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Zusammenfassung

Zusammenfassung
Biologische Röhren, die eine kurvilineare Gestalt bzw. hohlen Innenraum besitzen,
sind bei vielen Eukaryoten zu finden. Bei Eumetazoa bestehen diese rohrförmigen
Gebilde aus hochkomplexen Netzwerken und ermöglichen somit den Transport bzw.
den Austausch von Flüssigkeiten und Gasen zwischen Geweben, bzw. zwischen
Innen- und Außenwelt der Organismen. Daher zählen die tubulären Strukturen
morphologisch wie physiologisch zu den festen Bestandteilen der Tiere. In einem
genetischen Screen nach für die Herzentwicklung von Drosophila verantwortlichen
Genen konnten die identifizierten Mutanten in bestimmte Klassen eingegliedert
werden: Kardialhyperplasie (kuz und mam, beide an Notch-abhängiger Spezifizierung
von Kardiomyozyten beteiligt, Publikation 1); gestörte Zytokinese (pav und tum,
Komponente des Centralspindlin-Komplexes); eine ptc Mutante zeigt ein "verkürztes"
Herz (Publikation 2); und schließlich ein Allel mit reduzierten Lumendurchmessern in
verschiedenen epithelialen Röhren und gestörter Sekretion von ECM-Komponenten.
Im Gen gartenzwerg (garz), welches für einen großen Arf-GEF kodiert, konnte die
Mutation festgestellt werden. Aufgrund seiner Neuheit wurde garz zum Schwerpunkt
dieser Arbeit gewählt (Publikation 3). Obwohl garz scheinbar ubiquitär exprimiert ist,
sind seine Transkripte in erster Linie in den sekretorisch aktiven Zellen der tubulären
Strukturen angereichert. Mutationen von garz führen zu einer Beeinträchtigung der
Golgi-Integrität und verursachen eine massive Zurückhaltung von sekretorischem
Cargo im ER; offenkundig wird der apikale Transport von Lipiden und ECM-Molekülen
verhindert. Infolgedessen können die Lumen von Speicheldrüsen und Tracheen nicht
vergrößert werden. Diese beobachteten Phänotypen ähneln den Mutationen der
COPI/II-Untereinheiten sowie der Aktin-abhängigen Sekretion und lassen einen
zusammenhängenden Mechanismus vermuten. Dies deutet darauf hin, dass Garz für
die Initiierung der Arf1-COPI-Maschinerie verantwortlich ist. Ferner hängen
posttranslationale Modifizierungen, gezielte Sortierung von Vesikeln, Proteinsekretion
oder auch der gerichtete Membrantransport von sekretorischen Wegen ab, wobei die
Gesamtheit dieser Prozesse essentiell für die Ausbildung von polarisierten Zellen ist,
die die tubulären Strukturen ausmachen. Der zugrunde liegende Mechanismus ist
vermutlich weder auf die Tubulogenese noch auf Drosophila beschränkt. Aufgrund
des Auftretens von Garz-Homologen in allen eukaryotischen Genomen könnte dem
Arf1-COPI-Pathway eine universelle Rolle in der Metazoonentwicklung zukommen.
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Summary
Biological tubes possessing a curvilinear form and a hollow interior exist in most
multicellular eukaryotes. In Eumetazoa, the tubes usually comprise an eminently
complex network and enable the transport and exchange of fluids and gases between
tissues and organs, but also between organisms and their environment. Thus, tubular
structures are both morphologically and physiologically integral parts of the animals.

Based on a genetic screen for novel factors involved in heart tube differentiation and
morphogenesis in Drosophila, the identified mutants were subdivided into several
classes: cardiac hyperplasia (kuz and mam, both involved in the Notch-dependent
cardiomyocyte specification, Publication 1); impaired cytokinesis (pav and tum, both
components of the centralspindlin complex); a single ptc mutant showing a “truncated”
heart (Publication 2); and a single loss-of-function mutant displaying reduced lumen
diameter in epithelial tubes and perturbed secretion of ECM-components. The latter
allele was mapped to the gene locus gartenzwerg (garz) that encodes a large ArfGEF.
Due to its novelty, garz was selected as a central part of the thesis (Publication 3).

Although garz seems to be expressed ubiquitously, its transcripts are abundant in
active secreting cells of tubular structures. Moreover, mutations of garz abolish
Golgi-integrity, cause massive retention of secretory cargo in the ER and arrest the
apical transport of lipids and ECM molecules. As a consequence, lumen of the
salivary glands and trachea fail to expand and show a decreased diameter. The
observed phenotypes in tracheal network and salivary glands phenocopy those of
COPI/COPII-subunits as well as actin-dependent secretion mutants, suggesting the
underlying mechanism might be common. Thus, it is supposed that proper
tubulogenesis needs Garz for initiation of the Arf1-COPI machinery. Furthermore,
Golgi-based post-translational modifications, targeted sorting of vesicles, outward
transport of proteins, or directed membrane delivery all depend on the secretory
pathway, and such processes are essential in establishing polarized cells which build
the tubular structures. In conclusion, this mechanism seems to be neither restricted to
tubulogenesis nor specific to Drosophila. Due to the presence of garz homologues in
every eukaryotic genomes, the Arf1/COPI based secretory pathway may play a
universal role in metazoan development.
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1. Introduction
1.1. Tubular structures as versatile biological instruments
For providing connections, tube-like structures are present in a wide spectrum of
organisms. For instance, a hairlike appendage called pilus between two conjugative
bacteria cells enables horizontal gene transfer (CURTISS

ET AL.

1969). Also most

phyto- or human pathogenic fungi implant filamentous extensions called hyphae into
their hosts for nutrient absorption and these are often crucial for virulence (reviewed in
BREFORT ET AL. 2009; KIM & SUDBERY 2011). In vascular plants, sieve tube cells in the
phloem are responsible for the transport of photosynthates (reviewed in KNOBLAUCH &
OPARKA 2012), while another example can be found in flowering plants
(angiosperms), namely the pollen tube which facilitates the delivery of male gametes
by rapid polarized growth towards the ovary (reviewed in KESSLER & GROSSNIKLAUS
2011). To sum up, tubular structures are ubiquitous and serve as a connecting
medium for transport of various substances.

Contrary to agglomeration of algal or coalescence of bacterial cells, the paramount
feature of Eumetazoa is their grade of organization in differentiated tissues and
functional organs. Deduced from Fick's first law, exceed the size of an organism the
critical dimension, diffusion through its surface becomes insufficient to maintain its
normal metabolism. Thus, functional organs facilitating exchange of molecules
become indispensable for large-sized multicellular animals, so that without functional
organs the normal physiology of an animal cannot be sustained and its survival
becomes endangered. Therefore, multicellular organisms necessitate organ systems
fulfilling a particular purpose or even multiple functions (HELDMAIER ET AL. 2003).

Noteworthy, such organs often possess tubular structures which enable exchange of
molecules by providing connecting paths, e.g. our respiratory (trachea and lungs),
circulatory (blood and lymph vessels), digestive (oesophagus, stomach and
intestines) or excretory systems (kidneys and urethra). Apparently, an enumeration of
all tubular structures is superfluous, moreover, as a common feature they can be
topologically reduced to hollow cylinders with at least one polarized cell or a cell
monolayer surrounding a continuous inner space (lumen). In most cases, the tubes
are interconnected as an elaborate network and comprise general construction
elements of animal body plans as well as integral parts for their physiology.
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1.2. Mechanisms for tube formation: "case law" or "general rules"?
As diverse as life forms on the earth, so are the distinct physiological needs.
Therefore biological tubes are found with various size, shape and complexity. One
may consider how tubes can be formed at all. Already during the 20th century,
classical embryologists had made every effort to give the question an answer.
According to their knowledge, the way of making a tube is apparently not unique but
multiple or even individual (CLARK & CLARK 1939; FANKHAUSER 1945; JOST & POLICARD
1948; KEISTER 1948; BORGHESE 1950; CRILEY 1969, reviewed in LUBARSKY &
KRASNOW 2003).

The general question above can be formulated in more specified ways: what are the
morphogenetic mechanisms that confer a tubular shape on the cell(s)? How are the
morphogenetic processes controlled genetically and how are they executed on the
cellular or even molecular level? Providing that different tubes are made by distinct
mechanisms, are there any similarities in between so that common schemes can be
crystallized?

Regarding the transition events in which cells acquire a tubular appearance and
architecture, LUBARSKY & KRASNOW reassessed the general categories by BARD and
differentiated the mechanisms from 1) wrapping, 2) budding, 3) cavitation, 4) cord
hollowing and 5) cell hollowing as five general tubulogenetic schemes (see figure 1,
originally raised by BARD 1992, reviewed in METZGER & KRASNOW 1999; HOGAN &
KOLODZIEJ 2002; LUBARSKY & KRASNOW 2003; SUDARSAN 2003; NELSON 2003; MYAT
2005; KERMAN

ET AL.

2006; BRYANT & MOSTOV 2008; BAER

ET AL.

2009; ANDREW &

EWALD 2010; DATTA ET AL. 2011; MARUYAMA & ANDREW 2012).

Herein, I will focus on the most common mechanism of multicellular tube formation
from a pre-existing polarized epithelium, namely wrapping and budding, because
cavitation and cord hollowing only take place in non-polarized tissue, in which
mesenchymal cells become gradually polarized and establish junctions as the tubes
form. Last but not least, as a "non-canonical" type of tubulogenesis, heart tube
assembly in Drosophila is going to be introduced due to its relevance to this thesis.
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Fig. 1

General schemes of tube formations, from ANDREW & EWALD 2010.

In this figure panel, cells are presented in grey and intercellular junctions are marked in green.
Tubular structures can either arise from pre-polarized epithelium (A-B) or from unpolarised cell groups.
(A-B)

Wrapping means a portion of an epithelial sheet invaginates and curls until the edges of the

invaginating region meet and seal, forming a tube that runs parallel to the plane of the sheet;
(B)

Budding means a group of cells in an existing epithelial tube (or sheet) migrates out and

forms a new tube as the bud extends. The new tube is a direct extension of the original tube.
(C-D)

in the hollowing model the lumen is formed by trafficking of vesicles containing apical

membrane to an intercellular space (cord hollowing) or within a single cell (cell hollowing).
(E)

In the cavitation model, the tube primordium begins to proliferate, and the inner cell mass that

does not possess a direct connection to the ECM will undergo apoptosis. In a consequence, a hollow
inner space is created.
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1.3. Apico-basal polarity as prerequisite for epithelial tube formation
In all kind of tube formation schemes described above, proper apico-basal polarity
surrounding a central lumen is a fundamental essence, either by establishing the
polarity de novo (cavitation and hollowing) to generate secondary epithelia, or by
maintaining the prior polarity of pre-existing primary epithelia (wrapping and budding)
which is by far more straightforward and regular. Nonetheless, irrespective of whether
the polarity exists a priori, the outcome of tubulogenesis is always (internal) epithelia
which erect cellular barriers and provide interconnections. According to a modern
definition by FRISTROM, an epithelium is a laterally contiguous-coherent sheet of cells
that are connected to each other by intercellular junctions, and exhibits stable
apico-basal polarity which is maintained throughout development (FRISTROM 1988).
Fig. 2 A schematic diagram of two adjacent
epithelial cells shows how trafficking
machinery sorts apical and basolateral
cargoes into distinct vesicles that are
targeted to apical or basolateral membrane
domains.
The actin and microtubule cytoskeleton
(left) and directed transport to different
membrane domains either directly from the
Golgi-complex or indirectly from apical or
basal endosomes (right). Adapted from
NELSON (2003) Nature 422, 766-774.

Still, what is the apico-basal polarity exactly? Conventionally, the apical-basal
polarization of epithelial cells is marked by their apical microvilli as membrane
protrusions supported by the cytoskeleton as well as the basal lamina consisting of
secreted ECM. Interestingly, the Golgi-complex which sorts different kinds of transport
vesicles like a logistic hub, takes a polarized position near the apical surface in
epithelial cells (shown in figure 2). However, these morphological criteria including the
presence of cell-cell contact sites do not give a clue about how cell polarity is
maintained. By contrast, the phenomena that different lipid populations between
apical membrane enriched with glycolipids and cholesterol, basolateral abundant of
phosphatidylcholine as well as vesicle mediated transport confining different lipid
population were observed long time ago (FORSTNER ET AL. 1968; DOUGLAS ET AL. 1972;
KAWAI ET AL. 1974; BRASITUS & SCHACHTER 1984;

VAN

MEER & SIMONS 1986; partially

reviewed in SIMONS & FULLER 1985), in spite of presumed diffusiveness of lipids and
fluidity of membrane. Particularly, the trans-Golgi network (TGN) plays an important
role in maintaining the apical-basal polarity of the cell by "directing" vesicles
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containing lipids, components of polarity proteins and ECM-precursors to different
membrane domains (SIMONS & FULLER 1985).

Now it is clear that phosphatidylinositol-phosphates (PtdInsPs) specify membrane
identity and maintains cell polarity. For example, PtdIns(3,4,5)P 3 localize exclusively
to the basolateral membrane, and under influence of a phosphatase PTEN,
PtdIns(3,4,5)P3 are transformed into PtdIns(4,5)P2 that is enriched in the apical
membrane (MARTIN-BELMONTE ET AL. 2007). This process is reversible in presence of
PI(3)K-kinase. Thus, the balance between those two lipids determines the plasma
membrane identity (apical vs. basolateral), and the establishment and maintenance of
cell polarity by specifically associated proteins. In mammals, PTEN is recruited by the
Par complex including Par3 (Bazooka in Drosophila) and atypical Protein Kinase C
(aPKC) to the tight junctions in order to prevent PtdIns(3,4,5)P 3 from shifting to the
apical domain as well as accumulating there (reviewed in SHEWAN

ET AL.

2011).

Remarkably, directed phosphatidylserine-containing vesicles were found to be added
endogenously to cell membranes where they promote an asymmetric localization of
Cdc42 (FAIRNS

ET AL.

"across-phyla"

master

2011), which is a small G-protein of Rho family and the
regulator

of

cell

polarity

by

directing

cytoskeleton

reorganization (reviewed in HARRIS & TEPASS 2010). However, the cytoskeleton with
associated motor proteins represents not only the driving force for morphogenesis,
but also the scaffold for directed vesicle targeting that is dependent on the exocyst
complex. Interestingly, the exocyst complex requires again the direction given by the
asymmetry of PtdIns(4,5)P2 vs. PtdIns(3,4,5)P3 (BRYANT & MOSTOV 2008; DATTA ET AL.
2011; SHEWAN ET AL. 2011).

In conclusion, the apico-basal polarity of epithelial cells can be defined as an intrinsic
asymmetry reflected by external characteristics such as differential morphology,
specialized functions and especially biased distribution of cellular components such
as organelles and lipids.
1.4. Making a tube from pre-existing (polarized) epithelia
As illustrated in figure 1, the main types of tube formation: wrapping or budding do not
alter the given apico-basal polarity during the transition from epidermal epithelium
sheet to internal epithelium of tubular lumen, but only modulate the cell shape.
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"Wrapping", namely the transition from a "rectangular" epithelial sheet to a hollow
cylinder by curling until its edges meet and seal, with its apical side facing the interior,
e.g. in the vertebrate neural tube formation or in Drosophila mesoderm invagination
during gastrulation. During wrapping, the apical side of the planar-cuboidal cells on
the outer surface of the epithelium becomes the lumen. Together with the basal
lamina, cell contacts on lateral sides erect a selectively permeable diffusion barrier,
while the luminal side stays absorptively and secretorily active (KNUST & BOSSINGER
2002). Thus, wrapping is one of the simplest manners to create a primarily seamed
tube parallel to the plane of the original epithelium of the blastoderm without changing
the former cell polarity ("outside-in", apical becomes luminal). The impact of cell
shape alternations on morphogenesis was already pinpointed in LUDWIG RHUMBLER'S
pioneering work for gastrulation (RHUMBLER 1902), and extensively examined later in
context of primary neural tube formation in chicks (SCHOENWOLF & SMITH 1990):
primordial tube cells elongate in the apicobasal dimension (columnarization) with
subsequent apical narrowing (apical constriction, reviewed in SAWYER

ET AL.

2010)

and basal expansion (convergent extension) at the same time to create
wedge-shaped cells (can be defined as pyramidalization) that promote bending and
wrapping. As will be shown in the next, however, it is important to emphasise at this
point that the stringently coordinated change of cell shape is a general process in
morphogenesis and organogenesis rather than a hallmark for "wrapping".

"Budding" is a further important mechanism to generate a tube by inpocketing of a
pre-existing polarized epithelial sheet (invagination) with its apical surface lines the
concave side of the hemispherical "bud” and the "bud" derives from a predetermined
area which is called placode. During the "budding" process, placode cells extend out
from the epithelium in a direction orthogonal to the epithelial plane from which it
derives and form a tube as the bud grows (LUBARSKY & KRASNOW 2003). After the
invagination, branches can be formed by duplicating the budding processes
reiteratedly, either as terminal bifurcation or/and lateral branching which leads to
hierarchical branch formation. The ''budding" process exists, e.g. in lung and kidney of
mammals, but also in tracheal system and salivary gland of Drosophila. Formation of
the latter two organ types is to be discussed in the following (reviewed in LUBARSKY &
KRASNOW 2003; SUDARSAN 2003; BRYANT & MOSTOV 2008; BAER ET AL. 2009; ANDREW
& EWALD 2010; MURUYAMA & ANDREW 2012).
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1.4.1. Quintessence of budding: Embryonic salivary glands in Drosophila
Salivary glands (SG) are the largest glandular exocrine organs in insects performing
important physiological roles by secreting saliva for digestive or anti-microbial
processes. The SGs of holometabolic insects including Drosophila are either used to
secrete adhesive glue for fixation of their pupa on substrate at the beginning of
metamorphosis or are modified into silk glands like in silkworm Bombyx mori to
produce silk cocoons (W ANG ET AL. 2010). Dipteran SGs are also used by pathogens
as host niches to reproduce themselves, for example malaria parasites Plasmodium
in female mosquitoes or the sleeping sickness pathogen Trypanosoma brucei in
Tsetse flies (Reviewed in RALSTON ET AL. 2009; MUELLER ET AL. 2010).

The morphogenesis of the embryonic salivary glands in Drosophila is considered to
be one of the most archetypal models for the "budding" scheme, because it
differentiates directly from an epithelial monolayer of ectoderm and only consists of
one paired unbranched, blind-ended tube. Furthermore, once the eSG primordia,
each consisting of about 100 ectodermal cells are specified, neither cell proliferation,
nor apoptosis occurs.

Thus, the process of salivary gland formation and maturation can be completely
traced back to the impact of post-mitotic events such as coordinated cell migration
and cell shape modification: At the beginning, the eSG primordia cells share the same
orientation as the other cells in ectoderm. During the specification, the planar-cuboidal
eSG primordial cells become thickened (columnar) and form a predetermined area
called placode (visible in fig. 3G). After the initial step, a dorsal-posterior portion
(„bud“) of the eSG placode cells display apical constriction. Other than the previously
described "wrapping" model, the coordinated apical constriction is not collinear
(wrapping furrow) but concentric (budding point). In consequence, those leading cells
form a pit, then bulge towards the mesoderm above them and become internalized.
Thereafter, these distal pioneer cells invaginate further inward while the rest follow
their migration so that the nascent tube elongates. To attain the mature salivary gland
diameter, a final step of apical membrane growth is obligatory which is coupled with
cell flattening so that the outer diameter still remains constant (BRADLEY ET AL. 2001;
ABRAMS

ET AL.

2003; MYAT 2005; KERMAN

ET AL.

2006; ANDREW & EWALD 2010;

MARUYAMA & ANDREW 2012).
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Figure 2. Upper: ventral
view of the formation of
Drosophila
embryonic
salivary
gland
(SG).
Within 4 hours, the SGs
are established as two
monolayered plates of
tightly adherent epithelial
cells. The secretion part
(dark green) is connected
to the oesophagus by the
salivary duct (light green).
Lower:
membrane
labelled with SrcGFP and
actin staining demonstrate
events
of
cell
rearrangement and cell
shape changes during SG
morphogenesis.
Modified after Maybeck &
Röper (2009)

1.4.2. Budding and branching: trachea development in Drosophila embryo
Another classic example for "budding" scheme is the embryonic trachea development
of Drosophila. As terrestrial insects developed the exoskeleton to prevent loss of
water, this chitinous barrier is also impermeable for gas either. To overcome the
problem, insects also developed an efficient tubular network to supply tissue cells with
air. Because gas exchange takes place directly at the interface between insect body
cells and air in the end of tracheoles, the tracheal system has to be a dendroidal
network as extensive as e.g. the alveolar ducts or capillaries in human body in order
to provide adequate respiratory surface for metabolism. This raises two questions:
first, how is the network with an eminently complex branching pattern established
during embryonic development? And second, can the tracheal development
ontogenetically and molecularly serve as a genetic model for branching
morphogenesis e.g. in vertebrate lung and blood vessels? In fact, tracheal
development is intensively investigated in the last decade for this purposes
(consecutively reviewed in METZGER & KRASNOW 1999; PLACZEK & SKAER 1999;
ZELZER & SHILO 2000; DENHOLM & SKAER 2003; UV ET AL. 2003; RIBEIRO ET AL. 2003;
GHABRIAL

ET AL.

2003; CASANOVA 2007; HOROWITZ & SIMONS 2008; AFFOLTER &

CAUSSINUS 2008; SCHOTTENFELD ET AL. 2010).

Similar to salivary glands, the Drosophila tracheal system derives also from the
ectoderm by invagination of placode cells without cell proliferation and apoptosis.
However, the tracheal system is hardly comparable with SGs in its both morphological
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and morphogenetic complexity: The first difference is that the placodes are not only
one pair, but ten pairs along the body axis in a segmental repetitive (metameric)
pattern. Each of the placodes undergoes a stereotypic but independent
morphogenetic programme. Shortly after the invagination of the placodes by primary
"budding", branching morphogenesis is initiated by secondary sideward budding so
that six primary branched are formed. Next, all tracheal units of body segments are
mounted together (called "fusion" in the literatures but terminologically improper as
neither membrane fusion nor breakdown takes place). Afterwards, the left and right
body halves are connected by anastomosis so that a unified tubular network with
multicelluar segments (e.g. dorsal trunks) and seamed or seamless unicellular branch
tubes arise (SAMAKOVLIS ET AL. 1996). As almost every tubular organ in vertebrates is
more complex than the extremely simple SG of Drosophila, the tracheal system
emerges as a useful model not only for branch morphogenesis but also due to its
varieties in cellular structures and processes.

Figure 3. The development of Drosophila embryonic tracheal system.
At stage 5, the tracheal placode cells are determined at lateral positions in a segmentally repetitive
pattern;
At stage 11, invagination of the placode cells forms pockets by "budding" mechanism;
At stage 12, the nascent tracheal primordia begin to invaginate to different directions (branching);
At stage 13, the germ-band retraction is finished, and the branched invaginations of each segments
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start to fuse with the anlage in adjacent segments. The future pattern of the tracheal system becomes
visible;
At stage 14, the anteriorly directed dorsal branches of all segments fuse into the dorsal longitudinal
trunks;
During stage 15, the ventral anterior and posterior branches fuse into the lateral longitudinal trunk. The
dorsal branches approach the closing dorsal midline.
At stage 17, the early larval tracheal system is fully developed.

1.5. Assembly and repulsion: Heart tube formation in the Drosophila embryo
During heart tube (also called dorsal vessel) formation in Drosophila, two parallel
"chains" of cardiac progenitors (called cardioblasts) migrate side-by-side towards the
dorsal midline until they get in contact with each other and then become "zipped" with
cellular junctions (RUGENDORFF ET AL. 1994). Indeed, the heart can be treated as an
assembled cord with a hollow lumen, thus LUBARSKY & KRASNOW supposed rightly with
hindsight that heart tube formation might be like vertebrate vasculogenesis, an
example for the "cord hollowing" scheme (LUBARSKY & KRASNOW 2003).

Currently, MEDIONI and colleagues demonstrate by time-lapse imaging that during
heart tube formation, cardioblasts undergo cell shape changes as well as distinct
membrane specification and remodelling (MEDIONI

ET AL.

2008, commented in

HELENIUS & BEITEL 2008, and reviewed in BRYANT & MOSTOV 2008; BAER ET AL. 2009).
Strikingly, the contralateral cardioblasts display a mirror-converted nephroidal shape
(2-cusped epicycloid) by promoting luminal membranes to de-adhere or stay
non-adhesive. This luminal membrane repulsion mediated by the Slit-Robo pathway
leads to a curvature (also called cell-bending) that ensures the future lumen being
apart. Apparently, the heart tube lumen exists a priori and can not be incorporated into
the "cord hollowing" scheme in which the lumen emerges a posteriori. Nevertheless,
whether the cardiac morphogenesis in Drosophila is absolutely unparalleled or there
are even similar processes in other organisms, may be deferred as an open question.
Newly, STRILIC and colleagues examined the lumen formation process of mouse
aorta, a classic example for cord hollowing, and found that exocytosis of
CD34-sialomucin-containing

vesicles

as

de-adhesive

surface-coating

agents

(analogue to "Teflon") into the future lumen is responsible for promoting cell-cell
repulsion in the luminal region (STRILIC

ET AL.

2009; reviewed in ZEEB

ET AL.

2010),

revealing lumen formation or maintenance by preventing adhesion as being a
common mechanism in vasculogenesis.
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Figure 4 "Cell assembly" in Drosophila heart development, also called as membrane repulsion
(="Teflon") mechanism. The heart lumen arises from the migration of cardioblast double rows towards
the dorsal midline and bending of cardiomyocytes which seal first dorsally and then ventrally to enclose
a luminal space that stays stable due to the activity of repulsion complex deposited at luminal
membrane compartments. According to this model, the lumen is maintained by preventing the
extension of dorsal-ventral adhesive contacts (Par3/Baz, DE-Cad/Shg, β-Cat/Arm and Ena) into the
future lumen space by repellents (Slit, Robo, Dg, Unc5, Netrin). Based on MEDIONI ET AL. 2008, from
BAER

ET AL.

2009 with minor modifications. Abbreviations in the figure MET: mesenchymal-epithelial

transition; CB: cardioblast; CMC: cardiomyocyte.

