the specific knock-down in muscles the MHC-Gal4 line was used and to decrease
protein level in nerves we have applied motor neuron-specific driver D42-Gal4. In the present
work, we have tested four interactors Fkbp13, Mbl, Nrk and vimar and found that the reduction of
the protein levels achieved by using tub-Gal4 driver resulted in development of the muscle
degeneration phenotype for all of the transgenic constructs. The frequency of muscle degeneration
was 26% for Fkbp13/tub-Gal4, 56% for Mbl/tub-Gal4, 60% for Nrk/tub-Gal4 and 28% for
vimar/tub-Gal4. Interestingly, the reduction of Fkbp13 and Nrk specifically in muscles did not
affect much muscle structure. 6% of muscle degeneration was observed in Fkbp13/MHC-Gal4
mutants and 3% in Nrk/MHC-Gal4, while 1-5% of the phenotype was observed in control flies.
However, the reduction of Mbl in muscles caused moderate muscle degeneration (11%) and downregulation of vimar using MHC-Gal4 developed a strong tissue degeneration, indicating that these
two components are required for normal muscles functioning. When the down-regulation of found
interactors was introduced in the motor neurons, the moderate muscle phenotype was observed for
Fkbp13/D42-Gal4, Mbl/D42-Gal4 and vimar/D42-Gal4 mutants (12, 9 and 14%, respectively),
however strong muscle degeneration was noticed in Nrk/D42-Gal4 mutant flies. These findings
suggest that all of the tested components are important for muscle tissue maintenance. Mbl is
required in both neurons and muscles for their normal function, Fkbp13 and Nrk functions are
restricted to the motor neurons, whereas vimar is required in both types of tissue, however its downregulation in muscles leads to an extremely strong phenotype.
Continuing of these analyses should help to clarify the mechanisms of the DGC interaction
with the newly-found components.
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4. Discussion
Muscular dystrophies are a group of inherited neuromuscular disorders that share the same
basic phenotype – progressive loss of muscle integrity. Most types of MD are multi-system diseases
with manifestations in the heart, nervous system, eyes and other organs. Duchenne, Becker and
limb-girdle muscular dystrophies are human myopathies caused by disruption in genes encoding for
dystrophin or other components of the Dystrophin-Glycoprotein Complex. The use of animal
models has led to clarification of the role of specific gene products in maintaining muscle integrity
and function; however, the regulation of this complex is largely unknown and there is no specific
treatment for any of the forms of MD. The fly genome contains many highly conserved orthologues
to human disease genes (Bier, 2005; Reiter et al., 2001), including components of the DGC (Deng
and Ruohola-Baker, 2000; Deng et al., 2003; Greener and Roberts, 2000). A Drosophila
melanogaster model with muscular, neuronal and cardiovascular defects caused by mutations in the
DGC components was developed recently (Allikian et al., 2007; Bogdanik et al., 2008; Shcherbata
et al., 2007; Taghli-Lamallem et al., 2008; van der Plas et al., 2007) and it is useful for studying the
DGC role in the neuromuscular disorders.

