Dissertation
submitted to the
Combined Faculties for the Natural Sciences and for Mathematics
of the Ruperto-Carola University of Heidelberg, Germany
for the degree of
Doctor of Natural Sciences

presented by
Diplom-Biologe Hans-Martin Herz
born in: Ludwigsburg, Germany
Oral-examination: 8/29/2008

Control of non-autonomous cell survival
and overgrowth and autonomous apoptosis
by members of the ESCRT-II complex

Referees
PD Dr. Jörg Großhans
Prof. Dr. Andreas Bergmann

Acknowledgements
First of all, I want to express my gratitude to my boss Prof. Dr. Andreas
Bergmann for allowing me to do my graduate work under his supervision in Houston.
Considering the fact that I almost knew nothing about Drosophila genetics when I
started, I really have come a far way in my understanding and appreciation of the
importance of elucidating developmental mechanisms by powerful genetic
approaches. Andreas was especially there in the beginning when my lack of
experience and understanding of genetic principles did not allow me to see the big
picture of my research, but later on also gave me plenty of opportunity to experiment
on my own. These experiments were not all necessarily very effective or even
successful, but they helped me to mature step by step. Looking back, I can see clearly
how over the last four years Andreas raised me to scientific independence and that is
probably the greatest recommendation that one can give to one’s scientific supervisor.

Work in Andreas’ lab was made particularly easy because of the cordial
atmosphere among all the lab members. Everybody is willing to help out, discuss
ongoing projects and to chat about all kinds of different topics. This contributed
strongly to creating a positive working environment and enhanced the output of
everybody considerably. Particularly, I am very thankful for the help I got from
Zhihong Chen and Clare Bolduc. Zhihong taught me how to dissect imaginal discs
from larvae and contributed herself significantly to many of my projects when
especially in the beginning I was not fast enough yet or later on my schedule became
to busy. Both Zhihong and Clare are highly esteemed for their organizational talent to
keep the lab running smoothly. Clare is especially cherished for updating the stock list
on a regular basis and for her support in injecting my vps25 rescue constructs.

Namely, I want to thank all of the past and current lab members besides those already
mentioned who made this time as a graduate student a very enjoyable one. These
include Christian Antonio, Peter Cashio, Audrey Christiansen, Tian Ding, Tania
Dutta, Yun Fan, Melinda Lackey, Tom Lee, Vani Rajendran, Vildan Sahin, Mayank
Srivastava, Yuan Wang, Regina Willecke, Sarah Woodfield and Dongbin Xu.

Moreover, I want to take a step back and thank PD Dr. Jörg Großhans and his lab
for making all that possible, specifically for opening up a way to perform my graduate
studies outside Germany and officiate nevertheless as first supervisor for my PhD
thesis. Starting out with cooking fly food, being incorporated into the lab and
ultimately being able to finish my diploma thesis on a biochemical project certainly
laid the ground work for my decision to move on and get some experience on
Drosophila genetics as well. Having tasted the benefits of both, in the future my plan
is to balance biochemical and genetic approaches.

Finally, my deepest gratitude is to my parents Wilhelm and Annegret Herz. I am
very much aware of their continual love and support for me in all matters including
my graduate work. Even though recently there was little chance to see each other in
person the regular phone conversations largely contributed to make myself a partaker
of the family life in my absence.

Summary
Appropriate cell-cell signaling is critical for proper tissue homeostasis. Protein
sorting of cell surface receptors at the early endosome is important for both the
delivery of the signal and the inactivation of the receptor, and its alteration can cause
malignancies including cancer. In a genetic screen for suppressors of the proapoptotic gene hid in Drosophila, we identified two alleles of vps25, a component of
the ESCRT machinery required for protein sorting at the early endosome.
Paradoxically, although vps25 mosaics were identified as suppressors of hid-induced
apoptosis, vps25 mutant cells die. However, we provide evidence that nonautonomous increase of Diap1 protein levels, an inhibitor of apoptosis, accounts for
suppression of hid. Furthermore, before they die, vps25 mutant clones trigger nonautonomous proliferation through a failure to down-regulate Notch signaling which
activates the mitogenic JAK/STAT pathway. The apoptotic phenotype of vps25
mutant tissue is the result of autonomous activation of at least two cell death
pathways. Both Hid and JNK contribute to apoptosis of vps25 mutant cells. Inhibition
of cell death in vps25 clones causes dramatic overgrowth phenotypes. In addition,
Hippo signaling is increased in vps25 clones, and hippo mutants completely block
apoptosis in vps25 clones.

Furthermore, we genetically analyze the remaining ESCRT-II components
vps22 and vps36. Like vps25, mutants in vps22 and vps36 display endosomal defects
causing increased Notch and JAK/STAT signaling and autonomous cell death.
However, while vps22 mutants cause strong non-autonomous overgrowth, they do not
affect non-autonomous apoptotic resistance. vps36 mutants display the reciprocal
phenotype and increase the apoptotic resistance, but have little effect on non-

autonomous proliferation. Therefore, despite their intimate physical relationship, the
ESCRT-II components vps22, vps25 and vps36 display distinct genetic properties. In
summary, the phenotypic analysis of vps22, vps25 and vps36 mutants highlights the
importance of receptor down-regulation by endosomal protein sorting for appropriate
tissue homeostasis, and may serve as a model for a better understanding of the
mechanisms causing tumorigenesis in humans.

Zusammenfassung
Die Aufrechterhaltung der Integrität für die Signalübertragung zwischen
Zellen ist eine notwendige Voraussetzung für die Homöostase im Organismus. Die
Sortierung von Proteinen als Rezeptoren am frühen Endosom spielt dabei eine
wichtige Rolle sowohl für die Übertragung des Signals als auch die Inaktivierung des
Rezeptors. Regulatorische Veränderungen in diesem Prozess können unter anderem
zur Entstehung von Krankheiten wie unter anderem auch der Krebsentwicklung
beitragen.

In einem genetischen Screen für Suppressoren des proapoptotischen Gens hid
in Drosophila haben wir zwei Allele von vps25 identifiziert. Vps25 ist eine
Komponente der ESCRT Maschinerie, die für die Sortierung von Proteinen am frühen
Endosom benötigt wird. Paradoxerweise wurden vps25 Mosaike als Suppressoren von
hid-induzierter Apoptose identifiziert obwohl Zellen, die mutant für vps25 sind,
sterben. Wir zeigen jedoch, daß die nichtautonome Erhöhung von Diap1 Protein,
einem Apoptoseinhibitor, für die Suppression von hid verantwortlich ist.
Darüberhinaus lösen Klone die mutant fuer vps25 sind nichtautonome Proliferation
durch eine Störung im Abbau des Notch Rezeptors aus, dessen ektopische
Aktivierung zur Stimulation des mitogenen JAK/STAT Signalweges führt. Der
apoptotische Phänotyp von mutantem vps25 Gewebe ist das Resultat autonomer
Aktivierung von mindestens zwei Zelltod Signalwegen. Sowohl Hid als auch JNK
tragen zur Apoptose von vps25 mutanten Zellen bei. Eine Inhibition von Zelltod in
vps25 Klonen verursacht starke Überwachstumsphänotypen. Desweiteren ist die
Signalübertragung durch den Hippo Signalweg in vps25 Klonen erhöht und hippo
Mutanten blockieren Apoptose vollständig in vps25 Klonen.

Wir führen auch eine Analyse der anderen ESCRT-II Komponenten vps22 und
vps36 durch. Wie im Fall von vps25 zeichnen sich vps22 und vps36 Mutanten durch
endosomale Defekte aus, die in erhöhter Notch und JAK/STAT Signalübertragung
und automomem Zelltod resultieren. Überraschenderweise haben vps22 Mutanten
keine Auswirkung auf nichtautonome apoptotische Resistenz, verursachen aber
starkes nichtautonomes Überwachstum. vps36 Mutanten weisen hingegen einen
reziproken Phänotyp auf, der sich durch eine Erhöhung der apoptotischen Resistenz
auszeichnet, aber kaum nichtautonome Proliferation beeinflusst. Obwohl also vps22,
vps25 und vps36 eine innige physikalische Verwandtschaft als ESCRT-II
Komponenten teilen, haben sie verschiedenartige genetische Eigenschaften.

Zusammenfassend lässt sich sagen, dass die phänotypische Analyse von
vps22, vps25 und vps36 Mutanten die Notwendigkeit der Regulation von Rezeptoren
durch Sortierung von Proteinen am frühen Endosom hervorhebt, um eine adaequate
Gewebshomöostase zu gewährleisten und ein Modell zu einem besseren Verständnis
der Mechanismen bereitstellt, die zur Krebsentstehung im Menschen beitragen.
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2 Summary
Appropriate cell-cell signaling is critical for proper tissue homeostasis. Protein
sorting of cell surface receptors at the early endosome is important for both the
delivery of the signal and the inactivation of the receptor, and its alteration can cause
malignancies including cancer. In a genetic screen for suppressors of the proapoptotic gene hid in Drosophila, we identified two alleles of vps25, a component of
the ESCRT machinery required for protein sorting at the early endosome.
Paradoxically, although vps25 mosaics were identified as suppressors of hid-induced
apoptosis, vps25 mutant cells die. However, we provide evidence that nonautonomous increase of Diap1 protein levels, an inhibitor of apoptosis, accounts for
suppression of hid. Furthermore, before they die, vps25 mutant clones trigger nonautonomous proliferation through a failure to down-regulate Notch signaling which
activates the mitogenic JAK/STAT pathway. The apoptotic phenotype of vps25
mutant tissue is the result of autonomous activation of at least two cell death
pathways. Both Hid and JNK contribute to apoptosis of vps25 mutant cells. Inhibition
of cell death in vps25 clones causes dramatic overgrowth phenotypes. In addition,
Hippo signaling is increased in vps25 clones, and hippo mutants completely block
apoptosis in vps25 clones.

Furthermore, we genetically analyze the remaining ESCRT-II components vps22
and vps36. Like vps25, mutants in vps22 and vps36 display endosomal defects causing
increased Notch and JAK/STAT signaling and autonomous cell death. However,
while vps22 mutants cause strong non-autonomous overgrowth, they do not affect
non-autonomous apoptotic resistance. vps36 mutants display the reciprocal phenotype
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and increase the apoptotic resistance, but have little effect on non-autonomous
proliferation. Therefore, despite their intimate physical relationship, the ESCRT-II
components vps22, vps25 and vps36 display distinct genetic properties. In summary,
the phenotypic analysis of vps22, vps25 and vps36 mutants highlights the importance
of receptor down-regulation by endosomal protein sorting for appropriate tissue
homeostasis, and may serve as a model for a better understanding of the mechanisms
causing tumorigenesis in humans.
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3 Introduction
Regulation of tissue homeostasis involves the concerted action of several
signaling pathways. An imbalance in this fine-tuned signaling network leads to
overgrowth or apoptosis, and patterning defects in developing organisms. Hence, it is
of exorbitant importance for the cell to hold excessive signaling in check for proper
regulation of tissue homeostasis.

3.1 The significance of endosomal trafficking
Appropriate cell/cell signaling requires both coordinated activation and
inactivation of cell surface signaling receptors. Usually, the receptors are bound by
their respective ligands on the cell surface upon which they induce an intra-cellular
response. An intrinsic part of this response is the recruitment of specific ubiquitin
ligases that trigger ubiquitinylation of the receptor’s cytoplasmic domain, usually
mono-ubiquitinylation, which provides the signal for receptor internalization by
endocytosis (reviewed in Hicke and Dunn, 2003; Haglund and Dikic, 2005; Hicke et
al., 2005; Duncan et al., 2006; Huang et al., 2006). Endocytosis is regulated by
Dynamin (shibire in Drosophila) which facilitates the formation of endocytic vesicles
(reviewed in Hinshaw, 2000). Subsequently, the ubiquitinylated cargo is transported
via these vesicles to an endosomal compartment and there undergoes Rab5-mediated
fusion with the early endosome (Gorvel et al., 1991; Bucci et al., 1992). Recently,
evidence has been accumulating that ascribes the early endosome a major function in
regulating receptor sorting and signaling. The early endosome seems to form a hub for
controlling the steady-state levels of cell surface receptors as well as their activation
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by several mechanisms. First, the receptors may be recycled back to the cell surface
which applies mostly to unliganded receptors. Second, the environment at the early
endosome appears to be required for several signaling molecules as it brings the
receptor/ligand complex in close proximity to intracellular signaling components and
is thus required for regulation of receptor activation (Seto and Bellen, 2006)
(reviewed in Gonzalez-Gaitan, 2003; Seto and Bellen, 2004; Le Roy and Wrana,
2005b). Third, it is also needed to turn off signaling (Urbanowski and Piper, 2001).
This is achieved by the assembly of ubiquitinylated protein cargo into vesicles that
pinch off from the limiting membrane of the early endosome into the lumen of
emerging multi-vesicular bodies (MVB) (Felder et al., 1990; Odorizzi et al., 1998)
(reviewed in Katzmann et al., 2002; Raiborg et al., 2003; Gruenberg and Stenmark,
2004; Babst, 2005; Hurley and Emr, 2006; Slagsvold et al., 2006; Saksena et al.,
2007; Williams and Urbe, 2007; Hurley, 2008; Tanaka et al., 2008). In the process,
MVBs mature to become late endosomes by fusing with vesicles that are derived from
the trans-Golgi network (TGN) and contain the precursors of lysosomal enzymes.
These hydrolases themselves are enzymatically tagged with mannose-6-phosphate in
the cis-Golgi network and subsequently bind to mannose-6-phosphate receptors in the
trans-Golgi network. The binding of the tagged hydrolases is released upon fusion of
the trans-Golgi derived vesicles with the MVB due to a decreased luminal pH in the
late endosome which is the result of acquisition of proton pumps (Nishi and Forgac,
2002). This allows for a recycling of the mannose-6-phosphate receptors back to the
Golgi to be reused for additional transport cycles to the MVB. The dissociated
hydrolases of the late endosome continue onward to the lysosome where they perform
the degradation of internalized proteins (Luzio et al., 2007).
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3.2 The ESCRT machinery is involved in receptor turnover at
the early endosome
The sorting process of ubiquitinylated proteins at the early endosome into
MVBs is highly regulated and requires class E Vps (Vacuolar Protein Sorting)
proteins, first identified in Saccharomyces cerevisiae (Raymond et al., 1992). So far,
fifteen class E Vps proteins have been described to participate in the formation of four
ESCRT (Endosomal Sorting Complex Required for Transport) complexes: ESCRT-0,
-I, -II and -III (reviewed in Katzmann et al., 2002; Gruenberg and Stenmark, 2004;
Babst, 2005; Hurley and Emr, 2006; Slagsvold et al., 2006; Saksena et al., 2007;
Williams and Urbe, 2007; Hurley, 2008; Tanaka et al., 2008). Besides many
accessory proteins they are the major constituents in sorting the ubiquitinylated
receptors into MVBs.

3.3 Function of ESCRT complexes on the early endosome
ESCRT-0, ESCRT-I and ESCRT-II bind ubiquitinylated receptors on early
endosomes. According to the current model ESCRT-0 initiates the recruitment of the
receptors and subsequently passes them on to the other ESCRT complexes in their
numerical order. ESCRT-III catalyzes the internalization of the ubiquitinylated cargo
into MVBs (reviewed in Babst, 2005; Hurley and Emr, 2006; Slagsvold et al., 2006;
Saksena et al., 2007; Williams and Urbe, 2007; Hurley, 2008). This process separates
the intracellular domain of activated signaling receptors from the cytosolic
environment and thus, inactivates them.
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3.3.1 Subunits of ESCRT complexes
ESCRT-0 is constituted by Vps27 (Hrs in metazoans) and Hse1 (STAM in
metazoans) (Lohi and Lehto, 2001; Bilodeau et al., 2002). Vps23 (Tsg101 in
metazoans), Vps28, Vps37 and Mvb12 form the 104 kD heterotetramer ESCRT-I
(Katzmann et al., 2001; Kostelansky et al., 2007). ESCRT-II (Babst et al., 2002b)
consists of the three subunits Vps22, Vps25 and Vps36. Vps2, Vps20, Vps24, Vps32
(synonymous: Snf7), Vps60 and Did2 associate to form the largest complex, ESCRTIII (Amerik et al., 2000; Howard et al., 2001; Kranz et al., 2001; Babst et al., 2002a;
Nickerson et al., 2006).

3.3.1.1 ESCRT-0
Due to the current model the process of receptor internalization at the early
endosome is initialized by the recruitment of GGA (Golgi-associated, γ-adaptin
homologs, Arf-binding) proteins (Bonifacino and Traub, 2003; Bonifacino, 2004) and
ESCRT-0 to the early endosomal membrane. The structures of the N-terminal VHS
(Vps27, Hrs and STAM) and FYVE (Fab1, YOTB, Vac1 and EEA1) domains of
Vps27 have been resolved to atomic scale (Mao et al., 2000). VHS domains are
commonly found with proteins that are involved in intracellular trafficking. Vps27
binds to the endosome through the interaction of its FYVE domain with
phospatidylinositol-3-phosphate (PtdIns3P) (Burd and Emr, 1998; Misra and Hurley,
1999; Raiborg et al., 2001b) which is highly enriched on early endosomal membranes.
Vps27 and Hse1 form a heterodimer through their intertwined GAT domains (Prag et
al., 2007) and both interact with ubiquitinylated receptors through their UIM
(ubiquitin interaction motif) domains, respectively (Bilodeau et al., 2002; Raiborg et
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al., 2002; Shih et al., 2002; Raiborg et al., 2003). Both, Vps27 with its C-terminus and
Hse1 interact with Clathrin resulting in a flat Clathrin coat on the early endosome (ter
Haar et al., 2000; Raiborg et al., 2001a; Raiborg et al., 2002; Sachse et al., 2002). This
Clathrin coat is thought to act as an organizer or condensation point for
ubiquitinylated cargo to allow for the proper initialization of subsequent ESCRT
complex recruitment.

3.3.1.2 ESCRT-I
Vps27 then binds to the ESCRT-I complex through its interaction with the
ESCRT-I subunit Vps23 (Bache et al., 2003a; Bilodeau et al., 2003; Katzmann et al.,
2003; Lu et al., 2003). Involved in this interaction is a short amino acid motif of
Vps27 (P(S/T)XP) and the UEV (ubiquitin E2 variant) domain of Vps23 (Pornillos et
al., 2002a; Pornillos et al., 2002b; Pornillos et al., 2003) that also recognizes
ubiquitinylated cargo . The ESCRT-I core has been crystallized and forms a fan-like
structure with Vps23 in the middle and Vps37 and Vps28 on its sides (Kostelansky et
al., 2006; Teo et al., 2006). A newly discovered ESCRT-I member Mvb12 seems to
help stabilizing the complex and allows ESCRT-I oligomer formation, thus
contributing to a higher efficiency of cargo sorting (Chu et al., 2006; Curtiss et al.,
2007; Gill et al., 2007; Kostelansky et al., 2007; Oestreich et al., 2007).

3.3.1.3 ESCRT-II
In yeast ESCRT-I is directly connected to ESCRT-II by the association of the
C-terminus of Vps28 (ESCRT-I) with a zinc finger-like domain (NZF1) of Vp36
(ESCRT-II) (Teo et al., 2006; Gill et al., 2007), which is not conserved in mammals.
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Therefore, no direct link between ESCRT-I and ESCRT-II has been established in
mammalian systems, yet. It should also be noted that ESCRT-I and –II in the yeast
cytosol seem to co-exist as separate complexes suggesting the prerequisite of
endosomal recruitment for their physical association (Katzmann et al., 2001; Babst et
al., 2002b). Human Vps36 is also required for the binding of ESCRT-II to
ubiquitinylated receptors and PtdIns3P by means of its N-terminal GLUE (Gram-like
ubiquitin-binding in EAP45) domain in mammals. The binding of the GLUE domain
to PtdIns3P is conserved in yeast as well. However, in yeast the association with
ubiquitin is mediated by the NZF1 domain (Alam et al., 2004; Slagsvold et al., 2005;
Alam et al., 2006; Hirano et al., 2006; Teo et al., 2006). Nonetheless, a general
conservation of ESCRT-II in its ability to bind ubiquitinylated cargo and PtdIns3P can
be observed. The core of the ESCRT-II complex has the shape of a Y and is a
heterotetramer with one copy each of Vps36 and Vps22 and two copies of Vps25. The
arms of the Y are formed by one of the Vps25 subunits and the stalk by Vps36 and
Vps22. Each of the ESCRT-II subunits contains two tandem repeats of a winged helix
domain that are involved in the protein interactions of the respective subunits (Hierro
et al., 2004; Teo et al., 2004; Wernimont and Weissenhorn, 2004).