In the search for genes which are involved in embryonic heart development of
Drosophila (forward genetic screen), a single mutant was identified to be crucial for
cardiac ECM-secretion. The mutation induced by an alkylating reagent EMS was
localized within the locus gartenzwerg (garz) that encodes a GEF (guanine nucleotide
exchange factor) for a group of small G-protein called Arf. Garz is a multi-domain
protein and conserved in all annotated eukaryotic genomes, although its exact role
remained to be determined yet. Not only the underlying mechanism of cardiac
ECM-secretion seems to be interesting, but also the newly identified mutant provided
an opportunity to investigate the function of this kind of protein in an animal context.
1.6. Small G-proteins as molecular timers and switches in development
As already shown in previous sections, the main challenge in the development of a
multicellular organism is how to coordinate and combine disparate cellular events in a
stringent temporal- and spatial-specific manner. However, beyond a “masterplan” of
genetic network, complex molecular machineries are still necessary to carry out the
"tasks". Thus, developmental mechanisms involve not only switches in sense of gene
regulation but also molecular pivots to control the stop and go in cellular events. Other
than adenosine triphosphate (ATP)-binding proteins supplying energy for metabolic
reactions or cell motility, guanosine triphosphate (GTP)-binding proteins, or
G-proteins for short, are emerging as timers and switches in diverse cellular events.
Although their cellular effectors differ substantially, cycling between GTP-binding
(activation) and GTP-hydrolysis (inactivation) is the common way of small monomeric
G-protein to act as versatile molecular switches. For example, small G-proteins are
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involved in sensual perception, protein synthesis, trafficking and transport processes,
cell division, apoptosis, cell growth, differentiation etc. The most striking group of
G-proteins for developmental biology is the Ras-superfamily with a molecular mass
ranged between 20 to 25kDa (W ENNERBERG

ET AL.

2005). While Ras and relatives

were originally identified as oncogenes (rat sarcoma) that regulate cell signalling, Rho
(Ras homologue) and relatives control cell shape, motility and polarity by directing
actin-dynamics and organization. Other members such as Ran (Ras-related nuclear)
are involved in nuclear transport, whereas Rab (Ras-related in brain), Sar1 (OKA ET
AL.

1991), Arf (ADP ribosylation factor) and Arl (Arf-like) are key factors for membrane

trafficking (reviewed in VETTER & W ITTINGHOFER 2001; MIZUNO-YAMASAKI ET AL. 2012).
All members of the Ras-superfamily share a nearly identical core switching structure:
a GTP binding and hydrolysis domain called G-domain consisting of a combination of
six-stranded β-sheets and five α-helices located on both sides (figure 2) as
characteristics for nucleotide-binding proteins. The G-domain is the minimal core for
undertaking subsequent conformational changes in order to control various biological
functions (reviewed in VETTER & W ITTINGHOFER 2001; W ITTINGHOFER & VETTER 2011).
Nevertheless, the corresponding regulators and effectors of different G-proteins are
very individual, and their functions can be distinct from each other and often
non-redundant. The conformational change of a G-domain is initiated in two
intrinsically mobile regions called as switch I and II that are bound to the γ-phosphate
of GTP. The canonical switch mechanism is modified in many ways. While Ras, Rho,
Rab and Rac show minor conformational changes involving only the switch I and II
region, a more dramatic change upon triphosphate binding is visible in Arf, Arl and Sar
(reviewed in GILLINGHAM & MUNRO 2007).

Fig. 5 Ribbon plot of 18-177aa in dArf1 (Arf79F),
the Drosophila homologue of human ARF1 using
homology

modelling

(SwissModel).

The

N-terminal amphipatic helix which is folded into
the molecule in its GDP-bound state is not shown.
However, exchange of GDP for GTP on Arf, which
is

catalyzed

by

ArfGEFs

exposes

the

myristoylated N-terminal helix for membrane
anchoring.
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Rab

Arf

Sar

members in yeast/fly/human
Intrinsic GTPase-activity
Interswitch region
Membrane association

10/33/70 (approx.)

3/3/5
Low

1/1/2

Distance to lipid bilayer
Ability to induce membrane
curvature
for
vesicle
formation
GDI necessary

7-8 nm, flexible

Mobile
N-myristoylation
N-amphipathic
helix
Short. Almost in juxtaposition

No

Yes

Identified main effectors

Rigid
C-prenylation

Yes
SNAREs, tethering
complexes
for
fusion,
M6PR,
motors and their
adaptors

No
COPI components, COPII
lipid
modifying components
enzymes, tethering Sec23-Sec24
factors
and
cytoskeleton

The ADP-ribosylation factors (Arfs), a subfamily of Ras superfamily, were originally
purified from bovine brain and named due to its ability to stimulate cholera
toxin-mediated ADP-ribosylation activity of heteromeric G-protein subunit Gsα (KAHN
& GILMAN 1986). However, ADP-ribosylation is no longer a qualifying criterion for the
Arf G-proteins, but their structure and characteristic switching mechanisms. Although
in comparison to the far larger group of Rab-family, the number of Arf is more limited
(see the following table), Arfs are still considered to be important regulators of
endocytic and secretory pathways (reviewed in MELLMAN & W ARREN 2000;
D’SOUZA-SCHOREY & CHAVRIER 2006). Like Rabs, the affinity of Arfs to nucleotide is at
subnanomolar levels so that they necessitate GEFs (guanine-nucleotide exchange
factors) for accelerating the GDP-dissociation. Moreover, because their intrinsic
capacity to hydrolyze the cognate GTP (GTPase activity) is hardly detectable, GAPs
(GTPase activating proteins) are needed to facilitate their inactivation process
(RANDAZZO

ET AL.

1994; SPANG

ET AL.

2010). Nevertheless, Arfs differ from Rabs in

several aspects: First, a common feature of Arfs, including Sar1 and Arls (Arf-like
G-proteins) is a mobile loop of β-sheets between the two switch regions (thus called
interswitch, visible in Fig. 5). Upon GDP-binding, a hydrophobic pocket is occupied by
the myristoylated N-terminal amphipathic helix and upon GTP-binding, the helix is
displaced by the interswitch and can therefore insert into a membrane bilayer. Thus, a
further difference is the myristoylated N-terminal membrane association of Arfs versus
the palmytoylated C-terminal association of Rabs. In contrary to the hypervariable and
more extended (7-8nm) C-terminus of Rabs as a highly flexible membrane "anchor",
the short amphipathic helix and linker "handcuffs" the G-domain of Arfs to the
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immediate vicinity of lipid bilayer. This might be an explanation for lipid modifying
enzymes and coatomers as being effectors of Arfs. Like Arfs, Sar1 also possesses an
N-amphipathic helix which is able to induce membrane curvature, but the helix in Sar1
is not myristoylated (reviewed in GILLINGHAM & MUNRO 2007).

Members of the Arf subfamily are found ubiquitously among all eukaryotes, implying a
universal presence of the Arf-dependent mechanism from a common ancestor and
they are essential for cell survival (DONALDSON ET AL. 1992; LIPPINCOTT-SCHWARTZ ET
AL.

1998; BOMAN ET AL. 2000; DONALDSON ET AL. 2000; NIE ET AL. 2003; DONALDSON &

JACKSON 2011). While fungal genomes usually possess only three Arfs, mammalian
have six and plants exhibit a lack of the class III Arf, indicating that this class emerged
later in the evolution. The roles of class III Arfs (and small sized ArfGEFs) involved in
cytoskeleton organization and endocytosis might be compensated by duplication of
class I/II Arfs and large sized GEFs or GAPs (JÜRGENS & GELDNER 2002; NARAMOTO
ET AL.

2010).

1.7. Transport vesicles as intracellular vehicles in tube size control
The main feature of eukaryotic cells is an extensive endomembrane system (reviewed
in DACKS & FIELD 2007; FIELD ET AL. 2011). In this system, the intracellular space is
compartmentalized into organelles by lipid membranes which create separate spaces
with proper conditions for metabolic reactions so that distinct and even mutually
exclusive processes can take place at the same time. However, as the lipid
membrane is not rigid but highly flexible and dynamic, molecules in the organelles are
not only passively enclosed by membrane but also connected by membrane-enclosed
microstructures like vesicles and tubules. Vesicle mediated transport between
different organelles, usually supported by motor proteins along the cytoskeleton is
considered to be the main form of intracellular trafficking which connects all kind of
compartments with each other. Transport vesicles are created by cytosolic coat
proteins which play a dual role: selection of cargo from the resident molecules and
induction of curvature formation of the donor membrane (Reviewed in KIRCHHAUSEN
2000; STAGG ET AL. 2007). So far, three types of coated vesicles have been identified:
COPI, COPII (reviewed in SCHECKMAN & ORCI 1996; JENSEN & SCHEKMAN 2011;
LIPPINCOTT-SCHWARTZ & LIU) and clathrin-coated vesicles (CCVs). COPI/II coated
vesicles mediate the bidirectional transport processes on the ER-Golgi interface,
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whereas clathrin-coated vesicles mediate transport between trans-Golgi network and
plasma membrane.

Although the cytoplasmic coat proteins are able to self-assemble to deform the
membrane, the self-assembly of coat protein complex still requires the monomeric
G-proteins Arf1, Sar1 and dynamin in their GTP-bound form (reviewed in PUCADIYL &
SCHMID 2009): Arf1 recruits the COPI coat to the Golgi-membranes, whereas a
distantly related Sar1 recruits the COPII coat to the ER. Furthermore, Arf also
regulate the recruitment of clathrin adaptor protein complexes AP-1,3,4 and GGAs,
to the TGN and/or endosomes (reviewed in D’SOUZA-SCHOREY & CHAVRIER 2006). So
far, both Arf1-COPI and Sar1-COPII machineries have been studied extensively in
different model organisms and seem to play irreplaceable roles in cell survival, such
as bidirectional transport between ER and Golgi, regulating the exocytic and
endocytic pathways as well. Moreover, these machineries were revealed to be
important for luminal diameter expansion, and bidirectional ER-Golgi traffic was
suggested to maintain the ER and Golgi compartments and considered to be
required for secretion and assembly of luminal matrices during tube expansion
(Reviewed in SCHOTTENFELD ET AL. 2010). In the Drosophila embryo, a strong zygotic
expression of sar1 in the salivary glands and epidermis was observed (ABRAMS &
ANDREW 2005). Furthermore, A protein trap line for Sar1, in which Sar1-GFP is
expressed under control of its endogenous promoter, revealed that sar1 is
expressed in the tracheal system as well (TSAROUHAS ET AL. 2007). In a P-element
induced sar1 mutant, TSAROUHAS

ET AL.

observed narrower tracheal lumen with

reduced secretion of a luminal marker 2A12, and chitin-deacetylases Verm and
GASP, and accompanied by a severe retention of those proteins in the secreting
tracheal cells. Further evidence obtained by over-expressing dominant-negative sar1
demonstrated a completely disrupted secretion. In another study, JARAYAM

ET AL.

pinpointed the role of membrane trafficking in the expansion of luminal ECM and
apical membrane during tubulogenesis and concluded that the COPI-pathway is
required for secretion and to assembly of the multiple luminal ECM, and also for the
diameter expansion of tubular organs (JAYARAM ET AL. 2008).

However, beyond the evidences how the trafficking events are mechanistically linked
to the maintenance of ER and Golgi and thereafter to luminal matrix deposition, and
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especially, why retrograde transport which retrieves vesicles from Golgi “inwards” to
ER, in contrary to concurrent anterograde transport from ER “outwards” to Golgi,
also play a role in the polarized apical secretion process, is not completely clear yet.
1.8. Tracheal liquid clearance: an interplay of secretion and endocytosis
Terrestrial animals often face a common dilemma that how to keep their respiratory
tracts open during embryonic development by filling the lumen temporarily with fluids
(e.g. amniotic liquid) and substitute it later on with air efficiently and punctually short
after the completion of embryonic development to avoid asphyxia.

Although the lung of mammals and the trachea system of insects are
non-homologous, some parallels were found between both: in Drosophila and sheep,
liquid secretion into the lumen by tracheal/pulmonary epithelium is a common process
in driving airway lumen formation and diameter expansion (MANNING & KRASNOW
1993; JOST & POLICARD 1948; ALCORN ET AL. 1977). Also chloride ion transport was
shown to be necessary to create an osmotic gradient across the pulmonary epithelium
so that water can be drained into the lumen (OLVER & STRANG 1974; HOOPER &
HARDING 1995). Correspondingly, loss of epithelial sodium channel (ENaC) activity in
mouse neonatal lung and insect postembryonic trachea causes failed liquid removal
from the airway, which in turn leads to post-embryonic death (HUMMLER ET AL. 1996;
LIU ET AL. 2003). The same is valid for human and the associated disease (neonatal
respiratory distress syndrome) is considered to be the most common reason for early
infants’ mortality (O'BRODOVICH 1996).

Recently, a forward genetic screen using Drosophila mutants shed new light on the
impact of endocytic activities in the liquid clearance process. The clearance of
transient luminal contents is based generally on apical internalization of the tracheal
epithelium: Internalized luminal protein GASP co-localizes with the small G-proteins
Rab5 and Rab7, the early and late endosome markers, respectively, and the heavy
chain of clathrin (chc), too. Moreover, the mutants for rab5, chc and shibire (dynamin),
all members of the clathrin-mediated endocytosis, show clear defects of liquid
clearance (TSAROUHAS ET AL. 2007). Also, a hexa-transmembrane protein Wurst was
shown to interact with clathrin heavy chain. In wurst mutant, the tracheal liquid content
can not be removed (BEHR ET AL. 2007).
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Figure 6: An overview of molecular mechanisms involved in Drosophila tracheal lumen expansion
and clearance of transient materials. At the beginning, the nascent main tracheal tracts, called dorsal
trunk, are narrow. Eruptive secretion of apical and luminal transient ECM like chitin into the lumen and
sequential removal play a crucial role in the lumen diameter expansion. Mutants for coatomers (both
COPI and COPII) display significantly reduced lumen diameter, indicating the secretory pathway is
important for this process. Later on, the previously deposited ECM must be removed in order to
ensure the airway being free for breathing. Here, a causal link between the endocytic pathway and the
tracheal clearance is proven. Adapted from BRYANT & MOSTOV 2008.

To sum up, Clathrin/Dynamin-mediated endocytosis (CME) is necessary for the liquid
clearance process in Drosophila trachea. As the luminal contents and their exact
composition

are

heterogeneous (probably

water,

various

solid

and

liquid

proteoglycans and ions) but mainly unknown yet, further mechanisms, e.g. alternative
mechanisms rather than CME might exist. As illustrated in figure 6, genes involved in
membrane trafficking have already been identified so far, the question how the
sequential exocytic and endocytic events are temporally initiated and terminated
(observed as "pulses" or "waves") are regulated, still remains to be answered.
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2. Aims of the thesis
The starting point of this thesis was a Drosophila stock collection from an EMS-based
chemical mutagenesis (HUMMEL ET AL. 1999). Originally, the subsequent screen was
designed to identify potential factors involved in neurogenesis and later on also for
embryonic heart development (ALBRECHT

ET AL.

2006). The approach will be

undertaken in following steps:
1) Validate the preliminary observation from the genetic screen using antibody
staining or live cell imaging;
2) In case a mutant shows an interesting phenotype, the corresponding mutation
should be mapped by deficiency mapping and sequencing;
Important findings are to be analyzed with cell and developmental biological methods
in order to gain a deeper insight into the corresponding cellular events and molecular
mechanisms.
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3. Results
3.1. Abstract of the publication 1 (Research Article)
The ADAM metalloprotease Kuzbanian is crucial for proper heart formation in
Drosophila melanogaster.
Albrecht S, Wang S, Holz A, Bergter A, Paululat A.
Mech Dev. 2006 May;123(5):372-87.

We have screened a collection of EMS mutagenized fly lines in order to identify genes
involved in cardiogenesis. In the present work, we have studied a group of alleles
exhibiting a hypertrophic heart. Our analysis revealed that the ADAM protein (A
Disintegrin And Metalloprotease) Kuzbanian, which is the functional homologue of the
vertebrate ADAM10, is crucial for proper heart formation. ADAMs are a family of
transmembrane proteins that play a critical role during the proteolytic conversion
(shedding) of membrane bound proteins to soluble forms. Enzymes harboring a
sheddase function recently became candidates for causing several congenital
diseases, like distinct forms of the Alzheimer disease. ADAMs play also a pivotal role
during heart formation and vascularisation in vertebrates, therefore mutations in
ADAM genes potentially could cause congenital heart defects in humans. In
Drosophila, the zygotic loss of an active form of the Kuzbanian protein results in a
dramatic excess of cardiomyocytes, accompanied by a loss of pericardial cells. Our
data presented herein suggest that Kuzbanian acts during lateral inhibition within the
cardiac primordium. Furthermore we discuss a second function of Kuzbanian in heart
cell morphogenesis.

Contributions to paper 1 (peer-reviewed Research Article):
- Identification of the misalignment and polarity defects of cardiomyocytes in kuz;
- Staining and selection of embryos for EM and histological cross-sections;
- Characterisation of the mastermind mutant mamS2-29;
- Sequencing and verification of all the EMS-induced kuzbanian mutants.
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The ADAM metalloprotease Kuzbanian is crucial for proper
heart formation in Drosophila melanogaster
Stefanie Albrecht1, Shuoshuo Wang1, Anne Holz2, Annette Bergter1 and
Achim Paululat1*

* Corresponding author
1 Universität Osnabrück, Fachbereich Biologie/Chemie, Zoologie, Barbarastraße 11,
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Abstract
We have screened a collection of EMS mutagenized fly lines in order to identify genes
involved in cardiogenesis. The analysis of mutants with malformed hearts revealed
that the ADAM protein (A Disintegrin And Metalloprotease) Kuzbanian is crucial for
proper heart formation. ADAMs are a family of transmembrane proteins that play a
critical role during the proteolytic conversion (shedding) of membrane bound proteins
to soluble forms. Enzymes harboring a sheddase function recently became
candidates for causing several congenital diseases, like distinct forms of the
Alzheimer disease. ADAMs play also a pivotal role during heart formation and
vascularisation in vertebrates, therefore mutations in ADAM genes potentially could
cause congenital heart defects in humans. Here, we demonstrate that the Drosophila
ADAM metalloprotease Kuzbanian, the functional homologue of the vertebrate ADAM
10, is crucial for cardiogenesis. The molecular characterization of EMS induced point
mutations showed that the loss of an active Kuzbanian protein results in a dramatic
excess of cardiomyocytes, accompanied by a loss of pericardial cells. We provide a
model in which Kuzbanian plays a role during lateral inhibition in embryonic
cardiogenesis.
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1. Introduction
Heart development in vertebrates and flies share astonishing similarities, for instance
during the early steps of heart primordium induction and during the first steps of heart
cell differentiation (Bodmer and Venkatesh, 1998; Bodmer and Frasch, 1999; Cripps
and Olson, 2002; Zaffran and Frasch, 2002; Brand, 2003). In both systems, Nkx and
GATA factors are present in a subset of mesodermal cells that become competent to
receive external signals from the overlaying ectoderm in flies, or from the underlying
endoderm in vertebrates.

Decapentaplegic (Dpp)/BMP and Wingless (Wg)/Wnt signalling is essential to
promote differentiation of tinman expressing cells into cardiac primordium. Nkx and
GATA factors as well as the signal molecules Dpp and Wg are required for the
specification of both subtypes of heart cells in the fly, the myogenic contractile
cardiomyocytes and the non-contractile pericardial cells. Mutations in the tinman
gene, or an interruption of Dpp or Wg signalling, result in the complete absence of
heart structures in the fly (Azpiazu and Frasch, 1993; Bodmer, 1993; Frasch, 1995;
Wu et al., 1995; Yin and Frasch, 1998; Lockwood and Bodmer, 2002). The activity of
Tinman within the cardiac primordium, combined with the activity of the Drosophila
GATA factor Pannier, promotes further specification of cardioblasts (Azpiazu and
Frasch, 1993; Bodmer, 1993; Xu et al., 1998; Gajewski et al., 1999; Gajewski et al.,
2001; Alvarez et al., 2003; Klinedinst and Bodmer, 2003; Sorrentino et al., 2005).

Specification of different subtypes of cardiac progenitors is accompanied by the
combinatorial expression of particular transcription factors, including the homeobox
factor Ladybird and the COUP nuclear hormone receptor Seven-up (Jagla et al.,
1997; Lo and Frasch, 2001; Han et al., 2002; Jagla et al., 2002; Ryan et al., 2005).
Likely, these factors are required for the appropriate specification of individual heart
progenitors and their proper differentiation, e.g., into ostia (Lo and Frasch, 2001;
Molina and Cripps, 2001). Studies of Hartenstein, Bodmer and others have shown
that the differentiation of heart cells within the dorsal mesoderm also depends on
Notch-Delta signalling. Early elimination of Notch activity using a temperaturesensitive
allele causes hypertrophy of cardiac cells, due to a failure of lateral inhibition within
the dorsal mesoderm (Hartenstein et al., 1992; Mandal et al., 2004). Notch has at
least a second function during asymmetric cell division in the heart cell lineage and
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thus a biphasic requirement during heart development. The heart progenitors forming
the ostia arise from asymmetric cell divisions, dependent on Notch function, as well as
on the function of other components of the asymmetric cell division machinery
including Sanpodo, Numb and Inscuteable (Ward and Skeath, 2000; Alvarez et al.,
2003; Han and Bodmer, 2003; Popichenko and Paululat, 2004).

In a search for novel genes involved in heart differentiation we screened a collection
of EMS-induced lethal mutations (Hummel et al., 1999a; Hummel et al., 1999b). We
identified several mutant lines displaying strong malformations of the embryonic heart,
which we grouped into different phenotypic classes (Fig. 1). The molecular
characterization of these mutants will be described elsewhere. Among the mutants
displaying heart defects, we identified five alleles of the metalloprotease-disintegrin
Kuzbanian and three alleles of the Notch downstream effector Mastermind, all of them
displaying a hyperplasic heart. Embryos, stained for ß3Tubulin, Mef2 and other
markers, revealed an approximately twofold excess of cardioblasts concomitant by a
loss of pericardial and lymph gland cells. The excess of cardioblasts in kuzbanian
affects all subtypes of cardioblasts, e.g., the tinman and the sevenup expressing cells.
According to this observation, we assume a functional role for Kuzbanian during
Notch-dependent lateral inhibition within the early cardiac mesoderm, likely in
conjunction with a later function during asymmetric cell division in the heart cell
lineage. In kuzbanian mutants we furthermore observed a misarrangement of heart
cells and the failure of cardioblasts to adopt their final cell morphology, while
specification and initial differentiation of heart cells still occurs, indicated by the
expression of genes that label specific cell types in the heart, and the attempts of
cardioblasts to form lumen-like structures.

Metalloprotease-disintegrins (ADAMs) are membrane-anchored proteases, which
have a critical function for proteolytic release of soluble forms of membrane bound
target proteins (shedding). Recently it has been shown that distinct members of the
vertebrate ADAM family are crucial for cardiogenesis and vascularisation (Dibbs et al.,
2003; Jackson et al., 2003; Shi et al., 2003; Zhou et al., 2004; Horiuchi et al., 2005),
therefore mutations in ADAM genes potentially could cause congenital heart defects
in humans. Drosophila has five known ADAMs. DmTace is the homologue of the
human TNF-α converting enzyme Hs-TACE (TACE; tumor necrosis factor-alpha
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converting enzyme), Dm-Mmd and Dm-Meltrin are closely related to the human
Meltrin-alpha gene. Kuzbanian (kuz) and Kuzbanian-like (kul) reveal strong
similarities to human ADAM10 (Sapir et al., 2004). So far, for none of them a function
for embryonic heart formation was described. Herein we show that the
metalloprotease Kuzbanian is crucial for proper cardiogenesis in Drosophila.

2. Results
2.1. A screen for genes required in cardiogenesis revealed several heart
phentoypes
About 500 balanced lines from mutagenized second or third chromosomes (Hummel
et al., 1999a; Hummel et al., 1999b) were examined for mutations affecting the
morphology of the embryonic heart. For the first round of screening, we used an
anti-ß3Tubulin antibody (Leiss et al., 1988), which turned out to be a particularly
useful marker, allowing the visualisation of heart cells and the majority of the
mesodermal tissue simultaneously (Burchard et al., 1995; Rau et al., 2001; Schröter
et al., 2004). Therefore, not only the morphology of the dorsal vessel itself, but also
the architecture of the heart in its tissue context is clearly visible. Within the dorsal
vessel, ß3Tubulin is expressed in four out of six cardioblasts per hemisegment,
regulated by the transcription factor Tinman which is active in the same subset of
cardioblasts (Buttgereit et al., 1996; Damm et al., 1998; Kremser et al., 1999).
Subsequently, a second round of screening was performed with an antibody against
Mef2, which visualises the nuclei of all six cardioblasts in a hemisegment (Lilly et al.,
1994; Nguyen et al., 1994; Taylor et al., 1995). Finally, we identified several mutants
with malformations of the dorsal vessel (Fig. 1). One group of mutants is
characterized by the absence of the majority of cardioblasts or the heart at all (Fig.
1C). These mutants exhibit additional defects in the somatic mesoderm, indicating
that the mutated genes have a more general role during mesoderm or dorsal
mesoderm differentiation. The second group of mutants shows a misarrangement of
cardioblasts (Fig. 1D). A closer microscopic inspection revealed that cardioblasts
obviously fail to undergo cytokinesis upon embryonic mitosis 16.
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Fig. 1. A screen of EMS-induced embryonic lethals identifies mutations affecting heart development.
The dorsal vessel is visualised using an antibody against ß3Tubulin (A-F) or Mef2 (G-J). Wildtype
embryos are shown in A, B and G for comparison. In embryos belonging to the first group of mutants,
the heart is missing or only a few remaining cardioblasts can be detected (C). The second group
reveals cytokinesis defects, characterised by cardioblasts that fail to separate during mitosis and to
align properly (D). The third group shows a disorganized heart with gaps or cardioblast alignment
defects (E). The fourth group displays asymmetric cell division phenotypes (F). We identified the
EMS-mutant shown in F as being a sanpodo allele (own observation). The fifth group shows a strong
excess of cardioblasts (H-J, compared to G). In wildtype embryos Mef2 labels all cardioblasts, six per
hemisegment. In total the embryonic heart of a wildtype embryo consists of 104 Mef2-positive
cardioblasts (G). We identified three EMS-induced mastermind alleles in our screen, which roughly
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exhibit a two-fold excess of cardioblasts (see table 1). As an example, mamS2-29 is shown in (H).
Similarily, the five kuzbanian alleles depicted in our screen display a similar phenotype (see table1). At
late stages, the heart in kuzbanian embryos appears to be closed. As an example, kuzR1-4 (I) and
kuz3 (J) are shown. Pictures were made using the maximum projection algorithm using a stack of
confocal pictures.