4.1. Importance of WW-domain binding sites in the Dystroglycan C-terminus for the
DGC function
Now I have used the Drosophila model of MD to dissect in more detail the interaction
between the two major components of the complex – Dystrophin and Dystroglycan. The C-terminal
part of Drosophila Dystroglycan is conserved between human and fly (31% identity and 46%
similarity). Especially well conserved are the protein-protein interaction sites in the cytoplasmic
domain of Dg, including the binding site for Dystrophin WW domain (Deng et al., 2003). The type
I WW domains interact with the ligand PPxY, and the proline rich cytoplasmic tail of Dystroglycan
contains two such potential motifs (PPPY and PPEY – in human or PPPY and PPSY in Drosophila)
(reviewed in (Ilsley et al., 2002)). Previous studies have indicated that Dystrophin primarily binds
to the first but not the second PPxY motif of Dg (Huang et al., 2000; Jung et al., 1995; Rentschler et
al., 1999). In this work I have demonstrated in vitro that Dystrophin can bind the second WW
domain binding site at the C-terminal end of Dystroglycan as well. In addition, I confirmed the
importance of each WW binding site for Dystroglycan function by studying in vivo their role in
oocyte polarity establishment (Yatsenko et al., 2009). The functional redundancy of the WW
binding sites poses interesting questions: have both binding sites survived through evolution to
protect organisms from the mutations in an essential complex or does each binding site have a
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specific function in different tissues and/or developmental stages. Mutations in the DGC cause
muscular dystrophies; however only mutations in dystrophin, but not dystroglycan per se, are
associated with known types of muscular dystrophies in vertebrates. In mice, mutations in
dystroglycan are embryonic lethal, which suggests that Dg is an essential gene. Therefore it was
assumed that lack of MD patients with any mutations in dystroglycan could be explained by its
lethality. However, the results presented suggest a potentially new explanation; perhaps WWbsI and
WWbsII are redundant. It is possibly that humans with a mutation in WWbsI exist, but they do not
show any MD phenotypes because WWbsII can substitute in place of the mutant WW domain
binding site. In addition, it has been shown in vertebrate that dystroglycan can bind caveolin-3
involving the same PPxY motif suggesting that dystrophin and caveolin-3 compete for the same
binding site (reviewed in (Ilsley et al., 2002)). Identification of the functional necessity for the
second WWbs provides a more complex possibility for this interaction, as well as suggests an
additional means for the DGC regulation by other WW domain containing molecules. The
comparative sequence analysis of Drosophila and human WW binding motifs revealed a very high
conservation. However, each WWbs resides in a specific protein micro-environment, which also
may suggest that each site has specific binding partners. Therefore it will be important in the future
to test if WW binding sites have specific and independent biological functions in different tissues.
The identification of the tyrosine residue within the type I WW domain binding motif led to
the hypothesis that the WW/PPxY interaction could be regulated by tyrosine phosphorylation
(James et al., 2000), in a manner analogous to the regulation of SH3 domain interactions. As
discussed previously, in vitro work suggests that when the tyrosine of the PPPY motif (WWbsI) is
phosphorylated the binding between dystrophin and dystroglycan is abolished (Sotgia et al., 2001),
signifying that the DGC may be regulated in a tyrosine phosphorylation-dependent manner. In my
in vitro study I showed, using a quantitative assay that the tyrosine phosphorylation of either of the
two WW domain binding sites, PPPY motif or PPSY motif, does reduce the binding affinity
(Yatsenko et al., 2007), suggesting fine regulation. From the point of view of the WW domain
