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Summary

1. Zusammenfassung

Im Menschen hdngen genetisch diverse Formen von Muskeldystrophie (MD) mit einer
Schadigung 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 Komplexitit. Mutationen in den
Dystrophin (Dys), Dystroglykan (Dg) und Sarkoglykan Genen der Fliege verursachen Symptome
dhnlich denen beim Menschen: verminderte Mobilitdt, verkiirzte Lebenserwartung sowie
altersabhéngige Muskeldegeneration. Des Weiteren beeinflussen Mutationen in Dys und Dg die
Freisetzung von Neurotransmittern in der neuromuskuldren Endplatte und rufen axonale
Migrationsdefekte hervor. Weiterhin sind Dys und Dg wichtig bei der Festlegung der Zellpolaritét
in Keimbahn- und Follikelzellen. Da eine Stérung 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 C-
Terminus von DG enthilt einige Bindungsstellen fiir SH3-, SH2- und WW-Dominen. Es wurde
gezeigt, dass das C-terminale PPxY-Motiv in DG die WW-Doméne von DYS binden kann. Unsere
in vitro Studien zeigen, dass beide PPxY-Motive in Drosophila DG, WWbsI und WWbsll, an die
WW-Doméne in DYS binden koénnen und dass eine Phosophorylierung des Tyrosins in jedem der
PPxY-Motive zur Aufhebung der DG-DYS Bindung fiihrt. Dies deutet auf einen mdglichen
Regulationsmechanismus hin. AuBlerdem haben wir gezeigt, dass beide WW-Bindungsstellen
erforderlich sind um die DG Funktion bei der Festlegung der Polaritit der Eizelle aufrecht zu
erhalten. Der Vergleich der Sequenzen von WW-Bindungsstellen in 12 Drosophila Spezies und
dem Menschen zeigt auBerdem, 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 fiir die
Zytoskelettumlagerungen darstellen konnte, 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 fiir MD benutzt und genetische ,,Screens* durchgefiihrt bei denen wir dominante
Modulatoren von Dg und Dys Mutationsphianotypen identifiziert haben. Im grof3 angelegten
,»Primér-Screen® haben wir nach Modifikationen von einfach zu bewertenden Phanotypen gesucht,
wie zum Beispiel der Verdnderung der posterioren Fliigel-Querader. Mit dieser Vorhergehensweise
haben wir Modulatoren gefunden, die zu unterschiedlichen funktionellen Gruppen gehoren: Gene
die Funktionen im Muskelgewebe, bei neuronaler/zelluldrer Migration oder als Motorproteine
besitzen, sowie Komponenten des Zytoskeletts und Mitglieder der TGF-B-, EGFR- und Notch-
Signalwege. Um die Mechanismen der Muskeldegeneration aufzuklédren die durch eine verminderte
Dys und Dg Funktion verursacht werden, wurde ein ,,Sekundér-Screen in Muskelgewebe
durchgefiihrt. Dabei wurden Modulatoren identifiziert, die den Phanotyp der Muskeldegeneration
jeweils unterdriickten oder verstirkten. Weiterfilhrende Untersuchungen der identifizierten
Komponenten zeigten, dass diese entweder im Muskel- oder Nervengewebe benétigt werden, wo
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dann spezifische Interaktionen mit Bestandteilen des DGC auftreten konnen. Diese neuen
Komponenten, die zu DGC abhéngiger Muskelerhaltung beitragen, werden gegenwértig 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 age-
dependent 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, WWbsl 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 (a and f), the sarcoglycans (a, B, y
and 0), sarcospan, the syntrophins (al, B1, B2, y1- and y2) and a-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 F-
actin, 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)).
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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 [-
dystroglycan. Motifs in the remaining C-terminal sequences comprise of two EF hands, a ZZ
domain with the ability to bind Zn*", 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
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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, o- and [-
dystroglycan. a-dystroglycan is a heavily glycosylated membrane protein that interacts directly with
laminin-2; in contrast, B-dystroglycan is an integral membrane glycoprotein that can bind both
dystrophin and utrophin. The dystrophin-anchoring site on B-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, POMGnNT1, 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 (o-, B-, y- and -
sarcoglycans) 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 a-, B-, y- and d-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
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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 C,C;, 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
MEKI1, 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-DGC-
GPy-PI3K-Akt signaling in skeletal muscle (Xiong et al., 2009). GBy binding activates PI3K/Akt
signaling in laminin-dependent manner, and phosphorylation of Akt and GSK results from
activation of PI3K. This laminin-DGC-GBy-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 C-
terminus 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
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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 Dpl17. 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 a-sarcoglycan, a B-sarcoglycan-like subunit and one single subunit that is
equally related to y-, 6- and (-sarcoglycans, which in Drosophila is called 3-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
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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 (Taghli-
Lamallem 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-to-
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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

e 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.

e 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.

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

e 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.

e 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.

e 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.

e 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
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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.

1V 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 (24B-
Gal4, 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:
e the main aim of the particular manuscript in the context of the complete thesis
e the authors and their contribution to the practical work

e 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 DmWWbsl and DmWWbslII). Analysis of
obtained results showed that both peptides DmWWbsI and DmWWhbsII can bind Dystrophin in
vitro with a K4 within the range of reported dissociation constants for class | 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 DmWWbsl and DmWWbsIl 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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The conserved dystroglycan-dystrophin (Dg:Dys) complex
connects the extracellular matrix to the cytoskeleton. In
humans as well as Drosophila, perturbation of this complex
results in muscular dystrophies and brain malformations and in
some cases cellular polarity defects. However, the regulation of
the Dg:Dys complex is poorly understood in any cell type. We
now find that in loss-of-function and overexpression studies
more than half (34 residues) of the Dg proline-rich conserved
C-terminal regions can be truncated without significantly com-
promisingits function in regulating cellular polarityin Drosoph-
ila. Notably, the truncation eliminates the WW domain binding
motif at the very C terminus of the protein thought to mediate
interactions with dystrophin, suggesting that a second, internal
WW binding motif can also mediate this interaction. We con-
firm this hypothesis by using a sensitive fluorescence polariza-
tion assay to show that both WW domain binding sites of Dg
bind to Dys in humans (K; = 7.6 and 81 pm, respectively) and
Drosophila (K; = 16 and 46 M, respectively). In contrast to the
large deletion mentioned above, a single proline to an alanine
point mutation within a predicted Src¢ homology 3 domain
(SH3) binding site abolishes Dg function in cellular polarity.
This suggests that an SH3-containing protein, which has yet to
be identified, functionally interacts with Dg.

The dystroglycan-dystrophin complex contains multiple
proteins, including the actin-binding protein dystrophin, the
transmembrane protein dystroglycan, and a variety of extracel-
lular proteins, including laminin, agrin, and perlecan (1). The
Dg® protein is a crucial player in this complex acting as an
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anchor between the actin cytoskeleton and the extracellular
matrix. Dg binds Dys at its proline-rich C-terminal end and
laminin at its highly glycosylated N-terminal end (2) (Fig. 14).

When the interactions between components of the Dg-Dys
complex are disrupted, the muscle degenerative disease mus-
cular dystrophy (MD) results (3—5). In mouse models, loss of Dg
in muscle cells causes mild muscular dystrophy phenotypes (6).
Furthermore, several human forms of MD, such as Fukuyama
MD, result from mutations in the enzymes that glycosylate Dg.
In addition to its role in maintaining the structural integrity of
muscle cell membranes, Dg is also required in the brain. When
itis knocked out in the mouse brain, disrupted neural migration
and disorganized cortical layers are observed (7, 8). This is con-
sistent with the fact that brain malformations as well as learning
and memory difficulties are often observed in MD patients
(9-12). Dgis not only important in the pathogenesis of MD and
the associated brain malformations, but it also has an important
role in cell adhesions and anchoring the cell to the extracellular
matrix. Loss of Dg protein has been associated with the pro-
gression of various epithelial cancers (2, 13). Specifically, Dg is
down-regulated in breast and prostate cancers (14, 15).

In vitro studies have suggested that the interaction between
Dg and Dys is mediated by the most C-terminal WW domain
binding motif, PPXY, on Dg and the Dys WW and EF-hand
domains (16—18). In vitro experiments have also shown that
when the tyrosine of the PPXY motif is phosphorylated, the
binding between Dgand Dys is abolished (19, 20). This suggests
a potential mechanism to regulate the Dg and Dys interaction,
in which signaling proteins containing SH2 or SH3 domains
may bind to Dgin a tyrosine phosphorylation-dependent man-
ner. In the search for a potential regulator, recent studies have
revealed several proteins that interact with Dg. Both the Grb2
(growth factor receptor-bound protein 2) adaptor protein, as
well as MEK1, and ERK of the Ras-Raf mitogen-activated pro-
tein kinase (MAPK) cascade have been shown to interact, in
vitro and in vivo, with the C terminus of Dg (21, 22). However,
Dgappears to be only an anchor for MEK1 and ERK rather than
a substrate (22), and Dg might not have a direct involvement in
this signaling pathway. Independently, recent work has
revealed that laminin and dystroglycan-dependent phosphoryl-

troglycan binding region; bs, binding site; FL, full-length; MOPS, 4-mor-
pholinepropanesulfonic acid; PBS, phosphate-buffered saline; DAPI, 4,6-
diamidino-2-phenylindole; GFP, green fluorescent protein.
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ation of syntrophin affects the Grb2-SOS-Rac1-c-Jun N-termi-
nal kinase (JNK) pathway and ultimately results in the phospho-
rylation of c-Jun on Ser-65 (23). Thus, although studies suggest
a clear role for Dg in signaling, the regulation of Dg by signaling
and the specific regions of the Dg C terminus involved in this
process are unknown.

Toshed light on the regulation of Dg and its role in signaling,
we have analyzed the binding motifs that are required for the
function of the Dg-Dys complex in cellular polarity in Drosoph-
ila. The proline-rich C terminus of Dg has several potential
protein-binding motifs, which suggests that it may be involved
in regulating the complex and potentially may have a signaling
role. Proline-rich sequences have been shown to be the targets
of several protein interaction domains involved in signal trans-
duction. For example, SH3 domains have been shown to bind
core PXXP motifs (where P is proline and X indicates any amino
acid). Drosophila Dg contains two putative SH3-binding sites,
consisting of the core PXXP motif. Proline-rich sequences also
serve as targets for binding by WW domains (24). In particular,
the class I WW domain ligand, PPXY (where Y is tyrosine),
appears twice in the C-terminal region of Dg. The more C-ter-
minal PPXY motif has been established as a binding site for the
WW domain of dystrophin in humans (17, 18) and in Drosoph-
ila by in vitro binding studies (25). The role of a putative second,
more N-terminal W domain binding site or the potential
SH3 domain binding sites are not yet understood.

Drosophila is an excellent system to study the Dg-Dys com-
plex (25-29). In particular, Dg is required for cellular polarity in
the oocyte and epithelial cells in Drosophila as well as in mouse
mammary epithelial cells (26, 30). Furthermore, Drosophila is a
model for the MD disease phenotype, as reduction of dystro-
phin and dystroglycan in the muscles leads to progressive mus-
cle degeneration and loss of muscle function (25). In this study,
we test which regions of the Dg C terminus are essential for Dg
function in cellular polarity in vive. Specifically, we show by a
single amino acid substitution that a putative SH3 domain binding
site is critical for Dg function in both loss-of-function and overex-
pression studies. However, the most C-terminal WW domain
binding site previously shown to be essential for dystrophin bind-
ing is dispensable for cellular polarity in Drosophila.

EXPERIMENTAL PROCEDURES

Fly Stocks—Drosophila melanogaster stocks were raised on
standard cornmeal/yeast/agar medium at 25 °C. For overpro-
duction of pUASp-Dg in the germ line, we used the following:
NGT40; Plw+:nanosGald:VP-16)Ab-2 (31, 32) and Mat-ad-
Tub > Gal4-VP16/CyO (33). For overproduction of pUASp-Dg
in embryos we used Daughterless-Gal4 (34). For overproduc-
tion of pUASp-Dg in the follicle cells, we used hsFlp; act <
FRT-CD2-FRT < Gal4; UAS-GFP (35). For generation of dys-
troglycan clones, we used FRT42D-Dg***/Cy0 (Dg™? is a dys-
troglycan loss-of-function mutant with a 3155-bp deletion
between bp 32,345 and 35,669 of DS03910) (26) and hsFLP;
FRT42D Ubi-GFP/CyO. For overproduction of pUASp-Dgin a
dystroglycan mutant background, we used FRT42DDg***/CyO;
Plw+ nos-Gal4:VP16)A4-2 III, and hsFLP; FRT42D Ubi-GFP/
CyO; pUASp-Dg/TM3 or pUASp-Dg /FM7; FRT42DDg***/
CyO, and hsFLP; FRT42D Ubi-GFP/CyO; P(w+ nos-Gald:
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VP16)A4-2 Il (pUASp-Dg refers to all dystroglycan constructs:
FL, C1,C2,4P, DC2, Pro — Ala, ALLP, AATA).

Generation of pUASp-Dg Transgenic Animals—Full-length
and truncated dystroglycan PCR products that can be
expressed in the germ line were synthesized from the template
1.D11619 using the forward primer GGGGTACCAACATGA-
GATTCCAGTGGTTCT in conjunction with one of the fol-
lowing reverse primers: FL, CTCTAGATTATGGCGACACA-
TATGGCGGT; C1, GCTCTAGATTACTTCTCGTCCTTG-
AGTATGACG; C2, GCTCTAGATTAATATGGCGGTGGCT -
TCTCGTCCTTGAGTATAGACG; 4P, GCTCTAGATTATG-
GCGACACAGGTGGCGGT; DC2, GCTCTAGATTAGTCC-
ACGTCGTTGTCAC (Invitrogen) and cloned into pUASp, a
vector that allows efficient germ line expression (36).

To generate a construct with mutated SH3-binding sites
(pUASp-2XSH3 knock-out, Pro — Ala), the QuickChange® X1
site-directed mutagenesis kit (Stratagene) was used to intro-
duce proline to alanine substitutions in the SH3bsI (PATP —
AATA). LD11619 was used as a template with forward primer
CGTGGCAAGTCGGCAGCCACGGCCTCTACCGCAA-
ACC and reverse primer GGTTTGCGGTAGGAGGCCGTG-
GCTGCCGACTTGCCACG, generating the intermediate
plasmid pBS-Dg AATA. pBS-Dg AATA then served as a tem-
plate for PCR with the forward primer GGACGAGAAGCCG-
GCGCTGCTGCCACCATCCTACAATACC and the reverse
primer GGTATTGTAGGATGGTGGCAGCAGCGCCGGC-
TTCTCGTCC, designed to substitute the first proline of the
SH3bslI with an alanine (PLLP — ALLP), thus generating pBS-
2XSH3 knockout. This served for the template for standard
PCR performed with the forward primer GGGGTACCAACA-
TGACATTCCAGTGGTTCT and reverse primer GCTCTAG-
ATTATGGCGACACATATGGCGGT.

PCR products were digested with Kpnl and Xbal and cloned into
the pUASp vector (36). The constructs were injected into embryos to
obtain at least two independent stable transformant lines.

Overproduction of Dystroglycan in the Germ Line, Follicle
Cells, and Embryos—For Dg overproduction in germ line cells,
balanced pUASp-Dg/P(w+manosGald:VP-16)Ab-2 or Mat-
ad-Tub > Gal4-UP16/CyO animals were raised in yeasted vials
at 25 °C for 3 days, dissected, and analyzed. For Dg overproduc-
tion in the follicle cells, hsFlp; UAS-GFPact << FRTCD2FRT <
Gald/pUASpDg animals were heat-shocked at 37 °C for 1 h,
raised in yeasted vials at 25 °C for 3 days, dissected, and ana-
lyzed. All plUASp-Dg constructs used were crossed to these
three Gal4 drivers to test for proper overproduction of protein
and correct localization of protein to the membrane in the germ
line and somatic cells. The following plUASp-Dg lines were used
for germ line analysis: F1.-1, 5; 4P-1, -2, -3, -4; DC2-1, -2; Pro —
Ala-1-3;C2-1,3; C1-1,-2; ALLP-1-3; AATA-1,2,4. For Dg over-
production in the embryo, pUASp-Dg/Daughterless-Gald
embryos were collected and left for 20 h at 18 °C to develop to
stage 13, stained, and analyzed. The following pl/ASp-Dg lines
were used to analyze embryos: FL-1, -2, -4; 4P-1, -3; DC2-1, 3;
Pro—Ala-1,-2,-3; C2-1,-5,-10; C1-1, -2. For Dg rescue exper-
iment the following lines were used: FL-1, -2, 3, -5, -6; 4P-1, -3,
-4; DC2-2, 3-; Pro — Ala-1-3; C2-1, -3; C1-1, -2; ALLP-1-3;
AATA-1,2,4. Importantly, the low level of Dg constructs driven
by only one copy of the nanosGal4-driver used in the rescue
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experiments does not generate significant overexpression phe-
notypes. Abnormal stage 7-8 clones (severe necrosis, no
oocyte, or abnormal Orb staining) were not included in our
calculations. For each construct, values for the proportion of
ovaries or embryos with mislocalized polarity markers between
independent insertion lines were averaged, and average devia-
tions were calculated.

Antibody Staining Procedure—Ovaries were dissected in
phosphate-buffered saline (PBS) and fixed while shaking on a
nutator for 10 min in PBS containing 5% formaldehyde.
Embryos were collected in (0.7% NaCl, 0.3% Triton X-100),
dechorionated, and fixed for 20 min in (4% formaldehyde, 0.1 M
sodium phosphate buffer, pH 7.2). Embryos were transferred to
a20-ml scintillation vial containing fixture and 100% n-heptane
1:1 and fixed for 20 min at room temperature on a shaker. Next,
the fixture was removed, and an equal amount of 100% metha-
nol was added. The vial was shaken vigorously to rupture the
vitelline membrane. Embryos were rinsed with methanol and
dehydrated through an ethanol series and rehydrated prior to
antibody staining.

Ovaries and embryos were rinsed with PBT (PBS, 0.2% Triton
X-100) four times (15 min each rinse) and blocked in PBTB (PBT,
0.2% bovine serum albumin, 5% normal goat serum) for 1 h at
room temperature. The tissue was incubated with primary anti-
bodies overnight at 4 °C and then incubated in secondary antibod-
ies overnight at 4 °C. The next day they were rinsed with PBT for
15 min, stained with DAPI (1 pg/mlin PBT) for 10 min, and rinsed
with PBT and mounted onto slides in 70% glycerol, 2% #n-propyl
gallate, 1 PBS. To analyze slides, a two-photon laser-scanning
confocal microscope (Leica TCS SP/MP) was used.

The following primary antibodies were used at the following
designated dilutions: rabbit anti-dystroglycan (1:3000 (26)),
mouse anti-Orb and anti-Crb (1:20; Developmental Studies
Hybridoma Bank), and rabbit anti-GFP directly conjugated
AF488 (1:1000; Molecular Probes). The following secondary
antibodies were used at the designated dilutions: Alexa 568
anti-rabbit and Alexa 568 anti-mouse (1:500; Molecular
Probes) and 488 phalloidin (1:50; Molecular Probes).

Plasmid Construction for in Vitro Analysis and Protein
Expression—The WW-EF hand region (DBR) of Drosophila
dystrophin was amplified from the template LD11292 using
PCR with forward primer GGAATTCCATATGACCATTG-
GACCACTGCCC and reverse primer CCGCTCGAGTTACT-
GGTGCTTGGCCGCCTC and cloned between the Ndel and
Xhol restriction sites of the His tag expression vector pET-15b
(Novagen). Drosophila DBR protein was expressed in Eschie-
richia coli strain BL21(DE3) after induction by 1 mum isopropyl
1-thio-B-p-galactopyranoside in standard LB medium (Qbio-
gene/Bio 101, Inc.). Cell pellets were collected, resuspended in
Binding Butffer solution (150 mam MOPS, 150 mm NaCl, 5 mm
imidazole), and lysed by a French press. Protein was purified
using nickel-nitrilotriacetic acid (Qiagen) affinity chromatog-
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raphy. Protein was concentrated using an Amicon ultracen-
trifugal device (Millipore), and imidazole was removed by dial-
ysis. Purified DBR protein was stored in 50 mm MOPS, pH 6.5,
150 mum NaCl, 400 mm Na,SO,, 10 mum dithiothreitol.

The Drk (Dreadlock)-FL. gene of Drosophila was amplified via
PCR from the template LD12029 with forward primer CCGC-
TCGAGATGGAAGCGATTGCCAAACACG  and  reverse
primer CGCGGATCCTTATGAATGATATGGCGTCACAT
and then cloned into the His tag expression vector pET-15b
(Novagen) using the Xhol and BamHI restriction sites. Dro-
sophila Drk protein was expressed in E. coli strain BL21(DE3)
after induction by 0.1 mm isopropyl 1-thio- B-p-galactopyrano-
side. Cell pellets were collected and lysed by a French press.
Protein was purified using nickel-nitrilotriacetic acid (Qiagen)
affinity chromatography. Protein was concentrated using an
Amicon ultracentrifugal device (Millipore) and imidazole
removed by dialysis. Purified Drk protein was stored in 20 mm
Tris, pH 7.9, 150 mum NaCl, 150 mm Na,SO,.

The DBR of human dystrophin (18) was expressed as a glu-
tathione S-transferase fusion protein and purified by glutathi-
one affinity chromatography. Five hundred units of thrombin
(Amersham Biosciences) were loaded onto the glutathione col-
umn with DBR bound, and the column was sealed and incu-
bated overnight at 4 °C to cleave the glutathione S-transferase
from the DBR. The DBR was washed off the column and con-
centrated, and the buffer was exchanged during concentration
to the same storage buffer used for the Drosophila DBR.