3.3.1.4 ESCRT-III
ESCRT-II is associated with ESCRT-III through the cooperative interaction of
the C-terminus of Vps25 with Vps20, a myristoylated subunit of ESCRT-III (Hierro
et al., 2004; Teo et al., 2004; Yorikawa et al., 2005). Vps20 with Vps32 and Vps2 and
Vps24 are thought to form two subcomplexes (Babst et al., 2002a). Much of what is
known about the structure of ESCRT-III is derived from crystallization studies on
Vps24 (Muziol et al., 2006). Generally, all ESCRT-III-like proteins can be subdivided
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in a basic N-terminal core with four α-helices (α1-α4) and an acidic C-terminal autoinhibitory region that contains α-helix 5 and a MIR (MIT-interacting region) domain
which prevents hetero- and homo-dimerization of individual ESCRT-III subunits by
interacting with their respective core. It is inferred from the resolved structure of
Vps24 that upon activation the release from the auto-inhibitory interaction of the MIR
domain on the core of ESCRT-III components results in the formation of a flat latticelike array of dimericing subunits along the endosomal membrane (von Schwedler et
al., 2003; Tsang et al., 2006; Zamborlini et al., 2006). Upon release from its binding
to the basic core the MIR domain is now free to recruit MIT-domain containing
proteins such as deubiquitinylases (DUBs: Doa4 in yeast, AMSH and UBPY in
mammals) (McCullough et al., 2004; Agromayor and Martin-Serrano, 2006;
McCullough et al., 2006; Kyuuma et al., 2007; Ma et al., 2007; Row et al., 2007) or
the AAA+ ATPase Vps4 (Babst et al., 1997; Babst et al., 1998; Scott et al., 2005b).
These DUBs catalyze the removal of ubiquitin moieties from cargo proteins at the
formation of the MVB (Luhtala and Odorizzi, 2004). This allows ubiquitin to be
reused in other cellular contexts without undergoing proteolysis in the lysosome.
Another vps protein Bro1 (ALIX in mammals) (Odorizzi et al., 2003) also seems to be
involved in the activation of these DUBs (Richter et al., 2007) by forming a linker
that binds to ESCRT-III (Luhtala and Odorizzi, 2004), but also interacts with ESCRTI and Vps4 (Martin-Serrano et al., 2003a; von Schwedler et al., 2003; Bowers et al.,
2004; Nikko and Andre, 2007).

3.3.2 Disassembly of ESCRT complexes
Vps4 with another protein Vta1 forms a complex that is involved in the
disassembly of the ESCRT-III lattice from the endosomal membrane (Azmi et al.,
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2006; Lottridge et al., 2006; Haas et al., 2007; Vajjhala et al., 2007; Azmi et al.,
2008). Vta1 stimulates the ATPase activity of Vps4 by promoting the assembly of a
double hexameric Vps4 ring. Furthermore, the binding of the ESCRT-III subunits
Did2 and Vps2 to Vps4 suggest a cooperative regulation of Vps4 activity (Obita et al.,
2007; Stuchell-Brereton et al., 2007). Based on structural and mechanistic studies of
Vps4 the current model favors the idea that the Vps4 is involved in the disassembly of
the ESCRT-III complex by pumping ESCRT-III monomers through the pore of its
hexameric ring (Scott et al., 2005a).

3.3.3 Models of ESCRT function
Until recently the mode of action of individual ESCRT complexes at the early
endosome was considered to be sequential. From the first step of recognition of
ubiquitinylated cargo by ESCRT-0 a “conveyor belt” model was suggested in which
the ubiquitinylated cargo would be passed on from complex to complex to be finally
fed into the forming vesicles of the MVB (reviewed in Hurley and Emr, 2006).
However, an explosion of data over the last few years now seems to paint a picture in
which some of the obtained information is apparently hard to reconcile with a
classical conveyor belt mechanism. It seems to become more and more apparent that a
network of interactions between subunits of different ESCRT complexes and ESCRTrelated proteins exists. Among others, this could be shown by different yeast twohybrid analyses (Martin-Serrano et al., 2003a; von Schwedler et al., 2003; Bowers et
al., 2004; Tsang et al., 2006) and it was already mentioned before that Bro1 forms a
connection between ESCRT-I and –III (Luhtala and Odorizzi, 2004). Therefore,
another model has recently gained attraction in which ESCRT-0, -I and –II would coassemble to cluster multiple ubiquitinylated receptors together. The assembly of
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ESCRT-III at the perimeter of this ESCRT-0/I/II supercomplex would recruit the
disassembly machinery (Bro1, Doa4 and Vps4) and after dissociation of the
supercomplex catalyze the removal of ubiquitin from receptors and disassemble
ESCRT-III from the endosomal membrane resulting in scission of the intraluminal
vesicles of the MVB (Kostelansky et al., 2007; Nickerson et al., 2007).

3.4 vps mutant phenotypes
As crucial regulators of receptor turnover at the early endosome it is easy to
imagine that interfering with the process of intraluminal vesicle formation by
abolishing the function of individual members of the ESCRT machinery one might
expect profound effects on the cell’s ability to keep excessive signaling in check.
Mutants of ESCRT genes have been first described by their characteristic mutant
phenotype in yeast. Interference with their function in MVB formation on the early
endosome results in aberrantly shaped class E compartments (Raymond et al., 1992).
Class E compartments represent malformed endosomal structures which are located
adjacent to the yeast vacuole and accumulate ubiquitinylated cargo on their limiting
membrane (reviewed in Katzmann et al., 2002). Mutations in genes with this
phenotype consequently were termed vacuolar protein sorting (vps) implying their
important function in regulating MVB formation. Compared to their spherical wildtype counterparts MVBs in vps mutants consist of cisternae-like structures that form
unconnected sheets of membrane which lie on top of each other (Nickerson et al.,
2006). Biochemical studies in mammalian cell lines have revealed a similar function
for endosomal protein sorting (Scheuring et al., 1999; Babst et al., 2000; Bishop and
Woodman, 2000; Yoshimori et al., 2000; Howard et al., 2001; Scheuring et al., 2001;
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Bache et al., 2003a; Bache et al., 2003b; Fujita et al., 2003; Bache et al., 2004; Peck et
al., 2004). In Drosophila, among class E vps genes only mutations in hrs have been
reported (Lloyd et al., 2002; Jekely and Rorth, 2003). Loss of hrs leads to
accumulation of the epidermal growth factor receptor (EGFR), PVR (PDGF/VEGF
receptor), Notch, Patched, Smoothened, and Thickveins on enlarged early endosomes
consistent with a conserved role of hrs for endosomal protein sorting.

3.5 Endosomal regulation of Notch signaling activity
The regulation of Notch (N) activation through endocytosis has lately become
the focus of several studies (reviewed in Le Borgne and Schweisguth, 2003a; Le
Borgne et al., 2005; Le Borgne, 2006). The principle of signal transduction in the N
pathway appears to be relatively simple on the first sight. N, as a transmembrane
receptor is regulated by its ligands Delta (Dl) and Serrate (Ser) in Drosophila (Fehon
et al., 1990). Upon ligand binding the N receptor undergoes two proteolytic cleavages.
The first cleavage (S2 cleavage) occurs in the extracellular space and is catalyzed by
the ADAM/TACE/Kuzbanian-family of metalloproteases (Qi et al., 1999; Brou et al.,
2000; Mumm et al., 2000). The second cleavage (S3 cleavage) is mediated by γsecretase, a protein complex that contains the subunits Presenilin, Nicastrin, PEN2
and APH1 (Kopan et al., 1996; Schroeter et al., 1998; De Strooper et al., 1999; Struhl
and Greenwald, 1999; Wolfe et al., 1999; Ye et al., 1999) (reviewed in Mumm and
Kopan, 2000; Fortini, 2002; Selkoe and Kopan, 2003) which releases the intracellular
domain of N for translocation into the nucleus. Once there, the intracellular domain of
N forms a complex with the DNA-binding protein Suppressor of Hairless (Su(H))
(Fortini and Artavanis-Tsakonas, 1994; Tamura et al., 1995), the co-factor
Mastermind (Mam) (Petcherski and Kimble, 2000; Wu et al., 2000; Zhou et al., 2000)
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and additional other co-factors and replaces certain co-repressors to activate
transcription of various N target genes (reviewed in Schweisguth, 2004; Bray, 2006;
Fiuza and Arias, 2007) among which are Enhancer of Split (E(spl)) (Jennings et al.,
1994; Bailey and Posakony, 1995) and cut (de Celis et al., 1996; Micchelli et al.,
1997).

Despite the simplicity of this pathway the roles that the N pathway plays in
development are very diverse and in many cases just poorly understood. This is
largely due to the fact that the N pathway is controlled at many levels which allows
for its great diversity in regulation. Therefore, it is not surprising that N signaling has
been described to be involved in a multitude of developmental decisions. The N
pathway mainly operates by regulating cell fate decisions, cell proliferation and cell
death. However, the misregulation of these processes is the cause for the development
of various cancers. The oncogenic potential of N was first described in studies on Tcell acute lymphoblastic leukemias (Reynolds et al., 1987; Ellisen et al., 1991; Weng
et al., 2004), but later also for epithelial tumors (Gallahan and Callahan, 1987;
Uyttendaele et al., 1996) such as human breast cancers (Weijzen et al., 2002) and
other cancers (reviewed in Allenspach et al., 2002; Radtke and Raj, 2003; Grabher et
al., 2006; Miele et al., 2006).

More recently as mentioned above there has been accumulating evidence that
endocytosis plays a prominent role in the regulation of Notch signaling (reviewed in
Le Borgne and Schweisguth, 2003a; Le Borgne et al., 2005; Le Borgne, 2006). The
first report opening a link to the control of N signaling through endocytosis was
described by the analysis of temperature-sensitive shibire mutants which encode the
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Drosophila homolog of Dynamin, a GTPase that is required to catalyze the pinching
off of vesicles from the plasma membrane (Poodry, 1990; Chen et al., 1991; van der
Bliek and Meyerowitz, 1991). Shibire has been shown to be required in both signal
sending and receiving cells in Dl-dependent N signaling (Seugnet et al., 1997). The
presence of Dl and Ser in intracellular vesicles which are absent in shibire mutants
(Kramer and Phistry, 1996) and their uptake into living cells (Le Borgne and
Schweisguth, 2003b) further supported the involvement of the endocytic machinery.
Mutations in liquid facets (lqf, homolog of epsin), an ubiquitin binding protein,
neuralized and mindbomb have been demonstrated to interfere with Dl (for mindbomb
also Ser) internalization and signaling. epsin mutants result in the accumulation of Dl
at the cell surface because of reduced levels of endocytosis (Overstreet et al., 2004;
Tian et al., 2004; Wang and Struhl, 2004). Neuralized (Deblandre et al., 2001; Lai et
al., 2001; Pavlopoulos et al., 2001; Yeh et al., 2001) and Mindbomb (Itoh et al., 2003;
Lai et al., 2005) are E3 ubiquitin ligases that bind and ubiqutinylate Dl (Ser) and thus
promote its endocytosis. Consistent with their role in regulating Dl all three have been
shown to control N signaling non-autonomously (Pavlopoulos et al., 2001; Itoh et al.,
2003; Le Borgne and Schweisguth, 2003b). Besides the requirement of endocytosis
for N ligands recent data also suggests that endocytosis precedes S3 cleavage of S2
cleaved N and that endocytois as well as S3 cleavage of N are regulated by its monoubiquitinylation on the intracellular domain (Gupta-Rossi et al., 2004). However,
controversial data exist on this issue (Struhl and Adachi, 2000). Therefore, as of now,
no conclusive inferences can be drawn as to whether the S3 cleavage of N occurs at
the plasma membrane or after endocytosis in an endocytic compartment. One reason
to explain the difference in these apparently contradicting findings might be the fact
that ligand-dependent S3 cleavage of N occurs at another cellular location
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(plasmamembrane) (Tarassishin et al., 2004) than a postulated ligand-independent S3
cleavage (endocytic compartment) (Vetrivel et al., 2004). However, there is no doubt
that the endocytic pathway plays an important role in the degradation of the N
receptor. One of the mediators of targeting N to lysosomal compartments is Cbl, an
E3 ubiquitin ligase (Jehn et al., 2002) and also two other E3 ubiquitin ligases, Nedd4
(Sakata et al., 2004; Wilkin et al., 2004) and Suppressor of Deltex (Fostier et al.,
1998; Cornell et al., 1999). Both, Nedd4 and Supressor of Deltex antagonize Deltex a
third E3 ubiquitin ligase which positively regulates N signaling (Diederich et al.,
1994; Matsuno et al., 1995; Cornell et al., 1999; Sakata et al., 2004). This seems to
imply that ubiquitinylation represents a significant regulatory mechanism to target N
for endocytic degradation. Furthermore as already mentioned above, in hrs mutant
clones N also co-localizes with a marker that recognizes ubiquintinylated prtoteins
(Jekely and Rorth, 2003).

3.6 Non-endosomal functions of ESCRT components
In addition to their function in endosomal trafficking ESCRT subunits also have
been reported to be involved in various other cellular processes. These include
topologically related processes such as the regulation of virus budding (reviewed in
Pornillos et al., 2002c; Demirov and Freed, 2004; Morita and Sundquist, 2004; Fujii
et al., 2007; Martin-Serrano, 2007; Welsch et al., 2007) and the regulation of
cytokinesis (Spitzer et al., 2006; Carlton and Martin-Serrano, 2007; Morita et al.,
2007; Dukes et al., 2008). However, there is no direct requirement for the ESCRT
machinery in exosome secretion -another analogous event- as has been previously
suggested (Trajkovic et al., 2008) (reviewed in Thery et al., 2002; de Gassart et al.,
2004). This seems to imply that the cell utilizes other factors besides ESCRT which
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convey the recruitment of protein cargo for recycling to the plasma membrane or the
shedding into the extracellular lumen through MVBs.

Surprisingly, more and more evidence has been accumulating that ascribes
unique functions to the ESCRT machinery that apparently appear to be independent of
its ‘classical’ role of catalyzing scission events on membranes. Some of these are the
regulation of transcription (Shilatifard, 1998; Sun et al., 1999; Feng et al., 2000;
Kamura et al., 2001; Burgdorf et al., 2004), regulation of chromatin modification
(Stauffer et al., 2001), regulation of mRNA localization (Irion and St Johnston, 2007)
and regulation of the cytoskeleton (Xie et al., 1998; Feng et al., 2000; Schmidt et al.,
2003; Sevrioukov et al., 2005).

3.6.1 Endosome-related functions of ESCRT components
3.6.1.1 Virus budding
In order to be able to bud from their host cells some retroviruses need to hijack
the cellular ESCRT machinery (Garrus et al., 2001; Martin-Serrano et al., 2003b;
Stuchell et al., 2004). The release of virions from the cell is mediated by Late (L)
domain-containing proteins. L domains contain a short amino acid motif with the
consensus P(T/S)XP (X can be any amino acid) (Demirov and Freed, 2004) that is
identical to the tetrapeptide in Vps27 (ESCRT-0) which mediates the interaction with
Vps23 (ESCRT-I) (Pornillos et al., 2003; Bouamr et al., 2007). The PTAP sequence
of the HIV-1 Gag protein can mimic this recruitment step by interacting with Vps23
allowing HIV-1 to bud out of the host cytosol through the ESCRT machinery
(Pornillos et al., 2003). This budding process is analogous in its function to the events
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that lead to receptor internalization on the early endosome and is also used in the
same way by other viruses such as Hepatitis B virus (Lambert et al., 2007), Ebola
virus (Martin-Serrano et al., 2001; Licata et al., 2003), Rous sarcoma virus (Johnson
et al., 2005; Medina et al., 2005), Bluetonge virus or African horse sickness virus
(Wirblich et al., 2006). However, the virus egress of at least HIV-1 does not seem to
require ESCRT-II suggesting context- or even subunit-specific requirements for
ESCRT components (Langelier et al., 2006).

3.6.1.2 Cytokinesis
A subunit-specific requirement of ESCRTs has also been suggested for
cytokinesis. In dividing cells Tsg101 (Vps23) and ALIX (Bro1) are initially
concentrated at the centrosome but are subsequently recruited to the midbody by
interaction with Centrosome protein 55 (Cep55). Cep55 is essential for the abscission
event of the two daughter cells at the midbody a structure that contains proteins that
are required for cell cleavage. Over-expression of either ESCRT-I or –III components
or Vps4 results in multinucleated cells. Yet, this phenotype cannot be observed when
ESCRT-II subunits are over-expressed (Carlton and Martin-Serrano, 2007; Morita et
al., 2007). Cytokinesis is a topologically related event to virus budding and shows
obvious parallels regarding the mechanisms that have been established to successfully
achieve membrane scission events.
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3.6.2 Endosome-independent functions of the ESCRT machinery
3.6.2.1 Regulation of transcription and chromatin modification
Strikingly, mammalian ESCRT-II components were first described to be
involved in modifying RNA polymerase II activity (Shilatifard, 1998; Kamura et al.,
2001). The transcription elongation factor ELL was purified as a multiprotein
complex containing three additional proteins which turned out to be ELL-associated
protein 45 (EAP45), EAP30 and EAP20 which are the mammalian homologues of
Vps36, Vps22 and Vps25. Together with ELL they form an ’holo-ELL’ complex
which increases the efficiency of transcription elongation in vitro (Shilatifard, 1998).
In addition, Tsg101 (Vps23) a mammalian ESCRT-I member has been described to
control androgen receptor-mediated transcription (Sun et al., 1999; Burgdorf et al.,
2004). Depending on the context it either activates (Burgdorf et al., 2004) or represses
(Sun et al., 1999) androgen receptor-controlled target genes. Furthermore, the
ESCRT-III component CHMP1 (Did2) was originally identified as a nuclear matrix
interactor and has been shown to be involved in chromatin regulation by recruiting the
Polycomb group (PcG) protein BMI1 to heterochromatic regions of the genome
(Stauffer et al., 2001). This suggests that ESCRT subunits also play a crucial role
beyond the regulation of MVB formation and topologically related processes such as
virus budding and cytokinesis.

3.6.2.2 Regulation of mRNA localization
One further example of an endosomal-independent function of ESCRT
members is their role in the localization of bicoid mRNA in the Drosophila egg.
bicoid mRNA is localized to the anterior part of the embryo and results in a smooth
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Bicoid morphogen gradient that sets up the patterning of the head and thorax of the
Drosophila embryo. All three ESCRT-II components have been shown to be
necessary for this localization step (Irion and St Johnston, 2007). Interestingly, the
interaction with the 3’ untranslated region of bicoid mRNA is mediated by the GLUE
domain of Vps36. This implies a dual function of Vps36 in binding to ubiquitinylated
cargo at the endosome on the one hand and on the other hand its ability to mediate an
association with bicoid mRNA. It is striking that the interaction with bicoid mRNA
solely relies on ESCRT-II subunits and is independent of at least Hrs (Vps27,
ESCRT-0), Vps23 (Erupted in Drosophila) and Vps28 (both ESCRT-I) and Vps32
(ESCRT-III).

3.6.2.3 Regulation of the cytoskeleton
From very early on, studies have been suggesting an involvement of Vps23
(Tsg101) in organizing the microtubule cytoskeleton (Xie et al., 1998; Feng et al.,
2000). Additionally, a recent study on Drosophila embryos lacking Vps28 reveals
cellularization defects as a result of a malfunctioning actin cytoskeleton (Sevrioukov
et al., 2005) corroborating the idea of ESCRT involvement in cytoskeletal regulation.
However, so far the molecular mechanism that drives those events has not been
identified, yet. It is however possible that ALIX (Bro1) might perform a mediating
function in this process as it has been proposed as an interactor with both actin and
microtubules (Schmidt et al., 2003; Cabezas et al., 2005).
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3.7 ESCRT in pathogenesis and disease
The endosomal system is crucial to maintain proper tissue homeostasis by
controlling various signaling pathways and mediating the decision of receptor
internalization at the forming MVB resulting in receptor recycling or lysosomal
degradation (see also: ‘The significance of endosomal trafficking’). Therefore, an
impairment of the signaling events of various crucial pathways caused by
dysfunctional endosomal machinery such as ESCRT might have fatal consequences
for an organism. Furthermore, defects in non-endosomal ESCRT-mediated processes
can result in apoptosis (Krempler et al., 2002; Wagner et al., 2003; Carstens et al.,
2004), autophagy (Filimonenko et al., 2007; Lee et al., 2007; Rusten et al., 2007a;
Rusten et al., 2007b; Lee and Gao, 2008), neurodegeneration (Yamada et al., 2001;
Sweeney et al., 2006; Filimonenko et al., 2007; Lee et al., 2007; Rusten et al., 2007a;
Lee and Gao, 2008) and disruption of cell cycle control (Li et al., 2001; Ruland et al.,
2001; Krempler et al., 2002; Oh et al., 2002; Carstens et al., 2004) some of which are
the cause of cancer.