biology, perhaps a most exciting finding was that the ability of the caveolin-3 WW domain to
interact with β-dystroglycan was insensitive to the phosphorylation of the tyrosine 892 in the βdystroglycan PPPY motif (Sotgia et al., 2001). This leads to the possible situation, whereby the
phosphorylation of dystroglycan would act as an effective switch to alter the affinity of
dystroglycan from dystrophin (or utrophin) to caveolin. In addition, in vivo studies in Drosophila
indicate that a putative SH3 domain binding site is required for proper function of the protein
(Yatsenko et al., 2007). These data suggest a more specific mechanism of regulation. One
possibility is that an SH3 domain containing tyrosine kinase may dock to the SH3 domain binding
site in Dg. This may result in a kinase activation and phosphorylation of the WW domain binding
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site in Dg, thereby reducing dystrophin binding to this site. The evidence thus far regarding the
regulation of the Dg-Dys interaction depicts a model that strikingly resembles what we know about
integrin-talin interactions (Kinashi, 2005). Integrins are heterodimeric, transmembrane proteins that
like dystroglycan link the extracellular matrix to the intracellular cytoskeleton. The NPxY motif on
the integrin subunit interacts with talin, an actin-binding protein, via the F3 subdomain within the
FERM domain of talin, a PTB-like domain (Campbell and Ginsberg, 2004). Talin plays a role
analogous to dystrophin by binding the NPxY motif on integrin cytoplasmic tails and linking
integrins to the actin cytoskeleton. Binding of talin to the NPxY motif is required for energy
dependent activation of integrins (Calderwood, 2004). In addition to performing analogous
structural roles, a similar regulatory mechanism may exist. It is known that integrin-talin interaction
is mediated in a phosphorylation-dependent manner. When the tyrosine of the NPxY motif is
phosphorylated, binding of the integrin to talin is abolished. Focal adhesion kinase and integrinlinked kinase bind to integrins in vitro and may regulate integrin-talin interaction, although this
remains to be demonstrated in vivo. Furthermore, several other proteins, including platelet myosin,
SHC, and Grb2, have been shown to bind integrins in their phosphorylated state in vitro (Liu et al.,
2000). This study provides evidence that a similar mechanism may act to regulate Dg-Dys
interaction. Other signaling molecules may then interact with Dg in a phosphorylation-dependent
manner. Previous work has revealed SH3 domain-mediated interaction between Dg and Grb2 (Yang
et al., 1995). However, I have not been able to observe direct binding between Dg and Drk, a
Drosophila homologue of Grb2, suggesting a different candidate for SH3 domain interaction in
Drosophila. Taken together, my findings suggest the additional possibility of potential regulation
within the DGC and more options for interaction of the DGC with other cell components.
4.2. Novel elements that interact with the Drosophila DGC
Presently, the regulation of the DGC and its involvement in signaling are poorly understood.
In this work I have addressed these unknowns by using dominant modifier screens to find genes that
may shed light on both of these processes. The large-scale screens for modifiers of Dys/Dg-related
wing vein phenotype have revealed groups of modifiers that are components of canonical signaling
pathways (TGF-β, EGFR, Wnt and Notch) as well as components involved in cell/neuronal
migration, cytoskeletal rearrangements and, most importantly, muscle development. The secondary
screen performed in muscle tissue allowed me to identify the components, which interact with Dys
and Dg to provide the normal muscle function. I have found human homologues of identified
components by comparing protein sequences (Table 2).
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Table 2
Human homologues to identified DGC modifiers
Drosophila
protein