Huorescence Polarization Experimenis—Synthesized dystro-
glycan peptides (Fig. 5C) were N-terminally tagged with tetra-
methylrhodamine by Invitrogen Evoquest Services (sequences
DmWWhsl, GKSPATPSYRKPPPYVSP; HmWWhsl, KNMP-
TYRSPPPYVPP; DmWWhsll, PVI-LKDEKPPLLPPSYNT;
HmWWbsII, PL-ILQEEKAPLPPPEYSN). Six additional tet-
ramethylrhodamine-labeled peptides were ordered from
Genemed Synthesis Inc. (DmWWbsl-pY, GKSPATPYRKP-
PPpY-VSP; DmWhsIl-pY, PVILKDEKPPLL-PPSpYNT;
HmWWbsl-pY, KNMPTYRSPPPpYVPP; DmWWhsI-W,
GKSPATPYRKWPPYVSP; DmWWbsII-G, PVI-LKDEKP-
PLLLPPSGNT; and DmSH3bsII-2A, PVILKDEKPALLPPSYNT).
All peptides were over 95% pure based upon high pressure
liquid chromatography and mass spectrometry analysis. Flu-
orescence polarization experiments were performed at 25 °C
using a Wallac 1420 Victor3 fluorescence plate reader
(PerkinElmer Life Sciences). Dystroglycan peptide (200 nm)
was incubated with increasing concentrations of dystrophin
protein in storage buffer to a final volume of 250 pl. Anisot-

ropy values were measured at an excitation wavelength of

531 nmand an emission wavelength of 595 nm. Dissociation
constants (K,) were determined by plotting millianisotropy
versus the concentration of Dys and fitting the data to the
equilibrium binding Equation 1,

WDg Dg+ W+K,—\Dg’+ K W —2XDgXW+2XWXxK,+2xDg XK,

Dg
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FIGURE 1. The Drosophila dystroglycan-dystrophin complex. 4, Dg-Dys complex consists of the actin-bind-
ing protein dystrophin, the transmembrane protein Dg, and extracellular proteins, including laminin. Dgisa
crucial player in this complex acting as a connector between the actin cytoskeleton and extracellular matrix. Dg
binds Dys at its proline-rich C-terminal end, which contains several well conserved putative binding sites for
signaling proteins. B, schematic drawing of pUASp-Dg constructs with various changes at the Dg C terminus
(FL, full length; 4P, Tyr to Pro substitution in the WWhsl; P — A, Pro to Ala substitutions in the SH3bsl and
SH3bsll; DC2, €2, and C1 = stepwise deletions of the proline-rich C terminus).

Results

phosphatases were observed in
this assay.

RESULTS

Drosophila Dg is required for
proper polarity of different cell
types (25, 26). The C terminus of Dg
contains several putative WW, SH2,
and SH3 domain binding sites
where signaling proteins may bind

and participate in the regulation of

the Dg-Dys complex (Fig. 14) (26).
Specifically, Drosophila Dg contains
two class I WW domain binding
sites, WWhsl and Wwbsll; three
putative SH2-binding sites, SH2bsl,
SH2bsll, and SH2bslIl; and two
putative SH3-binding sites, SH3bsl
and SH3bsIl (Fig. 14). To analyze
the function of each of these poten-
tial binding sites, we generated
transgenic animals expressing a
variety of Dg constructs, in which
some of these binding sites are
deleted, and we examined their
capacity to affect polarity in over-
expression and loss-of-function
experiments (Figs. 3 and 4). We first
generated the C1 construct, which
lacks all C-terminal binding sites,
and compared its function to full-

length Dg (CI, FIL; Fig. 1B). The

most  C-terminal PPPY motif

(WWbsl) binds dystrophin (16, 18,
25). To test the importance of this
interaction in vive in Drosophila, we
generated C2, which only contains
this PPPY motif (Fig. 1B). When the
tyrosine of the PPPY motif is phos-
phorylated, Dys binding to the Dg C
terminus is reduced (Fig. 5) (19). To
test whether tyrosine phosphoryla-
tion is an important component in the
regulation of the Dg:Dys complex in
vivo, we generated 4P, in which the
PPRY motif (WWhbsl) has been
altered to PPPP. To analyze the
importance of the second WW
domain binding site, we generated
DC2, which contains the second

where Dg is the total concentration of dystroglycan peptide; WW and SH3 domain binding sites (WWWbsII and SH3bsII).
W is the total concentration of dystrophin protein; WDg is  Finally, to analyze whether the two SH3 domain binding sites
the concentration of dystroglycan-dystrophin complex, and  are critical, we generated P — A, in which both sites (SH3bsl
K, is the apparent dissociation constant for the complex. and SH3bslI) have been disrupted by proline to alanine substi-
The assays using phosphorylated peptides were performed tutions (Fig. 18). The Gal4-UAS system for protein expression
with (1:100; phosphatase inhibitor cocktail 2, Sigma) and  was utilized to express the Dg constructs in the follicle cells, the

without phosphatase inhibitors resulting into the same K; germ line cells, and the embryos. To avoid problems because of

values. This suggests that no obvious effects of contaminant  positional effects, 26 independent lines were generated and
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FIGURE 2. Dg constructs used in this study and their expression in the follicle cells, germ line cells, and
embryo. Dg, red; GFP, green; DAPI, blue. A, Dg is localized to the basal membrane in wild type follicular epithe-
lium, but when pUASp-Dg constructs are expressed in follicle cell clones, marked with GFP, Dgis found onboth
apical and basal membranes (arrows, hsflp; act < CD2 < Gald/+ ; UAS-GFP/pUASp-FL). B, wild type Dg expres-
sion in the germ line cells. C, nanos-Gal4 driven pUASp-Dg expression in the germ line cells (NGT40; Plw+:
nanosGal4:VP-16)Ab-2/pUASp-FL). D, MatTub-Gal4-driven pUASp-Dg expression in the germ line cells (Mat-a4-
Tub = Gal4-UP16; pUASp-FL). E, Western blot of ovarian protein extracts probed with Dg antibody to detect
overexpression in the germ line cells in different pUASp-Dg constructs driven by Mat-a4-Tub = Gal4-UP16.
Three Dg bands of —~180, ~110,and —70 kDa (marked by the black dots) are detected in wild type (OregonR,
lane 1). When all Dg constructs are overexpressed, an —180-kDa band is enriched (lanes 2-6, marked by red
dots, red arrow). F, wild type Dg staining in the embryo at stage 13. G, Daughterless-Gal4-driven pUASp-Dg

Results

Dystroglycan in Signaling

observed in later stage egg cham-
bers. Instead of the smooth Orb
staining throughout the oocyte,
patchy and dotted staining was
observed (80 = 8%, n = 323; Fig.
3H). Therefore, dystroglycan, when
expressed at elevated levels in the
germ line cells, is sufficient to dis-
rupt oocyte polarity in both early
and late stages of oogenesis. Simi-
larly, in vertebrates, overexpression
of Dg has been shown to cause
defects in neuromuscular junctions
(37, 38).

The Region of the Dystroglycan C
Terminus Containing WWhsll and
SH3bsIl Is Sufficient to Disrupt
Oacyte Polarity—Because full-length
Dg overproduction disturbs oocyte
polarity, we analyzed which signal-
ing molecule binding sites in Dg are
required for this capacity, in the
context of our assays. Each Dg con-
struct (Fig. 1B) was expressed in the
germ line cells using a MatTub-
Gal4 driver, and the percentage of
stage 3— 6 egg chambers with abnor-
mal oocyte polarity was quantified
(Fig. 3G).

Expression of C1 and C2 did not
result in as high frequency of Orb

expression in the embryo at stage 13 (Daughterless-Gald/pUASp-FL).

analyzed for each construct. The results represent mean values
for experiments done with multiple independent insertion
lines. All constructs expressed Dg at elevated levels compared
with wild type (Fig. 2).

Dystroglycan Overproduction Disrupts Oocyte Polarity—Dg
and Dys are required in the germ line for the early establish-
ment of oocyte polarity (25, 26). To analyze how overproduc-
tion of Dg in the germ line affects oocyte polarity, we expressed
Dg (FL) in the germ line cells using a germ line-specific driver
(MatTub-Gal4; Fig. 2D, and supplemental Fig. $24) and exam-
ined oocyte polarity using Orb as a marker. Orb marks the
microtubular organizing center, which is localized at the ante-
rior of the oocyte during stage 1, and then moves to the poste-
rior by stage 3. Between stages 3 and 6, Orb is clearly localized to
the posterior of the oocyte, making it an excellent marker to
analyze the polarity of the oocyte (Fig. 34-A" and supplemental
Fig. §2, A and B). Absent or mislocalized Orb during these
stages indicates a failure to establish early oocyte polarity.
When FL is overproduced in the germ line Orb becomes mis-
localized (Fig. 3, B-B', C, and G); instead of being localized to
the posterior, Orb surrounds the entire oocyte in a circle or
accumulates in a clump at one side of the oocyte (48 * 8%, n =
117). These early polarity defects resulted in abnormalities dur-
ing the later stages of egg chamber development. In addition to
defective appendages and necrosis, abnormal Orb staining was

MAY 18, 2007 -VOLUME 282-NUMBER 20
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mislocalization as the FL construct,

suggesting that the C-terminal pro-
line-rich region (absent in C1) is important for full Dg function
and the WWhbsl Dys-binding site alone is not sufficient to
restore the activity of C1 to the wild type level (Figs. 1B and 3G).
Therefore, other sites must act in conjunction with this WW
domain binding site to regulate the Dg:Dys complex in the con-
text of oocyte polarity.

Mutation of the conserved tyrosine of W\bsl to proline
reduces binding affinity in vitro by an order of magnitude (from
7.6 to 172 pm in human and from 3.7 to 47 pum in Drosophila)
(25). Expression of the 4P construct in Drosophila had the same
ability to disrupt cocyte polarity as FL (46 = 3%, n = 194; Fig.
3G), suggesting that either the reduced binding observed with
the 4P construct is still enough to support functionality of the
complex or that WbslI is able to function in place of WWbsl.
To probe this issue further, we expressed DC2, which only con-
tains WWhsII and SH3bslI (Fig. 1B). Interestingly, DC2 was
also able to disrupt oocyte polarity to the same extent as FL
(53 = 2%, 1 = 122; Fig. 3G), indicating that WWhsllindeed can
function and that potential SH3 domain binding sites may play
a role in the regulation of the Dg complex.

To test whether the putative SH3 domain binding sites are
important for Dg function, we overexpressed the P — A con-
struct, in which both SH3bsl and SH3bslI have been disrupted
by proline to alanine substitutions (Fig. 18). Importantly, this
construct, in which only the two potential SH3 domain binding

15163

JOUR

[AL OF BIOLOG

STRY

6007 'Z Joquieidag o UaBUIN0D 8LO/E' LYBZ Id 1918 UUEH OHO'aILaYD ayosiieisAuydolg isu] ¥oueld Xep 1 610°0ql A WOl Papeojumog]



ASBMB

emis

The Journal of Biological Ch

Dystroglycan in Signaling

MatTubGal4,UAS-FL|C MatTubGal4;UAS-FL

wt|B

F Crumbs Mislocalization ORB Mislocalization H Late phenotypes
(Dg-pUASP x da-Gald) & (Dg-pUASP x MatTub-Gald) ey (Dg-pUASP x MatTub-Gald)
& .
o9 % T = 1] s
E3
k 8 T @ _._l
. e : W 1
% 3 1| %% | -—i— =
2 ; El o« ! -
Ty |
: . T i
0 | 2 |
: O iy iN i
0 TR - 0! L |

Comd A & D02 PA C2 © Grsd A & 2 PA C2 C1

+ + - - -

Cotd R & K2 PA G2 ©
- % + + - - - = % % ¥+ - = = - +

FIGURE 3. Dg overproduction disrupts cellular polarity. A, wild type {(wt) stage 4 egg chamber shows Orb
(red) correctly localized to the posterior of the oocyte. Orb localization is shown magnified in a single channel
and schematically drawn below each photo [A"-C"). Orb, green; DAPI, red. B and C, when Dgis overproduced in
the germ line cells, oocyte polarity is disrupted, resulting in mislocalized Orb (Mat-a4-Tub = Gal4-UP16; pUASp-
FL).D-D", a confocal image of the wild type salivary gland at stage 13 stained with Crb antibody that is localized
to the apical side of the salivary gland epithelium. Crb, green; DAPI, red. E-E", when Dq is overproduced in the
embryo (Daughterless-Gal4/pUASp-DC2), Crb fails to localize properly to the apical side and has reduced levels
in the salivary gland epithelium. Crb, green; DAPI, red. Schematic drawing of Crb localization in the salivary
gland epithelium is shown below each photo (D and E). F, percentage of embryos with Crb mislocalization in
salivary gland epithelium when Dg is overproduced using the Daughterless-Gal4 driver (Control, 2.8, n = 48; FL,
37 £ 4,n=46;4P,38 £ 0.5,n =29;DC2,33 = 6,n=15;P—A,13 = 4,n = 40; 2145 *+ 05,n = 27;C1,11

0.5, n = 28). G, percentage of stage 3-6 egg chambers with mislocalized or absent Orb when pUASp-Dg is
overproduced using the MatTub-Gal4 driver (Controf, 10 = 0.1,n = 125;FL,48 = 8 n=117;4P,46 = 3,n = 194,
DC2,53 £2,n=122;P— A, 22 * 2,n = 140;C2,33 = 2,n = 135;C1,28 = 4, n = 118). H, percentage of stage
6-10 egg chambers with late stage Orb defects when Dg is overproduced using the MatTub-Gal4 driver
(Control, 11 = 1,n=74;FL,80 = 8,n =323;4P,79 = 9,n =492;DC2,69 *+ 3,n = 355;P—A,51 = 6 n = 330;
C2,46 = 10,n = 264;C1,49 = 3,n = 359).The error bars represent differences between differentindependent
insertions lines.

sites had been mutated, has a reduced capacity to affect oocyte
polarity, similar to the C1 construct, which lacks all the poten-
tial binding sites (Fig. 3G). This confirms that the putative SH3
domain binding sites are essential for the full function of the Dg
protein in this assay.

We also examined the ability of the various Dg constructs to
disrupt oocyte polarity at later stages and observed a similar
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trend; a higher frequency of pheno-
types were observed for all con-
structs, but C1, C2, and P — A
showed less of a capacity to disrupt
Orb localization than FL, 4P, and
DC2 (Fig. 3H). This indicates that
presence of at least one pair of WW
domain and putative SH3 domain
binding sites can disrupt the oocyte
polarity during early and late stages
of oogenesis and is therefore impor-
tant for Dg function in the context
of this assay.

We also considered whether the
amount of disrupted ococyte polarity
was simply a result of the level of Dg
protein overproduction, rather than
the type of Dg construct. We com-
pared the level of Dg production
with the degree of Orb mislocaliza-
tion and found no correlation. For
example, different insertion lines
with the DC2 construct exhibited a
large range in the level of Dg over-
production when induced with the
MatTub-Gal4 driver (supplemental
Fig. S1A4); however, the range in
the level of Orb mislocalization
was very small (Fig. 3, G and H).
This suggests that the amount of
Dg overproduction in the oocyte
beyond a 2-fold level is not
responsible for the changes in
oocyte polarity and, therefore, that
the differences in disruption of
oocyte polarity are the result of the
presence of significant domain
binding motifs.

The Region of the Dystroglycan C
Terminus Containing WWhsll and
SH3bsll Is Sufficient to Disrupt Sal-
ivary Gland Apical-Basal Polarity—
Previous work has indicated that
overproduction of Dg in the salivary
gland is sufficient to disrupt epithe-
lial cell apical-basal polarity (26).
The salivary gland epithelium has a
very clear cell polarity; in wild type
embryos, the polarity marker
Crumbs localizes to the apical side
of the salivary gland (Fig. 3, D-D").

However, when Dg is overproduced in the embryo using the
Daughterless-Gal4 driver, Crumbs fails to localize normally in
tissue (Fig. 3, E-E", and F) (26).

To determine which potential Dg C-terminal signaling mol-
ecule binding sites are sufficient to disrupt salivary gland epi-
thelium polarity, we expressed each Dg construct in the embryo
using the Daughterless-Gal4 driver and quantified the percent-
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Rescue indices

FIGURE 4. Rescue of Dg loss-of-function germ line clones with expression of pUASp-Dg constructs. Orb,
red; GFP, green; DAPI, blue. A, Dg loss-of-function germ line clones (black, white arrow; hsFLP; FRT42D Dg*?*) are
arrested prior to stage 6 and have disrupted oocyte polarity (absent or mislocalized Orb). B, expression of
pUASp-Dg with the nanos-Gal4 driver in Dg clones rescues oocyte polarity in arrested clones stages 3-6 (as
indicated by proper localization of Orb to the posterior of the cocyte (hsFLP; FRT42D Dg™”; Plw- :nanosGal4:
VP-16)Ab-2/pUASp-FL)). C, expression of pUASp-Dg with the nanos-Gal4 driver in Dg clones rescues oocyte
growthto stage 7 or 8 (hsFLP; FRT42D Dg***; Plw + :nanosGal4:VP-16)Ab-2/pUASp-FL). D, FL, 4P, and DC2 are able
to rescue Dg loss-of-function phenotypes, whereas P— A, C2, and C1 do not [red, rescued polarity index; green,
rescued growth index). The differences in rescue values between FL, 4P, DC2, P—A, C2, and C1 are significant,
and errors are based on independent experiments using independent insertion lines. E, although at earlier
stages (4-6) the polarity marker Orb is normally localized at the posterior,and at later stages (7-8) Orb uni-
formly stains the oocyte cytoplasm (hsFLP; FRT42D-UbiGFP; Plw +:nanosGal4:VP-16)Ab-2/pUASp-FL).

age of embryos with mislocalized Crumbs staining in the sali-

vary gland (Fig. 3F). DC2 and 4P constructs were capable of

disrupting salivary gland epithelium polarity as well as FL (Fig.
3, E-E" and F); however, C1, C2, and P — A constructs did not
disrupt polarity to the same extent as FL (Fig. 3F). Nevertheless,
in all the assays described, some phenotypes above the control

level were observed even with the constructs that lack most of

the C-terminal domain (CI; Fig. 3, F-H), indicating that the Dg
extracellular domain alone might function in some capacity to
regulate cellular polarity (similar to seen in other systems
(30, 39).

The Region of the Dystroglycan C Terminus Containing
WWhsII and SH3bsll Can Rescue Dg Loss-of-Function Defects
in Oocyte—Because Dg is required for oocyte polarity and the
overproduction of Dg is sufficient to alter polarity, we analyzed
which part of the Dg C-terminal proline-rich region is

e
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required for this function. We
tested the capacity of our constructs
to rescue the polarity of Dg germ
line mutants. To avoid the polarity
defects caused by overexpression of
Dg at high levels in the germ line
(MatTub-Gal4, Fig. 3, B, C, G, and
H), we chose a nanos-Gal4 driver
that induces only low levels of Dg
expression at stages 2— 6 in oogene-
sis (supplemental Fig. S2B)and
causes lower percentage of polarity
defects even in the presence of two
copies of the manos-Gald driver
(supplemental Fig. S18 and supple-
mental Fig. S2C). Dg constructs
expressed by only one nanos-Gald

5-FL/nanosGal4

copy resulted in even lower levels of
Orb  mislocalization (data not
shown). We analyzed the ability to
rescue Dg loss-of-function oocyte
polarity defects using Dg constructs
(Fig. 1) driven by one copy of nanos-
Gal4. Low levels of FI. Dg can par-
tially rescue the Dg mutant pheno-
type, whereas C1 and C2 constructs
do not have the same rescue ca pac-
ity (Fig. 4, A-D, and Table 1). As
with the overexpression experi-
ments, this indicates that the other
C-terminal binding sites, in addi-
tion to WWhsl, play a role in the
establishment of oocyte polarity.
Interestingly, the construct with
defective SH3 domain binding sites
(P — A) was also unable to rescue
polarity to the FL levels (Fig. 4D,
Table 1) further supporting the idea
that SH3 domain binding sites in Dg
play an important role in the oocyte
polarity. DC2 and 4P, however, res-
cued oocyte polarity at the same
level as the FL (Fig. 4D and Table 1), indicating that a single
WW domain binding site and a single putative SH3 domain
binding site on Dg C terminus are sufficient to partially rescue
the establishment of oocyte polarity prior to stage 6, more spe-
cifically the anterior to posterior translocation of the microtu-
bular organizing center during stages 1-3.

The Region of the Dystroglycan C Terminus Containing
WWhsil and SH3bsll Can Rescue Fgg Chamber Growth—In
addition to oocyte polarity, Dg is required for egg chamber
growth and development; most Dg mutant clones arrest by
stage 6 (Fig. 44) (26). To test which proline-rich sites in the C
terminus of Dg, if any, are required to rescue egg chamber
growth, we expressed the different Dg constructs (Fig. 1B) in Dg
mutant clones using the nanos-Gal4 driver expressing only one
copy of nanos-Gal4, as was done for the polarity assay, and we
tested how far these egg chambers developed.
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TABLE1

Results

Dg constructs containing putative SH3- and WW-binding sites can rescue Dg loss-of-function phenotypes

Egg chambers with normal Orb localization

Genotype Egg chambers with growth rescue®
Oregon 100%
D 12 + 2%, n = 54
Dg™; nanosGald/plUASp-FL 47 + 7%, n =40
D™ nanosGald/plASp-4P 46 = 8%,n = 38

D™ nanosGald/plASp-DC2
Dg™%; nanosGald/plIASp-P — A
D% nanosGald/plIASp-C2
D™ nanosGald/pUASp-Cl 24+ 3%, 1 =11
D™ nanosGald/plUASp-AATA NA®
De*®%; nanosGald/plIASp-ALLP NA

42 = 3%,n =48
25 = 3%,n = 49
21 =7%,n =46

90 = 0.1%, n = 125
8 = 5%, m =58
28 2%, 1= 116
38 = 6%, n = 68
28 = 3%, n =68
15 =2%,n=49
14 = 5% n=43
8= 3%, n=40
4] = 1%, n= 35
16 = 5%, n=45

" ASBMEB

# Growth rescue data represent the percentage of mutant clones stage 6 and above from all clones that have reached at least stage 4.

b 0™ indicates hsFLP; FRT42D Dg™,

© = indicates the average deviation calculated from analysis of independent insertion lines,

4y indicates the number of counted egg chambers with the correct genotype,
“ NA indicates not analyzed.