Additionally, the central role of the endosomal system has also been used by
pathogens to exit or enter the cell. Under ‘virus budding’ we have already discussed
how this is attained by retroviruses through hijacking the ESCRT machinery of the
host cell. In order to survive, replicate and evade the immune system many other
pathogens besides viruses including bacteria and parasites make use of the cellular
machinery that controls the endosomal pathway. However, they have developed
remarkable strategies in order to avoid degradation in the lysosome (Gruenberg and
van der Goot, 2006). The mechanisms how this is achieved are complex and vary
considerably between different species but ultimately serve the purpose of evading the
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endosomal pathway before the pathogen enters the lysosome. Now, new evidence also
implies the ESCRT machinery as a modulator of the mycobacterial phagosome
(Vieira et al., 2004; Philips et al., 2008).

3.7.1 Modulation of the mycobacterial phagosome by the ESCRT
machinery
Upon infection with pathogens the host defense of an organism reacts by
recruiting macrophages to the infected site. Macrophages are specialized cells that
internalize pathogenic invaders and exterminate them by forming pathogen-containing
phagosomes which through the endosomal pathway are delivered to the lysosome for
degradation. In order to resist the hydrolytic breakdown in the phagolysosome
mycobacteria have developed a survival mechanism within macrophages to prevent
further maturation of phagosomes. They are able to arrest phagosomal maturation at
an early stage as has been determined by the absence of late endosomal markers by
co-opting the cellular machinery of their host (Russell, 2001). The family of
mycobacteria contains prominent members such as Mycobacterium tuberculosis
which is the cause of approximately two million deaths every year. Now, ESCRT
components are also surfacing as modulators of mycobacterial phagosomes. Earlier
studies already suggested a role for Hrs (Vps27) in the arrest of mycobacterial
phagosome maturation (Vieira et al., 2004). Furthermore, knockdown experiments
with RNAi directed against Vps28, Tsg101 (Vps23) and Vps32 show an increase in
mycobacterial proliferation (Philips et al., 2008) ascribing at least some ESCRT
members an essential role in restricting bacterial growth.
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3.7.2 The ESCRT machinery and cancer
Several regulatory pathways need to be altered for cancer to be initiated,
expand and ultimately metastasize. As mentioned above the ESCRT machinery plays
a crucial role in controlling essential processes like the cell cycle, autophagy and
apoptosis which all have been implicated in various kinds of cancers and other
diseases (Abrams, 2002; Hipfner and Cohen, 2004; Kastan and Bartek, 2004; Lowe et
al., 2004; Massague, 2004; Mathew et al., 2007; Levine and Kroemer, 2008).

3.7.2.1 Cell cycle control
The versatile potential of Tsg101 (Vps23) to act in various cellular processes
could also be extended to its ability to control the cell cycle (Li et al., 2001; Krempler
et al., 2002; Oh et al., 2002; Carstens et al., 2004). This is true for two factors –p53
and p21- that take center stage in negatively regulating the progression of the cell
cycle (Li et al., 2001; Ruland et al., 2001). Tsg101 affects p53 protein stability by
stimulating its proteasomal degradation through the ubiquitin ligase MDM2. This is
achieved by binding of Tsg101 to mono-ubiquitinylated MDM2 via its UEV
(ubiquitin E2 variant) domain. The formation of a Tsg101/MDM2 complex is
believed to prevent further poly-ubiquitinylation and thus to stabilize MDM2 (Li et
al., 2001).

3.7.2.2 Autophagy and neurodegeneration
Autophagy is a cellular pathway that is utilized to remove damaged
intracellular constituents, turn over organelles or remove protein aggregates but is also
required during starvation periods to maintain the basic functions of the cell through
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degradation of dispensable proteins or organelles. The mechanisms regulating
autophagy are complex but ultimately serve the goal of homeostatic maintenance and
viability of the organism (reviewed in Maiuri et al., 2007; Mathew et al., 2007;
Mizushima, 2007; Xie and Klionsky, 2007; Levine and Kroemer, 2008). A host of
factors is involved in the induction of autophagosome formation. Ultimately, the
autophagocytosed material has to be degraded through the lysosomal system. Now,
new evidence suggests that this interaction of the autophagosome pathway occurs at
the level of the MVB. Recently, several reports have been implicating the ESCRT
machinery in the removal of protein aggregates through autophagosome formation,
making a functional MVB the key player therein (Filimonenko et al., 2007; Lee et al.,
2007; Rusten et al., 2007b; Lee and Gao, 2008). Protein aggregation is one of the
hallmarks of neurodegenerative diseases such as frontotemporal dementia linked to
chromosome 3 (FTD3) (Skibinski et al., 2005), amyotrophic lateral sclerosis (ALS)
(Parkinson et al., 2006), hereditary spastic paraplegia (Reid et al., 2005) or
Huntington’s disease (Rusten et al., 2007b), all of which could be linked indirectly or
directly to impaired ESCRT function in these studies.

3.7.2.3 Apoptosis
There are several reports that suggest an involvement of ESCRT members and
related proteins in the regulation of cell death (Krempler et al., 2002; Wagner et al.,
2003; Carstens et al., 2004; Mahul-Mellier et al., 2006; Khoury et al., 2007).
Programmed cell death or apoptosis is involved in the removal of supernumerary or
damaged cells during development of all organisms (Jacobson et al., 1997; Baehrecke,
2002). The cell contains an extrinsic and an intrinsic program to execute apoptosis.
The extrinsic program is activated through death receptors that pass the death signal
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on by adaptor proteins. Ultimately the executioners of cell death –the caspases- are
being activated. Caspases are cysteine proteases which upon activation cleave a set of
target proteins at distinct loci after an aspartate residue. The cleavage of caspase
targets results either in activation or inactivation of caspase substrates and ensures a
regulated disintegration of the cell. Hallmarks of apoptotic cells are a loss of cell
shape, membrane blebbing, nuclear condensation and DNA laddering. Ultimately, the
dead cells are engulfed by neighboring tissue thus allowing a recycling of residual
material. The intrinsic cell death pathway is regulated by pro- and anti-apoptotic
proteins which control the integrity of the mitochondrial outer membrane. If for a
reason a cell is depleted of survival factors or receives pro-apoptotic insults a cell
death response is initiated which results in the release of mitochondrial proteins among which are cytochrome c, Smac/DIABLO, Omi/Htra2, Endo G and AIF- into
the cytoplasm. Smac/DIABLO and Omi/Htra2 bind to Inhibitor of apoptosis proteins
(IAPs). This binding releases the inhibitory interaction of IAPs with initiator caspases
such as Caspase-9 and results in the formation of the apoptosome. The apoptosome as
the major death initiating complex has to be assembled by the association of
cytochrome c with the scaffolding protein Apaf-1 and the recruitment of Caspase-9.
Activation of the apoptosome in turn induces downstream effector caspases that
initiate the afore mentioned regulated destruction of the cell (reviewed in Hengartner,
2000; Meier et al., 2000a; Danial and Korsmeyer, 2004; Hay et al., 2004; Taylor et
al., 2008). It has been confirmed that the basic core machinery which is involved in
the execution of the apoptotic program is conserved from Caenorhabditis elegans,
over Drosophila melanogaster to mammals (reviewed in Jacobson et al., 1997; Meier
et al., 2000a; Baehrecke, 2002; Hay et al., 2004).
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Cell death in Drosophila is under control of the pro-apoptotic genes reaper (White et
al., 1994), head involution defective (hid) (Grether et al., 1995), and grim (Chen et al.,
1996; reviewed in Bergmann et al., 2003). Expression of these genes results in
caspase activation, most notably Dronc (Dorstyn et al., 1999), the Caspase-9
homolog. In living cells, Dronc is kept inactive by binding to Diap1 (Drosophila
inhibitor of apoptosis protein 1) to prevent cell death (Meier et al., 2000b; reviewed in
Bergmann et al., 2003). Reaper, Hid, and Grim induce cell death through binding to
and stimulation of proteolytic degradation of Diap1 (Holley et al., 2002; Ryoo et al.,
2002; Yoo et al., 2002). Dronc is released from Diap1 inhibition, and forms with the
scaffolding protein Ark (Rodriguez et al., 1999; Zhou et al., 1999; Igaki et al., 2002)
the active apoptosome, which activates DrICE (Fraser and Evan, 1997; Fraser et al.,
1997) and DCP-1 (Song et al., 1997), Caspase-3-like proteins, inducing cell death.

3.7.2.4 ESCRT members as tumor suppressors
In addition, human hrs (vps27) and Tsg101 (vps23) have been linked to a
number of tumors including cervical, breast, prostate and gastrointestinal cancers (Li
and Cohen, 1996; Gayther et al., 1997; Lee and Feinberg, 1997; Li et al., 1997;
Steiner et al., 1997; Sun et al., 1997; Lin et al., 1998; Oh et al., 2007; Toyoshima et
al., 2007). Most of these studies found genomic deletions or aberrant splicing of
Tsg101 in certain breast cancers. However, the picture becomes increasingly more
complex. It turned out that the reported aberrant splicing of Tsg101 in some tumor
cell lines are in fact alternative splice products of Tsg101 (Steiner et al., 1997).
Moreover, Tsg101 knockout mice die early in embryogenesis, but neither Tsg101
haploinsufficient nor conditional knockout mice show any signs of tumorous
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phenotypes (Wagner et al., 2003). In contrast, a variety of cancers show increased
levels of Hrs and Tsg101 and their over-expression result in malignant transformation
in mammary glands of ageing female mice (Oh et al., 2007; Toyoshima et al., 2007).
In summary, this points toward a mild oncogenic property of Hrs and Tsg101 in
mammary glands. Even though the present data seems to imply an involvement of
ESCRT in tumor formation and or control a mechanistic model for the tumorous
phenotypes associated with hrs and Tsg101 mutations or over-expression has not been
brought forward yet.
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4 Results
4.1 Control of non-autonomous cell survival and overgrowth
and autonomous apoptosis by vps25
4.1.1 Identification of K2 and N55 as mutants of the Drosophila
vps25 homolog
Over-expression of the pro-apoptotic gene hid under control of the eyespecific Glass Multimer Reporter (GMR-hid) causes a strong eye-ablation phenotype
as a result of induction of apoptosis (Fig. 3A) (Grether et al., 1995). Using the
recently described GheF (GMR-hid ey-FLP) method (Xu et al., 2005) we conducted
an EMS-mutagenesis screen on chromosome arm 2R aimed at identifying recessive
suppressors of the GMR-hid eye-ablation phenotype (not performed by me, Fig. 1).
The GheF method takes advantage of the ey-FLP/FRT system which induces
homozygous mutant clones specifically in the eye by mitotic recombination (Xu and
Rubin, 1993; Newsome et al., 2000). Mutants which suppress the GMR-hid eyeablation phenotype were selected for further analysis.

In the GheF screen, two mutants, su(GMR-hid)K2 and su(GMR-hid)N55
(referred to as K2 and N55) were independently recovered as moderately strong
recessive suppressors of the GMR-hid eye ablation phenotype (Fig. 3B, C). These
mutants are homozygous lethal in trans to each other, thus affecting the same genetic
function. By P-element (Zhai et al., 2003) (Fig. 2) and deficiency mapping, K2/N55
was located to the cytological region 44D4-44D5 on the polytene map. Both alleles
failed to complement the lethality of a P-element-induced mutation (l(2)44Dbk08904)
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which is inserted in the gene CG14750. DNA sequencing of CG14750 of K2 revealed
a transversion from T to A in the second base of the only intron presumably causing a
splicing defect and subsequently premature termination of translation by an in-frame
stop codon in the intron (Fig. 3M). CG14750 of N55 carries a premature termination
codon at amino acid 93 (Fig. 3M). Genomic constructs of CG14750 rescue the
phenotypes associated with K2 and N55 mutants (data not shown) suggesting that K2
and N55 affect CG14750 (further details under ‘Materials and methods’).

A BLAST search identified CG14750 as the Drosophila homologue of vps25
in S. cerevisiae. It is a member of the class E Vps proteins (Raymond et al., 1992),
and a component of ESCRT-II, which functions to catalyze the feeding of
ubiquitinylated transmembrane receptors into intraluminal vesicles of MVBs,
targeting them for degradation in lysosomes. From now on, we refer to K2 and N55 as
vps25K2 and vps25N55, respectively. Drosophila vps25 encodes a protein of 174 amino
acids and contains two winged helix (WH) domains, WHA and WHB (Fig. 3M).
Because both WHA and WHB are essential for ESCRT-II function (Hierro et al.,
2004; Teo et al., 2004) and because of the molecular lesions of vps25K2 and vps25N55
(Fig. 3M), these alleles are likely to be very strong hypomorphic alleles, if not null
alleles. Recently, two papers reported the isolation of vps25 mutants in entirely
different genetic screens (Thompson et al., 2005; Vaccari and Bilder, 2005). Our
phenotypic characterization of vps25 is largely consistent with these studies.
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4.1.2 Characterization of vps25 alleles
To characterize these alleles, we induced vps25K2 and vps25N55 mosaics via the
ey-FLP/FRT system in the eye (without simultaneous expression of GMR-hid).
Surprisingly, homozygous mutant clones (marked by absence of red eye pigment,
compare to Fig. 3D) were not recovered, although the twin-spots were (Fig. 3E, F)
suggesting that the mosaic eyes are composed of wild-type and heterozygous tissue
(marked by red eye pigment). Even more surprisingly, vps25K2 (Fig. 3E) and vps25N55
(Fig. 3F) mosaic eyes were larger than a wild-type control (Fig. 3D). Thus, the mutant
clones do not contribute to the adult eye tissue, but appear to be able to induce
overgrowth in wild-type tissue. Analysis of third instar eye-antennal vps25K2 (Fig.3H)
and vps25N55 (Fig. 3I) mosaic discs confirms these conclusions. These discs are
overgrown and disorganized compared to wild-type (Fig. 3G). At this stage, mutant
clones are detectable (marked by absence of GFP labeling in Fig. 3H, I). However, as
shown below, they are eliminated by apoptosis.

These results pose an apparent paradox. Although we identified vps25K2 and
vps25N55 as recessive suppressors of GMR-hid, the mutant clones do not survive. We
determined whether vps25K2 and vps25N55 mutant clones contribute to the suppression
of GMR-hid by clonal analysis. However, the GMR-hid transgene used for GheF
screening is marked with w+, and does not allow a clonal analysis based on red/white
pigment selection in eyes. Thus, we generated a GMR-hid transgene which has lost
w+, termed GMR-hid w-, allowing the determination of the genetic identity of the
rescued tissue of GMR-hid w- in vps25K2 and vps25N55 mosaics. As a positive control,
the strong suppression of GMR-hid w- by a mutant of ark, an essential component of
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the cell death pathway, is largely mediated by ark mutant tissue (marked by absence
of eye pigment in Fig. 3J). In contrast, in vps25K2 and vps25N55 mosaics, the rescued
tissue of GMR-hid w- is genetically wild-type or heterozygous (marked by red pigment
in Fig. 3K, L), suggesting that vps25K2 and vps25N55 mutant tissue does not contribute
to the suppression of GMR-hid w-. Therefore, because the surviving wild-type tissue is
exposed to GMR-driven hid expression, this tissue may have an increased apoptotic
resistance induced by vps25K2 and vps25N55 mutant clones. Thus, these are
unprecedented phenotypes, which merit further analysis.

4.1.3 vps25K2 and vps25N55 mutant clones die, but induce nonautonomous proliferation
To examine the vps25K2 and vps25N55 mutant phenotypes in more detail, we
performed TUNEL and BrdU labeling as assays for apoptosis and cell proliferation,
respectively, in imaginal discs of third instar larvae. TUNEL labeling is increased in
vps25N55 mutant clones (Fig. 4A), consistent with the observed lack of mutant clones
in the adult eye (Fig. 3E, F). vps25N55 clones can grow to a fairly large size,
suggesting that they are not growth-impaired (Fig. 4A). However, these clones are
completely removed by apoptosis during pupal stages (data not shown). Similar data
in this and all other figures were obtained for vps25K2 (data not shown).

Interestingly, the number of cells in S phase in vps25N55 mosaics as
demonstrated by BrdU incorporation is significantly increased in tissue adjacent to the
mutant clones. This non-autonomous cell proliferation is best visible in wing imaginal
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discs, where vps25N55 clones appear to be the origin for increased proliferation of
adjacent tissue (Fig. 4B) whereas wing discs with wild-type clones show a
homogenous distribution of proliferating cells both within and outside the clones (Fig.
4C). Similar data were obtained in eye-antennal imaginal discs (Fig. 12C).

In addition to the apoptotic and proliferation phenotypes, vps25N55 mutant
clones fail to differentiate. Elav labeling as neuronal differentiation marker
demonstrates that vps25N55 cells are unable to differentiate (Fig. 4D). In summary,
these analyses reveal that the wild-type function of vps25K2 and vps25N55 is required
for appropriate control of apoptosis, cell proliferation and cell differentiation. The
overgrowth phenotype in vps25K2 and vps25N55 mosaics (Fig. 3E, F, H, I) might most
likely be explained by emission of signaling molecules from the mutant cells initiating
non-autonomous proliferation in the adjacent wild-type tissue.

4.1.4 Increased Notch and JAK/STAT signaling in vps25 mosaics
Cell surface receptors are able to signal after endocytosis as long as they are
not incorporated into MVBs (Gonzalez-Gaitan, 2003; Seto and Bellen, 2004) because
their intracellular domains are still exposed to the cytosol. As vps25 mutants likely
impair MVB function, these receptors may still continue to signal. Thus, the
proliferation phenotype of vps25 mosaics may be explained by continued signaling
activity. Consistently, N protein and its ligand Dl accumulate in vps25 clones (Fig.
5A, B) resulting in increased N activity as shown by the N reporter E(spl)m8 2.61lacz (Fig. 5C) (Kramatschek and Campos-Ortega, 1994; Thompson et al., 2005;
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Vaccari and Bilder, 2005). However, not all known target genes of N are up-regulated
in vps25 clones. The expression of cut, another N target (de Celis et al., 1996;
Micchelli et al., 1997), is unaltered in vps25 mutant clones in wing discs or even in
some cases seems to be slightly inhibited (data not shown) (Childress et al., 2006). N
is able to promote global growth in the developing Drosophila eye by inducing
unpaired (upd) expression (Chao et al., 2004; Tsai and Sun, 2004; ReynoldsKenneally and Mlodzik, 2005). Upd (Harrison et al., 1998) is a ligand of Domeless
(Brown et al., 2001) and Master of marelle (Chen et al., 2002), which are receptors of
the JAK/STAT signaling pathway and has been demonstrated to promote global
growth of up to 20 cell diameters in eye imaginal discs (Tsai and Sun, 2004).
Consistently, STAT activity is stimulated in vps25 mutant clones in eye imaginal
discs (Fig. 5D) and can sometimes even be observed non-autonomously in the vicinity
of vps25 mutant tissue. In summary, these data seem to support the previously
reported link between N activation and stimulation of the mitogenic JAK/STAT
pathway which may be the cause for the non-autonomous proliferation in vps25
mosaics.

4.1.5 N is required for non-autonomous proliferation in vps25
mosaics
To determine a genetic requirement of N signaling for non-autonomous
proliferation in vps25 mosaics, we expressed a dominant negative N (NDN) transgene
(Sen et al., 2003) in vps25 clones (referred to as vps25/NDN) using the MARCM
technique (Lee and Luo, 2001). STAT activity in vps25/NDN eye mosaics was
strongly reduced or absent compared to vps25 clones (Fig. 6A). Furthermore, BrdU-
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incorporation indicates that cell proliferation is not significantly increased in
vps25/NDN mosaics (Fig. 6B). Consistently, eye imaginal discs obtained from
vps25/NDN mosaics are normal in shape and size (data not shown). Furthermore, the
overgrowth phenotype of vps25 eye mosaics can be significantly reduced by
removing one copy of N (Fig. 13 C, G, K, O). These observations suggest that
increased N activity in vps25 clones accounts for the non-autonomous proliferation
phenotype of vps25 mosaics through activation of the JAK/STAT pathway. A similar
conclusion was obtained by analyzing vps25 mosaics in a heterozygous stat92E
mutant background (Vaccari and Bilder, 2005). Interestingly, Dl protein does not
accumulate in vps25/NDN clones (Fig. 6C). This observation suggests that N controls
Dl protein levels in vps25 clones.