The third group of mutants is characterized by appearance of kinks, gaps or
cardioblast alignment defects (Fig. 1E). The fourth group (Fig. 1F) exhibits
phenotypes reminiscent to defects typically observed in asymmetric cell division
mutants like, e.g., inscuteable (Popichenko and Paululat, 2004). The analysis of these
mutants will be described elsewhere, while the fifth group (see below, Fig. 1H-J) is
described herein.
Table 1. Kuzbanian and mastermind regulate cell number in the heart
Cell type
Mef2-expressing
cardioblasts/embryo
Svp-expressing
cardioblasts/embryo
Zfh1-expressing
pericardial cells/embryo
Odd-expressing
pericardial cells/embryo
Eve-expressing
pericardial cells/embryo

Wildtype

kuzR1-4

TwiGal4>K
uzDN
105.8±5.4 183.6±19.1 138.8±10.9
(n=8)
(n=7)
(n=6)
28.5±1.2
40±2.4
n.d.
(n=4)
(n=6)
119.5±22.3 75±5.7
n.d.
(n=8)
(n=2)
85.5±2.4
41.3±7.2
40.3±5.4
(n=8)
(n=9)
(n=11)
29.6±0.6
32.6±3.0
n.d., see
(n=3)
(n=3)
Fig. 4

mamS2-29
201.3±24.6
(n=12)
45.1±4.6
(n=9)
53±22.6
(n=2)
21.2±1.5
(n=9)
0.7±0.95
(n=7)

Numbers in parentheses indicate number of embryos scored; n.d., not determined.

Eight mutant fly lines identified in our screen show a nearly identical phenotype,
characterized by the appearance of an approximately twofold excess of
cardiomyocytes (Fig. 1G-H, table 1). They fall into two complementation groups,
representing three mastermind (mam) and five kuzbanian (kuz) alleles (see methods
section for details of the genetics). Mam is as a modulator of Notch signalling and
crucial for mesodermal and neuronal differentiation (Petcherski and Kimble, 2000;
Yedvobnick et al., 2004), including cardiogenesis (Hartenstein et al., 1992). In
contrast, a functional role of Kuzbanian during cardiogenesis was not investigated so
far, although the embryonic phenotype of kuzbanian mutant embryos was extensively
analysed (Fambrough et al., 1996; Rooke et al., 1996; Pan and Rubin, 1997; Sotillos
et al., 1997; Qi et al., 1999; Schimmelpfeng et al., 2001; Klein, 2002; Lieber et al.,

27

Results
2002). To verify that mutations in the kuzbanian gene are responsible for the
observed heart phenotype, we added two independently detected amorphic
kuzbanian alleles, kuz3 and kuze29-4, to our phenotypic analysis. Indeed, all alleles
exhibit an approximate twofold increase in cardioblast number. The severity of the
heart phenotype varies only slightly beteen each allele, indicating that all mutations
are likely to be null mutations. As an entry point to elucidate the molecular nature of
the EMS-induced mutations, we have sequenced the kuzbanian locus, which consists
of 13 exons spanning a region of about 88 kb, from selected mutant chromosomes.
The R1-4 allele indeed carries a mutation within the kuzbanian gene.

The mutation in kuzR1-4 arises from a splice-donor-site mutation in the 4th intron (see
Fig. 2AD, the point mutation is five base pairs downstream of the 4th exon). This
results in a failure to splice a 68 bp intron, which finally causes a truncation within the
prodomain of Kuzbanian due to a frameshift (see Fig. 2E). The predicted protein lacks
any recognizable domains, and therefore we consider this allele to be a kuzbanian
null allele. The characterization of the other EMS-induced kuzbanian alleles is in
progress.
Fig. 2. Organization of the kuzbanian locus and molecular characterization of the kuzbanian allele
kuzR1-4. (A) Schematic representation of the genomic structure of the kuzbanian gene showing the
exon-intron structure and open reading frame. Black and white boxes represent coding and
non-coding sequences. The location of the ethylmethane sulphonate (EMS) mutation in kuzR1-4 is
indicated by an arrow. (B) The sequence alteration in kuzR1-4 (A→G) was detected when DNA from
homozygous mutants (upper panel), heterozygous (mid panel) and wildtype animals (lower panel) was
sequenced. In heterozygous embryos, a double peak is visible. (C) As a further proof, we designed a
RT-PCR experiment. The forward primer SW402 is located within exon 2; the reverse primer SW407
matches the intron-exon boundary of the fourth intron/fifth exon. Thus, the reverse primer SW407
binds solely to an mRNA that harbors the 4th intron. This primer combination avoids artificial
amplification from genomic DNA due to the distance of the primer binding sites to the kuzbanian locus
(> 58 kb). As template for PCR, RNA isolated from heterozygous animals was used. We expected an
amplicon of about 456 bp instead of 388 bp, resulting from correct splicing of intron 2 and 3, but
presence of intron 4 in the mRNA. (D) An amplicon of about 450 bp was observed. The band was
extracted from the gel, cloned and sequenced. We found that the 4th intron is present in the amplified
cDNA. As shown in B, a single point mutation (A→G) is present in direct neighborhood to the
intron/exon boundary within the intron. This result indicates that the mutation in kuzR1-4 is a splice site
mutation. (E) Schematic representation of the domain structure of Kuzbanian and the postulated
alteration in kuzR1-4.
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The presence of the forth intron causes a premature truncation due to a frame shift induced stop
codon within the prodomain. The KuzR1-4 protein lacks any recognizable domain and is thought to be
a strong loss of function mutation. Abb.: SP: signal peptide, Pro: prodomain, MP: metalloprotease
domain, DI: disintegrin domain, Cys: cystein-rich region, TM: transmembrane domain, Intra:
intracellular domain.

2.2 Loss of kuzbanian function results in an excess of cardioblasts in all
subregions of the dorsal vessel
The embryonic dorsal vessel of Drosophila is composed of three morphologically
distinguishable regions, the posterior “heart” with a wider lumen and functional ostia,
the posterior aorta with ostia precursor cells and the anterior aorta, which lacks ostia
or ostia precursors. The “heart” is separated by a valve-like structure from the
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aorta-region (Jensen, 1973; Rizki, 1978; Alvarez et al., 2003; Perrin et al., 2004).
Recent studies have shown that the specification of distinct heart regions along the
anterior-posterior (a-p) axis depends on the activity of the homeobox factors
Antennapedia (Antp), Ultrabithorax (Ubx), Abdominal-A (Abd-A), and Abdominal-B
(Abd-B) (Lo et al., 2002; Lovato et al., 2002; Ponzielli et al., 2002). Consequently,
mutations were observed, which affect heart cell differentiation in specific regions,
e.g., mutations in the transcription factor pointed-P2 result in cardioblast proliferation
restricted to the posterior seven segments (Alvarez et al., 2003). In contrast,
kuzbanian mutant embryos display an excess of cardioblasts along the whole a-p axis
of the dorsal vessel (see Fig. 1), although the phenotype is more prominent in the
posterior segments. To examine whether the observed excess of cardioblasts is
restricted to a specific subtype of heart cells, we used various markers to visualise
individual cardioblast identities.

Double-labellings for Seven-up/Mef2, Seven-up/Tinman, and Ladybird/Tinman clearly
show that all types of cardioblasts in an abdominal hemisegment are increased in
number (Fig. 3AF, table 1). Thus, the kuzbanian phenotype is not restricted to a
particular subset of cardioblasts. Other parts of the dorsal mesoderm, for instance the
dorsal somatic muscles, are obviously not affected in kuzbanian mutant embryos. The
time of lethality was examined for selected amorphic kuzbanian alleles (kuzF2-16,
kuzJ2-11, kuzP2-108, kuzR1-4, kuzS5-65 and kuz3) by use of a GFP balancer
chromosome. We found that homozygous kuzbanian embryos display muscle
contraction but fail to hatch and die approximately two days after egg deposition.
Likely, lethality is caused by the combination of various embryonic defects observed in
kuzbanian mutant embryos, including neuronal and potentially heart defects.

2.3. Kuzbanian is required for pericardial cell and lymph gland development
Pericardial and lymph gland cells, like cardioblasts, arise from the dorsal mesoderm.
Using antibodies against Even-skipped (Frasch and Levine, 1987), Odd-skipped
(Ward and Skeath, 2000), Zfh1 (Lai et al., 1993) and a hand-GFP reporter line (Kölsch
and Paululat, 2002; Sellin et al., in press), that visualise all or a specific subset of
pericardial cells, we observed a strongly reduced number of pericardial cells in the
kuzbanian mutant background (Fig. 3G-L, table 1). For example, the four Odd-skipped
expressing pericardial cells visible in a wildtype hemisegment were sometimes
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completely missing in kuzbanian embryos (Fig. 3L).

Fig. 3. The dorsal vessel consists of different cell types, characterized by the specific expression of
molecular markers. A-F shows confocal images of wildtype embryos (A, C and E) and kuzbanian
mutant embryos (B, D and F). The allele we used was kuz3. The six cells in an abdominal
hemisegment express Mef2; four out of six cardioblasts express tinman, two of which coexpress tinman
and ladybird. The remaining two cardioblasts express svp-lacZ but not tinman or ladybird. svp-lacZ
identifies the cardioblasts that form ostia or ostia precursors and which derive from asymmetric cell
division (Ward and Skeath, 2000). Compared to wildtype (A), the number of svp-lacZ expressing cells
is increased approximately twofold in kuzbanian (B). Double labelling for svp-lacZ/Tinman and
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Ladybird/Tinman in wildtype (C and E) and kuzbanian mutant embryos (D and F) reveals that the
tinman, ladybird and svplacZ expressing cardioblasts contribute all to the increased total number of
cardioblasts in kuzbanian. The pericardial cells, some of which express tinman, are reduced in
kuzbanian mutant embryos. Therefore the tinman positive cells in kuzbanian embryos (D and F)
represent predominantly cardioblasts. Double labelling with Mef2/hand-GFP (G and H), Mef2/Zfh1 (I
and J) and ß3Tub/Odd (K and L) reveals that the number of pericardial cells is reduced in kuzbanian
mutant embryos (H, J, and L) compared to wildtype (G, I, and K). In addition, the number of lymph
gland cells is reduced (arrow in I and J). The Even-skipped expressing pericardial cells (EPCs) are not
affected in kuzbanian (compare M and N). All pictures were made using the maximum projection
algorithm on a stack of confocal pictures.

Because two of the four Odd cells derive from asymmetric cell division whereas the
other two cells originate from symmetric cell division, the absence of all four cells in a
hemisegment indicates that Kuzbanian function is not restricted to one of these
lineage types. Furthermore, we observe that the remaining pericardial cells in
kuzbanian mutant embryos appear in an irregular fashion along the a-p axis of the
heart. We do not recognize specific regions where the pericardial cell pattern appears
normal, neither with respect to the location nor to the number of pericardial cells. The
even-skipped expressing pericardial cells (EPCs), which share a common lineage
with a dorsal body wall muscle (Buff et al., 1998; Carmena et al., 1998; Su et al.,
1999; Carmena et al., 2002), are not affected in kuzbanian mutant embryos (Fig. 3M,
table 1), whereas a dominant-negative form of Kuzbanian, driven by twist-Gal4 (see
next section and Fig. 4), causes a reduction of EPC cells. The number of EPCs is also
strongly reduced in mastermind mutant embryos (see table 1). We assume that in
zygotic kuzbanian mutant embryos the maternal component is sufficient for the proper
differentiation of the EPCs. The EPCs coexpress Zfh1, therefore some of the
remaining Zfh1 positive pericardial cells seen in kuzbanian mutant embryos belong to
the EPC subtype. Our results indicate that Kuzbanian is required for the coordinated
specification of pericardial cells. In addition, we observe defects in lymph gland
differentiation. The lymph glands, which are a source for larval hemocytes, appear as
two bilateral located cell cluster flanking the anterior part of the dorsal vessel at stage
16 embryos (Mandal et al., 2004; Jung et al., 2005). Each cluster harbors about 20
cells that express, e.g., Odd-skipped and Zfh-1, two markers we have already used to
determine the consequences of mutations in the kuzbanian gene on pericardial cell
development (see above). We found a reduced number of lymph gland cells in
kuzbanian mutant embryos (e.g., Fig. 3J, compared to 3I).

32

Results
2.4. The excess of cardioblasts in kuzbanian mutant embryos is caused by a
requirement of Kuzbanian prior to heart cell specification
As an entry point to elucidate the time of Kuzbanian requirement during heart
development, we expressed a dominant-negative kuzbanian variant (KuzDN) in the
mesoderm at different time points of embryonic development. The transgene KuzDN
lacks the extracellular metalloprotease domain and was successfully used to mimic
kuzbanian phenotypes, e.g., in bristle development, eye development (Pan and
Rubin, 1997), and the embryonic nervous system (Schimmelpfeng et al., 2001).
Utilising the UAS-Gal4 system we choose twist-Gal4, tinman-Gal4 (tinCΔ4-Gal4) and
hand-Gal4 as drivers. twist-Gal4 allows the activation of UAS-KuzDN in the entire
early mesoderm, covering the time when heart progenitors are selected within the
dorsal mesoderm by lateral inhibition. tinCΔ4-Gal4 drives expression in differentiating
cardioblasts from embryonic stage 11 to 12 onwards, but lacks the early tinman
expression domain (Lo and Frasch, 2001; Perrin et al., 2004). As a third driver we
used hand-Gal4. The bHLH factor Hand is expressed from stage 12 onwards in all
heart cells (cardioblasts and pericardial cells) after the selection of heart progenitors
(Moore et al., 2000; Kölsch and Paululat, 2002; Han and Olson, 2005; Sellin et al., in
press). Thus, hand-Gal4 provides the Gal4 activator later then twi-Gal4 and tin-Gal4.
The dominant negative Kuzbanian transgene (KuzDN) phenocopies the loss of
function phenotype, but only when driven by twi-Gal4 (Fig. 4, table 1). The number of
cardioblasts is increased approximately twofold, as seen in all loss of function alleles.
Also, the number of pericardial cells appears to be reduced as well. KuzDN
expression, driven by tin-Gal4 and hand-Gal4 does not cause a significant excess of
cardioblasts. As mentioned above, both drivers are active predominantly after the
selection of the cardiac primordial cells.

2.5. Terminal heart cell differentiation is affected in kuzbanian mutants
Heart formation during embryogenesis requires the migration of heart precursors
towards a dorsal position. From stage 15 to 17, cardiac precursors become flattened,
polarized cells that align in a highly organized longitudinal row (Rugendorff et al.,
1994; Fremion et al., 1999). At dorsal closure, the leading edges of the cardioblasts
meet their contralateral counterparts. Finally the lumen is formed when the trailing
edges of the cardioblasts of either side bend around and contact each other
(Rugendorff et al., 1994). In kuzbanian mutant embryos, the migration of heart
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precursors towards the dorsalmost position is not affected, whereas the final
alignment of heart precursors and cardioblasts is considerably disturbed. All analysed
mutant alleles finish dorsal closure and cardiac cells appear as a three to six cell wide
band, extending from anterior to posterior, indicating that the contralateral
counterparts of the developing heart contact each other. α-Spectrin staining
(Zarnescu and Thomas, 1999) allows to distinguish between the ostia-forming
cardioblasts that exhibit a characteristic double-bean like morphology at late
embryonic stages and the tinman-expressing cardioblasts that show a cube-like,
polarized appearance at stage 16 (Fig. 5A). In kuzbanian mutant embryos,
cardioblasts fail do adopt the final cell morphology. For example, the characteristic
bean-like shape of cardioblasts, that normally form the ostia at stage 16/17, is not
recognizable (compare Fig. 5A and B). Also, the four tinman-expressing cardioblasts,
which usually have a flattened, cube-like morphology with a distinct polarization,
exhibit an abnormal morphology (Fig. 5 A,B). In kuzbanian mutant embryos the
majority of cardioblasts show a triangle or parallelogram-like shape; the characteristic
cube-like appearance, as seen in stage 16/17 wildtype embryos, is aberrant. In the
posterior region of the heart, Wingless (Wg) is expressed specifically in three double
pairs of cardioblasts (Wg, see Fig. 5C,D). These cells coexpress Seven-up and
differentiate into ostia (Molina and Cripps, 2001; Lo et al., 2002). In kuzbanian mutant
embryos, we observe an increased number of Wg-positive cardioblasts that fail to
form the typically double pairs and exhibit an abnormal morphology, indicating that
final cell differentiation is abolished (Fig. 5D). At stages before the contralateral
cardioblasts meet each other at the dorsal midline, we observe in kuzbanian mutants
embryos occasionally regions, in which short stretches of pair-wise organized
cardioblasts are prominent (Fig. 5F).

The arrangement of the pair-wise organized cardioblasts at stage 14 or 15 resembles
the highly organized dorsal vessel of wildtype embryos at stage 16/17 (Fig. 5E). We
assume that cardiac cell differentiation is initiated in kuzbanian mutant embryos, as
cardioblasts on both sides of the embryo attempt to align along the a-p axis to form a
two cell wide row of cardioblasts.
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Fig. 4. Expression of a dominant negative kuzbanian transgene (UAS-KuzDN), driven by twist-Gal4,
mimics the phenotype of kuzbanian loss of function mutant embryos (compare A with Fig. 1I). (A)
shows a representative embryo, stained for Mef2. The hyperplasic heart is clearly visible (arrows). (B)
double staining for ß3Tubulin (green) and Odd (red) reveals a significant loss of pericardial cells
(arrow). KuzDN, when driven with twi-Gal4, causes severe defects in the somatic mesoderm as well (B
and C). In contrast to the zygotic kuzbanian mutant embryos, which show a normal number of
Eve-expressing pericardial cells (see Fig. 3M,N), the twi>KuzDN embryos exhibit only a few
Eve-expressing cells (arrow in C), likely due to the early elimination of Kuzbanian function.

Rugendorff and colleagues have shown that heart lumen formation is a late step
during cardiogenesis, requiring the contact of the contralateral located cardioblasts
when they meet each other at the midline (Rugendorff et al., 1994). Therefore we
have analysed whether lumen formation is abolished in the heart of kuzbanian
mutants. Light and transmission electron microscopic analysis of sectioned embryos
revealed that the cardioblasts in kuzbanian mutants occasionally attempt to form a
lumen-like structure (Fig. 5 G,H and I), when cardioblasts align correctly along the a-p
axis and establish a pair-wise organization in restricted small areas. The lumina,
shown in Fig. 5H, appear to be formed by ipsilateral cardioblasts instead of
contralateral cardioblasts, consistent with the observation of bilateral located two cell
rows of cardioblasts at stage 14/15 mentioned above. Our results indicate that heart
lumen formation does not require the correct position of two bilateral located one
cellwide rows of cardioblasts at the dorsal midline rather than any two adjacent rows
of specified cardioblasts that can communicate directly.
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As, e.g., Dulcis discussed, the larval heart in Drosophila lacks neuronal innervation,
suggesting that heart beating is totally myogenic (Dulcis and Levine, 2003). This
particular aspect of heart function should be not influenced by the neuronal defects
occurring in kuzbanian embryos, but being dependent on cell autonomous
mechanisms. Therefore we have analysed, whether the kuzbanian heart is able to
beat, using a GFP-reporter gene, specifically driven in the whole heart by an enhancer
element cloned from the bHLH transcription factor gene hand (Sellin et al., in press).
In wildtype embryos, heart beating can be observed at late stage 17 embryos shortly
before hatching. However, heart beating is observed in homozygous kuzbanian
embryos, although beating is irregular, probably due to the misarrangement of
cardioblasts. Nevertheless, the result indicates that cells bearing pacemaker activity
are specified and active.
3. DISCUSSION
Kuzbanian, and its vertebrate homologue ADAM10, belong to the large family of
membrane anchored glycoproteins that show a characteristic conserved domain
structure: an amino-terminal signal sequence followed by pro-, metalloprotease, and
disintegrin domains, a cysteine-rich region, usually containing an EGF repeat, and
finally a transmembrane domain and cytoplasmic tail (see Fig. 2E, reviewed in, e.g.,
Becherer and Blobel, 2003). The complex protein structure suggests a widespread
function of this class of molecules. Indeed, ADAMs act in many biological processes,
including neurogenesis, myogenesis, angiogenesis, fertilization and others (reviewed
in, e.g., Blobel, 2000; Primakoff and Myles, 2000), and they are involved in the
shedding of various membrane-bound proteins, including growth factors and cell
adhesion molecules (examples are given in White et al., 2001; Moss and Lambert,
2002; Seals and Courtneidge, 2003; White, 2003; Blobel, 2005; Reiß et al., 2005). For
the majority of ADAMs the substrates are not known and due to the widespread
functions many aspects of their biological role are poorly understood.

3.1. ADAMs are crucial for cardiogenesis
Studies on the function of ADAMs in vertebrates indicate that some of the members of
the gene family are involved in cardiac development. Mice, lacking functional
ADAM19, exhibit severe defects in cardiac morphogenesis, e.g., ventral septal
defects, abnormal formation of the aortic and pulmonic valves and abnormalities of
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the cardiac vasculature (Zhou et al., 2004). Recently it was shown that TACE
(ADAM17) is essential for cardiac valvulogenesis in mice, likely by its sheddase
function on EGFR (Jackson et al., 2003).

Fig. 5. Alignment of cardioblasts and cell polarity defects in kuzbanian. A, C, E and G show wildtype
embryos, B, D, F and H kuzbanian mutant embryos. Alleles we used are kuz29-4 (B), kuzR1-4 (D and
F) and kuzF2-16 (H). Embryos in A and B are stained for α-Spectrin, which visualises cell polarity and
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cell morphology. In wildtype the ostia forming cardioblasts are visible by their characteristic shape
(arrow in A). kuzbanian embryos at a similar stage of development complete dorsal closure (B).
Cardioblasts from contralaterally located cardiac tissue on both sides of the embryo meet each other at
the dorsal midline and form a broad compact band of cardioblasts. We do not observe cells that adopt
the typical morphology of the ostia forming cardioblasts (arrow in A), indicating that final cell
differentiation seems to be blocked, although the typical markers for ostia forming cardioblasts are
expressed (compare with Fig. 3). Embryos in (C) and (D) are stained for Wingless and α-Spectrin.
Wingless is expressed in three double pairs of ostia-forming cells within the heart proper and labels the
surface of the cells. In kuzbanian mutant embryos (D), cell number and cell morphology is aberrant,
compared to wildtype (C). Note, that one cluster of Wg-expressing cells is out of focus in (D). Embryos
in (E) and (F) are stained for ß3tubulin. (F) shows a kuzbanian embryo slightly before dorsal closure.
Occasionally, properly aligned and pair-wise orientated assemblies of cardioblasts appear on both
sides of the embryo (arrow in F). This situation resembles the appearance of the final heart at late stage
wildtype embryos (E). (G) and (H) show cross-sections through an abdominal segment (A5 or A6,
respectively), of a wildtype (G) or a kuzF2-16 (H) embryo. Prior to section, embryos were stained for
ß3tubulin (brown color) and selected under a dissecting microscope. Sections were counterstained with
eosin (red). The cardioblasts are clearly visible (arrows in G and H). In kuzbanian embryos (H)
lumen-like structures appear (marked as “lu” in G and H), indicating, that cardioblasts in kuzbanian are
able to bend, to adopt a bean-like morphology and to form lumen-like structures. (I) shows a TEM
micrograph of a transverse section of a kuz3 mutant embryo at about 50% egg length. The inset shows
a wildtype embryo. Cardioblast-like cells (cb) are increased in number and form an irregular cluster.
The formation of a lumen-like structure (lu) is indicated. Cb, cardioblast; pc, pericardial cell; lu, lumen.

Interestingly, mice lacking a functional TACE die at birth with an enlarged fetal heart
with increased myocardial trabeculation and reduced cell compaction, mimicking the
pathological changes of noncompaction of ventricular myocardium. In addition, larger
cardiomyocyte cell size and increased cell proliferation were reported in ventricles of
the TACE knockout mouse hearts (Shi et al., 2003). Cardiac restricted overexpression
of a non-cleavable, transmembrane TNF /tumor necrosis factor, a major substrate of
TACE, in mice provokes a hypertrophic cardiac phenotype (Dibbs et al., 2003).

Although it is clear that some mammalian ADAMs are crucial for heart development
(Horiuchi et al., 2005), a role for ADAM metalloproteases during Drosophila heart
formation was not reported so far. Here, we have provided multiple lines of evidence
that the metalloprotease Kuzbanian/ADAM10 is crucial for cardiogenesis in flies.
Screening a collection of mutagenized Drosophila lines for displaying heart
phenotypes and the subsequent analysis of selected alleles revealed that mutations in
the kuzbanian genes cause a hyperplasic heart.
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3.2. A potential role for Kuzbanian in heart cell specification
One of the best-studied Kuzbanian functions on the molecular level is the activation of
the Notch-receptor. The Notch-receptor is processed throughout three proteolytic
steps, likely two in Drosophila (Kidd and Lieber, 2002). First, mediated by a furin-like
convertase, Notch is cleaved in its extracellular domain. The two halves of the Notch
molecules form an intramolecular heterodimer. Interaction with a ligand induces the
second cleavage event mediated by a disintegrin metalloprotease (ADAM17/TACE in
vertebrates, Kuzbanian/ADAM10 in Drosophila), generating a Notch extracellular
truncation. Finally, Notch is processed by a y-secretase complex to release an active
intracellular Notch fragment that translocates to the nucleus (reviewed, e.g., in Lai,
2002). Genetic and molecular experiments have shown that Notch is a major
substrate of Kuzbanian in Drosophila (Rooke et al., 1996; Pan and Rubin, 1997;
Sotillos et al., 1997; Kidd and Lieber, 2002; Klein, 2002; Lieber et al., 2002), but likely
not the only one (Qi et al., 1999; Mishra-Gorur et al., 2002; Yan et al., 2002).

Loss of Kuzbanian function and subsequently abrogation of Notch signalling explains
the heart phenotype of kuzbanian mutant embryos. Notch activity was found between
6h to 10h of development in the dorsal mesoderm, from which the cardioblasts, the
pericardial cells, and the lymph glands arise. During this time, Notch-dependant
lateral inhibition is responsible for selecting cardiac precursors within the dorsal
mesoderm. Hartenstein and colleagues have shown that elimination of Notch during
the first half of this period, using a temperature-sensitive Notch mutant, results in
substantially more cardioblasts, pericardial cells and lymph gland progenitors.
Reducing Notch function between 8h and 10h causes an excess of cardioblasts and a
concomitant loss of pericardial cells, reflecting a crucial function of Notch for cell fate
specification (Hartenstein et al., 1992; Mandal et al., 2004). In embryos carrying a
deficiency for Notch (Df(1)N81K1), the number of heart cells is strongly increased,
pericardial cells are missing, and cardioblasts fail to assemble into a regular tube
(Hartenstein et al., 1992), reflecting a combined effect on cell number and cell fate
(Mandal et al., 2004).