To determine the degree to which full-length Dg could res-
cue egg chamber growth using this assay, we first expressed the
FL construct in Dg clones and observed that FL was partially
able to rescue growth (Fig. 4, C and [J; Table 1). These “rescued”
clones were classified as stage 7— 8 based on the size of their egg
chambers. However, in many cases, the oocyte was smaller than
in wild type stage 7—8 oocytes.

Similar to what has been seen with the overexpression and
polarity loss-of-function experiments, C1, C2, and P — A con-
structs were not able to rescue the growth to the FL levels (Fig.
4, A=D; Table 1). This indicates that the other C-terminal bind-
ing sites, in addition to Wwhsl, play a role in the egg chamber
growth and that putative SH3 domain binding sites are essential
for full Dg function in the context of this assay. Nevertheless,
some rescue above the control level was observed even with the
construct that lacks most of the C-terminal domain (C1, Fig.
4D; Table 1), indicating that, as discussed earlier, the Dg extra-
cellular domain alone might function in some capacity to reg-
ulate egg chamber growth. This is similar to what is seen with
skeletal myotubes (39). DC2 and 4P, however, rescued egg
chamber growth at the same level as the FL (Fig. 4D; Table 1),
indicating that a single WW domain binding site in addition to
asingle putative SH3 domain binding site are sufficient for the
function of Dg proline-rich C terminus for egg chamber
growth.

Again, we considered whether the ability to rescue growth
and polarity was simply a result of the level of Dg protein over-
production, rather than the type of Dg construct. We compared
the level of Dg production with the degree of polarity and
growth rescue and found no correlation (supplemental Fig. S1,
C-D). For example, FL expression varied between 2 and 4 times
greater than wild type. However, the level of polarity or growth
rescue did not correlate with the level of protein. This suggests
that the amount of Dg overproduction in the oocyte is not
responsible for differences in the degree of rescue and, there-
fore, that the differences in ability to rescue polarity and growth
are a result of the presence of significant binding motifs.

Drosophila and Human Dystrophin Bind to Dystroglycan
WWhsl and WWhsll in Vitro—Both overproduction and res-
cue experiments indicate that DC2 is able to alfect cellular
polarity to a similar extent as FL. DC2 includes one putative
SH3 domain binding motif (SH3bsII) and one WW domain
binding motif (WWhslI). Previous work in our laboratory has
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established the effectiveness of using a fluorescence polariza-
tion assay to measure binding of dystrophin (WW + EF
regions) to the first WW domain binding motif (WWbsl) of
dystroglycan (25). To assess the ability of dystrophin to bind
this second WW domain binding motifl (WWhbslI), a second
Drosophila dystroglycan peptide (DmWWhbsII) that includes
both the SH3bsII and W¥Whbsll domain binding motifs present
in DC2 was used. Drosophila dystrophin binds to DmW\VbsII
with a K, of 46 = 18 um (Fig. 5, A-C). The affinity of this
interaction is lower than that of Drosephila dystrophin and
WWhbsl (16 = 4 pm), but it is still well within the range of
reported dissociation constants for class [ WW domains (49). In
contrast, mutations predicted to abolish the WW (but not
the SH3) binding domain resulted in much lower affinities
(DmWWhsI-W, 178 ps and DmWWhsII-G,147 pwm; Fig. 5, B
and C). These values are comparable with the K, value observed
with a negative control for the assay (K, for an unrelated pep-
tide, p53 is 248 pm; Fig. 5C).

The second WW domain binding motif is conserved in
human Dg, and the unexpected result above prompted us to
investigate the same interaction between human dystrophin
and human dystroglycan. Again, a second human dystroglycan
peptide (HsWWhsll) was assayed for binding to human dystro-
phin. Human dystrophin binds to HsWWhsII witha K, 0f 81 =
11 pm, demonstrating that this interaction first seen with Dro-
sophila peptides can also be seen with the corresponding
human peptides (Fig. 5, A-C).

To further examine the specificity of the interaction between
dystrophin and the second WW domain of dystroglycan, we
tested the ability of human dystrophin to bind Drosophila dys-
troglycan peptide and vice versa. Human dystrophin does not
bind to DmWWhslI (K, 282 *= 18 pm); however, Drosophila
dystrophin does bind to HsWWhsII (59 + 10 puu; Fig. 5, A-C).

The observed importance of the SH3 domain binding sites in Dg
(Fig. 1B, Fig. 3, F-H, and Fig. 4D) brings up the possibility that the
SH3 domain of a tyrosine kinase could dock on that site, phospho-
rylate the tyrosine in WW-binding sites, and thereby affect dystro-
phin WW domain binding to this site. To test on what level tyro-
sine phosphorylation affects the WW domain binding in this
assay, we tested dystrophin binding to Dg peptides that are tyro-
sine-phosphorylated  (DmWWhbsl-pY, DmWWhbsll-pY, and
HmWWbsI-pY). In both Dresophila and humans, tyrosine phos-
phorylation dramatically reduced WW domain binding (86 pm

[
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binds to the Dg peptide with this
mutation in vitro (DmSH3bsII-A,
K, = 54 pm; Fig. 5C).

ol

DISCUSSION

Unexpectedly, we find that the
WW domain binding site at the very
C terminus of dystroglycan, which

has been previously implicated in
dystrophin binding, is not essential
for the function of the Dg:Dys com-

o 100 20 o L] 100 200

[Human Dystrophin] (:M)

C Dissociation Constants (Kg4, pM) for Dystrophin-Dystroglycan Interactions in human and Drosophila

plex in cellular polarity in Drosoph-
ila. Instead, an internal region of the
dystroglycan C terminus containing
a second WW domain binding site

300
[Drosophila Dystrophin] (M)

Dystroglycan WWbs  Seq Dystrophin WW + EF Hand and a putative SH3 domain binding

Human Drosophila site appears to be sufficient for func-
HmWWhbsl KNMTPYRSPPPYVSP 7.6+ 1.6 (x) 3703 tion in this context. We also find
HmWWbslI PLILQEEKAPLPPPEYSN 81£11(0) 59£10 that mutating a single proline to ala-
HmWWosl-pY KNMTPYRSPPPRYVSP 100 (0) ND nine within this conserved, putative
DmWWbsl GKSPATPYRKPPPYVSP 24+8 16£4 (x) SH3 domain binding site dramati-
DmWWhsll PVILKDEKPPLLPPSYNT 282+18 46+ 18 (O) cally reduces the functionality of
DmWWhbsl-pY GKSPATPYRKPPPpYVSP ND 86+ 10 (O) this protein when compared with
DmWWhslI-pY PVILKDEKPPLLPPSpYNT ND 1245 full-length Dg in these assays (Fig. 6,
DmWWhsl-W GKSPATPYRKWPPYVSP ND 178 £ 81 (m) B-D, ALLP; Table 1). Finally, we
DmWWbsll-G PVILKDEKPPLLPPSGNT ND 147434 (@) show that dystrophin binds both the
DmSH3bsI1-A PVILKDEKPALLPPSYNT ND 54+20 C-terminal and the internal YWW
ps3 SQETFSDLWLLPEN 248

ND - not determined

FIGURE 5. Human and Drosophila dystrophin binds both dystroglycan WW-binding sites in vitro (A and B).
Fluorescence polarization analysis of human dystrophin binding to 200 nm HmWWhs! { % ), HmWWhsll (),
and HmWWhbsl-pY (O] reveals binding to all peptides but shows significantly higher affinity for HmWWhbsl and
HmWWhsll compared with HnWWhsl-pY. B, Drosophila dystrophin binds to both the DmWWhbsl (x) and
DmWWhsll (1) but shows a significant loss of binding when these sites are mutated in DmWWwbsl-W (H)
and DmWWbslI-G (@) peptides. Tyrosine phosphorylation of WWhsl (DmWWhsl-pY) () results in reduced
hinding compared with nonphosphorylated DmWWhsl (). Bovine serum albumin (BS4; *) binding by HmW-
Whsl (A) or DmWWhsl (B) serves as a nonspecific protein binding control. C, table that represents the dissoci-
ation constants (K, um) for dystrophin-dystroglycan interactions in human and Drosophila.

compared to 16 pM, 112 pum to 46 pm and 100 pM to 7.6 p,
respectively; Fig. 5, A-C).

A Putative SH3 Domain Binding MotifIs Critical for Dg Func-
tion in Oocyte Polarity—Both overexpression and loss-of-func-
tion experiments revealed that SH3 domain binding sites in the
Dg C terminus are essential for its function in cellular polarity.
To further dissect which of the two SH3 domain binding sites is
critical, we disrupted each site independently by proline to ala-
nine substitutions and tested the capacity of the mutant pro-
teins to affect oocyte polarity in both loss-of-function and over-
expression analyses. T'wo proline to alanine substitutions in the
SH3bsl caused no reduction in the activity of the wild type
protein in overexpression and loss-of-function experiments
(Fig. 6, B-D, AATA; Table 1). In sharp contrast, a single proline
to alanine substitution in SH3bsll is functionally equivalent to
deletion of the whole proline-rich region (Fig. 6, B-D, ALLP;
Table 1). Thus, SH3bsII but not SH3bsl appears to be required
for Dg function in oocyte polarity. Furthermore, the mutation
apparently interferes specifically with SH3 domain binding and
not WW domain binding because dystrophin WW domain still

KRS
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domain bindingsite in vitro and that
these interactions are conserved
between humans and flies (Fig. 64).
Taken together, these results sug-
gest that the internal WW domain
binding site can mediate interac-
tions with dystrophin, and presently
unidentified SH3 domain contain-
ing protein(s) may functionally
interact with a conserved region of
the dystroglycan C terminus.

Previous studies (16 —18) have indicated that dystrophin pri-
marily binds to the first but not the second PPXY motif of dys-
troglycan. In contrast, here we show that dystrophin can indeed
bind this second WW domain binding motif (WWbslI), and we
suggest that from the C-terminal proline-rich region this site in
combination with an SH3 domain binding site is sufficient for
Dg C-terminal function in the establishment of cellular
polarity in Dresophila. In vitre, dystrophin binds WWbsII
with lower affinity than WWhsl (46 pum compared with 16
). It appears that WWhslI functions just as well as W\ bs]
in our in vivo assays, because the DC2 phenotype is similar to
the FI. phenotype in both overproduction and loss-of-function
experiments.

The in vitro interaction between dystrophin and the Dg
WWhsll is conserved in humans. This is interesting in light of
the fact that mutations in Dg are not observed clinically in
patients with MD; instead, mutations in Dys, Dg-modifying
enzymes, or extracellular matrix proteins result in MD (1).
Because Dg knockouts die during embryonic development in
mice and as an oocyte in Drosophila, it was assumed that the
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Results

ulation. In addition, our in viveo work
indicates that a putative SH3
domain binding site in Dg is
required for proper function of the
protein. 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 bind-
ing site in Dg. This may result in a
kinase activation and phosphoryla-
tion of the WW domain binding site
“ in Dg thereby reducing dystrophin
binding to this site.

The evidence thus far regarding
the regulation of the Dg-Dys inter-
action depicts a model that strik-
ingly resembles what we know about
il integrin-talin interactions (40-42).
Integrins are heterodimeric, trans-
membrane proteins that like dystro-
glycan 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
(43). Talin plays a role analogous to
dystrophin by binding the NPXY
motif on integrin B cytoplasmic tails
and linking integrins to the actin
cytoskeleton. Binding of Talin to the
NPXY motif is required for energy-
dependent activation of integrins
(44). In addition to performing anal-

P-A  AATA AP ogous structural roles, a similar reg-

FIGURE 6. SH3bsll but not SH3bsl is required for Dg function. Two proline to alanine substitutions in the
SH3bsl (AATA; A and B) cause no reduction in the activity of the wild type protein in overexpression (C, Mat-a4-
Tub > Gal4-UP16; pUASp-Dg) or loss-of-function rescue (D, hsFLP; FRT42D Dg**"; Plw +:nanosGal4:VP-16)Ab-2/
p-pDg) assays. In sharp contrast, a single proline to alanine substitution in SH3bsll (ALLP, A and B) completely
eliminates the activity and is functionally equivalent to deletion of the whole proline-rich region (C and D).
SH3bsll is conserved between human (Hm) and Drosophila (Dm) proline-rich C terminus of Dg (SH3bsll, A).

ulatory mechanism may exist. It is
known that integrin-talin interac-
tion is mediated in a phosphoryla-
tion-dependent manner. When the

SH3bs, yellow; SH3bs, red; WWhs, blue.

lack of MD patients with any mutations in Dg could be
explained by its lethality. However, the results presented sug-
gest a potentially new explanation; perhaps WWbsl and WWhsll
are redundant. Perhaps humans with a mutation in W\Whs]
exist, but they do not show any MD phenotypes because
WWhsII can substitute in place of the mutant WW domain
binding site.

As discussed previously, in vitro work suggests that when the
tyrosine of the PPPY motif (WWhsl) is phosphorylated, the
binding between Dg and Dys is abolished (19), signifying that
the Dg-Dys complex may be regulated in a tyrosine phosphoryl-
ation-dependent manner. In this study, we show using a quan-
titative assay that tyrosine phosphorylation of either of the two
W domain binding sites, PPPY motif or PPSY motif, does
reduce the binding affinity (Fig. 5, A-C), suggestive of fine reg-

15168 JOURNAL OF BIOLOGICAL CHEMISTRY
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tyrosine of the NPXY motif is phos-
phorylated, binding of the integrin
to talin is abolished (43, 45-47). Focal adhesion kinase and
integrin-linked kinase bind to integrins in vitro and may regu-
late integrin-talin interaction, although this remains to be dem-
onstrated in vivo. Furthermore, several other proteins, includ-
ing platelet myosin, SHC, and Grb2, have been shown to bind
integrins in their phosphorylated state i vitre (48). This study
provides evidence that a similar mechanism may act to regulate
Dg-Dys interaction. We have shown that a PXXP motif, which
may be an SH3 domain binding site, is important for Dg func-
tion, opening up the possibility that an SH3 domain containing
kinase may bind to Dg and phosphorylate the tyrosine on the
WW domain binding site. Other signaling molecules may then
interact with Dg in a phosphorylation-dependent manner.

We have identified two putative signaling molecule binding
sites, the second WW domain binding site and a putative SH3
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domain bindingsite, that are important for the regulation of the
Dg complex. The key question now is to identify the signaling
molecules that bind to these sites. Previous work has revealed
SH3 domain-mediated interaction between Dg and Grb2 (21).
However, we have not been able to observe direct binding
between Dg and Drk, a Drosophila homologue of Grb2 (K, =
480 pum), suggesting a different candidate for the SH3 domain
interaction in Drosophila. Identification of the critical molecule
that will associate with the putative SH3 domain binding site in
Dg will further our understanding of the role Dg plays in signal-
ing and may provide new insights into the pathogenesis of mus-

cular dystrophy.
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A Protein Level is Independent of Orb Mislocalization Level: B Protein Level is Independent of Orb Mislocalization Level:
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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
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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 WWhbslI 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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Abstract

Background: Dystroglycan (Dg) is a ransmembrane protein that is a part of the Dystrophin
Glycoprotein Complex (DGC) which connects the extracellular matrix to the actin cytoskeleton.
The C-terminal end of Dg contains a number of putative SH3, SH2 and W% domain binding sites.
The mest C-terminal PPXY metif has been established as a binding site for Dystrophin (Dys) WWW-
domain. However, our previous studies indicate that both Dystroglycan PPXY motives, WiWWhsl
and WWWhsll can bind Dystrophin protein in vitre.

Results: We now find chat both WW binding sites are important for maintaining full Dg funcrion
in the establishment of oocyte pelarity in Drosophila. If either WWW binding site is mutated, the Dg
protein can still be active. However, simultaneous mutations in both WWW binding sites abolish the
Dg acrivities in both overexpression and loss-of-function cocyte pelarity assays in vivo. Additionally,
sequence comparisons of WWW binding sites in 12 species of Drosophila, as well as in humans, reveal
a high level of conservation. This preservation throughour evolution supports the idea that both
WW binding sites are functionally required.

Conclusion: Based on the obrained results we propose that the presence of the two WWW binding
sites in Dystroglycan secures the essential interaction between Dg and Dys and mighe further
provide additional regulation for the cytoskeletal interactions of this complex.
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Background

The Dystroglycan-Dystrophin (Dg-Dys) complex hasbeen
shown to provide cells with structural integrity by forming
a conduit between the extracellular matrix and the
cytoskeletal network and there are lines of evidence that
implicate an additional signaling role for the complex
[1,2] Dystroglycan binds to extracellular matrix compo-
nents, including Laminin at its N-terminus and the actin
cytoskeleton wia Dystrophin at its C-terminus [3,4]
Defects in these interactions can result in muscular dystro-
phies (MD) and various epithelial cancers |5|

The characterization of the Dystrophin Glycoprotein
Complex (DGC) in Drosophila has revealed that it pos-
sesses similar roles in muscle integrity and neuronal
migration in flies as it does in humans [6] These abnor-
malities include age dependent muscle degeneration,
reduced mobility, defects in eye development as mani-
fested by altered photoreceptor axon path finding and
photoreceptor morphology. Additionally, mutations in
Dys and Dg affect cell polarity in Drosophila | 6-8] Interest-
ingly, some of these phenotypes are affected by the nutri-
tion or energy metabolism in the animals [9] Recently, a
recuced lifespan, as well as heart and muscle abnormali-
ties, have been reported in Drosephila mutants of another
component of the DGC, -sarcoglycan [10] and heart and
further eye phenotypes have been observed in Drosophila
Dys and Dg mutants [11,12]

Analogous defects observed when the Dg-Dys complex is
disturbed in both flies and humans make Drosophila an
attractive model for further studies on clarifying the cellu-
lar function of the DGC. Recent biochemical and in vive
structure-function analyses have revealed that a specific
set of C-terminal domains are critical for the function of
Dystroglycan. We have found that a putative SH3 domain
binding motif but, surprisingly, not the most C-terminal
Dystrophin WW domain binding motif is required for Dg
function in cellular polarity in Drosophila [13]. However,
since two potential WW binding sites exist near the Dg C-
terminus it is possible that the second WW binding site
can also bind Dysuophin in vive, as has been shown in
virro [13]. In this study we dissect the roles of the two WW
binding sites in the Drosophila Dystroglycan C-terminus in
vivo and, interestngly, find that the sites are essential and
their functions are partially overlapping.

Results

In order to understand the regulation of Dg and its role in
signaling, we have analyzed the binding motifs that are
required for the function of the Dg-Dys complex in cellu-
lar polarity in Drosophila. The proline-rich C-terminus of
Dg has several potential protein binding motifs, which
suggests that it may be involved in regulating the complex
and potentially may have signaling role(s). Proline-rich
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sequences have been shown to be the targets of several
protein interaction domains involved in signal transduc-
tion. The most C-terminal PPxY motif has been estab-
lished as a binding site for the WW domain of Dystrophin
in humans [14-16] and in Drosophila by in vitro binding
studies [6]. However, this WW domain binding site at the
very C-terminus of Dystroglycan, is not essential for the
function of the Dg-Dys complex in cellular polarity in
Drosophila. An internal region of the Dystroglycan C-ter-
minus containing a second WW domain binding site and
a putative SH3 domain binding site appear to be sufficient
for function in this context. We have also shown that Dys-
trophin can bind both the C-terminal and the internal
WW domain binding sites in vitro [13]. We now test
whether the internal WW domain binding site is essential,
whether the two WW domain binding sites are redundant
or whether neither is required for Dg function in Dro
sophila. To distinguish between these possibilities we used
both overexpression and loss-of-function rescue analyses.

Generation of transgenic lines expressing biochemically
verified WWbs mutations

Previous results show that two mutations designed from
computer predictions resulted in dramatic alterations in
the affinity between Dg and Dys in vitro [13] These two
mutations, predicted to abolish the WW but not the SH3
binding domain, resulted in very low binding affinities
between the Dystroglycan C-terminal peptide and the
Dystrophin WW domain with EF-hand region {(DmW-
Whsl-W: Kd = 178 uM and DImWWbslI-G: Kd = 147 uM),
as compared to wild type peptides (DmWWbsl: Kd = 16
uM and DmWWbsIl: Kd = 46 uM). These values are com-
parable to the dissociation constant observed with a neg-
ative control for the assay (p53: Kd = 248 uM), suggesting
that specific binding is abolished. We therefore generated
transgenic lines expressing the following representative
mutations: PPSG, which has a mismatch in WWhbsll
(PPSY —» PPSG) and 2WW, which has mutations in both
WW binding sites (WWbsl, PPPY — WAPY and WWwbsll,
PPSY —» PPSG) (Figure 1), At least two independent trans-
genic Drosophila lines for each construct were obtained
and analyzed. Similar results with two independent trans-
genic lines confirmed that the phenotype was due to the
Dg mutation and not due to positional effects of the trans-
gene inserts,

We first tested the ability of the transgenic constructs to
produce functional forms of the Dg protein using the
Gal4fUAS system. In order to overexpress the transgenic
constructs in follicle cells we used the hsFlp; actin-
ERT<CD2>FRTGal4/UAS system in which clonal cells that
overexpress the gene of interest were marked with GFP.
Dg, in the wild type follicular epithelium, is located at the
basal membrane (Figure 2C; WT). Overexpression of the
transgenes resulted in Dglocalizing to both the apical and
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Transgenic constructs with mutations of WW bind-
ing sites at the Dystroglycan C-terminal end. Sche-
matic drawing of pUASp constructs with mutations
in different WW binding sites. FL — construct which
encodes full length Dg, 2WW — constructs with mutations in
both WW binding sites, PPSG — mutation in the N-terminal
WW binding motif WWhbsll PPSY — PPSG. C| — deletion of
the proline-rich C-terminus.

basal sides of the follicle cells (Figure 2A, B). We also
tested the expression of the constructs in germline cells
using the MatTubGal4 and nanesGal4 drivers. During oog-
enesis, Dg is expressed at low levels in the germline (Fig-
ure 2C; WT). At stage 2-3 of oogenesis overexpression
with MatTubGal4 shows Dg levels are substantially
increased in germline cells (Figure 2C). Increased protein
levels were also observed using the nanosGAl4 driver
which showed a distinct pattern starting with high levels
in the germarium, lower levels during stages 3-6 and with
higher levels during later stages (Figure 2C). Similar pat-
terns and levels of the Dg constructs were observed with
all the transgenic lines analyzed in these experiments (Fig-
ure 2, Additional Figure 1, Additional Figure 4).