We wanted to determine whether non-autonomous proliferation mediated by
Upd and JAK/STAT signaling is sufficient for suppression of GMR-hid as observed
for vps25 mosaics (Fig. 3B, C). However, although over-expression of upd in the fly
eye gives rise to enlarged eyes (Bach et al., 2003; Muller et al., 2005), it is not
sufficient for suppression of GMR-hid (Fig.6E, F). Interestingly enough, overexpression of the intracellular domain of N (Nintra) can completely suppress the GMRhid eye ablation phenotype, even though the surviving tissue displays strong
pigmentation defects which are probably due to a failure in differentiation (Fig. 6G).
Activating the N pathway by over-expressing a N construct that lacks its extracellular
domain (NNEXT) and thus mimics S2 cleavage of N can also suppress GMR-hid (data
not shown). Suppression can not be obtained by solely over-expressing full length N
(data not shown). Thus, the suppression of GMR-hid in vps25 mosaics is not caused
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by non-autonomous proliferation through Upd signaling. In agreement with our data,
the N pathway may provide another postulated non-autonomous signal which results
in suppression of GMR-hid. Alternatively, N signaling could control apoptosis
autonomously and might not be involved in the non-autonomous suppression of cell
death as observed in vps25 mosaics. Therefore it is possible that another mechanism
may account for the observed suppression (see below).

In contrast to our findings that the N pathway can inhibit apoptosis, it has also
been implicated in inducing cell death in eye imaginal discs (Miller and Cagan, 1998;
Yu et al., 2002). Thus, we tested whether increased N signaling accounts for the cell
death phenotype of vps25 clones. However, labeling of vps25/NDN clones with
activated Caspase-3 antibody is indistinguishable from vps25 clones (Fig.6D). Similar
results were obtained by TUNEL labeling (data not shown). Thus, although N induces
non-autonomous proliferation in vps25 mosaics, it is not responsible for the apoptotic
phenotype of vps25 clones.

We also tested the possibility that activation of cell death might activate N
signaling, and thus induces compensatory proliferation (Huh et al., 2004; Perez-Garijo
et al., 2004; Ryoo et al., 2004; Wells et al., 2006; Fan and Bergmann, 2008). To
address this question we blocked cell death by expression of diap1 in vps25 mutant
clones (see below). However, pSTAT92E activity (data not shown) and cell
proliferation (Fig. 7C) was still evident under these conditions establishing that
activation of the N pathway and induction of cell death in vps25 clones are
independent of each other.
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4.1.6 Non-autonomous survival through up-regulation of Diap1
protein
Because N signaling does not induce cell death in vps25 clones, we analyzed
the underlying cause of the apoptotic phenotype. vps25 clones contain increased
protein levels of the cell death-inducer Hid (Fig. 7A). Hid, as well as Reaper and
Grim, induce apoptosis by stimulating ubiquitin-mediated degradation of Diap1, an
inhibitor of the initiator caspase Dronc (Meier et al., 2000b; Holley et al., 2002; Ryoo
et al., 2002; Yoo et al., 2002). Indeed, Diap1 protein levels were markedly reduced in
vps25 mutant clones (Fig. 7B) suggesting that Diap1 no longer inhibits Dronc.

Strikingly, however, Diap1 immunoreactivity is increased in wild-type cells
immediately abutting vps25 clones (Fig. 7B) suggesting that vps25 clones also
promote non-autonomous cell survival. GMR-hid is sensitive to altered levels of
Diap1 (Hay et al., 1995). Thus, the non-autonomous increase of Diap1 protein likely
promotes the suppression of GMR-hid in vps25 mosaics (Fig. 3B, C). This activity is
independent of Upd signaling because over-expression of upd does not alter Diap1
protein levels (data not shown) and does not suppress GMR-hid (Fig. 6F) but may be
dependent on N signaling (Fig. 6G). It is currently unknown, how the N pathway or
another signaling mechanism cause non-autonomous survival by regulating Diap1
protein levels or other apoptotic factors.
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4.1.7 Blocking cell death induces massive overgrowth of vps25
mosaics
It has recently been demonstrated that dying cells are able to induce
compensatory proliferation in neighboring cells (Huh et al., 2004; Perez-Garijo et al.,
2004; Ryoo et al., 2004; Wells et al., 2006; Fan and Bergmann, 2008). Thus, we
tested

whether

compensatory

proliferation

contributes

to

non-autonomous

proliferation in vps25 mosaics. If it does, then inhibition of apoptosis either through
expression of Diap1 in vps25 clones (vps25/Diap1) or in vps25 ark double mutants
(using an ark null allele (Srivastava et al., 2007), see also ‘Materials and Methods’) is
expected to reduce proliferation and subsequently to suppress the overgrowth
phenotype of vps25 mosaics. However, non-autonomous proliferation is still observed
in vps25/Diap1 mosaics (Fig. 7C) and in vps25 ark mosaics (data not shown)
suggesting that compensatory proliferation does not contribute significantly to nonautonomous proliferation of vps25 mosaics. In contrast, eye-antennal discs of
vps25/Diap1 mosaics are extremely overgrown and can be up to five times as large as
wild-type discs (Fig. 7D). In addition, vps25/Diap1 and vps25 ark clones occupy a
large fraction of the eye disc (Fig. 7D, E) suggesting that vps25 clones have no
intrinsic growth disadvantage over wild-type tissue if cell death is blocked. The adult
eye of vps25 ark mosaics is severely overgrown and folded (Fig. 7F). However, most
of these flies do not eclose, probably due to massive overgrowth of the eye and head
capsule. Thus, inhibiting cell death in vps25 clones gives rise to an even stronger
overgrowth phenotype as has also been observed by expression of the caspase
inhibitor P35 (Thompson et al., 2005).
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4.1.8 Hid and JNK contribute to the elimination of vps25 mutant
clones
Caspase-3 labeling reveals that cell death is completely blocked in
vps25/Diap1 clones (Fig. 7D). Surprisingly, Caspase-3 activity is still detectable in
vps25 ark double mutant clones (Fig. 7E), suggesting that although ark, an essential
component of the cell death pathway, is mutated, vps25 ark double mutant cells still
die. This is also confirmed by the observation that vps25 ark clones (marked by
absence of eye pigment) cannot be recovered in adult eyes of vps25 ark mosaics (Fig.
7F). Diap1 inhibits both initiator (Dronc) (Meier et al., 2000b) and Caspase-3-like
caspases (DrICE, DCP-1) (Kaiser et al., 1998; Hawkins et al., 1999), whereas Ark
directly only activates Dronc (Igaki et al., 2002) (reviewed in Cashio et al., 2005).
Thus, an alternative cell death pathway is operating in vps25 clones that can induce
Caspase-3-like activity independently of Ark.

We considered Jun N-terminal kinase (JNK, encoded by basket in Drosophila)
signaling as candidate for the alternative cell death pathway (reviewed in Weston and
Davis, 2007). JNK activation occurs under stress conditions, and can induce apoptosis
(Adachi-Yamada et al., 1999; Adachi-Yamada and O'Connor, 2002). We found
increased levels of activated JNK in vps25 clones (Fig. 8A). It was previously shown
that inactivation of Diap1 can induce JNK activation (Kuranaga et al., 2002; Ryoo et
al., 2004). Thus, we tested whether this applies to vps25 clones as well. However,
JNK activity is not appreciably altered in vps25/Diap1 clones (Fig. 8B) excluding the
possibility that JNK activation occurs as a result of Diap1 inactivation. To determine a
requirement of JNK for the apoptotic phenotype, we inhibited JNK in vps25 clones by
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over-expression of puckered (vps25/Puc), a phosphatase that dephosphorylates JNK
(Martin-Blanco et al., 1998). However, Caspase-3 activity is still detectable in
vps25/Puc clones (Fig. 8C). This caspase activity may be derived from Hid activity
which is expressed in vps25/Puc clones (data not shown). Thus, we expressed puc in
vps25 ark double mutant clones. In vps25 ark/Puc clones, Caspase-3 activity is mostly
blocked (Fig. 8D), and vps25 ark/Puc mosaic discs are severely overgrown (Fig. 8D)
similar to vps25/Diap1 eye discs (Fig. 7D). Taken together, these observations
implicate Hid/Diap1/Dronc/Ark and JNK signaling as contributing factors to the
apoptotic phenotype of vps25 mutant clones. Interestingly, we still detect Caspase-3
activity at the clonal margin of vps25 ark/Puc clones suggesting that a third cell death
pathway may operate in vps25 clones or that surrounding wild-type tissue is
outcompeted. Alternatively, JNK inhibition by Puc may be incomplete.

4.1.9 Hippo signaling, but not cell competition, controls apoptosis
in vps25 clones
Which process controls the apoptotic phenotype of vps25 mutants? One
possibility is cell competition. Cell competition was originally described in studies
using Minute (M) mutations in which faster growing cells (M+/M+) outcompete
neighboring slow-growing cells (M -/M+) by inducing apoptosis (Morata and Ripoll,
1975; Simpson and Morata, 1981; Moreno et al., 2002) (reviewed in Abrams,
2002).Thus, we analyzed vps25 clones in a M background. However, although vps25
clones are larger in a M background compared to a wild-type background (Thompson
et al., 2005), they are still Caspase-3 positive and undergo apoptosis (Fig. 9A). In
addition, it was recently shown that dMyc protein levels are critical for cell
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competition (de la Cova et al., 2004; Moreno and Basler, 2004). An imbalance of
dMyc protein levels between neighboring cells induces cell competition,
outcompeting cells with lower dMyc levels by apoptosis. However, expression of
dMyc in vps25 clones (vps25/dMyc) does not significantly change Caspase-3 activity
(Fig. 9B). These data illustrate that cell competition is not an important contributor for
cell death in vps25 clones.

In recent years, the Hippo signaling pathway has emerged as an important
regulator of tissue growth by controlling cell proliferation and apoptosis (Harvey et
al., 2003; Pantalacci et al., 2003; Udan et al., 2003; Wu et al., 2003) (reviewed in
Edgar, 2006; Harvey and Tapon, 2007; Pan, 2007; Saucedo and Edgar, 2007). Thus,
we tested whether Hippo activity is altered in vps25 clones. Expanded (Ex) is a useful
marker for the Hippo pathway and is inversely correlated with Hippo activity, such
that low Ex levels at the apical plasma membrane are indicative of high Hippo activity
(Hamaratoglu et al., 2006). Ex protein levels are low in vps25 clones (Fig. 9C, arrow)
indicating that they contain high Hippo activity. Interestingly, in vps25 hippo double
mutants, Caspase-3 is almost completely blocked (Fig. 9D) suggesting that Hippo
signaling directly or indirectly controls apoptosis in vps25 mutant cells. The cause for
increased Hippo signaling in vps25 clones is unknown. It is possible that a putative
receptor which controls Hippo activity is deregulated at the vps25 endosome (see also
‘Discussion’).
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4.2 Shared and distinct genetic properties of ESCRT-II
components
4.2.1 Description of vps alleles used
In order to obtain a better understanding of the genetic properties of ESCRT
components in Drosophila we performed a comparative analysis between the
members of the ESCRT-II complex. In this analysis the following mutant alleles of
ESCRT-II members were used. vps225F8-3 (also known as lsn5F8-3) was previously
described by Irion and St Johnston (2007) (Irion and St Johnston, 2007). It carries a
premature termination codon at residue 2, likely encoding a null allele. vps25N55 has a
premature termination codon at residue 93. Earlier, we have characterized this allele
as a null allele (see also ‘Identification of K2 and N55 as mutants of the Drosophila
vps25 homolog’) (Herz et al., 2006). vps36L5212 was also characterized by Irion and St
Johnston (2007) (Irion and St Johnston, 2007). A P-element insertion in the first exon
at nucleotide 59 disrupts the vps36 transcript. RT-PCR demonstrates that some vps36
transcript still forms in vps36L5212 mutants (Fig. 10, compare lanes 2 and 3) suggesting
that it is a hypomorph. Interestingly, transcript levels as detected by primers further
downstream of the transcription start site of vps36 seem to be comparable between a y
w control and vps36L5212 mutants, suggesting that the P-element insertion at the vps36
locus just disrupts full length transcripts of vps36. Transcription from alternative start
sites further downstream might not be affected by the P-element insertion and thus
result in similar vps36 mRNA levels (Fig. 10, compare lanes 4 and 5, 6 and 7).
Alternative transcripts of ESCRT components have already been reported before for
Tsg101 (vps23) and vps24 (Steiner et al., 1997; Khoury et al., 2007).
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4.2.2 vps22,

vps25

and

vps36

mutants

contain

enlarged

endosomes accumulating ubiquitinylated proteins
Because hrs mutants in Drosophila are characterized by enlarged early
endosomes (Lloyd et al., 2002; Jekely and Rorth, 2003), we tested whether mutants in
the three ESCRT-II components also contain abnormal endosomes. As endosomal
marker we used an antibody raised against Hrs (Lloyd et al., 2002). Mutant clones of
vps22, vps25 and vps36 in eye imaginal discs contain enlarged Hrs-positive particles,
representing abnormal early endosomes (Fig. 11 A-C). In this study we used FK1 and
FK2 antibodies which recognize mono-and poly-conjugated and poly-conjugated
ubiquitin respectively, but not unconjugated ubiquitin (Fujimuro et al., 1994;
Fujimuro et al., 1997; Lee et al., 2008). Using these FK antibodies, we found that
these enlarged Hrs-positive particles accumulate ubiquitin-conjugated proteins
(shown for FK1 in Fig. 11A-C; similar data were obtained for FK2 (Fig. 15D-F)).
Thus, vps22, vps25, and vps36 mutant cells contain abnormally large early endosomes
which accumulate ubiquitin-conjugated proteins. The accumulation of ubiquitinconjugated proteins is consistent with the notion that ubiquitinylation provides the
signal for endocytosis into the early endosome (reviewed in Hicke and Dunn, 2003;
Haglund and Dikic, 2005; Hicke et al., 2005; Williams and Urbe, 2007). As shown
below (Fig. 14A-C), the enlarged Hrs-positive particles contain increased levels of
signaling receptors such as Notch.
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4.2.3 vps22 and vps25, but not vps36 mosaics, display strong nonautonomous overgrowth
We have already shown above that vps25 mutant mosaics cause nonautonomous overgrowth (Fig. 4B) (see also Thompson et al., 2005; Vaccari and
Bilder, 2005; Herz et al., 2006). Therefore, we determined whether this applies to
vps22 and vps36 mosaic flies as well. We performed BrdU labelings to determine the
number of cells in S-phase. vps22 mutant clones do not proliferate very well (Fig.
12B). However, the wild-type tissue immediately adjacent to vps22 mutant clones
shows increased density of BrdU-positive cells (compare Fig. 13B to wild-type in Fig.
13A). Thus, similar to vps25 mosaics (Fig. 13C), vps22 controls cell proliferation
non-autonomously. However, vps36 mosaics behave differently. BrdU-positive cells
can be observed both within and outside of vps36 clones with homogeneous density
(Fig. 13D).

We also detect strong overgrowth in vps22 eye mosaics in adult flies (Fig.
13B, J). This is very well visible for vps22 mosaic heads (Fig. 13J) which are
significantly larger than wild-type controls (Fig. 13I). The overgrowth is also
detectable in eye-antennal imaginal discs, the larval precursors of the adult eyes, of
vps22 and vps25 mosaic animals. vps22 and vps25 mosaic eye discs are significantly
larger compared to wild-type controls (Fig. 13Q-S). This overgrowth is nonautonomous because vps22 mutant clones which are marked by the absence of red eye
pigment are not recovered in mosaic vps22 eyes (compare Fig. 10B with the wild-type
control in Fig. 10A). However, a similar strong overgrowth phenotype was not found
for vps36 mosaic eyes and heads (Fig. 13D, L), although a roughening of the eye can
be observed and vps36 mutant tissue does not survive (Fig. 13D). We also find this
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confirmed at the level of eye imaginal discs. vps36 mosaic eye discs (Fig. 13T) are
noticeably smaller than vps22 and vps25 mosaic discs (Fig. 13R, S), and are
comparable to wild-type (Fig. 13Q). Thus, vps36 mutant clones appear to be unable to
induce strong non-autonomous proliferation or secondly because of their
hypomorphic nature still retain some residual activity which is sufficient to maintain
the proper control of different signaling pathways, such as N. Our data below reveals
that the second scenario is unlikely as it shares all the major endosomal phenotypes
with vps22 and vps25 mutant clones, which are the reason for increased N signaling
(Fig. 14 and 15).

To analyze the absence of vps22 and vps36 mutant clones in adult eyes (Fig.
13B, D), we performed Caspase-3 labelings as a marker for apoptosis. In third instar
eye imaginal discs, vps22 and vps36 clones contain increased Caspase-3 activity
explaining the loss of these clones in the adult eye (Fig. 12E, G). A similar apoptotic
phenotype has also been observed for vps25 clones (Fig. 4A and 13F) (see also
Thompson et al., 2005; Vaccari and Bilder, 2005; Herz et al., 2006). Thus, as for
vps25, loss of vps22 and vps36 causes the apoptotic death of the affected cells.

In summary, these analyses indicate that, although Vps22, Vps25 and Vps36
are components of the ESCRT-II complex, they do not behave genetically identical.
While mutants of all three ESCRT-II components display endosomal defects and are
apoptotic, only vps22 and vps25 mutant clones trigger strong non-autonomous
proliferation. vps36, on the other hand, does not display a strong non-autonomous
effect on proliferation. We will reveal below that at least one other difference exists.
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4.2.4 Up-regulation of Notch protein and JAK/STAT activity in vps
mosaics
The non-autonomous overgrowth of vps25 mosaics has been attributed to a
failure in down-regulation of N protein and activity in vps25 mutant endosomes (see
also Thompson et al., 2005; Vaccari and Bilder, 2005; Herz et al., 2006).
Consistently, removal of one copy of N, which does not affect head and eye size of
wild-type flies (Fig. 13E, M) can suppress the strong overgrowth phenotypes of vps22
and vps25 mosaic eyes and heads (Fig. 13F, G, N, O) and slightly reduces the
roughening of vps36 eye mosaics (Fig. 13H).

Additionally, in vps22, vps25 and vps36 mutant clones, Hrs-positive enlarged
early endosomes accumulate N protein (Fig. 14A-C). Shown in Fig. 14A’’’-C’’’ are
immunolabelings with an antibody that recognizes the intracellular domain of N. We
also observe accumulation of N in vps22, vps25 and vps36 mutant tissue using an
antibody against the extracellular domain of N (Fig. 15A-C). In addition, increased
abundance of the N-ligand Dl is also detected in vps22, vps25 and vps36 clones (Fig.
15G-I).

To determine whether the increased abundance of N correlates with increased
activity, we tested the JAK/STAT pathway, a known downstream target of N in eye
development (Chao et al., 2004; Tsai and Sun, 2004; Reynolds-Kenneally and
Mlodzik, 2005). The accumulation of N protein correlates with increased JAK/STAT
activity in vps22, vps25 and vps36 mosaics, as judged by an antibody recognizing
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activated phosphorylated STAT (pSTAT) (Fig. 14D-F). Increased pSTAT activity is
predominantly observed in vps mutant clones, however, it can also be detected nonautonomously (Fig. 5D and 14D-F) (Herz et al., 2006).

Thus, the observed differences in non-autonomous overgrowth between vps22,
vps25 and vps36 do not correlate with the de-regulation of N signaling. It is unclear
why the de-regulation of N and JAK/STAT activity causes overgrowth in vps22 and
vps25 mosaics, but not in vps36 mosaics. This observation further supports the notion
that there are intrinsic differences between the components of the ESCRT-II complex.