Human
homologue

Identity,
%

Positive,
%

Gaps,
(%)

Cam

CAM2

97

98

0

capt

CAP1

48

64

4

CG34400

DFNB31

36

56

18

CG7845

WDR74

31

50

4

chif

DBF4

25

42

23

Fhos

FHOD1

ND

ND

ND

Fkbp13

FKBP14

44

64

4

Grh

GRHL1

50

66

4

Mbl

MBNL

43

54

12

Nrk

MuSK

60

75

5

POSH

SH3RF3

38

54

15

Rack1

GNB2L1

77

87

0

robo

ROBO

38

55

4

Sp2353

EGFLAM

32

49

5

vimar

RAP1

30

50

10
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Interact with DGC
components (Ilsley et al.,
2002), (regulate calcium
dependent pathways (Ye
et al., 1997)
Actin polymerization,
signaling (Moriyama and
Yahara, 2002)
Actin cytoskeleton
organization (Mburu et
al., 2003)
Unknown
Regulatory subunit of
Cdc 7 kinase (Charych et
al., 2008)
Actin polymerization,
MTs organization,
signaling (Gasteier et al.,
2005), affect muscle
function (Montana and
Littleton, 2006)
Unknown
Transcription regulation,
affect PCP (Lee and
Adler, 2004)
Splicing factor (Vicente
et al., 2007)
Receptor, function in
NMJ (Meriggioli and
Sanders, 2009)
Signaling, JNK pathway
(Zhang et al., 2005)
Signaling (Bourd-Boittin
et al., 2008; Egidy et al.,
2008)
Cytoskeleton
rearrangement, axon
guidance receptor
(Tayler et al., 2004)
Unknown
GTP-GDP dissociation
stimulator (Bailey et al.,
2009)