WW binding site function as assayed by oocyte polarity

To analyze whether the Dg mutant forms are functional in
oocyte polarity, we expressed mutant and wild type Dg
constructs in germline cells using a germline specific
driver (MatTubGal4), and examined oocyte polarity using
Orb protein as a marker. Orb is a member of the cytoplas-
mic polyadenylation element binding (CPEB) family of
RNA-binding proteins that are implicated in local protein
synthesis [17]. In Drosophila oogenesis Orb co-localizes
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Figure 2

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 fol-
licle 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 api-
cal and basal sides (indicated by arrows). C. Overexpression
of the constructs in the germline cells.wt — Dg expression in
wild type germline cells, MatTubGal4;plUASp-PPSG,
nanosGal4/pUASp-PPSG — overexpression of transgenic con-
structs in germline cells. Both MatTub- and nanosGal4 have
distinct expression patterns.

with the microtubule organizing center (MTOC), which is
localized to the anterior of the oocyte during stage 1, and
then moves to the posterior by stage 3. Between stages 3
and 6, Orb is clearly localized to the posterior of the
oocyte, making it an excellent marker to analyze the polar-
ity of the oocyte (Figure 3A, 4A). Absent or mislocalized
Orb during these stages indicates a failure to establish
early oocyte polarity.

We have previously shown that overexpression of the wild
type form of Drosophila Dystroglycan (FL = full length) is
sufficient to generate oocyte polarity defects [13] (Figure
3B). When FL is overexpressed in the germline, Orb
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Orb mislocalization
(PUASP-Dyg x MatTubGald)

FL PPSG 2ww C1

Figure 3

Overexpression of pUASp with MatTubGal4 in germ-
line disrupts the polarity marker Orb. (Orb-red, Dg-
green, DAP| — blue, separate channels for Orb are shown on
the side of each corresponding picture). A. wild type (wt)
stage 4 egg chamber shows normal Orb (red) localization at
the posterior side of the oocyte. B. Overexpression of the
pUASP-FL transgenic construct disrupts the normal Orb
localization. C. Overexpression of the pUASp-2WW does
not disrupt normal Orb (red) localization. Similar phenotype
is seen with Cl-construct that lacks the entire C-terminal
region of Dg (D; Fig. |). E. Overexpression of pUASp-PPSG
constructs disrupts oocyte polarity indicated by mislocaliza-
tion of Orb which has an abnormal side location, F. Percent-
age of Orb mislocalization as the result of overexpression of
different pUASp-Dg constructs. (FL, 49 + 2, PPSG 44 £ 2,
2WW 19 £2,Cl 16 +3).

becomes mislocalized, surrounds the entire oocyte
nucleus, or accumulates in a clump to one side of the
oocyte instead of localizing to the posterior, Therefore,
Dystroglycan, when expressed at elevated levels in germ-
line cells, is sufficient to disrupt oocyte polarity. Overex-
pression of the full length form of Dg with the tubGald
driver causes semi-lethality (data not shown). Similarly,
in vertebrates overexpression of Dg has been shown to
cause defects in neuromuscular junctions [18,19]. We
used the overexpression oocyte polarity assays to test
whether either of the WW domain binding sites is essen-
tial for Dystroglycan function.

To test the function of WWhbsl in vive we overexpressed the
PPSG mutant protein in germline cells using the
MatTubGal4 driver and determined the localization of the
early oocyte polarity marker Orb. As discussed, in wild
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Figure 4

Rescue of Dg loss-of-function germline clones with
expression of pUASp-Dg constructs. Orb (Red); GFP
(Green), DAPI (Blue) A', B', D' GFP of the corresponding
stages shown in a separate channel; A", B", D" Orb staining of
the corresponding stages shown in a separate channel with
dotted lines which indicates the border of the oocyte. A. Dg
loss-of-function germline clones (black, white arrow; hsFLP;
FRT42D Dg*®) are arrested prior to stage 6 and have dis-
rupted oocyte polarity (absent or mislocalized Orb). B.
Expression of pUASp-FL with the nanos-Gal4 driver in Dg
clones partially rescues oocyte polarity in arrested clones
stages 3—6 as indicated by proper localization of Orb to the
posterior of 36% of the oocytes; (hsFLP; FRT42D Dg323;
P(w+:nanosGal4:VP-16)Ab-2/pUASp-FL) C. Expression of
pUASP-2WW with the nanos-Gal4 driver in Dg clones does
not rescues oocyte polarity in arrested clones stages 3—6
(arrow) [as indicated by development arrest and absent Orb
marker; (hsFLP; FRT42D Dg323; P(w+:nanosGal4:VP-16)Ab-2/
pUASP-2ZWW)] D. Expression of pUASp-PPSG with the nanos-
Gal4 driver in Dg clones rescues ococyte polarity in arrested
clones stages 3—6 [as indicated by proper localization of Orb
to the posterior of the oocyte; (hsFLP; FRT42D Dg33;
P(w+:nanosGal4:VP-16)Ab-2/pUASp-PPSG)]E. Wild type egg
chamber with posterior Orb localization (+/+;
P(w+:nanosGal4:VP-16)Ab-2/pUASp-FL) F. FL, PPSG are able to
rescue Dg loss-of-function phenotypes, while 2WW and C|
do not (Red: rescued polarity index, Green: rescued growth
index).
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type cells Orb marks the localizadon of the microwbule
organizing center and is localized to the posterior side of
the oocyte during stages 3-6 (Figure 3A), Overproduction
of the PPSG protein results in the mislocalization of the
usually posterior Orb marker. In mutants Orb surrounds
the oocyte nucleus or localizes to the sides of the oocyte
nucleus in 44 £ 2% of 3-6 stage oocytes (n = 147, Figure
3E-F). The level of this defect is similar to the one
observed with the FL construct |6,13]|, which contains
both WW binding sites (Figure 1; Figure 3B, D; 49 + 2%,
n = 80). These data suggest that disturbing the second Ww
binding site at the Dg C-terminus does not dramatically
affect the functionality of the protein; similar to FL con-
struct, when overexpressed it still is sufficient to disturb
the oocyte polarity.

In contrast to the FL and PPSG constructs, overexpression
of a 2WW mutant construct did not result in a high per-
centage of Orb mislocalization (Figure 3C, F, 19 + 3%, n
= 123). With 2WW overexpression, Orb, in most cases,
was localized to the posterior of the oocyte (Figure 3C).
The frequency of mislocalization with the 2WW construct,
in which both WW binding sites were mutated was similar
to that of the C1 construct which lacked all the C-terminal
binding sites (Figure 1, Figure 3D, F, 16 + 2%, n = 86).

These data, in combination with our previous data [13]
show that a single mutation in WWbslI or the lack of
WWwhbsI does not result in dramatic defects in Dg activity
in this sufficiency assay measuring the oocyte polarity.
However, simultaneous mutations in both WW binding
sites dramatically reduce the function of Dystroglycan in
this assay.

One WW binding site is required for Dystroglycan function
We also tested the function of the WW binding site
mutants in rescue experiments by expressing the trans-
genes in a Dg loss-of-function background. Dg323 germ-
line mutant clones are arrested prior to stage 3—4 and have
mislocalized or missing Orb protein (Figure 4A). We have
previously shown that these defects are partially rescued
by wild type (full-length) Dg expression [13] (Figure 4,
36-40% rescue). Full rescue is not expected since the
Dg323 deletion also affects a newly described neighboring
gene mRpl34 (Additional Figure 3) and recent data
implies that the level of nutrients and energy metabolism
in the animal may affect cellular polarity |9]. To test if our
mutant constructs were capable of rescuing the develop-
mental arrest and the defects in oocyte polarity on the
same level as the Dg full-length construct, we expressed
them using the germline driver nanosGal4 and calculated
the percentage of loss-of-function clones with rescued
growth and polarity. Using this assay we tested whether
the Dg WWbs mutations were capable of a similar level of
rescue as full-length Dg. If the Dg mutant with both Ww
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binding sites mutated (2WW, Figure 1) could rescue the
Dg¢323 phenotype in oocyte polarity at the same level as
wild type Dg, we conclude that neither of the WW binding
sites in Drosophila is required for Dg activity. On the other
hand, if Dg with two WWbs mutations cannot rescue, we
conclude that both or just the internal WW binding site is
essential for Dg activity (we have already shown that the
C-terminal Wwhbs is not essential [13]). As discussed
above, to distinguish between these possibilities, we have
generated a single mutation in WWhbslI (PPSG, Figure 1)
and will test whether this mutant still has the full length
Dg activity in the loss-of-function rescue assays.

Similar to the full length Dg (FL, Figure 4B), the PPSG
mutant constructs were capable of partially rescuing the
Dg mutant phenotype (Figure 4D). Loss-of-function
clones with expression of FL (Figure 4B-B") and PPSC
(Figure 4D-D") had similar levels of posterior localization
of the polarity marker, Orb (Figure 4F, FL: 36 + 0.5% n =
52; PPSG: 41% n = 22). These mutants were also capable
of restoring the developmental arrest phenotype by show-
ing a higher percentage of loss-of-function clones that
were older than stage 4-6 (Figure 4F, FL: 47 £ 8% n = 55;
PPSG38% n =21). Incontrast, 2WW was unable to rescue
{2WW rescued at the level of the C1 mutant that lacks
most of the Dg C-terminus; [13]; Figure 1.}, Dg loss-of-
function clones with expression of 2WW and C1 showed
lower percentages of normal polarity (Figure 4F; 2WWw: 12
+ 0.6% n = 66; C1: 9% n = 22) and growth rescue (Figure
AF; 2WW: 19 £ 29 n = 66; C1: 13%) than FL or PPSG con-
structs (Figure 4F). This result indicates that at least one
WW binding site is required for normal function of Dg but
a mutation in only one of the sites does not alter the func-
tionality of Dg protein dramatically.

Since a single WwWbsII mutation or a Wwhsl deletion does
not cause a severe loss of Dg activity but the double
mutant does, we conclude that the two binding sites act,
at least partially in a redundant manner in cocyte polarity
and growth assays,

WW binding sites are highly conserved

Since both WW binding sites proved to be important in
our in vive experiments we wanted to know if the impor-
tance of these sites has been preserved among the inter-
species population. To analyze the conservation of WW
binding sites, we tested for variability in the sequence of
those sites among all Drosophila species, For this purpose,
using the ClustalW program, we aligned the Dystroglycan
sequences of the 12 species of Drosophila obtained from
the GBrowse database. The alignment analysis indicates
that the two WW binding sites are fully conserved among
all 12 Drosophila species (Figure 5A). Some variation in
the nucleotide sequences of the WW binding sites were
observed between the species, however these changes did
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not lead to amino acid sequence changes (Additional Fig-
ure 2). Furthermore, both Dg WW binding sites were also
conserved between Drosophila and humans (Figure 58).

In order to better understand patterns of polymorphisms
in human Dystroglycan (DAG), and, in particular, the
WW domains, we sequenced a 348 bp fragment spanning
the region of interest in 88 samples from six geographi-
cally diverse human populations. In total, only one segre-
gating site was identified among the 176 chromosomes
sequenced (table 1) and none were identified in either of
the WW domains. The estimated nucleotide diversity
(defined as the average number of pairwise differences
between two randomly selected chromosomes per nucle-
otide) in the combined sample is 3.24 x 105, In contrast,
the average nucleotide diversity of 322 genetic regions
that were sequenced in a panel of 23 European-Americans

O melancgaster
D simudans.
malanagaster sbgrou D. sechalia
— D. yakuba

WWhs. Il WWhs.|
-I-f 50 2 flem DEKPPLUEFSYNTSNMNGONOVOORIIRRPS VWV GGREVRGHSPATPS SREFPRYIER

H.sapiens -~EXAPLEFPETPNY P

D EXPPLLFPSTN: =RVVLGGREVR
wh wa v e w e w R TR T

H.sapiens EN-MTP-|

D.melanogaster KSP
R

Figure 5

Both WW binding sites are conserved in all 12 spe-
cies of Drosophila. A. Amino acid sequence alignment of
the C-terminal end from 12 species of Drosophila using the
computer program ClustalV shows absolutely no variation
between both WW binding sites. B. Both WW binding sites
are highly conserved between humans and Drosophila.
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Table I: Summary statistics of sequencing data.

Population N2 sk Bw© nd
CEPH 40 0 0 0
Han Chinese 40 0 0 0
Middle East 20 0 0 0
Pygmy 20 0 0 0
South Africa 16 0 0 0
South America 20 I 526 = 103 273 %104
South East Asia 20 0 0 0
Total 176 I 649 = 105 324 % 10%

*Number of chromosomes
b Mumber of segregating sites
< Wartterston's theta per bp
4 Nucleotide diversity per bp

and 22 African-Americans is 8.53 x 10, suggesting that
the sequenced region of DAG is under significant func-
tional constraint. These data suggest that during evolution
both WW binding sites have been important and there-
fore are preserved among species.

Discussion

The functional redundancy of the WW binding sites poses
interesting questions: have both binding sites survived
through evolution to protect organisms from the muta-
tions in an essential complex or does each binding site
have a specific function in different tissues and/or devel-
opmental 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 and, perhaps the redundant Dys-
trophin binding sites in Dystroglycan provide an addi-
tional means for DGC regulation.

The comparative sequence analysis of Drosophila and
human WW binding motifs revealed very high conserva-
tion. However, each WWhbs resides in a specific protein
micro-environment, which may suggest that each site has
specific binding partners. The previously performed
genetic screens for modifiers [20] of Dg and Dys showed
that the Dg-Dys complex interacts with components of
different signaling pathways and components involved in
cell/neuronal migration, cytoskeletal rearrangement and
muscle development. This suggests that the Dg-Dys com-
plex might be a major hub that regulates transfer of extra-
cellular information to the cytoskeleton. Therefore it will
be important in the future to test if WW binding sites have
specific and independent biological functions in different
tissues. This kind of analysis is likely to provide insights
into the specific functions of the Dg-Dys complex and
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serve as a basis for the development of novel therapeutic
approaches for the treatment of muscular dystrophy.

Conclusion

We have investigated the role of the WW binding sites at
the C-terminus of Dystroglycan protein and found that
both sites may bind to the WW+EF hand domain of Dys-
trophin. Our previous studies | 6,13], indicate that Wwhbsl
and Wwhsll both can bind Dystrophin protein in vitro, To
test whether both WW binding sites can function and are
required in vive we generated two transgenic mutants:
2WW, which has mutations in both WW binding sites
(WWwhbsl, PPPY — WAPY and WWhbsll, PPSY — PPSG),
and PPSG, which has a mismatch in WWbsll (PPSY —
PPSG). We used the establishment of early oocyte polarity
as an assay to verify the functionality of WwWbsI and WWhb-
sll. Importantly, the data show that while each WW bind-
ing site mutation yields to close to normal Dg function,
the double WwWbs mutation has lost Dg C-terminal activ-
ity. These data suggest that at least one WWbs is required
for full Dg function in vive and that the two sites may be
partially redundant.

Methods

Fly Stocks

Drosophila melanogaster stocks were raised on standard
commealfyeast/agar medium at 25°C. For overproduc-
tion of pUASp-Dg in the germline, we used the following:
NGT40; P{u+nanosGal4:VP-16)Ab-2 [21,22] and Mar-ad
TubGal4-VP16/CyCO [23]. For overproduction of pUASp-
Dgin the follicle cells, we used hsFlp; act < FRT-CD2-FRT
< Gal4; UAS-GFP[24]. For generation of Dystroglycan
clones, we used FRT42D-Dg33/CyO (Dg3? is a Dystrogly
can loss-of-function mutant with a 3324 bp deletion
between bp 32,345 and 35,669 of DS03910 | 7] disrupting
the Dg 5' region and the adjacent mRPL34 gene; Addi-
tional Figure 3) and hsFLP;FRT42D Ubi-GFP/CyO. For
overproduction of pUASp-Dg in a Dystroglycan mutant
background, we used FRT42D-Dg323/CyO; P{w nos
Galt:VPI6)A4-2 11, and hsFLP; FRT42D Ubi-GFPICyO;
pUASp-Dg/TM3 (pUASP-Dg refers to all Dystroglycan con-
structs: FL, C1, 2WW, PPSG), Two deletions in the Dystro-
glycan region exist; Dg18 (11985709:11986494) whose
breakpoints are 333 bp downstream of the Dg transcrip-
tion start site (11986042) and 3 bp upstream of the
mRpL34 start codon (11986498) and Dgi®
(11983340:11986664) whose breakpoints are 2.7 kb
downstream of the Dg transcription start site and 166 bp
downstream of the mRpL34 start codon (Additional Fig-
ure 3). We also used: dg043 [25].

Generation of pUASp-Dg Transgenic Animal

Full length and maodified Dystroglycan PCR products that
can be expressed in the germline were synthesized from
the template LD11619. pUASp-FL and pUASp-C1 con-
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structs used in this work have been described previously
[13]. To generate a construct with mutated WWwhbsll
(pUASP-PPSG) LD11619 was used as a template with the
following primers: 5-GGGGTACCAACATGAGATTC-
CAGTGGITCT-3" 5'-GCTCTAGATTATGGCGACACA-
CATA-TGGCGGT-3", The PCR products were digested
with Kpnl and Xbal and cloned into the pUASp vector
|26]. The constructs were injected into embryos to obtain
at least wo independent stable transformant lines. Injec-
tions were done by Rainbow Transgenic Flies, Inc. (Cali-
fornia, USA).

Qverproduction of Dystroglycan in the Germline and
Follicle Cell

For overproduction in germline cells, balanced pUASp-Dgf
Mat-od-TubGal4-UP16/CyO or P(ur: nanosGal4d: VP-16)Ab
2 animals were raised in yeasted vials at 25°C for 3 days
before dissection and analysis. For overproduction in the
follicle cells, hsFlp; UAS-GFP act <FRTCD2FRT <Gal4f
pUASp-Dg animals were heat-shocked at 37°C for 1 h,
raised in yeasted vials at 25°C for 3 days before dissection
and analysis. All pUASp-Dg constructs used were crossed
to these three Gald drivers to test for proper overproduc-
tion of protein and correct localization of protein to the
membrane in the germline and somatic cells. The follow-
ing pUASp-Dg lines were used for germline analysis: FL-1,
5; C1-1, -2; 2WW-10.2, -5.6, -13, 15.4; PPSG-11.1, -12.5,
-6.3, -13.4. For the rescue experiments the following lines
were used: FL-1, -2, -5; C1-1, -2; 2WW-10.4, -13, -15.6;
PPSG-11.4, 11.1.

Antibody Staining Procedures

Drosophila ovaries were dissected rapidly in PBS and fixed
in 4% paraformaldehyde for 10 minutes. The antibody
staining procedure was the same as described previously
[13]. The following primary antibodies were used at the
following designated dilutions: rabbit anti-Dystroglycan
{1:3000 |7]), mouse anti-Orb (1:20; Developmental Stud-
ies Hybridoma Bank), the following secondary antibodies
were used at the designated dilutions: Alexa 488 anti-rab-
bitand Alexa 568 anti-mouse (1:500; Molecular Probes).

Westemn Blot and densitometry analyses

Sample preparation and SDS-PAGE have been described
previously [13]. Bio-Rad ready-made 4-20% polyacryla-
mide gels were used for protein separation. Proteins were
transferred to polyvinylidene difluoride (PDVF) mem-
branes (Immobilon) using a semi-dry transfer apparatus
(Bio-Rad). Primary affinity purified anti-Dg antibodies
were used at 1:30,000 dilutions. Goat anti-rabbit HRP
conjugated antibodies (Bio-Rad) were used as detection
reagents at 1;10,000 dilutions. Proteins were visualized
via enhanced chemiluminescence (Millipore}. Densitom-
etry analysis was performed with the public domain NIH
IMAGE] program (developed at the US National Institutes
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of Health and available on the Web at http//
sb.info.nih.gov/ij/). Scans of immunoblots determined
to be in the linear range (i.e. twice the amount of protein
correlated with twice the signal seen on photographic
film) were used as sources for analysis.

Sequence alignment

Sequences of 12 species of Dvosophila were obtained from
the FlyBase genome database. Sequence alignment was
done using software ClustalW designed by the European
Rioinformatics Institute hitp://www.ebi.acuk/Tools/clus

DNA samples used for sequencing

We sequenced a 348 bp fragment of DAG that includes
both WW domains in DNA samples from 88 humans rep-
resenting six populations. Samples were obtained from
the Coriell Institute for Medical Research Cell Repositor-
ies (Camden, NJ, USA). Coriell repository numbers for
these samples are as follows: CEPH European-American
(NA0G990, NA0O7019, NA10830, NA10831, NA07348,
NA07349, NA10842, NA10843, NA10844, NA10845,
NA10848, NA10850, NA10851, NA10852, NA10853,
NA10854, NA10857, NA10858, NA108GO, NA108G1,
NA17201) Han Chinese of LA (NA17733 - NA17747,
NA17749, NA17752 - NA17757, NA17759, and
NA17761), Middle East (NA17041 - NA17050), Pygmy
(NA10469 - NA10473, NA10492 - NA10496), South
Africa (NA17319, NA17341 - NA17348), South America
(NA17301 - NA17310) and South East Asia (NA17081 -
NA17090). We compared patterns of polymorphism to
322 genes that were sequenced as part of the SeattleSNPs
project [27].