4.2.5 vps36 mosaics, but not vps22, promote strong apoptotic
resistance
Paradoxically, despite the fact that vps25 clones are highly apoptotic, we
originally isolated vps25 mutants based on their ability to suppress apoptosis (Fig. 3B,
C) (Herz et al., 2006). Specifically, the eye-ablation phenotype caused by expression
of the pro-apoptotic gene hid under control of the eye-specific GMR promoter (GMRhid) is suppressed in vps25 mosaics compared to a control (Fig. 16A, C). However,
this suppression occurs in a non-autonomous manner through up-regulation of the
apoptosis inhibitor Diap1 in neighboring cells (Fig. 7B) (Herz et al., 2006) or another
unknown apoptotic factor. Therefore, we tested whether vps22 and vps36 have a
similar activity. However, to our surprise although vps22 mosaics cause a strong nonautonomous proliferation phenotype (Fig. 12B and 13B, J) they do not suppress
GMR-hid (Fig. 16B). In contrast, although vps36 mosaics display only a mild nonautonomous proliferation phenotype (Fig. 12D and 13D, L), they are very strong
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suppressors of GMR-hid (Fig. 16D), comparable to vps25 mosaics (Figure 16C). This
observation provides another example of genetic differences between the individual
components of ESCRT-II.
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5 Figures

P ♂ w ; FRT42D

x

♀ w GMR-hid ey-FLP ; FRT42D w+

F1 ♂♀ w GMR-hid ey-FLP/w or Y ; FRT42D */FRT42D w+

F1 ♂♀ w GMR-hid ey-FLP/w or Y ; FRT42D */FRT42D w+
x
♂♀ w GMR-hid ey-FLP ; FRT42D w+

F2 ♂ w GMR-hid ey-FLP ; FRT42D */FRT42D w+

Balance

5.1

Fig.1. GMR-hid ey-FLP (GheF) screen scheme.

P males were mutagenized with EMS and crossed to females of an ‘analyzer’ line
containing GMR-hid. Flies in F1 were analyzed for recessive suppression of the
GMR-hid-induced eye ablation phenotype (Fig. 3A) The star * indicates the
introduced mutation on chromomsome arm 2R. Suppressors of GMR-hid were
retested for germline transformation by backcrossing to the ‘analyzer’ line and
balanced with a y w ; Sco/CyO line after confirmation of the GMR-hid suppression
phenotype.

53

P ♂ w ; FRT42D K2/CyO

♀ w ; P[w+]/CyO

x

F1 ♀ w ; FRT42D K2/P[w+]

P ♂ w ; FRT42D N55/CyO

x

♀ w ; Sco/CyO, GMR-hid

F1 ♂ w ; FRT42D N55/CyO, GMR-hid

F1 ♂ w ; FRT42D N55/CyO, GMR-hid

x ♀ w ; FRT42D K2/P[w+]

F2 no recombination
1.

w ; FRT42D K2/FRT42D N55

lethal

2.

w ; P[w+]/FRT42D N55

w+

3.

w ; FRT42D K2/CyO, GMR-hid

CyO, small eye

4.

w ; P[w+]/CyO, GMR-hid

CyO, small eye

F2 recombination
5.

K2 P[w+]/FRT42D N55

lethal

6.

FRT42D or +/FRT42D N55

w

7.

FRT42D P[w+] or K2 P[w+]CyO, GMR-hid

CyO, small eye

8.

FRT42D or +/CyO, GMR-hid

CyO, small eye
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P-elements used

Nr. of F2 flies with

Nr. of F2 flies with

genotype

genotype

P[w+]/FRT42D N55

FRT42D or +/FRT42D N55

KG01834 (43E11)

361

5

KG01035 (49D6)

347

33

KG04965 (56D1)

346

169

KG02448 (57A5)

347

187

5.2

Fig. 2. Mapping of K2/N55.

Crossing scheme used to locate K2/N55 by P-element mapping. F2 progeny can have
eight different genotypes, dependent on whether recombination occurred in F1
females or not. Flies in F2 were counted for recombination between the respective Pelement and K2 by comparing the numbers of red-eyed with white-eyed flies.
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5.3

Fig.3. Isolation and characterization of vps25K2 and vps25N55 alleles.

(A) The unmodified GMR-hid ey-FLP (GheF) eye-ablation phenotype.
(B, C) vps25K2 and vps25K2 alleles are moderate suppressors of the GheF-eye
phenotype.
(D-F) Adult eyes of ey-FLP-induced mosaics of (D) wild-type, (E) vps25K2 and (F)
vps25N55. (E, F) vps25K2 and vps25N55 mosaic eyes lack mutant clones (marked by
absence of red pigment) and are overgrown.
(G-I) Eye-antennal discs from 3rd instar larvae of (H) vps25K2 and (I) vps25N55
mosaics are overgrown and disorganized compared to (G) wild-type. Scale bar:
100μm.
(J-L) Non-autonomous suppression of GMR-hidw- in vps25K2 and vps25N55 mosaics.
(J) Control: in arkG8 mosaics, largely arkG8 mutant clones (marked by absence of eye
pigment) suppress GMR-hidw-. (K, L) In (K) vps25K2 and (L) vps25N55 mosaics, the
suppression of GMR-hidw- is mediated by wild-type tissue (red pigment). vps25K2 and
vps25N55 clones do not contribute.
(M) Schematic outline of the Vps25 protein and the molecular lesions in Vps25K2 and
Vps25N55. WHA and WHB are winged-helix domains A and B.
Genotypes: (A) GMR-hid ey-FLP ; FRT42D y+/FRT42D w+, (B) GMR-hid ey-FLP ;
FRT42D vps25K2/FRT42D w+, (C) GMR-hid ey-FLP ; FRT42D vps25N55/FRT42D w+,
(D) w ey-FLP ; FRT42D y+/FRT42 w+, (E) w ey-FLP ; FRT42D vps25K2/FRT42D w+,
(F) w ey-FLP ; FRT42D vps25N55/FRT42D w+, (G) ey-FLP ; FRT42D y+/FRT42D
ubi-GFP, (H) ey-FLP ; FRT42D vps25K2/FRT42D ubi-GFP, (I) ey-FLP ; FRT42D
vps25N55/FRT42D ubi-GFP, (J) w ey-FLP ; FRT42D arkG8/FRT42D w+ ; GMR-hidw-,
(K) w ey-FLP ; FRT42D vps25K2/FRT42D w+ ; GMR-hidw-, (L) w ey-FLP ; FRT42D
vps25N55/FRT42D w+ ; GMR-hidw-.
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5.4

Fig. 4. TUNEL and BrdU analysis of vps25N55 mosaics.

(A-A’’) Increased TUNEL-positive cell death in vps25N55 mutant clones of eyeantennal imaginal discs from 3rd instar larvae. vps25N55 clones are marked by absence
of GFP.
(B-B’’) BrdU labeling of vps25N55 mosaic wing imaginal discs. Note increased
proliferation in tissue adjacent to vps25N55 clones.
(C-C’’) BrdU labeling of wild-type (control) clones in wing imaginal discs serve as
control to (B-B’’). BrdU incorporation is homogeneous inside and outside the clones.
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(D-D’’) Elav labeling of vps25N55 mutant clones in eye-antennal imaginal discs of
third instar larvae. Clones are positively marked with GFP.
Genotypes: (A-A’’, B-B’’) ey-FLP ; FRT42D vps25N55/FRT42D ubi-GFP. (C-C’’) eyFLP ; FRT42D/FRT42D ubi-GFP. (D-D’’) hs-FLP UAS-GFP ; FRT42D
vps25N55/FRT42D tub-Gal80 ; tub-Gal4.

59

5.5

Fig. 5. Accumulation of N and Dl in vps25 clones, and increased
pSTAT immunoreactivity adjacent to vps25 clones.

(A-A’’) Accumulation of N in GFP-marked vps25N55 clones.
(B-B’’) Accumulation of Dl in GFP-marked vps25N55 clones.
(C-C’’) Increased N activity in GFP-marked vps25 clones.
(D-D’’) Increased STAT activity inside and outside of vps25 clones by antipSTAT92E labeling. Clones are marked by absence of GFP.
Genotypes: (A-A’’, B-B’’, C-C’’) Note vps25N55 clones are positively marked with
GFP using the MARCM technique (Lee and Luo, 2001). (A-A’’, B-B’’) hs-FLP UASGFP ; FRT42D vps25N55/FRT42D tub-Gal80 ; tub-Gal4. (C-C’’) hs-FLP UAS-GFP ;
E[spl]m8 2.61-lacZ FRT42D vps25N55/FRT42D tub-Gal80 ; tub-Gal4. (D-D’’) eyFLP ; FRT42D vps25N55/FRT42D ubi-GFP.
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5.6

Fig. 6. N is required for non-autonomous proliferation of vps25
mosaics, but not for apoptosis.

All vps25N55 clones expressing NDN (vps25N55/NDN) are labeled with GFP using
MARCM. (A-A’’) vps25N55/NDN clones have reduced levels of pSTAT92E.
(B-B’’) vps25N55/NDN clones elicit non-autonomous cell proliferation (BrdU labeling
in B and B’’). The strong BrdU signal in (B, B’’) is due to the second mitotic wave.
(C-C’’) vps25N55/NDN clones show reduced levels of Dl.
(D-D’’) Caspase-3-positive apoptosis is unchanged in vps25N55/NDN clones.
(E) The unmodified GMR-hid GMR-Gal4 eye-ablation phenotype.
(F) Over-expression of upd is not sufficient to suppress GMR-hid GMR-Gal4.
(G) Over-expression of the intracellular domain of N strongly suppresses GMR-hid
GMR-Gal4.
Genotypes: (A-A’’, B-B’’, C-C’’, D-D’’) hs-FLP UAS-GFP ; FRT42D vps25N55 UASNDN/FRT42D tub-Gal80; tub-Gal4. (E) GMR-hid GMR-Gal4. (F) GMR-hid GMRGal4/UAS-upd. (G) GMR-hid GMR-Gal4/UAS-Nintra.
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5.7

Fig. 7. Non-autonomous increase of Diap1 protein levels, and
evidence of two cell death pathways.

(A-A’’) Increased levels of Hid protein in vps25K2 clones of 3rd instar eye discs.
Clones are marked by absence of GFP.
(B-B’’) Diap1 protein levels are reduced in, and increased adjacent to, vps25K2 clones.
(C-C’’) BrdU labeling of GFP-marked vps25N55/Diap1 mosaics. Over-expression of
Diap1 does not block non-autonomous proliferation.
(D-D’’) Caspase-3-labeling of GFP-marked vps25N55/Diap1 mosaics. Caspase-3 is
completely blocked. Scale bar: 100μm.
(E-E’’) Caspase-3-labeling of GFP-marked vps25N55 arkH16 double mutant mosaics.
Caspase-3-dependent cell death is detectable in vps25N55 arkH16 clones. Scale bar:
100μm.
(F) Adult eyes of ey-FLP-induced mosaics of vps25K2 arkG8 double mutants are
severely overgrown and folded. Note: vps25K2 arkG8 clones are absent (marked by
lack of red pigment).
Genotypes: (A-A’’, B-B’’) ey-FLP ; FRT42D vps25N55/FRT42D ubi-GFP. (C-C’’, DD’’) hs-FLP UAS-GFP/UAS-Diap1 ; FRT42D vps25N55/FRT42D tub-Gal80 ; tubGal4. (E-E’’) hs-FLP UAS-GFP ; FRT42D vps25N55 arkH16/FRT42D tub-Gal80 ; tubGal4. (F) ey-FLP ; FRT42D vps25N55 arkH16/FRT42D w+.
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5.8

Fig. 8. JNK contributes to the apoptotic phenotype of vps25 clones.

(A-A’’) Increased JNK activity in vps25N55 clones by anti-pJNK labeling. Clones are
marked by absence of GFP.
(B-B’’) pJNK labeling of GFP-marked vps25N55/Diap1 mosaics.
(C-C’’) Caspase-3-labeling of GFP-marked vps25N55/Puc mosaics. Scale bar: 100μm.
(D-D’’) Caspase-3-labeling of GFP-marked vps25N55 arkG8/Puc mosaics. Note, the
clones marked with GFP are severely enlarged. Scale bar: 100μm.
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Genotypes: (A-A’’) ey-FLP ; FRT42D vps25N55/FRT42D ubi-GFP. (B-B’’) hs-FLP
UAS-GFP/UAS-Diap1 ; FRT42D vps25N55/FRT42D tub-Gal80; tub-Gal4. (C-C’’) hsFLP UAS-GFP ; FRT42D vps25N55/FRT42D tub-Gal80; tub-Gal4/UAS-puc. (D-D’’)
hs-FLP UAS-GFP ; FRT42D vps25N55 arkG8/FRT42D tub-Gal80; tub-Gal4/UAS-puc.
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5.9

Fig. 9. Increased Hippo signaling, but not cell competition, controls
apoptosis in vps25 clones.

(A-A’’) Caspase-3-labeling of vps25N55 mosaics in Minute (M) background. Caspase3 activity is unaffected. Clones are marked by the absence of β-Gal staining.
(B-B’’) Caspase-3-labeling of GFP-marked vps25N55/dMyc mosaics. Caspase-3activity is unaffected.
(C-C’’) Expanded (Ex) labeling of GFP-marked vps25N55 mosaics. Ex protein levels
are reduced in vps25N55 clones (arrow), indicating increased Hippo activity.
(D-D’’) Caspase-3-labeling of GFP-marked vps25N55 hippoD3 double mutant mosaics.
Caspase-3 activity is blocked.
Genotypes: (A-A’’) ey-FLP ; FRT42D vps25N55/FRT42D arm-lacZ M(2). (B-B’’) hsFLP UAS-GFP ; FRT42 vps25N55/FRT42D tub-Gal80 ; tub-Gal4/UAS-dMyc. (C-C’’)
hs-FLP UAS-GFP ; FRT42D vps25N55/FRT42D tub-Gal80 ; tub-Gal4. (D-D’’) hsFLP UAS-GFP ; FRT42D vps25N55 hippo3D/FRT42D tub-Gal80; tub-Gal4.
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5.10 Fig. 10. RT PCR analysis of vps36 mutants.
Lanes 1 and 12 depict the 1kb DNA ladder (Promega, G571A). RT PCR with primer
pairs directed against a vps36 transcript (lanes 2-7). RT PCR confirms reduced levels
of vps36 transcript in vps36L5212 first instar larvae (lane 3) compared to y w controls
(lane 2). However, transcript levels as detected with primer pairs targeting vps36
transcription further downstream appear to be comparable between vps36L5212 and y w
controls (compare lanes 4 and 5, 6 and 7). Comparable levels of vps25 (compare lanes
8 and 9) and actin5c (compare lanes 10 and 11) transcripts are obtained in vps36L5212
mutants and y w controls.
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5.11 Fig. 11. Mutant clones of ESCRT-II components display endosomal
defects and accumulate ubiquitinylated proteins at the early
endosome.
Shown are eye-anntenal imaginal discs of third instar larvae mocaic for ESCRT-II
mutants. Mutant clones are marked by the absence of GFP. Mutant clones of ESCRTII components show changes in the subcellular localization of the early endosomal
marker Hrs and accumulation of ubiquitin-conjugated proteins as visualized by the
FK1 antibody. Hrs and ubiquitin-conjugated proteins accumulate in foci which colocalize frequently.
(A, B, C) GFP/Hrs/FK1 co-labelings of (A) vps225F8-3, (B) vps25N55 and (C)
vps36L5212 eye mosaics.
(A’, B’, C’) Hrs/FK1 co-labelings of (A’) vps225F8-3, (B’) vps25N55 and (C’)
vps36L5212 eye mosaics.
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(A’’, B’’, C’’) Hrs labeling of (A’’) vps225F8-3, (B’’) vps25N55 and (C’’) vps36L5212 eye
mosaics.
(A”’, B’’’, C’’’) FK1 labeling of (A’’’) vps225F8-3, (B’’’) vps25N55 and (C’’’)
vps36L5212 eye mosaics.
Areas of increased Ubiquitin concentration co-localize with increased levels of the
Notch receptor (antibody against the extracellular domain of Notch) in ESCRT-II
mutant tissue.
(D, E, F) GFP/Ubiquitin/Nextra co-labeling of (A) vps225F8-3, (B) vps25N55 and (C)
vps36L5212 eye mosaics.
(D’, E’, F’) Ubiquitin/Nextra co-labeling of (D’) vps225F8-3, (E’) vps25N55 and (F’)
vps36L5212 eye mosaics.
(D’’, E’’, F’’) Ubiquitin labeling of (D’’) vps225F8-3, (E’’) vps25N55 and (F’’)
vps36L5212 eye mosaics.
(D’’’, E’’’, F’’’) Nextra labeling of (D’’’) vps225F8-3, (E’’’) vps25N55 and (F’’’)
vps36L5212 eye mosaics.
Genotypes: (A-A’’’, D-D’’’) ey-FLP ; FRT82B vps225F8-3/FRT82B ubi-GFP, (B-B’’’,
E-E’’’) ey-FLP ; FRT42D vps25N55/FRT42D ubi-GFP and (C-C’’’, F-F’’’) ey-FLP ;
vps36L5212 FRT2A/ubi-GFP FRT2A.
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5.12 Fig. 12. Proliferation and apoptosis phenotypes of ESCRT-II
mosaics.
(A-D) Non-autonomous regulation of proliferation in vps22 and vps25 eye mosaics as
depicted by BrdU incorporation. Compared to control discs vps36 mutants do not
affect the proliferation pattern significantly.
(A-D) GFP/BrdU co-labelings of (A) control, (B) vps225F8-3, (C) vps25N55 and (D)
vps36L5212 eye mosaics. The scale bar represents 50μm.
(A’-D’) BrdU labeling of (A’) control, (B’) vps225F8-3, (C’) vps25N55 and (D’)
vps36L5212 eye mosaics.
(E-G) Labeling of vps22, vps25 and vps36 eye-antennal imaginal discs with cleaved
Caspase-3 (Cas-3) antibody as apoptotic marker.
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(E-G) GFP/Caspase-3 co-labelings of (E) vps225F8-3, (F) vps25N55 and (G) vps36L5212
eye mosaics.
(E’-G’) Caspase-3 labeling of (E’) vps225F8-3, (F’) vps25N55 and (G’) vps36L5212 eye
mosaics.
Genotypes: (A-A’) ey-FLP ; FRT42B/FRT42B ubi-GFP, (B-B’, E-E’) ey-FLP ;
FRT82B

vps225F8-3/FRT82B

ubi-GFP,

(C-C’,

F-F’)

ey-FLP

;

FRT42D

vps25N55/FRT42D ubi-GFP and (D-D’, G-G’) ey-FLP ; vps36L5212 FRT2A/ubi-GFP
FRT2A.
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5.13 Fig. 13. Growth phenotypes of ESCRT-II mosaics.
vps22 and vps25 mosaics display strong overgrowth phenotypes of the adult eyes and
heads and the larval eye imaginal discs. In contrast, vps36 mutants show just mild
proliferation phenotypes such as a roughening of the adult eye. Removing one copy of
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N in vps22 and vps25 mosaics reduces the overgrowth phenotypes of eyes and heads
significantly and a weak effect can be observed on the roughening of vps36 mosaics.
(A-D) Side view of genetic eye mosaics of (A) control flies, (B) vps225F8-3, (C)
vps25N55 and (D) vps36L5212 mutants.
(E-H) Side view of genetic eye mosaics of (E) N264-39 control flies, (F) N264-39 ;
vps225F8-3, (G) N264-39; vps25N55 and (H) N264-39 ; vps36L5212 mutants.
(I-L) Top view of genetic eye mosaics of (I) control flies, (J) vps225F8-3, (K) vps25N55
and (L) vps36L5212 mutants.
(M-P) Top view of genetic eye mosaics of (E) N264-39 control flies, (F) N264-39 ;
vps225F8-3, (G) N264-39 ; vps25N55 and (H) N264-39 ; vps36L5212 mutants.
(Q-T) Size comparison between eye imaginal discs of (Q) control, (R) vps225F8-3, (S)
vps25N55 and (T) vps36L5212 mutants. The scale bar represents 100μm.
Genotypes: (A, I, Q) y w ey-FLP ; FRT82B/ FRT82B P[w+], (B, J, R) y w ey-FLP ;
FRT82B vps225F8-3/FRT82B P[w+], (C, K, S) y w ey-FLP ; FRT42D
vps25N55/FRT42D P[w+], and (D, L, T) y w ey-FLP ; vps36L5212 FRT2A/P[w+]
FRT2A, (E, M) y w ey-FLP/N264-39 ; FRT82B/ FRT82B P[w+], (F, N) y w ey-FLP/N26439