Involvement in
disorders
Enhances muscular
dystrophy in mice
(Chakkalakal et al.,
2006)
Unknown
Deafness (Mburu et al.,
2003)
Unknown
Cancer (Charych et al.,
2008)

Unknown

Unknown
Defects in neural
closure and skin
development
(Gustavsson et al.,
2008; Wilanowski et
al., 2008)
Myotonic dystrophy
(Vicente et al., 2007)
Congenital myasthenic
syndrome (Huze et al.,
2009)
Global cerebral
ischemia (Zhang et al.,
2005)
Cancer (Bourd-Boittin
et al., 2008; Egidy et
al., 2008)
Unknown
Unknown
Cancer (Bailey et al.,
2009)
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4.2.1. Components involved in Ca2+ dependent pathways
From the screen I have identified two components, Calmodulin and Fkbp13, which might
modulate Dys and Dg-dependent muscle degeneration due to their involvement in Ca2+ dependent
pathways.
Calmodulin was one of the expected interactors, since its binding to Syntrophin (a component
of the DGC) was previously shown (reviewed in (Ilsley et al., 2001)). Calmodulin is a highly
conserved protein. The amino acid sequence of Drosophila Calmodulin is almost identical to
CAM2 in human (97% identity). CAM belongs to the EF-hand family of Ca2+-binding proteins and
it is found in all eukaryotic cells at varying concentration. CAM modulates the activities of several
key enzymes and cellular processes including regulation of cell growth, division, differentiation and
cell death (Ye et al., 1997). Many of Ca2+ dependent pathways are channeled through the same Ca2+
sensor – calmodulin. CAM mediates differential sensitivity of CaMKII (CAM-dependent kinase) to
the local Ca2+ in cardiac myocytes (Saucerman and Bers, 2008). Moreover, it has been shown in
vitro that CaMKII is involved in phosphorylation of dystrophin and syntrophin. The association of
dystrophin and syntrophin sequences is inhibited by CaMKII phosphorylation (Madhavan and
Jarrett, 1999). The CaMKII mediated phosphorylation of dystrophin Dp71 isoform modulates its
nuclear localization in PC12 cells (Calderilla-Barbosa et al., 2006). Also, CAM is able to interact
with the ZZ domain of dystrophin and utrophin in a calcium-dependent manner and thereby regulate
the WW domain mediated interaction between dystrophin/utrophin and dystroglycan. The ZZ
domain together with the EF-hand has been shown to stabilize Dys-Dg binding via WW domain
(reviewed in (Ilsley et al., 2001)). Targeted inhibition of CAM signaling exacerbates the dystrophic
phenotype in mdx mouse muscle (Chakkalakal et al., 2006). Now I have demonstrated that
reduction of Cam in Drosophila enhances age-dependent muscle degeneration in Dys and Dg
mutants.
It is known that the loss of dystrophin from human muscles results in disruption of the DGC,
which in turn leads to pathological Ca2+ dependent signals that damage muscle cells. Recently, in
the mdx mouse model of muscular dystrophy, the structural and functional defects in a sarcoplasmic
reticulum Ca2+ channel, ryanodine receptor (RyR1), were identified (Bellinger et al., 2008). RyR1
functions in complex with stabilizing subunit – calstabin-1 (FKBP12). The depletion of FKBP12
results in «leaky» channels that contributes to alterations in Ca2+ homeostasis in dystrophic muscles
(Bellinger et al., 2008). Additionally, the mutation that causes left ventricular non-compaction
cardiomyopathy was recently associated with the FKBP12 gene (Moric-Janiszewska and
Markiewicz-Loskot, 2008). In contrast, another FK506 binding protein (FKBP51) has been shown
to be over-expressed in skeletal muscles of the mdx mouse (Fisher et al., 2005). Now I have
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identified a Drosophila Fkbp13, a homologue to human FK506 binding protein 14 (FKBP14) as an
interactor with Dys and Dg in muscles. Taken together, these findings suggest the important role of
FK506 binding proteins in muscle function, possibly due to Ca2+ homeostasis regulation. Further
studies of the found interaction are interesting in view of the fact that Fkbp13 is likely to be
involved in positive regulation of degeneration, since mutation in Drosophila Fkbp13 caused
suppression of the muscle phenotype in Dys and Dg RNAi mutants.