DNA sequencing and statistical analysis
Sequencing primers were designed with primer3 (http://
2, Wi, i wi-bi i o1 3 Www,Cgis

primer sequences available upon request). We used stand-
ard PCR-based sequencing reactions using Applied Bio-
system's Big Dye sequencing protocol on an ABL 3130xl.
Sequence data was assembled using Phred/Phrap [28,29]
and the alignments were inspected for accuracy with
Consed [30,31]. Polymorphisms were identified with
PolyPhred 4.0 [32]. All polymorphic sites were manually
verified and confirmed by sequencing the opposite strand.
Standard measures of nucleotide diversity, including 0y,
and n were calculated as previously described [27].
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Additional material

Additional file 1

Figure 1. Overexpression of Dg construcs with mutation in WW binding
sites in follicle and germline cells. A, B. Overexpression of 2WW (A) and
PPSG (B) constructs fn follicle cells marked by GEP. Dg in the wild rype
cells is expressed at the apical stde of the follicle cell epithelium, in contrast
to overexpression where Dg is localized in both apical and basal sides
(indicated by arvows). To compare the expression levels of different con-
structs and insertions the intensities of D¢ expression uas compared to the
intensity of the GFP signal in the same cell. The observed mean intensity
ratios are stmtlar in the two constiucts (2WW = 1.2, PPSG = 1.1), sug-
gesting that the differences observed benween these fwo conammuas i
oocyte polarity assay are not due to dramatically different levels of expres
son. C. Owerexpression of the constructs in the germline cells.ut — Dg
expression in wild rype germline cells, MarTubGal4; plUASp- WW,
nanosGald(pUASp-WW — overexpression of Hansgemmc construces in
germline cells. Both MatTub- and nanesGald have distinct expression pat-
rerns,

Click here for file

[hitp:/ /www.biomedcentral.com/content/supplementary/1471-
213X-9-18-S1.1fl)

Additional file 2

Figure 2. Comparative analysis of Dg C-terminus nucleic acd sequences
i 12 spedies of Drosophila

Click here for file

[hupy/ fwww.biomedcentral .comfcontentfsupplementary/1471
213X-9-18-52.1iff]

Additional file 3

Figure 3. The genomic region of the Dystroglycan gene. The genomic
regions that are deleted {n the Dystroglycan mutant alleles Dg* and
Dg24 gre indicared as bladi bars,

Click here for file

[htp:/ fwww.biomedcentral.com/content/supplementary/1471-
213X-9-18-53.4ff)

Additional file 4

Figure 4. Western blot analysis of Dg protetn in wild type, DeO43, 2WW
and PPSC muaries and whole animals show the following Dy intensities
compared to OregonR (WT): Dg(343 [25] = 0.4, 2WW = 1.3, PPSG =
1.2, The specific bands that comespond to different Dg forms can be seen
at ~ 180 (two bards), 110 and faintdy at 70 kD. A presumable degrada
ton 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 spe
des. Band intensities were novmalized to actin and samples were run on
a gradient 4-20% gel.

Click here for file

[hitp:f fwww biomedcentral comjcontent/supplementary/1471-
213X-9-18-S4.1ff]
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Supplementary Information

Figure S1

A UAS-GFP act-Gal4/UAS-2WW-17.2 B UAS-GFP act-Gal4/UAS-PPSG-11

,'w.‘.(’)
§
o

MatTubGal4;pUASp-2WW

nanosGal4/pUASp-2WwW

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
cellswt — Dg expression in wild type germline cells, MatTubGal4; pUASp-WW,
nanosGal4/pUASp-WW — overexpression of transgenic constructs in germline cells. Both MatTub-

and nanosGal4 have distinct expression patterns.
44



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

Drosophila.
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Figure S2

WWhbs.lI
AAGCCGC CACTGCTGCCACCATCCTACAATACC TCAAAL CATGAATGGTGGETGACAACGA
BAGCTGC CACTG CTGCCACCATCCTACATTACC TCARA CATGAA -~-~~ GGTGACALCGA
ARGCCGCCGCTGCTGCCACCATCCTACAATACC TCAAA CATGAATGGT GGG TGACAACGA
AAGCCGC CHCTG CTGCCACCATCCTACAATACC TCAAR CATGAATGGT GGG TGACAACGA
AAGCCGC CGCTGTTGCCACCATCCTACAATACC TCARA TCTGAATGGT GGG TGACAACGA
AAGCCTC CGCTA CTGCCCCCETCCTACAATACC TCGAA TATGAATGGT GGETCACAACGA
AAGCCGCCGCTGTTGCCECCCTCGTACAATACC TCCAA CATGAAT----G6CGACAACGA
AAGCCEC CETTGTTGCCECCCTCETACAA CACC TCCAR CATGAAT----GETGACAACGA
AAGCCCCCGCTT TTGCCECCCTCGTACAA CACA TCCAA TATGAAC----GETGACAACGA

AAGCCAC CGCTGCTGCCACCGTCCTACAATACA TCARA CATGAAT----GGTGACAAT GA
hhkk Ak Kk u. l . -* ok ke kh hkkk wh hkkAk ko

CGTGGACGATIATGTGC CACCACCGTCGGTGGT TET 66 GCGEC CGGBAAGT GC 6T GGCAR
CGTGGACGATIATGTGC CACCACCATCGGTGGT CGT GG GCGEC CGGGAAGT GC GTGGCAA
CGTGGACGATIATGTGCCACCACCATCGGTGGT TET GG GCGEC CGGGAAGT GC 6T GGCAR
CGTGGACGATIACGTGCCCCCT CCATCGGTGGT TET 66 GCGEC CGGGAAGT GC GTGGTAR
CGTGGACGATTA CGTGCCACCTCCTTCGGTGGT TET GG GCGGC CGGGAAGT GC GT GGARA
CGTGGAT GAGTATGTGCCACCGCCGGCCGTTGT TET GG GCGGACGGGAGET GC GAGGGAA
TGTGGAT GAGTATGTGCCACCGCCGGCTGTGET GCTCH GTGGACGCGAGGT GC GAGGGAA
TGTGGAT GAGTATGTGCCACCGCCGECAGTGGT GCTCG T GEACGCGAGET GC GAGGGAA
TGTGGAT GAGTATGTGCCACCGCCGGCTGTGGT CCT GG GCGEACGCGAGGTGC GAGGGARA
TGTGGAT GAGTATGTGC CACCGCCGECTGTTGTAGT CGGCGET CGGGAGET GC GAGGGAA
Ahkhh hh hk hAAKK kh khk Kk Ak kk kKA kk Kk Kk RAAKK KK Ak
WWhbs.|
GTCGCCAGCCACGCCCTC CTACCGCAAACCACC GCCATATGTGTCGCCATAR
GTCGCCAGCCACGCCCTCCTACCGCARACCACC GCCATATGTGT CGCCATAR
GTCGCCAGCCACGCCCTCCTACCGCARRCCACC GCCATATGTGTCGCCATAR
GTCGCCAGCCACGCCCTCCTACCGCAAGCCACC GCCATATGTGTCGCCATAR
GTCGCCAGCCACGCCCTCTTACCGCAARCCACC GCCATATGTGT CGCCATAR
GTCACCT GCCACACCCTCCTACCGCAAGCCTCCGCCATATGTGT CGCCATAR
ATCACCGGCAAC GCCCTCCTACCGCAAGCCACCGCCATATGTTTCGCCATAR
ATCACCGGCAACGCCCTCTTATCGCAAGCCACCGCCATATGTATCGCCATAR
ATCACCGGCARC GCCCTCATATCGCAAGCCACC GCCATATGTAT CGCCATAR
GTCACCCGCCACGCCCTCCTAT CGCAAGCCACCGCCATAT GTAT CGCCATAR

dk kk ko kk kdkkk kk kdkkk . _“ dedk ko

- WW binding site

B -conserved n.a
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Figure S3
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Fig. S3. The genomic region of the Dystroglycan gene. The genomic regions that are deleted

in the Dystroglycan mutant alleles Dg** and Dg**® are indicated as black bars.
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Figure S4
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driver

Eig. 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 phosphorylation-
dependent 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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Abstract

The Dystroglycan-Dystrophin (Dg-Dys) complex has a capacity to transmit information from the extracellular matrix to the
cytaskeleton inside the cell. It is propased that this interaction is under tight regulation; however the signaling/regulatory
components of Dg-Dys complex remain elusive. Understanding the regulation of the complex is critical since defects in this
complex cause muscular dystrophy in humans. To reveal new regulators of the Dg-Dys complex, we used a model arganism
Drosophila melanogaster and performed genetic interaction screens to identify modifiers of Dg and Dys mutants in
Drosophila wing veins. These mutant screens revealed that the Dg-Dys complex interacts with genes involved in muscle
function and components of Notch, TGF-f and EGFR signaling pathways. In addition, components of pathways that are
required for cellular and/or axonal migration through cytoskeletal regulation, such as Semaphorin-Plexin, Frazzled-Netrin
and Slit-Robo pathways show interactions with Dys and/or Dg. These data suggest that the Dg-Dys complex and the other
pathways regulating extracellular information transfer to the cytoskeletal dynamics are more intercalated than previously

thought.
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Introduction

Muscular dystrophies are a group of inherited nenromuscular
disorders that share the same basic phenotype of progressive loss of
muscle integrity. Many muscular dystrophies are caused by defects
i[l a SIFI‘.‘_'.i}L“?A‘.d [_'.i'.” ?‘]I"]f'.-‘ii[:ll'l ['.[:Fl[llﬂl‘.x [.'}{“[‘[! f}l(" rj)‘.‘“r‘:lllhi[l
Glycoprotein Complex (DGC). It has become evident that this
complex plays a central role in muscle integrity and forms a
mechanical link from the actin cymskelemn to the extracellular
matrix (ECM). The core DGC iz composed of a transmembrane
component, Dystroglycan (Dg), which associates with the EOM
]:r[jrl:‘.'m, Laminin and the l_y!:jrpla.‘mli{: ]n'[jr[f-in r}y:ilrnpllill which
binds Actin (reviewed in [1,2]).

Mr—i.ny lines of evidence confirm that mrd.ini:a'uliug the structural
link from the extracellular matrix to the actin cyloskelewu 15
crucial in preventing many forms of muscular dystrophy.
Mutations that (ﬁsrupl any component of this structural link
results in a variety of muscular dystrophies like Duchenne’s,
Bl'.(,'k{'l'I.S; M'Il?i(_'][".—l".yl'.—]_”'ﬁ.'il| [lll-‘il"}ﬂif'.) wﬂlk(‘fl'—"\rﬂ.[']_]”r!_"' SYI][I['UHI[‘:
congenital mugcular dystrophies 1€ and 1D as well as limb girdle
muscular dystrophy 21, These diseases share the common
symptoms of skeletal muscle degeneration, cardiomyopathy, as
well as a reduced life span for afflicted individuals [3].

Additionally, alterations which reduce the affinity of compo-
nents of the DGO lead to congenital muscular dystrophies like

@ PLoS ONE | www.plosone.org

Fukuyama’s which, aside
associated with aberrant neuronal migrations that lead to mental
retardation, epilepsy, as well as abnormal eye development. The
use of animal model systems has led to the clarification of the roles
l:lr .‘Illl\.(,'iﬁi.' }_“'ﬁl]f‘ i)i'[:llll]i_‘l.‘i iil ITIHIl”l}{illllllg ITI”-‘i[_'.ll'. i[l'l‘.}_‘,'['i‘y Hll[l
function (reviewed in [4]), however, the regulation of this complex
is largely unknown.

Initial characterization of the DGC in Dmm,bﬁ-.ffﬂ has determined
that components smdied so far possess similar roles in muscle
integrity and neuronal migration in flies as in humans (Figure 1,
15,6,7,8]). These abnormalities include age dependent muscle
degﬁneratinn, rechiced mr_‘-hi]iry) defects in eye r}ev?]npmmﬂ a5

E‘['i:ll[l I[II]H[_’.[IIH.I' lIf‘rC{:'S, H.I."\'[:D are

manifested ]_ly altered plujsiijn'f:l_‘.(:plijsr AXO |1;1.Ihfm(|i||g, and a
shorter life span. Additionally, mutations in Dys and Dg affect cell
polarity in the Dresophila germ line as both the follicular cell
epithelinm and the oocyte are disrupted [6,9,10]. Recently, a
reduced lifespan in Drosapfile, as well as heart and muoscle
abuorumliLius, have  been n:porL{_'d in mutants of another
component of the DGC, d-sarcoglycan [5]. In addition, heart
and eye phenotypes have heen ohserved in Drasaphila Dys and Dg
mutants [11,12].

“T'he similar defects in both flies and humans make Drosophila an
attractive model for further studies on clarifying the role of the
DGC. Such studies may reveal novel components that may likely
have counterparts in humans. .-"\l|[]iliij:na]]_\f, since vEry litde s
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Figure 1. Muscle Phenotypes of Dys Mutants. Transverse histological sections of indirect flight muscles showing age dependent musde
degeneration. Control musde section fiom (3 RIExelG184/+ flies at 18 days of age do not show any type of abnormalities (A} While lower
penetrance and milder muscle degeneration phenatype is ohserved from RMAI knockdown of long forms of dystrophin {act-Gal4:UAS-Dys"™ AN flies
at 18 days of age (B), KX43/Df(3R)Ecel6184 and Dys8-2/KX43), a strong muscle degeneration phenctype is seen when all forms of dystrophin are

reduced (C; rubfGaM:UA.S—DysCRN’“}’Jr flies at 12 days of age}.
eloi:10.1371/journal pone.0002418.9001

known about how the DGC is regulated ingights may be gained on
this heretofore unknown process. More recently, transmernbrane
signaling has been implicated in the function of the DGC. The C-
terminug of Dystroglycan, in addition to having, EF and WW
domain binding sites, alse possesses SH2 and SH3 domain binding
sites. These known protein-protein interaction metifs suppert the
idea that Dystroglycan is a signaling receptor in addition to its
known role as a conduit between the EGM and the cytoskeleton.
Changes in MAPK kinase and GTPase signaling have alse been
obgerved when the DGC is perturbed [2,13]. Recent work has
shown that specific sets of domaing are critical in the function of
Dresuphila Dystroglycan [8].

In the present work, we have used the genetic tractability of
Dyosophila to search for novel components of the DGC, as well as
components that may be involved in ity signaling and regulation.
Such a search is straightforward because in addition to the muscle
degeneration and phetoreceptor axon pathfinding defects, muta-
tions in dystrophin and Dypstroglyean cause a wvisible phenotype
manifested as alterations in the fly wing, particularly the posterior
crossvein (Figure 2, [14]). Since this is an easily score-able, highly
penetrant phenotype we undertook a dominant modifier screen
approach and looked for flies that showed either a suppression of
the crossvein phenotype or a noticeably altered crossveln.
Importantly, crosgvein development hag been previcougy shown
to require EGFR, TGF-p and Notch pathsway activities and is
therefore a sensitive place to ohserve potential interactions of the
DGC with these signaling pathways [15,16,17]. In addition,
hemocyte migration s shown to correlate with the crossvein
development [14]. Therefore genes involved In correct migration
processes might alse be obtained by this approach. We screened P-
clement lethal as well ag deficiency collections for interactors in
addition to performing a classical ethylmethanesulfonate (EMS)
screen for dominant modifiers.

Here we report that in using these screening sirategies we have
found modifiers that belong to six different functional groups. We
have found genes involved in muscle development, neuronal/cell
migration and motor function as well as cytoskeletal components
and components of the TGF-B, EGFR and Notch pathways. A
commen theme among many of these interactors and Dg-Dys
cornplex i3 their involvement in the cytoskeletal rearrangements
controlled by extracellular cues.

PLoS ONE | www plosone.org
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To identify genes that interact with fys and Dg, we used the
chromeosomal lesion hypomorph Dys‘% ag well ag the RINAIL
knockdown mutants Dp 4 D@ R and ppf Thege
mutants exhibit age dependent muscle degencration of indirect
flight muscles (IFM, Figure 1B and 1C) ag shown before for other
Dys alleles [6].

In addition to the rmmuscle phenotype, a visible wing wvein
phenotype was observed in these and previously analyzed alleles.
In particular, the posterior crossvein (PCV) is defective in both Dys
and Dy mutants, a disrupted anterior crossvein (AGY) and a partial
duplication of L2, a longitudinal wing vein, can also be observed at
a lower frequency (Figure 2). These phenotypes are present in the
RNAi knockdown mutants, Dy 84 [y G RN 5n g pgfiids
[Figure 2G, 2D and 2E, respectively) as well as the chromosomal
lesion hypomerphs .QUES (Figure 2By, Dy Dgoﬂ, Dgoﬁ and
D [14], Dys and Dy are expressed i third instar larval wing
imaginal discs (Figure S13 and interact in the wing vein since the
double mutant shows a new phenotype — a duplication of L3
lengitudinal wing vein (Figure 2F and 2F).

We used the visual wing vein phenotypes in P-element lethal,
EMS3 induced and deficiency screens to find dwstrgphin and
Dystroglyean interactors in Dresphila that either increase or decrease
the wing vein phenotype. Additional studies reveal that many of
the interactors identified in the screens are required for proper
function in other tissues that require Dys and Dg, such as muscle,
brain and ovary.

Meodifier Screens

To identify Dy and Dy interactors, we screened three different
kinds of mutants; a collection of 800 FRT-P-clement lethal lines, a
deficiency collection of 216 lines and 43,000 EMS induced
mutants. From these analyses, we identified 37 interacting genes
that can be clustered into six different functional groups (Table 1).
We screened FRT-P-clement lethal lines
from the Kyoto Stock Collection (Japan). The homozygous
lethality of the lines allows us to infer that the transposon is
inserted in or near an essential gene. We set up crosses to search
for rmodifiers of the RINA{ mutants D™ #84| p B84 o g s
ag well ag L})sﬁs, a hypomorph that remoeves DLP2, a specific long

P-element screen.
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act-Gal4:UAS-Dys" Nai/s

PR

tub-Gald:lUAS-Dys® 4/ UAS-Dg™

Figure 2. Dys and Dg are Required for Proper Wing Vein
Formation and Interact in the Process. In a wild type like wing (A,
genotype Dy5£5/+) there are 5 longitudinal veins {L1-L5}. The anterior
cross vein (ACV} forms between L3 and L4 and the posterior cross vein
{PCV} forms between L4 and L5. (A"} Higher magnification of the region
of the wing that shows bath cross veins, ACY and PCY. Dys™/0ys™
homozygotes show defects in cross vein formation (B). The PCV is
detached from L4 and L5 and at a lower freguency, the ACV fails to form
a connection to L4. (B} Higher magnification of the image in B where
armows indicate the altered ACY and PCV. Arrows indicate altered cross
veins, The RNAI mutant that knocks down lang forms of dystrophin {act-
GalUAS-Dys" 84 ) also shows a PQY mutant phenotype where the
cross vein fails to attach to L4 and LS {C}. {C} Higher magnification of
the image in {C} where the arvow indicates the altered PCV. {0} Shows
the wing vein phenotype of the RMAI dystrophin mutant (tub-Gal4:UAS-
DySCRN'q’/H that reduces the protein levels of all isoforms. Here the PCY
is drastically affected and there is extra vein material above L2. (D7}
Higher magnification of the image in {0} wheve the arrows indicate the
alterations. The upper arrow shows extra wing vein material above L2.
The lower arrow indicates an altered PCV. The RMAI Dystroglycan
mutant {tub-GalEUAS-Dg™ 4 alsa shows a wing vein phenotype (EJ.
In this case we see a branch off the PCY as well as extra material above
L2. {F} Higher magnification of {E} where the upper aivow shows extra
wing vein material above L2 and the lower arrow shows branching from
the PCV. Finally, Dys and Dg interact in the Drosophile wing as the
double mutant (tub-Gald:UAS-Oys" "™AUAS-Dg™) shows a novel
phenotype {F, F}. The box indicates a thickened L3 vein. (F} Higher

Y. PLoS ONE | wwaw.plosone.org
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magnification of the box is shown in {F}. Awrows indicate extra L3
longitudinal vein material. (G} Wild type L3 vein from the same region
as shown in {F}.

doi:10.1371/journ alpone.0002418.g002

isaform of dysirophin [7]. Modifiers were divided inte phenotypic
classes of enhancers, suppressors and suppressors with extra wing
vein material (En, Su or Su+; Figure 3). From the P-element screen
we obtained 33 modifiers of the Dy phenatypes (Table 1}, 25 of
which alio showed interaction with Dg (Figure 4). Since the
identity of these genes is known, we were able to organize these
modifiers inte & different functional categories (Table 1).

We were excited to find genes invelved in both muscle and
motor/ cytoskeletal function as these are processes in which Dyps
and Dy are known to act (Table 1, functional group I; Figure 4). Of
the muscle category genes, muscleblind (mbl) was the strongest
suppressor in the wing vein. Weak suppressors of this group
included Calmoduiin (Cam) and the nicotimic acetylchodine recepior o 30D
(ndeRo-300% (Table 1, functional group I), though adeRe-30D
strongly interacted with Dy (Figure 4). Cytoskeletal and motor
function genes (Lissencephaly-1 (Lis-1), Kinegin heawy chain (Khd),
Dynamitin (Dmn) and Fhes showed moderate to weak suppression
with dysirgphin mutants [Table L, functional group I.

Another intriguing functional group that interacts with Dg-Dys
complex includes genes known to be involved in neurcnal
migration [Table 1, functional group IT). This group is compoged
of the genes which belong to Semaphorin-Plexin (Sema-Zo, Sema-
24, Slit-Robao (ski (s8), roundahout (robo), leak (lea) — a robo2 homolog,
Syndecan (Sdc)) and Netrin-Frazeles (frazzled [fra)) pathways. In the
wing vein most of these genes were scored a3 moderate to weak
suppressors of the Dps RINAL mutants. Importantly, Sema-2a and fra
modify Dy (Table L, functional group II; Figure S3). Sema-la
was found te moderately enhance the Dys wing vein phenotype.
Using our D™ mutant we found that refe and Sama-2a enhanced
the Dg phenotype and Sema-Ja and fea (robo2) suppressed the Dy
phenetype (Table 1; Figure 4 and Figure 34). We have previcusly
shown that Dys and Dy function in the Dyvessphila Photoreceptor
axon pathfinding [6] in processes similar to Sermaphorin-Plexin,
Slit-Robe and Netrin-Frazzled pathways.