; FRT82B vps225F8-3/FRT82B P[w+], (G, O) y w ey-FLP/N264-39 ; FRT42D

vps25N55/FRT42D P[w+], (H, P) y w ey-FLP/N264-39 ; vps36L5212 FRT2A/P[w+]
FRT2A.
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5.14 Fig. 14. Accumulation of Notch protein and JAK/STAT activity in
ESCRT-II mosaics.
(A-C) The Notch receptor (detected with an antibody against the intracellular domain
of Notch) co-localizes with the early endosomal marker Hrs in distinct punctae in
mutant tissue of ESCRT-II components.
(A, B, C) GFP/Hrs/Nintra co-labelings of (A) vps225F8-3, (B) vps25N55 and (C)
vps36L5212 eye mosaics.
(A’, B’, C’) Hrs/Nintra co-labelings of (A’) vps225F8-3, (B’) vps25N55 and (C’)
vps36L5212 eye mosaics.
(A’’, B’’, C’’) Hrs labeling of (A’’) vps225F8-3, (B’’) vps25N55 and (C’’) vps36L5212 eye
mosaics.
(A”’, B’’’, C’’’) Nintra labeling of (A’’’) vps225F8-3, (B’’’) vps25N55 and (C’’’)
vps36L5212 eye mosaics.
(D-F) Co-localization of accumulated Notch protein (using an antibody detecting the
intracellular domain of Notch) and increased STAT activity, as visualized using antipSTAT antibody, a readout of JAK/STAT pathway activity.
(D, E, F) GFP/Nintra/pSTAT92E co-labelings of (D) vps225F8-3, (E) vps25N55 and (F)
vps36L5212 eye mosaics.
(D’, E’, F’) Nintra/pSTAT92E co-labelings of (D’) vps225F8-3, (E’) vps25N55 and (F’)
vps36L5212 eye mosaics.
(D’’, E’’, F’’) Nintra labeling of (D’’) vps225F8-3, (E’’) vps25N55 and (F’’) vps36L5212
eye mosaics.
(D’’’, E’’’, F’’’) pSTAT92E labeling of (D’’’) vps225F8-3, (E’’’) vps25N55 and (F’’’)
vps36L5212 eye mosaics.
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Genotypes: (A-A’’’, D-D’’’) ey-FLP ; FRT82B vps225F8-3/FRT82B ubi-GFP, (B-B’’’,
E-E’’’) ey-FLP ; FRT42D vps25N55/FRT42D ubi-GFP and (C-C’’’, F-F’’’) ey-FLP ;
vps36L5212 FRT2A/ubi-GFP FRT2A.
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5.15 Fig. 15. The Notch receptor and its ligand Delta accumulate at the
early endosome in ESCRT-II mosaics
(A-C)Areas of increased Ubiquitin concentration co-localize with increased levels of
the Notch receptor (antibody against the extracellular domain of Notch) in ESCRT-II
mutant tissue.
(A, B, C) GFP/Ubiquitin/Nextra co-labelings of (A) vps225F8-3, (B) vps25N55 and (C)
vps36L5212 eye mosaics.
(A’, B’, C’) Ubiquitin/Nextra co-labeling of (A’) vps225F8-3, (B’) vps25N55 and (C’)
vps36L5212 eye mosaics.
(A’’, B’’, C’’) Ubiquitin labeling of (A’’) vps225F8-3, (B’’) vps25N55 and (C’’)
vps36L5212 eye mosaics.
(A’’’, B’’’, C’’’) Nextra labeling of (A’’’) vps225F8-3, (B’’’) vps25N55 and (C’’’)
vps36L5212 eye mosaics.
(D-F) Aggregation of mono- and poly-ubiquitinylated proteins (detected by the FK2
antibody) in ESCRT-II mutant tissue.
(D, E, F) GFP/FK2 co-labeling of (D) vps225F8-3, (E) vps25N55 and (F) vps36L5212 eye
mosaics.
(D’, E’, F’) FK2 labeling of (D’) vps225F8-3, (E’) vps25N55 and (F’) vps36L5212 eye
mosaics.
(G-I) The Notch ligand Delta accumulates in foci that are reminiscent of the
phenotype which is observed for the Notch receptor.
(G, H, I) GFP/Delta co-labeling of (G) vps225F8-3, (H) vps25N55 and (I) vps36L5212 eye
mosaics.
(G’, H’, I’) Delta labeling of (G’) vps225F8-3, (H’) vps25N55 and (I’) vps36L5212 eye
mosaics.
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Genotypes: (A-A’’’, D-D’, G-G’) ey-FLP ; FRT82B vps225F8-3/FRT82B ubi-GFP, (BB’’’, E-E’, H-H’) ey-FLP ; FRT42D vps25N55/FRT42D ubi-GFP and (C-C’’’, F-F’, II’) ey-FLP ; vps36L5212 FRT2A/ubi-GFP FRT2A.

79

5.16 Fig. 16. Suppression of the GMR-hid eye ablation phenotype by
ESCRT-II mosaics.
(A) Expression of the pro-apoptotic gene hid under control of the eye-specific GMR
enhancer (GMR-hid) gives rise to a strong eye ablation phenotype due to excessive
apoptosis.
(B-D) vps25 (C) and vps36 (D) eye mosaics are strong suppressors the GMR-hidinduced eye ablation phenotype in adult flies. vps22 mosaics (B) which cause a strong
overgrowth phenotype similar to vps25 do not suppress the GMR-hid-eye ablation
phenotype.
Genotypes: (A) y w ey-FLP ; GMR-hid ; FRT82B/FRT82B P[w+], (B) y w ey-FLP ;
GMR-hid ; FRT82B vps225F8-3/FRT82B P[w+], (C) y w GMR-hid ey-FLP ; FRT42D
vps25N55/FRT42D P[w+] and (D) y w ey-FLP ; GMR-hid ; vps36L5212 FRT2A/P[w+]
FRT2A.
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6 Discussion
The inactivation of signaling pathways is as important for appropriate tissue
homeostasis as its activation. Interference with the inactivation process often gives
rise to malignant phenotypes, including cancer. Several strategies to restrict signaling
exist, including receptor sequestration, receptor inactivation, production of inhibitory
signaling proteins, and inactivation of intracellular signaling proteins (reviewed in
Sorkin and Von Zastrow, 2002; Le Roy and Wrana, 2005a). The phenotypic analysis
of vps22, vps25 and vps36 mutants highlights the importance of receptor downregulation by endosomal protein sorting. Lack of vps25 function causes at least three
phenotypes: non-autonomous proliferation, non-autonomous resistance to cell death,
and autonomous apoptosis. Vps22 loss results just in two phenotypes: nonautonomous proliferation and autonomous apoptosis while disrupting vps36 function
leads to non-autonomous resistance to cell death and autonomous apoptosis. The
differences and the cause of these combined phenotypes in mutations of different
ESCRT-II members and the potential role of class E Vps proteins for tumorigenesis
will be discussed below.

6.1 Endosomal phenotypes in vps22, vps25 and vps36
mosaics
So far, a systematic genetic analysis of class E vps genes has only been
performed in yeast (Raymond et al., 1992) (reviewed in Katzmann et al., 2002).
Endosomal defects in these mutants in yeast are genetically very similar. Vps22,
Vps25 and Vps36 are components of the ESCRT-II complex required for
internalization of cell surface receptors into MVBs at the early endosome (Babst et
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al., 2002b). The signal for protein sorting into MVBs is provided by monoubiquitinylation (reviewed in Hicke and Dunn, 2003; Haglund and Dikic, 2005;
Duncan et al., 2006; Huang et al., 2006). In yeast, mutations in ESCRT-II components
cause aberrant endosomal structures and accumulation of ubiquitinylated proteins
(Babst et al., 2002b) (reviewed in Katzmann et al., 2002). However, the consequences
of the loss of appropriate endosomal sorting in multi-cellular organisms have only
recently been described. In Drosophila, mutants of hrs display enlarged endosomes
that accumulate ubiquitin-conjugated receptors on their limiting membrane (Lloyd et
al., 2002; Jekely and Rorth, 2003). Our studies confirm these findings for vps22,
vps25 and vps36 mosaics as well. Interference with the function of all three ESCRT-II
members results in accumulation of ubiquitinylated protein cargo on Hrs positive
endosomal compartments (Fig. 11A-C) confirming a role of ESCRT-II in MVB
formation. This also implies that Hrs must act upstream of ESCRT-II function
consistent with the studies that have been performed in yeast.

6.2 Shared and distinct genetic properties of ESCRT-II
components
Our analysis and comparison of the mutant phenotypes of the ESCRT-II
components vps22, vps25 and vps36 show that vps22 mosaics are characterized by
strong non-autonomous proliferation (Fig. 12B), but not an increase in apoptotic
resistance (Fig. 16B). vps36 mosaics exhibit the reverse phenotype, i.e. increased
apoptotic resistance (Fig. 16D) and no or only weak non-autonomous proliferation
(Fig. 12D). As shown before (Herz et al., 2006), vps25 mosaics combine both
phenotypes (Fig. 3B, C; 12C and 16C). Nonetheless, mutant tissue of all three
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ESCRT-II members fails to survive (Fig. 4A and 12E-G). Furthermore, mutant larvae
of all three ESCRT-II alleles tested in this study die at around the same developmental
stage in the first or second instar suggesting that they affect larval development to a
similar extend. Thus, this analysis shows that although these components are part of
the same structural complex and in many aspects show great similarity, especially for
endosomal phenotypes, they are not genetically equivalent and display distinct
properties.

There are at least two reasons that might account for the differences in
phenotypes. One will be discussed under ‘Non autonomous proliferation by Notch
signaling in vps mosaics’. The other reason simply considers the possibility that class
E vps genes have also been reported to function outside of endosomal protein sorting.
As such they appear to be involved in diverse processes like virus budding (reviewed
in Martin-Serrano, 2007), cytokinesis (Spitzer et al., 2006; Carlton and MartinSerrano, 2007), transcriptional control (Shilatifard, 1998; Sun et al., 1999), chromatin
modification (Stauffer et al., 2001), mRNA localization (Irion and St Johnston, 2007),
cell cycle progression (Li et al., 2001; Ruland et al., 2001) and apotosis (Krempler et
al., 2002; Wagner et al., 2003) (for a more detailed overview see ‘Introduction’).
Therefore, it is possible that the observed genetic differences of the ESCRT-II
components may be caused by distinct requirements in addition to and independently
of endosomal function and possibly independently of the ESCRT-II complex and the
remaining ESCRT machinery. Future work will be necessary to dissect the roles of
the ESCRT-II components in processes unrelated to endosomal processing.
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6.3 Non-autonomous proliferation by Notch signaling in vps
mosaics
As we have shown in this study, the lack of appropriate protein sorting at the
early endosome in vps22, vps25 and vps36 mutant tissue in Drosophila causes
accumulation of N and its ligand Dl at an early endosomal compartment (Fig. 5A, B
and Fig. 14A-C) which leads to increased activation of the N pathway (Fig. 5C). Even
though we find evidence for altered regulation of various pathways in vps25 mutant
clones and embryos such as EGF receptor, Dpp and Wg signaling (data not shown) it
appears that deregulation of the N pathway largely accounts for the observed
overgrowth phenotype of vps25 mosaics. For this reason we will focus on N signaling
and related processes in the discussion to follow.

Others have shown that N signaling plays an important role in inducing nonautonomous proliferation through activation of the JAK/STAT pathway (Harrison et
al., 1998; Chao et al., 2004; Tsai and Sun, 2004; Reynolds-Kenneally and Mlodzik,
2005). Consistently, our data support these findings as vps22, vps25 and vps36 mutant
clones display increased pSTAT activity, a readout for JAK/STAT signaling (Fig. 5D
and Fig. 14D-F). Furthermore, our genetic analysis using a dominant negative N
transgene (NDN, Fig. 6) suggests that the strong overgrowth phenotype of vps25
mosaics is largely due to inappropriate N signaling (Fig. 6B) and that the observed
increase in pSTAT immunoreactivity in vps25 mutant clones is the result of elevated
N activity (Fig. 6A). Our findings largely correspond with the results of others
(Thompson et al., 2005; Vaccari and Bilder, 2005) who observe similar phenotypes in
vps25 clones, suggesting the conserved function of vps25 in Drosophila. Additionally,
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mutations in erupted, the vps23 homolog which encodes a component of ESCRT-I,
give rise to similar phenotypes as observed for vps22 and vps25 (Moberg et al., 2005).
Astonishingly, a puzzling scenario is created by the analysis of vps36 mosaics. vps36
mutant clones exhibit the same levels of accumulated N receptors at the early
endosome and display a similar level of activation of the JAK/STAT pathway as
vps22 and vps25 mutant tissue (Fig. 14D-F) but show a much weaker overgrowth
phenotype (Fig. 13). It is therefore possible that the strength in activation of the N and
JAK/STAT pathway cannot be measured by comparing the endosomal phenotypes of
the different ESCRT-II components alone and that the weaker overgrowth effect in
vps36 mosaics are the consequence of the hypomorphic nature of the vps36 allele.
Alternatively, the overgrowth phenotypes might be the result of at least two pathways
acting synergistically. One of these could be the JAK/STAT pathway which may be
more susceptible to alterations in regulation than a postulated second pathway. In
vps36 mosaics this susceptibility threshold might not have been reached for the
putative second pathway yet and thus results in a weaker overgrowth phenotype that
is only mediated by the activation of the JAK/STAT pathway.

However, in hrs mosaics in Drosophila, non-autonomous cell proliferation has
not been observed although signaling receptors including N and Dl accumulate in hrs
mutant tissue (Lloyd et al., 2002; Jekely and Rorth, 2003). This is a puzzling
observation as hrs encodes a class E Vps protein acting as a member of the ESCRT-0
complex. It is possible that N and Dl are not in an environment in the hrs endosome
which permits signaling. Alternatively, Jekely and Rørth (2003) showed that hrs
controls the steady-state levels of non-activated receptors at the plasmamembrane.
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Although this function may apply to vps25, it may also indicate that there are inherent
differences between different class E proteins regarding protein sorting at the early
endosome. Further support to the idea that N needs to be in a particular milieu at the
early endosome in order to be activated comes from a study that analyses genes which
act upstream of the ESCRT machinery in the endosomal pathway, namely shibire,
avalanche and Rab5. Mutations in these genes result in accumulation of N on an early
endosomal compartment but do surprisingly not activate the pathway (Vaccari et al.,
2008). Additionally, mutations in the tumor suppressor lethal giant discs (lgd) have
been demonstrated to cause very strong activation of N signaling (Childress et al.,
2006; Gallagher and Knoblich, 2006; Jaekel and Klein, 2006). In lgd mutant clones
Hrs co-localizes with N. Surprisingly, in contrast to lgd single mutant clones hrs lgd
double mutant tissue did not show ectopic N activation (Childress et al., 2006; Jaekel
and Klein, 2006). Furthermore, Lgd does not accumulate in hrs mutant clones but colocalizes with N in aberrant early endosomes in vps25 mutant tissue (Childress et al.,
2006). In summary, this places Lgd between Hrs and Vps25 at the early endosome.
However, as Lgd does not seem to be required for controlling the activity of many
other pathways which is the case for Hrs and Vps25 (Lloyd et al., 2002; Jekely and
Rorth, 2003; Thompson et al., 2005), it probably is not part of the core machinery that
regulates MVB formation but rather represents a specific modulator of N activation at
the early endosome (Childress et al., 2006).

Currently, it is unclear whether N exerts its function in a ligand-dependent
manner in vps25 mosaics. Dl protein also accumulates in vps25 clones (Fig. 5B), and
endocytosis of Dl is required for N activation (Lai et al., 2001; Pavlopoulos et al.,
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2001; Yeh et al., 2001; Itoh et al., 2003; Le Borgne and Schweisguth, 2003b)
(reviewed in Le Borgne and Schweisguth, 2003a; Le Borgne et al., 2005; Le Borgne,
2006). Thus, blocking MVB formation in vps25 clones may lead to accumulation of
active Dl, resulting in increased N activity. However, we also show that N is required
for Dl accumulation in vps25 clones (Fig. 6C). There are two possibilities to explain
these results. First, Dl accumulation is directly or indirectly the result of increased N
activity in vps25 clones. This conclusion infers that N activation occurs before Dl
accumulation and would argue in favor of a ligand-independent mechanism for N
activation in vps25 clones, although Dl may be required for maintaining N activity.
Ligand-independent activation of N has also been proposed for erupted (vps23)
(Vaccari et al., 2008) and lgd (Childress et al., 2006; Jaekel and Klein, 2006).
Alternatively, the use of a dominant-negative form of N in our study may result in cell
autonomous ‘cis-inhibition’ of Dl through NDN at the plasmamembrane or another
location. ‘Cis-inhibition’ is a process that describes the cell autonomous binding of Dl
and Ser to N to inactivate the pathway. It is currently not known where exactly in the
cell this inhibition occurs (de Celis and Bray, 1997; Klein et al., 1997; Micchelli et al.,
1997; Panin et al., 1997; Jacobsen et al., 1998; Sakamoto et al., 2002; Li and Baker,
2004; Ladi et al., 2005; Glittenberg et al., 2006). As a result of ‘cis-inhibition’ Dl
would be trapped and could no longer be shuttled to the early endosome.

As mentioned in the introduction N activity is also controlled by several
proteolytic cleavages (reviewed in Mumm and Kopan, 2000; Fortini, 2002; Selkoe
and Kopan, 2003), which result in the translocation of the intracellular domain of N to
the nucleus where it regulates expression of different target genes. Thus, a potential
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ligand-independent mode of N activation may include inappropriate cleavage of N at
the vps25 endosome. Traditionally, it has been thought that after ligand binding S3
cleavage of N occurs at the plasma membrane (reviewed in Kaether et al., 2006).
However, Presenilin and other subunits of the γ-secretase complex have largely been
found to localize to an endosomal compartment (Ray et al., 1999; Pasternak et al.,
2003). It is interesting that mutations in genes that control endosomal trafficking at an
earlier step than ESCRT members such as Rab5, avalanche -a Drosophila syntaxin-,
β-arrestin and hrs do not affect N signaling significantly (Jekely and Rorth, 2003; Lu
and Bilder, 2005; Mukherjee et al., 2005; Vaccari et al., 2008). In stark contrast,
disrupting the endosomal process just slightly more downstream by interfering with
the function of members of the ESCRT-I and –II complexes such as erupted (vps23)
and vps25 leads to strong N activation (Moberg et al., 2005; Thompson et al., 2005;
Vaccari and Bilder, 2005; Herz et al., 2006). Furthermore, elevated N activity in
RNAi-treated cells against different ESCRT components is sensitive to a γ-secretase
inhibitor (Thompson et al., 2005) even though the amount of cleaved N in vps25
mutant tissue does not change compared to wild-type as judged by an ex vivo assay
(Vaccari et al., 2008). However, the same assay detects a marked decrease in the
levels of cleaved N for mutations in endosomal regulators that act more upstream
such as avalanche and shibire (Vaccari et al., 2008). Taken together, a model emerges
suggesting that at least for ligand-independent processes S3 cleavage of N occurs in a
special environment at the early endosome. Interfering with the process of MVB
formation by disruption of ESCRT function might therefore alter the kinetics of N
transit through this specific endosomal ‘activation compartment’. Whether this milieu
for N cleavage is created accidentally and thus might actually have nothing to do with
the in vivo activation of the N pathway remains to be elucidated for further
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clarification. Nonetheless, it is possible that ligand-dependent S3 cleavage of N might
not occur at the same location on the early endosome but rather more upstream or
even at the plasma membrane.

6.4 Non-autonomous regulation of cell death by vps25 and
vps36
Paradoxically, although vps22, vps25 and vps36 clones die by apoptosis (Fig.
4A and 12F, G) we just identified vps25 and vps36 alleles as recessive suppressors of
GMR-hid-induced cell death (Fig. 3B, C and 16C, D). Our analysis demonstrates that
the wild-type tissue in vps25 mosaics accounts for this suppression (Fig. 3K, L)
although these cells are exposed to GMR-hid. However, these findings do not explain
why vps36 is a strong suppressor of GMR-hid, while vps22 completely fails to
suppress GMR-hid (Figure 16B, D). Thus, it does not appear that the phenotypic
differences observed between vps22 and vps36 are due to allelic strength of the
mutants. Rather, they appear to be caused by intrinsic differences of the endogenous
genes which could function in endosomal independent processes as well (see also
discussion under ‘Shared and distinct genetic properties of ESCRT-II components’).