Hypertrophy of cardioblasts was also reported by Tian et al., who used Nts-1/
Df(1)N81K1 embryos (Tian et al., 2004), but in this case the number of pericardial
cells was reported as being normal. These studies have shown that Notch is required
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in the dorsal mesoderm (stage 11-12) to regulate the initial commitment of cells to the
cardioblasts and pericardial cell fate, but also to regulate the choice between the
cardioblast and pericardial fate. In addition, Han and coworkers propose a biphasic
recruitment of Notch signalling in heart development (Han and Bodmer, 2003). First,
Notch is needed during lateral inhibition for selecting heart precursors in a field of
equally competent cells within the dorsal mesoderm, which essentially covers the
function of Notch described above. Second, Notch is involved in asymmetric cell
division giving rise to specific heart progenitors. The second requirement of Notch is
restricted to those heart cells that arise from asymmetric cell division (Ward and
Skeath, 2000; Alvarez et al., 2003; Han and Bodmer, 2003), in conjunction with
additional components of the asymmetric cell division machinery, including Sanpodo,
Numb and Inscuteable (Park et al., 1998; Su et al., 1999; Ward and Skeath, 2000;
Alvarez et al., 2003; Han and Bodmer, 2003; Popichenko and Paululat, 2004).

Previous reports have shown that the Notch receptor is a main substrate of Kuzbanian
(Rooke et al., 1996; Pan and Rubin, 1997; Sotillos et al., 1997; Lieber et al., 2002).
Proteolytic cleavage of the membrane anchored Notch receptor is interrupted in the
absence of Kuzbanian, which finally results in inactivation of Notch signalling (Pan
and Rubin, 1997; Lieber et al., 2002). Thus, the observed heart phenotype of the
identified EMS-induced kuzbanian alleles is caused by interruption of Notch signalling
in the cardiac primordium, respectively. Therefore, a similar phenotype of kuzbanian,
mastermind and Notch mutant embryos is expected. Indeed, the five kuzbanian and
the three mastermind EMS alleles identified in our screen for heart mutants as well as
the previously described kuzbanian alleles kuz3 and kuz29-4 exhibit cardiac
malformations resembling particular aspects of cardiac defects described for Notch
mutants. The phenotypes are not completely identical, which can be explained by the
maternal product that masks most of the very early recruitments of Kuzbanian.
Indeed, Rooke and colleagues have shown that embryos lacking any maternally
derived Kuzbanian product and contain no zygotic copies of kuzbanian have a early
neurogenic phenotype, which is even more severe than strong Notch phenotypes
(Rooke et al., 1996). Therefore we assume that the zygotic kuzbanian mutants reflect
a later requirement of Kuzbanian, manifested in the cardiac mesoderm when the
maternal product is diminished in this tissue. The cardiac mesoderm develops as
cardioblasts to the expense of pericardial cells (and lymph gland cells) in kuzbanian
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mutant embryos. We postulate that Kuzbanian plays a dual role during cardiogenesis,
first for the selection of cardiac progenitors during Notch dependent lateral inhibition
and second for cell fate specification during Notch dependent asymmetric cell
division. This explains the strong excess of all subtypes of heart cells and the
significant loss of pericardial cells. The excess of cardioblasts firstly arises, because in
the absence of Notch dependent lateral inhibition too many progenitors are selected
within the dorsal mesoderm. This phenotype is further enhanced in later development
when remaining pericardial cells (those that arise from the asymmetric lineage) are
transformed into cardioblasts as a consequence of an abrogated Notch-dependent
asymmetric cell division. This explains why the hyperplasia of the heart is more
prominent in segments A2-A8 than in T3 to A1, because the anterior cardioblasts
arise from symmetric cell divisions only (Ward and Skeath, 2000; Alvarez et al., 2003;
Han and Bodmer, 2003). If conversion of the pericardial cell fate into the cardioblast
cell fate takes place, it occurs in the posterior heart lineage, resulting in a stronger
hyperplasia in this heart region as seen in kuzbanian mutant embryos.

Our model predicts that Kuzbanian is essential for heart development by effecting
Notch signalling, which is further supported by the fact, that we retrieved another key
component of Notch signalling from our screen, based on a nearly identical
phenotype. We found three alleles of the mastermind gene, which encodes a
downstream effector of the Notch signalling pathway. Mastermind was previously
isolated in various screens as a modifier of Notch signalling and acts on the molecular
level via a direct interaction to the ankyrin repeats of the intracellular form of Notch
(Wu et al., 2000; Giraldez et al., 2002; Hall et al., 2004). As in kuzbanian, we observe
in mastermind mutant alleles a strong excess of cardioblasts and a reduced number
of pericardial cells (table 1, see also (Hartenstein et al., 1992).

Interestingly, mutations in another component of Notch signalling pathway reveals a
slightly different phenotype. liquid facets, which encodes a Drosophila Epsin
orthologue, is reported to be responsible for endocytosis and trafficking of the Notch
ligand Delta in the signalling cell. liquid facets homozygous embryos reveal a
hyperplasic heart, but a normal number of pericardial cells. The excess of cardioblasts
in liquid facets arises due to a preferential expansion of the tinman expressing
subtype of cardioblasts (which arise from symmetric cell division), whereas the
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number of seven-up expressing cardioblasts (which arise from asymmetric cell
division) is normal. Moreover, the additional cardioblasts presumably develop at the
expense of fusion competent myoblasts from the dorsal mesoderm (Tian et al., 2004).
In contrast, in kuzbanian embryos both cell types of the heart, the tinman and the
seven-up expressing cardioblasts contribute to the hyperplasic heart (table 1, Fig. 3).
One explanation could be that Kuzbanian, as postulated above, is required for
selecting heart progenitors during lateral inhibition and for Notch dependent
asymmetric cell division, whereas Liquid facets might be crucial for Notch dependent
lateral inhibition only, which occurs earlier than asymmetric cell division. It should also
be mentioned that Liquid facets is reported to be critical for endocytosis and trafficking
of Delta in the signalling cells, whereas Kuzbanian is crucial not only for proteolytic
processing of Notch, but presumably also for processing Delta as well. As for
kuzbanian, maternal contribution of liquid facets likely masks some requirements of
this molecule and hampers a direct comparison of the zygotic phenotypes (Tian et al.,
2004).

3.4. Heart morphogenesis in kuzbanian
Morphogenesis of cardiac cells is not very well understood so far. After specification,
cardioblasts align bilaterally along the a-p axis and migrate together with the
overlaying ectoderm towards the dorsal midline. During this process, all cardioblasts
become flattened, polarized cells (Rugendorff et al., 1994; Chartier et al., 2002).
Rugendorff and colleagues found that the heart lumen is formed when the trailing
edges of the cardioblasts of either side bend around and contact each other at the
dorsalmost position (Rugendorff et al., 1994).

Recently, a growing number of genes controlling morphogenesis of cardioblasts was
identified. Among these, cell adhesion molecules play a pivotal role during the
alignment of cardioblasts (Faint sausage), adhesion of opposing cardioblasts and
lumen formation (Ecadherin), and maintenance of the normal heart morphology at late
embryonic stages (Laminin A) (Haag et al., 1999). For the alignment and migration of
cardioblasts towards the dorsal midline, the Toll receptor acts as a critical cell
adhesion component (Wang et al., 2005). The Drosophila type IV collagen-like protein
Pericardin is a crucial factor for the alignment of cardioblasts and the formation of an
organized heart epithelium (Chartier et al., 2002). The polarity of cardioblasts is a
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prerequisite to form the organized heart tube. Recently it was shown that the T-box
transcription factor neuromancer (Nmr1/H15 and Nmr2/Midline) is required for
establishing the polarity of heart cells, most likely by regulating genes that are
responsible for the transition of an unpolarized cardioblast progenitor into a flattened
polarized cardioblast (Miskolczi-McCallum et al., 2005; Qian et al., 2005a; Reim et al.,
2005). A number of studies have shown that Kuzbanian/ADAM10 plays a role in
cell-cell communication and cell adhesion. For example, ADAM10 binds Ephrin2A, a
protein with a role in neuronal repulsion (Hattori et al., 2000), is necessary for
shedding EGFR ligands (Sahin et al., 2004) and is involved in cleavage of N-cadherin
and regulation of cell-cell adhesion (Reiß et al., 2005). In Drosophila, Kuzbanian
mediates the transactivation of EGF receptor as shown by in vivo studies (Yan et al.,
2002). Moreover, Kuzbanian is involved in the repulsive guidance system in the CNS
and presumably mediates the proteolytic activation of the Slit/Roundabout receptor
complex as shown by genetic interaction studies (Schimmelpfeng et al., 2001).
Interestingly, the Slit/Robo signalling pathway plays a pivotal role in polarity and
morphogenesis control of cardioblasts as well (Qian et al., 2005b), pointing to the
possibility that one of these molecules might be a substrate for Kuzbanian.
Nevertheless, it remains to be clarified if the described effects on heart cell
morphology are primarily due to the absence of Kuzbanian function or occurs as a
secondary consequence of Hyperplasia.

In this paper we have shown that kuzbanian (ADAM10) plays an essential role in heart
development. Members of the vertebrate ADAM gene family are also known to be
critical for cardiogenesis. Interestingly, mice lacking ADAM17 exhibit a cardioblast
proliferation phenotype as well, besides other defects, indicating a conserved function
of ADAM proteins in heart development. Here we discuss a model for kuzbanian
function in Notch signalling, which can fully explain the observed phenotype in mutant
embryos. Nevertheless, we assume that Kuzbanian might have additional functions,
e.g., as a sheddase on unknown substrates in the cardiac mesoderm, which has to be
proven in future studies.
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4. Experimental Procedures
4.1. Drosophila strains
Oregon R was the wild type used. kuz3, kuze29-4, kuz1403, UAS-KuzDN,
Df(2R)CX1, Df(2R)BSC18, mam8, 24B-Gal4 and CyO-ActGFP were obtained from
Bloomington Stock Center (stock numbers 3653, 5804, 10505, 6578, 422, 6516,
1596, 1767, 4533). svp-lacZ is an enhancer trap insert in the seven-up gene (Mlodzik
et al., 1990). hand-GFP is a reporter line made in our laboratory (Sellin et al., in
press). The collection of EMS-induced mutant alleles was generated in the laboratory
of Christian Klämbt, Münster, Germany (Hummel et al., 1999a; Hummel et al., 1999b).
Gene misexpression was achieved with the UAS-Gal4 system using the following
driver lines: twi-Gal4 (from A. Michelson), tin-cΔ4-Gal4 (from M. Frasch) and
hand-Gal4 (our laboratory).

4.2. Immunocytochemistry of whole-mount embryos
Processing and immunostaining of whole-mount embryos for ß-galactosidase was
done following standard protocols, using the Vectastain Elite ABC Kit (Vector). A
monoclonal anti-ß-Galactosidase primary antibody (Promega-Z378A) was used at a
1:2000 dilution. As primary antibodies we used anti-ß3Tubulin at 1:1500 (Leiss et al.,
1988), anti-Mef2 at 1:500 (Bour et al., 1995), anti-Eve at 1:3000 (Frasch and Levine,
1987), anti-Tin at 1: 500 (Bodmer, 1993), anti-Zfh1 at 1:1500 (Lai et al., 1991),
anti-Odd at 1:500 (Ward and Coulter, 2000), anti-Mab3 at 1:5 (Yarnitzky and Volk,
1995) and anti-Lbe at 1:30 (Jagla et al., 1997). Mouse anti α-Spectrin (1:5) and mouse
anti-Wg (1:4, TSA amplification kit) was from Hybridoma Bank, University of Iowa.
Rabbit anti-GFP and mouse anti-GFP was obtained from Abcam (ab6556) and
Invitrogen. All secondary antibodies were used at 1:200 (Dianova).

4.3. Complementation tests
We identified eight EMS-induced embryonic lethals exhibiting a cardiac hypertrophy
phenotype. They fall into two complementation groups, which were further
characterized. The first group includes the three EMS-alleles J1-202, J2-202 and
S2-29. A systematic complementation analysis with S2-29 and deficiencies for the
second chromosome reveals, that S2-29 fails to complement the deficiencies
Df(2R)CX1 with breakpoints at 49C1—4 and 50C23--D1 and Df(2R)BSC18 with
breakpoints at 50D1 and 50D2--7. Both deficiencies remove the mastermind gene.
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We found that S2-29 is allelic to a characterized mam allele (mam8); therefore we
concluded that the newly identified heart mutants J1-202, J2-202 and S2-29 belong to
the same complementation group and represent new mam alleles. The second
complementation group includes the five EMS-alleles F2-16, J2-11, P2-108, R1-4 and
S5-65.

These EMS-mutant lines were identified as being kuzbanian-alleles (Schimmelpfeng
et al., 2001). As expected, a complementation analysis of the five EMS alleles and two
kuzbanian alleles generated independently, kuz3 and kuz29-4 (Rooke et al., 1996),
showed, that all lines are allelic to each other.

4.4. Identification of kuzbanian mutants
kuzbanian (kuz) mutants were identified by sequence analysis. Genomic DNA from
heterozygous and/or selected homozygous flies was prepared, and sequence
analysis was carried out. Point mutations in the kuzbanian gene were identified from
double peaks in the sequencing trace, and this was subsequently confirmed by
cloning into the TOPO vector (Invitrogen) followed by further sequence analysis.
These sequences showed single peaks in the sequencing trace, corresponding to
either mutant or wild-type DNA. We detect a single point mutation at a
splice-donor-site in the 4th intron in the R1-4 allele. To further proof the existence of
this mutation, we amplified a cDNA from R1-4 RNA that contains the expected
unspliced 68 bp intron. The amplicon was cloned and sequenced and a point mutation
was detected at the predicted position.

4.5. Histological analysis of kuzbanian mutant embryos
Embryos were stained with anti-ß3Tubulin antibody (made in rabbits) at 1:1000 and
kept in PBS buffer. Stage 16 to stage 17 kuzbanian mutant and wildtype embryos
were individually selected under a dissecting microscope. The embryos were
transferred into an Eppendorf cup and PBS was stepwise replaced by liquid 0.8 %
agarose at 50 °C (agarose in PBS). After cooling down to room temperature and
hardening, the agarose pieces were dehydrated through a graded series of ethanol
(each incubation took 15 min) into 100% ethanol, repeating the last step 3 times.
Afterwards the agarose pieces were washed two times with Technovit 8100 (Kulzer,
Germany). Finally, the embryos were incubated overnight in Technovit 8100. The
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agarose pieces were trimmed and used for embedding in Technovit 8100, following
the manufacture’s protocol with a few modifications. Sections of four μm each were
performed on a crank microtome (Leitz, Wetzlar, Germany) and collected on
microscopic slides coated with poly-L-lysin (Sigma, Germany). After drying overnight
at 37°C, sections were counterstained with 1% eosin in aqua dest. (Romeis, 1968)
and mounted in DPX (Fluka, Germany).

4.6. Electron microscopy
Embryos were dechorionated, fixed in 12.5 % glutaraldehyde in PBS and heptane for
20 minutes, then placed on double-side tape and devitellinized by hand. Embryos
were

further prepared

for

transmission electron microscopy as described

(Hartenstein, 1988; Rugendorff et al., 1994). The allele we used was kuz 3.
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3.2. Abstract of the publication 2 (Review)

Drosophila metalloproteases in development and differentiation: the role of ADAM
proteins and their relatives.
Meyer H, Panz M, Albrecht S, Drechsler M, Wang S, Hüsken M, Lehmacher C, Paululat A.
Eur J Cell Biol. 2011 Sep; 90(9):770-8.

ADAM metalloproteases are membrane bound glycoproteins that control many
biological processes during development and differentiation, mainly by acting as
ectodomain sheddases. The Drosophila genome contains five genes that code for
classical ADAM proteins which are characterized by a highly conserved domain
structure with the respective catalytic domains facing the extracellular space. More
than 50 genes encode related proteins such as those that have lost their primary
enzymatic activity while retaining, e.g., their adhesive properties. The physiological
relevance of many Drosophila ADAMs and their relatives is still unknown, however for
others, a striking role during organogenesis and tissue maintenance has been
demonstrated during the last few years. We have carried out genetic screenings
combined with candidate approaches, aiming to identify new components involved in
cardiogenesis and muscle differentiation. Herein we summarize our results with a
particular focus on metalloproteases with known or potential roles in tissue
differentiation.
Contributions to paper 2 (Review):
- Mapping and characterisation of pavarotti mutants;
- Mapping and characterisation of a racGAP50c mutant;
- Mapping and characterisation of a patched mutant.
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ABSTRACT
ADAM metalloproteases are membrane bound glycoproteins that control many
biological processes during development and differentiation, mainly by acting as
ectodomain sheddases. The Drosophila genome contains five genes coding for
classical ADAM proteins which are characterized by a highly conserved domain
structure with the respective catalytic domains facing the extracellular space. More
than 50 genes encode related proteins such as those that have lost their primary
enzymatic activity while retaining, e.g., their adhesive properties. The physiological
relevancies of many Drosophila ADAMs and their relatives are still unknown, for
others, a striking role during organogenesis and tissue maintenance has been
demonstrated during the last years. We have carried out genetic screenings
combined with candidate approaches, aiming to identify new components involved in
cardiogenesis and muscle differentiation. Herein we summarize our results with a
particular focus on metalloproteases with known or potential roles in tissue
differentiation.
INTRODUCTION
The architectural simplicity of the insect heart, the availability of molecular genetic
tools, and the possibility of visualizing cardiogenesis and cardiac function in living
animals have proven the Drosophila heart to be a valuable model for understanding
principle mechanisms of organogenesis. Many regulatory cascades and signaling
pathways act similarly in fly and vertebrate cardiogenesis and thus the insect system
has great impact on our current knowledge of human heart development and cardiac
malfunctions (Ocorr et al., 2007; Taghli-Lamallem et al., 2008; Wessells and Bodmer,
2007; Zaffran and Frasch, 2002). Since our research on metalloproteases aimed at
identifying components being critical for cardiogenesis, we briefly summarize the key
events taking place during Drosophila heart formation. The heart differentiates during
embryogenesis with pumping activity starting shortly before hatching of 1 st instar
larvae. At this time, the Drosophila heart consists of at least three major cell types with
distinct functions: cardiomyocytes, pericardial cells and so-called alary muscles,
which suspend the heart tube towards the body wall. Exactly 104 cardiomyocytes
build the heart tube and provide contractility that forces hemolymph streaming into the
body cavity of the animal. Hemolymph, the blood of insects, enters the heart lumen
through specific openings formed by ostia cells - a subtype of cardiomyocytes - and
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leaves the heart anteriorly through an outflow tract (Molina and Cripps, 2001;
Zmojdzian et al., 2008). The sarcomeres of the cardiomyocytes are orientated
circularly, which allows diastolic and systolic contractions and thereby pumping
activity. The larval heart is accompanied by pericardial cells that play an important role
in detoxification and heart physiology (Das et al., 2007; Weavers et al., 2008). The
progenitors of the wing hearts also originate from a distinct embryonic population of
pericardial cells (Tögel et al., 2008). An additional major component of the fly
circulatory system consists of seven pairs of alary muscles located symmetrically
along the heart in a segmental arrangement. They attach dorsally to the heart tube
and suspend the heart to the body wall (Bate and Martinez Arias, 1993; Curtis et al.,
1999; LaBeau et al., 2009). The role of alary muscles for heart integrity and
functionality however is not yet fully understood. In the adult fly, longitudinal muscles
located at the ventral side of the heart tube may help to stabilize the architecture of the
heart upon body movement (Shah et al., 2011). Fig. 1 illustrates the overall
architecture of the Drosophila heart with its different components. Cross sections
through embryonic, larval, pupal and adult hearts visualize the increasing diameter of
the heart lumen and the morphological changes that cardiomyocytes undergo in the
course of differentiation.

RESULTS AND DISCUSSION
EMS screen for genes crucial for heart differentiation
Genetic screening approaches are one of the most powerful techniques available in
the Drosophila system. As recently summarized, they have led to the identification of
several proteins, e.g., transcription factors and signaling components, displaying
essential functions in cardiogenesis (Reim and Frasch, 2010). In order to identify new
genes involved in cardiogenesis and muscle differentiation, we previously have
screened a collection of EMS-induced embryonic lethal mutants carrying mutations on
the 2nd and 3rd chromosomes, respectively (Albrecht et al., 2006). While this collection
was preselected for neuronal phenotypes (Hummel et al., 1999), several genes with
crucial roles in processes other than neurogenesis have already been identified. For
instance, screening this collection with markers visualizing the visceral mesoderm
revealed an important role of Huckebein (Wolfstetter et al., 2009) and Jelly belly and
Alk (Stute et al., 2004) for the differentiation of visceral muscles. Essential genes
crucial for myoblast fusion have also been isolated from this collection, e.g., the
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Wiskott-Aldrich-Syndrome Protein encoding gene wasp (Schäfer et al., 2007) and the
kette gene, which codes for an Actin-regulator (Schröter et al., 2004). Using an
antibody

against

β3Tubulin,

which

labels,

amongst

other

cells,

the

four

tinman-expressing cardiomyocytes of each abdominal hemisegment and second
round screening with anti-Mef2, that stains all nuclei of heart tube forming
cardiomyocytes,

we

identified

mutants

displaying

different

types of

heart

malformations. Mapping several of these mutations discovered new alleles of genes
involved in different cardiogenic pathways (Fig. 2). One category of heart mutants
comprised animals being characterized by the failure to form a linear single cell wide
row of cardiomyocytes, although the total number of cardiomyocytes is not changed.

55

Results
Fig.1
(A) Triple staining for different heart tube constituting components visualizes the overall architecture of
rd

the heart of a Drosophila 3

instar larva. Actin filaments in somatic muscles, alary muscles and

cardiomyocytes are stained by phalloidin (red). The nuclei of all cardiomyocytes and pericardial cells
are visualized by handC-GFP in green (Sellin et al., 2006). The distribution of the collagen Pericardin,
detected by an anti-pericardin antibody (EC11, DSHB, Iowa, U.S.) is shown in white.
Transmission electron micrographs of cross sections through the dorsal vessel of an embryo (B), a
third larva (C), a pharate pupa (D) and an adult fly (E) illustrate the significant changes in cell shape
and heart lumen diameter taking place after embryogenesis. A bundle of longitudinal muscles is located
at the ventral side of the dorsal vessel. The inset in C is a copy of B at same scale to illustrate the
dimensions of the heart diameter. Specimens were prepared for TEM analysis as described
(Lehmacher et al., 2009; Tepass and Hartenstein, 1994).

In these animals, contrary to wildtype, the cardiomyocytes in both bilateral primordia
appear in blocks of four cells arranged in a square like manner. Complementation
analysis revealed that this phenotype is caused by mutations in genes known to be
involved in cytokinesis. The EMS-induced allele O1-051 (Fig, 2B and Albrecht et al.
2006) failed to complement the pavarotti allele pavB200. A second mutant (H1-201)
displaying a similar phenotype failed to complement a deletion allele uncovering
RacGAP50c (Fig. 2C). Another group of mutants shows a disorganized heart with
gaps along the heart tube and cardiomyocyte alignment defects. One of these lines,
L2-117, turned out to be a new patched allele (allele used for complementation
analysis was ptc7) (Fig. 2D and Albrecht et al. 2006). A third group discovered in our
screen included mutants displays asymmetric cell division phenotypes similar to
those, which were previously described for the multiadapter protein Inscuteable
(Popichenko and Paululat, 2004). Complementation analysis revealed that the
EMS-induced allele L2-135 represents a sanpodo allele (Fig. 2E). One mutant allele
(O3-005) was selected due to an absence of a continuous heart tube. A few
cardiomyocytes appear to be specified but fail to localize at correct positions. This
mutant turned out to be allelic to tinman (allele used for complementation analysis
was tinEC40). Rescreening of some of the potentially interesting heart mutants with an
antibody that recognizes a collagen identified a mutant revealing a reduced
expression and mislocalization of ECM components (Fig. 2F). The molecular
characterization of this mutant is currently under way (Wang et al., in preparation).
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Fig.2
Several alleles displaying severe or milder heart malformations were discovered in our screen. (A)
shows a stage 16/17 wildtype embryo stained for β3 Tubulin (red) and Even-skipped (Eve, green). Eve
labels a subset of 2 out of 10 pericardial cells per abdominal hemisegment. B and C show embryos with
cytokinesis defects. The four tinman-expressing cardiomyocytes, here labeled with anti β3 Tubulin
(red), are not correctly aligned in a single cell wide row on each bilateral half of the heart primordium.
The four cells frequently form two pairs orientated perpendicular to the a-p axis of the heart. The
identified mutants represent a pavarotti allele (B) and a RacGAP50C allele (C), respectively. In patched
mutants (D) cardiomyocytes tend to clumb. A normal, fully extended heart is not formed. sanpodo
mutants (E) display defects in asymmetric cell division, which results in the absence of those
cardiomyocytes that form the ostia cells. Mislocalization of collagen (anti Pericardin staining) was seen
in allele S4-50 (compare F´(wildtype) with F´´(mutant)). We discovered mild defects in heart tube
formation in frazzled mutants (G). The bilateral rows of cardiomyocytes are not correctly aligned.
kuzbanian mutant embryos (H) display a severe overproliferation of cardiomyocytes to the expense of
pericardial cells (Albrecht et al., 2006)

-E, G

and H), a subset of pericardial cells is stained in green with anti-Eve (A, B and H).