Functignal groups IV and V' [Table 1) contain interactors that
belong to the TGF-P signaling pathway: Daughiers aguing diyp (Dad),
decapentaplegic (dpp), thickveins (i) and EGFR. signaling pathway:
kekkon—j‘vgep’d ) and argos. Dad, dpp and kek] were strong modifiers of
the Dg™™* mutant (Table 1; Figure 4 and 84) and Dad and & of
Dys‘as allele as well (Table 1, functional group I'V; Figure 83). It has
been known for some time that TGF-B, Notch and EGFR
pathways are necessary for proper wing vein development ([18];
reviewed in [19,20]). In fact, many novel factors of these pathways
have been identified through the analysis of wing vein mutants.
The longitudinal wing veing that begin to form during late larval
stages of development require EFGR. and TGF-B signaling
pathways for proper fating of cells in the region [15,21].
Crosgveins appear in late pupal stages of development and require
TGF-P signaling for formation and EGFR_ and Notch signaling for
final patterning [17]. The posterior crossvein i3 particularly
sengitive to different levels of TGF-P signaling and forms only
after the proper formation of the longitudinal veins.

The last functional group {Table 1, functional group V1) contains
a group of 12 genes with disparate functions. One enhancer, ghiaf cells
missing (gom), was identified Three strong suppressors of this group
also interacted with D™, the Dresphle homolog of the homeodo-
main-interacting protein kinase (HIPK), fomet (k) and [3)L4002,
which contains a zincfinger motiff. ks, deadlsak (del), gem, POSH and
wamen () also strongly modified D™ (Figure 4),
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I. Muscle, mator Dys
and cyto-skeleton
function

nAcRe-300

1. Neuro-nal
migration or planar
cell polarity genes

sema-la
fra

sl

robol

lll. Notch signaling O/

IV. TGFf signaling Dad

tkv

msk

V. EGFR signaling &ek7
argos

Vi. Other Nrk
HIPK

gem
(64456

POSH
vimar
el
SPI070

Functional groups Gene name Allele{s)

DysEMS ModET0]

Cam{k(4213]
(21042226

mblfE27(=
(2114204

nAcRe-30DIEY 138371
Lis-1{k13208]
Khofk13219]

Dmnfk 16 109]

(35586

sema-2afkl 416]

sema-Tafki3702]
I2fkG3003*
fral4]**
l{2k02205*
sl

robol2]**
feal2]**
f{2Kkci0317*

Sde[ 106087
stanf 129"
walspd-1
grhis2140{
DEMS Mod1 307
DEMS-Mod 1401
DodijiF4]
dppiKGe8191]
thufk16713]
mskiEMS-Mod26]
mskl 5]

kek k073221
I3}1068°
argosfDefta[*
Nrk{k14301]
CG17090 [RGOO8SS]
kis [k13416]
gem{KGo1117]
CO4496IKGT0365]
wunfk10201]
201 11 200%
POSH [15815]
vimorlk16722]
delfkGi0262]
Poly-LGF [EMS-Mod29f

@ PLoS ONE | www.plosone.org

Function

Dys Dy complex

Calmedulin, musde contraction

rmuscle development; splicing; RNA
binding

acetylcholine receptor; muscle
contraction

Dynein binding, WD repeals
Kinesin, microtubule motor
Subunit in Dynactin complex
Actin organizing protein

ligand of PlexinB, axon guidance

axon guidance

receptor of Netrin

ligand f{interects with Robo and 5dc)

receptor
receplor

Heparan sulphate proteoglycan
{interacts with Sli and Robo)

Receptor, Flamingo
ligand
transcription factor

ligard of Notch

negative regulator
1GE-fi homolog
type | receptor
importin

repressor of EGFR signaling
repressor of EGFR signaling; ligand

receplor lyrosine kinase

sering/threonine kinase, death

AIP helicase activity; chromatin binding

transcription factor activiry

zinc ion binding, nudeic acid binding

lipid phosphate phosphatases

SH3 adaptor protein, JNK signaling
Ral GTPase binding
Gogenesis

Notch binding (predicted)

53

acr-Gald: UAS-

Dys™ 80z,

Su (W)
Su (S)

Su sy
Su+ (W)

Su+ (W)

Su (M)
Su W

En (M}
Su+ (M)
Su (W)
Su (W)
Su (W)
Su (W)

Sut (5)

Sut (M)
Su+ (M)
Su+ (5)
Su4 {5)
Sut (8§
Sus (§)
Sut (5)
Sus (M)
En {5)
Su (W)
Su+ {8)
Su+ (W)
Sutr (5)
Su (W)
Sut (S)
Su+ (5)
En (5)
Su sy
Su+ (W)
Su (W)
Su (W)

Su+ (M)

tub-Gald: UAS-
Dys“ 4y

Su+ (W)
Sut (M)
Sut (M) -
Sut (M)

S (W) -
Su+ (W)

Su+ (W)
Su+ (W) 7

Su+ (W) - +
Sut (W) t
Sut (M)

Su+ (5
Fn (M) - +
5u+ {S)

Su+ (W) & +

Dg inte-
ractors”

Dys“ !

En (8) ¢

Sut (3

Su+ {5 - +

Sut (W) -

Mod (W) +

Mod (M) +

En (M) i
Su+ (M)

Mod (W)
Mored (W)
Mod (W)

Sud (W) '
Su+ (W) - +
Su+ {S)
Su+ (5)
Sut (M)
Su+ (M)
Sut (S)
S+ (W) - +

Mod (M) +
Mod (W) +
Mod (5) t
Mod (5) +
Mol (MY i

Mod (W)
En {5) +

Su+ (M) +

Su+ (M) - +

St (M)
Sut (8)

Mo (S)
Mod (W) +

Sut (M) ¢
Sut (M) 1
Sut (5) F
Su+ (M) =
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Table 1. cont.
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act-Gald: UAS-  tub-Gals: UAS- g inte-
Functional groups Gene name Allele(s) Function .ifl‘J.avJllr 3 DysC'RNA’AL Dysss e ' ractors”
CG7845 CEFE4S [EAAS- Ao a4 WD40 domaln protein Su+ (g Su+ (i) -
34092 2114092 Zn-finger protein Sut (3] Sut (5) Mod (5]

* P-element insertion used in screen that may affect gene;

doi 10,137 1/journal. pone, R0 24134001

Deficiency screen. In addition to the P-clement lethal
collection, we alse screened for the Dys interactors using a
collection of deficlency lines, which covers about 30% of the lst,
401% of the 2nd and 80% of the 3rd chromosome and found 10
regions on the 2nd and the 3rd chromosomes that interacted with
D™ ™ in the wing vein (Figure 54} Nine of these deficiencies
suppressed the Dps PGV phenotype with formation of extra wing
vein material and belonged to the Sut clags (Figure 3C and 5B)
and one to the En class (Figure 3D and 5B). The we and stan
(Flomings, Fia) genes, which belong to the planar cell polarity
pathway [Table 1), were identified as Dps™ ® interactors in
[27D1-27F2) and [47A7-4706] cytological regions respectively
(Figure 5B). Both of these genss modify D™ phenotype in wing
vein ag well (Figure 4). A third component of the planar cell
polarity pathway, gratny head (grh), was identified from the P-
clement screen. Furthemmore, dvsirophin and D genes located in
region [FLF12-92A11], as well ag poly-£GF and CG4406 from
[27D1-27F2] region were alio independently identified in the P-
element and EMS screens (Figure 5B and Table 1}

EMS mutagenesis screen.  We analyzed —37,000 chromeo-
somes for modifiers of Dy ™™ and Dy “and over 6000
chromosomes for enhancers of D™ and isolated 27 modifiers
{Lable Sl1). Eighteen of these were localized to the 2nd
chromosome and nine were localized to the 3rd chromosome.
The genes defective in eight of these mutants were identified and
shown to correspond te five genes (Table 1) The modifier screens
using EMS produced similar phenotypes to those observed in the
P-element screen (Figure 4) and additionally produced a “posterior
crosgveinless” class (14/27 modifiers; Figure 82). These modifiers
may be alleles of the crossmeinless genes on the second and third
chromosomes. There are eight previously identified cressweinless
loci, en, o2, co-5, eo-b, cv-c, eo-d, eol-5 and eol-6. Two, v and cul-6,
are on the X chromosome. One, -5 is on the second chromeo-
some and the remaining five are on the third chromesome.
Modulators of the TGF-B pathway are encoded by two of the eight
crossueiniess loci, e and co-2. Of the remaining six one other, coc has
been molecularly characterized and encodes a Drasophila Rho
GTPase Activating Protein. The others may also encode effectors
of TGF-B signaling. Nevertheless, when ev and -2 are lost the
resultant aberrant TGF-P signaling results in the loss of both
crossveins, Of ouwr aossveinless like modifiers, one, ModS0
{Table | and Tahle 81), was mapped to cytological location
668, two map units distal to the Aay gene, and so does not appear
to be an allele of any of the crossmeinkss genes on the third
chremosome. An atractive candidate for this gene is meleskin (mak)
which encodes Drosughils Importin-7, a protein involved in nuclear
translocation that has been shown to regulate the TGF-B pathway
by controlling Mad localization. We further confirmed that
maleskin (msh™) interacts with Py and Dys (Tahle 1),

The next largest class of medifiers (9/27 EMS induced
modifiers; Tahle 81} belonged to the Suppressor+ (Su+) class with

#. PLoS ONE | www plosone.org 5

“, gene allele from Bloomington stock center; S, suppressor; Sud, suppressor of PCV with extra wing vein materdal; En, enhancer; Mod, modifier; (W), weal; (M),
moderate; (5], trong; 1, phenotypic classes shown in Figure 53; 2, summary for the data in Figure 4; + interact; -, does not interact,

extra wing vein material (Figure 3) and showed a more global
cifect on the wing. Four of these modifier mutants, Mod59,
Modl11, Maodl 3¢ and Modl 40, had phenotypes in the abgence of

Dys mutant

Figure 3. Wing Vein Phenotypes in Dys Modifier Classes. The
posterior cross vein {PCY} was used in the screening process. The Dys
mutant is depicted schematically in (A} with an actual fly wing ot
Gat4UAS-Dys" 4143 shown to the right. Among the modifiers from the
original mutart phenotype was the Su dass or the completely suppressed
class (B} where the PCV reverted to the wild type cross vein. Another class
of interactors suppressed the detached PCY phenotype but also produced
extra vein material, either as a branch or as an extra L2 vein (arrows, C}.
This group was classified as suppressor-plus {Su+). Finally, a group of
modifiers showed a complete loss of the PCV {D, arrow} and this group
was classified as enbanced (En).

doi:10.1371/journal.pone0002418.g003
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Figure 4. Dg Mutant Modifiers. The RMAI Dystroglycan mutant modifiers were scored either as an increase in penetrance of the Dg phenotype, or
as an addition of extra vein material. These are represented in a bar graph. The ordinate indicates the percent penetrance of the wing vein
phenctype. The abscissa indicates the genes that interact with tub-Gal:UAS-Og™ /¢ as heterozygotes. The unmedified Dg mutant phenotype is at
the far left {control} and shows that nearly 30% of ¢4 flies show the Dg mutant phenotype {orange color} with the rest having wild type wing
veins (yellow color}. Modifiers that show an extra vein material are indicated in brown. Wing vein phenotypes are shown in Figure 54.

doi:10.1371/journal pone.0002418.g 004
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Figure 5. Deficiency Screen. (A} Cytological map of 2nd and 3rd chromosomes. Red bars represent cytological regions that were screened for
interaction with Dys in wing vein. Blue bars represent deficiencies tested in the screen. Deficiences that showed interactions are circled in red.
Mumbers next to the blue bars indicate deficiencies used to narow down the Dys interacting region. (B} Numbers in column 1 describe the

deficiencies used to narow down reglon and respond to the following deflmenmes (1) w Df(ZL}spa"?
1) DR2RIED2098, (5} ODR2Rkn8, &' pr,

w2 (20w T DRt ades, (3) DFRLEDTLT3,
(6} DR2Rlen-A, (7) DR2RIPCA, (8} y'w'/Dp(1¥ly™: DR2RIP34, (9 DR3ED4978, (10) DIBRIEDSS12, (11)

DF3RIEDS242, (12} DR3RIEDGG25, (13} DIBREDGOGY, (14) DF3RIEDG076, {15} DIBRIELGIES, (16} DE3RITIP, €' ca’. Class of wing vein phenatype
modifiers is listed in second column. Cytology of 10 Dys interacting regions found in the screen is shown in column 3. Column 4 indicates Dys

interacting genes found in deficiency, EMS (*} and P-element {**} screens.
doi:10.1371/journal pone.0002418.g 005
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the .*fy.\'.{wl;bfu}r, mutant. We m:a.llllml them to cyl(}]l}gi(:x] location
92A and showed that they are tightly lnked w the Delta gene (DI,
Table 1). Subsequent crosses to different DI alleles yielded lethal

phenotypes, suggesting that these mutants are alleles of D/, T'wo of

the modifiers Modl30 and Modl40 suppressed the posterior
crossvein phenotype of Dps™ ™ | ¢, formed a complete crossvein
from longitudinal vein L4 to longitudinal vein L5, in addition to
generating extra wing vein material. We also found modifiers that
belonged to the Enhancer as well as the Suppressor classes (Text
S1).

Two other members of the class of mutants with extra wing vein
material {Table 851 and Figure 52B), Mod4 and Mod29 were
l[ird.lll][‘.[l iy 811&[_1iﬁi_: I()(,'.'/"i[:ill-‘i [el1) I}Iﬂ ‘/?[I[l (;Il['!:llll()ﬁ'{)“lﬂ. MO[I"I’ WAS
mappr_‘d. b)-' [Ouowiug its chlLalil.y ].rhi:u.ol.ypr_‘ in crosses with
deficiency lines. It was lethal in a cross with the Dff2R)napS/
Dp(2;2)BG, l(2LR) Gz line and was not lethal in a cross with the
DA2R)ISTI, Adkfni] fo[1] en/*]/Cy0 line. The available lethal
mutants from cytological region 42A1-42B3 were crossed 1o Mod4
and using a P-element insertion line, PBac{PB}CG7845:00845/
Cy(} we determined that the muotation was in gene 7845 This
gene codes for a WD40 i_‘.(}nl.’d.illing 11|'()t(‘i|l whose function is not
known (Table 1) The underlying common function of all WD-
repeat proteins is coordinating multi-protein complex assemblies,
where the rrrp(‘.a.ring units serve as a rip"id scaffold for prr_‘-h‘.in
interactions. Such a Sl_:a.wolllillg' [u'{)!{‘.ill may be utilized in the
formation or stabilization of the DGO,

Following the wing vein phenotype seen in homozygous flies as
well as its semi-lethality, Mod?9 was mapped to cytological region
27D1-27D4. This region was independently identified to contain a
Lyys interactors through the Deficiency screen (Figure 5B). We
further fine-mapped the region by showing that two smaller
deficiency lines, Dff2L)ade3/CyOP{flz lacBYES and  Dff2L)Fx
el7028 P+ PBac | XF5. WHS Y Exel7028/Cy( phenocopy the semi-
lethality/wing vein phenotypes seen with Mod29. Ultimately,
Mod?9 was determined to be a poly-FEGF gene mutant. Other
genes in the region were eliminated by complementation analysis.
In addition to the wing wein 11|1(‘.ll(!|y])l‘.? Mod29 also shows defects

in muscles, in oogenesis and in the brain (photoreceptor axon
ren-ninn.rinn; Fignn". Sf)). Arlr[itionn.“y, these mutant animals have a
very short lifespan. Since Poly-EGF is predicted to bind the Notch
recepor further functional aim.lys 15 will be VEry iulr‘:rf‘t.‘ilillg.

As discussed a]_l()w‘., the Dy.\'ﬁﬁnmtrd.nl does not show a wing‘ vein
p}.u’:ut;!l.ypc a5 a hcu:rozygou: [Figurc HA). But as a lu;smt;szygolc i
displays a disrupted posterior crossvein similar o Dyps "
(Figure 2B and 2C). We reasoned that this heterozygote
background was “sensitized” and therefore excellent for identify-
iug enhancers. We screened 6000 chromosomes and found four
modifiers for Dys™®/+. Three of those modifiers showed some extra

wing vein material in the posterior crossvein (Figure S2B). Two of

the modifiers, on the third chromosome ModE2] and ModE26
showed a branched crossvein phenotype in the absence of Iblsgﬁ
though this dominant phenotype was not completely penetrant.
The third of this group, ModEl]l on the second chromosome,
showed no wing vein phenotype in the absence ot‘iblsm, however
as a homozygotes ModE11 flies displayed a globally disrupted
wing vein characterized by an abundance of extra vein material
(data not shown}. Modifier E10 was the only modifier that showed
an enhanced phenotype (Figure S3A). ModEI10/Dys™ flies
phenocopied the Dys™ homozygons phenotype which is a
l'l‘.[lll[.’.ﬁﬂil iII Wil]g \."l‘.iII III."I.[I‘.[']IH.I (Fip"lﬂ'ff ?B]. T\"f‘:!l'f‘.[:l\."(‘.l',
ModEI10/Df{3R)Exel61 84 flies also gave a similar wing vein
phenotype to Dys™ /Df3R)Exel6184 flies strongly arguing that
ModE10 is a distraphin allele. Finding an additional allele of Dps

confirms that the screening approach was successtul and analysis

@ PLoS ONE | www.plosone.org
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of the EMS mutant will allow us to further characterize
Dystrﬁphin prmein function. Fnrrbermﬁre, the new]y identified
r{y.n‘!r;}[:}sin allele ModE11} interacted .‘ilnjsngly with the Dg RNAi
mutant in the wiug; instead ol 27% penetrance, the phum;!l.ypr_‘ Was
96% penetrant in heterozygous DysiMoed-E10] background
(Figure 4). This further confirms that molecules acting closely
with Dys and Dg can be found in this assay.

mbl Interacts with Dys in Muscles

These modifier screens led to the identification of genes that
|_1[‘.|ljmg to different functional STOUPS. Im]!(:rl:«)nl]y, EONes with
known muscle function were identified in this SCIEEDL, iududiug
dystrophin itself. In addition, the screen also identified muscle genes
previously shown to interact with the Dg-Dys complex, Cam, mbl
and ndcRx-30D [22,23,24). muscleblind encodes a RNA binding
pl‘utciu that has shown to lunction in Spli(:iu.g [‘25]. As part of a
secondary screen in muscle tissue, we tested whether mél, a strong
interactor with s in wing vein, also interacts with Dys in the
indirect flight muscles.

Animals that have lost one copy of mbl appear to have normal
muscle structure (Figure 6A), while act-Gald:UAS f}y.\ﬂmi mutants
show moderate muscle degeneration (10 days old: 10%, n=68;
18 days: 25%, n=159; Figure 6B and 6D). However, the extreme
muscle degeneration phenotype was not observed in 10 days old
and at a low frequency in 18 day old Dyps™™* mutants (Figure 6B
and 6I)). In contrast, when mbl was reduced by one copy in a Dps™
AN utant background, increase in muscles defects was observed.
Furlhr_‘rmorc, around 50% of the l_lhcuutypi:s observed were
classified “extreme” both in 10 and 18 day timepoints (Figure 6C
and 6D). These data suggest that mbl and Dys interact in the
”llls[_'.]l‘.-‘i aTl(i [T‘T(IIU_:I]I[:FH [:Pr IT.'J&\'I.'L‘.’;!ES‘?IP‘E ICV[‘.I [‘.[Ihﬁ.lllj{".-‘i |}Ir HI_I[I[:H'[I[R]
muscle ].ihtlJ.OLype in IJ)L\‘NMI’ mutants. These results show that
the screen successtully identified genes that interact with dystrophin
to establish normal muscle function.

Interactors Show Germline Phenotypes Similar to Dys
and Dg Mutants

The Dys and D¢ genes are required in the germ line for the
establishment of oocyte polarity [6,3,9]. The oogenesis defects of
Dyps and [k serve as an excellent test to identity whether the new
modifiers might interact with Dg-Dys complex in other tissues as
Wl'.ll as iII Wi[lg [ll“l'[‘.l[:!l rnent. 'Tlhf‘. l:!VH.I'iOIﬂ (;[:ll]'ai“s a IJ[":!gl'ff-‘is]‘l:lll
ol egg chambers at different stages of development (Figure 7A). An
early oocyte polarity marker, Orb, is localized to the anterior side
in early stages and then migrates to the posterior side of oocyte by
stage 3 of cogenesis. Between stages 3 and 6, Orb s clearly
localized to the posterior of the oocyte, making it an excellent
marker to ?um]y'.!.r: the ]lol:aj'ily of the oocyle [Fip"um TA B}. Dg Tosss-
ol-function germn line clones and lwmozyguus pt;li.ul.—muLautS are
arrested at early stages of oogenesis ([9]; Figure 7B) and show
mislocalization of the Orb marker that iz usually missing or
diffused l[["ﬂ, F"tgur(‘. ?T}}. The oocyle llﬂlal'ily ph(‘.ll:jslypr‘. was also
observed for viable Dg and Dys alleles (Figure 7B, 7D and 7E; 74%,
n=>50 for D /D™ 83%, n =34 for D% /Dg™’ and 68%,
n=48 for Dgogsﬂ)gws; the ovaries were dissected from 12 days
old mutants).

Interestingly, many of the identified meodifiers are genes
|}I'C\‘i0[l3])l' Sl]()wl] Iy 1_]C [T‘T(lllll['[".ll ill H{"I'I[I ]i“ﬁ [[(‘.V[‘.I[:ll”llﬂ[ll. F()T
ux:).mplc a Sl.':lirol.diug prutciu, Rackl that contains multip].u wD-
domains and interacts with atypical protein kinase C (aPKC) has
recently been shown to function during Dresophilz oogenesis [26).
We now analyzed potential Rackl function in germ line for
posterior Orb localization. Impertantly, this analysis revealed that
Rackl is required in the early oocyte polarity: lack of Rackl in
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Figure 6. mdf Interacts with D5 in Muscle, {A-C) Transverse histological sections of indirect flight musdes of 18 days old flies. Reduction of
muscleblind by one copy does not show obvious muscle defects {A). A stronger phenotype is observed in a ect-Gal4:UAS-Oys” ™4 mutant where
loss of muscle integrity is noticeable throughout the tissue {B} and a significantly higher level of muscle degeneration is observed if the level of
muscleblind is reduced in a Dys mutant background {act-Gal4:UAS-Dys” ®#/mb), C). A green arows in B and C indicate moderate muscle
degeneration and blue arrows extreme muscle degeneration phenotype. The bar graph (D} quantifies the percentage of muscles that yielded the
muscle phenotypes in 10 and 18 days old flies. Green bars indicate moderate muscle degeneration and blue avows extreme muscle degeneration

phenotype.
doi:10.1371/journal pone.0002418.g006

carly oocytes resulted in Orb mislocalization in the majority of the
eggchambers (76%, n=13, Figure 8H). Consistent with these
findings aPKC is required for carly oocyte development in
Dyosophila [27). Similarly, another Dy and Dy interacting protein,
Deadlock hag previously shown to be required for Orb localization
[28]. It is, therefore, likely that other identified Iws and Dy
interactors are required in early oocyte polarity, possibly in a
process closely related to Dg-Dys function in cogenesis.