4.2.2. Factors with a function in neuromuscular junctions (NMJs)
The studies in Drosophila have revealed the DGC function in the neuromuscular junctions
(Bogdanik et al., 2008; van der Plas et al., 2006), emphasizing the important role of Dystrophin and
Dystroglycan together with Laminin and Coracle in maintaining Drosophila NMJs. Dystrophin and
Dystroglycan are localized postsynaptically. The reduction of these components from the
postsynapse affects synaptic neurotransmitter release (Bogdanik et al., 2008; van der Plas et al.,
2006). Moreover, the mutations in DGC components affect neurotransmitter receptors clustering. In
humans the heterogeneous disorders with defects in NMJ transmission, that leads to muscle
weakness, are classified as congenital myasthenic syndromes (CMS). So far, 12 disease-causing
genes coding for proteins that have a key role at the human NMJ have been identified: CHAT,
CHRNA1, CHRNB1, CHRND, CHRNE, COLQ, RAPSN, SCN4A, MuSK, DOK7, LAMB2 and AGRN
(Huze et al., 2009). However, for half of CMS patients, genes causing the disease have not yet been
found. Now I have shown that Drosophila Nrk (neurospecific receptor kinase), a protein highly
homologous (60% identity) to human MuSK (muscle receptor kinase), interacts with Dys and Dg in
the muscles. MuSK is an essential receptor tyrosine kinase for establishment and maintenance of
the neuromuscular junctions (Meriggioli and Sanders, 2009). During Drosophila embryogenesis,
the Nrk gene is expressed specifically in the developing nervous system (Oishi et al., 1997).
Furthermore, I have shown that the specific knock-down of Nrk in the Drosophila motor neurons
causes strong muscle degeneration. This suggests that the Drosophila homologue of human MuSK
plays a similar role in NMJ function. It has also been shown that MuSK can bind agrin and
activation of MuSK by agrin leads to clustering of acetylcholine receptors on the postsynaptic side
of NMJs (Stiegler et al., 2009). Furthermore, it is known that agrin and laminin B can directly
interact with dystroglycan and both of these ligands have been shown to be involved in congenital
myastenic syndrome development (Huze et al., 2009). It is becoming clear that dystroglycan and
MuSK (Nrk) are two receptor proteins important for transferring signals necessary for normal NMJ
function. However, whether these pathways share the same ligand components to provide neuronmuscle communication has to be studied further.
85

Discussion

In addition, I have identified the agrin-like protein SP2353 as an interactor with Dystroglycan
in muscles. Since this molecule contains a Laminin G domain, it is a potential new extracellular
binding partner for Dystroglycan. I have found that humans have a homologue to Drosophila
SP2353, whose function is still unknown. It will be interesting to study the SP2353 role as an
extracellular matrix protein in the NMJ maintenance using a Drosophila model.