Interestingly, we also singled out a frazzled allele with cardiomyocyte alignment
defects (Fig. 2G). This prompted us to elucidate the role of the Uncoordinated 5
(Unc5)/Netrin/Frazzled receptor-ligand pathway for cardiogenesis. It has been shown
recently that proteins such as Slit and Robo1/Robo2, which act as attractant and
repellent cues, play an important role in the formation of the Drosophila heart lumen
(MacMullin and Jacobs, 2006; Medioni et al., 2008; Qian et al., 2005;
Santiago-Martinez et al., 2006; Santiago-Martínez et al., 2008). In addition to this
pathway, we found an essential requirement for the repulsively active Unc5
transmembrane receptor in the facilitation of tubulogenesis in the dorsal vessel of
Drosophila. This facilitation occurs apparently in conjunction with NetrinB (NetB).
Unc5 is localized at the luminal membrane of cardiomyocytes and animals lacking
functional Unc5 protein fail to form a proper heart lumen (Albrecht et al., in press). In
contrast to the Robo/Slit pathway however, Unc5/NetB seem to act independently of
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other known molecules relevant for heart lumen formation. Experiments using
transheterozygous animals mutant for either one copy of unc5 and shg or unc5 and
slit did not reveal any genetic interactions, which indicates that Unc5/NetB and
Robo/Slit are acting in independent pathways during cardiogenesis. We found that the
determination of apical membrane compartments and the adhesion of contra-lateral
cardioblasts are not affected in unc5 mutants. Therefore it is conceivable, that in
addition to a change in cell shape (regulated by Robo and Slit), the luminal membrane
domain of the cardiomyocyte has an own repulsive property, which ultimately leads to
the formation of a lumen. If so, it could be concluded that the Robo/Slit pathway is
essential for establishing adhesive and non-adhesive membrane compartments and
correct cell shape changes, whereas the Unc5/NetB pathway is necessary to regulate
the dynamic changes of the luminal membrane domains, thereby allowing lumen
formation (Fig. 3). It should be mentioned, that we failed to identify slit and robo
mutants in our screen, although several alleles of both genes exist in the collection
(Schimmelpfeng et al., 2001). There are two possible reasons for this; firstly,
individual mutations, either in robo1 or robo2, do not display significant heart defects.
As recently shown, only double mutants (robo1, robo2) exhibit remarkable
malformations of the tissue (MacMullin and Jacobs, 2006; Medioni et al., 2008; Qian
et al., 2005; Santiago-Martinez et al., 2006; Santiago-Martínez et al., 2008).
Therefore, mutations in only one of the respective genes remain undetectable in our
screen. Secondly, mutations in the slit gene result in luminal defects that can not be
seen with the markers we have used, e.g., 3-Tubulin and handC-GFP. To detect
components crucial for heart tube tubulogenesis, membrane-bound GFP or an
antibody that stains the luminal membrane of cardiomyocytes is required. A large
excess of myocardial cells characterizes a further major group of mutants isolated in
our screen. It turned out that these alleles fall into two complementation groups
representing three mastermind and five kuzbanian alleles (Fig. 2H and Albrecht et al
2006). Kuzbanian belongs to the ADAM (A Disintegrin And Metalloprotease) family of
metalloproteases and the role of this class of proteins in organogenesis is reviewed in
more detail in the following chapter.
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Fig. 3
The upper panel shows the migration of the bilateral heart primordial towards the dorsal midline that
occurs during embryogenesis. Heart cells are visualized by the expression of handC-GFP. The pictures
were taken from a time lapse movie. For each time point, starting from stage 13/14 up to stage 16, a
stack of confocal images was merged. The lower panel shows a schematic representation of
tubulogenesis taking place during heart formation. Each cartoon corresponds to a cross-section of the
developmental phase shown in the handC-GFP embryo above. Myoblasts meet their contralateral
counterparts at a distinct dorsal adherens zone, bend around, and form a lumen by sealing the ventral
membrane compartments.

ADAM proteins and organogenesis
ADAM proteins are characterized by a highly conserved domain organization that
generally includes a prodomain, the metalloprotease domain, a disintegrin-like
domain, a cysteine rich (ACR) domain, an epidermal growth factor (EGF)-like domain,
a transmembrane domain and a cytoplasmic domain (Weskamp and Blobel, 1994;
Wolfsberg et al., 1995). Protein families being related to ADAM proteins in part share
this organization; however, their members generally also harbor characteristic protein
domains being distinct from those identified in ADAMs. The ADAM-TS family for
instance includes proteins that contain a variable number of thrombospondin (TS)-like
repeats instead of disintegrin and cysteine rich domains (Fig. 4). A phylogenetic
analysis of Drosophila ADAM proteins and some selected relatives belonging to the
M10, M12A, M12B and M13 families of metallopeptidases, showing the relationship of
the proteins to each other, is depicted in Fig. 5. Regarding the physiological functions
of the individual domains being characteristic for ADAM proteins, the metalloprotease
domain is attributed to a process known as ectodomain shedding. This proteolytic
cleavage at cell surfaces releases ectodomains of membrane proteins from the
plasma membrane and holds important roles in development and disease since many
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of the cleaved substrates are proteins that are essential for these processes, e.g.
growth factors, cytokines, receptors or adhesion proteins (Blobel, 2005). The
relevancies of the remaining ADAM domains however are not understood that clearly.
While the prodomain is considered to be involved in protein folding and in the
regulation of activity (Suzuki et al., 1998), the intracellular domain is apparently
required for proper trafficking of the proteins (Cao et al., 2002). The disintegrin-like
domain on the other hand is known to interact with integrins, thereby mediating cell
adhesion (Zolkiewska, 1999) and the ACR domain was reported to be involved in
homo-oligomerization (Meyer et al., 2010). With respect to Kuzbanian, the zygotic
loss of the active form of the protein results in a dramatic excess of cardiomyocytes in
the Drosophila heart, which affects all subtypes of these cells, e.g., the tinman and the
seven-up expressing cells. This hyperplasic appearance is accompanied by a loss of
pericardial and lymph gland cells. Based on this observation, a functional role for
Kuzbanian during Notch dependent lateral inhibition within the early cardiac
mesoderm and a later function during asymmetric cell division in heart cell lineages
was proposed. In addition to these phenotypes, kuzbanian mutants were furthermore
reported to show a misarrangement of the heart cells combined with cell morphology
defects. Specification and initial differentiation of the heart cells on the other hand was
apparently not affected, as shown by the expression of genes that label specific cell
types in the heart and the formation of lumen-like structures (Albrecht et al., 2006).
The Kuzbanian protein represents the functional homologue of vertebrate ADAM10
and is a member of the family of ADAM proteins, which belongs to the superfamily of
metzincins and consists of type 1 transmembrane glycoproteins. While in Drosophila,
in addition to Kuzbanian, four other closely related ADAM proteins are known
(Dm-Kuzbanian-like, Dm-TACE, Dm-Mind meld, Dm-Meltrin, see Fig. 4), for none of
them a potential role in embryonic heart formation has been reported so far.
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Fig. 4
Domain structures of Drosophila ADAM proteins, neprilysins and some of their relatives belonging to
the M10, M12A, M12B and M13 families of metallopeptidases. All proteins belonging to the depicted
families harbor a metalloprotease domain, which, in the majority of cases, contains a characteristic zinc
binding motif. In contrast to ADAM proteins which contain pro, metalloprotease, disintegrin,
cysteine-rich, epidermal growth factor (EGF)-like, transmembrane (TM) and cytoplasmic domains,
ADAMs with thrombospondin (TS)-like repeats (ADAM-TS) lack some of these domains and rather hold
a variable number of TS-like repeats. Matrix metalloproteases (MMPs) contain a hemopexin domain
and are usually secreted into the extracellular space, however, some of these enzymes, the
membrane-type MMPs (MT-MMPs), are membrane associated and a number of these exhibit
cytoplasmic domains, which may be important in cellular signaling (Fillmore et al., 2001). The bone
morphogenic proteins (BMPs) belong to the MEROPS family of M12A peptidases and are
characterized by the presence of several CUB (complement C1r/C1s, Uegf, Bmp1) domains,
interspersed by calcium-binding EGF-domains (Blanc et al., 2007). Neprilysins are a family of M13
metalloendopeptidases that usually occur as type 2 integral membrane proteins with their active
domains facing the extracellular space. In individual cases however, secreted neprilysins have also
been reported (Meyer et al., 2009) (Thomas et al., 2005).

Nevertheless, valuable data regarding the involvement of ADAMs in this
developmental process have been raised for vertebrate proteins. Especially ADAM17

61

Results
and ADAM19, the human homologues of Dm-TACE and Dm-Meltrin beta,
respectively, are crucial for cardiovascular morphogenesis. In mice, ADAM 17 was
shown to be essential for cardiac valvulogenesis, presumably by releasing the EGFR
substrate HB-EGF from its integral membrane precursor, thereby activating EGFR
which in turn is considered to modulate bone morphogenic protein signaling (Jackson
et al., 2003). Mice lacking functional ADAM17 were reported to die at birth with
markedly enlarged fetal hearts exhibiting increased myocardial trabeculation and
reduced cell compaction. In addition, an increase in cardiomyocyte cell size,
combined with enhanced cell proliferation was observed in heart ventricles of the
respective knockout mice (Shi et al., 2003). Another vertebrate ADAM that was
reported to be required for proper heart formation is murine ADAM19: animals lacking
this protein exhibit severe defects in cardiac morphogenesis, including a ventricular
septal defect, abnormal formation of the aortic and pulmonic valves and abnormalities
of the cardiac vasculature. Furthermore, most ADAM19(-/-) animals die perinatally,
apparently as a result of their cardiac defects (Komatsu et al., 2007; Kurohara et al.,
2004; Zhou et al., 2004).
In Drosophila, an analysis of the ADAM19 homologue Dm-Meltrin revealed that the
protein is presumably not involved in heart formation since it is not expressed in the
respective embryonic tissue. In the fly, meltrin mRNA is present mainly in the nervous
system. In late embryonic stages, meltrin expression diminishes, which was
considered as an indication for a function of the protein in the development of the
respective tissue rather than in its physiology (Meyer et al., 2010). Unfortunately, up to
now no Meltrin loss of function phenotype has been reported in Drosophila. This
rather unsatisfying fact may be due to redundant or compensatory functions of ADAM
proteins that were demonstrated for the first time with respect to murine ADAM17 and
ADAM19, where mice lacking both proteins revealed exacerbated defects in heart
development compared to animals lacking either ADAM (Horiuchi et al., 2005).
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Fig. 5
Maximum Likelihood (ML) tree (lnL= -61721.3) of Drosophila ADAM proteins, neprilysins and some of
their relatives belonging to the M10, M12A, M12B and M13 families of metallopeptidases showing the
relationship of the proteins to each other. Only bootstrap values above 95 are given at the branches.
Scale bar indicates substitutions per position.
A ML analysis was used to reconstruct the phylogenetic relationship of the respective proteins. The
amino acid data set was aligned with the aid of MUSCLE . The most appropriate substitution model for
the ML analysis was BLOSUM62++F as determined based on the Akaike information criterion using
ProtTest

(Abascal et al., 2005). ML analyses were conducted with RAxML 2.7.6 (Stamatakis, 2006)

using 100 replicate searches starting from randomized Maximum Parsimony trees. Confidence values
for the edges of the best ML tree were determined based on 200 bootstrap replicates.

Neprilysins and heart function

In order to characterize metalloproteases required for proper heart and muscle
formation or function, we screened for proteins of this class with expression in these
tissues. We identified the metalloendopeptidase Neprilysin 4 (Nep4), which is, among
other tissues, expressed in the Even-skipped positive pericardial cells (EPCs) of the
embryonic heart as well as in cells forming the embryonic dorsal somatic muscles.
Neprilysins are type II membrane proteins consisting of a short N-terminal intracellular
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domain, followed by the transmembrane domain and a long extracellular region that
contains a canonical HExxH zinc binding motif (Fig. 4). In addition to this motif, a
second highly conserved consensus sequence (ExxA/GD), in which the glutamate
serves as the third zinc ligand, occurs in all neprilysin-like enzymes. For this reason,
they are categorized as gluzincins of the M13 peptidase family (Barrett et al., 1998).
The vast majority of proteins belonging to this family is located at the cell surface and
acts as ectoenzymes catalyzing the hydrolysis of numerous extracellular signaling
peptides. Members of this family have been identified in various different organisms
from prokaryotes to man but also in diverse tissues, e.g. the nervous-, the
cardiovascular- or the immune system, indicating an evolutionary conserved role for
neprilysin-like peptidases in the modulation of peptide signaling events (Turner et al.,
2001).
Contrary to other metalloproteases, structural analyses have revealed that the active
site of human Neprilysin is accessible only for oligopeptides of masses below 5 kDa,
which represents good evidence for the current view that neprilysin activity is
restricted to the cleavage of small extracellular peptides (Oefner et al., 2000).
However, while the substrate specificity is apparently broad, only few in vivo
substrates of neprilysins have been identified so far, primarily in mammals. These
physiological substrates include the amyloid-ß peptide involved in Alzheimer’s
disease (Iwata et al., 2001), enkephalins (Malfroy et al., 1978) and substance P
(Matsas et al., 1983). Furthermore, endothelins produced by the vascular endothelium
are processed by mammalian neprilysins (Murphy et al., 1994), which was also shown
to inactivate the atrial natriuretic peptide expressed by heart muscle cells
(Stephenson and Kenny, 1987).
With respect to Neprilysin 4 from Drosophila, we found that the protein is expressed in
two versions, a membrane bound isoform A and a soluble isoform B with the two
isoforms being present throughout the whole life cycle of the fly. Noteworthy, the
occurrence of a soluble neprilysin is quite unusual and similar solubility states have
been reported only in the case of a single member of the neprilysin family, known as
either SEP (secreted endopeptidase) in mouse (Ghaddar et al., 2000), MMEL2
(membrane metallo-endopeptidase-like 2) in human (Bonvouloir et al., 2001) or
Neprilysin 2 in rat and in Drosophila (Ouimet et al., 2000; Thomas et al., 2005).
However, in contrast to these enzymes that become soluble only after proteolytic
cleavage of a membrane bound precursor protein, Nep4B is apparently expressed in

64

Results
a soluble state as shown by the presence of isoform specific mRNAs (Meyer et al.,
2009). In addition to its presence in distinct heart and muscle cells, Nep4 was also
detected in the central nervous system (CNS), where expression of the enzyme starts
at early stage 14 in a certain set of glia cells (Fig. 6C, F, H), and persists in all
subsequent developmental stages, including adulthood. Noteworthy, Nep4 is also
considerably expressed in spermatocytes where the enzyme colocalizes with the
nucleus. This subcellular localization is quite distinct from the presence in the plasma
membrane that is obvious in all other tissues (Meyer et al., 2009) and unpublished
results), however a physiological relevance for nuclear localization of the protein has
not been reported yet.
Despite this observation, special attention was paid to the function of Nep4 in muscle
and heart cells during embryogenesis. Interestingly, in addition to a genomic element
that is responsible for driving Nep4 expression exclusively in the CNS (Meyer et al.,
2009), we identified an intronic sequence in the nep4 gene (Fig. 6) capable of driving
reporter gene expression that mimics the endogenous distribution of Nep4 specifically
in the EPCs and in muscle founder cells as confirmed by staining of nep4 mRNA and
Nep4 protein (Fig. 6B, E, G). Furthermore, this newly identified mesodermal enhancer
drives reporter gene expression in cardiomyocytes and muscles of the larval stages,
suggesting that Nep4 exerts its proteolytic activity also in cardiac and muscle tissue of
postembryonic stages. During embryogenesis, Nep4 is present in muscle founder
cells that contribute to the formation of pericardial cells. Pericardial cells expressing
the Even-skipped (Eve) protein are selected from the muscle founder cell cluster and
express Nep4 and Eve until the heart tube is completed in stage 17. As mentioned
above, pericardial cells, together with garland cells and lymph glands comprise a
subpopulation of cells referred to as nephrocytes. These cells are phagocytic and,
together with the Malpighian tubules, form the excretory system of insects (Crossley,
1985; Das et al., 2007; Weavers et al., 2008). In addition, it was recently shown that
heart function in Drosophila is likely to be modulated non-autonomously by secreted
molecules, e.g. signaling peptides, released from neighboring pericardial cells,
presumably from the EPCs (Buechling et al., 2009). Based on the distinct expression
of Nep4 in exactly these cells, the peptidase was proposed to be responsible for the
degradation of such signaling molecules sent from the pericardium to the dorsal
vessel (Meyer et al., 2009). However, except for the expression pattern no
experimental data supporting this assumption have been provided yet. Nevertheless,
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in invertebrates a variety of signaling peptides are known to be expressed in the
pericardium (Mercier et al., 1993; Stangier et al., 1986), with some of them being
capable of influencing heart functions (Johnson et al., 2000; Merte and Nichols, 2002;
Zornik et al., 1999). Since Neprilysin 4 is the only neprilysin-like enzyme and except
for Ance, Acer and Kuzbanian (Albrecht et al., 2006; Tatei et al., 1995; Taylor et al.,
1996) the only metallopeptidase known to be expressed in the Drosophila heart, it
appears quite conceivable that Nep4, similar to neprilysins of the vertebrate heart
(Harmer et al., 2002; Yanagisawa et al., 2000), affects heart development and
physiology by degrading and hence inactivating cardioactive signaling peptides.
In addition to Nep4, four other neprilysins are annotated in

Drosophila

(http://flybase.org) and over 20 genes encoding neprilysin-like proteins have been
discovered in the genome so far (Turner et al., 2001). To confirm transcription of the
five annotated neprilysins, we analyzed the expression of the respective mRNAs by
stage specific Northern blots. As shown in Fig. 7, transcripts of neprilysins 1-4 were
detected in all developmental stages with neprilysin 1 being expressed rather weakly
in embryos and neprilysin 3 being almost absent in adult flies. neprilysin 5 specific
transcripts could not be detected in any developmental stage, indicating that this
protein, if at all, is expressed only marginally in Drosophila. Despite the confirmed
transcription of at least four different neprilysins in Drosophila, in our hands distinct
and reproducible mRNA expression patterns could be obtained only for neprilysins 3
and 4 (Fig. 6). To date, the best-characterized Drosophila neprilysins are Neprilysin 2
(Nep2) and Neprilysin 4 (Nep4). For the other three relatives, only limited information
is available yet, however, at least in the case of neprilysin 1 (nep1), preliminary in situ
hybridization data are available at the Berkeley Drosophila Genome Project (BDGP,
http://www.fruitfly.org/cgi-bin/ex/insitu.pl). These data indicate expression of nep1
mRNA in the midgut, the tracheal system and the epidermis during embryonic stages.
In addition, potential expression in adult mushroom bodies has been inferred from
microarray data (Kobayashi et al., 2006).
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Fig. 6
Expression patterns of Drosophila neprilysins during embryonic development. nep1 mRNA is
presumably

expressed

in

the midgut,

the tracheal

system

and

the epidermis (BDGP,

http://www.fruitfly.org/cgi-bin/ex/insitu.pl). The nep2 expression pattern was published by Bland et al.
(2007). According to these data, nep2 mRNA is present in stellate cell progenitors of the caudal visceral
mesoderm and later in embryonic development also in growing Malpighian tubules. nep3 is strongly
expressed in the brain hemispheres and the ventral ganglion of late stage embryos (A). The validity of
this pattern was confirmed by immunostainings utilizing Nep3 specific antibodies (D, Meyer et al.,
unpublished). nep4 mRNA can be detected in even-skipped positive pericardial cells and in muscle
precursors (B) as well as in certain glia cells of the CNS (C). The same cells are labeled by a Nep4
specific antibody (E, F), thus confirming the respective in situ hybridizations. Subsequent to identifying
individual tissue specific enhancer elements, heart and muscle cell specific expression on one hand (G)
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and CNS expression of Nep4 on the other hand (H) can be visualized mutually exclusive. Regarding
Nep5, up to now no expression data have been reported. Inset: Schematic representation of the
Drosophila nep4 gene. The exon/intron structure is illustrated by blue boxes (exons), light blue boxes
(untranslated regions) and lines (introns). Translational start sites of the individual isoforms are marked
by arrows. The locations of the two DNA fragments capable of driving tissue specific reporter gene
expression in transgenic animals are indicated by green bars (Meyer et al., 2009 and unpublished).

With respect to the well-characterized Nep2 it is known that the protein is expressed in
a membrane bound state but can become soluble by proteolytic cleavage of the
membrane bound precursor protein. Apparently, the enzyme is capable of degrading
peptides belonging to the family of tachykinins and shows expression mainly in cyst
cells of adult testes, which renders a function in reproduction quite likely, as well as in
stellate cell progenitors of the embryonic caudal visceral mesoderm (Bland et al.,
2007; Thomas et al., 2005). Regarding Neprilysin 3, we could demonstrate that both,
the respective transcript as well as the protein, are strongly expressed in the
embryonic CNS, presumably in glia cells (Fig. 6A, D), which suggests a function in the
cleavage of certain neuropeptides (Meyer et al., unpublished). Concerning the last
member of the neprilysin family, Neprilysin 5 (Nep5), neither the expression pattern,
nor any data on physiological relevancies have been reported yet. Furthermore, as
mentioned above, in contrast to the remaining 4 neprilysins, the existence of nep5
mRNA could not be confirmed by Northern blot (Fig. 7).

Fig. 7
Stage specific mRNA expression of different neprilysins from Drosophila melanogaster visualized by
Northern blot. Transcripts of neprilysins 1, 2, 3 and 4 are detected in embryonic, larval (3rd instar), pupal
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and adult stages, respectively. neprilysin 2 specific riboprobes detect two distinct bands, presumably
corresponding to different splice variants. The application of neprilysin 5 specific probes does not result
in any detection, indicating a negligible expression of the corresponding mRNA. The bottom panel
shows part of the radiant red stained gel with ribosomal RNA (rRNA) visible to demonstrate the loading
of comparable RNA amounts (10 µg / lane) and the Northern blot was conducted as described in Meyer
et al. (2010).

Conclusions
While especially for some ADAMs, convincing data on protein functionality have been
raised in recent years, many questions concerning the developmental and
physiological functions of neprilysins but also of the majority of ADAM proteins still
remain to be addressed. This is especially true regarding possible redundant or
compensatory capabilities of the respective proteins. A major task in this issue will be
the phenotypic analysis of specific mutants and the identification of novel in vivo
substrates.
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3.3. Abstract of the publication 3 (Research Article)
GBF1 (Gartenzwerg)-dependent secretion is required for Drosophila tubulogenesis.
Wang S, Meyer H, Ochoa-Espinosa A, Buchwald U, Onel S, Altenhein B, Heinisch JJ, Affolter
M, Paululat A.
J Cell Sci. 2012 Jan 15;125(Pt 2):461-72.

Here we report on the generation and in vivo analysis of a series of loss-of-function
mutants for the Drosophila ArfGEF, Gartenzwerg. The Drosophila gene gartenzwerg
(garz) encodes the orthologue of mammalian GBF1. garz is expressed ubiquitously in
embryos with substantially higher abundance in cells forming diverse tubular
structures such as salivary glands, trachea, proventriculus or hindgut. In the absence
of functional Garz protein, the integrity of the Golgi complex is impaired. As a result,
both vesicle transport of cargo proteins and directed apical membrane delivery are
severely disrupted. Dysfunction of the Arf1-COPI machinery caused by a loss of Garz
leads to perturbations in establishing a polarized epithelial architecture of tubular
organs. Furthermore, insufficient apical transport of proteins and other membrane
components causes incomplete luminal diameter expansion and deficiencies in
extracellular matrix assembly. The fact that homologues of Garz are present in every
annotated metazoan genome indicates that secretion processes mediated by the
GBF-type ArfGEFs play a universal role in animal development.

Contributions to paper 3 (peer-reviewed Research Article):
- Mapping and characterisation of the gartenzwerg alleles garzS4-50 and garzMz667;
- Generation and characterisation of miscellaneous garz deletion mutants;
- Sequencing and verification of the garz alleles;
- Identification of the pericardial collagen secretion phenotype
- Identification of the tracheal clearance phenotype;
- Phylogenetic analysis of ArfGEFs;
- Preparation and evaluation of EM data;
- Entire fluorescence imaging;
- Quantification of the lumen diameters and lengths.
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Summary

Here we report on the generation and in vivo analysis of a series of loss of
function mutants for the Drosophila ArfGEF Gartenzwerg. The Drosophila gene
gartenzwerg (garz) encodes the orthologue of mammalian GBF1. garz is expressed
ubiquitously in embryos with significantly higher abundance in cells forming diverse
tubular structures such as salivary glands, trachea, proventriculus or hindgut. In the
absence of functional Garz protein, the integrity of the Golgi apparatus is abolished.
As a result, both vesicle transport of cargo proteins and directed apical membrane
delivery are severely disrupted. Dysfunction of the Arf1-COPI machinery caused by a
loss of Garz leads to perturbations in establishing a polarized epithelial architecture
of tubular organs. Furthermore, insufficient apical transport of proteins and other
membrane components causes incomplete luminal diameter expansion and
deficiencies in extracellular matrix assembly. The fact that homologues of Garz are
present in every annotated metazoan genome indicates that secretion processes
mediated by the GBF-type ArfGEFs play a universal role in animal development.
Running title: ArfGEF Gartenzwerg in Drosophila tubulogenesis