Our initial explanation for this observation of non-autonomous resistance
against apoptosis was that non-autonomous proliferation mediated by JAK/STAT
signaling in vps25 mosaics overrides the apoptotic activity of GMR-hid. However,
over-expression of upd, the ligand of the JAK/STAT pathway, does not significantly
suppress GMR-hid (Fig. 6F), although GMR-upd flies have a similar overgrowth
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phenotype as vps25 mosaics (Bach et al., 2003; Muller et al., 2005). This finding
excludes non-autonomous proliferation through the JAK/STAT pathway for
suppression of GMR-hid by vps25. However, Diap1 protein levels are increased in
tissue abutting vps25 clones (Fig. 7B). GMR-hid is sensitive to altered levels of Diap1
(Hay et al., 1995) suggesting that the increase of Diap1 outside of vps25 clones may
account for the suppression of GMR-hid even though it cannot be excluded that nonautonomous regulation of other apoptotic components causes the GMR-hid
suppression phenotype. Thus, in addition to non-autonomous proliferation, vps25
clones also increase the apoptotic resistance of adjacent wild-type tissue in a nonautonomous manner. The signaling pathway which can induce non-autonomous
survival by increasing Diap1 protein levels is currently unknown. However, nonautonomous resistance against cell death might very well be dependent on N signaling
as over-expression of the intracellular domain of N results in a very strong
suppression of GMR-hid (Fig. 6G). This is very interesting, especially because N
activation has been implicated to exert a pro-apoptotic function during retinal
development of Drosophila (Miller and Cagan, 1998; Yu et al., 2002), but can have
anti-apoptotic effects in other contexts as well (Deftos et al., 1998; Jehn et al., 1999).
More recently, a mechanism has been proposed in which the intracellular domain of N
can mediate the inhibition of apoptosis by binding to and preventing the autoubiquitinylation and thus degradation of XIAP, a mammalian inhibitor of apoptosis
(Liu et al., 2007). Even though the results of these studies show that N activation can
lead to even opposite effects depending on the developmental context and tissue in
which N is functioning, they do not explain how N might mediate non-autonomous
resistance against cell death. Possible mediators of this anti-apoptotic function of N
signaling could be identified by performing a deficiency screen with the GMR-hid
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GMR-Gal4/UAS-Nintra eye phenotype (Fig. 6G). Deficiencies which revert this
phenotype (at least to a certain extend) would be further analyzed in order to identify
the genes responsible for mediating the anti-apoptotic effect of the N pathway. In
parallel, another deficiency screen that would make use of the GMR-hid suppression
phenotype of vps25 and vps36 mosaics could lead to the identification of another set
of genes as regulators of apoptosis. A significant overlap in these two sets of genes
would imply that the non-autonomous resistance against cell death in vps25 and vps36
mosaics and the GMR-hid suppression by over-expression of Nintra are conveyed by
the same factors.

6.5 Cell death in vps clones of ESCRT-II members
Our data also suggest that apoptosis in vps25 mutant tissue is not only executed
via the Hid/Diap1/Dronc/Ark-pathway. vps25 ark clones still died (Fig. 7F),
suggesting that in addition to Ark at least one other pro-apoptotic component is
activated in vps25 clones. We showed previously that a Dronc/Ark-independent cell
death pathway exists in Drosophila, but did not identify this pathway (Xu et al., 2005;
Srivastava et al., 2007). Our data here implicate JNK as potential mediator of an
alternative cell death pathway (Adachi-Yamada et al., 1999; Adachi-Yamada and
O'Connor, 2002). vps25 ark/Puc mosaic eye discs are extremely overgrown and the
clones occupy a large area of the disc (Fig. 8D). Caspase-3-dependent apoptosis is
blocked in these clones (Fig. 8D). Only at the clonal boundaries, Caspase-3 activity is
still detectable, suggesting that at the interface between vps25 clones and wild-type
tissue a potentially third apoptotic pathway is activated (Fig. 8D). Alternatively, the
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surrounding wild-type cells could be outcompeted at the clonal margins and
subsequently undergo cell death.

Our data show that cell competition is not sufficient to induce cell death in
vps25 clones (Fig. 9A, B). In contrast, given the extremely large size of cell deathinhibited vps25 clones (Fig. 8D and 9D), it appears that vps25 clones have no intrinsic
growth disadvantage, and have the capability to overgrow and outcompete the
surrounding wild-type tissue if cell death is blocked. Thus, cell competition does not
contribute significantly to the apoptotic phenotype of vps25 clones.

We show that Hippo signaling is increased in vps25 clones (reviewed in Edgar,
2006; Harvey and Tapon, 2007; Pan, 2007; Saucedo and Edgar, 2007) Hippo
signaling can induce cell death, and consistently, hippo mutants block cell death in
vps25 clones (Fig. 9D). Currently, it is unknown how Hippo signaling is activated in
vps25 clones. However, in analogy to N, a putative receptor that controls Hippo
signaling may be deregulated in vps25 clones and triggers Hippo signaling. This
receptor has been postulated (Hamaratoglu et al., 2006) and lead to the identification
of Fat, an atypical cadherin (Bennett and Harvey, 2006; Silva et al., 2006; Willecke et
al., 2006). Even though Diap1 protein levels are upregulated in fat mutant clones
(Bennett and Harvey, 2006; Silva et al., 2006; Willecke et al., 2006), fat eye mosaics
do not result in suppression of GMR-hid (data not shown). Additionally, fat mutant
tissue does not phenocopy hippo mutant clones in all aspects. Therefore, at least one
other receptor still remains to be identified. This receptor might be responsible for
mediating the pro-apoptotic signal in vps22, vps25 and vps36 mutant clones.
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Alternatively, redundancy between several receptors that control the Hippo pathway
may require the combined activation of all of them. However, it should also be
pointed out that ESCRT components have additional functions outside of MVB
protein sorting (see also ‘Introduction’). Certain ESCRT-II members have been
shown to bind to the transcriptional elongation factor ELL in order to derepress
transcription by RNA polymerase II (Shilatifard, 1998; Schmidt et al., 1999; Kamura
et al., 2001). Thus, in the absence of Vps25, transcriptional control of components of
the Hippo pathway may be deregulated and contribute to cell death.

In summary, our data suggest that impaired ESCRT-II function leads to
accumulation of N and Dl, and possibly of a receptor controlling the Hippo pathway.
These receptors control non-autonomous proliferation and autonomous apoptosis,
respectively. In addition, we postulate a signaling pathway that induces nonautonomous cell survival by controlling Diap1 protein levels or another anti-apoptotic
factor. Further characterization of the vps25 mutant phenotype may help identifying
the postulated receptor of the Hippo pathway and the cell survival signaling pathway
(for example by a screen as already mentioned above under ‘Suppression of GMR-hid
by non-autonomous increase of Diap1’).

6.6 ESCRT-II components in Drosophila: a model for human
cancer?
Human ESCRT components, most notably Tsg101 (vps23), have been
implicated in tumor suppression. NIH3T3 cells, depleted of Tsg101 by an antisense
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approach, formed colonies on soft agar and produced metastatic tumors in nude mice
(Li and Cohen, 1996). However, the conditional Tsg101 knockout in mouse mammary
glands did not cause the formation of tumors over a period of two years, making a
role of Tsg101 as tumor suppressor controversial (Wagner et al., 2003). Tsg101
mutant cells are very sensitive to apoptotic death (Wagner et al., 2003) implying that
they die before they become harmful to the organism.

The phenotypic characterization of vps25 mutants in Drosophila provides an
explanation for the failure to confirm Tsg101 as tumor suppressor. vps25 clones need
to survive over extended periods of time in order to sustain growth. Even though they
induce non-autonomous proliferation, after they have died, N signaling is turned off
and proliferation stops. Furthermore, the size of the adult eye of vps25 mosaics is only
slightly increased compared to wild-type, and does not match the strong overgrowth
phenotype of larval imaginal discs which can be twice as large as wild-type discs
(Fig. 3G-I). Thus, as long as vps25 clones are not resistant to their own apoptotic
death, tissue repair during pupal stages may partially regress the size of the imaginal
disc back to almost normal. Instead, it appears that inhibition of cell death is the
triggering event for a tumorous phenotype of vps25 clones. vps25/Diap1 and vps25
ark/Puc clones can make up a large fraction of the tissue of imaginal discs, and the
entire discs can be five times as large as wild-type discs (Fig. 7D and 8D).

Tumorigenesis requires multiple genetic alterations that transform normal cells
progressively into malignant cancer cells (Hanahan and Weinberg, 2000). Thus,
additional genetic ‘hits’ may be necessary to inhibit apoptosis of Tsg101 mutant cells,
94

which may then be able to induce a similar growth phenotype as observed for vps25.
The strong neoplastic transformation of vps25 mutant tissue that we observe when cell
death is blocked is also supported by a Drosophila model which shows the ability of
transplanted cell death resistant vps25 mutant tissue to form metastases (Thompson et
al., 2005). Experiments that largely eliminate the surrounding wild-type tissue further
support the neoplastic nature of ept and vps25 mutant tissue (Moberg et al., 2005;
Vaccari and Bilder, 2005). Thus, although a tumor suppressor function for Tsg101
was not confirmed in a mouse model, it still is possible that Tsg101 and other
mammalian ESCRT members have tumor suppressor properties.
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7 Significance of research and conclusion
For a long time the study of the major signaling pathways has been occupied with
the identification of new components to gain a better understanding of the hierarchy
of the proteins involved. In many instances this led to a more detailed picture of the
activation and inhibition mechanisms of each signaling pathway. However, although
our knowledge about the participating proteins in these pathways is as detailed as
never before, many questions remain unanswered. For one thing because we do not
know all components yet, for another thing it also increasingly becomes more obvious
that there is a significant amount of cross talk and cross regulation going on between
these pathways. Most importantly, accumulating evidence particularly over the past
few years suggests that this lack of understanding how signaling pathways are
regulated has much to do with our inadequate apprehension of the endocytic pathway.
More and more researchers seem to recognize the fact that our insight into the
regulation of signaling pathways can ultimately just be satisfied if we gain a better
understanding of the regulatory mechanisms at the different endocytic compartments
within the cell. It appears rather that probably all of the major signaling pathways are
controlled in some way by the endocytic machinery.

Therefore, in this context the discovery of the ESCRT complexes in yeast
(Katzmann et al., 2001; Babst et al., 2002a; Babst et al., 2002b) contributed largely to
the progress in the field, giving us some answers to the mechanics of receptor
turnover through regulation of MVB sorting at the early endosome and thus of the
control of signaling itself. The general function of these complexes implies an
interference with various signaling pathways which has been confirmed in various
studies including ours (see also ‘Introduction’ and ‘Discussion’). As many of the
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major signaling pathways are involved in developmental decisions including cell fate
determination, differentiation, growth control and apoptosis it is to be expected that
these processes are also impaired when certain components of the endocytic
machinery are disrupted. In fact, this topic has been under extensive review (Sorkin
and Von Zastrow, 2002; Gonzalez-Gaitan, 2003; Dudu et al., 2004; Le Roy and
Wrana, 2005a; Fischer et al., 2006; Giebel and Wodarz, 2006; Hariharan and Bilder,
2006; Polo and Di Fiore, 2006; von Zastrow and Sorkin, 2007) and is supported by
our findings that components of ESCRT-II in Drosophila regulate development
through such diverse processes as differentiation, autonomous and non-autonomous
proliferation, autonomous apoptosis and non-autonomous resistance against cell
death. Whether all of these phenotypes are dependent on the endosomal functions of
ESCRT or whether some of them are the result of regulatory control of endosomal
independent mechanisms remains to be determined in the future.
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8 Materials and Methods
8.1 Antibodies
8.1.1 Primary antibodies

Antigen

Host

Source

Concentration

Armadillo

mouse

Hybridoma Bank (N2 7A1) 1:20

β-Galactosidase

mouse

Promega (Z378A)

1:1000

β-Galactosidase

rabbit

ICL (RGAL-45A)

1:500

Caspase-3

rabbit

Cell Signaling (9661)

1:100

Cut

mouse

Hybridoma Bank (2B10)

1:100

Delta

mouse

Hybridoma Bank (C594.9B) 1:20

Diap1

guinea pig

Pascal Meier (SK10)

1:400

Diap1

guinea pig

Pascal Meier (SK14)

1:400

Diap1

rabbit

Pascal Meier (227)

1:400

Diap1

rabbit

Pascal Meier (228)

1:400

Elav

mouse

Hybridoma Bank (9F8A9)

1:20

Elav

rat

Hybridoma Bank (7E8A10) 1:40

dpERK

mouse

Sigma (M-8159)

1:500

Expanded

rabbit

Allen Laughon

1:1500

GFP

mouse

Millipore (MAB 2510)

1:100

GFP

rabbit

Invitrogen (A11122)

1:100

Hid

guinea pig

Hong Don Ryoo

1:50

used
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Hrs

guinea pig

Hugo Bellen

1:1000

pJNK

rabbit

Cell Signaling (9251)

1:100

Nintra

mouse

Hybridoma Bank (C17.9C6) 1:20

Nextra

mouse

Hybridoma Bank (C458.2H) 1:20

pSTAT92E

rabbit

Cell Signaling (9357)

1:100

Ubiquitin

rabbit

Sigma (U5379)

1:10

Ubiquitin (FK1)

mouse

Biomol Intern. (PW8805)

1:100

Ubiquitin (FK2)

mouse

Biomol Intern. (PW8810)

1:100

Wingless

mouse

Hybridoma Bank (4D4)

1:50

8.1.2 Secondary Antibodies
All secondary antibodies were obtained from Jackson ImmunoResearch. They were
conjugated with either FITC-, Cy3- or Cy5-fluorophores and used at a dilution of
1:600.

8.2 Fly strains
Lines for P-element and deficiency mapping (Bloomington stock numbers and
cytolocation included)
y w ; P{SUP or -P}KG01834

14580

43E11

y w ; P{SUP or -P}KG01035

13186

49D6

y w ; P{SUP or -P}KG04965

13534

56D1

y w ; P{SUP or -P}KG02448

13224

57A5

w ; Df(2R)H3C1/CyO

198

43F—44D8

w ; Df(2R)H3E1/CyO

201

44D1—44F12

99

w ; Df(2R)8047, P+Pbac{XP5.RB3}Exel8047/CyO 7863

44D4—44D5

w ; Df(2R)7098, P+Pbac{XP5.RB3}Exel7098/CyO 7864

44D5—44E3

Cell death genes
y w; FRT42D y+ arkG8/CyO
y w ; FRT42D y+ arkH16/CyO
y w ; FRT42D y+ hippo3D/CyO

vps alleles
y w ; FRT42D y+ vps222B6-3/TM3, Ser, act-GFP (Daniel St Johnston)
y w ; FRT42D y+ vps225F8-3/TM3, Ser, act-GFP (Daniel St Johnston)
y w ; P{lacW}CG14750KG08904/CyO = y w ; P{lacW}vps25KG08904/CyO (Bloomington)
y w ; FRT42D y+ vps25K2/CyO, act-GFP
y w ; FRT42D y+ vps25K2 arkG8/CyO
y w ; FRT42D y+ vps25N55/CyO, act-GFP
y w ; FRT42D y+ vps25N55 arkH16/CyO
y w ; FRT42D y+ vps25N55 UAS-NDN/CyO
y w ; vps36L5212 FRT2A/TM3, Ser, act-GFP (Bloomington)

FLP/FRT lines
w ; FRT42D y+ (Barry Dickson)
y w ey-FLP ; ry (Bloomington)
y w GMR-hid ey-FLP
y w ey-FLP ; FRT42D w+ (Barry Dickson)
y w ey-FLP ; FRT42D ubi-GFP (Georg Halder)
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y w hs-FLP ; FRT42D ubi-GFP (Georg Halder)
y w hs-FLP UAS-GFP ; FRT42D tub-Gal80/CyO ; tub-Gal4/TM6B, Tb (Georg
Halder)(Irion and St Johnston, 2007) (Lee and Luo, 2001)
y w hs-FLP ; FRT42D arm-lacz M(2)/CyO (Graeme Mardon)
y w GMR-hid ey-FLP ; FRT42D w+
y w ey-FLP ; FRT42D w+/CyO ; GMR-hidww ; ubi-GFP FRT2A (Bloomington)
w ; FRT82B/TM3, Sb (Bloomington)
y w ey-FLP ; FRT82B ubi-GFP (Georg Halder)
y w GMR-hid ey-FLP ; FRT82B ubi-GFP

GMR-hid lines
y w GMR-hid ey-FLP
y w ; GMR-hid GMR-Gal4/CyO, act-GFP

UAS constructs
y w UAS-diap1 (on X)
y w ; UAS-NDN/CyO (Hugo Bellen)
y w hs-FLP ; UAS-NNEXT/CyO ; MKRS/TM2 (Gary Struhl)
y w hs-FLP ; UAS-N751.6F(full length)/CyO ; MKRS/TM2 (Gary Struhl)
y w ; UAS-Nintra/CyO (Hugo Bellen)
y w ; UAS-dMyc2.1/CyO (David Stein)
y w ; UAS-puc (on III) (Georg Halder)
y w ; UAS-upd26.2/CyO (Erika Bach)
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Reporter lines
y w ; E(spl)m8 2.61-lacz/CyO (Kramatschek and Campos-Ortega, 1994)
y w ; brinker-lacz/TM3, Sb (Georg Halder)

8.3 Plasmids
pUAST

8.4 Primers
Primers are aligned in 5’-3’ configuration. Restriction sites are depicted in bold and
mentioned at the end of each primer.

vps25
CG14750.1: TGCTATTTAGCGCATATGGTCACTC (sense)
CG14750.2: CGAGACTGCAATGGCAGGTAA (antisense)
CG14750.3: GGAATTCACAAATAAGTGTTTTCTTGGGATATT (sense)
EcoRI
CG14750.4: GCTCTAGATCGTGTGGACAGGCTAACCAG (antisense) XbaI
CG14750.5: GGAATTCGCGCATATGGTCACTCTAGGC (sense) EcoRI
CG14750.6: GCTCTAGAATGTACATTTTACAATACTTTACTCC (antisense)
XbaI

vps36
vps36.1: TGAATCGCTTCGCTTATGTG (sense)
vps36.2: CAGGCTACTGAAGTAGGCAGAA (antisense)
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vps36.3: TCACCACACACCGACTGTTT (sense)
vps36.4: CGTGGGACTCCAGTTGTAGC (antisense)
vps36.5: AATGGCCTGAGTGTCGAGTT (sense)
vps36.6: CAGTCCCTCTACGGACTCGT (antisense)

actin5c
actin5c.1: TCAGCCTCGCCACTTGCG (sense)
actin5c.2: TGTTGTGCTGCACTCCAAACTTC (antisense)

8.5 Protocols
8.5.1 Antibody staining of embryos
Antibody stainings of embryos were performed using the Vectastain ABC Kit (Vector
Laboratories, PK-6100).

Embryo fixation
1. Collect embryos from plate using a brush
2. Rinse embryos with water
3. Dechorionate embryos in 50% bleach (Clorox) for 3min
4. Rinse well with water
5. Fix embryos in 750μl heptane, 675μl PBS and 75μl formaldehyde (38%) for
20min on shaker with >400rpm
6. Remove as much of lower phase as possible
7. Add 750μl methanol
8. Devitellinize embryos by shaking vial vigorously by hand for 30s
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9. Wash embryos 4 x in 500μl methanol
10. Store embryos in methanol at -20ºC until further processing

Antibody incubation
1. Rehydrate embryos through two washes each with 500μl PBT containing 90%,
70%, 50% and 25% methanol
2. Rinse 4 x in 500μl PBT
3. Transfer embryos in 500μl tube
4. Block embryos in 500μl PBT containing 5% normal donkey serum (NDS) for
20min
5. Prepare primary antibody solution in PBT containing 3% NDS
6. Aspirate primary antibody solution
7. Rinse 4 x with 500μl PBT
8. Wash embryos 4 x in 500μl PBT for 15min on shaker
9. Add 100μl of secondary antibody in PBT containing 3% NDS
10. Incubate for 90min at RT on shaker
11. Aspirate secondary antibody solution
12. Rinse 4 x with 500μl PBT
13. Wash 4 x in 500μl PBT for 15min on shaker
14. Prepare AB solution about 15-30min before adding to embryos: to 100μl of
PBT add 1μl of component A and 1μl of component B from Vectastain ABC
Kit (Vector Laboratories, PK-6100); mix and incubate for 15-30min at RT
15. Add 100μl of AB solution to embryos; incubate for 45-60min at RT on shaker
16. Aspirate AB solution
17. Rinse 4 x with 500μl PBT
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18. Wash 4 x in 500μl PBT for 15min on shaker

Optional: TSA amplification
Occasionally it is necessary to amplify the signal even further. This can be
accomplished by using the TSA Biotin System from PerkinElmer Life Sciences
(NEL700A). The treatment will result in deposition of additional biotin moieties in
the vicinity of the antigen. These can then be visualized using the Vectastain ABC
Kit.