Utilizing the FRT sites in the P-lethal lines we made germ line
clones to determine how many of the selected modifiers had a rele
in the establishment of early cocyte polarity. We analyzed germ
line clones of 14 loss-of-function mutants and found 8 genes that
showed a gimilar phenotype to that seen in Dy loss-of-function
clones. One of these genes, POSH, 13 an SH3 adapter protein.
Loss-of-function clones of POSH (Figure 8A, white amrow) were
arrested prior to stage 3—4 of cogenesis and appeared to lack Orb
entirely. Orb mislocalization was also found in Sone-Za, ki, ki,
Lis-1, chif and Khe. Sema-Za loss-of function clones showed clear
developmental arrest prior to stage 4-6 with diffused Orh staining
(Figure 8B). k2!, a negative regulator of the EGFR pathway, also
showed developmental arrest in logs-of-function clones (Figure 8C)
Orb in kek! clones surround the cocyte in an irregular pattern. £is
losg-of-function germline clones have ghown developmental arrest
and diffused Orh staining (Figure 8D). Similarly, the majority of
Lis-1, chif and Khe germline clones showed abnormal Orb
localization (Figure 8E-8G). Lis-1 and Khe have previcusly shown
to be inveolved in oocyte micretubular motar activities and to
interact in this process [29,30].

PLoS ONE | wwwplosone.org

These data indicate that many of the genes that showed
interactions with Dys and/or Dy in the wing vein assay, also
showed carly cocyte polarity phenotypes similar to Dys and Dy and
potentially play a role in the establishment of early oocyte polarity.

Discussion

In mammalian systems the DGC is composed of Dyswophin,
Dystroglycan, the Sarcoglycan complex (o, B, v, 6, &, and (),
Sarcogpan, the Syntrophins (% and B), the Dystrobrevins (« and B}
and Gaveelin-3 [2]. Presently, the regulation of Dg-Dys complex
and its invelvement in signaling arc poorly understood. In this
work, we have addressed these unknowns by using dominant
modifier screens to find genes that may shed light on both of these
processes. Our screens have revealed groups of medifiers that are
components of caneonical signaling pathways (TGF-B, EGER, Wnt
and Notch) as well as components involved in cell/neuronal
migration, cytoskeletal rearrangements and most importantly
muscle development.

New Components of the Dg-Dys Pathway?

The screens described in this paper revealed some expected
interactors, Dys, Cam and Khe Calmodulin, a calehimn binding
protein required for muscle and neuronal functions has previcusly
been shown to interact with mammalian the Dg-Dys complex.
However, whether reduction of Cam activities suppresses or
enhances the muscular dystrophy phenotype is not totally clear.
Targeted inhibition of Cam signaling exacerbates the dystrophic

June 2008 | Volume 3 | Issue 6 | e2418
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Figure 7. Dys and Dg Mutant Germline Phenotype. In the wild
type ovariole, Orb localizes to the posterior of stage 3-6 oocytes (A, B}
{C} In £6°% mutants, however, there is mislocalization of Orb and much
degeneration is observed. Arrowheads indicate mutant egg chambers.
Additional analyses of Dg”*/0g%%, Dg™/0g™* and Dg”*/Dg"* show
similar phenotypes {not shown). Stage 3-6 wild type egg chambers
show posteriorly localized Ovb staining (D, arrowheads, red staining).
{0} shows Orb staining alone. Stage 3-6 Dg™” mutant egg chambers
show an abnormal lateral localization of Ovb (E, awowheads, red
staining}. {(E"} shows Ovb staining alone. Stage 3-6 egg chambers from
OysOf homozygotes where the Orb staining is defused. (E) more clearly
shows the altered Orb staining.

doi:10.1371/journal pone.0002418.g007

phenotype in mdx mouse muscle while genetic disruption of
Calcingurin improves skeletal muscle pathology and cardiac disease
n d-sarcoglyean mull mice [31,32]. Since reduction of Can showed
suppression of the phenotypes caused by reduction of the long
forms of dystrophin in the Dyosoplela wing, it will be interesting to
analyze whether reduction of Cam will suppress the Dyresophila Dys
muscle phenotype as well. Khe involvernent in Dg-Dys complex is
also expected since work in marmalian systern has shown that
Khe can bind Dystrobrevin, a component of Dg-Dys complex
[33]. It will be interesting to test in the future whether Drosophila
Dystrobrevin can similarly bind Khe and what the functional
significance of this interaction is in muscles and nevrons. We have
already shown that in cocyte developrnent Khe is required for the
sarne carly as Dys and D (Figure 7). It is, therefore, interesting to
test the potential requiremert of dussrobresin in this process and to
further dissect the Khe function in this complex during early
polarity formation.

An unexpected new interactor was identified in our sereens, the
homeodomain interacting protein kinase, HIPK. In mammalian

Genetic Screens/DGC Modifiers

phosphorylating p53 [34]. Recently Drmsgphile HIPK has shown
to be volved In a communal form of cell death, sudden,
coordinated death among a cormmunity of cells without final
engulfinent step [35]. It remains to be geen whether this HIPK
communal death pathway will utilize p53 phosphorylation.
However, 1t is temnpting to speculate that the cell death observed
in muscular dystrophies use the newly described HIPK dependent
communal death pathway. HIPK is shown to interact with a
WD40-protein in marmalian systern [35]. Since three WD40
proteins were identified in our screens, it will be interesting to test
whether any of these interact with Dresophtla HIPK.

Angther interactor that might shed light in the pathways utilized
by the DgDys complex i3 an SH3-domain adapter-protein,
POSH. Structure-function analysis of Dg protein has revealed that
a potential SH3-domain binding site in Dg C-terminus is essential
for Dg function [8]. However, the critical SH3-domain protein in
this complex is still at large. The present screen revealed that
POSBH can interact with the Dg-Dys complex in the wing vein
agsay. It will now be interesting to determine whether POSH is the
missing critical 8H3-domain protein that interacts with Dg-Dys
complex in Drosaphila.

The Neurcnal/Cell Migration Pathways Interact with the
DGC

There are only a few examples of signaling pathways that have
been shown to trangmit information from outside the cell that
results in cytoskeletal rearrangements inside the cell. Slit-Robo,
Netrin-Frazzled and Semaphorin-Plexin pathways are examples of
such activity. Dg-Dys complex appears also regulate the
cytoskeleton baged on extracelhlar information. Interestingly,
the interaction screens deseribed in this paper show that these
aforementioned pathways are much more intricately connected
than previously thought. The Robo and Netrin Receptor (DCG)
pathways have previously been shown to interact [36], now we
report that Deg-Dys complex interact with these pathways as well.

The interactions that we see in wing development involving the
Drosaphala DGC and the genes that affect neuronal guidance (4,
vobo, fra, sema-2a, sema- la, Sdd) might be explained by their possible
role in hemocyte (insect blood cell) migration. Analysis done in
Dyosopfela shows that known axon guidance genes (sk, robo) are also
implicated in hemocyte migration during development of the
central nervous system [37]. Simiar findings have been reported
in marmals, where blood vessel migration is linked to the same
molecular processes ag axon guidance [38]. Both s and oo have
been implicated in the vascularization system in vertebrates [39].
A recent study demonstrated that proper hemocyte localization is
dependent upon Dy and Dy function in pupa wings. Mutations in
these genes result in hemocyte migration defects during develop-
ment of the posterior crossvein [14]. Hence, we speculate that the
neurenal guidance genes that we have found may interact with the
DGG in wing veins by having a role in the migration process.

Sirilar to s& and rebs [40], the Dys and Dg routants alse affect
photoreceptor ason pathfinding in Dvesgphila larvae [6]. It i
therefore possible that this group of modifiers will interact with the
DGG in axon pathfinding and other processes. Supportive of that
notion is the fact that mammalian Syndecan-3 and Syndecan-4
are essential for skeletal muscle development and regeneration
[41]. In addition si=Dy interaction has previously been observed
in cardiac cell alignment [42]. Secuence analysis of slit reveals that
it possesses a laminin G-like domain at its G-terminus. Dystrogly-
can’s extracellular domain has laminin G domain binding sites and
has been shown to bind 2 of the five laminin G domains in
laminin. It s therefore possible that slit, through its Jaminin G-like

systerns HIPK is involved in the cell death pathway by
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dornain, binds to Dystroglycan and that Dystroglyean i3 a slit
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Figure 8. Interactors Show Similar Germ Line Phenotypes to Dysand Dg. POSH (hsFip, FRT420), loss of function clones show arrest at around
stage 3—4 and appear to ladk Orb staining completely {A}). Loss of function clones of Sema-2a (hsflp, FRT420 Semo-2afk13416]) (B), kek? thsflp, FRT40A
kel 073221} (C), kis thsFlp, FRTACA kis(k134160 (D}, chif thsFip, FRT40A chiffBGO28200 (B}, Khe (hsFlp, FRTA20 Khel 132190 (F), Lis-1 (hsFlp, FRTA20 Lis-
1132090 (G} and Rack? thsFlp, FAT40A Rack1[EY001280 (H) all show developmental arrest prior to stage 6. khe, like POSH appears to lack any Orb
staining {red} while the others have abnormal Orb staining ranging from punctate {(Sema-2a) to completely survounding the oocyte {chif and Rack?).
GFP, green; Oib, red; DAPI, blue in {A-H}. {A—H’} show GFP staining. Arrows indicate Ovb staining in clones.

doi:10.1371/journal pone.0002418.g 008

receptor. It will be informative to reveal the mechanisms and
nature of these interactions.

Cocyte Phenoctypes

The establishment and formation of cocyte polarity during
development Is a complex multistep process (reviewed in [43]). In
the anterior part of the germarium each stemn cell undergoes
agymmetric cell division to give rise to another stem cell and a
cystoblast, The cystoblasts divide four times with incomplete
cytokinesis to form a 16 cell cyst. The oocyte fate i3 determined
when the cyst reaches the end of the germarium. At this point,
BicD protein, Orb protein, the microtubule organizing center
MTOC) and the centrioles move from the anterior to the
posterior of the oocyte (Figure 7A) These events mark the first sign
of polarity in the cocyte. Subsequent Gurken signaling induces
posterior follicle cells to signal back to the cocyte which repolarizes
the microtubule cytoskeleton. This signal appears to require an
intact extracellular matrix since Laminin 4 mutants do not undergo
repolarization [44]. The outcome of the repolarization results in
the disassembly of the MTOUC at the posterior, nucleation of

PLoS OME | www.plosone.org

microtubules anteriorly and subsequent migration of the oocyte
nucleus to an antere-lateral position.

Germ line clones that lack Py show developmental arrest and
mislocalization of the cocyte polarity marker Orb which is usually
diffused or ahsent in the oocyte [9]. This phenotype might be due
to Dy affecting the localization of the MTOG. But how exactly Dy
is invelved in this process is net clear. One possible explanation is
that Dg is required for extracellular matrix (ECM) integrity since it
is known to bind Laminin. Such a structural conduit may be
necessary for proper signaling from the posterior follicle cells to the
oocyte. This is supported by the fact that Dy loss-of function
mutants show defects in Actin accurmulation. Another possibility is
that Dg may be involved in mircrotubule organization. Since the
regulation of actin- and microtubule-cytoskeleton are connected,
these two models are not mutually exclusive.

Interestingly, in our screens we found several genes that showed
phenotypes in oocyte development. One of these genes is ekl a
transmembrane protein of the Dvewpihila Kekkon family that has
been reported to be a negative regulator of the EGFR receptor
[45]. It hag been previously shown that EGFR signaling regulates
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the f‘:xlll'(‘.s-‘ii[jm pattern of I}ysl rijsgl)u'(;an to establish anterior-
posterior polarity of ococyte [10]. Further study is required to
determine if fekl, as an EGFR regulator controls g expression in
the germ line.

Another interesting gene found in our screens is POSH (Plenty of
SH3 domains), a Drsepfnle homologue of human SH3IMD?2
protein. Interestingly POSH is a multidomain scaffold protein that
can interact with Rho related G'I'Pase - Racl and promotes the
activation of the JNK pathway [46] POSH has also shown to
regulate POSH-MLE-MKEK-JNK complex [47]. A defect in this
complex can affect brain function. Furthermore, POSH and JNK-
mediated cell death pathway is thought to play an important role
in Parkinson’s disease [18]. With many SH3 domains, POSH has
the pmﬁntia] to hind ng that has a.predir_.fﬁrl SH3-domain hinrﬁnp"
site and has been shown to be NECEsFary for the establishment of
oocyte polarity [8].

In addition, we have tound interactions with &%, Lis-{ and Dwmn,
three fenes known to be part of the T}ynnin—nyna.r_.rin l:(!m]'l](‘.x
which in addition to Kinesin microtubule motor activity have been
shown to be necessary for establishment of intracellular polarity
within the Drosophila cocyte [49,50]. In mid-cogenesis dynein,
dynactin and kinesin are thonght to act cooperatively in cargo
transport [49,51,57]. Since these genes interact with Dys (Table 1)
and show similar p}mlu;il.ypcs in Orb localization (Fi.gurc ?), it will
be interesting to dissect their potential functional interactions with
Liys in early oocyte development. Furthermore, since mammalian
Diystrobrevin physically interacts with Khe, it is plausible, that the
nynein—) T}ynar_.tin—) Kinﬁsin—r_.amplex will utilize localization cues
set-up by Dg-Dys Complex.

In addition te the interactions with microtubular motor-
complexes, we also found interactions with a Drosafifnle Formin
homologue, FHOS. Mammalian FHOS directly binds to F-actin
and promotes actin fiber formation [53]. Recently Drosophila actin
nucleators, Capu and Spire have shown to assemble a cytoplasmic
actin mesh that maintains microtubular organization in the middle
of cogenesis [54,55,56,57,58]. Therefore, it will be important to
determine whether the actin rlm_'.l(‘:a.lij:r, FHOS is also involved in
actin nucleation that rcgulalr:s microtubular m.'Li.vily in carly
oocyte development. Further study of these cytoskeletal genes will
allow us to gain a more detailed understanding of how Dg and Dys
function to ensure proper oocyle ]r:jsl:»i.rily llm'ing [jr[}g(‘.llf‘t.‘i':.‘i.

Similar to microtubule and actin interplay in the regulation of
oocyte polarity, the dynamic actin-microtubule interactions
regulate growth cone steering at the growing axons [59]. Tt is
therefore ]rlj!-‘isil_llt‘. that similar mode of function for T}g—DyS
interactions with these cytoskeletal modules is used in various cell
types. Furthermore the axon pathfinding and oocyte polarity
formation processes are similar in that they are controlled by
extracellular information which is transmitted to the cell r(‘.sulliug
in cywslu:lcuﬂ TEArTANZEIEnL.

Planar Cell Polarity Genes

At the basal side of follicle epithelium, actin filaments exhibit a
|:lmm.r cell |):j||:»i.r§[y that is |u‘.rpr:1|(11'r_'.1 ilar to the ]ljmp" :»i.xi.‘i, the AP
a_xis, of the cgg chamber. In Dg follicle cell clones the basal actin
array 15 disrupted non-cell-autonomously [9]. Integrins and the
receptor tyrosine phosphatase Lar are also involved in hasal actin
orientation [GO]. It is unclear whether I& and the other HENes
involved in basal actin pl;l]m:ity act Logcl.}u':r with the canonical
planar cell polarity pathway or function independently of this
pathway. Interestingly, we now report strong interactions between
the DGO and grainy fead (grh) a transcription factor which is
requir&d for several different processes r||1ring the differentiation
iul_‘.]ud'mg the function of the _ﬁv};;_;.{m’ :|(‘.|mu[h‘.nl tigsue pljr]a.rily
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11:»i.|}|w:2|.y, ef vidermal hair Illij:rp}l()gf‘:ur:.‘iis and wing vein .‘ip{‘.l_‘.iﬁl_‘.rd.—
tion [61]. In the absence (Jfgfﬁ, function the Fz., Dsh and Vaug
proteins fail to accumulate apically and the levels of Stan (or
Flamingo) protein are dramatically decreased. The interactions
seen with sfan (Flg) and wy in wing veins supports the hypothesis
that Dg might act together with the fizzlad-dependent tissue
|1[}|:a.ri1y palllw:a.y in i_‘.Oijsr[]ill:&.[ing the pljr]a.rily of cells in f:]]il|u‘.1ia]
sheets.

Conclusions

By SL:I'L‘cuiug for alterations of a dominant wiug veln phr_‘m;!l.ypr_‘
we have found modifiers of the DGC that are involved in
cytoskeletal organization. Initial characterization of some of these
BENCS revealed that Ih(‘.).r have ph(‘.n()lypus also in other Iis-‘illr‘..‘i, in
which the DGC s known to function. These tissue/cell types
include the oocyte, the brain and the indirect flight muscles. This
argues strongly that the identified interactors may be involved
g]rjr]_m]]y in DGC function. Further Slll(]y i5 r(‘.quiri‘.d to determine
Ilwclla.uislically how these modifiers work in the context of the Dg‘—
Dys complex. However a common theme, already arising is that
the identified interactors appear to regulate cytoskeletal rear-
rangement. Mechanistic understanding of how the new interactors
might regulate Dg-Dys communication with cytoskeleton of
muscle cells may serve as a basis for the development of novel
therapeutic approaches that might improve the quality of life of
individuals afflicted with muscular dystrophy.

Materials and Methods

Fly Strains and Genetics

The fly-strains used is in this study are: Dp™/TAL3, UAS-Dys™
BN 10 (both kindly provided by L.Fradkin and described
previously as dps" 7 E0 and RNAi-dp NI, [62]), TAS-Dps™™ 51
TAME, UAS-Dys" %/ Ta03, UAS D™/ TM3 (described previ-
ously as UASdsDypsN-term, UASdsDypsC-lerm and UASdsDg, respec-
tively [6]), DysDf, Dg“*/¢y0, D" /6€v0, Dg™/Cy0 (kindly
provided by R. Ray [14]), KX45/TMEC, Dps8-2/TM3 [6], act-
Gald /CyO, tub-Gald /TM3, Ubi-GFP FRT42D.De™ 1Cy0, hsFIF;
FRT40A Ubn-GFP/ CyO, ke LF; FRT42D Ubi- GFF/ Cy O and hsFLF;
FRTG2B/TM3. Alleles used in this stady w/1718], msk[5)], ndcRo-
30D[EYI3897], fra| 4], mbifE27], sh]|2], robo|2], lea| 2], Sdef10608],
stan[129], walspd-T], agos/Della7] and D{IR)Fxel6184, the defi-
L'i.um:y for z_fyxf.wpl:m were obtained [rom Bloomiugwu Stock
Center.

The fn]]r_vwing Qw and f& mutants were used to screen for
maodifiers of the w'lup" velin |r}|(‘.|lljrly]1(‘.: Qy.n‘EG) An hy]lljml()r|}|li[_‘.
allele of dystophin, act-Gald:UAS Dy ¥ /o0, tub-Gald UAS
Dy T3, tub-Gald:UAS-Dys® *"™ / TM3 which are three
Dys RNAI mutants recombined onto chromesomes with actin and
tubulin Gal4 drivers, respectively; and fub-Gald-LTAS-Dg™™ / TM3,
a ﬂg ENAI mutant recombined onto a chromosome with the
wbulin Gald driver. Dyps™*™* s a transgene on the second
chromosome that encodes an inverted repeat that forms a double
stranded RINA }mirpirl :_I)In]ﬂmn{‘nl:a.ly o the [_'.:j:rr(‘3|njmdinp" N-
terminus of the pl'OLr_‘iu. It reduces the pl'DLL‘iu levels of all the
known long isoforms. Dyps™ ™ is a transgene on the third
chromosome that encodes a different inverted repeat than lbvf'v'
RN put still reduces the protein levels of the known long isoforms.
Dyxc_m)ﬁ 15 a transgene on the third chromosome that encodes
sequence complementary to the corresponding C-terminal region
of dystrophin and reduces the protein levels of all isoforms. All Dys
ENAI mutants exhibited 100% penetrance of the wing vein
phennry]—;e_ The Dg RINAi mutant exhibited ~~30% penetrance of

the wiup; vein ph(‘.lll}lyp(‘..
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The FRT P-clement insertion lethal lines
used in this study were obtained from the Kyoto Stock Center
(Japan}. From this collection, 800 lines were screened. Two-to-four
day-old males carrying P-lethal insertions over balancers {or virgin
females if the P-element was on the X chromosome) were mated to
Dys™F 1 TM3; act-Gald:UAS-Dys™™ 1 CyO; tub-Gald:UAS-Dys©y
TM3 and tub-Gald:UAS-DF™™ /TM3 virgin females (or males).
Non-balancer Fl progeny  were screened  for  dominant
modification of the wing vein phenotype. Modifiers were divided
into phf‘:u(}[ypil_‘. classes based on the alterations of their wing veins
as compared to wing veins of act-Gald:-UAS-Dys" ¥ /iy o Cy0Y),
tub-Gal4-UAS-Dys“ ™" / (4 or TM3) and fub-Gald:UAS-DG™ "/ (x or
??l-'ﬁ’) sibﬁug flies. Sup]:r'(‘:SSOr's were identified when wiug veins of
F, flies phenocopied the wing veins seen in wild type flies. Since
L}yjzﬁf-? had wild-type wing veins, non-balancer F) progeny from
the Dys®*/TM3 and P-lethal insertion cross were analyzed for the
presence or absence of a mutant posterior crossvein which is
altered in Iblsm homozygotes. All the genes found in this screen
were crossed to w/1118] to verify the absence of a dominant wing
vein phenotype. None modifiers showed a dominant posterior
wing vein phP.nOl‘yTJP.. Since P-element insertion lethal lines were
on chromosomes with FRT Sit(‘:s, we mosaics  and
determined if selected modifiers possessed an oocyte polarity
phenmype (see. b?.]ﬁw}.