Keywords: ADP-ribosylation factor (Arf); COPI; extracellular matrix (ECM); guanine
nucleotide exchange factor (GEF); intracellular trafficking; lipid homeostasis;
membrane protein; secretory pathway; tubulogenesis
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Introduction
Tube formation in multicellular organisms depends on the ability of epithelial cells to
polarize and to form basal and apical membrane compartments de novo. During tube
maturation, the initially narrow lumen, formed by the apical domains of one or several
cells, is considerably expanded prior to becoming fully functional. While tube
formation and tube branching differ mechanistically between tubular organs (Andrew
and Ewald, 2010; Baer et al., 2009; Bryant and Mostov, 2008; Chung and Andrew,
2008; Strilic et al., 2010), epithelial polarization is common to all systems with the
orchestrated activity of the secretory pathway representing a prerequisite for
polarization. In addition to the delivery of proteins to distinct membrane
compartments, sorting machineries at the membrane are required that define e.g.
adhesive domains to mediate cell-cell contact between lumen forming cells and
luminal membrane regions established at the luminal surface. Correspondingly,
traffic from the Golgi apparatus to the cell surface was shown to be crucial for lumen
formation. In the Drosophila tracheal system that emerged as an important model to
study the molecular and cellular details of tubulogenesis, lack of e.g.
Sec24/Stenosis, a cargo-binding subunit of the COPII complex, causes a reduction
in luminal diameter, cell flattening and incomplete cuticle assembly (Förster et al.,
2010). The observed defects are cell-autonomous and the apical-basal cell polarity
remains unaffected in sec24 mutant animals. One major function of COPII is the
anterograde traffic of cargo from the ER to the Golgi, from which surface proteins are
further delivered towards the cell membrane via exocytic post-Golgi compartments
(Lee et al., 2004; Spang, 2009). COPI on the other hand plays a major role in
targeting and shuttling vesicles from the Golgi back to the ER for recycling purposes.
Nevertheless, components of the COPI complex are also essential for the formation
of epithelial tubes. Mutations in the Drosophila γ-COP, a central component of the
tetrameric subcomplex that forms the inner layer of a COPI vesicle, result in a
reduced luminal diameter of trachea (Grieder et al., 2008) but also of salivary glands
(Jayaram et al., 2008), another well proven model system for studying
tubulogenesis. Noteworthy, essentially all mutants identified so far that affect
assembly or function of the COPI or COPII complexes interfere with proper
tubulogenesis in multicellular organisms. ArfGEFs (ADP-ribosylation factor Guanine
nucleotide Exchange Factor) constitute a major class of proteins which turned out to
be key regulators of intracellular vesicle trafficking. As indicated by their names, they
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function as exchange factors for Arfs and play a central role in all eukaryotic cells by
controlling the GDP/GTP activation of small monomeric G-proteins (Gillingham and
Munro, 2007).
Arf proteins were first identified as cofactors for cholera-toxin A dependent
ADP-ribosylation of an adenylate cyclase subunit (Kahn and Gilman, 1986). Activation
of Arf1 by GTP-binding is mediated by a GBF-type (Golgi-specific Brefeldin
A-resistance factor) large ArfGEF. Activated Arf1 triggers the assembly of the COPI
complex and other downstream effectors. Depletion, drug-inhibition or RNAi-mediated
knockdown of the GBF-type Arf1-GEF Gea1/2 in budding yeast, of GNL1 in
Arabidopsis and of GBF1 in mammalian cell cultures, respectively, all lead to COPI
dispersal and malformation of the Golgi complex. This is accompanied by a
cargo-selective transport defect with a partial block of membrane protein transport
from or to the ER or early Golgi. In addition, selective endocytosis is also impaired
(Peyroche et al., 2001; Peyroche and Jackson, 2001; Richter et al., 2007; Sáenz et
al., 2009; Szul et al., 2005; Szul et al., 2007; Teh and Moore, 2007). These findings
indicate central roles of GBF-type ArfGEFs in coordinating bidirectional protein and
lipid transport and in maintaining the structural integrity of the Golgi.
Systematic genome-wide searches for ArfGEFs in several genomes have led
to the conclusion that GBF type and BIG type ArfGEF subfamilies are common to all
eukaryotes (Mouratou et al., 2005). Contrary to plants and budding yeast, however,
metazoan genomes possess only a single member of the GBF-type family, indicating
that these proteins are not functionally redundant. The single Drosophila orthologue
of the GBF-type ArfGEF, encoded by the gene CG8487/gartenzwerg (garz), was
identified in several genome wide gain-of-function screens. Overexpression of garz
in neuronal tissue causes pathfinding defects of motorneurons and the formation of
ectopic synaptic branches in nerves of 1 st instar larvae (Kraut et al., 2001).
Furthermore, garz was identified in a gain of function screen for genes involved in
salivary gland morphogenesis. Overexpression of garz induces hooks in salivary
glands during embryogenesis, albeit with a low level of penetrance (Maybeck and
Röper, 2009). Essential functions exerted by Garz were also uncovered by
RNAi-mediated genome-wide knock down screens in Drosophila S2 cells for genes
involved in secretion and Golgi morphogenesis. Thereby, Garz was identified as
being crucial for both processes (Bard et al., 2006). A similar approach led to the
confirmation of Garz as being critical for the regulation of lipid homeostasis in S2
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cells (Beller et al., 2008; Guo et al., 2008). Depletion of GBF1/Garz in mammalian
HeLa cells and Drosophila 3rd instar larvae salivary glands provide further evidence
for a critical role of Garz in protein trafficking and secretion (Szul et al., 2011).
Furthermore, garz was identified as a novel regulator of the non-canonical but highly
conserved GEEC (GPI-AP enriched early endosomal compartments) clathrin and
dynamin independent endocytic pathway (Gupta et al., 2009).
We identified the ArfGEF Gartenzwerg in a genetic screen for heart
malformations. garz mutant embryos display a severe defect in secreting the type IV
collagen Pericardin in pericardial cells of the circulatory system. To gain further
insight into the in vivo function of Garz we generated and identified several garz
mutant alleles. All investigated alleles exhibit secretion defects accompanied by
malformations of the ER and the Golgi apparatus. In addition we found that
tubulogenesis in salivary glands and trachea is severely impaired in the absence of
Garz. Herein we present the first phenotypic analysis of a metazoan GBF-type
ArfGEF loss of function mutant in an organismic context.
Results
garz is continuously expressed during Drosophila development with highest
abundance in glandular and tubular organs
Sequence analysis revealed that the Drosophila genome contains a single
homologue of the human ArfGEF GBF1, called Gartenzwerg (Garz, CG8487). The
deduced amino acid sequence of Garz shares 44% of identical and 61% of similar
residues with its human homologue and displays all conserved domains typical for
ArfGEFs of the GBF-type protein subfamily (Fig. 1A, B). We initially analyzed the
temporal and spatial expression of garz during embryogenesis and later stages of
development by in situ hybridization and Northern blot analysis. A garz cDNA
sequence present in all putative splice variants predicted by the latest Drosophila
genome annotation was used as a template to generate specific probes. Northern
blot analysis revealed that two transcripts, presumably corresponding to the
predicted isoforms garz-RA and garz-RB, are expressed during development, with
transcript garz-RB being highly abundant in all stages tested and transcript garz-RA
being present mainly in pupae and adults, however, in significantly lower amount
(Fig. 1C). The third predicted isoform, garz-RC, was not detected. Whole mount in
situ hybridization revealed that embryonic garz is most prominently expressed in
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invaginating ectodermal derivatives during gastrulation, i.e. in the primordia of the
salivary glands, the proventriculus part of the stomodeum, the hindgut part of the
proctodeum, and in the tracheal placodes of embryos from stage 10 to 11 (Fig. 1
D-R). Expression in these tissues is maintained later in development. In addition to
the strong expression of garz in tissues which form tubular structures of epithelial
character, a weak maternal contribution and a weak ubiquitous zygotic expression is
apparent.
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Fig. 1. Drosophila Gartenzwerg, a member of the Gbf1/GNL1/BIG type GDP exchange factor
family, is expressed at all stages of development
(A) Phylogenetic analysis of selected ArfGEFs. Primary alignment was performed with ClustalX using
the following sequences: AtGNL1 (NP_198766.1), AtGNOM (NP_172851.1), CeGbf1 (NP_499522.2),
DmGarz (NP_610761.2), DmSec71 (NP_609675.2), DmSchizo/Loner (NP_730594.1), HsBIG1
(NP_006412.2), HsBIG2 (NP_006411.2), HsBRAG1 (NP_001104595.1), HsGBF1 (NP_004184.1),
ScGea1p (NP_012565.1), ScSec7p (NP_010454.1), ScGea2p (NP010892.1). The unrooted tree was
generated using the NJ (neighbour-joining) algorithm excluding gapped region and drawn with
TreeView 1.6.6. The reliability of the tree was assessed by a bootstrap analysis (1000 replicates).
Abbreviations: At Arabidopsis thaliana, Ce Caenorhabditis elegans, Dm Drosophila melanogaster, Hs
Homo sapiens, Sc Saccharomyces cerevisiae.
(B) Schematics of the garz genomic region and domain organization of Garz. Two experimentally
verified isoforms (garz-RA and garz-RB) are shown. Asterisks indicate the position of the EMS-induced
S4-50

mutations present in garz

Mz677

and garz

. Deletions induced by imprecise excision are indicated

below the schematic representation of the Garz gene. Numbers in parentheses indicate the size of the
deletion. The garz cDNA sequences used to generate riboprobes for in situ hybridization and Northern
blot analysis are marked by arrowed lines. The sequence region used for heterologous expression in E.
coli and antibody production is indicated. Epitope mapping (data not shown) revealed that the Garz
antibody recognizes an epitope downstream of the stop codon present in the garzMz677 allele. The
insertion site of the two P-elements (confirmed by sequencing) that were used in this study for
complementation tests (EP2028) and jump out mutagenesis (EY07592) are marked by a blue and a red
arrow.

(C) Northern blot analysis revealed the presence of one abundant garz transcript of larger size

and a second weakly expressed shorter transcript. 10 µg of total RNA isolated from embryos (0-24 h),
third instar larvae, mid-stage pupae and adult flies, respectively, were blotted per lane and probed with
an antisense riboprobe (see B).

(D-R) in situ hybridization revealed a weak ubiquitous garz

expression in wild-type embryos of Drosophila melanogaster and particularly strong expression in the
salivary glands (H-K), in the tracheal system (L-O), in the hindgut primordia (P, Q), and in the outer
layer of the proventriculus (R). Staining of the tracheal lumen in late stage embryos (O) is unspecific.

In order to analyze the subcellular localization of Garz, we raised polyclonal
antibodies against the protein (see Materials and Methods for details). The
monospecificity of the affinity purified antibodies was verified by Western blot
analysis using protein extracts isolated from S2 cells and from whole flies (Fig. 2A).
In protein preparations from S2 cells, a single band was detected at about 220 kDa,
which corresponds well to the longer Garz isoform B (predicted molecular mass:
220.64 kDa). In protein extracts isolated from flies, a protein of similar size and
abundance was labelled. However, additionally to this strong signal, a weakly
expressed smaller protein with an apparent molecular mass of slightly less than 200
kDa was also detected, which indicates that not only isoform B but also the putative
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isoform A (predicted molecular mass: 194.9 kDa) is expressed during Drosophila
development. Western blot analysis with protein extracts from wild-type and
heterozygous garzΔ137, heterozygous garzEMS667 and heterozygous garzS4-50 animals
(garz mutants used in this study are described in the following section) revealed a
reduction in full-length Garz abundance of about 50% in the heterozygous situation
compared to wild-type (Fig. 2B). In agreement with these data, homozygous mutant
garz embryos display no specific Garz immunodetection in salivary glands (Fig. 2F,
H, J), which further confirms antibody specificity as well as the absence of a full
length Garz protein in this mutant alleles. To obtain initial information on the cellular
compartments Garz is associated with, subcellular fractions from untransfected S2
cells were obtained by sucrose density gradient centrifugation and probed with the
Garz antiserum and established markers for the cis-Golgi network (GM130) and
early endosomes (Rab5). Rab5 was choosen because a recent publication provided
evidence for a role of Garz in the endocytic pathway (Gupta et al., 2009). As shown
in Fig. 2C, Garz co-fractionated with cis-Golgi membranes as revealed by an
identical distribution of Garz and GM130 with a peak accumulation in fraction 7. This
result clearly indicates a function for Garz at this subcellular compartment. Rab5 on
the other hand accumulated predominately in fractions 3, 4, 5, 8 and 9 which is
rather distinct from the distribution pattern of Garz. However, due to a certain overlap
between Garz and Rab5 positive fractions, e.g. in fraction 6, an association of Garz
with Rab5 endosomes can not be excluded at this stage.

Fig. 2. Garz detection
(A) In Western blot analyses, the affinity purified anti Garz antibody (1:200 dilution) detects a single
band of the expected molecular mass of Garz-PB in protein extracts isolated from untransfected S2
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cells (left lane). In protein extracts from larvae and adult flies (middle and right lane) two bands that
presumably correspond to the predicted isoforms Garz-PA and Garz-PB are labelled. In any case 10 µg
of protein were loaded per lane.
EMS677

garz

S4-50

/CyO and garz

∆137

(B) Protein extracts isolated from wild-type, garz

/CyO,

/CyO adult animals were probed with the anti Garz antibody. As loading

control the blot was reprobed with anti MHC (myosin heavy chain). Animals carrying one mutant garz
chromosome display a reduction of Garz protein of approximately 50%. The relative band intensity in
relation to the loading control was assessed by densitometric analysis using a VersaDoc 4000 imaging
system (Bio-Rad Laboratories, Hercules, CA, USA) and “Quantity One” software, version 4.6.9. The
calculation was done with three independent blots. (C) Distribution of Garz, GM130 and Rab5 proteins
in a sucrose density gradient. Postnuclear homogenates from untransfected S2 cells were fractionated
on a 0.3-2.0M linear sucrose gradient. Garz accumulates in Golgi fractions as shown by
co-fractionation with the cis-Golgi marker GM130. The early endosomal marker Rab5 shows only a
minor overlap with the distribution pattern of Garz. (D, F, H and J) Confocal micrographs of salivary
∆137

glands of wild-type (D), garz

EMS667

(F) and garz

S4-50

(G) and garz

(J) mutant embryos stained for anti

Garz. In garz mutant embryos we observe no specific staining in salivary glands above background. (E,
G, I and K) Confocal micrographs of the dorsal vessel of wild-type (E), garz∆137 (G) and garzEMS667 (I)
and garzS4-50 (K) mutant embryos stained for Pericardin, a type IV collagen-like ECM protein
contributing to the ECM layer that surrounds the myocardial-pericardial network. In garz mutant
embryos Pericardin is trapped in intracellular structures and fails to be correctly incorporated into the
ECM.

To analyze Garz protein distribution in more detail, we performed colocalization
studies in Drosophila, S2 cells and in the budding yeast, Saccharomyces cerevisiae
(Fig. 3). Simultaneous immunohistological stainings of Drosophila tissue with anti
Garz antibodies and for Golgi-eYFP (LaJeunesse et al., 2004) revealed that Garz is
highly enriched in the ultra-proximal region of the Golgi-apparatus which
corresponds to the cis-Golgi compartment (Fig. 3A-I). Clearly, Garz did not colocalize
with markers for the trans-Golgi compartment as shown by simultaneous staining of
salivary gland cells and S2 cells with anti Garz and anti AP1 (Benhra et al., 2011)
and anti dGCC185 (Sinka et al., 2008) (Fig. 3D-F, J-O). This finding is further
supported by comparing the subcellular distribution of Garz expressed in yeast cells
with the localization of its yeast homologue Gea1. We found that Drosophila Garz
and yeast Gea1 both colocalize with the yeast cis-Golgi marker Mnn9 (Fig. 3P-W). In
summary, our results established Drosophila Garz as a protein of the cis-Golgi
compartment.
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Fig. 3. Garz localizes to the cis-Golgi apparatus in Drosophila tissue, S2 cells and budding
yeast.
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(A-C) Salivary glands from 3rd instar larvae carrying the sqh::EYFP-Golgi transgene to visualize the
Golgi apparatus (A, green channel) were stained for Garz (B, red channel). Confocal micrographs
(single sections) show that Garz largely colocalizes with the Golgi marker (C, merged picture). (D-F)
Co-staining of salivary glands from wild-type 3rd instar larvae stained for Garz (D, green channel) and
the trans-Golgi marker dAP-1γ (E, red channel) indicates that Garz is excluded from the TGN. (G-I)
Confocal micrographs show male accessory gland cells from adult flies stained for sqh::EYFP-Golgi (G,
green channel), for Garz (H, red channel) and the merged picture (I). Garz localizes to distinct regions
of the Golgi compartment. (J-O) Double staining of untransfected Drosophila S2 cells either for
dGCC185 (J-L) or dAP-1γ (M-O) and Garz confirmed that Garz is virtually excluded from the
trans-Golgi compartment (L). (P-W) S. cerevisiae cells were used to compare endogenous localization
of the yEGFP-fluorescence labelled yeast homologue of Garz, Gea1 (Q) and heterologously
overproduced Garz-yEGFP (U), both stably integrated into the yeast genome (see Material and
Methods). As a marker for the cis-Golgi compartment in yeast we used tdTomato-tagged Mnn9p (R, V).
(S) Gea1 exhibits primarily a punctate staining pattern typical for Golgi-localized proteins, which
partially overlaps with the signals from Mnn9-tdTomato. (W) Foci of C-terminally yEGFP tagged Garz in
part colocalize with Mnn9 as well. Arrowheads indicate overlapping signals.

Identification and generation of novel garz mutants in Drosophila
We identified the garzS4-50 allele by screening a collection of EMS-induced
mutants for heart formation defects (Albrecht et al., 2006; Hummel et al., 1999). At late
stage embryogenesis, garz mutant embryos show a secretion defect of the collagen
Pericardin at the heart tube (Fig. 2G, I and K). The mutated gene in S4-50 was
mapped by complementation analysis to chromosomal region 48F-49A on the 2nd
chromosome. S4-50 failed to complement the previously described transposon
induced gartenzwerg allele garzEP(2)2028 (Rørth, 1996), in which the EP element is
inserted into the putative promoter region of garz. A second EMS-induced garz allele,
garzEMS667, was isolated in the Technau-Lab (Vef et al., 2006). Transheterozygous
animals with the genotype S4-50/EMS667, S4-50/EP(2)2028 or any other mutant
combination are 100% lethal and show the same phenotypes as described in the
following sections. To identify the EMS-induced point mutations in garzS4-50 and
garzEMS667 mutant chromosomes we sequenced the garz locus from mutant animals
(Supplemental Material 1). The garzS4-50 chromosome carries a mutation that consists
of a 2 bp deletion and the substitution of 3 nucleotides found in the third exon of the
garz gene. This results in a frame shift and a premature stop codon, leading to a
protein with a length of 138 amino acids that lacks all conserved domains
(Supplemental Material 1). The mutation in garzEMS667 is caused by a single G to A
transition causing a premature stop codon leading to a truncated protein of 1529
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amino acids. The resulting protein lacks the C-terminus including the HUS3 domain
(Supplemental Material 1). In addition, we generated a series of new garz deletion
lines by remobilizing the transposable P-element EPgy2EY07592 obtained from the
Berkeley Drosophila gene disruption project (Bellen et al., 2004) in order to induce
imprecise excision events. EPgy2EY07592 harbours an EP element located in the
5`-garz region as we verified by sequencing. EPgy2 EY07592 individuals are viable both
as homozygotes as well as in trans over the deficiency Df(2R)Exel6061 that
comprises garz and several additional genes. Therefore we considered EPgy2 EY07592
suitable for jump out mutagenesis and screened for lethality caused by genomic
deletions as a result of imprecise excision events. 181 lethal mutant lines were
recovered that fall into two complementation groups. Further genetic and molecular
characterization revealed that all alleles from one complementation group are allelic to
S4-50, EMS667, EP(2)2028 and the garz deficiency Df(2R)Exel6061. Sequencing
showed the presence of deletions ranging from 556 bp in garzΔ221 up to 1825 bp in
garzΔ137 (Fig. 1B). In all cases the deletion breakpoints map precisely to the previous
insertion site of the P-element and sequences downstream within the garz locus. We
focused on the largest deletion present in the garzΔ137 allele that removes the putative
garz promoter region as well as the first exon (Fig. 1). garzΔ137 homozygous animals
develop until the end of embryogenesis but fail to hatch and subsequently die.
Moreover, mutant individuals display asynchronous development and considerable
retardation in comparison to wild-type controls (data not shown). Similar results were
obtained for garzS4-50/Df(2R)Exel6061 and garzΔ137/Df(2R)Exel6061 mutant animals,
indicating that these lines represent strong garz alleles. Lethal phase analysis of
garzEMS667/garzEMS667,

garzEMS667/Df(2R)Exel6061

and

garzEP(2)2028/garzEP(2)2028

mutants revealed early 1st instar larval lethality with a very low number of individuals
surviving until the end of larval development, which indicates that these mutants
represent weaker alleles.
garz mutants display abnormal Golgi morphology that results in secretion
defects in tubular structures and luminal diameter expansion
The novel Drosophila garz alleles enabled us to study the loss of function
consequences in a multicellular organism. This is of particular interest because until
now none of the known Garz homologues from higher eukaryotes were studied in an
organismic context due to the absence of mutants. Nevertheless, a critical role of Garz
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in the secretory pathway was demonstrated by biochemical analyses and studies in
yeast and mammalian cell cultures (Chantalat et al., 2003; Claude et al., 1999; Niu et
al., 2005; Peyroche et al., 2001; Peyroche and Jackson, 2001; Ramaen et al., 2007;
Sáenz et al., 2009; Spang et al., 2001; Szul et al., 2007) and in Drosophila by an RNAi
approach (Szul et al., 2011). Recently, Gupta and colleagues also provided evidence
for a role of Garz in the endocytic pathway in flies (Gupta et al., 2009). The assumed
function of Garz in protein secretion implies defects in extracellular protein deposition
in garz mutant animals. Therefore we stained wild-type and mutant embryos for
secreted ECM components and membrane associated factors and focused on tissues
that are known to be highly secretory. We utilized the embryonic salivary glands as a
model organ to address the question, whether ECM formation at luminal membrane
compartments at least partially depends on functional secretion and the underlying
Garz activity. The second issue we were interested in was the extent to which garz
dependent secretion contributes to lumen diameter control in salivary glands. Staining
of salivary glands with antibodies against GM130, a cytoplasmic protein tightly bound
to membranes of the cis-Golgi network (CGN) in all higher eukaryotes (Nakamura et
al., 1995), revealed that the CGN compartments of salivary gland cells were severely
reduced in number in garz mutant embryos (Fig. 4A, B, E and F). Consistent with this
observation, we found that the electron-dense ECM-material releasing secretory
vesicles, which are normally present at high number close to the apical membrane of
salivary gland cells at stage 16 were entirely absent in garz mutant embryos (Fig. 4Q
and R). At the same time, the highly enriched rough-ER, which is characteristic for
secretory active cells, vanished in garz. Instead, the ER compartment appears as
“bloated balloons”. Noteworthy, mutations in genes crucial for retrograde vesicle
trafficking such as γCOP, as well for anterograde vesicle trafficking such as
sec23/ghost, sec24/stenosis/haunted and sar1, display a highly similar ER phenotype
(Förster et al., 2010; Jayaram et al., 2008; Norum et al., 2010; Tsarouhas et al., 2007).
Failure of luminal diameter expansion was also clearly seen in stainings for the apical
membrane determinant Crumbs and Bazooka (Tepass et al., 1990; Wodarz et al.,
1999) (Fig. 4C, D, E, F and insets) and in cross-sections analyzed by TEM (Fig. 4Q
and R). The formation of zonulae adherens and septate junctions is not affected in
garz mutant embryos, as most clearly seen in TEM sections (insets in Fig. Q´and R´)
and in stainings for the spetate junction makers Fasciclin III (FasIII) and Discs large
(Dlg) (Fig. 4 4-J).
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Fig. 4. Garz is required for luminal diameter expansion in embryonic salivary gland
(A, B) Confocal micrographs of wild-type salivary glands (A) and garz∆137 mutant embryos (B). Staining
of stage 15 embryos for the Golgi marker GM130 demonstrates that Golgi morphology is severely
disrupted and that the overall Golgi amount is reduced in garz mutant embryos (B) compared to
wild-type (A). (C, D) An antibody that recognizes Crumbs (Crb) was used to visualize the apical-luminal
membranes of salivary gland cells at stage 16. Compared to wild-type (C), the luminal diameter of
salivary glands from garz mutants (D) is reduced. Z-projections (insets in C and D, same magnification)
demonstrate diameter reduction in the secretory active part of salivary glands. The diameter of the duct
part remains unaffected. (E, F) Co-stainings of GM130 and Crb demonstrate the relationship between
intact Golgi-integrity and normal luminal diameter in wild-type (E) and garz mutants (F). (G-J)
Monoclonal antibodies against Fasciclin III (FasIII) (G, H) and Discs large (Dlg) (I-J), both components
of septate junctions, mark the basolateral membrane domains and the cell borders (I, J) between
salivary gland cells. In garz mutants (J), the apical surface of each cell (labelled in yellow, respectively)
is remarkably smaller than in wild-type (J). (K-P) Bazooka (Baz) antibody was used to visualize the
whole salivary glands in wild-type (K) and garz mutants (L). (M-P) optical cross sections of salivary
glands stained for Baz show a decrease of luminal diameter in garz (O) in comparison to wild-type (M),
whereas the cell size remains unaffected. Staining for FasIII and Crb-GFP demonstrate specific and
substantial differences of apical domain in wild-type (N) and in garz mutants (P). (Q, R) TEM sections
of salivary glands from wild-type (Q and Q´) and garz mutant stage 16 embryos (R and R´). Numerous
secretion granules (sg) accumulate at the sub-apical membrane domain in wild-type tissue (Q), while in
∆137

garz

(R) not only the matrix (indicated by asterisks) but also lipid-droplets (adjacent white particles)

accumulate at the basal side of salivary gland cells instead of being secreted into the lumen. A dilation
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of the ER compartment is also apparent, presumably due to protein retention. Note that both the zonula
adherens and septate junctions between the four secretory cells are properly formed in garz mutant
embryos (see insets Q´and R´). However, proper apical membrane expansion is inhibited in garz
mutants. All scale bars represent 1μm. Abbreviations: G Golgi, lum lumen, mt mitochondria, nuc
nucleus, rER rough ER, sg secretion granules, sj septate junction, za zonula adherens.

Taken together, our observations provide clear evidence for a specific role of
Garz in luminal diameter expansion in salivary glands. Interestingly, the luminal
length remains unaffected in garz mutant embryos (Fig. 6), indicating that Garz is
neither involved in invagination nor in the elongation of salivary gland cells rather
than in apical membrane expansion.
Fig. 6 Luminal diameter
The graph shows the luminal
diameter and the total length of
salivary glands and the luminal
diameter of trachea (dorsal trunk,
segment

A6) of

stage 16/17

wildtype

and

garz

embryos.

Measurements

mutant
were

done using confocal image stacks
of embryos stained for Crb and
the length measuring function
provided

in

the

Zeiss

LSM

software package. garz mutants
reveal a significant reduction in
luminal diameter but not in total
length

of

salivary

glands

compared to wild-type.