1. Rinse embryos 2 x in 50μl amplification diluent
2. Prepare TSA solution by diluting TSA reagent 1:50 in amplification diluent
3. Add 50μl TSA solution to embryos
4. Incubate for 10-15min at RT on shaker
5. Aspirate TSA solution
6. Rinse 4 x with 500μl PBT
7. Wash 2 x in 500μl PBT for 15min on shaker
8. Prepare AB solution about 15-30min before adding to embryos: to 100μl of
PBT add 1μl of component A and 1μl of component B from Vectastain ABC
Kit; mix and incubate for 15-30min at RT
9. Add 100μl of AB solution to embryos; incubate for 30min at RT on shaker
10. Aspirate AB solution
11. Rinse 4 x with 500μl PBT
12. Wash 4 x in 500μl PBT for 15min on shaker

Staining reaction
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1. Dilute H2O2 (30%) from stock bottle 1:10 with PBT
2. Thaw 3, 3’-diaminobenzidine (DAB) stock solution (1%) (wear gloves)
3. Add 2μl of diluted H2O2 to 500μl of PBT
4. Add 500μl of H2O2-containing PBT to embryos
5. Transfer embryos and H2O2-containing PBT to a well of 24 micro titer plates
6. Dilute DAB from stock 1:10 with PBT (wear gloves)
7. Add 500μl diluted DAB to embryos (wear gloves)
8. Watch progress of reaction under dissecting scope and stop by washing
embryos several times with PBT; discard DAB-containing solutions in 2030% bleach
9. Transfer embryos to a 500μl eppendorf vial
10. Wash several times in 500μl PBT
11. Add 70% glycerol, let embryos settle, mount on slides, view and photograph

8.5.2 Antibody staining of imaginal discs
1. Dissect larval head in PBS pH 7.0 by pulling gently at the mouth hook to
retrieve the larval brain with eye discs (for eye discs) or cut the anterior third
of larvae off in PBS pH 7.0 and invert larval cuticle to expose the discs (for
eye, wing and leg discs)
2. Remove extraneous tissue such as trachea, fat body, gut and salivary glands
3. Fix tissue in 300μl PBS pH 7.0 containing 4% paraformaldehyde for 20min at
room temperature (RT)
4. Wash tissue in 300μl PBS pH 7.0 for 10min at RT
5. Incubate tissue in 300μl Block buffer for >30min at RT
6. Incubate tissue with primary antibody in wash buffer (100μl) over night at 4ºC
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7. Wash tissue 3 x 20min in 300μl wash buffer at RT
8. Incubate tissue with secondary antibody in wash buffer (100μl) for 3 h at RT
or over night at 4ºC
9. Wash tissue 3 x 20min in 300μl wash buffer at RT
10. Fix tissue in 300μl PBS pH 7.0 containing 4% paraformaldehyde for 20min at
room temperature (RT)
11. Isolate discs from remaining tissue and add ~15μl of Vectashield (Vector
Laboratories, H-1000)

8.5.3 BrdU staining of imaginal discs
Day 1
1. Dissect imaginal discs in cold Schneider’s medium (Invitrogen, 11720) on ice,
dissection should be done in less than 15min
2. Remove extraneous tissue such as trachea, fat body, gut and salivary glands
3. Incubate tissue in 0.5 mg/ml BrdU in Schneider’s (1mg BrdU powder (Roche,
10280879) + 2ml Schneider’s, dissolve well) for 1h at RT
4. Wash tissue 1 x fast and 1 x in 300μl Schneider’s for 5min at 4ºC (RT)
5. Wash tissue 1 x fast and 2 x in 300μl PBS for 5min at 4ºC (RT)
6. Fix tissue in 300μl PBS containing 4% paraformaldehyde over night at 4ºC on
shaker

Day 2
1. Wash tissue 3 x fast and 4 x in 300μl PBS for 10min at 4ºC (RT)
2. Incubate tissue in 5μl RQ1-DNAse (1μg/μl) (Promega, M6101) + 95μl DNAse
buffer for 2h at 37ºC in water bath
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3. Wash tissue 1 x fast and 3 x in 300μl PBT for 10min at 4ºC (RT)
4. Block tissue in 300μl PBTN for 1h at 4ºC (RT)
5. Incubate tissue with α-BrdU primary antibody (Becton Dickinson) in PBTN
over night at 4ºC (RT)

Day 3
1. Wash tissue 3 x fast and 4 x in 300μl PBT for 20min at 4ºC (RT)
2. Incubate tissue with secondary antibody in PBTN for 4h or over night at 4ºC
(RT)
3. Wash tissue 3 x fast and 6 x in 300μl PBT for 20min at 4ºC (RT)
4. Fix tissue in 300μl PBS pH 7.0 containing 4% paraformaldehyde for 20min at
room temperature (RT)
5. Isolate discs from remaining tissue and add ~15μl of Vectashield (Vector
Laboratories, H-1000)

8.5.4 TUNEL staining of imaginal discs
TUNEL staining was performed using the In Situ Cell Death Detection Kit TMR Red
from Roche (12156792910) and Dilution Buffer from Roche (11966006001).

Day 1
1. Dissect larval head in PBS pH 7.0 by pulling gently at the mouth hook to
retrieve the larval brain with eye discs (for eye discs) or cut the anterior third
of larvae off in PBS pH 7.0 and invert larval cuticle to expose the discs (for
eye, wing and leg discs)
2. Remove extraneous tissue such as trachea, fat body, gut and salivary glands
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3. Fix tissue in 300μl PBS pH 7.0 containing 4% paraformaldehyde for 20min at
room temperature (RT)
4. Wash tissue 3 x fast and 4 x in 300μl PBT for 15min at 4˚C (RT)
5. Block tissue in 300μl PBTN for 1h at 4˚C (if not performing antibody staining,
block overnight and proceed to day 3: step #10)
6. Incubate tissue with primary antibody in PBTN (100μl) overnight at 4˚C

Day 2
1. Wash tissue 3 x fast and 6 x in 300μl PBT for 20min at 4˚C (RT)
2. Incubate tissue with secondary antibody [optional: TOPRO 1:2000] in PBTN
for 4h at 4˚C
3. Wash tissue 3 x fast and 6 x in 300μl PBT for 20min at 4˚C (RT)
4. Block tissue in 300μl PBTN overnight at 4˚C

Day 3:

1. Incubate tissue in 495μl 100 mM NaCitrate + 5μl 10% Triton X-100 for 30min
at 65˚C
2. Wash tissue 3 x fast in 300μl PBT at RT
3. Incubate tissue in 100μl of TUNEL Dilution Buffer (Roche, 11966006001), 2
x 5min each at RT
4. Incubate tissue in 50μl labeling solution (In Situ Cell Death Detection Kit
TMR Red, Roche, 12156792910) for 30min at 37˚C in water bath
5. Add 5μl enzyme solution (In situ Cell Death Detection Kit TMR red), mix
well, incubate for 2h at 37˚C in water bath
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6. Wash tissue 3 x fast in 300μl PBT at 4˚C (RT)
7. Optional: Incubate tissue with TOPRO (1:2000) in PBTN for 30min at 4˚C
8. Wash tissue 3 x fast and 4 x in 300μl PBT for 15min at 4˚C (RT)
9. Isolate discs from remaining tissue and add ~15μl of Vectashield (Vector
Laboratories, H-1000)

8.5.5 Preparation of competent E. coli
1. Inoculate a single colony of competent cells into 5ml of LB medium, shake at
37ºC overnight
2. Put 5ml of above cell culture into 1l of LB medium, shake at 37ºC (250rpm),
follow OD550 till density reaches 0.5
3. Put cells for 10min on ice, keep everything cold
4. Spin down culture with 3500rpm for 10min at 4ºC
5. Remove supernatant from pellet
6. Gently resuspend pellet in 250ml cold, sterile, 0.1 M MgCl2, keep on ice for
30min, spin with 3000rpm for 10min at 4ºC
7. Resuspend pellet in 250ml cold, sterile 0.1 M CaCl2, keep on ice for 20min,
spin with 3000rpm for 20min at 4ºC
8. Resuspend pellet in a total of 50ml cold, sterile 0.1 M CaCl2 with 7ml of RT
100% Glycerol, mix gently, aliquot and freeze in dry ice/Ethanol bath, store at
-80ºC
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8.6 Solutions and growth media
8.6.1 Solutions for imaginal disc labeling
PBS (50ml):

150 mM NaCl (0.44g NaCl)
10 mM Na3PO4 pH 7.0 (2.89 ml 0.1 M Na2HPO4 + 2.11ml 0.1
M NaH2PO4)
ad 50ml ddH2O

10 x PBS (50ml):

1.5 M NaCl (4.4g NaCl)
100 mM Na3PO4 pH 7.0 (28.9 ml 0.1 M Na2HPO4 + 21.1ml 0.1
M NaH2PO4)
ad 50ml ddH2O

PBT (50ml):

150 mM NaCl (0.44g NaCl)
10 mM Na3PO4 pH 7.0 (2.89 ml 0.1 M Na2HPO4 + 2.11ml 0.1
M NaH2PO4)
0.3% Triton X-100 (30μl 100% Triton X-100)
ad 50ml ddH2O

PBTN (50ml):

150 mM NaCl (0.44g NaCl)
10 mM Na3PO4 pH 7.0 (2.89 ml 0.1 M Na2HPO4 + 2.11ml 0.1
M NaH2PO4)
0.3% Triton X-100 (30μl 100% Triton X-100)
2mg/ml Normal Donkey Serum (NDS) (100mg NDS)
ad 50ml ddH2O
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Block Buffer (10ml): 50 mM Tris pH 6.8 (1ml 0.5 M Tris pH 6.8)
50 mM NaCl (300μl 5 M NaCl)
0.5% NP-40 (50μl 100% NP-40)
5mg/ml Bovine serum albumin (BSA) (50mg BSA)
ad 10ml ddH2O

Wash Buffer (50ml): 50 mM Tris pH 6.8 (5ml 0.5 M Tris pH 6.8)
150 mM NaCl (1.5ml 5 M NaCl)
0.5% NP-40 (250μl 100% NP-40)
1mg/ml BSA (50mg BSA)
ad 50ml ddH2O

Fix Solution (40ml): 4ml 10 x PBS
10ml 16% paraformaldehyde (Electron Microscopy Sciences,
15710)
ad 40ml ddH2O

8.6.2 Solutions for gel electrophoresis
50 x TAE (1l):

242g Tris base pH 8.5
57.1ml Acetic acid
100ml 0.5M EDTA
ad 1l ddH2O
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8.6.3 Solutions for genomic DNA isolation
TE:

10 mM Tris-HCl pH 7.5
1 mM EDTA

Solution A:

0.1 M Tris-HCl pH 9.0
0.1 M EDTA
1% SDS

8.6.4 Growth media
LB:

10g NaCl
10g Tryptone (DIFCO, 211705)
5g yeast extract (DIFCO, 212750)
ad 1l ddH2O

LB plates:

LB components
15g agar (DIFCO, 214510)
(alternatively 50mg Ampicillin = 50μg/ml)
ad 1l ddH2O
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8.7 Techniques
8.7.1 Gel electrophoresis
Gels were prepared with 150ml TAE and 1.5g of agarose (1%). Agarose was
dissolved in a microwave and cooled at RT for 10min. 10μl ethidium bromide was
added and Gels poured in chambers. Gels were run with 100V for 35min.

8.7.2 Isolation of genomic DNA
The following protocol describes the isolation of DNA from adult flies but can be
used equally well to extract DNA from other developmental stages. DNA prepared
according to this method is readily digested by restriction enzymes and has an average
size of 40-60kb. In order to remove RNA contaminating the DNA preparations
DNase-free RNase should be included when digesting with restriction enzymes.

1. Anaesthetize flies with CO2 and put 30 flies in an eppendorf tube, keep on ice
until next step
2. Add solution A and 0.5-1% DEPC (added directly before use) and
homogenize gently with a glass or metal rod. Use 100μl of solution A for
extracting DNA from 1-5 flies, 200μl for 6-10 flies and 500μl for up to 50
flies. Incubate for 20-30min at 70ºC
3. Add 14μl of 8 M potassium acetate for each 100μl homogenate and leave on
ice for 30min.
4. Spin at full speed for 15min at 4ºC. Transfer the supernatant into a fresh
eppendorf tube being careful not to disturb the pellet. If you get flakes in the
supernatant respin.
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5. Precipitate DNA by adding 0.5 volumes of isopropanol at RT and spin at full
speed for 5min at RT. Wash the pellet carefully with 70% ethanol, respin at
full speed for 5min at RT, dry and dissolve pellet in 10μl (1 fly) to 100μl (50
flies) ddH2O (TE)

8.7.3 RNA isolation
10mg of vps36L5212 or y w first instar larvae were collected. RNA isolation was
performed using the RNeasy Mini Kit from Qiagen (74104) following the description
in the manual.

8.7.4 RT PCR (Invitrogen)
RT PCR was performed following the description for the Super Script First-Strand
Synthesis System for RT-PCR from Invitrogen (12371-019).

1. Heat to 65ºC for 5min, put on ice
2. Prepare reaction mix: x μl 10 x RT buffer (2 x total # of reactions)
x μl 25 mM MgCl2 (4 x total # of reactions)
x μl 0.1 M DTT (2 x total # of reactions)
x μl RNAse OUT (1 x total # of reactions)
3. Add 9μl reaction mix to each tube, spin down, incubate for 2min at RT
4. Add 1μl reverse transcriptase (RT) to each tube, incubate for 10min at RT
5. Incubate for 1h at 42ºC
6. Incubate for 15min at 70ºC, put on ice
7. Spin down briefly, add 1μl RNAse H
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8. Incubate for 20min at 37ºC
9. Store cDNA at -20ºC

8.7.5 PCR amplification of genomic DNA and cDNA
Primers CG14750.3 together with CG14750.4 and CG14750.5 together with
CG14750.6 were used for PCR amplification of genomic vps25 DNA. cDNA
amplification was performed with primer pairs vps36.1 and vps36.2, vps36.3 and
vps36.4, vps36.5 and vps36.6, CG14750.3 and CG14750.4, actin5c.1 and actin5c.2.

PCR reaction for genomic DNA
1μl primer1 (30 μM)
1μl primer2 (30 μM)
2μl dNTPs (10 mM)
5μl 10 x PCR buffer
1μl MgCl2 (25 mM)
1μl genomic DNA
1μl Taq polymerase
38μl ddH2O

PCR reaction for cDNA
1μl primer1 (30 μM)
1μl primer2 (30 μM)
2μl dNTPs (10 mM)
5μl 10 x PCR buffer
1μl MgCl2 (25 mM)
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20μl cDNA
1μl Taq polymerase
19μl ddH2O

PCR program
5min 94ºC
30s 94ºC (melting)
1min annealing temperature of primers
1min 30s 72ºC
10min 72ºC (final extension)
∞ 4ºC

30 cycles were run for genomic DNA and 35 cycles for cDNA.

8.7.6 Purification of PCR-amplified DNA
Plasmids and PCR-amplified DNA were purified using either the QIAquick PCR
Purification Kit (28106) or QIAquick Gel Extraction Kit (28704) from Qiagen
following the description in the manuals, respectively.

8.7.7 Sequencing of amplified DNA
Primers CG14750.1, CG14750.2, CG14750.3, CG14750.4, CG14750.5 and
CG14750.6 were used for sequence analysis of vps25K2 and vps25N55 and the genomic
rescue constructs (see also ‘Genomic rescue construct’). Sequencing of amplified
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DNA was performed by the ‘DNA Analysis Core Facility’ of M.D. Anderson Cancer
Center.
http://inside.mdanderson.org/departments/dna/index.html

8.7.8 Amplification of plasmids and constructs
Plasmids and constructs were amplified using either the QIAprep Spin Mini Prep Kit
(12243) or QIAfilter Plasmid Midi Kit (28704) from Qiagen following the description
in the manuals, respectively.

8.7.9 Bacterial transformation
1. Thaw competent bacteria on ice
2. Add 0.5μl of plasmid or construct DNA (1mg/ml)
3. Incubate on ice for 30min
4. Heat shock for 1min at 42ºC
5. Add 1ml of LB
6. Shake for 1h at 37ºC
7. Plate 50μl and rest on Ampicillin-containing (50μg/ml) LB plates
8. Incubate plates at 37ºC overnight

8.7.10

Genomic rescue construct

DNA was extracted via the ‘Isolation of genomic DNA’ protocol from w ; FRT42D
y+ flies and PCR-amplified with the primer pairs CG14750.3, CG14750.4 and
CG14750.5, CG14750.6 as described under ‘PCR amplification of genomic DNA and
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cDNA’. Purification was obtained as reported under ‘Purification of PCR-amplified
DNA’. The resulting PCR products were digested with EcoRI and XbaI and cloned
into a pUAST plasmid. The genomic rescue construct was transformed into competent
E. coli as described under ‘Bacterial transformation’ and amplified following
‘Amplification of plasmids and constructs’. Correct vps25 sequences were confirmed
as described under ‘Sequencing of amplified DNA’. The genomic rescue constructs
were injected with self-pulled glass needles in preblastoderm embryos using an
Axiovert 25 platform from Zeiss and the FemtoJet injection apparatus from
Eppendorf.

8.8 Genetic methods
8.8.1 EMS screen
1. Starve 50-100 males per empty bottle for 12h
2. Prepare 25mM ethyl methane sulfonate (EMS) (240μl) suspension in 5%
Sucrose (100ml)
3. For inactivation of EMS use 10% Sodiumthiosulfate (500ml)
4. Fold Kleenex towels to fit in empty bottles
5. Fix Kleenex towels with pipette tip at bottom of bottle
6. Add ~9ml of EMS suspension on Kleenex towel
7. Transfer starved flies in prepared bottle
8. Incubate flies for 24h
9. Cross EMS treated males to ~double number of females
10. Transfer flies every day to new bottle (about 10 days)
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8.8.2 Recombination mapping
See Fig. 2 for a detailed description of recombination mapping of the K2/N55 alleles
according to the method described in (Zhai et al., 2003).

8.8.3 Gal4-UAS system
The Gal4-UAS system was used for over-expression of various genes of interest. Gal4
is a transcriptional activator from yeast that targets genes which contain UAS
sequences. By combining the Gal4 gene with tissue specific promoters (i. e. in this
study Glass Multimer Reporter GMR) targeted over-expression of UAS-linked genes
of interest can be achieved (Fischer et al., 1988).

8.8.4 FLP/FRT system
The FLP/FRT system was designed to create mutant tissue in a wild-type environment
to be able to comparatively study the effects of certain genes of interest (in our case
vps25). Tissue-specific (in our study the eyeless promoter) or heat shock-driven
activation of Flippase induces mitotic recombination at FLP recombinase targets
(FRTs) resulting in two different clones. One clone is mutant for the gene of interest
and the other clone homozygous wild-type. Tissue that has not undergone mitotic
recombination is heterozygous mutant. The phenotypes of the various clones can be
visualized by appropriate markers (for example GFP and w+) located distally to the
respective FRT (Xu and Rubin, 1993).
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8.9 Photography
8.9.1 Fly eye and head images
To be prepared for photography, flies were anaesthetized with CO2 and frozen for
20min at -80ºC. Flies were simply turned on their sides for photography of fly eyes.
For pictures that were taken from the top the abdomen was glued (superglue) to the
surface of a paper card. In order to prevent light reflection on the cuticle of the fly a
2.5cm high ring was cut out of a white styrofoam cup and placed around the
specimen. The two ends of a ‘goose neck’ light source ‘goose neck’ light source (KL
1500 LCD from Leica or KL 2500 LCD from Zeiss) were pointed from the outside
from opposite directions on the inside of the cup, allowing the light to reflect of the
cup and onto the fly. Pictures were taken using the Z16 APO from Leica or the
Imager.Z1 from Zeiss. Cameras were either the DFC 300 FX from Leica or tha
AxioCam HRc from Zeiss. Software used was ImagePro Plus 6.1 for Leica or
AxioVision Rel. 4.5 for Zeiss applications. For Zeiss applications individual pictures
of one Z-stack were merged using the CZ Focus software.

8.9.2 Fluorescence images
Fluorescence pictures were taken using the confocal microscope Fluoview FV500
with Fluoview software from Olympus or especially for lower magnification images
the Imager.Z1 light microscope with Apotome technology, AxioVision Rel. 4.5
software and the camera AxioCam MRm from Zeiss. For Zeiss applications
individual pictures of one Z-stack were merged using the CZ Focus software.
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8.9.3 Gel images
Gel images were acquired with the AlphaImager 2200 from Alpha Innotech with
AlphaImager 2200 software.
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