EMS screen. For the EMS mutagenesis 2 4 day old w'!'?
males were place in yeasted bottles overnight. Twenty males were
placed in each vial and starved for 6 8 hours. The flies were then
provided access to a solution of 22 25 mM EMS (ethyl
methansulfonate; Sigma} in a 5% sucrose solution for 18 hrs.
The flies were placed in new vials and allowed to recover for 1
3 hrs. Each vial of flies was transferred to yeasted bottles with 40
virgin females of the desired genotype per bottle. The females were
allowed to lay eggs for two days then transferred to new bottles
daily for two more days. Mulag!‘.lliz(‘:(l w! ! males were crossed to
act-Gald:UAS-Dys*™™ /00 or  tub-Gald:UAS-Dys™ ™ yTat3
females. Males of these crosses were scored for a modification of
the wiug vein ].)lu':lll;lt)u].:cl either a novel alteration or supprcssiou.
These were picked and backcrossed to the parental Dystrophin
mutant fermales to determine whether the modification was on the
second or third chromosomes. Once this was done these modifiers
were balanced either with Cy0 or TAMEB and maintained as a
stock. The subset of modifiers that pr:juiuu‘:d phf‘:u()[ypr‘:s in the
absence of the Dys mutants were crossed to meiotic mapping stocks
and subsequently mapped using those phenotypes. The
remainders were crossed to meiotic mapping stocks with a
dystrophin. mutant in the background and mapped using the
modification phenotypes. In addition to the two BRINAIL dystrophin
mutants mentioned abovc, enhancers of the ,qv.tm
also screened for.

Obtained modifiers were umppcd m.ci.otin;ally usiug the lines
from Bloomington Stock Center al( 7] dpfovi] (1] pr(1] ¢[1] px[1]
sp[1] and ru[l] A[1) th[1] st[d] culd] sr|d] efs] cal1] .

Deficiency screen. A collection of 216 deficiency lines were
screened for modifiers of act-Gald:UAS-Dys™* /(30 mutant.
These lines were a mixed collection of flies from the Bloomington
Stock G(‘TI!I(‘TI'} the Exelixis (Harvard] and Drosdel (Cmrlbridgf‘.}
collections. Additionally, these lines were used for mapping
modifiers (Mod?9 and Mod4) from the EMS
Deficiencies which show interaction in screen: m‘; nf{?f)ma’?,
wg® W' Df2L)ade3; Df2L)EDI473, Df2RIED2098;
DfeR)enB, b pr's DAZRln-d; DAZRIPCH y'w'/Dp(10);
Df2R)P34;,  DfBLIED4978;,  Df3RIED5612; Dfi3RIED55942,
DfSR)EDE025, DfER)EDGOES, DA3R)EDEO7E;, DASR)ED6265,
DFSR)TI-P, ¢ .

P-element screen.

muace

mutant were

sCcreen.
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Loss of Function Mosaic Analysis

To obtain germline clones of the modifiers found in the FR'T P-
element  lethal SCreen, t|1(‘:y were crossed to (:(]I'r!‘.8|)(|n(|irlg
chromosomal FRT stocks. Third instar larvae and ca.rly pupae
from this cross were heat-shocked at 37°C for 2 hours. After
eclosion, they were placed in vials with fresh yeast paste for 4
5 days before dissection.

Dissections and Immunohistochemistry

Drosophila ovaries and wing imaginal discs were dissected rapidly
in phosphate buffered saline (PBS) and fixed in 4% paraformal-
(|f‘:|1y(|(‘: (PFA} for 10 minutes at room temperature. Adult’s brains
were dissected in PBS and fixed in PFA for 30 minutes. All
antibody stainings were performed as described previously [6],
except with the Dystrophin antibody with which a protocol
I}I'C}Vil]c(l by IJ. Fl'ﬂl Ik;II wWas Usﬂ[l [6?_] 0\4’.'/‘ ['iﬂs, I_Il'ﬂills ﬁ."[l W’ill}_‘,'
imaginal discs were mounted in 70% glycerol in PBS for analysis
using a Leica TSC SPE confocal microscope. The following
antibodies were used: rabbit anti-Dg (1:3000; [9]), anti-Dys CO,H
(1:3000; [62]), mouse anti-Orb (1:20; Developmental Studies
Hybridoma Bank}, mouse anti-24B10 (1:20; Developmental
Studies Hybridoma Bank), Alexa 488, 568, or 633 goat anti-
mouse, Alexa 488, 568 goat anti rabbit. To mount adult wings,
flies were pre-incubated in 80% ethanol and 20% glycerol
solution, then dissected and mounted in 70% glycerol before
analysis using a Leica light microscope.

Muscle Analysis

Histological sections of muscle were prepared from wax-
embedded material as described prcviously [5], stained with
hematoxyline and eosin (H&E staining) and analyzed using light
microscopy.

Supporting Information

Text §1
Found at:
DOC)

Table 81
Found at: doi:10.1371/journal pone.0002418.5002 (0.14 MB
DOC)

Figure 81 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-
BENAI mutant (B; tubGal4:UAS-DysC-RNAi/+). Dystroglycan
localization in wild type imaginal dises i enriched at the basal
surface of the epithelial cells. Dg expression s 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); tb-Gald:UAS-DgRNAL/+). (A" D) Enlarged
images of framed areas on (A D). (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
r]yslrr)glyc:nl siuglt‘: channel Sl:aiuiug'.

Found at: doi:10.1371/journal pone.0002418.5003 (6.06 MB TIF)

Figure 82 Subclasses of Dys(RNAI) Modifiers. (A) Example of
enhancers that lack the posterior cross vein (PCV) and helong to
phenotypic dass En. Arrow indicates where the PCV should be.
(B) Wing representing Su+ class phenotype that shows the POV
attached to L4 and L5 and extra wiug vein material can be seen
below L5.

Found at: doi:10.1371/journal.pone.0002418.5004 (0.94 MB TII)

doi:10.1371/journal.pone.00024 18,5001 (0.03 MB
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Figure 83 DysE6/+ Modifiers. DysE6/4 flies have normal
pOSI{‘:riDI' Cross veins. (A} chrr_sm:ts an enhancer (M:juiR]U) of this
phcuolypc which phf:lLOl:Opics the wiug veins from DysEG/D)-'SEG
flies. (B} Shows an extra vein modification of the DysE6/+
posterior cross vein. Arrows indicate altered cross veins.

Found at: doi:10.1371/journal pone.0002418.5005 (1.94 MB TIF)

Figure 54 Dg(RNAI) Modifiers. (A) Wild type fly wing with
normal posterior cross vein (PCV) as indicated by the arrow. (B)
DgBENAI mutant PCV (arrow} with a branch. (C 1)) represent
modifiers that prodnl:n extra vein material (indicarcd by arrows. In
OIE CASE (G} the branch is clougal.cd with extra material also seen
above L2 (upper arrow). (D} Shows extra material below L5 (lower
arrow).

Found at: doi:10.1371/journal pone. 0002418 5006 (1.77 MB TIF)

Figure 85 Phenotypes Observed in poly-EGF Mutants. (A) Fly
wiug from Mod29/Df flies. Arrows indicate extra vein material.
(B) Transverse histolugica.l section of the indirect ﬂiglll. muscle in
Mod?9 homozygotes. (B’) Higher magnification of the region
indicated by the box which indicates the separation of the muscle
into individual fibers. (C) Ovariole from a Mod29 homozygote.
Anterior to the left. The gcnua.rium 15 at the anterior most I.ip 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. (I)) 24B10
aul.ibﬂdy Slaiuiug of the adult wild type brain. Arrows indicate
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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. White arrows indicate non
termination of two axons that prolrudc llccpcr into the brain.
(F) Dg323/Dg323 clone in the adult brain. Red arrows indicate
where the R8 and R7 axons should terminate. Upp!‘:r white arrows
indicate a general disruption of axon termination in the R8/R7
termination reg-inn. Lower rigl'n arrow indicates a non rerrninnting
axon that proceeds deeper into the brain.
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Supplementary Information

Figure S1

B tub-Gal4:UAS-DysCrnAi

Eig. 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-RrNai
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:UAS-
Dgrnai/+). (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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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. Dys®/+ Modifiers. Dys®/+ flies have normal posterior cross veins. (A) Represents an
enhancer (ModE10) of this phenotype which phenocopies the wing veins from Dys®/Dys® flies. (B)
Shows an extra vein modification of the Dys®*/+ posterior cross vein. Arrows indicate altered cross

veins.
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Figure S4
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Dg(RNAI) Modifiers. (A) Wild type fly wing with normal posterior cross vein (PCV) as

. S4.
indicated by the arrow. (B) Dg™

F

D) represent modifiers that

with a branch. (C

produce extra vein material (indicated by arrows. In one case (C) the branch is elongated with extra

mutant PCV (arrow)

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) Dgs23/ Dgas23 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 DGC-

dependent muscle maintenance are being analyzed.
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Methods
Fly Strains and Genetics

The fly strains used in this study were: Dys""":act-Gal4, Dg"V:tub-Gal4 (used previously by
(Kucherenko et al., 2008)), Dg*® (Deng et al., 2003), DysDf, Dg°®® and Dg®> (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 CG7845M5Mod4 44
SP1070EMSMod29 wore found at the primary screen (Kucherenko et al., 2008), Fkbp13?™ (a gift from
Dr. O’Conner), SP1070VECNSS and SP1070Y™ 287 (gifts from Dr. Ward). For control crosses
Oregon R and w***® flies were used.

Genetic screen. In order to identify dominant suppressors/enhancers of the muscle degeneration
phenotype virgin females with genotype Dys"™"*':act-Gal4 and Dg™*':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, Dg®®® and Dg°* 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 w''*® 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 age-
dependent 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 (Dys"""*:act-Gal4 and Dg™“*:tub-
Gal4), homozygous viable loss-of-function alleles (DysDf, Dgo86 and Dg055) and transheterozygous
animals (DysDf/ DgO86 and DysDf/ Dgoss). As a control Oregon R and w™*® flies were used, as well

as the flies from crosses of mutant alleles with w*'*8

(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:
19.244.5% (n=292) for Dys"™A:act-Gal4 and 9.7+2.2% (n=227) for Dg""":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%

9% (n=42) and heterozygous Dystroglycan allelic combination Dg°*/Dg®>®

for homozygous Dg
(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 Dg°%/DysDf and 17.5+2.5%
(n=69) for Dg°>/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 %%/+)
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 Dg086

with abnormalities in muscle architecture. (I) The transverse muscle section of the fly
with heterozygous combination DysDf/Dg®®°; 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-, 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 (Dys"™:act-Gal4 and Dg™*':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 DgO%) 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 w'® 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-GaI4/W1118 mutant shows = 20% degeneration, therefore all the modifiers, which
in cross with Dys RNA1 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 DgFVA:tub-Gal4/w™® 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

Gene
name

w

Cam
capt

CG34400
CG7845

chif

del

Dmn

Fhos

Fkbpl3

Grh

Lis-1

mbl

nAcRa-
30D

Nrk
POSH

Rackl
robo
SP1070

SP2353

vimar

wun

Allele

[1118]
[n339]
[E593]
E636]
[c03838]
[EMS-Mod4]*
[BG02820]**
[BG02820]
[EY05746]
[A507], CyO
13/
[KG10262]
[k16109]**
[k15815]%*
JEY09842]
[A4055]

[23]m ¥+
[P962]
[KGO1117]**
JKGO1117]
[rA87]

[IM]
[k13209]**
[k13209]
[k11702]
[G10.14]
[E27]
[EYI3897]+*
[EY13897]
[KG05852]
[k14301]**
[k15815]%*
[EY00128]**
[1.8]

[EE]

2]
[EMS-Mod29]*
UifE(br)155%**
Ul:fZB 7 Kk
[MB00605]
[k16722]**
[k16722]

[09]
[EY09646]
JEMS23]

Dys"™i:qct-Gald DysDf x Dg™:tub-Gal4 Dg*® x Dg% x w8 x
B = TL.l B2 | B, 0138x |23, 18|28 ..[1383x|%.,.13=2]|7%.
% | SE| 92 |SE| 92 |SE| SZ|SE| %z |SE| 92| S8
S g =) S & g S g =) SE| 4 S E | & SE | =
19.2+¢4.5 | n=292 | 3.3+3.3 | n=227 | 9.7#2.2 | n=129 5 n=112 | 1x1 n=90 | 4.2+2 | n=98
74 n=35 21 n=55 20 n=104 0 n=20 9 n=45 4 n=27
45 n=137 31 n=35 7 n=67 0 n=22 0 n=60 14.5 n=69
6414 | n=107 43 n=50 22 n=96 13 n=106 12 n=58 0 n=7
37 n=16 15.2 n=33 74 n=23 43 n=12 32 n=28 10 n=11
16 n=12 25 n=36 28 n=35 31 n=>51 37 n=54
15 n=32 52 n=80 | 7.5+7.5 | n=100 36 n=22 0 n=25 6.4 n=47
17 n=60 32 n=25 177 | n=165 1 n=69 20 n=29 9.5 n=84
343 n=82 26 n=42 || 4046 | n=134 12 n=70 9 n=114 11 n=82
§ § 21 n=42 20+2 | n=87 § § § § 0 n=31
14 n=47 NA - 0 n=39 14 n=50 NA - NA -
17 n=113 0 n=50 6 n=17 n=17 3 n=38 NA -
20 n=20 3 n=33 6.5 n=123 3 n=33 NA - NA -
22 n=12 18 n=59 0 n=60 40 n=44 NA - NA -
31+5 n=122 18 n=57 28 n=14 5 n=116 | 9+2 | n=155 0 n=36
12 n=47 32 n=25 24+5 | n=154 21 n=47 15 n=71 2 n=44
5 n=44 0 n=45 6 n=85 31 n=59 17 n=24 3.4 n=88
0 n=13 2.9 n=34 0 n=41 4 n=74 25 n=28 3.4 n=29
26 n=113 8 n=50 26 n=38 0 n=32 0 n=72 NA -
7 n=71 32 n=25 13 n=46 10 n=38 0 n=44 NA -
13 n=61 0 n=85 8 n=26 12 n=41 NA - NA -
8 n=52 0 n=21 5 n=56 3 n=58 3 n=72 NA -
31 n=32 24 n=53 545 n=138 23 n=29 NA - 13 n=117
22 n=36 1746 | n=58 24 n=57 0 n=12 9 n=109 | NA -
0 n=52 32 n=22 15 n=62 0 n=24 12 n=58 9 n=103
19 n=68 37 n=16 10 n=81 NA - 0 n=24 0 n=72
40 n=70 23 n=42 23+2 | n=149 28 n=60 12 n=25 1 n=98
2 n=51 50 n=48 7 n=52 13 n=53 7 n=71 NA -
16 n=95 10 n=20 11 n=38 0 n=40 1 n=105 | NA -
14 n=91 9 n=53 6 n=72 2 n=67 8 n=187 | NA -
0 n=21 37 n=48 1745 | n=230 47 n=34 19 n=58 7+1 | n=185
10 n=37 1 n=90 18 n=33 0 n=75 NA - NA -
1248 n=112 18 n=83 117 | n=133 33 n=15 6 n=107 4 n=105
5 n=44 11 n=27 12+1 | n=122 9 n=45 11 n=68 0 n=127
78+3 n=39 14 n=36 1942 | n=216 7 n=27 20 n=132 7 n=82
4 n=45 NA - 1 n=107 0 n=20 1 n=110 4 n=84
20 n=68 8 n=49 18 n=32 0 n=124 | NA - 4 n=124
314 n=88 5 n=74 44 =9 4 n=20 16 n=91 18 n=105
386 | n=117 | 14+4 [ n=142 14 n=94 4 n=91 13 n=81 21 n=90
11 n=27 NA - NA - 15 n=40 NA - 1.6 n=62
18 n=11 8 n=24 30 n=27 68 n=37 4 n=55 0 n=39
8 n=60 0 n=22 37 n=38 42 n=36 NA - 22 n=50
13 n=70 0 n=84 33 n=49 16 n=110 9 n=32 1 n=142
6 n=65 26 n=54 18+5 | n=136 16 n=19 23 n=30 31 n=29
23 n=30 11 n=34 14 n=65 10 n=62 13 n=62 5 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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Modification of DysM-RNAi:act-Gald
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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 Dys™ ™ *:act-Gal4/w''® 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 [FM, 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 Dg™*:act-Gal4/w™*® 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 Rackl 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 Fkbpl3,
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 trans-
heterozygous 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, Dg®*® and Dg°® in our secondary screen in order to identify transheterozygous
interactions (Table 1). In heterozygous Dys and Dg mutants (DysD/+f, Dg**/+ and Dg®®®/+) 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, Rackl, 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 Dg°®®

. (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 (DgOSG/Nrk) exhibits abnormal muscle architecture. (F)
Muscle section of the fly with heterozygous gene combination (Dg*?*/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 tissue-
specific 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 Fkbpl3, 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 Fkbpl3/tub-Gal4, 56% for Mbl/tub-Gal4, 60% for Nrk/tub-Gal4 and 28% for
vimar/tub-Gal4. Interestingly, the reduction of Fkbpl3 and Nrk specifically in muscles did not
affect much muscle structure. 6% of muscle degeneration was observed in Fkbpl3/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 down-
regulation 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 down-
regulation 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
WWhbsII are redundant. It is possibly that humans with a mutation in WWhbslI 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 WWhbs 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 WWhbs 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 B-dystroglycan was insensitive to the phosphorylation of the tyrosine 892 in the -
dystroglycan 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 integrin-
linked 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-B, 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).

82



Human homologues to identified DGC modifiers

Discussion

Table 2

Drosophila Human Identity, | Positive, | Gaps, Function Involvement in
protein homologue % % (%) disorders
Interact with DGC Enhances muscular
components (Ilsley et al., dvstrophy in mi
Cam CAM2 97 98 0 | 2002), (regulate calcium YSHOPTY 1l free
(Chakkalakal et al.,
dependent pathways (Ye 2006)
et al., 1997)
Actin polymerization,
capt CAP1 48 64 4 signaling (Moriyama and Unknown
Yahara, 2002)
Actin cytoskeleton
CG34400 | DFNB3L 36 56 18 | organization (Mburuet | DcAiness Mburuetal,
2003)
al., 2003)
CG7845 WDR74 31 50 4 Unknown Unknown
Regulatory subunit of
chif DBF4 25 42 23 | Cdo7 kinase (Charychet |~ (gélggyCh etal,
al., 2008) )
Actin polymerization,
MTs organization,
Fhos FHOD1 ND ND Np | Signaling (Gasteieretal, Unknown
2005), affect muscle
function (Montana and
Littleton, 2006)
Fkbp13 FKBP14 44 64 4 Unknown Unknown
Defects in neural
o . closure and skin
Transcription regulation, development
Grh GRHL1 50 66 4 affect PCP (Lee and
Adler, 2004) (Gustav.sson et a?.,
2008; Wilanowski et
al., 2008)
Splicing factor (Vicente Myotonic dystrophy
Mbl MBNL 43 >4 12 et al., 2007) (Vicente et al., 2007)
Receptor, function in Congenital myasthenic
Nrk MuSK 60 75 5 NMIJ (Meriggioli and syndrome (Huze et al.,
Sanders, 2009) 2009)
. . Global cerebral
POSH SH3RF3 38 54 js | Stgnaling, K pathway | .\ o (Zhang etal.,
(Zhang et al., 2005)
2005)
Signaling (Bourd-Boittin | Cancer (Bourd-Boittin
Rack1 GNB2L1 77 87 0 et al., 2008; Egidy et al., et al., 2008; Egidy et
2008) al., 2008)
Cytoskeleton
robo ROBO 38 55 4 rear.rangement, axon Unknown
guidance receptor
(Tayler et al., 2004)
Sp2353 EGFLAM 32 49 5 Unknown Unknown
GTP-GDP dissociation Cancer (Bailey et al
vimar RAP1 30 50 10 stimulator (Bailey et al., 2
2009) 2009)

&3



Discussion

4.2.1. Components involved in Ca®* dependent pathways

From the screen I have identified two components, Calmodulin and Fkbpl3, which might
modulate Dys and Dg-dependent muscle degeneration due to their involvement in Ca*" 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
CAM?2 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 Ca*" dependent pathways are channeled through the same Ca”"
sensor — calmodulin. CAM mediates differential sensitivity of CaMKII (CAM-dependent kinase) to
the local Ca®" 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 Ca®" dependent signals that damage muscle cells. Recently, in
the mdx mouse model of muscular dystrophy, the structural and functional defects in a sarcoplasmic
reticulum Ca®" 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 Ca*" 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 Ca*" homeostasis regulation. Further
studies of the found interaction are interesting in view of the fact that Fkbpl3 is likely to be
involved in positive regulation of degeneration, since mutation in Drosophila Fkbpl3 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 neuron-

muscle communication has to be studied further.
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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 FHODI1 (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 FHODI1 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 FHODI is involved in the pathway, in which dystroglycan
seems to be an up-stream component and raises the question, is dystroglycan required for further
FHODI1 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 a-actinin
(Pascual et al., 2006). a-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 a-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 (MBNLI1-3) 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 a-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
(Rackl), visceral mesoderm armadillo repeats (vimar) and chiffon (chif) — whose mammalian
homologues are involved in different types of cancer. Rackl 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 (Bourd-
Boittin et al., 2008).

Furthermore, 1 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 down-
regulated 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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Discussion

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
DmWWhbs 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

Rackl Receptor of activated protein kinase C1
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SH2 Src homologue 2

SH3 Src homologue 3

vimar visceral mesoderm armadillo repeats
WWhbs WW binding site

WWS Walker-Warburg syndrome
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