Secretion of luminal material and diameter expansion of tracheal tubes depend
on garz
Recent studies revealed an essential role of cell-matrix interactions in tube
morphogenesis, including the generation, shaping and maintenance of epithelial
tubes (Affolter and Caussinus, 2008; Schottenfeld et al., 2010). Several components
of the nascent tracheal lumen, e.g., the zona pellucida (ZP) protein Piopio (Pio) or the
chitin-deacetylases Vermiform (Verm) and Serpentine (Serp) have been shown to play
essential roles in length and size control of trachea (Jazwinska et al., 2003; Luschnig
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et al., 2006). Furthermore, the convoluted gene, coding for the Drosophila acid-labile
subunit (ALS), which forms a ternary complex with Drosophila insulin-like peptide 2
(Dilp2) and the binding protein IMP-L2 (Arquier et al., 2008), is required for the
dynamic organization of the transient luminal matrix and for the establishment of
cuticular structures that line the tracheal lumen (Swanson et al., 2009). These
components are secreted from the apical membrane facing the lumen and their
deposition is dependent on the secretory machinery of the cells. Based on our data,
we assumed that Garz plays a key role in the delivery of tracheal ECM constituting
proteins to the apical membrane. Using the monoclonal antibody mAb2A12, which
exclusively labels a yet unknown luminal antigen, we observed a significant reduction
of the tracheal luminal diameter in garz mutants (Fig. 5A and A’). Retention of the
mAb2A12 antigen within the tracheal cells implies that loss of Garz prevents the
antigen from being secreted into the lumen. We furthermore examined the distribution
of the ZP protein Piopio (Bökel et al., 2005; Jazwinska et al., 2003). Piopio, normally
secreted across the apical membrane into the luminal space and tightly linked to the
ECM lining the surface of the lumen, was retained inside the cells in garz mutant
embryos (Fig. 5 B and B’). Similar results were obtained for the chitin-deacetylase
Vermiform (Verm) (Luschnig et al., 2006) (Fig. 5C and C’). Comparable to Piopio and
mAb2A12, Verm secretion and Crumbs delivery was severely impaired in garz
mutants. The reduction of cell matrix components at the luminal surface of trachea
may also affect airway clearance. At about stage 17 trachea are filled with gas that
has replaced the liquid present in all tracheal branches at earlier stages (Behr et al.,
2007; Tsarouhas et al., 2007). In order to prove an effect of garz on the clearance
process, we applied life cell imaging using video bright-field microscopy of living
specimens and found that airways clearance is inhibited in garz mutant animals (Fig.
5 D, D’ and supplementary movies S1 and S2). From this we conclude that Garz plays
an important role in airway morphogenesis and maturation. Similar to our
observations on salivary glands, delivery of apical membrane proteins like Crumbs or
septate junctional proteins like FasIII is not severely disturbed in tracheal cells of garz
mutant embryos (Fig. 5E-M). Notably, prior to the death of homozygous garz mutant
individuals, the tracheal lumen collapses (own observation). This might be caused by
improper formation of cuticle structures that mechanically support tube stability and
such defects inside tracheal lumina should be visible in cross-sections analyzed by
transmission electron microscopy. As expected, besides luminal diameter reduction
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we found an aberrant organization of chitin cables inside the tracheal lumen in garz
mutants (Fig. 5N and O). Based on these data, we furthermore addressed the
question whether cuticle development in general is affected in garz. Indeed,
inspection of stage 17 embryos revealed, that also epidermal secretion of the cuticle
is disturbed to various degrees in garz (supplementary Fig. 2), which is consistent with
a requirement for Garz in secretion processes mainly in but not limited to tubular
structures.
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Fig. 5. Garz is required for luminal matrix deposition in tracheal cells
∆137

(A-C, A'-C') To visualize matrix deposition in wild-type (A-C) and garz

mutant embryos (A-A'), we

stained for 2A12 (A, A'), Piopio (B, B'), Verm (C, C'). Luminal deposition defects and protein retention in
intracellular compartments, accompanied by a reduced luminal diameter are obvious in garz mutant
embryos. (D and D`) The liquid clearance and gas filling process visible in wild-type animals at late
stage 16 (P) in inhibited in garz mutants (P’). The dorsal trunk is labelled by an arrow. See also
supplementary movies 1 and 2. (E-G’) The morphology of septate junctions marked by FasIII in garz
(E’, F’, and G’) appears normal as compared to wild-type (E, F, G). Embryos were costained with CBP
(chitin binding protein) (H-J´) Compared to wild-type (H, I, J) the apical membrane domains of tracheal
cells in garz mutant embryos (H´, I,́ J´), marked by Crb, show a irregular form and decreased size.
Embryos were costained with CBP (chitin binding protein) (K-M’) Co-staining for Crb-GFP (Huang et
al., 2009) and FasIII revealed, that endogeneous Crb-GFP in garz (K’, L’ and M’) is not restricted to the
apical membrane as seen in the wild-type (K, L and M). (N-O’) TEM micrographs of trachea from
∆137

wild-type (N and O) and garz

mutant embryos (N' and O') reveal severe morphological defects in

cellular compartments in garz mutants (see O and O'for enlargements). The numerous elliptic or round
structures seen in tracheal cells of garz mutants represent malformed ER. The tenidiae (marked by two
headed arrows) that form the inner ridge of the dorsal trunk are deformed and hollow. Note the absence
of a proper endomembrane system (especially rough ER beneath the apical membrane) in garz
mutants (compare O and O'). Scale bars represent 1μm.

Discussion
During the last years, much insight into the activities and roles of ArfGEFs has
been achieved by using cultured mammalian cells, plants and budding yeast in
conjunction with in vitro approaches. However, up to now little is known about the
physiological and developmental consequences of mutations affecting ArfGEFs of the
dGBF1/Garz family in multicellular organisms. Sheen and colleagues provided
evidence that point mutations in the human ArfGef2 (BIG2), identified in two patients
suffering from microcephaly caused by disruption of neural precursor proliferation,
inhibit protein transport from the Golgi to the cell surface (Sheen et al., 2004). A third
patient with heterozygosity for two ArfGEF2 (BIG2) mutations was recently reported to
suffer from movement disorder, bilateral periventricular nodular heterotopia (BPNH),
and secondary microcephaly (de Wit et al., 2009). However, in this case molecular
data explaining these symptoms were not reported. In human HeLa cells,
small-interfering RNA based suppression of ArfGEF1 (BIG1) and ArfGEF2 (BIG2),
which constitute together with GBF1/Garz the three human large ArfGEFs, revealed
that BIG1 is required to maintain the normal morphology of the Golgi apparatus while
BIG2 is essential for endosomal compartment integrity (Boal and Stephens, 2010).
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In vivo function of dGBF1/Garz
Homologues of Gartenzwerg were identified in several eukaryotes in the
course of genome sequencing projects; however, their in vivo role was analyzed only
in Arabidopsis thaliana and in Saccharomyces cerevisiae. Mutations in the
Arabidopsis homologues GNOM/GNOM-like (GNL1) lead to impaired auxin transport,
caused by the requirement of GNOM for correct polar localization of PIN1, a crucial
efflux facilitator for auxin (Bonifacino and Jackson, 2003; Geldner et al., 2003;
Geldner et al., 2004; Richter et al., 2007; Teh and Moore, 2007). In budding yeast, two
paralogous genes for the Gartenzwerg ArfGEF are present in the genome, namely
Gea1 and Gea2. Double mutants are lethal, fail to bud and the dying cells display
severe defects in the organization of the actin cytoskeleton (Peyroche et al., 2001;
Spang et al., 2001; Zakrzewska et al., 2003). As reported in this study, in Drosophila
the

morphologies

of

both

ER-

and

Golgi

apparatus clearly depend

on

dGBF1/Gartenzwerg. Our TEM analysis of highly active secretory cells in salivary
glands revealed a significant expansion of the ER lumen and a distinctly reduced
number of Golgi derived vesicles in garz mutant animals. Secretory vesicles that
normally accumulate close to the apical membrane and subsequently release their
cargo into the luminal space are virtually absent in garz mutants. Instead, an
accumulation of electron-dense material on the basal side of salivary gland cells is
visible, which is accompanied by a large number of apparently empty vesicles. Based
on our data, we postulate that Garz interferes with the secretory pathway of the cells.
This interpretation of our results is in agreement with previous studies that have
established Garz as a major component of the Arf1/COPI secretory pathway. Blocking
Arf1-COPI either in budding yeast, cultured mammalian cells or in Drosophila mutants
causes a progressive disassembly of the Golgi with its components being
redistributed back to the ER. In addition, mutations in Arf1-COPI hinder the transport
of secretory vesicles towards the plasma membrane. Similarly, inhibition of the
Sar1-COPII machinery (Förster et al., 2010; Norum et al., 2010; Tsarouhas et al.,
2007) also causes disassembly of the Golgi apparatus and cargo fails to reach its
correct membrane destination (Ward et al., 2001). In the absence of functional Garz,
the activation of Arf1, which is involved in formation and function of COPI complexes,
fails, eventually leading to the disruption of one or several trafficking routes. This idea
is corroborated by our findings that several proteins known to be transported either to
distinct membrane compartments or being secreted into the luminal space or to cuticle
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structures, are retained inside the cell and accumulate in vesicular compartments. We
conclude that the phenotypes seen in garz mutants on the cellular and ultrastructural
level are consistent with the protein’s function as a guanine nucleotide exchange
factor for Arf1 in the Arf1/COPI secretory pathway machinery. Furthermore, we found
that animals lacking garz suffer from morphological defects in lumen formation in
salivary glands and trachea. Although the formation of biological tubes is
mechanistically different in these tissues (Baer et al., 2009), apical membrane and
luminal matrix expansion likely play a general role in tube formation. Garz might be
directly involved in these processes due to its known ability to convert Arf1 from an
inactive into an active state (Kawamoto et al., 2002; Szul et al., 2005; Zhao et al.,
2002). Activated Arf1 regulates on the one hand COPI coat assembly and vesicle
budding at the Golgi membrane. Disruption of this process impairs the proper delivery
of secreted components or membrane regulators to their physiological destinations,
e.g., the expanding lumen of salivary glands. On the other hand, Arf1 modulates Golgi
structure by stimulating the assembly of Spectrin and Actin cytoskeletal elements at
Golgi membranes (Fucini et al., 2002; Fucini et al., 2000; Godi et al., 1998). In garz
mutants ARF1 presumably remains inactive which ultimately leads to the disassembly
of Golgi architecture. Such an idea is in agreement with studies demonstrating that
mutations affecting COPI coatomers γ and δ-COP (Grieder et al., 2008; Jayaram et
al., 2008), COPII coatomers sec23/gho and sec24/sten/hau (Förster et al., 2010;
Norum et al., 2010) and Sar1 (Tsarouhas et al., 2007) compromise ER and Golgi
morphology and additionally cause severe defects in tube expansion in salivary
glands and trachea. Our finding that garz mutants affect the delivery of luminal matrix
components and thereby cause luminal diameter reduction is also in agreement with
previous studies that have shown that, e.g., α-subunits of resident ER-enzymes
PH4αSG1 and PH4βSG1, that hydroxylate proline residues in procollagen and other
secreted proteins, are responsible for altered salivary gland secretion causing
regional tube dilation and constriction, with intermittent tube closure (Abrams et al.,
2006). Although tracheal lumen formation is mechanistically distinct from lumen
formation in salivary glands, garz mutations lead to perturbed lumen diametrical
dilation also in this tissue. As a direct consequence of loss of Garz activity, the
transport vesicles carrying lipids for apical membrane growth and transient luminal
proteins are not able to be targeted to the perspective luminal side. Thus, protein
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secretion toward the lumen and incorporation into the apical membrane is severely
disturbed.
Recently it was shown that Garz has a function in the endosomal system
(Gupta et al., 2009). The authors provided evidence, that Garz is required for the Arf1
dependent fluid uptake mediated by the clathrin and dynamin independant GEEC
endocytic pathway. After internalization, GEEC endosomes fuse with Rab5 containing
endosomes. Initially, GEEC endosomes are mainly devoid of early endosomal
markers such as Rab5 and EEA1 (Kalia et al., 2006). This is in accordance with our
observation that Garz and Rab5 cofractionate only to a very limited amount (Fig. 2C),
indicating, that Garz might play a role in early steps of the GEEC patwhay rather then
being associated with other endosomal pathways. Although speculative, it might be
that Garz and the GEEC pathway are required for fluid uptake upon tracheal liquid
clearance.
Our analysis of garz loss of function mutants let us conclude that Garz is
essential to initiate assembly of the Arf1-COPI machinery and to maintain the
integrity of the Golgi-complex. In the secretory pathway, lack of intact Golgi and
COPI-vesicle formation leads to failure in directed cargo export and accumulation of
cargo within and at the ER which is in agreement with the previously proposed
models (Ward et al., 2001). During organogenesis, lack of Garz becomes manifested
primarily in tubular organs and epithelial structures which are strongly impaired.
Materials and Methods
Fly stocks and Genetics
The wild-type strain used was white1118. The EMS allele garzΔS4-50 was generated in
the lab of C. Klämbt (Hummel et al., 1999) and identified by us in a genetic screen for
heart mutants (Albrecht et al., 2006). The EMS-induced mutant garzEMS667 was
generated in the laboratory of G. Technau and identified in a screen for nervous
system mutants and verified as a garz allele in this study and by O. Vef and B.
Altenhein (Vef et al., 2006). The garzEP(2)2028 allele was generated in P. Rørth’s lab and
obtained from the Szeged Stock Center (Rørth, 1996). The EPgy2EY07592 P-element
line was generated by the Drosophila genome project (Bellen et al., 2004) and
provided by the Bloomington stock keeping center. All other lines were obtained from
the Bloomington Stock Center. We used the Bloomington deficiency kit (release
March 2005) and the DrosDel isogenic core deletion kit (Ryder et al., 2004) for
mapping of the EMS-induced alleles.
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The homozygous viable P-element insertion line EPgy2EY07592 was used to
generate garz mutations by imprecise excision. EPgy2EY07592 (w+ mc, light orange
eyes) was mobilized as follows: 100 y w1118; EPgy2EY07592 virgin females were crossed
to jump starter males y w1118; PBacΔ2-3 (w+ red eyes). Resulting y w1118; EPgy2EY07592 /
PBacΔ2-3 males (100) were individually crossed to y w1118; If/CyOkrGFP virgin females.
Individual white eyed males from the F2 generation (100) were selected and crossed
back to y w1118; If/CyO females to establish stocks. We tested about 800 lethal jump
out lines for complementation with Df(2R)Exel6061 in which garz is absent. Lines that
failed to complement Df(2R)Exel6061 were kept for further analysis. The newly
induced stocks fall into two complementation groups. One group turned out to be
allelic to the EMS-induced mutant alleles S4-50 and EMS667, and to the EP(2)2028.
We sequenced genomic DNA isolated from theses alleles to determine the deletion
breakpoint (see Result section). The second complementation group is allelic to the
larger deficiency Df(2R)Exel6061 but not to garz alleles. Sequencing of genomic DNA
isolated from alleles belonging to this second complementation group revealed, that
they carry deletions with breakpoints mapping to the original EP-element insertion site
and within the gene CG8841. These alleles were not further characterized. For lethal
phase determination we balanced garz alleles over CyO, kr-GFP. Homozygous
mutant individuals were identified by the absence of GFP expression. A knock-in line
carrying a Crumbs-GFP fusion protein was obtained from Y. Hong (Huang et al.,
2009).

Molecular Biology
A cDNA containing the whole open reading frame of garz was amplified from
isolated total RNA from Oregon R flies using the SuperScript One-Step RT-PCR
system and subsequently cloned into pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA,
USA). Primers used were: Forward: ATG GCG CTT CCA GGC AAC G and Reverse:
TCA CTG CTG GCC GTA GAG CA. To determine the EMS induced point mutations in
garzS4-50 and garzEMS667, we isolated genomic DNA from heterozygous adult flies or
selected homozygous mutant embryos. PCR amplicons were cloned and sequenced
twice in both directions. To distinguish between polymorphisms and EMS-induced
point mutations, we amplified and sequenced corresponding gene regions from
EMS-alleles from the same mutant collection with isogenic background in parallel
(kuzJ2-11, mamS2-29, Albrecht et al. 2006).
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In situ hybridization for garz-mRNA
For probe synthesis we cloned a 1937 bp fragment (nucleotide 302-2268) of
the full-length garz cDNA into the pGEM-T easy cloning vector (Promega, Madison,
WI, USA) using the following primers: forward ATC CCA CGT CTC CAA ATC TGG
and reverse ATG CCA ATG ATC AGA AAA GTG. Sense and anti-sense RNA probes
were synthesized using the “DIG RNA labelling kit” (Roche, Basel, Switzerland). in situ
hybridization and double labelling with antibodies were performed as described by
(Duan et al., 2001).
Antibody production
A 939bp cDNA fragment encoding amino acids 1368 to 1680 of the predicted
isoform A was cloned into pET16b vector and transformed into E. coli Rosetta (DE3)
cells (Novagen, EMD Biosciences, Madison, WI, USA). The sequences of the
respective primers were: forward TAC TCA CAT ATG CGC TGC ATC CGC ATC TTT
GTG; reverse: TAC TCG GGA TCC TCT AAT TTG CGT ATA GTC AAG. Expression
was done essentially as previously described (Meyer et al., 2009) and the refolded
protein (fused to a N-terminal 10xHis-tag) was purified via Ni-NTA Agarose (Qiagen,
Hilden, Germany) according to the manufacturers instructions. Finally the antigen
was used for immunization of two rabbits (Pineda Antibody-Service, Berlin,
Germany). To improve specificity, the resulting sera were purified by antigen affinity
and the monospecificity was confirmed by Western blot.

S2-Cell Culture and subcellular fractionation
S2 cells were grown in Schneider’s Drosophila medium supplemented with
L-glutamine (Invitrogen) in 175 cm2 flasks to 95% confluency and harvested by
centrifugation (100 x g, 10 min). Cell disruption was done in PBS, supplemented with
Protease-Inhibitor Mix M (Serva, Heidelberg, Germany), by freeze-thaw method and
the coarse protein extract was centrifuged at 2000 x g for 10 min to remove cell debris
and nuclei. The resulting postnuclear supernatant was then layered onto a 0.3-2.0M
linear sucrose gradient and centrifuged at 36000 rpm for 18h using a SW 41 Ti rotor
(Beckman Coulter, Brea, CA, USA). A total of 12 fractions of 1 ml each were collected
from the bottom of the tube and analyzed by SDS-polyacrylamide gel electrophoresis
and Western analysis using α-Garz and the following antibodies for the indicated
membrane compartments: α-GM130 (cis-Golgi), α-Rab5 (early endosomes).
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Yeast
Garz-RB and Gea1 cDNAs were tagged with a yEGFP (Sheff and Thorn, 2004) at
the C-terminus using PCR based homologous recombination and stably integrated
at the ScGea1 locus by homologous recombination using standard techniques
(cloning details available upon request). For co-localisation studies we used a strain
that carries the cis-Golgi protein Mnn9 (Jungmann and Munro, 1998) fused to the
td-Tomato cassette (Meiringer et al., 2008). Tetrad analyses of the diploid strains
were followed by succeeding selections on appropriate media for haploid segregants
producing either Gea1-yEGFP or Garz-yEGFP together with MNN9-td-Tomato.

Immunohistochemistry and transmission electron microscopy
Whole-mount immunostainings were carried out as described (Albrecht et al.,
2011). Embryos were collected from grape juice agar plates and dechorionated in
50% DanKlorix (Colgate Palmolive), than fixed in a mixture 1:1 (v/v) of PBS,
containing 50 mM EGTA and fresh prepared 9% formaldehyde (methanol-free,
Polysciences Inc.),

and

n-heptane

for

30

minutes at

room temperature.

Devitellinisation was performed by shaking for 60 seconds in 1:1 (v/v) methanol and
n-heptane mixture. Confocal images were captured either with a Zeiss LSM 5 Pascal
confocal microscope or a Leica SP1 confocal microscope. Z-stacks are depicted as
maximum projections if not denoted otherwise. Whole-mount in situ hybridization were
documented with a Zeiss AxioCam MRc5 camera mounted on a Zeiss Axioskop 2,
while immunofluorescence and live cell imaging on yeast and S2 cells were
undertaken with a cooled CCD-camera CoolSNAP HQ on a Zeiss Axioplan 2 then
processes with MetaMorph v.6.2 software. For TEM analysis, embryos were prepared
as described (Lehmacher et al., 2009; Tepass and Hartenstein, 1994). After fixation
the specimens were embedded in Epon 812. Ultra-thin sections (70 nm) for
transmission electron microscopy were performed with a diamond knife on a Leica
Ultracut UCT ultramicrotome. Sections were mounted on single slot grids, contrasted
with uranyl acetate (40 min; 20 °C) and lead citrate (6 min; 20 °C) using a Leica
EMstain. Specimens were examined with a Zeiss 902 transmission electron
microscope (60kV).
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Antibodies and reagents
Monoclonal antibodies for Crumbs (mAbCq4, 1:100), 2A12 (supernatent, 1:5); Dlg
(4F3, supernatent 1:10); FasIII (7G10, supernatent 1:10) and Pericardin (EC11,
1:100) were obtained from the Hybridoma Bank University of Iowa. Monoclonal
mouse α-Galactosidase Promega Z378B (1:5000); Monoclonal mouse α-GFP (3E6,
1:1000) Invitrogen A11120; polyclonal antibodies for GM130 and Rab5 were from
Abcam (ab30637, ab31261, 1:100). The polyclonal rabbit α-Pio antibody (Jazwinska
et al., 2003) was used at a dilution of 1:200, the polyclonal rabbit α-Verm (Luschnig et
al., 2006) at 1:100, polyclonal rabbit α-Bazooka at 1:1000 (Wodarz et al., 1999). The
polyclonal mouse α-AP1 (Benhra et al., 2011) was used at a dilution of 1:300, the
polyclonal rat α-dGCC185 (Sinka et al., 2008) at a dilution of 1:100 and the polyclonal
mouse α-MHC at a dilution of 1:500 (Kiehart, 1990). The α-Garz, described in this
study, was used at a dilution of 1:100. Secondary antibodies coupled with Cy2 or Cy3
were obtained from Dianova. Fluorescein-conjugated Chitin-Binding Probe (CBP) was
purchased from New England Biolabs (P5211S) and used at a dilution of 1:500.
Cuticle preparation
Cuticle preparation was performed as described with minor modifications
(Alexandre, 2008). Briefly, embryos between 0-6 hours AED were collected and
aged for additional 24-36 hours at 25 °C. Then mobile larvae were removed from the
agar-plate. Remaining specimens were fixed in 4% formaldehyde. For cuticle
preparation, a mixture consisting of 50% Hoyer's mountant and 50% lactic acid was
used. The specimens were incubated at 60 °C for 72 hours before mounting on a
microscopic slide and inspection in dark-field microscopy.
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Supplemental Fig. 1. Gene mapping and identification of the mutations present in garzS4-50 and
garz

EMS667

S4-50

Schematics of the garz locus (middle part) with deficiencies used for the initial mapping of the garz

allele (top). Further details are described in the Results and Materials and Methods sections. To identify
mutations present on the garzS4-50 and the garzEMS667 chromosome, we sequenced PCR amplicons
covering all exon and introns of the garz gene. Amplicons were cloned into plasmid vectors and
sequenced twice. Genomic DNA used for PCR was isolated from wild type (+/+), heterozygous (m/+)
and homozygous mutant (m/m) embryos (selected by the absence of GFP expression originating from
a GFP reporter located on the balancer chromosome). The garzS4-50 chromosome carries a mutation
related to a 2 nucleotide deletions and a substitution of 3 nucleotides. The mutation results in a frame
shift and leads to a premature stop codon giving rise to a truncated protein of 138 amino acids in
EMS667

length. The garz

chromosome carries a single nucleotide transition (G to A) causing a premature

stop codon. This mutation results in a truncated protein of 1529 amino acids in length.

Supplemental Fig. 2. Role of Garz in cuticle secretion
∆137

The cuticle of stage 17 wild-type embryos forms a characteristic denticle pattern (A). In garz

loss-of-function mutants (B-D) cuticle formation is disturbed to various degrees. B shows an embryos in
which the number of denticles is highly reduced. C shows a strongly affected individual in which
denticles are almost completely absent.

D is an enlargement of C (anterior head region) to visualize

some remaining denticles.
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4. Conclusions and Outlook
4.1. General remark about the genetic screen of Klämbt's collection
The EMS mutant collection of about 500 stocks generated by Christian Klämbt's lab
was used for an embryonic cardiac screen (ALBRECHT ET AL. 2006). In this screen, a
few alleles could be identified as being crucial for heart development, although many
of them are pleiotropic so that their functions are not limited to one process and their
phenotypes are not limited to one organ system. In the past, plenty of studies were
dedicated to transcriptional regulations and signal transductions in specific
developmental issues, however besides the tissue-specific genetic repertoire, proper
organogenesis still necessitates common and conserved cell biological machineries
that execute the morphogenetic programs. In comparison with the transcriptional
factors, the number of those downstream functional protein and protein complexes is
much higher and our knowledge about the individual proteins and their relationships is
much less (GHABRIAL ET AL. 2011).

In order to gain more details about the ontogeny, genetic screens based on EMS
mutagenesis were and will stay to be a powerful approach. In diverse literatures, EMS
is praised as being an unbiased mutagen (e.g. BÖKEL

ET AL.

2008), whereas for

example transposons display clear hot and cold spots for genome integration.
However, researchers pursuing novel mutants in unspecified genes of potential
interest are often confronted with an overwhelming dilemma: first, larger genes have
already been identified independently but repeatedly in previous screens and
therefore lack novelty. The statistical probability to isolate for example genes
encoding monomeric G-protein is extremely low, while those of their large-sized GEFs
or GAPs, are higher in orders of magnitude. Thus, on the DNA-level,
EMS-mutagenesis is indeed mechanistically unbiased, but statistically clearly biased:
If a gene is defined coarsely as a minimal functional unit, then the frequency of a
larger gene being affected is by far higher than a smaller one. Second, in order to
introduce mutations on smaller chromosomes such as X or IV in D. melanogaster or to
target smaller gene loci, the dosage of EMS has to be increased (“saturation”). This
results in the unavoidable consequence that multiple mutations are generated. Due to
the length of a chromosome, background mutations are almost impossible to be
recognised and may lead to a misinterpretation of the phenotype. On the other hand,
in order to mutagenize as many genes as possible, a large scale mutagenesis is
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necessary. For this purpose, the Klämbt's collection does not contain the adequate
amount of stocks.

For instance, by a large scale EMS-screen including 5,000 lethal lines only for the
third chromosome of Drosophila melanogaster, GHABRIAL ET AL. unveiled four genes
that are responsible for membrane trafficking and also crucial for tracheal tube
formation: CdsA (CDP-diglyceride synthetase), an enzyme for phosphatidylinositol
(PtdIn) biogenesis; Membrin, a t-SNARE which co-targets Arf1 to the early Golgi;
TSG101 (Tumor Susceptibility Gene 101), a component of the ESCRTI-complex (also
called as Vps23) which mediates the sorting of endocytic vesicles to multivesicular
body (MVB) as well as a RabGAP whacked for autophagy (GHABRIAL ET AL. 2011).
Although this screen covered only a single chromosome, it demonstrates that large
scale EMS-screens are able to grant more insight into the under-investigated roles of
membrane trafficking in tube formation processes.

4.2. Why was garz originally identified in independent neurogenic screens?
Originally, the gene encoding Garz was identified in an overexpression screen
(gain-of-function) owing to its motoneuronal pathfinding phenotype and the formation
of ectopic synaptic branches (KRAUT

ET AL.

2001). Interestingly, two EMS-induced

garz mutants used in this study were also isolated independently in two
loss-of-function screens for genes involved in axon patterning and glia migration,
respectively (HUMMEL ET AL. 1999; VEF ET AL. 2006). Because the phenotype of garz is
either subtle (in Mz-EMS667) or intermingled with additional effects due to pleiotropy,
such as dilated gut chamber and occasional CNS connective chiasmata (S4-50, data
not shown), so far it remains to be specified how garz can affect neurogenesis.
Nevertheless, related factors Sar1, Sec23, both components of the COPII pathway
and Rab1 which are involved in ER-Golgi transport, were identified in a further genetic
screen because their mutants display normal axons but abnormal dendritic arbors (YE
ET AL.