4.2.3. Cytoskeleton rearrangement components
Another interesting group of genes, identified from the screen, plays an important role in
the assembly of the actin cytoskeleton and in the transferring signals that cause cytoskeleton
reconstruction. This group contains CG34400, Fhos, capt, robo and Mbl genes.
The Drosophila CG34400 gene encodes a protein homologues to human DFNB31 (Deafness,
autosomal recessive 31) or mouse whirlin. Defects in whirlin, a PDZ domain molecule, causes
deafness in the whirler mouse and congenital hearing impairment in DFNB31 deficient people. It
has been shown that DFNB31 acts as an organizer of submembranous molecular complexes that
control the coordinated actin polymerization and membrane growth of the stereocilia (Mburu et al.,
2003). The gain-of-function screen performed in Drosophila reveals that CG34400 strongly affects
muscle pattern formation during embryogenesis (Staudt et al., 2005) and our studies indicate that
reduction of CG34400 specifically in Drosophila muscles results in their degeneration.
An additional gene identified from the screen, which modulates the cytoskeleton, is Fhos.
This gene encodes the protein homologues to human FHOD1 (a formin homology containing
protein). Formins are conserved in eukaryotes from yeasts to mammals. They control cell polarity
during processes such as motility, cytokinesis, and differentiation by organizing the actin
cytoskeleton and microtubules (MTs) (Gasteier et al., 2005). Recently a direct interaction between
dystrophin and MTs (Prins et al., 2009) was identified. Since Fhos came from the screen as an
interactor of Dys, this proposes that the DGC and Fhos may act as a team in the MTs organizing
procedure. Furthermore, it has been shown that mammalian formin FHOD1 interacts with the ERK
MAP kinase pathway (Boehm et al., 2005). The involvement of dystroglycan in the same signaling
pathway is described above, where the proposed role of dystroglycan is to act as a protein scaffold
that sequesters ERK protein in a separate cellular location to regulate their further activation
(Spence et al., 2004). This suggests that FHOD1 is involved in the pathway, in which dystroglycan
seems to be an up-stream component and raises the question, is dystroglycan required for further
FHOD1 function. Moreover, the microarray screen identified an up-regulated Fhos transcript in
Drosophila Myosin heavy chain (Mhc) mutants and further in situ analysis revealed strong
expression of Fhos in somatic muscles and putative midline mesodermal cells (Montana and
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Littleton, 2006). I have identified now a Drosophila formin as a strong enhancer of muscle
phenotype caused by a reduction of either Drosophila Dystrophin or Dystroglycan. Further studies
of the mechanisms of DGC-Fhos interaction are important in different aspects: function in
signaling, establishment of cellular polarity and muscle maintenance.
Another gene required for actin polymerization that was identified in our screen is capulet
(capt). Capt (cyclase-associated protein) is a Drosophila homologue of human CAP1, which has
been shown to play a key role in speeding up the turnover of actin filaments by effectively recycling
cofilin and actin (Moriyama and Yahara, 2002). Additionally, CAP proteins have a domain
structure, which makes them attractive components to be involved in signal transduction. This may
link the cell signaling with actin polymerization (Hubberstey and Mottillo, 2002). Studies in
Drosophila showed that capt genetically interacts with Abl and Slit in providing a midline axon
pathfinding (Wills et al., 2002). In addition, it has been reported that the genetic interaction of capt
with microtubule motor kinesin plays a role in maintaining neuronal dendrite homeostasis (Medina
et al., 2008) and that capt is involved in organization of actin cytoskeleton during eye development
(Benlali et al., 2000) and in oocyte polarity establishment (Baum et al., 2000). Now I have found
that reduction of capt by one copy enhances muscle degeneration in Dys and Dg mutants. Since Dys
has also been shown to bind actin it may suggest that both proteins, Dys and capt, interact in the
process of regulation of the actin cytoskeleton organization.
The Slit-Robo pathway has been shown to transmit information from the ECM to the inside of
the cell, causing actin cytoskeleton rearrangement. Such a process is required during axonal growth
and their proper migration and termination. The DGC, as well as the Slit-Robo pathway, is also
required for neuron pathfinding, which has been shown for the photoreceptor axons in Drosophila
(Shcherbata et al., 2007; Tayler et al., 2004). From the screen I found both, slit and robo as
interactors with Dg and Dys in wing veins (Kucherenko et al., 2008) and also showed that robo
genetically interacts with DGC components in muscles. In addition, Drosophila slit-Dg interaction
has previously been observed in cardiac cell alignment (Qian et al., 2005) and Dg requirement for
slit localization during cardiac tube formation was reported recently (Medioni et al., 2008).
Sequence analysis of slit reveals that it possesses a Laminin G domain at its C-terminus, which
theoretically can interact with the Laminin G binding sites at the extracellular domain of Dg,
making Dg the second possible receptor for slit.
Additionally, my studies demonstrated a strong interaction in muscles between Dys/Dg and
Mbl (muscleblind) (Kucherenko et al., 2008). Splicing factors, Drosophila Mbl proteins control
terminal muscle and neuronal differentiation and are implicated in alternative splicing of α-actinin
(Pascual et al., 2006). α-actinin is a cytoskeletal actin-binding protein and a member of a spectrin
superfamily, which comprises spectrin, dystrophin and their homologues and isoforms. In muscle
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cells α-actinin is localized at the Z-disk, where it forms a lattice-like structure and stabilizes the
muscle contractile apparatus (reviewed in (Sjoblom et al., 2008)). Human muscleblind-like
homologues (MBNL1-3) are implicated in the pathogenesis of the inherited muscular
developmental and a degenerative disease, myotonic dystrophy (Vicente et al., 2007). It would be
interesting in the future to dissect DGC-Mbl relations in more detail and to address the question if
the DGC-Mbl strong interaction is due to Mbl effect on α-actinin and cytoskeletal actin
destabilization, or if it directly interacts with the DGC components, for example, participates in
Dystrophin isoforms splicing.