2007). Strikingly, the authors stated that directed trafficking through the

secretory pathway is responsible for selective growth of dendrites. This same
mechanism was also found in mammalian cortical and hippocampal pyramidal
neurons and can be mimicked either by inhibiting the Arf1-dependent or protein
kinase D-dependent Golgi trafficking or by laser ablation of Golgi outposts (HORTON ET
AL.

2005; commented in EHLERS 2007).
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Additionally, because ECM-secretion is severely disrupted in garz mutants, other
effects beyond abnormal dendritic morphology can still be anticipated in future. For
example, junctional plasticity is essential for epithelial reorganization during
morphogenesis. A recent study found that only the knockdown of the human
homologue of Garz GBF1, but not of the related BIG1/2 ArfGEFs, leads to severe
disruption of epithelial barrier caused by disassembly of adherence junctions and tight
junctions (NAYDENOV ET AL. 2012). In garz, adherence junctions and septate junctions
(analogue to vertebrate tight junctions) could be observed at least in the embryonic
salivary gland, implying a possible masking by maternal Garz. Nevertheless, still at
some positions, slightly disassociated septate junctions (visible in Paper 3, figure 4R'
including the inset) and enlarged adherence junction were found. These can be
explained by inhibited surface delivery of adhesion molecules in garz-RNAi such as
DE-Cadherin and an atypical cadherin Flamingo, both involved in animal epithelial
morphogenesis (SZUL ET AL. 2011).

4.3. A synopsis of functional studies about Garz
The principle finding of the thesis is a further evidence for the model raised firstly by
TSAROUHAS ET AL. 2007. According to their proposal, temporal stringent regulation of
apical exocytosis as “bursts” is necessary for apical membrane growth which leads, in
embryonic salivary gland and the tracheal system of Drosophila, to diametric
expansion of the lumen. Also luminal ECM and cytoskeleton regulators play
synergetic roles enhancing the smooth enlargement of lumen size. This hypothesis
has been repeatedly supported by emerging evidences from independent genetic
screens. Genes encoding components of Sar1-COPII and Arf1-COPI pathways,
including Garz, are involved in the process, indicating apical exocytosis depends on
both anterograde and retrograde transport. Additionally, because dysfunction of the
COPI/COPII machinery also disrupts the homeodynamic biogenesis of Golgi-stacks
as the central organelle for glycosylation, various glycoproteins which are decisive for
animal development might be hypoglycosylated or fail to pass the quality control so
that these can not fulfill the original function. A question still remains to be determined
is how the avalanche-like exocytosis and endocytosis events are regulated. Probably
these eruptive processes respond to extrinsic signals like ecdyson release pulses, but
even release of steroid hormone ecdyson itself depends on the secretory machinery.
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For so far unknown reason, a severe difficulty in molecular characterization of Garz
was not the size of its coding sequence, but the handling of cloning due to its putative
toxicity for Escherichia coli so that it was difficult to generate fusion constructs or for
example mosaic or mutated constructs, although it was possible to clone the
whole-length gene itself. According to personal communications with Stefanie Hubich
about human GBF1, Ulf Buchwald for Gea1/2 and a recent publication for Sec7 in
Saccharomyces cerevisiae (RICHARDSON

ET AL.

2012), other large ArfGEFs were

difficult to clone, too. Probably even parts of these proteins are able to interfere with
the metabolism of E. coli, because several approaches to generate recombinant Garz
immunogen failed: once IPTG was added to the bacterial culture to induce
expression, the bacteria died within 30 min. Also reduced expression temperatures
and lower IPTG concentrations led to the same results.

To circumvent the problem, ARMBRUSTER & LUSCHNIG applied successfully an
alternative strategy based on Φc31-integrase mediated recombination and a
BAC-clone including Garz (BISCHOF ET AL. 2007; VENKEN ET AL. 2009; ARMBRUSTER &
LUSCHNIG 2012). In this study, the authors were able to generate a transgenic fly line
carrying inducible EGFP-Garz fusion protein. Using live cell imaging, the fusion
protein was observed in the cytosol as well as being accumulated on cis face of
Golgi-complex, which correlates with Arf1 distribution. This can be explained by the
conformational changes of Arf between a GDP-bound form (remains cytosolic) and a
GTP-bound form (membrane associated) which depends on the GEF activity of Garz.
Interestingly, in garz mutants, Golgi-specific localization of Arf79F-GFP disappears,
indicating that the localization of Arf1 on Golgi is reliant on functional Garz and
therefore non-autonomous. Contrary to the mutants identified or generated in my
study, the EMS-induced mutants described by ARMBRUSTER & LUSCHNIG all still
contain intact catalytic Sec7-domain but lack of C-terminal parts, given them an
opportunity to examine the necessity of the non-catalytic but conserved C-terminus for
localization. Interestingly, truncated Garz spreads throughout the cytoplasm, whereas
complete Garz without Sec7-activity increases its accumulation at the Golgi which is
also valid in mammal cell culture (ARMBRUSTER & LUSCHNIG 2012, GARCIA-MATA ET AL.
2003). ARMBRUSTER & LUSCHNIG also reported a diffused localization pattern of
β'-COP, a subunit of the COPI complex in garz background. This could be an indirect
effect due to failed activation of Arf1 by Garz.
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Because Arf79F was predicted to be the substrate of Garz, several deletion mutants
for this gene were generated during this study. However, the anticipated phenocopy
of garz and COPI-coatomer mutants could not be seen (data not shown). The
explanation is that those alleles were hypomorphic because the genomic lesions were
too tiny to cause a significant phenotype. In comparison, ARMBRUSTER & LUSCHNIG
utilized RNA-interference to modulate the dominant eye phenotype of Garz
overexpression. While Arf79F-RNAi alone is insufficient to alter normal eye
morphology, it enhances the effect of Garz-overexpression. The opposite experiment
using

ArfGAP67C-RNAi,

the

antagonist

of

Garz,

suppressed

the

Garz-overexpression, indicating an Arf-GEF-GAP regulatory circuit between Arf79F
(dArf1), garz and ArfGAP69C (ARMBRUSTER & LUSCHNIG 2012). Although the Arf79F
mutants and Arf79F-RNAi are lethal, there is still no phenotype described yet.
Probably not Arf79F per se, but the disruption of the dynamic equilibrium was
responsible for the dysregulation of the Arf1-COPI machinery and the phenotype.

An important question about large ArfGEF is the recruitment mechanism to
membranes. Deduced from the C-terminal garz mislocalization mutant W982 in which
all three HDS-domains are missing, ARMBRUSTER & LUSCHNIG considered the
C-terminal region after Sec7-domain to be crucial (ARMBRUSTER & LUSCHNIG 2012).
The authors noticed that a leucine residue within the HDS1 domain is conserved
within the HDS1-domain between Gea1/2 of budding yeast, Garz of flies, and this
residue was shown to interact with the Golgi-membrane protein Gmh1 (CHANTALAT ET
AL.

2003). A most recent study in budding yeast demonstrated that in vitro, Arf1-GTP

dependent recruitment of Sec7 (homologue to BIG1) to the membrane surface is
mediated by the HDS1-domain. Upon GTP binding of Arf1, HDS1 domain switches
from an auto-inhibitory state to an active state that is able to mediate stable interaction
of the ArfGEF with Arf1 as well as its targeting to the Golgi-membrane in vivo
(RICHARDSON

ET AL.

2012). Thus, the downstream domains, especially the HDS1

domain seems to be crucial for Golgi-localization. Using a liposome-based analysis by
liquid chromatography tandem mass spectrometry (HPLC/MS), the small G-protein
Arl1 (Arf-like 1) was shown to be necessary for Golgi recruitment of BIG1/2 to
trans-Golgi but not GBF1 that is valid for both Drosophila S2 and human HeLa cells
(CHRISTIS & MUNRO 2012). Nevertheless, how the GBF1 and its homologues are
targeted to cis-Golgi stacks, remained unclear yet.
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4.4. GBF1-homologues in pathogenicity and diseases
Using RNAi on S2 cell-based genomic screens, Garz was also independently
identified as a candidate for phagocytosis of Listeria monocytogenes and infection of
pathogenic fungi Candida albicans (AGAISSE

ET AL.

2005; CHENG

ET AL.

2005;

STROSCHEIN-STEVENSON ET AL. 2006). Also due to the central role of GBF type ArfGEF
in membrane trafficking and organization, bacteria such as Legionella pneumophila
evolve a virulent ArfGEF-like protein RalF with a “Sec7 capping domain” to prevent
the Arf1 binding (AMOR ET AL. 2005). Moreover, GBF1 is becoming a new focal point of
pathogenic virology. Independent of host organism, pathogenic viruses and bacteria
co-opted sophisticated lipid manipulation strategies based on Arf1 and GBF1 during
the evolution to create phosphatidylinositol-4-phosphate (PI4P) lipid-enriched
organelles for their own habitation and replication purposes, and shields themselves
from autonomous antiviral responses of their host cells. The mammalian
enteroviruses cause a series of diseases, including for example Poliomyelitis, Aseptic
Meningitis, Hand, Foot, and Mouth Disease, Pericarditis and Myocarditis,
Bornholm-Disease and so on. Enteroviruses produce a 3A protein to arrest the
trafficking between ER-Golgi by interfering with the DCB and HUS domains of GBF1
(W ESSELS

ET AL.

2006). GBF1 was also identified as a host component which is

essential for replication of poliovirus causing Poliomyelitis in human, and it is
associated with viral replication complexes on membranes (BELOV ET AL. 2008; LANKE
ET AL.

2009). In truncated GBF1 without HDS2 and HDS3 domains, virus replication

was unchanged, while HDS1 domain contributes to the virus replication significantly
(BELOV ET AL. 2010). Furthermore, GBF1 is involved in replication of mouse hepatitis
coronavirus and hepatitis C virus (VERHEIJE ET AL. 2008; GOUESLAIN

ET AL.

2010). A

recent study reveals that three different positive strand RNA viruses coxsackievirus
B3, poliovirus and hepatitis C virus form replication specialized organelles where
cellular phosphoinositide lipids are key to regulating viral RNA replication by modulate
effectors recruitment by Arf1 and GBF1 (HSU ET AL. 2010, commented as JOUVENET &
SIMON 2010). Therefore, a profound investigation of the GBF1-Arf1-COPI machinery
in Drosophila not only grants a deeper insight into the fundamental cellular and
developmental mechanisms conserved in animals, but also can become a valuable
model in favour of the everlasting campaign against infectious diseases.
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5. Appendix
5.1. Deficiency mapping of the Klämbt’s collection (the 2 nd Chromosome)
Deficiency
Df(2L)net-PMF
Df(2L)BSC4
Df(2L)BSC106
Df(2L)BSC16
Df(2L)ast2
Df(2L)dp-79b
Df(2L)BSC37
Df(2L)dpp[d14]
Df(2L)C144
Df(2L)JS17
Df(2L)BSC28
Df(2L)BSC31
Df(2L)drm-P2
Df(2L)ed1
Df(2L)sc19-8
Df(2L)ED250
Df(2L)BSC110
Df(2L)BSC109
Df(2L)Exel6011
Df(2L)cl-h3
Df(2L)E110
Df(2L)BSC5
Df(2L)BSC6
Df(2L)BSC7
Df(2L)spd[j2]
Df(2L)Dwee1-W05
Df(2L)XE-3801
Df(2L)BSC41
in haplo insufficient
region
Df(2L)Trf-C6R31
Df(2L)TE29Aa-11
Df(2L)BSC111
in haplo insufficient
region
Df(2L)ED611
Df(2L)N22-14
Df(2L)BSC17
Df(2L)Mdh
Df(2L)BSC50

Breakpoints
21A1;21B7-8
21B7-C1;21C2-3
21B8;21C4
21C3-4;21C6-8
21D1-2;22B2-3
22A2-3;22D5-E1
22D2-3;22F1-2
22E4-F2;22F3-23
A1
22F3-4;23C3-5
23C1-2;23E1-2
23C5-D1;23E2
23E5;23F4-5
23F3-4;24A1-2
24A2;24D4
24C2-8;25C8-9
24F4;25A7
25C1;25C3
25C4;25C8
25C8;25D5
25D2-4;26B2-5
25F3-26A1;26D311
26B1-2;26D1-2
26D3-E1;26F4-7
26D10-E1;27C1
27C1-2;28A
27C2-3;27C4-5
27E2;28D1
28A4-B1;28D3-9

28DE;28DE
28E4-7;29B2-C1
28F5;29B1

29B4;29C3
29C1-2;30C8-9
30C3-5;30F1
30D-30F;31F
30F4-5;31B1-4

H1-201
viable
viable
viable
viable
viable
viable
viable

L2-117
viable
viable
viable
viable
viable
viable

S4-50
viable
viable
viable
viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable

viable
viable
viable
viable

viable
viable
viable
viable

viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable
viable

viable
viable

viable
viable

viable
viable
viable

viable
viable
viable

lethal
viable
lethal
viable

lethal
viable
viable
viable

Remark

mRPl51
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Df(2L)J2
Df(2L)BSC32
Df(2L)BSC36
Df(2L)FCK-20
Df(2L)Prl
Df(2L)BSC30
Df(2L)b87e25
Df(2L)TE35BC-24
Df(2L)r10
Df(2L)cact-255rv64
Df(2L)TW137
Df(2L)pr-A16
Df(2L)TW161
Df(2L)Exel6049
Df(2L)C'
In(2R)bw[VDe2L]Cy
[R]
Df(2R)M41A4
Df(2R)nap9
Df(2R)ST1
Df(2R)cn9
Df(2R)H3C1
Df(2R)H3E1
Df(2R)Np5
Df(2R)w45-30n
Df(2R)BSC29
Df(2R)BSC132
Df(2R)B5
Df(2R)X1
Df(2R)stan1
Df(2R)en-A
Df(2R)en30
Df(2R)BSC39
Df(2R)CB21
Df(2R)BSC40
Df(2R)BSC3
Df(2R)vg-C
Df(2R)CX1
in haplo insufficient
region
Df(2R)BSC18
Df(2R)Exel7130
Df(2R)Exel7131
Df(2R)BSC11

31B;32A
32A1-2;32C5-D1
32D1;32D4-E1
32D1;32F1-3
32F1-3;33F1-2
34A3;34B7-9
34B12-C1;35B10C1
35B4-6;35F1-7
35D1;36A6-7
35F-36A;36D
36C2-4;37B9-C1
37B2-12;38D2-5
38A6-B1;40A4-B1
40A5;40D3
h35;h38L

viable
viable
viable
viable
viable

viable
viable
viable
viable
lethal
viable

viable
viable
viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable
viable
viable

viable
viable
viable
lethal
viable
viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable
viable
viable

h42-h43;42A2-3
41A;41A
42A1-2;42E6-F1
42B3-5;43E15-18
42E;44C
43F;44D3-8
44D1-4;44F12
44F10;45D9-E1
45A6-7;45E2-3
45D3-4;45F2-6
45F6;46B12
46A;46C
46C;47A1
46D7-9;47F15-16
47D3;48B2
48A3-4;48C6-8
48C5-D1;48D5-E1
48E;49A
48E1-2;48E2-10
48E12-F4;49A11B6
49A4-13;49E7-F1
49C1-4;50C23-D2

viable
viable
viable
viable
viable
viable
viable
viable
viable
viable
i.h.insuff
viable
viable
viable

viable
viable
viable
viable
viable
lethal
lethal
lethal
viable
viable
i.h.insuff
viable
viable
lethal

viable
viable
viable
viable

viable
viable
viable
viable

viable
viable
viable
viable
viable
viable
viable
viable
viable
viable
i.h.insuff Rpl31
viable
viable
viable
RpS15Ab
viable
viable
viable
lethal
RpS11
viable

viable
viable
lethal

viable
viable
viable

lethal
viable
viable

50D1;50D2-7
50D4;50E4
50E4;50F6
50E6-F1;51E2-4

viable
viable
viable
viable

viable
viable
viable
viable

viable
i.h.insuff RpS23
viable
viable

CG5317

mRPL4
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Df(2R)Jp1
Df(2R)Jp8
in haplo insufficient
region
Df(2R)BSC49
Df(2R)BSC44
Df(2R)robl-c
Df(2R)k10408
in haplo insufficient
region
Df(2R)BSC45
Df(2R)14H10Y-53
Df(2R)14H10W-35
Df(2R)PC4
Df(2R)P34
in haplo insufficient
region
Df(2R)BSC26
Df(2R)BSC22
Df(2R)AA21
Df(2R)Exel7162
Df(2R)BSC19
Df(2R)Egfr5
Df(2R)X58-12
Df(2R)59AD
Df(2R)vir130
Df(2R)or-BR6
in haplo insufficient
region
Df(2R)Px2
Df(2R)ED4071
Df(2R)M60E
Df(2R)ES1
Df(2R)Kr10
Df(2L)ED678
Df(2L)ED690

51D3-8;52F5-9
viable
52F5-9;52F10-53A
1
viable

viable

lethal

viable

viable

53D9-E1;54B5-10 viable
54B1-2;54B7-10
viable
54B17-C4;54C1-4 viable

viable
viable
viable

viable
viable
viable

54C1-4;54C1-4

viable

lethal

viable

54C8-D1;54E2-7
54D1-2;54E5-7
54E5-7;55B5-7
55A;55F
55E2-4;56C1-11

viable
viable
viable
viable
i.h.insuff

viable
viable
viable
viable
i.h.insuff

viable
viable
viable
viable
viable

56C4;56D6-10
56D7-E3;56F9-12
56F9-17;57D11-12
56F11;56F16
56F12-14;57A4
57D2-8;58D1
58D1-2;59A
59A1-3;59D1-4
59B;59D8-E1
59D5-10;60B3-8

viable
viable
viable
viable
viable
viable
viable
viable
viable
viable

viable
viable
viable
viable
viable
lethal
viable
viable
viable
viable

60C5-6;60D9-10
60C8;60E7
60E2-3;60E11-12
60E6-8;60F1-2
60F1;60F5
29F5;30B12
30B3;30E4

viable
viable
viable
viable

viable
viable
viable

viable
viable
viable
i.h.insuff RpS18
viable
viable
RpL29
viable
viable
viable
viable
60A11-60
D13
viable
viable
viable
viable
lethal
lethal
lethal

lethal
lethal

viable
lethal
lethal

mRpl41

mRsp4,R
pl18A
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5.2. Finemapping of H1-201, an allele of RacGAP50C/tumbleweed (tum)
Mitosis is the fundamental process in which one eukaryotic cell is divided into two
daughter cells, either equally (symmetric) or unequally (asymmetric). The final stage
of cell division, called cytokinesis, split the chromosomes and the cytoplasm finally
into two. At anaphase of mitosis, the local constriction of cytoplasm (cleavage furrow
or cytokinetic furrow) driven by an actin-myosin ring at the future position of
separation (cleavage site) becomes obvious. The cortical structure consisting of
actin-myosin filaments is called contractile ring. In metazoan, the small G-protein Rho
is responsible for assembly and constriction of a contractile ring at the equatorial
cortex. As a small G-protein, the activation of Rho depends on the localization of its
GEF at the cleavage furrow. Again, correct localization of RhoGEF requires a highly
conserved two-components protein complex containing a mitotic kinesin (MKLP1 in
mammals, Pavarotti in fly and ZEN-4 in C. elegans) which is a plus-end directed
microtubule

motor,

and

surprisingly,

a

RacGAP

(RacGAP1

in

mammals,

Tum/RacGAP50C in fly and CYK-4 in C. elegans). The RhoGEF, the mitotic kinesin
and the RacGAP all possess coiled-coils and direct interactions could be showed
between them. The latter two are interdependent in the localization at the MT plus-end
of central spindles between the anaphase chromosomes (thus the name
Centralspindlin, MISHIMA

ET AL.

2002; ZAVORTINK

ET AL.

2005; reviewed in D'AVINO &

GLOVER 2009).

Similar to the pavarotti (pav, klp61f) allele O1-051, H1-201 displays a similar
cytokinesis failure. The allele H1-201 displays a slightly different phenotype and was
mapped to the gene locus tumbleweed (tum, racGAP50c, CG13345). The gene
pavarotti encodes a mitotic kinesin of the kin6-family and its gene product interact with
Tum directly with their coiled-coils. Both Pav and Tum are central components of the
centralspindlin complex.
References:
D'Avino PP, Glover DM. (2009) Cytokinesis: mind the GAP. Nat Cell Biol. 11(2):112-4.
Mishima M, Kaitna S, Glotzer M. (2002) Central spindle assembly and cytokinesis require a kinesin-like
protein/RhoGAP complex with microtubule bundling activity. Dev Cell. 2(1):41-54.
Zavortink M, Contreras N, Addy T, Bejsovec A, Saint R. (2005) Tum/RacGAP50C provides a critical link between
anaphase microtubules and the assembly of the contractile ring in Drosophila melanogaster. J Cell Sci. 118(Pt
22):5381-92.
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Red: allelic; Green: non-allelic
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5.3. Fine mapping of L2-117, an allele of Patched (Ptc)
Red: allelic; Green: non-allelic

5.4. Sequencing primers used for mutation detection in in garzS4-50
Name

Sequence (5'-3')

Garz001

TGATCGACAGCTTGGCAAC

Garz002

GTTGCGGTGTCTCTACGAC

Garz003

GTGCCAAAACATATGCGAAGG

Garz004

GAGCAAATGCAGAGGGTAAG

Garz005

GACTAGTCTAGCCTTGGCCTC

Garz006

GTGTTTGAGGCGGTTCCTCC

Garz007

GATTTACTATCGGCGATGCTG

Garz008

CGAGTTCTGCTTATCCAGAGG

Garz009

CAGCAGTCCACCGATCAC

Garz010

GGGAATGCGCCACAAC

Garz011

CAAGTTTCAGCTGGAAGCC

Garz012

CTGGTTATTCCCACTCCCTCTC

Garz013

GATTCTGGCAATAGTGTAGCTG

Garz014

CACATGCCAATGATCAGAAAAGTG

Garz015

GGAGACCTTCAGATTGCC

Garz016

GTCCATCGTGCGTGTCTC

Garz017

GCTTTAGTACATATAGCGTCACTCTC

Garz018

GCCTGAGCCTTTCCGTTC

Garz019

CTGCTGAGCAGCGTAGAA

Garz020

CCAATGGATTTGTGCCCC

Garz021

CGAGAACCAACGTACGAG

Garz022

GGCTCCCACGCATTCAAG

Garz023

GCCAGCCTTGTTGCTGC

Garz024

AGCAAACGGAGCGTGG

Garz025

CAGACCACAATCTCCGCC

Garz026

TGCGGCACTGTGCATC

Garz027

ATTCAACTGCTGGACCTGATG

Garz028

CAGCATGTTCTTCAGTATCTCCTG
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Garz029

GCTGGGAAATGCTTTTAACGAG

Garz030

TAAAGACATAAACGGGGGAGTG

Garz031

GCTAAAGTTGCTCAAGAAAGTTGG

Garz032

CGGCAATAATGTACTTGGTGG

Garz033

GGCCGATGTACTGCAACAG

Garz034

CTGTCCCAGCTCCACTC

Garz035

GGCCGGAAATGCGTACC

Garz036

CGGAGTTGGGTGAACAGTC

5.5. Single nucleotide polymorphisms (SNPs) identified in garzS4-50 exons
Position
18
63
213
265
1182
1212
1281
1499
1599
1650
1659
1959
2452
2529
2565
2583
2919
3045
3759
4444
4566
4680
4758
4935
5086A
5150B
5215B
5256B
5292B
5348B

Change
C-->T
G-->C
T-->C
G-->A
T-->C
C-->G
A-->G
C-->T
G-->A
G-->A
T-->C
A-->T
C-->T
T-->C
G-->A
C-->T
C-->T
C-->A
T-->C
T-->G
A-->G
A-->G
T-->C
A-->T
T-->C
C-->T
G-->A
T-->G
A-->G
T-->A

Codon
AAC
GCG
CTT
GCC
GGT
GTC
TTA
TTC
ACG
GTG
AGT
CGA
CTG
AAT
ACG
CAC
GAC
GCC
AGT
TCA
CAA
GAA
AAT
CTA
TTA
CCT
GTA
ATT
CCA
GTG

Derived
AAT
GCC
CTC
ACC
GGC
GTG
TTG
TTT
ACA
GTA
AGC
CGT
TTG
AAC
ACA
CAT
GAT
GCA
AGC
GCA
CAG
GAG
AAC
CTT
CTA
CTT
ATA
ATG
CCG
GAG

Amino acid
Asn
Ala
Leu
Ala-->Thr
Gly
Val
Leu
Phe
Thr
Val
Ser
Arg
Leu
Asn
Thr
His
Asp
Ala
Ser
Ser-->Ala
Gln
Glu
Asn
Leu
Leu
Pro-->Leu
Val-->Ile
Ile-->Met
Pro
Val-->Glu

Property
silent
silent
silent
missense
silent
silent
silent
silent
silent
silent
silent
silent
silent
silent
silent
silent
silent
silent
silent
missense
silent
silent
silent
silent
silent
missense
missense
missense
silent
missense

AA

89A/B

1482A/B

1717B
1739B
1752B
1783B
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5.6. Garz expression and functional analysis in the embryonic hindgut
In another epithelial tube, mature embryonic hindgut, both the garz transcripts and
Garz protein can be detected. Whether the garz-transcripts are indeed accumulated
to the subapical domain (like crumbs) or it is only an artifact, remains to be verified.
Moreover, contrary to observations by ARMBRUSTER & LUSCHNIG 2012, failed secretion
of Piopio in the trachea could be manifested in the hindgut of the bona fide null-mutant
garzΔ137. Other than in SGs and tracheal dorsal trunks, lumen diameter of the hindgut
is unaffected because hindgut morphogenesis depends on circumferential cell
intercalation (KELLER

ET AL.

2006) rather than lumen expansion. In tracheal dorsal

trunks, endogenous apical determinant Crumbs indicates a fuzzy localization (visible
in publication 3, fig. 5M’). In embryo, the strongest Crb expression is achieved in two
lateral cell rows of the hindgut (TEPASS ET AL. 1990) called border cells (MURAKAMI &
SHIOTSUKI 2001, ambiguous due to synonymous cells in oocytes) or boundary cells
that probably maintain the large intestine integrity. In all garz alleles, mislocalized Crb
in the cytoplasm can be observed in a conspicuous manner.
Keller R. (2006) Mechanisms of elongation in embryogenesis. Development. (12):2291-302.
Murakami R, Shiotsuki Y. (2001) Ultrastructure of the hindgut of Drosophila larvae, with special reference to the
domains identified by specific gene expression patterns. J Morphol. 248(2):144-50.
Tepass U, Theres C, Knust E. (1990) crumbs encodes an EGF-like protein expressed on apical membranes of
Drosophila epithelial cells and required for organization of epithelia. Cell. 61(5):787-99.
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