4.2.4. Components implicated in signaling
The Dystrophin-Glycoprotein Complex provides a strong mechanical link between the
intracellular cytoskeleton and the extracellular matrix. Recent structural studies have provided new
insights into the molecular interactions between Dystroglycan and other key components of the
DGC (reviewed in (Winder, 2001)), suggesting regulation of the complex. Increasing understanding
of the DGC function at the molecular level shows its involvement not only in MD disease, but in
development, adhesion and signaling; however, the exact DGC function in these processes is still
unclear.
One of the components found in the screen, which may act together with DGC in signaling, is
POSH (plenty of SH3), a Drosophila homologue of human SH3RF3 protein. POSH is a
multidomain scaffold protein comprised of four Src homology 3 domains, a Rac binding domain
and a RING domain. It has been shown that POSH and the JNK pathway are important in mediating
death in a Parkinson disease model (Wilhelm et al., 2007). POSH interacts with activated Rac and
functions as a proapoptotic protein by activating JNK signaling. Knockdown of POSH attenuates
JNK and c-jun activation in the hippocampus following global cerebral ischemia and protects from
ischemic neuronal cell death (Zhang et al., 2005). It has been reviewed above the involvement of
the DGC in JNK signaling (Zhou et al., 2007). With many SH3 domains, POSH has the potential to
bind dystroglycan, but whether these two components interact directly needs to be investigated.
Moreover, it has been recently shown that POSH assembles the inhibitory complex that leads the
actin-myosin network to regulate neuronal process outgrowth (Taylor et al., 2008). In addition,
POSH was also identified in a genetic modifier screen in Drosophila for mutants with
morphological defects in dorsal appendages (Schnorr et al., 2001) and my studies reveal that if
POSH mutation is introduced in the Drosophila germline, abnormalities in oocyte polarity are
observed (Kucherenko et al., 2008). All these results suggest a role for POSH in regulating cell
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polarity and cell shape change, but it is unknown in which pathway POSH is involved to mediate
these processes.
Another component identified from the screen is a transcription regulator Grainy head (Grh).
The mammalian homologue of Drosophila Grh, GRHL1 (Grainy head like 1), is involved in
regulation of neural tube closure (Gustavsson et al., 2008) and skin development (Wilanowski et al.,
2008). Grh in Drosophila is required for several different processes during differentiation including
planar cell polarity (PCP) establishment, epidermal hair morphogenesis and wing vein specification
(Lee et al., 2003). At the basal side of follicle epithelium actin filaments exhibit a planar cell
polarity. In Dg follicle cell clones the basal actin is disrupted non-cell-autonomously (Deng et al.,
2003). However, it is unclear whether Dg acts together with the canonical PCP pathway or
functions independently of this pathway. In my large-scale screen, for DGC interacting components
in wing vein, a group of genes with PCP function was identified including stan (Flamingo) and
wingless (wg) (Kucherenko et al., 2008). In the absence of Grh function the Frizzled protein fails to
accumulate apically and the levels of Stan is dramatically decreased. These interactions support the
hypothesis that Dg might act together with the frizzled-dependent tissue polarity pathway in
coordinating the polarity of cells in epithelial sheets.
Additionally, I have identified several proteins – the recepror of activated protein kinase C
(Rack1), visceral mesoderm armadillo repeats (vimar) and chiffon (chif) – whose mammalian
homologues are involved in different types of cancer. Rack1 protein, as well as CG7845, a protein
with unknown function that has been found in the screen, both contain WD40-repeats and have their
homologues in human, GNB2L1 and WDR74, respectively. The underlying common function of all
WD-repeat proteins is coordinating multi-protein complex assemblies, where the repeating units
serve as a rigid scaffold for protein interactions (Garcia-Higuera et al., 1998). The GNB2L1 protein
is involved in numerous cancers: it has been shown to be up-regulated in superficial spreading
melanoma cells (Egidy et al., 2008) and in the patients with hepatocellular carcinoma (BourdBoittin et al., 2008).
Furthermore, I have identified vimar and chif as interactors with the DGC in muscles.
Drosophila vimar (visceral mesoderm armadillo repeats) is homologous to human RAP1, which
functions as a transcription regulator and is also implicated in cancer formation (Bailey et al., 2009).
Chiffon function is not very well clarified in Drosophila; however the human homologue of chif,
DBF4 is a regulatory subunit of Cdc7 kinase, whose phosphorylative function is involved in cancer
formation (Charych et al., 2008). Likewise, the loss of Dg often is associated with the progression
of various cancers (Barresi and Campbell, 2006; Sgambato et al., 2004), specifically, Dg is downregulated in breast and prostate cancers (Henry et al., 2001; Muschler et al., 2002). However, the
exact mechanism and pathway, through which Dg is involved in cancer formation, remains elusive.
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It seems to be of great importance to reveal the mechanisms of the DGC signaling in more
detail and to study the role of new interacting genes found in this work in the regulation and
function of the DGC.
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6. Appendix
6.1. Abbreviations
BMD Becker muscular dystrophy
BDSC Bloomington Drosophila stock center
CAP Cyclase associated protein
C.elegans Caenorhabditis elegans
CMD Congenital muscular dystrophy
CMS Congenital myastenic syndrome
D.melanogaster Drosophila melanogaster
Dg Dystroglycan
DGC Dystrophin-Glycoprotein Complex
DGRC Drosophila genomics resource center
DMD Duchenne muscular dystrophy
DmWWbs Drosophila melanogaster WW binding site
DRP Dystrophin related protein
Dys Dystrophin
ECM Extracellular matrix
IFM Indirect flight muscles
JNK c-jun N-terminal kinase
Kd Constant of dissociation
LGMD Limb-girdle muscular dystrophy
MD Muscular dystrophy
MEB Muscle-eye-brain disease
MTs microtubules
NMJ Neuromuscular junction
NOS Nitric oxide synthase
Nrk Neuronal receptor kinase
PCP Planar cell polarity
PCR Polymerase chain reaction
POMT Protein-O-mannosyl transferase
POSH Plenty of SH3
Rack1 Receptor of activated protein kinase C1
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SH2 Src homologue 2
SH3 Src homologue 3
vimar visceral mesoderm armadillo repeats
WWbs WW binding site
WWS Walker-Warburg syndrome
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